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Abstract The present article is devoted to the study of sample paths of G-Brownian
motion and stochastic differential equations (SDEs) driven by G-Brownian motion
from the view of rough path theory. As the starting point, by using techniques in
rough path theory, we show that quasi-surely, sample paths of G-Brownian motion
can be enhanced to the second level in a canonical way so that they become geo-
metric rough paths of roughness 2 < p < 3. This result enables us to introduce the
notion of rough differential equations (RDEs) driven by G-Brownian motion in the
pathwise sense under the general framework of rough paths. Next we establish the
fundamental relation between SDEs and RDEs driven by G-Brownian motion. As
an application, we introduce the notion of SDEs on a differentiable manifold driven
by G-Brownian motion and construct solutions from the RDE point of view by using
pathwise localization technique. This is the starting point of developing G-Brownian
motion on a Riemannian manifold, based on the idea of Eells-Elworthy-Malliavin.
The last part of this article is devoted to such construction for a wide and interesting
class of G-functions whose invariant group is the orthogonal group. In particular,
we establish the generating nonlinear heat equation for such G-Brownian motion on
a Riemannian manifold. We also develop the Euler-Maruyama approximation for
SDEs driven by G-Brownian motion of independent interest.
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1 Introduction

The classical Feynman-Kac formula (see [14], [15]) provides us with a way to rep-
resent the solution of a linear parabolic PDE in terms of the conditional expectation
of certain functional of a diffusion process (solution of an SDE). However, it works
only for the linear case, mainly due to the linear nature of diffusion processes. To
understand nonlinear parabolic PDEs from the probabilistic point of view, Peng and
Pardoux (see [21], [22], [23]) initiated the study of backward stochastic differen-
tial equations (BSDEs) and showed that the solution of a certain type of quasilinear
parabolic PDEs can be expressed in terms of the solution of BSDE. This result
suggests that BSDE reveals a certain type of nonlinear dynamics, and was made
explicit by Peng [24]. More precisely, Peng introduced a notion of nonlinear expec-
tation called the g-expectation in terms of the solution of BSDE which is filtration
consistent. However, it was developed under the framework of classical 1t6 calculus
and did not capture the fully nonlinear situation.

Motivated from the study of fully nonlinear dynamics, Peng [25] introduced the
notion of G-expectation in an intrinsic way which does not rely on any particular
probability space. It reveals the probability distribution uncertainty in a fundamen-
tal way which is crucial in many situations such as modeling risk uncertainty in
mathematical finance. The underlying mechanism corresponding to such kind of
uncertainty is a fully nonlinear parabolic PDE. In [25], [26], he also introduced the
concept of G-Brownian motion which is generated by the so-called nonlinear G-heat
equation and related stochastic calculus such as G-It6 integral, G-It6 formula, SDEs
driven by G-Brownian motion, etc. One of the major significance of such theory
is the corresponding nonlinear Feynman-Kac formula proved by Peng [27], which
gives us a way to represent the solution of a fully nonlinear parabolic PDE via the
solution of a forward-backward SDE under the framework of G-expectation.

On the other hand, motivated from the study of integration against irregular paths
and differential equations driven by rough signals, Lyons [17] proposed a theory of
rough paths which reveals the fundamental way of understanding the roughness of a
continuous path. He pointed out that to understand the evolution of a system whose
input signal (driven path) is rough, a finite sequence of “iterated integrals” (higher
levels) of the driving path which satisfy a certain type of algebraic relation (Chen
identity) should be specified in advance. Such point of view is fundamental, if we
look at the Taylor expansion for the solution of an ODE whose driving path is of
bounded variation (see (6) and a more detailed introduction in the next section).
In other words, it is essential to regard a path as an object valued in some tensor
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algebra which records the information of higher levels if we wish to understand the
“differential” of the path. Moreover, Lyons [17] proved the so-called universal limit
theorem (see Theorem 6 in the next section), which allows us to introduce the notion
of differential equations driven by rough paths (simply called RDEs) in a rigorous
way. The theory of rough paths has significant applications in classical stochastic
analysis, as we can prove that the sample paths of many stochastic processes we’ve
encountered are essentially rough paths with certain roughness. According to Lyons’
universal limit theorem, we are able to establish RDEs driven by the sample paths
of those stochastic processes in a pathwise manner. It provides us with a new way to
understand SDEs, especially when the driving process is not the classical Brownian
motion in which case a well-developed It SDE theory is still not available.

The case of classical Brownian motion is quite special, since we have a complete
SDE theory in the L?-sense, as well as the notion of Stratonovich type integrals and
differential equations. The fundamental relation between the two types of stochastic
differentials (one-dimensional case) can be expressed by

XodY:XdY—F%deZY.

