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We consider rough paths with jumps. In particular, the analogue of
Lyons’ extension theorem and rough integration are established in a jump
setting, offering a pathwise view on stochastic integration against cadlag pro-
cesses. A class of Lévy rough paths is introduced and characterized by a
sub-ellipticity condition on the left-invariant diffusion vector fields and a cer-
tain integrability property of the Carnot—Caratheodory norm with respect to
the Lévy measure on the group, using Hunt’s framework of Lie group val-
ued Lévy processes. Examples of Lévy rough paths include a standard multi-
dimensional Lévy process enhanced with a stochastic area as constructed by
D. Williams, the pure area Poisson process and Brownian motion in a mag-
netic field. An explicit formula for the expected signature is given.
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1. Introduction and background.

1.1. Motivation and contribution of this paper. An important aspect of gen-
eral theory of stochastic processes [19, 40, 41] is its ability to deal with jumps. On
the other hand, the (deterministic) theory of rough paths [14-16, 28, 30, 31] has
been very successful in dealing with continuous stochastic processes (and more re-
cently random fields arising from SPDEs, e.g., [14] for references). It is a natural
question to what extent there is a “general” rough path theory which can han-
dle jumps and ultimately offers a (rough)pathwise view on stochastic integration
against cadlag processes. In the spirit of Marcus canonical equations (e.g., [1, 22])
related questions were first raised by Williams [46] and we will comment in more
detail in Section 1.2.9 on his work and the relation to ours. We can also mention the
pathwise works of Mikosch—NorvaiSa [35] and Simon [43], although their works
assumes Young regularity of sample paths (g-variation, ¢ < 2) and thereby does
not cover the “rough” regime (¢ > 2) of interest for general processes.

Postponing the exact definition of general (by convention: cadlag) rough path,
let us start with a list of desirable properties and natural questions.

e An analogue of Lyons’ fundamental extension theorem (see Section 1.2.5)
should hold true. That is, any general geometric p-rough path X should ad-
mit canonically defined higher iterated integrals, thereby yielding a group-like
element (the signature of X).

e A general rough path X should allow the integration of 1-forms, and more gen-
eral suitable controlled rough paths Y a la Gubinelli, leading to rough integrals
of the form

/f(x—)dx and /Y_dX.
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e Every semimartingale X = X (w) with (rough path) It6-lift X/ =X/ (w), should
give rise to a (random) rough integral that coincides under reasonable assump-
tions with the Itd-integral, so that a.s.

(1t0) /f(x—)dxsz(x—)dx’.

e As model case for both semimartingales and jump Markov process, what is the
precisely rough path nature of Lévy processes? In particular, it would be desir-
able to have a class of Lévy rough paths that captures natural (but noncanoni-
cal...) examples such as the pure area Poisson process or the Brownian rough
path in a magnetic field?

e To what extent can we compute the expected signature of such processes? And
what do we get from it?

In essence, we will give reasonable answers to all these points. We have not tried
to push for maximal generality. For instance, in the spirit of Friz—Hairer ([14],
Chapters 3-5), we develop general rough integration only in the level 2 setting,
which is what matters most for probability. But that said, the required algebraic
and geometric picture to handle the level N-case is still needed in this paper, no-
tably when we discuss the extension theorem and signatures. For the most, we
have chosen to work with (both canonically and non-canonically lifted) Lévy pro-
cesses as model case for random cadlag rough paths, this choice being similar to
choosing Brownian motion over continuous semimartingales. (Let us also point to
recent work of Chevyrev [6] who develops this theme from a random walk point
of view.) In the final chapter, we discuss some extensions, notably to Markov jump
diffusions and some simple Gaussian examples.

In his landmark paper ([30], page 220), Lyons gave a long and visionary list of
advantages (to a probabilist) of constructing stochastic objects in a pathwise fash-
ion: stochastic flows, differential equations with boundary conditions, Stroock—
Varadhan support theorem, stochastic anlysis for non-semimartingales, numerical
algorithms for SDEs, robust stochastic filtering, stochastic PDE with spatial rough-
ness. Many other applications have been added to this list since. (We do not attempt
to give references; an up-to-date bibliography with many applications of the (con-
tinuous) rough path theory can be found, e.g., in [14].) The present work lays in
particular the foundation to revisit many of these problems, but now allowing for
systematic treatment of jumps. We also note that integration against general rough
paths can be considered as a generalization of the Follmer integral [10] and, to
some extent, Karandikar [21] (see also Soner et al. [44]3), but free of implicit
semimartingale features.

3There is much renewed interest in these theories from a model independent finance point of view,
for example, [38] and references therein.
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1.2. Preliminaries.

NOTATION. Throughout the article, a < b means the existence of a positive
constant C, which may depend on fixed parameters, such that a < Cb. We write
a = b for a two-sided estimate of the form a/C < b < Cb.

1.2.1. General Young integration [8, 47]. We briefly review Young’s inte-
gration theory, without making any continuity assumptions. Consider a path X :
[0, T] — R? of finite p-variation, that is,

1/p
Xl povarsfo. ) = (sup )3 |XS,I|P) <00
P Is,t]eP

with X ; = X; — X and sup (here and later on) taken over all for finite partitions
P of [0, T]. As is well known, such paths are regulated in the sense of admitting
left- and right-limits. In particular, X, :=limg4, X; is cdglad and X ,+ = limy ; X
cadlag (by convention: X, = X, X'TF = X7). Let us write X € WP([0, T]) for
the space of cadlag path of finite p -variation. A generic cdgldd path of finite g-
variation is then given by Y~ for ¥ € W9([0, T]). Any such pair (X, Y ™) has no
common points of discontinuity on the same side of a point and the Young integral

of Y~ against X,
T T T
f Y’dXE/ Y,’dX,z‘/ Yo_dX;,
0 0 0

is well defined (see below) provided 1/p+1/g > 1 (or p <2,1in case p =¢g). We
need the following.

DEFINITION 1. Assume S = S(P) is defined on the partitions of [0, 7] and
takes values in some normed space:

(i) Convergence in Refinement Riemann—Stieltjes (RRS) sense: we say (RRS)
limp|_.0 S(P) = L if for every & > 0 there exists Py such that for every “refine-
ment” P D Py one has |S(P) — L| < e.

(i) Convergence in Mesh Riemann—Stieltjes (MRS) sense: we say (MRS)
limp|—0 S(P) = L if for every & > O there exists § > 0 s.t. VP with mesh |P| < §,
one has |S(P) — L| <e.

THEOREM 2 (Young). IfX e WP andY € W1 with %—Fé > 1, then the Young
integral is given by

T
(1.2.1) / Y dX := 7;imo > YS_X”_ hm > YeX,
0 IPI=0 ep Os.1eP
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where both limit exist in (RRS) sense. Moreover, Young’s inequality holds in either
form

(1.2.2)

t
/ Y dX — Y X,
N

,S HY_”q_var;[s,t]||X||p—var;[s,t]»

(1.2.3)

t
f Y“dX — Y, Xy,
N

S ||Y||q—var;[s,t]”X”p—var;[s,t]-

At last, if X, Y are continuous (so that in particular Y~ =Y), the defining limit of
the Young integral exists in (MRS) sense.

Everything is well known here, although we could not find the equality of the
limits in (1.2.1) pointed out explicitly in the literature. The reader can find the
proof in Proposition 25.

1.2.2. General It6 stochastic integration [19, 40,41]. Subject to the usual con-
ditions, any semimartingale X = X (w) may (and will) be taken with cadlag sample
paths. A classical result of Monroe [36] allows to write any (real-valued) martin-
gale as a time-change of Brownian motion. As an easy consequence, semimartin-
gales inherit a.s. finite 27 variation of sample paths from Brownian sample paths.
See [24] for much more in this direction, notably a quantification of || X || p-var;[0,7]
for any p > 2 in terms of a BDG inequality. Let now Y be another (cadlag) semi-
martingale, so that Y~ is previsible. The It6 integral of Y~ against X is then well
defined, and one has the following classical Riemann—Stieltjes type description.

THEOREM 3 (Itd). The It6 integral of Y against X has the presentation, with

i T
=5
T
(1.2.4) /O Y dX = lir{nz Yoo Xp o= 11312 Yoo X s
1 l

where the limits exists in probability, uniformly in T over compacts.

Again, this is well known but perhaps the equality of the limits in (1.2.4) which
the reader can find in Protter [40], Chapter 2, Theorem 21.

1.2.3. Marcus canonical integration [1, 2, 22, 33, 34]. Real (classical) par-
ticles do not jump, but may move at extreme speed. In this spirit, transform
X e WP([0,T]) into X € CPV¥([0, T]), by “stretching” time whenever

Xt — Xl‘— = AXt #0,
followed by replacing the jump by a straight line connecting X,_ with X, say
[0,1]260 > X;— +0A:X.
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Implemented in a (cadlag) semimartingale context, this leads to Marcus canonical
integration

T
/Of(X)odX
T 1 (T,
(1.2.5) = [ recoax, 5 [ F o dix x;

1
+ > A,X{/O f(X,_—I—QAtX)—f(X,_)}dG.

te(0,T]

(Young canonical integration, provided p < 2 and f € C!, is defined similarly, it
suffices to omit the continuous quadratic variation term.) A useful consequence,
for feC 3(RY), say, is the chain rule

t .
[ oo oaxt = o) - fxo.
It is also possible to implement this idea in the context of SDEs,
(1.2.6) dZ; = f(Z;) odX;

for f : RY — R?*k where X is a semimartingale [22]. The precise meaning of this
Marcus canonical equation is given by

t 1 t
Zi=Zo+ /0 FZooydX + 5 /0 F1f(Zy)dIX, X1

+ Z {¢(fAXSa Zs—) - Zs— - f(Zs—)AXs}

O<s<t

t 1 t ,
— Zo+ /0 F(Ze)dX,+ 5 /0 £ £(Zo) X, X,

1
+ ) {qb(fAXs, Zs)— Z— — f(Zs_)AX, — f’f(zs>5<AXs)®2},

O<s<t

where ¢ (g, x) is the time 1 solution to y = g(y), y(0) = x. As one would expected
from the aforementioned (first-order) chain rule, such SDEs respect the geometry.

THEOREM 4 ([22]). If X is a cadlag semimartingale and f and f' f are glob-
ally Lipchitz, then solution to the Marcus canonical SDE (1.2.6) exists uniquely
and it is a cadlag semimartingale. Also, if M is manifold without boundary em-
bedded in R? and {fi(x) :x € M}1<i<k are vector fields on M, then

P(ZoeM)=1 = P(Z,eMVt>0)=1.

Flow properties of such SDEs were studied extensively by Kunita and coau-
thors; see, for example, [2].
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1.2.4. Continuous rough integration [14, 16, 30]. Young integration of (con-
tinuous) paths has been the inspiration for the (continuous) rough integra-
tion, elements of which we now recall. Consider p € [2,3) and X = (X, X) €
CPV (10, T]) which in notation of [14] means validity of Chen’s relation

(127) Xs,u = Xs,t + Xt,u + Xs,t &® Xt,u
1/2
and (X[ povar = | X [l pvar + X113y < 00, Where
2/p
1K1 2var = (sup ) |Xs,t|1’/2) .
P Is.11eP

For nice enough F (e.g., F € C?), both Yy := F(X,) and Y’ := DF(X,) are in
CPV and we have

2/p
||R||p/2—var = <Sup Z |RS’I|P/2> <00
P [s.]eP
(1.2.8)
where R, := Y5, — Y/ X;,.

THEOREM 5 (Lyons, Gubinelli). Write P for finite partitions of [0, T]. Then

T

3l Y X Y/X ::/ Y dX,

IPIIEO Z K s,l+ §4Ns, 0
[s,t]eP

where the limit exists in (MRS) sense; cf. Definition 1.

Rough integration against X extends immediately to the integration of so-called
controlled rough paths, that is, pairs (Y, Y’), with Y, Y’ € CP™¥ for which (1.2.8)
holds. This gives meaning to a rough differential equation (RDE)

dY = £(Y)dX

provided f € C2, say: A solution is simply a path Y such that (Y, Y') := (Y, f(Y))
satisfies (1.2.8) and such that the above RDE is satisfied in the (well-defined) inte-
gral sense, that is, for all ¢ € [0, T'],

1
Y,—Y0=/O F(Y)dX.

1.2.5. Geometric rough paths and signatures [15, 28, 30, 31]. A geometric
rough path X =(X, X) is a rough path with Sym(X; ;) = %Xs,t ® X;.r; and we
write X = (X, X) € Cg 'Var([O, T]) accordingly. We work with generalized incre-
ments of the form X ; = (X, X;,;/) where we recall X;; = X, — X for path
increments, while second-order increments X; ; are determined from (Xo ;) by
Chen’s relation

XO,S + XO,s &® Xs,t + Xs,t = XO,I~
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Behind all this is the picture that Xo ; := (1, Xo, Xo,;) takes values in a Lie
group Tl(z) (R = {1} @ R? @ R¥*4 embedded in the (truncated) tensor algebra
T® (]Rd), and X ; = X& 1 ® Xo,;. From the usual power series in this tensor alge-
bra, one defines for a + b € R? @ R4*4

1
log(1+a+b)=a+b—§a®a,

1
exp(a+b)=1+a+b+§a®a.