It is proved in the rough path theory (see [9], [19], and also [13], [28] from the
view of Wong-Zakai type approximation) that the Stratonovich type integrals and
differential equations are equivalent to the pathwise integrals and RDEs in the sense
of rough paths. In other words, the following to types of differential equations driven
by Brownian motion

™=

dX; = ) Va(X:)dW* +b(X;)dt, (Itd type SDE)
a=1
d d

dYy; = Z Vo (Y1)dW,* + (b(Y;) — Z EDV(X(Y,) Vo (Y;))dt, (RDE)
o=1 o=1

which are both well-defined under some regularity assumptions on the generating
vector fields, are equivalent in the sense that if their solutions X; and ¥; satisfy Xy =
Yo, then X =Y almost surely.

Under the framework of G-expectation, SDEs driven by G-Brownian motion in-
troduced by Peng, can be regarded as nonlinear diffusion processes in Euclidean
spaces. The idea of constructing G-It6 integrals and SDEs driven by G-Brownian
motion is similar to the classical 1td calculus, which is also an Lz-theory but un-
der the G-expectation instead of probability measures. What is missing is the no-
tion of Stratonovich type integrals, mainly due to the reason that the theory of G-
martingales is still not well understood. In particular, we don’t have the correspond-
ing nonlinear Doob-Meyer type decomposition theorem and the notion of quadratic
variation processes for G-martingales. However, by the key observation in the classi-
cal case that the Stratonovich type integrals and the pathwise integrals are essentially
equivalent in the sense of rough paths, we can study the sample paths of G-Brownian
motion and SDEs driven by G-Brownian motion from the view of rough path the-
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ory, once we prove that the sample paths of G-Brownian motion can be regarded as
objects in some rough path space with certain roughness. This is in fact what the
present article is mainly focused on. The basic language to describe path structure
under the G-expectation is quasi-sure analysis and capacity theory, which was de-
veloped by Denis, Hu and Peng [7]. They generalized the Kolmogorov continuity
theorem and studied sample path properties of G-Brownian motion. In particular,
they also studied the relation between G-expectation and upper expectation associ-
ated to a family of probability measures which defines a Choquet capacity and the
relation between the corresponding two types of L”-spaces. The pathwise properties
and homeomorphic flows for SDEs driven by G-Brownian motion in the quasi-sure
setting was studied by Gao [10].

There are two main goals of the present article. This first one is to study the
geometric rough path nature of sample paths of G-Brownian motion so that we
can define RDEs driven by G-Brownian motion (the Stratonovich counterpart in the
classical case) in the pathwise sense, and establish the fundamental relation between
two types of differential equations driven by G-Brownian motion. The second one
is to understand nonlinear diffusion processes in a (Riemannian) geometric setting,
from the view of paths and distributions (the generating nonlinear PDE).

The present article is organized in the following way. Section 2 is a basic review
of the theory of G-expectation and rough paths, which provides us with the general
framework and basic tools for our study. In Section 3 we study the Euler-Maruyama
approximation scheme for SDEs driven by G-Brownian motion. In Section 4 we
show that for quasi-surely, the sample paths of G-Brownian motion can be enhanced
to the second level in a canonical way so that they become geometric rough paths
of roughness 2 < p < 3 by using techniques in rough path theory. In Section 5 we
establish the fundamental relation between SDEs and RDEs driven by G-Brownian
motion by using rough Taylor expansions. In section 6 we introduce the notion of
SDEs on a differentiable manifold driven by G-Brownian motion from the RDE
point of view by using pathwise localization technique. In the last section, we study
the infinitesimal diffusive nature and the generating PDE for nonlinear diffusion
processes in a (Riemannian) geometric setting, which leads to the construction of
G-Brownian motion on a Riemannian manifold. We restrict ourselves to compact
manifolds only, although the general case can be treated in a similar way with more
technical complexity.

Throughout the rest of this article, we will use standard geometric notation for
differential equations. Moreover, we will use the Einstein convention of summa-
tion, that is, when an index o appears as both subscript and superscript in the same
expression, summation over ¢ is taken automatically.
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2 Preliminaries on G-expectation and Rough Path Theory

2.1 G-expectation and Related Stochastic Calculus

We first introduce some fundamentals on G-expectation and related stochastic cal-
culus. For a systematic introduction, see [25], [26], [27].

Let Q be a nonempty set, and % be a vector space of functionals on Q such
that .7 contains all constant functionals and for any Xi,---,X, € ¢ and any @ €
Cr.Lip(R"),

PX1.,X,) € A,

where C; 1;,(IR") denotes the space of functions ¢ on R” satisfying
lp(x) =@ < C+ X"+ y") (lx=y1), Vx,y € R,

for some constant C > 0 and m € N depending on ¢. 7 can be regarded as the
space of random variables.

Definition 1. A sublinear expectation E on (2,.5¢) is a functional E: J# — R
such that

() if X <7, then E[X] < E[Y];

(2) for any constant ¢, E[c] = ¢;

(3) forany X,Y € 7, E[X+Y] <E[X]+E[Y];

(4) forany A > 0and X € 57, E[AX] = AE[X].

The triple (2,57, E) is called a sublinear expectation space.
The relation between sublinear expectations and linear expectations, which was
proved by Peng [27], is contained in the following representation theorem.

Theorem 1. Let (2,57 ,E) be a sublinear expectation space. Then there exists a
Sfamily of linear expectations (linear functionals) {Eg : 0 € ®} on S, such that

E[X] = supEg[X], VX € 7.
0€O

Under the frame work of sublinear expectation space, we also have the notion of
independence and distribution (law).

Definition 2. (1) A random vector Y € J#" is said to be independent from an-
other random vector X € ™ under the sublinear expectation E, if for any ¢ €
C]7Ll'p(Rm X R"),

Elp(X,Y)] = E[E[@(x,Y)]=x]-

(2) Given a random vector X € 57", the distribution (or the law) of X is defined
as the sublinear expectation

FX[(p] = E[(p(X)], (AS Cl,Lip(Rn)a
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on (R",C; 1;,(R")). By saying that two random vectors X,Y (possibly defined on
different sublinear expectation spaces) are identically distributed, we mean that their
distributions are the same.

Now we introduce the notion of G-distribution, which is the generalization of de-
generate distributions and normal distributions. It captures the uncertainty of prob-
ability distributions and plays a fundamental role in the theory of sublinear expec-
tation.

Let S(d) be the space of d x d symmetric matrices, and let G : RY x S(d) — R
be a continuous and sublinear function monotonic in S(d) in the sense that:

(1) G(p+p,A+A) <G(p,A)+G(p,A), Vp,p € R AA € S(d);

(2) G(Ap,AA) = AG(p,A), VA > 0;

(3) G(p,A) < G(p,A), VA< A.

Definition 3. Let X,n € 7 be two random vectors. (X,7) is called G-distributed
if for any @ € C; 1;,(RY x R?), the function

u(t,x,y) == E[@(x+viX,y+m)], (1,x,y) € [0,00) x R x RY,
is a viscosity solution of the following parabolic PDE (called a G-heat equation):
Ot — G(Dyu, D2u) =0, (1)

with Cauchy condition u|;—g = ¢.

Remark 1. From the general theory of viscosity solutions (see [4], [27]), the G-heat
equation (1) has a unique viscosity solution. By solving the G-heat equation (1) (in
some special cases, it is explicitly solvable), we can compute the sublinear expec-
tation of some functionals of a G-distributed random vector. The case of convex
functionals, for instance, the power function |x|" , is quite interesting.

It can be proved that for such a function G, there exists a bounded, closed and
convex subset I" C RY x R?*? such that G has the following representation:

1
G(p,A)= sup {Etr(AQQT)+<p,q>}, Y(p,A) € R x S(d).
(¢.0)er

The set I" captures the uncertainty of probability distribution (mean uncertainty and
variance uncertainty) of a G-distributed random vector.

In particular, if G only depends on p € R?, then there exists some bounded,
closed and convex subset A C R¥, such that

G(p) = sup(p,q).
qeA

In this case a G-distributed random vector 7 is called maximal distributed and is
denoted by n ~ N(A,{0}). Similarly, if G only depends on A € S(d), then there
exists some bounded, closed and convex subset £ C S, (d) (the space of symmetric
and nonnegative definite matrices) such that
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G(A) = % sup tr(AB), YA € S(d). 2

A G-distributed random vector X for such G is called G-normal distributed and is
denoted by X ~ N({0},X).

Now we introduce the concept of G-Brownian motion and related stochastic cal-
culus.

From now on, let G: S(d) — R be a function given by (2).

Definition 4. A d-dimensional process B, is called a G-Brownian motion if
(1) By(w) =0, Vo € Q;
(2) for each 5,7 > 0, B;+s — B, ~ N({0},sX) and is independent from

(Blla"' 7Btn)

foranyn>1land0 <t <--- <1, <t

Similar to the classical situation, a G-Brownian motion can be constructed ex-
plicitly on the canonical path space by using independent G-normal random vectors.
We refer the readers to [27] for a detailed construction.

In summary, let Q = Cy([0,0); R?) be the space of R¥-valued continuous paths
starting at the origin, and let B;(®) := @ be the coordinate process. For any T > 0,
define

LiP(QT) = {(P(BZ‘H"' 7Bl‘n) tnz latla"' yIn € [O,TL(P S CI’Lip(RdX”)},

and

Ll‘p(.Q) = U L,'p(Qn).
n=1

Then on (£2,L;,(£2)) we can define the canonical sublinear expectation [E such that
the coordinate process B; becomes a G-Brownian motion, which is usually called
the G-expectation and denoted by EC. (2,L;,(2),EE%) is also called the canonical
G-expectation space. Throughout the rest of this article, we will restrict ourselves
on the canonical G-expectation space and its completion (to be defined later on).