The linear space g® (R?) = R? @ so(d) is a Lie algebra under
[a+b,d+b]=a®d —d ®a;
its exponential image G® (RY) := exp(g? (R?)) is then a Lie (sub)group under
(l,a,b)® (1,d",b)=(l,a+d,b+a®ad +b).

At last, we recall that G® (R9) admits a so-called Carnot—Caratheodory norm (ab-
breviated as CC norm henceforth), with infimum taken over all curves y : [0, 1] —
R? of finite length L,

1
11+ a+bllcc = inf(L(y) ‘7 —p=a, /0 i — y0) @ dy, = b)

= la| + |b|'/?
= |a| + |Anti(b)|'/*.

A left-invariant distance is induced by the group structure
dec(g. M) =g~ ®hcc

which turns G® (R?) into a Polish space. Geometric rough paths with roughness
parameter p € [2, 3) are precisely classical paths of finite p-variation with values
in this metric space.

PROPOSITION 6. X = (X,X) € C{™™ ([0, T]) iff X = (1, X, X) € CP¥([0,
T], G (Rd)). Moreover,

1/p
X s =< (sup ) ||Xs,f||éc)

P is,t1eP

The theory of geometric rough paths extends to all p > 1, and a geometric p-
rough path is a path with values in GPD(R?), the step-[p] nilpotent Lie group
with d generators, embedded in TPD(RY), where

T<'">(Rd)=@ c@ (R)®* c T ((RY))

k=0
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(the last inclusion is strict, think polynomials versus power series) and again of
finite p-variation with respect to the Carnot—Caratheodory distance (now defined
on GUrD)y,

THEOREM 7 (Lyons’ extension). Let 1 <m:=[p] <p <N < 00. A (con-
tinuous) geometric rough path X" e CP™¥ ([0, T1, G'™) admits an extension to
a path XN with values GN) ¢ TW) | unigue in the class of G™)-valued path
starting from 1 and of finite p-variation with respect to CC metric on GN). In
fact,

[ SIX™]

p-var;[s,t] ~ p-var;[s,t]*

REMARK 8. In view of this theorem, any X € CPV¥ ([0, T], Gm) may be
regarded as X € CP™V¥ ([0, T], Gy, any N > m, and there is no ambiguity in
this notation.

DEFINITION 9. Write 7(y) respectively my for the projection T((R?)) —
TN(RY), respectively, (RH®M Call gE€ T ((R%)) group-like, if () (g) € GWN)
for all N. Consider a geometric rough path X € CPY ([0, T, G!P1). Then thanks
to the extension theorem,

SXo.7 = (L w1 (Xo,1): -, T (Xo.1)s 1 Xo.7), -..) € T((R))
defines a group-like element called the signature of X.
The signature solves a rough differential equation (RDE, ODE if p = 1) in the
tensor algebra,
(1.2.9) dS =S ®dX, So=1.

To a significant extent, the signature determines the underlying path X, if of
bounded variation; cf. [17]. (The rough path case was recently obtained in [5].)
A basic, yet immensely useful fact is that multiplication in T ((R?)), if restricted
to group-like elements, can be linearized.

PROPOSITION 10 (Shuffle product formula). Consider two multi-indices v =
(i],...,im),w:(j],...,jn)
Xl)Xw — Z XZ’
where the (finite) sum runs over all shuffles z of v, w.

1.2.6. Checking p-variation [12, 23, 32]. While the continuous rough path
theory can be formulated in either p-variation or (1/p-) Holder metrics, the gen-
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eral setting crucially relies on p-variation. We quickly discuss some (known) meth-
ods to establish this type of regularity and comment on their respective importance
to the jump setting:

(i) As in whenever y > p — 1 >0, with ;; =k27"T, one has

271
n=1 k=1

This estimate immediately gives finite expectation (and hence finiteness a.s.) of
p-variation of Brownian motion, provided p > 2, using E[|Bs|’] < |t — slp/ 2
Unfortunately, this argument does not work for jump processes. Even for the stan-
dard Poisson process one only has E[|N; ,[P] ~ Cplt — s| as t — s — 0, so that
the expected value of the right-hand side of (1.2.10) is infinity. (It can, however,
be seen ([46], page 318) that this quantity is finite a.s.) An extension of (1.2.10) to
rough path is
on
X1 vars 0,71 S Zny DXy 1P+ Xyl

n=1 k=1
and we note that for a geometric rough path X =(X, X), that is, when Sym(X; ;) =
1X 5.t ® X1, we may replace X on the right-hand side by the area A = Anti(X).
Thanks to moment estimates for area increments one can then obtain rough path
regularity for Lévy processes [46]; see Theorem 11 for a precise statement.

(ii) In [12], an embedding result W‘S’q < CP™ is shown, more precisely

X T'X’ X1 g ar
Pvar[OTN |t—s|1+5‘1 dsdt,

provided 1 < p < g < oo with § =1 / p € (0, 1). The extension to rough paths

reads
T (T |X,,9 X, /972
q < s,t s, t
IX 1 var; 0,71 Nfo /0 {|,_s|1+aq + If — s[1+04 }d”“'

Since elements in W% are also a-Holder, with @ = § — 1 /¢ > 0, these embeddings
are not suitable for noncontinuous paths. In fact, this suggests that a Besov-space
based rough paths theory will also be unable to deal with jumps, as was also seen
in [39].

(iii) In case of a strong Markov process X with values in some Polish space
(E,d), a powerful criterion has been established by Manstavicius [32]. Define

a(h, a) :=sup{P(d(X;™", x) > a)}

with sup taken over all x € E, and s < ¢ in [0, T] with t — s < k. Under the as-
sumption

WP
a(h7 Cl) S _)/’
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uniformly for A, a in a right neighbourhood of zero, the process X has finite p-
variation for any p > y /. In the above Poisson example, noting E[|N; ;|] = O (h)
whenever t — s < h, Chebychev inequality immediately gives «(h,a) < h/a, and
we find finite p-variation, for any p > 1. (Of course p = 1 here, but one should not
expect this borderline case from a general criterion.) The Manstavicius criterion
will play an important role for us.

1.2.7. Expected signatures [7, 9, 17, 25]. Recall that for a smooth path X :
[0, T] — R, its signature S = S(X) is given by the group-like element

1’/ dX»/ dX ®dX,...>eT R%)).
( O<t<T h 0<t) <tr<T n ) (( ))

The signature solves an ODE in the tensor algebra,
(1.2.11) dS=S®dX, So=1.

Generalizations to semimartingales are immediate, by interpretation of (1.2.11)
as in the Itd, Stratonovich or Marcus stochastic differential equation. In the same
spirit, X can be replaced by a generic (continuous) geometric rough path; (1.2.11)
is then regarded as a (linear) rough differential equation.

Whenever St = S7(w) has sufficient integrability, we may consider the ex-
pected signature, that is,

ESt € T((R?))

defined in the obvious componentwise fashion. To a significant extent, this object
behaves like a moment generating function. In a recent work [7], it is shown that
under some mild condition, the expected signature determines the law of St (w).

1.2.8. Lévy processes [1, 4, 18, 26, 42]. Recall that a d-dimensional Lévy
process (X;) is a stochastically continuous process such that (i) for all 0 < s <
t < 00, the law of X; — X depends only on t — s; (ii) for all 71, ..., # such that
0 <t <--- <1ty the random variables X;,,, — X;; are independent. The Lévy pro-
cess can (and will) be taken with cadlag sample paths and are characterized by the
Lévy triplet (a, b, K'), where a = (a™/) is a positive semidefinite symmetric ma-
trix, b = (b') a vector and K (dx) a Lévy measure on R? [no mass at 0, integrates
min(|x|?, 1)] so that

- 1
E[e! X)) = exp(—i(u, au) +i{u,b)
(1.2.12)
+ IR{d(e”‘y —1- iuyl{y|<1})K(dy)).
The It6—Lévy decomposition asserts that any such Lévy process may be written as

(1.2.13) X;=0B; + bt + yN(ds,dy)+ yN(ds, dy),
O, 11x{lyl<1} 0,11 {lyl=1}
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where B is a d-dimensional Browbian motion, 0ol = a, and N (resp., N ) is

the Poisson random measure (resp., compensated PRM) with intensity ds K (dy).
A Markovian description of a Lévy process is given in terms of its generator

(L'f)(x)_ Z a™l ;9 f+Zb’8f
(1.2.14) 2= =

d
+ /ﬂ;{d (f(x +¥) = f() = Ijy<n Zyiaif>1<(dy)-
i=1

By a classical result of Hunt [18], this characterisation extends to the Lévy process
with values in a Lie group G, defined as above, but with X; — X replaced by
X X, Let {ur, ..., u,} be abasis of the Lie algebra g, thought of a left-invariant
first-order differential operators. In the special case of exponential Lie groups,
meaning that exp : g — G is an analytical diffeomorphism [so that g = exp(x‘u;)
for all g € G, with canonical coordinates x’ = x’(g) of the first kind] the generator
reads

(Ef)(x)—— Z a’ 'yt f 4 bVuy f
(1.2.15) ? v v

+/ (f(x)’) — f(x) =1y <ny Zy”uvf>K(dy).
G v=1

As before, the Lévy triplet (a, b, K) consists of (a”") positive semidefinite sym-
metric, b = (b¥) and K (dx) a Lévy measure on G [no mass at the unit element,
integrates min(|x|?, 1), with [x|? := Y7 (x")2].

1.2.9. The work of D. Williams [46]. Williams first considers the Young
reglme pell?2) and shows that every X € WP([0,T]) may be turned into
X € CP™([0, T1), by replacing jumps by segments of straight lines (in the spirit
of Marcus canonical equations, via some time change [0, T]— [0, T]) Crucially,
this can be done with a uniform estimate || X || pvar S | X || p-var. In the rough regime
p > 2, Williams considers a generic d-dimensional Lévy process X enhanced with
stochastic area

Ag s ::Antif (X, — X;) ®dX,,
(s.1]

where the stochastic integration is understood in Itd sense. On a technical level,
his main results ([46], pages 310-320) are summarized in the following.

THEOREM 11 (Williams). Assume X is a d-dimensional Lévy process X with
triplet (a, b, K):
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(i) Assume K has compact support. Then
E[|As P] Sl —sl.
(ii) For any p > 2, with sup taken over all partitions of [0, T1],

sup Z |As,,|p/2<oo a.s.
P [s,t]eP

Clearly, (X, A)(w) is all the information one needs to have a (in our termi-
nology) cadlag geometric p-rough path X = X(w), for any p € (2, 3). However,
Williams does not discuss rough integration, nor does he give meaning (in the
sense of an integral equation) to a rough differential equations driven by cadlag p-
rough paths. Instead he constructs, again in the spirit of Marcus, X e CcPva([0, T)),
and then goes on to define a solution Y to an RDE driven by X(w) as reverse-time
change of a (classical) RDE solution driven by the (continuous) geometric p-rough
path X. While this construction is of appealing simplicity, the time-change depends
in a complicated way on the jumps of X (w) and the absence of quantitative esti-
mates makes any local analysis of so-defined RDE solution difficult (starting with
the identification of Y as solution to the corresponding Marcus canonical equa-
tion). We shall not rely on any of Williams’s result, although his ideas will be
visible at various places in this paper. A simplified proof of Theorem 11 will be
given below.

2. Rough paths in presence of jumps: Deterministic theory.

2.1. General rough paths: Definition and first examples. The following defi-
nitions are fundamental.

DEFINITION 12. Fix p €[2, 3). We say that X = (X, X) is a general (cadlag)
rough path over RY if:

(i) Chen’srelation holds, thatis, forall s <u <t,X;; — X, — X, = Xsu ®
Xu,t;
(i1) the following map

[0. 71>t Xo, = (Xo., Xo,) e R! @ R
is cadlag;
(iii) p-variation regularity in rough path sense holds, that is,
1/2
| X |l p-var; 0,77 + ”X”p//Z—var;[O,T] < Q.
We then write

X e WP =WP([0,T],RY).
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DEFINITION 13. We call X € WP geometric if it takes values in GO RY), in
symbols X € Wé) . If, in addition,

(ArX, AA) i=1log AX e RY @ {0} © g@ (RY)

we call X Marcus-like, in symbols X € WI\I/)I

As in the case of (continuous) rough paths (cf. Section 1.2.5),
. d 2 d
WP :=WP ([0, T],RY) = WP([0, T], G (R?))

so that general geometric p-rough paths are precisely paths of finite p-variation
in G® RY) equipped with CC metric. We can generalize the definition to general
p € [1, 00) at the price of working in the step-[ p—] free nilpotent group,

WP =wP([0, T1, D).

As a special case of Lyons’ extension theorem (Theorem 7), for a given contin-
uous path X € W? for p €[1, 2), there is a unique rough path X = (X, X) e W?.
[Uniqueness is lost when p > 2, as seen by the perturbation Xs, =X +a(t—s),
for some matrix a.]