On (2,L;,(2),EY) we can introduce the notion of conditional G-expectation.
More precisely, for

X = (p(Btl ’BtZ _Btl )T 7Btl1 _Btnfl) € LiP('Q)’
where 0 <t <1 < --- <t,, the G-conditional expectation of X under .Qtj is defined
by

]EG[X"Qtj] = W(Btl ;Btz _Bl‘l [ 7Bt_/' _Btj;l )7

where

II/(XI,"' 7-xj) = ]EG[(P(-xla"' axjaBtj+1 _Btj7"' 7Bl‘n _Btnfl)L X1y ,)Cj S Rd'
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The conditional G-expectation E[-|€;] has the following properties: for any X,¥ €
Lil’ (Q )a

(1)if X <Y, then E¢[X|Q;] < EC[Y|Q];

() ECX +Y|Q] <EC[X|Q]+EC[Y|Q];

(3) forany n € Lip(£2;),

E°n|Q] = n,
E°nX|Q] = n"E°[X|Q]+n E[-X|Q];

(4) EC[EC[X|Q]|€,] = EC[X | x,]. In particular, EC[EC[X|Q,]] = E°[X].

For any p > 1, let L}, (respectively, Lr.(£2;))) be the completion of Liy(£2) (re-
spectively, Lj,(£2,)) under the semi-norm || X||, := IEG[|X|1’]) Then EC can be
continuously extended to a sublinear expectation on L7,(€) (respectively, LZ.(£;)),
still denoted by E°.

For t < T < oo, the conditional G-expectation E¢[-|Q;] : L;,(Q2r) — L;(£;) is a
continuous mapping under || - ||; and can be continuously extended to a mapping

EG['|~Qt] : LE(QT) - Lé;(!),),

which can still be interpreted as the conditional G-expectation. It is easy to show that
the properties (1) to (4) for the conditional G-expectation still hold true on L%;(QT)
as long as it is well-defined.

Now we introduce the related stochastic calculus for G-Brownian motion and
(It6 type) stochastic differential equations (SDEs) driven by G-Brownian motion.

First of all, similar to the idea in the classical case, we still have the notion of
It6 integral with respect to a 1-dimensional G-Brownian motion. More precisely,
consider d = 1, we can first define It6 integral of simple processes and then pass
limit under the G-expectation E© in some suitable functional spaces. Let Mg’O(O, T)
be the space of simple processes 1;(®) on [0, T] of the form

N
Z,ék H@)y, (@),

where 71y := {19,11,-- ,ty} is a partition of [0,7] and & € L{.(£2;,), and introduce
the semi-norm

1
17l 07 = (B / P

on M2°(0,T). Let M%(0,T) be the completion of M%°(0,T) under || - sz 0.7 1t

is straight forward to define Itd integral fOT Nn:dB; of simple processes. Moreover,
such an integral operator is linear and continuous under || - || ML(0.T) and hence can
be extended to a bounded linear operator

I: MA(0,T) — L(0,T).



G-Brownian Motion as Rough Paths 9

The operator [ is defined as the Itd integral operator with respect to a G-Brownian
motion. For 0 < s <t < T, define

. T
/SnudBu ::/0 L5, (u)NudBy.

We list some important properties of G-It6 integral in the following.

Proposition 1. Ler 1,0 € M%(0,T) and let 0 < s <r <t < T. Then

(1) t r t
/nudBu:/ nudBu+/nudBu§

(2) if @ is bounded in L5 (), then

t t t
/ (anu + 9u>dBu = Ot/ NudB, +/ 0,dB,;
s s s

(3) for any X € L5(Q),
T
E°[X + / MudBu| Q] = EC[X|Qy);

(4)
T T T
oo / n/di] <EO|( / MdB,)’] < GE / nidi),
0 0 0

where 6% := E¢([B}] and ¢* := ~E°[-B3].

Secondly, we have the notion of quadratic variation process of G-Brownian mo-
tion. In the case of 1-dimensional G-Brownian motion, the quadratic variation pro-
cess (B), is defined as

t
(B), := B? —2/ BydB,
0

which can be regarded as the LZ-limit of the sum Z];.’il (Btjy — Bt?i1 Y2 as u(nN) — 0,

where 7 := {r} }I;l o is a sequence of partitions of [0,] and
u(xV) = max{tf'—tj-v,l D j=1,2,- ky}
It follows that (B); is an increasing process with (B)g = 0.
Similar to the definition of G-1t6 integral, we can define the integration with re-
spect to (B); where B; is a 1-dimensional G-Brownian motion. We refer the readers

to [27] for a detailed construction but we remark that the integral operator with
respect to (B), is a continuous linear mapping

Qor: ML(0,T) — L§(Qr).
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The following identity can be regarded as the G-Itd isometry.

Proposition 2. Let ) € M%(0,T), then

T T
G 21 _ mwG 2
E(( /0 ndB,)?) = E| /0 n2d(B),.