The situation is different in presence of jumps and Lyons’ first theorem fails,
even when p = 1. Essentially, this is due to the fact that there are nontrivial pure
jump paths of finite g-variation with g < 1.

PROPOSITION 14 (Canonical lifts of paths in Young regime). Let X €
WP([0, T1,R?) be a cadlag path of finite p-variation for p € [1,2).
() It is lifted to a (in general, nongeometric*) rough path X = (X, X) € WP
by enhancing X with
Xs.r = (Young) /( ]Xs,r_ QRdX,.
5,1

(ii) It is lifted to a Marcus-like cadlag rough path XM = (X, XM) e WICI by
enhancing X with

1
X =Xsit 5 20 (A X) @ (ArX).

re(s,t]

PROOF. (i) Cadlag regularity is clear, as is Chen’s relation (perhaps noting
that f(w] dX = X, since X is cadlag). As an application of Young’s inequality,
using p < 2, it is easy to see that

2
|Xs,t| S ”X”p-var;[s,t]'

4Consider the scalar cadlag path X; =Ty 2)(¢) on [0, 2]. Then X » = 0, and hence X » # %X% 5
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Note that w(s,t) := ||X||§_Var,[s . is super-additive, that is, for all s < u < ¢,
w(s,u)+wu,t) <w(s,t),so that

L P p
YoIXKed2 S Y XU e SUXID 0.7y
[s,1]1eP [s.,t]eP

Taking sup over P, X has £ variation and this concludes (i). We then note that

P
<( X 1ax?) = X a0

re(s,t] re(s,t]

)4
2

D (A X)® (A X)

re(s,t]

where we used p <2 in the last inequality. Since the jumps of X are p-summable,
we immediately conclude that XM also is of finite £ variation. Also, from “in-

2
tegration by parts formula for sums”, it can be easily checked that Sym(XMt =

%Xs,t ® X ;. The fact that (X, XM) forms a Marcus-like rough path comes from
the underlying idea of the Marcus integral replaces jumps by straight lines which
do not create area. Precisely,

. 1 2
lvl%rthivIt =: AIXM = E(A,X)®

which is symmetric. Thus, A;A = Anti(A,XM) = 0. This completes the proof for
part (il). O

Clearly, in the continuous case every geometric rough path is Marcus-like and
so there is need to distinguish them. The situation is different with jumps and there
are large classes of Marcus-like as well as non-Marcus-like geometric rough paths.
We give some examples.

EXAMPLE 15. (a) Pure area jump rough path. Consider a so(d)-valued path
(Ay) of finite 1-variation, started at A9 = 0. Then
Xo,; :=exp(Ay)

defines a geometric rough path, for any p > 2, that is, X(w) € Wé’ but, unless A is
continuous,

X(w) ¢ Wi

(b) Pure area Poisson process. Consider an i.i.d. sequence of a so(d)-valued r.v.
(0" (w)) and a standard Poisson process N; with rate A > 0. Then, with probability
one,

Ny
Xo, (@) := exp(Z a"(w))

n=1

yields a geometric, non-Marcus-like cadlag rough path for any p > 2.
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(c) Pure area rough path. Fix a € so(d). Then
Xp.; :=exp(at),

yields a geometric rough path, X € Cg ([0, T1, R?), above the trivial path X =0,
forany p €[2,3).
(d) Brownian rough path in magnetic field. Write

t
BE,T = (BS,ta/ Bs’r ® OdBr>
N

for the canonical Brownian rough path based on iterated Stratonovich integra-
tion. If one considers the (zero-mass) limit of a physical Brownian particle, with
nonzero charge, in a constant magnetic field [11] one finds the (noncanonical)
Brownian rough path

B, :=B%, + (0, ar),

for some a € so(d). This yields a continuous, noncanonical geometric rough path
lift of Brownian motion. More precisely, B™ € Cg ([0, T1, R?) a.s., for any p €
(2,3).

As is well known in rough path theory, it is not trivial to construct suitable X
given some (irregular) path X, and most interesting constructions are of stochastic
nature. At the same time, X does not determine X, as was seen in the above exam-
ples. That said, once in possession of a (cadlag) rough path, there are immediate
ways to obtain further rough paths, of which we mention in particular perturba-
tion of X by increments of some p/2-variation path, and, second, subordination of
(X, X) by some increasing (cadlag) path. For instance, in a stochastic setting, any
time change of the (canonical) Brownian rough path, by some Lévy subordinator
for instance, will yield a general random rough path, corresponding to the (cadlag)
rough path associated to a specific semimartingale.

For Brownian motion, as for (general) semimartingales, there are two “canoni-
cal” candidates for X, obtained by It6- and Marcus-canonical (= Stratonovich in
absence of jumps) integration, respectively. We have the following.

PROPOSITION 16. Consider a d-dimensional (cadlag) semimartingale X and
let p € (2, 3). Then the following three statements are equivalent:

() XYw) € WP a.s. where X! = (X, XY) and
t
x, = [ Xe-@dX, @),
s
(i) XM(w) e W (W) a.s. where XM = (X, XM) and

t
X?f[, :=/ Xsr— 0 QdX, (Marcus).
S
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(iii) The stochastic area (identical for both It6- and Marcus lift)
Ay = Anti(X] ) = Anti(X})

has a.s. finite p/2-variation.
PROOF. Clearly,

1
Sym(X?{It) = EXS’I ® Xs,t

is of finite p/2-variation, a consequence of X € W? a.s., for any p > 2. Note that
XM — X! is symmetric,
M \i, I\,
(Xs,l)l I~ (Xs,l)l = E[Xl’ XJ]AC‘,Z + 5 Z Aer ArX],
re(s,t]

and is of finite % variation as [X?, X/]¢ is of bounded variation, while

> oAX A,Xf

re(s,t]

Z A X|P <00 a.s.

re(s,t]

S ‘

re(s,t]
because jumps of semimartingale is square summable, and thus p > 2 summable.
U

We now give an elegant criterion for checking finite 2t -variation of G®-valued
processes.

PROPOSITION 17. Consider a G® R%)-valued strong Markov process
X1 = XS_1 ® X; =exp(Xs.s, Ag r). Assume
EX* St —sl,
E|Asil® St =P,
uniformly in s, t € [0, T]. Then, for any p > 2,
1 XNl p-var + 1Al pj2var <00 a.s.

Equivalently, || X|| p-var < 00 a.s.
PROOF. Consider s, t € [0, T] with |t — s| < h. Then

P(1 X5, > a) < _E|Xs t|

~ 2’

1
P(|As, "% > a) = P(|As | > a*) < —E|A,|

2
< 5 (ElAP) /2= ot
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From properties of the Carnot—Caratheodory metric, dcc(Xy, X;) < | Xs./| +
[Ag, ;|'/? and the above estimates yield

h
Pd(Xs,X;) >a) S e

Applying the result of Manstavicius (cf. Section 1.2.6) with 8 =1, y =2 we ob-
tain a.s. finite p-variation of X, any p > y /B = 2, with respect to dcc and the
statement follows. [

As will be detailed in Section 3.1.1, this criterion, combined with the expected
signature of a d-dimensional Lévy process, provides an immediate way to recover
Williams’s rough path regularity result on Lévy process (Theorem 11) and then
significantly larger classes of jump diffusions. With the confidence that there exists
large classes of random cadlag rough paths, we continue to develop the determin-
istic theory.

2.2. The minimal jump extension of cadlag rough paths. In view of Theo-
rem 7, it is natural to ask for such extension theorem for cadlag rough paths. (For
continuous paths in Young regime, extension is uniquely given by n-fold iterated
Young integrals.) However, in presence of jumps the uniqueness part of Lyons’
extension theorem fails, as already seen by elementary examples of finite variation
paths.

EXAMPLE 18. Let p =1, N =2 and consider the trivial path X =0 ¢
W0, 1], R), identified with X = (1, 0) € W' ([0, 1], GV). Consider a nontriv-
1al so(d)-valued cadlag path a(t), of pure finite jump type, that is,

ap, = Z Aag.

s€(0,1]
(finite)

Then two possible lifts of X are given by
X?=(1,00., X =(1,0,a,—ap) e W =w'([0, 11, G?).

We can generalize this example as follows.

EXAMPLE 19. Again p =1, N =2 and consider X € W!'*V%, Then
X7 = (1, X, XM) e e
and another choice is given by
5(,(2) = (1, X;, Xf” +a; —ap) € ng'var,

whenever, a; € so(d) is piecewise constant, with finitely many jumps Aa; # 0.
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Note that, among all such lifts ng), the X§2> is minimal in the sense that
log® AX;Z) has no 2-tensor component, and in fact,

log® AX? = AX,.

We have the following far-reaching extension of this example. Note that we con-
sider g" D g™ in the obvious way whenever n > m.

THEOREM 20 (Minimal jump extension). Let1 <p <ooand N>n>m :=
[pl. A cadlag rough path X e Wé) = WP([0, T], G™) admits an extension to
a path X of with values G'™ c T™, unique in the class of G™-valued path
starting from 1 and of finite p-variation with respect to CC metric on G™ subject
to the additional constraint

2.2.1) log™ AX"™ =10g™ AX™.

For the proof, we will adopt the Marcus/Williams idea of introducing an arti-
ficial additional time interval at each jump times of X", during which the jump
will be suitably traversed. Since X" may have countably infinite many jumps, we
number the jumps as follows. Let #; is such that

||A11X(m) ”CC: sup {HA,X(’") ”cc}-
1e[0,T]

Similarly, define #, with
[8,X" e = sup  {[AX™] ()
t€l0,

T1,t#t

and so on. Note that the suprema are always attained and if || A X | o # 0, then
t = t; for some k. Indeed, it readily follows from the cadlag (or regulated) property
that for any € > 0, there are only finitely many jumps with || A, X" | cc > €.

Choose any sequence 8; > 0 such that ) ; §; < oo. Starting from #;, we recur-
sively introduce an interval of length & at #, during which the jump Ath(m) is
traversed suitably, to get a continuous curve X™ on the (finite) interval [0, T]
where

[e¢}
T=T+ Z Sk < 00.
k=1
Taking motivation from simple examples, in order to get minimal jump exten-
sions, we choose the “best possible” curve traversing the jump, so that it does not
create additional terms in log(”) AX;"). If [a,a + 8;] C [0, f] is the jump segment
corresponding to the kth jump, define

l‘ j—
v =X{" @ exp™ (—8 2 log™ Asz(m)>.
K
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LEMMA 21. y*:[a,a+8]— G™ is a continuous path of finite p variation

w.r.t. the CC metric and we have the bound

(2.2.2) | A, X7,

”)/ ”p -var; [a,a+8;] ~ |

PROOF. Omit k. Without loss of generality we can assume that 3, = x ®
exp™ (r1log™ (x~! ® y)) for t € [0,1] and x,y € G™. Thus by Campbell—
Baker—Hausdorff formula

ysu =exp”((t — $)log"™ (x 7' ®@ y))
Since p > m, it is easy to check that for z € g”* and A € [0, 1],
lexp™ (:2)[|” S Alexp™ @)|”
So,
s ll? S =[x @y]"

which proves the claim. [J

LEMMA 22. The curve X™ : [0, T] — G™ constructed as above from
XM e WP([0, T], GY™) is a continuous path of finite p variation w.r.t. the CC
metric and we have the bound

X (M)
(2'2'3) ”X " ||p -var; [0, T] < ”X ”p-var;[O,T]'
PROOF. For simpler notation, omit m and write X, X. The curve X is contin-

uous by construction. To see the estimate, introduce w(s,t) = X112 ! with
the notation w(s, t—) := ||X||?

p-var,[s,t

povar.[s.1)- Note that w(s, t) is super-additive. Call ¢’

the pre-image of ¢ € [0, T] under the time change from [0, T] — [0, f”]. Note
that [0, 7] contains (possibly countably many) jump segments I, of the form
[a,a + &x). Let us agree that point in these jump segments are “red” and all re-
maining points are “blue.” Note that jump segments correspond to one point in the
pre-image. For 0 <s <t < T, there are following possibilities:

e Both s, ¢ are blue, in which case ||Xg AP = 11Xy o IP < X7
w(s',1).
e Both s, 7 are red and in same jump segment [a, a + &), in which case
X 17 < Iy Il
e Both s, t are red but in different jump segment s € [a, a + ;) and t € [b, b+ 6;),
in which case s’ = (a + &), t' = (b + &) and

1Xs.e 117 < 377 (1K a8 17+ 1Ko oll” + 1Xp.c17)

p-var,[s’ N4

p-var;[a,a+0;]"

=< 3p_1(||yk||2-var;[a,a+8k] + ”Xs’,z’— 17 + ||)/l”£_var,[b,h+61])

- (”yk ”ﬁ—var; [a,a+38k] + a)(s/, t/_) + ” yl “i-var, [b,b+5[])'



GENERAL ROUGH PATHS 2727

e sisblue and t € [a, a + &) is red, in which case
X017 < 2P—1(||5<s anf’ + 11X 117)

<27 No(s" =)+ 1VHI1D o farase)-

e s €la,a+ ;) isred and ¢ is blue, then
X, 17 < 277 (1K, a5 17+ 1 Xas,617)
<2V D vantaasan T 1)
In any case, by using Lemma 21, we see that
IXs i I” S (s, 1) + 1 AGX]P + 1 Ar X7
which implies for any partition P of [0, 7],

Yo X P S Y wfs 1) + 1AXIP + [ AX])P
[s,t]eP [s/,¢']

Sw0,T)+ > [AX]”.
O<s<T

Finally, note that

S IAXI < X1 yanjo.r)
O<s<T

which proves the claim. [J
PROOF OF THEOREM 20.  Since X s continuous path of finite p-variation
on [0, 7], from Theorem 7, it admits an extension X" taking values in G start-

ing from 1 for all n > m. We emphasize that S = X can be obtained as linear
RDE solution to

(2.2.4) dS=S®dX"™, So=1eT™.
We claim that for each jump segment [a, a + 8],
Xé )+s =exp™ (log™ (A, X))

a

which amounts to proving that if ; = x ® exp™ (tlog"™ (x "' ® y)) for t € [0, 1]
and x,y € G | then its extension y(”) to G™ satisfies

yéﬁ) = exp™ (log™ (x ' ® y))
Again by the Campbell-Baker—Hausdorff formula,

Vs =exp”((t —5)log" (x ' ®))
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Since ys("? = exp(”)((t —5) log(’")(x_1 ® y)) is clearly an extension of y; ; from
G™ to G™, by uniqueness of Theorem 7,

7o =exp™ (log™ (x ™' ® )

which finishes the existence part of Theorem 20.
For uniqueness, without loss of generality, assume n =m + 1. Let Z;") = X,(m) +
M; and Y;") = X,(m) + N; are two extensions of Xfm) as prescribed of Theorem 20,
where M;, N; € (R%)®".

Consider

S=2" (Y} = (X" + M) ® (X" +N;) !

=1+ M; — Ny,

where the last equality is due to truncation in the (truncated) tensor product. This
in particular implies S; is in centre of the group G (actually group T{"), and thus
sois S I'® S;. So, by using symmetry and sub-additivity of CC norm,

[s7' ® il = Y& @28 @ (Vi) = 127 © (¥} < 1287 + Y57 |

which implies S; is of finite p-variation. Also,
AS=Y" @ AZM @Y™,

Since A;Z™ = A, Y™, we see that log(") A;S =0, that is, S; is continuous. Thus,
M — N is a continuous path in (R?)®" with finite % < 1 variation, which implies
M; = N; completing the proof. [

REMARK 23. In the proof of uniqueness of minimal jump extension, we did
not use the structure of group G™. The fact that the minimal jump extension
takes value in G™ follows by construction. That said, if Z™ and Y are two
extensions of X" taking values in 7™ (RY), of finite p-variation w.r.t. norm

11+gli= g +]g2)2 + -+ [g"]"
and
AZ™ = A Y™ =exp™ (log™ (A, X™))
the same argument as above implies

z" =Y.

We are now able to define the signature of a cadlag rough path, generalising
Definition 9. First, in view of Theorem 20, any X € W”([0, T], G™) may be
regarded—via its minimal jump extension—as X € W”([0, T], G™)), any N >
m, and (as earlier, cf. remark before Definition 9) there is no ambiguity in this
notation.
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DEFINITION 24. Consider a cadlag rough path X € Wé’ = WP(0, T], G'™).
Then, thanks to Theorem 20,
SX)o.7 := (1, 11 Xo.1)s - - > T Xo.7), Tmt1Xo.7), . ..) € T((RY))

defines a group-like element, called the signature of X.

2.3. Rough integration with jumps. In this section, we will define rough inte-
gration for cadlag rough paths in the spirit of [16, 47] and apply this for pathwise
understanding of a stochastic integral. We restrict ourselves to case p < 3. For
p €11, 2), Young integration theory is well established and the interesting case is
for p € [2, 3). Recall the meaning of convergence in (RRS) sense; cf. Definition 1.
We shall distinguish the following Riemann sum approximations:

S(P) = Z YsXs,t
[s,t]eP
and
S'(Py:= > Yo X
[s,t]leP
In fact, if X and Y are regulated paths of finite p-variation for p < 2, then
C:=([RRS) 1 Y X
( ) |731|r20 Z s &gt
[s,1]1eP

exist if either Y is cadlag or Y is cdglad (left continuous with right limit) and X is
cadlag. (This can be easily verified by carefully reviewing the proof of existence
of the Young integral as in [8], noting that we have restricted ourselves to left point
evaluation in Riemann sums.) In particular, if X, ¥ are cadlag paths then

C1:=(RRS) 1l Y X
1 ( ) |731|§0 Z st
[s,t]leP
and
:=(RRS) i Y,_X
) ( S) |7)1|I£ Z s s,t
[s,t]eP
both exist. We now see that in the Young case both limits are equal.

PROPOSITION 25. If X and Y are cadlag paths of finite p-variation for p < 2,
then C1 = C».
PROOF. Foreache >0,

S(PY=S'(P)= Y AYX,,
[s,t]eP

= Z AYsliay,>e X5t + Z AYsliay,<e Xt
[s,t]1€eP [s,t]1eP
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and since there are finitely many jumps of size bigger than € and X is right contin-
uous,

i AY;1 X5 =0.
|’Pl\r—>nO Z sL|AYs|>eAs,t

[s,1]eP
On the other hand,
2
Z AYsllAYs|§eXs,t = Z (lAYslzllAYs|§e) Z |Xs,t|2
[s,t]leP [s,t]leP [s,t]leP
<X N JAYP Y Xl
[s,t]eP [s,t]eP

2- 2
< e PIY I var I X 115 var

where we used p < 2 in the step. It thus follows that

lim li AY,1 X,;=0
egl’(l) |7>1|§0 Z s LAY |<eAs,t
[s,t]eP

which proves the claim. [J

One fundamental difference between continuous and cadlag is absence of uni-
form continuity which implies small oscillation of a path in a small time interval.
This becomes crucial in the construction of the integral, as also can be seen in
construction of the Young integral (see [8]) when the integrator and integrand are
assumed to have no common discontinuity on the same side of a point. This guar-
antees at least one of them to have small oscillation on small time intervals.

DEFINITION 26. A pair of functions (X ;, Yy ;) defined for {0 <s <t < T}
is called compatible if for all € > 0, there exists a partition T = {0 =19 < ] <
-oo<t,=T}suchthatforall0<i <n—1,

Osc(X, [#;, ti+11) A Osc(Y, [1, ti+1]) <€,
where Osc(Z, [s, t]) :==sup{|Zy, vl|s <u <v <t}.

PROPOSITION 27. If X is a cadlag path and Y is a caglad path, then (X, Y)
is a compatible pair.

PROOF. See [8]. 0O

Let X = (X, X) be cadlag rough path in the sense of Definition 12. For the
purpose of rough integration, we will use a different enhancement

Xs,t = Xs,t +AXQ® Xs,t'
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Note clearly that X is also of finite g variation, Xo,, is a cadlag path and for
s<u<t,
(2-3-1) Xs,t - Xs,u - Xu,t = X;u ® Xu,t»
where X, = X;_, X; = Xo=0.

LEMMA 28. Forany € > 0, there exists a partitiont ={0 =ty <t1 -+ - <ty =

T} such that forall 0 <i <n—1,

Osc(X, (t;, tir1)) < €.

PROOF. Since Xo,, is cadlag, from (2.3.1), it follows that for each y € (0, T),
there exists a §, > 0 such that

OSC(X, (y —8y,y)) <€ and OSC(X, (y,y+38y)) <e.

Similarly, there exist 69 and §7 such that OSC(X, (0,80)) <€ and OSC(X, (T —
ér,T)) <e.Now a family of open sets

[0, 50), (y =8y, y+34y), (T =6r,T]

form a open cover of interval [0, T'], so it has a finite subcover [0, §y), (1 —
8y1»¥1 +8y)s ooy On — 8y, Yn +8y,), (T — 67, T]. Without loss of generality,
we can assume that each interval in the finite subcover is the first interval that
intersects its previous one and the claim follows by choosing

th =0, t1 € (y1 — 8y,,80), =y,

13 € (y2 — 8y,, y1 + 8y, tar1=T. 0
LEMMA 29. For any caglad path Y, the pair (Y, X) isa compatible pair.

PROOF. Choose a partition t such that for all [s, 7] € T,
Osc(Z, (s, 1)) <€

for Z=7Y, X, X~ and (due to Lemma 28) X. We refine the partition 7 by adding a
common continuity point of Y;, X;, X; and X ; in each interval (s, ). Note that
such common continuity points will exist because a regulated path can have only
countably many discontinuities. With this choice of partition, we observe that on
every odd numbered [s, ¢] € T,

OSC(X, [s,1]) <€
and on every even numbered [s, t] € T,

Osc(Y, [s,1]) <e. O
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DEFINITION 30. Given X € WP, a pair of cadlag paths (Y, Y’) of finite p-
variation is called a controlled rough path if Ry, = Y;; — Y| X, has finite %—
variation.

It is easy to see that for f twice continuously differentiable

(Y1, Y)) = (f (X)), f'(X0))
is a controlled rough path in the above sense. Also,

RSJ =Yg, - Y.;—X;t

is of finite g—variation and pair (R,X) is a compatible pair. For brevity, the
variation-type norm will now be written as || - ||, rather than || - || var.

THEOREM 31. Fix regularity p € [2,3) and let X = (X, X) be a cadlag rough
path and (Y, Y') a controlled rough path. Then

T
Y._dX, = 1 S = I s’ ,
/0 —dX, = lim S(P)= lim S'(P)

where both limits exist in (RRS) sense, as introduced in Definition 1, and

SPYi= Y Yo Xei+ Y XKoo= Y YoXor + ¥ Kos + AX ® Xyp),
[s,t]eP [s,t]1eP

SP)y= Y YiXei+Y X,
[s,t]eP

Furthermore, we have the following rough path estimates: there exists a constant
C depending only on p such that

t ~
/ Yr_ er - Ys—Xs,t - Y;_XS,Z‘
s

(2.3.2)
< C>IRIg sl Xllp.ts.or + 1Y 1y 5. 1XN 2 15.01):

t
f Yo dX, — Y, Xy, — VX,
S

(2.3.3)
< C>IRNg 5, al X p.ts.or + 1Y 1 5.y 11K g s.00)-

PROOF. We first consider the approximations given by S(P). We first note
that if w is a super-additive function defined on intervals, that is, forall s <u <t
wls, u] + olu, t] <wls, t]
then, for any partition P of [s, ¢] into r > 2 intervals, there exist intervals [u_, u]

and [u, uy] such that

2.3.4) wlu_,uy] < Lla)[s, t].
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Also, we can immediately verify that for Z of finite p-variation,

defines a super-additive function. Moreover, if w1 and w, are two positive super-
additive functions, then foro, 8 >0, 0 + 8 > 1,

(2.3.5) s, 11> (wils, 1) (wals, 1)”

is also a super-additive function.
Now, it is enough to prove that for any € > 0, there exist a partition Py such that
for all refinement partitions P of P,

|S(P) — S(Po)| S e.

We shall consider, at first, an arbitrary partition t and then later on make a choice—
related to the notion of compatible pair—which identifies it as the desired partition
Po. To this end, consider [s, ¢] € T and also a refinement P of t. Call Ps; the
resulting partition of [s, ¢], induced by the refinement points of P. Pick p’ € (p, 3)
and note that (take « =2/3, § = 1/3 above)

P

ls, 1]:= Rl } IIXII3 [”]+||Y/_|| 5 b

5 ls,t]

17_
’;
5501
is a super-additive and there exist u_ < u < u4 € Py such that (2.3.4) holds.
Using (2.3.1),
|S(Ps,t) - S(Ps,t \M)|
= |Ru,,uXu,u+ + Y;j’uxu,u+}

) ~ 3
S IRy e Xty + Y ||pf,[u_,u+]IIXII%/,[L,M

/ / /

4 . 3
3 3 7
= (”R”I’T,,[M ”X”p [u—, + ”Y p [u_, +]”X“L/ _u+])1
¢ P %/ /= %/ 5 >
<——(RI) X ||,, | G A ||,, PRL
r—17 2
C _ ~
sm(nRup P B PR N b { A

where C denotes a constant that may depend on p, p’. Iterating this, since p’ < 3,
we get that

|S(Py.s) = Yo Xg 4 Y X4

) - _
< ORI gy (X tsn + 10 sy )
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Thus,
ISP =S@I=C 3 IRy [ 1K i + 1Y ]y gl Kl

[s,t]let

Note that (Ié, X) and (Y™, X) are compatible pairs. As a consequence, we can
take T such that for any interval [s, ] in T

P

~ ~ 1-£ 7
”R”%/’[s’t]”X”p/,[s,t] < Osc(R, [s,1]) Osc(X, [s,1]) » ||R||”,’[S ||X||p 5]

S

]7

<ex ||1%||§ o ||X||,, 5.4

It follows that
)
S(P) =S| =Ce Y ||R||,, o) ||X||p[m+||Y/—||,,[st]||X||§,[s,,]
[s,t]let

and since the term under the summation sign is super-additive—take o = 1/p’,
B =2/p"in (2.3.5) to see this—we get

|S(P) — S(v)| < Ce

which indeed identifies t as the desired partition Pgy. The estimate (2.3.2) follows
immediately as a by-product of the analysis above. It remains to deal with the case
of Riemann sum approximations

S/(P) = Z YsXs,t + YS/XS,Z-
[s,t]1eP

To this end, consider the difference

S/(P) - S(P) = Z Rs—,sXs,t + AYS/XS,Z
[s,t]1eP

and then use arguments similar as those in the proof of Proposition 25 to see that

(RRS) lim (S"(P) — S(P)) =
|P|—0
The rest is then clear. [
As an immediate corollary of (2.3.2) and (2.3.3), we have the following.
COROLLARY 32. For a controlled rough path (Y, Y'),

(Z:, 2, ( / Y,_dX,, Yt)

is also a controlled rough path.
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COROLLARY 33. If (Y,Y’) is a controlled rough path and Z, = fé Y,_dX,,
then

t
AZ=lim | Y,_dX,=Y,_A X+ Y _AKX,

ST[ Ky

where A X = limgy; X ;.