Now consider the multi-dimensional case. Let B, is a d-dimensional G-Brownian
motion, and for any v € Rd, denote

B! := (v,By),

where (-,-) is the Euclidean inner product. Then for a,a € RY, the cross variation
process (B4, B%), is defined as

_ 1 o _
(B*.B"), = 1(<B“+“7B“+“>z — (BB )).

Similar to the case of quadratic variation process, we have

(B,B%); = (Lg—) lim ) (B%— (B~ By )

A N
TEASE i B J j-1
= B/BY —/ B?dB?—/ BldB:.
0 0

Note that unlike the classical case, the cross variation process is not determinis-
tic. The following results characterizes the distribution of (B), := ((B*, BF) e B=1>
where B, is a d-dimensional G-Brownian motion and BY is the o-th component of

Br.

Proposition 3. Recall that the function G has the representation (2). Then (B); ~
N(tZ, {0}).

As in the classical case, we also have the important G-It6 formula under G-
expectation, which takes a similar form to the classical one. The main difference
is that dBY -dBf3 should be d(B*, BP), instead of O pdt. We are not going to state
the full result of G-Itd formula here. See [27] for a detailed discussion.

Now we introduce the notion of SDEs driven by G-Brownian motion.

For p > 1, let M (0, T;R") be the completion of M%"(0, T;R") under the norm

T 1
71322, 0,758y = (/0 EC[|n:|")dr)?.

It is easy to see that My;(0,T;R") C M%(0,T;R™).
Consider the following N-dimensional SDE driven by G-Brownian motion over
[0,T]:
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d d
dX, = b(t,X,)dt + Y hop(t,.X:)d(B* BP), + Y Va(t,X,)dB 3)
o,f=1 o=1
with initial condition & € RY. Here we assume that the coefficients b',h! 5.V}, are
Lipschitz functions in the space variable, uniformly in time. A solution of (3) is a
process in MZG(O, T;RV) satisfying the equation (3) in its integral form.
The existence and uniqueness of (3) was studied by Peng [27].

Theorem 2. There exists a unique solution X € MQG(O, T;RN) to the SDE (3).

Finally, we introduce the notion of quasi-sure analysis for G-expectation. It plays
an important role in studying pathwise properties of stochastic processes under the
framework of G-expectation.

First of all, on the canonical sublinear expectation space (2,L;,(2),E%), we
can prove a refinement of Theorem 1: there exists a weakly compact family & of
probability measures on (£,2%(£)), such that for any X € L;,(22) and P € 2,
Ep[X] is well-defined and

EC[X] = maxEp[X], VX € L;,(Q),
X] g?g’é p[X] ip(£2)
where “max” means that the supremum is attainable (for each X). Moreover, there is
an explicit characterization of the family 2. Let G be represented in the following
way:

1

G(A) = 5 sup tr(AQQ"),

2 ger
for some bounded, closed and convex subset I C R¥*4 , and let .&7I- be the collection
of all I"-valued {.%¥ : t > 0}-adapted processes on [0,), where {Z : ¢ >0} is
the natural filtration of the coordinate process on Q. Let & be the collection of
probability laws of the following classical 1t6 integral processes with respect to the
standard Wiener measure:

1
BZ::/ YdWs, t >0, Y€ Ar.
0

Then &2 = . For the proof of this result, please refer to [7].
For this particular family &7, define the set function ¢ by

c(A) ;= sup P(A), A € B(Q).
Pey

Then we have the following result.

Theorem 3. The set function c is a Choquet capacity (for an introduction of capac-
ity theory, see [3], [6]). In other words,

(1) forany A € #(R),0<c(A) <1,

(2) if A C B, then ¢(A) < ¢(B);

(3) if A, is a sequence in B(Q), then ¢c(U,A,) <Y, c(An);
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(4) if Ay, is increasing in B(Q), then ¢(UA,) = limy, e c(Ay).

For any %(Q)-measurable random variable X such that Ep[X] is well-defined
for all P € &, define the upper expectation

R[X] := sup Ep[X].
Pcy

Then we can prove that for any 0 < 7 < ooand X € Lé;(.QT),
ECX] = E[X].

For a detailed discussion and other related properties, please refer to [7].
The following Markov inequality and Borel-Cantelli lemma under the capacity ¢
are important for us.

Theorem 4. (1) For any X € LI.(Q) and A > 0, we have

E°[|x|7)
AP

(2) Let A, be a sequence in () such that

c(X| > A) <

c(A,) < oo.
=1

n

Then
¢(limsupA,) =0.

Definition 5. A property depending on @ € £ is said to hold quasi-surely, if it holds
outside a Z(Q)-measurable subset of zero capacity.