Though we avoid to write down the long expression for the bounds of || Z]| ,,
1Z']l, and || RZ|| L it can be easily derived from (2.3.3). The important point here
is that we can again, for Z taking values in a suitable space, readily define

t
/ Z,_dX..
0

The rough integral defined above is also compatible with the Young integral. If X
is a finite p-variation path for p < 2, we can construct cadlag rough path X by

t
Xoi= [ (o = X) @ X,
S

where the right-hand side is understood as a Young integral.

PROPOSITION 34. If X, Y are a cadlag path of finite p and q variation re-
spectively with % + % > 1, then for any 6 > 0 with % + é > 1

Zss = /:(Y - —YydX,
has finite 0 variation. In particular, X has finite % variation.
PROOF. From Young’s inequality,
|Zsal” < CIX NG 5. 1Y 11G .01

If % + é > %, the right-hand side is super-additive, which implies || Z|jg < co. [

THEOREM 35. If X, Y are cadlag paths of finite p-variation for p <2, then

t t
/ Y,_dX, =/ Y,_dX,.
0 0

PROOF. The difference between Riemann sum approximation of correspond-
ing integrals can be written as

SPy= > v X,
[s,t]1eP
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Choose p < p’ < 2. From Young’s inequality,

Xl = <CIX ]y eI X U gs.01

t
f (Xr— — X,_) ®dX,
S

(X7, X) is a compatible pair, which implies for properly chosen P,

2 P
IS(P)|<Ce > 1X7 1) .1 X0 5.0
[s.0]eP

Noting again that the term under summation sign is super-additive,

(RRS) |7£1|r£0 S(P)=0. =

REMARK 36 (Marcus canoncial rough integration). Given a cadlag geometric
rough path X = (X, X), and suitable f, say in € C?, we may regard f(X) as a
controlled rough path and so Theorem 31 yields a rough integral of the form

T
/0 F(X,o)dX,.

We can adapt Marcus canonical integration to the geometric rough path case, tak-
ing into account the possibility of jumps in the area. As this will be discussed
below in full detail, in the more involved setting of differential equations, we shall
be brief: log-linear interpolation between jumps motivates the definition

T
/O F(X) 0dX
T
= [ renoax,

1 1
+ 3 axd [ +0ax) - fx0) - S o axo | o

te(0,T]

1
+ 3 s [ oax) - o) ao.

te(0,T]

Note that the expression in the first (resp., second) set of curly brackets is of
order O(|AX|?) [resp., O(|AX|)] while |AX]| (resp. |A|) is summable of order
p (resp. p/2), for p < 3, which is enough to guarantee that all sums are ab-
solutely convergent. Let us make the link to Marcus canonical (stochastic) inte-
gration. To this end, assume the (geometric) rough path X = (X, X) is written
as sum of a (in general, nongeometric: think Itd) rough path, say X! = (X, X/),
plus a pure second-level, finite 1-variation cadlag perturbation of the form (0, %F).



GENERAL ROUGH PATHS 2737

Then
T
/0 f(X)odX

T T
::/0 f(X;2)dX] +/0 f'X)dri+ 37 f'(Xi-)ATL,

te(0,T]

1 1,
s Ax,{ [ f(Xf_+eAx,)—f<Xt_>—5f<X,_>(Axt>}d6
]

te(0,T

1
+ 2 an| [ o renxy - rooae.

te(0,T]

Assuming furthermore X to be Marcus-like (so that A;A = 0) and also Al =
AX ;8’2, which is exactly what happens when X is a semimartingale and I' = [ X, X]
its quadratic (co)variation, we recover the precise form of (1.2.5).

2.4. Rough differential equations with jumps. In the case of continuous RDEs,
the difference between nongeometric (Itd-type) and geometric situations, is en-
tirely captured in one’s choice of the second-order information X, so that both
cases are handled with the same notion of (continuous) RDE solution. In the
jump setting, the situation is different and a geometric notion of RDE solu-
tion requires additional terms in the equation in the spirit of Marcus’s canoni-
cal (stochastic) equations [1, 22, 33, 34]. We now define both solution concepts
for RDEs with jumps. (Of course, they coincide in absence of jumps, i.e. when
(AX;, AX) =(0,0).)

DEFINITION 37. (i) For suitable f = (f1,..., f4) and a cadlag geometric
p-rough path X = (X, X) € Wé) , call a path Z [better: controlled rough path
(Z, f(Z))] solution to the rough canonical equation

dZ; = f(Z;) odX,

if, by definition,

Zt=ZO+f0tf(Zs_)dXs+ > {(ﬁ(fAXﬁ—%[f, f]AXS;ZS_)

O<s<t

CZy — f(Zy)AX, — f/f(Zs—)AXs},
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where, as in Section 1.2.3, ¢ (g, x) is the time 1 solution to y = g(y), y(0) = x.
When X is Marcus-like, that is, X € Wl\];[ this becomes?

t
zi=2+ [ fzoax+ ¥ oraxazo
O<s<t

1
2= X~ [ F 758X,

(i1) For suitable f and a cadlag p-rough path call a path Z [or better: controlled
rough path (Z, f(Z))] solution to the (general) rough differential equation

dZ, = f(Z,-)dX,
if, by definition,

t
Zi=2o+ | fZ)aX.
We shall not consider the solution type (ii) further here.

THEOREM 38.  Fix initial data Zo. Then Z is a solution to dZ; = f(Z;) ©dX,
if and only if Z is a solution to the (continuous) RDE
dZ; = f(Z) dX:,
where X € Cg is constructed from X € Wg as in Theorem 20.
PROOF. (i) We illustrate the idea by considering X of finite 1-variation, with

one jump at t € [0, T]. This jump time becomes an interval [=[a,a+8]C
[0, T]=10, T + §] in the stretched time scale. Now

Z()j‘% Z f(Zs)Xs,l

[s,t]1eP

in the sense of (MRS) convergence, as |P| — 0. In particular, noting that X st =
UE—S)AXI whenever [s,t] C [a, a + §]

- ) - . 1 ratd -
Zoars=lim Y f(Z)Kei=- / F(Z)AX dr
|P|—>0 - 8 Ja
[s,t]eP
- Za,a+8 = ¢(fAXr’ Za) - Za-

On the other hand, by refinement of P, we may insist that the end-points of  are
contained in P which thus has the form

P=PUPUP,

SNote cancellation of [ f, f] € so(d) with AXy = (AX;)®?/2 € Sym(d).
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and so

Zoi™ Y. fEZoX+ Y fEoXei+ Y. f(Zo)Xs
[s,t]€eP

[s,t]eP ls.1]eP,
from which we learn, by sending |P| — 0, that

Zoj ~ Z f(Zs)Xs,t +¢(fAXr’ Za) - Za + Z f(Zs)Xs,t-
[s,t]1€Py [s,t]eP>

We now switch back to the original time scale. Of course, Z = 7Z on [0, T) while
Z; = Z;ys for t € [t, T] and in particular

ZO,T = ZO’Ta
Ly = Za,
Zy = Za—i—éi-

But then, with 77{ and Pé partitions of [0, 7] and [z, T'], respectively,

Zor~ Y. fEDXgr+ Y. fENXer+d(fAXe, Zel) — Zo_

[s'.1'1eP] [s".t']eP
t'<t

~ Y f(Z)Xgy+d(fAXe, Zao)
[s/,t'1eP’

+{0(fAX:, Z ) — Zo — f(Z:2)AX)
since f(Zy)Xy r = f(Z:-)AX; as |P'| — 0, with [s’, ] € P’". By passing to
the (RRS) limit, find

T
Zor= [ [(Z7)dX +{8(fAXe Ze0) = Zo = (Ze ) AXe),

This argument extends to countable many jumps. We want to show that

T
ZT=ZO+/0 f(Zs—)dXs+ Z {}

O<s<T

=Zo+ (RRS) lim > f(Z) Xy + lim > ofeh

IPI=0 hep Y se0,T1:
[AXs|>n

What we know is (MRS)-convergence of the time-changed problem. That is, given
& > 0, there exists § s.t. |P| < 6 implies

Zo’f Rg Z f(Zs)Xs,t,
[s,t]eP
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where a ~; b means |a — b| < ¢. For fixed n > 0, include all (but only finitely
many, say N) points s € (0, T']: |[AX| > nin P, givingrise to (P : 1 < j < N).
Sending the mesh of these to zero gives, as before,

Zor=~e Y, [fZ)Xgr+ Y. (S(fAXs Zs)— Zs — f(Zs-)AX,}.

[s",t']eP’ s€(0,T]:
[AXs|>n

In fact, due to summability of } ;¢ 71{- - -}, we can pick n > 0 such that
Zor~2 Y. [(Z)Xgv+ Y 0(fAXs, Zs) — Zo_ — f(Zs-)AX)
Ls".t']eP’ 5€(0,T]:

and this is good enough to take the (RRS) lim as |P’| — 0.

(i) We now consider the case of X = (1, X, X) = exp(X + A) € Wé’, again
starting with one jump at T € [0, T']. As above, the jump time becomes an interval
[a,a+ 8] C [0, T]=1[0, T + &] in the stretched time scale. Now

Zoi~ Y FZ)Xei+ [ 129K,
[s,t]eP
in the sense of (MRS) convergence, as |P| — 0. Recall, by the very construction
of X e Cg, whenever [s,t] C [a, a + ]

~ t —_
X, = exp(z) (log(z) X+ Ta log(z) AXT>,

- t—
X, = exp? (—5 > log® AXr)

—i—(t_sAA +1<z—sAX >®2>
s AT ‘

= 1 +XS,I +§§S,t'

We want to compute Za,aﬂs and by reparametrisation we may take [a,a + 8] =

[0, 1] without loss of generality. Then 7= o f (Z) dX on the unit interval is equiv-
alent to, for s, t € [0, 1],

Zsi = [(Z)AX(t — )+ f F(Z)AAL(t —5) +o(t —5).

Division by # — s, and taking ¢ | s, shows that on Z solves on [0, 1] the ordinary
differential equation

dZ = (f(Z)AX. + f' f(Zs)AAL)dt.
And it follows that

1 -
Zu,a+8 = ¢(fAX3 + i[f’ f]AXs; Za) - Za'

It is then straightforward to adapt the subsequent steps of (i) to this setting. [J
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Theorem 38 above settles the problem, already hinted to in Section 1.2.9, of
giving honest meaning in the sense of integral equations to RDEs with jumps (in
the spirit of Marcus). Having such explicit meaning is clearly important for any
subsequent analysis. More specifically, the following corollary will be crucial in
order to compute the expected signature of Lévy rough paths; cf. Theorem 53.

COROLLARY 39. Fora cadlag roughpath X =1+ X +X=exp(X + A) €
Wg for p € [2,3), the minimal jump extension X" taking values in G (R?)
satisfies the Marcus-type differential equation:

t
24.1) XM =14 / XP @dX, + Y X" ® [exp™ (log® AX,) — AX,],
0

O<s<t

where the integral is understood as a rough integral and summation term is well
defined as an absolutely summable series.

PROOF. This follows from Theorem 38 and (2.2.4). 0O

2.5. Rough path stability. We briefly discuss stability of rough integration
and rough differential equations. In the context of cadlag rough integration, Sec-
tion 2.3, it is a natural to estimate Z! — Z2, in p-variation norm, where

z":fy"dxi fori=1,2.
0

Now, the analysis presented in Section 2.3 adapts without difficulty to this situa-
tion. For instance, when Y' = F(X'), one easily finds

12! = 2% o = Crom(|Xg — X5| + | X' = X7

p-var —

p-var + ”Xl -X? ”p—var)

provided F € C? and |X}| + | X" || p-var + IX?|| p-var < M. (The situation can be
compared with [14], Section 4.4, where the analogous estimate is in the a-Holder
setting.)

The situation is somewhat different in the case of Marcus-type RDEs, dY/ =
f (Yti) <o dXi. In principle, the difference Y ' —¥2 in p-variation norm, is con-
trolled, as above uniformly on bounded sets, by

[XT = X2y + X X2

p-var p-var’

where X! = ()N( i Xi) € Cg is constructed from X' € W£ as in Theorem 20. (This
follows immediately from the continuous rough paths theory.) However, since the
time-change depends in a complicated way on the underlying jumps it seems un-
likely that Wong—Zakai-type results such as those obtained in [22] are trivially
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recovered along these lines. Instead, we suspect the correct approach (left for sub-
sequent work) is to use Theorem 38 to rewrite the Marcus-type RDE as an honest
integral equation (in the sense of Definition 37), followed by the direct stability
estimate of all involved quantities.

2.6. Rough versus stochastic integration. Consider a d-dimensional Lévy pro-
cess X; enhanced with

X, = (Ita)/( (X = X) ®dX,.
s, t

We show that rough integration against the It6 lift actually yields a standard
stochastic integral in It6 sense. An immediate benefit, say when taking ¥ = f(X)
with f € C?, is the universality of the resulting stochastic integral, defined on a set
of full measure simultaneously for all such integrands.

THEOREM 40. Let X be a d-dimensional Lévy process, and consider adapted

processes Y and Y' such that (Y, Y') is a controlled rough path. Then It6 and the
rough integral coincide,

T
/ Ys_dstf Y, dXg a.s.
©,7] 0

PROOF. By Theorem 31, there exist partitions P, with

T
‘S(Pn)—/(; Y,— dX;

S_s
n

where

S(Py) = Z Y X+ Ys/Xs,t-
[s,t]1ePy
Let X; = M; + V; be the Lévy—Itd decomposition with martingale M and bounded
variation part V. Since (V—, V), (V—, M), (M~, V) are compatible pairs, we can
choose the corresponding 1, for € = % from their compatibility. Without loss of
generality, we can assume P,y U t, U D, C P,, where D, is the nth dyadic
partition. We know from general stochastic integration theory that, possibly along
some subsequence, almost surely,

S'"(Py) = Z Y X5 — Yo_dX; asn — 00
[5,1]€Py 0.7]

Thus, it suffices to prove that almost surely, along some subsequence,

S"P= Y YX;,—0.
[s,t]€Py
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Now

Xy, =My, +Vy, +/( (M, — M)V, +/( (Ve =V @dM,.
,t N3

S S

Using a similar argument as in Theorem 35,
Z Y;(Vs,z—i-/ (M_—Ms)®dVr+/ (V_—Vs)®er>—>0.
[5.1]€Py (s,t] (s,t]

We are left to show that

Z Y M, — 0.
[s,t]€Py

By the very nature of It lift,
1 1
Sym(Ms,t) = EMs,t ® Ms,t - E[Ms M]s,t

and it follows from standard (convergence to) quadratic variation results for semi-
martingale (due to Follmer [10]) that one is left with

> YAy —0,
[s,t]1ePy

where A;; = Anti(M ;). At this point, let us first assume that |Y'|oo < K uni-
formly in w. We know from Theorem 11 (or Corollary 42)

(2.6.1) E[|As/?] < Clt —s|?

and using the standard martingale argument (orthogonal increment property),
E[ > YA

[s,t]ePy
which implies, along some subsequence, almost surely,

2
|= = EvauPI=kC ¥ u-sP=0(m)
[s,t]ePy [s,t]1€P,

(2.6.2) > Y{As— 0.
[s,2]1€Pn

Finally, for unbounded Y’, introduce stopping times

Tk =intlr €[0,T1: sup [¥]| > K}.
s€[0,1] *

Similarly, as in the previous case,

E[ > YA

[s,t1€Pn,s<Tk

2
]=O(7>n>.
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Thus, almost surely on the event {Tx > T}

> YAy —0
[s,11€Py

and sending K — oo completes the proof. [J

We remark that the identification of rough with stochastic integrals is by no
means restricted to Lévy processes, and the method of proof here obviously ap-
plies to a semimartingale situation. As a preliminary remark, one can always drop
the bounded variation part (and thereby gain integrability). Then, with finite p-
variation rough path regularity, for some p < 3, of (It6, by Proposition 16 equiva-
lently: Stratonovich) lift (see Section 3.2.2), the proof proceeds along the same
lines until the moment where one shows (2.6.2). For the argument then to go
through, one only needs

Z IE[|AS’,|2]—>O as |P| — 0,
[s,t]eP

which follows from (2.6.1), an estimate which will be extended to general classes
of Markov jump processes in Section 3.2.1. That said, we note that much less than
(2.6.1) is necessary, and clearly this has to be exploited in a general semimartingale
context.

3. Stochastic processes as rough paths and expected signatures.
3.1. Lévy processes.

3.1.1. A Lévy—Kintchine formula and rough path regularity. In this section,
we assume (X;) is a d-dimensional Lévy process with triplet (a, b, K). The main
insight of this section is that the expected signature is well suited to study rough
path regularity. More precisely, we consider the Marcus canonical signature S =
S(X), given as a solution to

dS=SQ®odX,
So=(1,0,0...) € T((R?)).
With S;; =S, '® S; as usual, this gives random group-like elements

S =(1,X!, X2

St s,

) = (]7 Xs,ta X?{II’ .. )
and then the step-n signature of X/ ;] by projection,

X" =(1,X!,,....X" ) e GV (RY).

s,t°

The expected signature is obtained by taking component-wise expectation and
exists under a natural assumption on the tail behaviour of the Lévy measure
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K = K (dy). In fact, it takes “Lévy—Kintchine form” as detailed in the following
theorem. We stress that fact that the expected signature contains significant infor-
mation about the process (X; : 0 <t < T), where a classical moment generating
function of X7 only carries information about the random variable X .

THEOREM 41 (Lévy—Kintchine formula). If the measure K1,y >1 has mo-
ments up to order N, then

E[X{")] = exp(CT)
with the tensor algebra valued exponent

RN
VK@), 5+ / —K(d ),. y—K(dy))

C=<0,b+ N

[yI=1
e TV (RY).

In particular, if K Iy|>1 has finite moments of all orders, the expected signature is
given by

E[S(X)o.r] = exp[T(b + %a + /(exp(y) —-1- y1|y|<1)K(dy)>}
T((RY)).

The proof is based on the Marcus SDE dS =5 ® ¢dX in TW (]Rd) so that

X(()")T = S and will be given in detail below. We note that Fawcett’s formula [3,
9, 29] for the expected value of iterated Stratonovich integrals of d-dimensional
Brownian motion (with covariance matrix ¢ = I in the aforementioned references)

E[S(B)O,T]:EKL/ odB, odB®odB,...>]
O<s<T O<s<t<T

T
= exp[;a]

is a special case of the above formula. Let us in fact give a (novel) elementary
argument for the validity of Fawcett’s formula. The form E[S(B)¢, 7] = exp(TC)
for some C € T ((R?)) is actually an easy consequence of independent increments
of Brownian motion. But Brownian scaling implies the k™ tensor level of S (B)o.T
scales as T%/2, which already implies that C must be a pure 2-tensor. The identifi-
cation C = a/2 is then an immediate computation. Another instructive case which
allows for an elementary proof is the case when X is a compound Poisson process,
that is, X; = Zf\i | Ji for some i.i.d. d-dimensional random variables J; and N; a
Poisson process with intensity A. In Lévy terminology, one has a triplet (0, 0, K)
where K is A times the law of J;. Since jumps are to be traversed along straight
lines, Chen’s rule implies

E[SY (X)0,1|Ny =n] =E[exp(J1) ® - - ® exp(Ju)] = E[exp(J)]*"
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and thus
E[SY (X)o.1] = exp[(A(Eexp(J) — 1))]

which gives, with all integrations over R,

C= /(exp(y) — 1)K (dy).

Before turning to the proof of Theorem 41, we give the following application.
It relies on the fact that the expected signature allows to easily extract information
about the stochastic area.

COROLLARY 42. Let X be a d-dimensional Lévy process. Then, for any p >
2,a.s.

(X, xM) e W10, T1,RY)  as.

We call the resulting Marcus-like (geometric) rough path the Marcus lift of X .

PROOF. Without loss of generality, all jumps have size less than 1. [This
amounts to drop a bounded variation term in the Itd—Lévy decomposition. This
does not affect the p-variation sample path properties of X, nor—in view of ba-
sic Young (actually Riemann—Stieltjes) estimates—those of X™.] We establish the
desired rough path regularity as an application of Proposition 17, which requires
us to show

2
B[ X " S 1= sl
2 2
ElAs: 17 S 1t =517

While the first estimate is immediate from the L?-isometry of stochastic integrals
against Poisson random measures (drift and the Brownian component obviously
pose no problem), the second one is more subtle in nature and indeed fails—in
the presence of jumps—when A is replaced by the full second level XM. (To see
this, take d = 1 so that XE/’II = st’t /2 and note that even for the standard Poisson
process E| X, ;|* < |t — s| but not |t — s]°.)

It is clearly enough to consider Ai{ for indices i # j. It is enough to work
with §4(X) =: X. Using the geometric nature of X, by using the shuffle product
formula,

72 , ) ) )
(A7) = (X7 = X5 (Xr = X37)
=Xo =X =X X
On the other hand,
EX;; =exp[(t —s)C] =1+ (t —s)C + O(t — 5)*
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so that it is enough to check that C'/J — Ci/ii — CJij 4 CJiii = (. But this is
obvious from the symmetry of

1
m4C = Z/y®4K(dy). 0

We now give the proof of the Lévy—Kintchine formula for the expected signa-
ture of Lévy processes. We first state some lemmas required.

The following lemma, a generalization of [40], Chapter 1, Theorem 38, is surely
well known but since we could not find a precise reference we include the short
proof.

LEMMA 43.  Let Fy be a caglad adapted process with supg_, -, E[| Fy|] < 00

and g be a measurable function with |g(x)| < Clx|* for some C >0, k > 2 and
g€ L (K). Then

t
B ¥ reaxo]= [(EiRdas [ swkan.

O<s<t

PROOF. At first, we prove the following:

(.11) 2| ¥ 1nlleaxol] <lgl sup E[IA]

O<s<t O<s<t
To this end, w.l.o.g., we can assume g vanishes in a neighbourhood of zero. The
general case follows by an application of Fatou’s lemma. Also, it is easy to check
the inequality when Fj is a simple predictable process. For general Fy, we choose
a sequence of simple predictable process F;' — F pointwise. Since there are only
finitely many jumps away from zero, we see that

Y IFMg(AX)| = Y IF|g(AX)|  as.
O<s=<t O<s<t

and the claim follows again by Fatou’s lemma.
Now, define g = fRd\Og(x)K(dx) and M; =Y g_<; 8(AX,) —tg. Then it is
easy to check that M, is a martingale. Also,

t
N, = FydMy= ) Fsg(AXs)—gf Fyds
0.1] O<s<t 0

is a local martingale. From (3.1.1), E[supy_,, [Ns|] < c0. So, N; is a martingale,
which thereby implies that E[N;] = 0, completing the proof. [

LEMMA 44. If the measure K1y>1 has moments up to order N, then with
St = SN(X)O,t,

E[ sup |Ss|] < 0.