2.2 Rough Path Theory and Rough Differential Equations

Now we introduce some fundamentals in the theory of rough paths and rough dif-
ferential equations. For a systematic introduction, please refer to [9], [18], [19].
For n > 1, define
T (RY) = &g (RY) ™

to be the infinite tensor algebra and
T(n) (Rd) — EBZ:O (Rd)QCk

to be the truncated tensor algebra of order n, equipped with the Euclidean norm. Let
A be the triangle region {(s,7) : 0 < s <7 < 1}. A functional X : A — T (R?) of
order n is called multiplicative if for any s < u <t,
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Xs.t = Xs,u & Xu,t-

Such a multiplicative structure is called the Chen identity. It describes the (nonlin-
ear) additive structure of integrals over different intervals.
A control function m is a nonnegative continuous function on A such that for any
s<u<t,
o(s,u) + o(u,1) < 0(s,t),

and for any ¢ € [0,1], w(z,t) = 0. An example of control function ®(s,?) is the
1-variation norm over [s,7] of a path with bounded variation.
Let p > 1 be a fixed constant. A continuous and multiplicative functional
X, = (1,X]},, -, X",)

IR N

of order n has finite p-variation if for some control function ,
X! | < o(s,t)7, Vi=1,2,-,n, (s,1) € A. 4)

X has finite p-variation if and only if for any i = 1,2,--- ,n,
i 14
Sgpz |th,,1,tl| i< oo,
]

where sup, runs over all finite partitions of [0, 1]. We can also introduce the notion
of finite p-variation for multiplicative functionals in 7() (R?) by allowing 1 <i <
e in (4). A continuous and multiplicative functional X of order [p] with finite p-
variation is called a rough path with roughness p. The space of rough paths with
roughness p is denoted by ©,(R9).

The following Lyons lifting theorem (see [17]) shows that the higher levels of a
rough path X with roughness p are uniquely determined by X itself.

Theorem 5. Let X be a rough path with roughness p. Then X can be uniquely
extended to a continuous and multiplicative functional in T() (Rd) with finite p-
variation.

One of the motivation of introducing the concept of rough paths is to develop the
theory of differential equations driven by rough signals.

If an R?-valued path X has bounded variation, we know that the Picard iteration
for the following differential equation converges:

dY; =V(Y,)dX;, )

where V = (Vy,---,V,) is a family of Lipschitz vector fields. Another way to con-
sider (5) is to use the Euler scheme, which can be regarded as the Taylor expansion
of functional of paths. Namely, we can write informally that

I d
Y,-Y,~ Z Z Vo, ...VanI(Ys)/s<u o <[dXIZI ...quOfln. (6)
1< <\t

n=10y, - ,0p=1
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From (6) we can see that the sequence

Xs,t = (17Xt —Xm/

s<u<v<t

qu®dXV,"',/ qu1®"'®dXMna"')

s<u <o <up<t

contains exactly all the information to determine the solution Y. On the other hand, it
can be proved that X is multiplicative and of finite 1-variation. Since X has bounded
variation, it follows from Theorem 5 that X is the unique enhancement of X. This
is the fundamental reason why we don’t need to see the higher levels when solving
equation (5)-all information about X, which uniquely determines the solution of (5),
is incorporated in the first level.

If the driven signal is rougher, the situation becomes different. The same thing
is that the information to determine the solution lies in the multiplicative structure
in 7 (R), while the difference is that, unlike the case of paths with bounded
variation, the classical path itself may not be able to determine the higher levels
which are crucial to characterize the solution of a differential equation. In other
words, we need to specify higher levels of the classical path in order to make sense
of differential equations. According to Theorem 5, we know that the higher levels
(levels above [p]) of a rough path X with roughness p are uniquely determined by
X itself. Therefore, to establish differential equations driven by signals rougher than
paths of bounded variation, we need to interpret the driven signal as a rough path
with certain roughness p, that is, the driving signal should be an element in the space
Q,(RY).

When the driving signal X is in some smaller space of £, (R4) in which X can
be approximated by paths of bounded variation in some sense, we are able to use
a natural approximation procedure to introduce the notion of differential equations.
But first we need to introduce a certain kind of topology.

Define the p-variation distance d,,(-,-) on 2,(R%) by

. . P i
dp(X.Y) = max sgp(; X o= Yo nlT)7

Then (2,(R%),d,) is a complete metric space.
A continuous path X € C([0, 1];R?) is called smooth if it has bounded variation.
Let

.Q;"(Rd) := {X: X is the unique enhancement of X in 7P (R¢), for smooth X}

be the subspace of enhanced smooth paths of order [p]. The closure of Q7 (R)
under the p-variation distance d,, denoted by GQ,,(]Rd), is called the space of geo-
metric rough paths with roughness p.

The following theorem, proved by Lyons [17], which is usually known as the
universal limit theorem, enables us to introduce the notion of differential equations
driven by geometric rough paths.
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Theorem 6. LetVy,---,V; € C,EP]H (R) be given vector fields on RY. For a given
y € R?, define the mapping

F(y,): Q7 (RY) = Q7 (RY)

in the following way. For any X € .Q;’(Rd), let X be the smooth path associated
with X starting at the origin (i.e., projection of X onto the first level), and Y be the
unique smooth path which is the solution of the following ODE:

dY;, = Vg (Y,)dX*

with Yy = y. F(,X) is defined to be the enhancement of Y in Q;"(Rd). Then the
mapping F (y,-) is continuous with respect to the corresponding p-variation distance
dp.

According to Theorem 6, there exists a unique continuous extension of F(y,-) on
GQ,(RY). The extended mapping

F(y,-): G-QP(Rd) - G-QP(RN)7

is called the It6-Lyons mapping. Such a mapping defines the (unique) solution in
the space G, (RY) to the following differential equation:

dY, =V (¥,)dX,, )

with initial value y. Equation (7) is called a rough differential equation driven by X
(or simply called an RDE), and the solution Y is called the full solution of (7). If we
are only interested in classical paths, then

Y i=y+m(Y), t€[0,1],

is called the solution of (7) with initial value y.

3 The Euler-Maruyama Approximation for SDEs Driven by
G-Brownian Motion

In this section, we are going to establish the Euler-Maruyama approximation for
SDE:s driven by G-Brownian motion.

This result can be used to establish the Wong-Zakai type approximation which
reveals the relation between SDESs (in the sense of L2G (©;RY) by S. Peng) and RDEs
(in the sense of rough paths by Lyons) driven by G-Brownian motion. In Section 5,
the study of such relation will be our main focus. However, based on the result in
the next section which reveals the rough path nature of G-Brownian motion, we are
going to use the rough Taylor expansion in the theory of RDEs instead of developing
the Wong-Zakai type approximation to show that the solution of an SDE solves
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some associated RDE with a correction term in terms of the cross variation process
of multidimensional G-Brownian motion. Such approach reveals the natural of G-
Brownian motion and differential equations in the sense of rough paths in a more
fundamental way.

We also believe that there will be other interesting applications of the Euler-
Maruyama approximation, such as in numerical analysis under G-expectation, and
in mathematical finance under uncertainty.

Consider the following N-dimensional SDE driven by the canonical d-dimensional
G-Brownian motion over [0, 1] on the sublinear expectation space (,L%(2),E%)
which is the LZ-completion of the canonical path space (2,L;,(2),E%):

dX; = b(X,)dt +hozﬁ (Xt)d<BavBﬁ>t +V(X(Xt)dBta? )]

with initial condition Xy = & € RY, where the coefficients b, A’ ﬁ,Vi are bounded
and uniformly Lipschitz. The existence and uniqueness of solution is studied by
Peng [27].

The Euler-Maruyama approximation of the solution X, of (8) is defined as fol-
lows.

For n > 1, consider the dyadic partition of the time interval [0, 1], 1.

k
= 5y k=010 2"

Define X/ to be the approximation of X; in the following evolutive way:
Xg =6
and forr € [t} _,,1}],
(X = (Xf1) 4+ Ve (XL )ALB® + b (X[ )AL + By (X¢_1)Ap (B, BP),

where

1
2"7
Al:l<BavBﬁ> = <Ba,Bﬁ>t;’ - <B 7Bﬁ>t]'('7

X =Xp , AlB®:=B% —BY , Al"

In this section, we are going to prove that X;* converges to the solution X; of (8)
in L%;(Q;RN ) with convergence rate 0.5, which coincides with the classical case
when B; reduces to a classical Brownian motion.

First of all, the following lemmas is useful for us.

Lemma 1. Let 1, be a bounded process in Mé(O7 1). Then for any v € R, O0<s <

1< 1,
/nu d(B"), 21— EG/ndeV
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where 6% :=2G(v-v') and B' := (v,B), in which (-,-) denotes the Euclidean inner
product of RY.

Proof. By approximation, it suffices to consider

k
Nu = Z] gj—ll[uj_l,uj)’
j=

where s = up <u; <---<wu=tand §; € Lip(Q,,j) are bounded. In this case, by

definition .
/ M= X Ga(B) (B,
) j:

and

/ n2d(B), Zcfl (B, — (B, 1),

which are both defined in the pathwise sense for step functions. Since (B”) is in-
creasing, the Cauchy-Schwarz inequality yields that

([nud<Bv>u < ((B); — (B")s /ndeV

Since {; are bounded, if we use M to denote an upper bound of n2, it follows that
for any ¢ > 63,

(/ Mud (B')u)? < M((B"): — (B')s —c(t =) " ((B"): — (B")s)

c(t—s / nzd B"),

Let (x) = (x—c(t —s)) " x. Since (B*); — (B"), is N([62,52] x {0})-distributed,
it follows that

E°lp((B") — (B"),)] = sup @(x(t—s))

02<x<52
=(t—s)? sup (x—c)tx
o2<x<Ty
=0.