O<s<t
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PROOF. We will prove it by induction on N. For N =1, §; =1 + X;, and the
claim follows from the classical result that E[sup,, <5<t | Xsl] <00 iff K1)y~ has
the finite first moment. Now, note that

t 1 rt
Sz:1+/(; ﬂN,N—l(Sr—)®er+§/(; ﬂN,N—l(Sr)®adr

+ Y anav-1(So) ® [ % — AX — 1,

O<s<t

where Ty N_1: TlN (Rd ) — TlN -1 (R?) is the projection map. From the induction
hypothesis and Lemma 43, the last two terms on the right-hand side has finite
expectation in supremum norm. Using Lévy-Itd decomposition,

t t t
/0 TN N1(Sr ) ®dX, = /0 N N-1(Sr_) @ dM, + /0 TN N-1(Sr_) @ bdr

+ Y anN-1(5) @ AXsljax, =1,

O<s<t

where M is the martingale. Again by the induction hypothesis and Lemma 43, the
last two terms are of finite expectation in supremum norm. Finally,

t
Li= [ mvxoa (S @du,
is a local martingale. By the Burkholder-Davis—Gundy inequality and noting that
Ml =at+ Y (AX)*1jax,/<I

O<s<t
we see that
E| sup |Ls]
|:0<s§t s]
1
! 2 2
sﬁ[{ [ ev-1c5,0)| d[M]r} ]

SE[{/O |nN,N_1(Sr_)|2dr}2}

2
‘HEH Z ’7TN,N—1(Sr—)|2|AXr|21|AX,|<1} }

O<r<t
N E[SUP|WN,N—1(Sr—)|]
r<t
1

2
> |7TN,N—1(Sr—)||AXr|21|AXr|<1} }

O<r<t

+ 5[ [suplw.v-1651)



GENERAL ROUGH PATHS 2749

S E[Sup{”N,Nfl(Srf)” + E[EEI?PTN,NA (Srf)|:|

r<t

+ E[ > |7TN,N—1(Sr—)||AXr|21|AX,<1},

O<r<t

where in the last line, we have used «/ab < a + b. Again by the induction hypoth-
esis and Lemma 43, we conclude that

E[ sup |Ls|] <00

O<s<t

completing the proof. [
PROOF OF THEOREM 41. As before,

t t
s,=1+/ S,_®dM,+/ s,®(b+‘—l>dr
0 0 2

+ D S-® (e — AXljax, <1 — 1)

O<s<t

By Lemma 44, fé Sy— ® dM, is indeed a martingale. Also note that S; has a jump
iff X; has a jump, so that almost surely S;_ = S;. Thanks to Lemma 43,

t a t
ES, =1 —I—fo ES, ® (b—l— 5) dr —I—/O ES,dr ®/(ey — yljyj<1 — 1)K (dy)
and solving this linear ODE in TIN (R) completes the proof. [J

3.1.2. Lévy rough paths. Corollary 42 tells us that the Marcus lift of some d-
dimensional Lévy process X has sample paths of finite p-variation with respect to
the CC norm on G@, that is,

XM = (1, X, XM) € W2 ([0, T1, G2 (RY)).

It is clear from the nature of Marcus integration that Xi\f[t so(X,:r<s<t)-
measurable. It easily follows that XM is a Lie group-valued Lévy process, with
values in the Lie group G® (R¢), and in fact a Lévy rough path in the following
sense.

DEFINITION 45.  Let p € [2,3). A G® (R¥)-valued process (X) with (cadlag)
rough sample paths X(w) € ng a.s. (on any finite time horizon) is called Lévy p-
rough path iff it has stationary independent left-increments [given by X ;(w) =
X eXl.

Not every Lévy rough path arises as Marcus lift of some d-dimensional Lévy
process. For instance, the pure area Poisson process and then the noncanonical
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Brownian rough path (“Brownian motion in a magnetic field”’) from Example 15
plainly do not arise from iterated Marcus integration.

Given any Lévy rough path X = (1, X, X), it is clear that its projection X =
m1(X) is a classical Lévy process on RY which then admits, thanks to Corollary 42,
a Lévy rough path lift XM. This suggests the following terminology. We say that
X is a canonical Lévy rough path if X and XM are indistinguishable, and call X a
noncanonical Lévy rough path otherwise.

Let us also note that there are G® (R?)-valued Lévy processes which are not
a Lévy p-rough path in the sense of the above definition, for they may fail to
have finite p-variation for p € [2, 3) (and thereby missing the in rough path theory
crucial link between regularity and level of nilpotency, [p] = 2). To wit, area-
valued Brownian motion

X, :=exp? (B[e1, e2]) € G (RY)
is plainly a G® (R?)-valued Lévy process, but

sup Y [[Xgllfe~sup Y |BlP? < o0
P [s,t]1€eP P [s,t1eP

if and only if p > 4.

REMARK 46. One could define G*(R?)-valued Lévy rough paths, with p-
variation regularity where p € [4, 5), an example of which is given by area-valued
Brownian motion. But then again not every G*(R?)-valued Lévy process will be a
G*(R%)-valued Lévy rough path and so on. In what follows, we remain in the step
2 setting of Definition 45.

We now characterize Lévy rough paths among G@® (R%)-valued Lévy pro-
cesses, themselves characterized by Hunt’s theory of the Lie group-valued Lévy
processes; cf. Section 1.2.8. To this end, let us recall G® (RY) = exp(g>(R%)),
where

g@RY) =RY @ s0(d).

For g € GO (RY), let |g| be the Euclidean norm of log g € g(z) (R?). With respect
to the canonical basis, any element in g (R?) can be written as in coordinates as
(xV)ypes Where

J={i:1<i<d}U{jk:1<j<k<d}.
Write also

I:={i:1<i<d)}.
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THEOREM 47. Every G® (R%)-valued Lévy process (X) is characterized by
a triplet (a, b, K) with

a=(a"":v,wel),

b=(b":vel),

KeM@P®): [ (s A DKs),

The projection X := 1 (X) is a standard d-dimensional Lévy process, with triplet
(a,b,K) := ((ai’j i, jel), (bk tkel), (m)K),

where K is the push forward of K under the projection map. Call (a, b, K) an
enhanced Lévy triplet, and X an enhanced Lévy process.

PROOF. This is really a special case of Hunt’s theory. Let us detail, however,
an explicit construction which will be useful later on: every G® (R?)-valued Lévy
process X (started at 1) can be written in terms of a 9(2) (R%)-valued (standard)
Lévy process (X, Z), started at 0, as

X; =exp(X;, Ar + Zy),

where A; = Ag; is the stochastic area associated to X . Indeed, for v, w € J, write
x = (x¥) for a generic element in 9(2) and then

(@), ("), 9)
for the Lévy-triplet of (X, Z). Of course, X and Z are also [R4- and so(d)-valued]
Lévy process with triplets

((@™)). (). K) and ((a’""™), (). K),

respectively, where K and K are the image measures of £ under the obvious
projection maps, onto R? and so(d), respectively. Define also the image mea-
sure under exp, that is, K =exp, K. It is then easy to see that X is a Lévy pro-
cess in the sense of Hunt (cf. Section 1.2.8) with triplet (a, b, K). Conversely,
given (a, b, K), one constructs a 9(2) (R9)-valued Lévy process (X, Z) with triplet
((@”™), (b"), log, K) and easily checks that the exp(X, A + Z) is the desired G-
valued Lévy process. [

Recall that the definition of the Carnot—Caratheodory (CC) norm on G (RY)
from Section 1.2.5. The definition below should be compared with the classical
definition of the Blumenthal-Getoor (BG) index.

DEFINITION 48. Given a Lévy measure K on the Lie group G® (R9), call
B = inf{q >0: /Ga)(Rd)(ngu%C A1)K(dg) < oo}

the Carnot—Caratheodory Blumenthal-Getoor (CCBG) index.
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Unlike the classical BG index, the CCBG index is not restricted to [0, 2].
LEMMA 49. The CCBG index takes values in [0, 4].

PROOF. Setlog(g) =x +a € RY @ so(d). Then
lgliEe = 3ol + 3 _lat(".
i j<k

By the very nature of K, it integrates |x’|?> and |a/¥|2, and hence B < 4. [The
definition of CC Blumenthal-Getoor extends immediately to G (R?), in which
case B <2N.] O

THEOREM 50. Consider a G® (R?)-valued Lévy process X with enhanced
triplet (a, b, K). Assume:

(1) the sub-ellipticity condition

a"' =0 unlessv,wel ={i:1<i<d};
(ii) the following bound on the CCBG index:
B < 3.

Let p € (2,3). Then a.s. X is a Lévy p-rough path if p > B and this condition is
sharp.

PROOF. Setlog(g) =x +a € RY @ so(d). Then
lglge = S 7P+ 3 |ad|.
i j<k

Let K denote the image measure of K under the projection map g — x € R?. Let
also K denote the image measure under the map g +— a € so(d). Since K is a Lévy
measure on G (RY), we know that

(3.1.2) /So(d)(w’ A 1)K(da) < oo,

whenever 8 < 2p < 3. We now show that X enjoys p-variation. We have seen in
the proof of Theorem 47 that any such Lévy process can be written as
logX=(X,A+ Z),
where X is a d-dimensional Lévy process with triplet
(@), (v'). K)
with so(d)-valued area A = A, ; and a so(d)-valued Lévy process Z with triplet
(0, (b'%), K).
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We know that E[|X; ,|*] < |t — s| and E[| Ay ,|?] < |t — 5| and so, for |t — 5| <

h7
h
]P(|Xs,t| > a) S a_za
P(|As|/? > a) < h
S, = az'
On the other hand,
1 h
1/2 _ ~
P(|Zs | >a) < a20E(|ZS”|p) o 50(d)(|a|/) A DK(da)
and so

P(IXs.cllcc > a) S PSR

It then follows from Manstavicius’ criterion (cf. Section 1.2.6) applied with 8 =1,
y =2p Vv 2, that X has indeed p-variation, for any p > 2p Vv 2, and by taking the
infimum, for all p > 8 Vv 2.

It remains to be seen that the conditions are sharp. Indeed, if the sup-ellipticity
condition is violated, say if a”* # 0 for some v = jk, say, this means (Brownian)
diffusity (and hence finite 27- but not 2-variation) in direction [e j»exl € so(d).
As a consequence, X has 4" -variation (but not 4-variation), in particular, it fails
to have p-variation for some p € [2,3). Similarly, if one considers an «-stable
process in direction [ej, ex], with well-known finite a- but not a-variation, we
see that the condition p > 8 cannot be weakened. [J

3.1.3. Expected signatures for Lévy rough paths. Let us return to Theorem 41,
where we computed, subject to suitable integrability assumptions of the Lévy mea-
sure, the expected signature of a Lévy process, lifted by means of “Marcus” iter-
ated integrals. There we found that the expected signature over [0, T'] takes the
Lévy—Kintchine form

a
BiXo.r] =exp|T(5+ 5 + [ (exp0) =1 =3Ik @0 )

for some symmetric, positive semidefinite matrix a, a vector b and a Lévy measure
K, provided K1y >1 has moments of all orders. In absence of a drift » and jumps,
the formula degenerate to Fawcett’s form, that is,

a
exp(TE)

for a symmetric 2-tensor a. Let us present two examples of Lévy rough paths, for
which the expected signature is computable and different from the above form.
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EXAMPLE 51. We return to the noncanonical Brownian rough path B™, the
zero-mass limit of physcial Brownian motion in a magnetic field, as discussed in
Example 15. The signature S = S™ is then given by Lyons’ extension theorem ap-
plied to B™, or equivalently, by solving the following rough differential equation:

ds; =S, @ dB™(w),  So=1.

In [11], it was noted that the expected signature takes the Fawcett form,

B[spyr] =exp{75 .

but now for a not necessarily symmetric 2-tensor a, the antisymmetric part of
which depends on the charge of the particle and the strength of the magnetic field.

EXAMPLE 52. Consider the pure area Poisson process from Example 15. Fix
some a € so(d) and let (N;) be standard Poisson process, and rate A > 0. We set

N;
X, == Q) exp?(a) € G (RY);
i=1
noting that the underlying path is trivial, X = 71(X) = 0 and clearly X is a non-
Marcus—-Lévy p-rough path, for any p > 2. The signature of X is by definition the
minimal jump extension of X as provided by Theorem 20. We leave it as an easy
exercise to the reader to see that the signature S is given by

N;

i = Q) exp(a) € T((RY)).

i=1
With due attention to the fact that computations take place in the (noncommutative)
tensor algebra, we then compute explicitly

ESr =Y e™e T (WT)F/k!
k>0

=Ty (AT k!

k>0
=exp[AT (" —1)].

Note that the jump is not described by a Lévy-measure on R¢ but rather by a Dirac
measure on G, assigning unit mass to expa € G®.

We now give a general result that covers all these examples. Indeed, Example 51
is precisely the case of @ = a + 2b with antisymmetric b = (b/*¥) # 0, and sym-
metric a = (a’/). As for example (ii), everything is trivial but K, which assigns
unit mass to the element exp a.
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THEOREM 53. Consider a Lévy rough path X with enhanced triplet (a, b, K).

Assume that Klyjg>1y integrates all powers of |g| = [10g §|rdgso(q)- Then the

signature of X, by definition, the minimal jump extension of X as provided by
Theorem 20, is given by

14 d -

(3.1.3) =1 i<k

+ /G@) {explog ) &) — 81{|g|<1}}K(dg)>}.

PROOF. We saw in Corollary 39 that § solves

t
St =1+/ Si— ®dX;+ Y. ;- ® {exp(log? AX) — AX,}.
0

O<s<t

With notation as in the proof of Theorem 50,

1
Xs,t =712 GXP(Xs,z + As,t +7Zi—Zs) = EXs,t & Xs,t + As,t + Zs,t,

1
X s = 5 (X ® Xo = (X, Xs) + Zo,

where we recall that (X, Z) is a R? @ so(d) valued Lévy process. With Z; ; =
Z, — Z, we note additivity of & := X — X! given by

1 1 1
Bori= X, Xy + Zos=sat =)+ 5 3 IAXAP 4+ Z 1.

re(s,t]
But then

t t t
/Ss_®dXs=/ Ss_®dX§+f Sy- ®dE
0 0 0

and so, thanks to Theorem 40 on consistency of [t with rough integration, we can
express S as solution to a proper It integral equation,

t t
S =1 +/0 Ss— ®dXs+/O S ®@dE+ Y S— @ {exp(log? AX,) — AX,}

O<s<t

=1+ + @)+ O3).

Let MX be the martingale part in the Ito-Lévy decomposition of X, and write

also N K. for the Poisson random measure with intensity dsK(dy). Then, with b =
Y bilej. el

X, =MX +br+

yN¥(ds,d(y,a)) e RY,
©,11x{|yl+lal=1}
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Z,=M7 4 bt + aN®(ds, d(y, a)) € so(d),
0,2]x{lyl+lal=1}

y&2NK(ds, d(y, 0)) + Z; € (RY)®2,

El‘ = —at

27 " 2 Joaxiyizn

Check (inductively) integrability of S, and note that [ S;_ d M has zero mean, for
either martingale choice. It follows that

t
& =1+ [ @@€1 +Cr+Crds.
where
Ci=b+ fgz(w) YLyl+la>1 Ky, ),
Cr =2 +1/ ®2] K( )+b+/ 1 K(y, a)
=—a+ = ,a a , ),
2 ) 2 )2 ma) Y= Hiyl+lal> 135y 2R {Iyl+lal>1} 1Y
Cs= log®g) — glK(dg).
3 /G(z)(Rd){eXp( og”g) — g}K(dg)
Recall K = logsz) K so that the sum of the three integrals over g2(R?) is exactly
1 K
/G(2> glyg=1K(dg),
where |g| = |log g| = |y| + |a|. And it follows that
1
Ci+Co+Cy=ca+b+bt /G(z)(Rd){eXP(log(z> 8) — 8lyig<1 }K(dg)
which completes our proof. [J

3.1.4. The moment problem for random signatures. Any Lévy rough path
X(w) over some fixed time horizon [0, T] determines, via the minimal jump ex-
tension theorem, a random group-like element, say So.7(w) € T ((R4)). What in-
formation does the expected signature really carry? This was first investigated by
Fawcett [9], and more recently by Chevyrev—Lyons [7]. Using a criterion from [7],
we can show the following.

THEOREM 54. The law of So.7(w) is uniquely determined from its expected
signature whenever

YA > 0: / exp(rly)K(dy) < oo.
yeG@:|y|>1
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PROOF. As in [7], we need to show that exp(C), equivalently C = (O, ct,
C?,...) e T((R?)), has sufficiently fast decay as the tensor levels grow. In partic-
ular, only the jumps matter. More precisely, by a criterion put forward in [7] we
need to show that

S e < oo,

where (for m > 3),

"= 103(2){: - d\®m
o (/m € g)K<dg)> e (RY)®".

We leave it as elementary exercise to see that this is implied by the exponential
moment condition on K. [J

3.2. Further classes of stochastic processes.

3.2.1. Markov jump diffusions. Consider a d-dimensional strong Markov with
generator

1 . .
LHE =5 D aT @40, f + ) b ()0 f

i,jel iel

e = ro - 1pa Syar |,

iel

Throughout, assume a = ool and o, b bounded Lipschitz, K (x, -) a Lévy mea-
sure, with uniformly integrable tails. Such a process can be constructed as jump
diffusion [19]; the martingale problem is discussed in Stroock [45]. As was seen,
even in the Lévy case, with a (constant) Lévy triplet (a, b, K), showing finite
p-variation in rough path sense is nontrivial, the difficulty of course being the
stochastic area

Ay () = Anti/ (X7 — X,) ® dX € s0(d);
(s,7]

where stochastic integration is understood in the It6 sense. In this section, we will
prove the following.

THEOREM 55. With probability one, X (o) lifts to a G®-valued path, with
increments given by

X, :=exp® (X, + Ag) =X, @X,

and X is a cadlag Marcus-like, geometric p-rough path, for any p > 2.
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Note the immediate consequences of this theorem: the minimal jump extension
of the geometric rough (X, XM) can be identified with the Marcus lift, stochastic
integrals and differential equations driven by X can be understood deterministi-
cally as function of X(w) and are identified with corresponding rough integrals
and canonical equations. As in the Lévy case discussed earlier, we base the proof
on the expected signature and point out some Markovian aspects of independent
interest. Namely, we exhibit the step-N Marcus lift as G®)-valued Markov pro-
cess and compute its generator. To this end, recall (e.g., [15], Remark 7.43) the
generating vector fields U; (g) = g ® ¢; on GV), with the property that

Lie(U, ..., Ug)|y = T,G™.

PROPOSITION 56. Consider a d-dimensional Markov process (X) with gen-
erator as above and the Marcus canonical equation dS = S ® ¢d X, started from

1=(1,0,...,0) € GMR?Y) c T™M(RY).

Then S takes values in G™N)(R?) and is Markov with the generator, for f € Ccz.,

L) = (LN f) )
1 .. .
=5 > d I (m@))UU; f+ ) b (mi )i f
i,jel iel
+[fraen-rm-1pa Ty |Kean

iel

with Y = exp™ (y).

PROOF (Sketch). Similar to the proof of Theorem 41. Write X = M + V for
the semimartingale decomposition of X. We have

dS=S®ocdX =Y Uij(S)odX'
iel
and easily deduce an evolution equation for f(S;) = f(1). Taking the expected
value leads to the form (L f). [

Since N was arbitrary, this leads to the expected signature. We note that in the
(Lévy) case of x-independent characteristics, ® does not depend on x in which
case the PIDE reduces to the ODE 0,9 = C @ &, which leads to the Lévy—
Kinthchine form ®(¢) = exp(Ct) obtained previously. We also note that the so-
lution ® = (1, ®!, ®2,...) to the PIDE system given in the next theorem can be
iteratively constructed. In the absence of jumps, this system reduces to a system of
PDE:s derived by Ni Hao [27, 37].
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THEOREM 57 (PIDE for expected signature). Assume uniformly bounded
jumps, o, b bounded and Lipschitz, a = oo, the expected signature ®(x,t) =
E* S ; exists. Set

Cx):= Zbi(x)ei + % Z ai’j(x)ei Rej

iel i,jel
+/d(Y —1 —]I{ysl}Zyie,-)K(x,dy)
R iel
with Y =exp(y) € T((R?)).
Then ®(x,t) solves

FP=CRO+ LD+ Y a"/(3;®)(x)e;
i,jel
+[r=De@aer) - om)Krdy.
D(x,0)=1.
PROOF. It is enough to establish this in 7" (R¥), for arbitrary integer N. We
can see that
E*XN) = u(x, 1),

forx € GM(R?Y) ¢ TM)(RY) is well defined, in view of the boundedness assump-
tions made on the coefficients, and then a (vector-valued, unique linear growth)
solution to the backward equation

aﬂxl = ,Cl/t,
u(x,0) =x e TM(RY).
It is then clear that
EXXYY =x T @u(x, 1) = d(x,1)

also satisfies a PDE. Indeed, noting the product rule for second-order partial-
integro operators,

(LLfgl)(x) = ((LLf1)g)(x) + (fLIg)(x) + T'(f, &),
F'(f.9)= Y. a" (Ui fU;g)(x)

i,jel

* /G(z)(f(x ®Y) - f(X))(g(x ®Y)— g(x))K(dy)
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and also noting the action of U, on f(x) = x, namely U; f = x ® e,, we have

Lx=xQ®C
1 .
:=x®{Zb“®ev+§ Zal’J€i®ej
veJ i,jel
_ _ v
+ G(2)<Y 1 H{y51}ZY ®€U>K(dy)},

veJ
F(x,8) =xQ® { Y a(Ujg) (e + /G oY =D ®Y) —g(0))K(@dy) t.
i,jel
Asa consequence,
IR9P=0u=Lu=LxQ@P)=(Lx)Q@ P+ x®L[P]+T'(x, D)

and hence

HP=CR P+ {L:[cb] + > d" (U ®)(x)e;i
(3.2.1) hiel
[ -DE@Een - @(x))K(dy)}.

We can now show rough path regularity for general jump diffusions.

PROOF OF THEOREM 55. Only the p-variation statement requires a proof.
The key remark is that the above PIDE implies

®, =1+ (3 |i1=00)t + O(1?) =1+ Cr + O(¢?),

where our assumptions on a, b, K guarantee uniformity of the O-term in x. We
can then argue exactly as in the proof of Corollary 42. [

3.2.2. Semimartingales. In [24], Lépingle established finite p-variation of
general semimartingales, any p > 2, together with a powerful Burkholder—Davis—
Gundy-type (BDG) estimates. For continuous semimartingales, the extension to
the (Stratonovich—Marcus) rough path lift was obtained in [13] (see also [15],
Chapter 14), but so far the general (discontinuous) case eluded us.® (By Propo-
sition 16, it does not matter if one establishes finite p-variation in the rough path
sense for the Itd or Marcus lift.)

As it is easy to explain, let us just point to the difficulty in extending Lépin-
gle’s result in the first place: he crucially relies on Monroe’s result [36], stating

SUPDATE: Rough path p-variation of lifted general semimartingales, together with a BDG in-
equality, is established in forthcoming work by I. Chevyrev and the first named author.
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that every (scalar) cadlag semimartingale can be written as a time-changed scalar
Brownian motion for a (cadlag) family of stopping times (on a suitably extended
probability space). This, however, fails to hold true in higher dimensions and not
every (Marcus or It0) lifted general semimartingale will be a (cadlag) time-change
of some enhanced Brownian motion ([15], Chapter 13) in which case the finite p-
variation would be an immediate consequence of known facts about the enhanced
Brownian motion (a.k.a. Brownian rough path) and invariance of p-variation under
reparametrization.

A large class of general semimartingales for which finite p-variation (in the
rough path sense, any p > 2) can easily be seen, consists of those with summable
jumps. Following Kurtz et al. ([22], page 368), such a semimartingale, that is,
with a jump replaced by straight lines over stretched time, may be interpreted
as a continuous semimartingale. One can then apply [13, 15] and again appeal
to invariance of p-variation under reparametrization to see that such (enhanced)
semimartingales have a.s. p-rough sample paths, for any p > 2.

Another class of general semimartingales for which finite p-variation can eas-
ily be seen, consists of time-changed Lévy processes (a popular class of processes
used in mathematical finance). Indeed, appealing once more to invariance of p-
variation under reparametrization, the statement readily follows from the corre-
sponding p-variation regularity of Lévy rough paths.

3.2.3. Gaussian processes. We start with a brief review of some aspects of
the work of Jain and Monrad [20]. Given a (for the moment, scalar) zero-mean,
separable Gaussian process on [0, T], set o2(s, 1) = EX%I =|X; — Xs|i2 where
L? = L?(P). We regard the process X as a Banach space valued path [0, T] —
H = L?(P) and assume finite 2p-variation, in the sense of Jain and Monrad’s
condition

(3.2.2) F(T):=sup Y. [o?@.v)|’=sup > [X,— X7 <00
[u,v]eP P [u,v]leP

with partitions P of [0, T]. It is elementary to see that p-variation paths can al-
ways be written as time-changed Holder continuous paths with exponent 1/p
(see, e.g., Lemma 4.3. in [8]). Applied to our setting, with o* = 1/(2p), X e
cYHl([0, F(T)], H) so that

XoF=XeW?»*(0,T],H).

Now in view of the classical Kolmogorov criterion, and equivalence of moments
for Gaussian random variables, knowing

X, — X2 <Clt —s|%

implies that X (ora modification thereof) has a.s. «-Holder samples paths, for any
a < a*. But then, trivially, X has a.s. finite p-variation sample paths, for any p >
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1/a = 2p, and so does X by invariance of p-variation under reparametrization.
(It should be noted that such X has only discontinuities at deterministic times,
inherited from the jumps of F.) In a nutshell, this is one of the main results of Jain
and Monrad [20], as summarized by Dudley—Norvai$a in [8], Theorem 5.3. We
have the following extension to Gaussian rough paths.

THEOREM 58. Consider a d-dimensional zero-mean, separable Gaussian
process (X) with independent components. Let p € [1,3/2) and assume

(3.2.3) sup Y |E(Xyr ® Xuw)|” < 0.
PP [s,11eP
[u,v]eP’
Then X has a cadlag modification, denoted by the same letter, which lifts a.s. to
a random geometric cadlag rough path, with A = Anti(X) given as L*-limit of
Riemann—Stieltjes approximations.

PROOF. In a setting of continuous Gaussian processes, condition (3.2.3), that
is, finite p-variation of the covariance, is well known [14, 15]. It plainly im-
plies the Jain-Monrad condition (3.2.2), for each component (X?). With F(t) :=
>4 | Fi(r), we can then write

XoF=X

for some d-dimensional, zero mean (by Kolmogorov criterion: continuous) Gaus-
sian process X, whose covariance also enjoys finite p-variation. We can now ap-
ply a standard (continuous) Gaussian rough path theory [14, 15] and construct a
canonical geometric rough path lift of X; that is,

X = (f( , X) ec’
with probability 1. The desired geometric cadlag rough path lift is then given by
(X,X):X::)ZOF.

The statement about L2-convergence of Riemann—Stieltjes approximations fol-
lows immediately from the corresponding statements for Anti(X), as found in [14],
Chapter 10.2. [
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