Therefore, by the sub-linearity of G, we have

I mate),) < - B[ mia(m), o>

Now the proof is complete.
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Now we are in position to state and prove our main result of this section.

Theorem 7. We have the following error estimate for the Euler-Maruyama approx-
imation:
sup EO[|X" — X, |*] < CAr",
t€(0,1]
where C is some positive constant only depending on d,N,G and the coefficients of
(8). In particular,
lim sup E°[|X" —X;|*] = 0.

n=%elo,1]
Proof. Fort € [t]_,t}], by construction we have
X — (X' =1 +J + K +1+J5+Kj,
where
t

N 4 A _
=% [ a0 -vixase+ [ (a0 -viex)ase,

n n
=174 Ly

k=1 ptf ) 1 . ,
i=Y / (b (Xs) — b'(X"))ds + /t (b'(Xs) — b'(X{'))ds,

=171 1
) k=1 ptf )
K= X [ g 00) o (0B 8%,
=171,

T / (e (X,) — g (X)) (B, BP),,

t

ookl . . A
b= Y [ VA0 -V B+ [ (VA0 - Vi ))aBE.

=171, ey
k=1 et} ) t . .
B= X [ @ -y s [ 000 - s
=171 -y
) k=1 ptf .
K=Y / (i (X) — Mg (X0))d (B, B),
=170

v/ (W (%) — By (X)) (B, B,

n
k—1

It follows that
X/ = (X)) <6((I)+ (1) + (KD + (1) + (J5)*+ (KD, )

Throughout the rest of this section, we will always use the same notation C to
denote constants only depending on d,N,G and the coefficients of (8), although
they may be different from line to line.

Now the following estimates are important for further development.
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(1) From the G-It isometry, the distribution of (B*) and the Lipschitz property,
we have,

B[ (Va0 VaG)aBEP) <€ [ B X2 Plds, v € ),

n n
I I

(2) Similarly, by Cauchy-Schwarz inequality, we have

([ " B B X)) ds)) < Clu—1f ) / " ES|IX, — X7 Plds, Yu € [ 1.1f).

i -
By the definition of (B%,BP) and Lemma 1, we also have for any u € [f]' |,#/'],
u u
B[ () — g (XA 8%,B) ) < Clu—if) [ BT~ X2 Plas.

n n
- i

(3) By construction and similar arguments to (1), (2), we have
u
EG[(/ (Ve (X)) = Ve (X[ 1)dBE)?] < Clu—1iy)?,
1

B[ )~ )ds ) < Cla—i )’

n
-

B[ (hip (00~ Hip (XD(B%89)°] < Clu—1f 1)

forallu € [t ,,1]].

(4) By conditioning and from the properties of It6 integral with respect to G-
Brownian motion, we know that the G-expectation of each “cross term” in (I i )% and
in (I})? is zero.

Combining (1) to (4) and applying the following elementary inequality to (J i )2,
()2, (K))? and (KL

(ar+-- +am)2 < m(a%—i—---—&-ai,),

it is not hard to obtain that
3
EC[||X;, — X"|*] < C/ EC[||Xs — X"||?]ds + C(Ar"), ¥t € [0,1].
0
By using Gronwall inequality, we arrive at
E°TIX, —X7'|I°] < c(Ar"),

which completes the proof of the theorem.
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4 G-Brownian Motion as Rough Paths and RDEs Driven by
G-Brownian Motion

In this section, we are going to study the nature of sample paths of G-Brownian
motion under the framework of rough path theory. More precisely, we are going to
show that: on the canonical path space, outside a Borel-measurable set of capacity
zero, the sample paths of G-Brownian motion can be enhanced to the second level
in a canonical way so that they become geometric rough paths with roughness 2 <
p < 3. As pointed out before, such a result will enable us to establish RDEs driven
by G-Brownian motion in the space of geometric rough paths.

Recall that (2, L;,(£2),[E) is the canonical path space associated with the func-
tion G, on which the coordinate process

B/(®) := oy, t €]0,1],

is a d-dimensional G-Brownian motion with continuous sample paths.
By the following moment inequality for B;:

EC(|B, — B,|*"] < Cy(t —5)1, VO<s <t < 1, g > 1, (10)

and the generalized Kolmogorov criterion (see [27] for details), we know that for
quasi-surely, the sample paths of B, are a-Holder continuous for any a € (0, %)
Therefore, if the sample paths of B; can be regarded as objects in the space of geo-
metric rough paths, the correct roughness should be 2 < p < 3 (so we should look for
the enhancement of B; to the second level); or in other words, the right topology we
should work with is the p-variation topology induced by the p-variation distance d),
on the space of geometric rough paths with roughness 2 < p < 3. The situation here
is the same as the classical Brownian motion, and the fundamental reason behind
lies in the distribution of B, (or more precisely, the moment inequality (10)), which
yields the same kind of Holder continuity for sample paths of B; as the classical one.

From now on, we will assume that p € (2,3) is some fixed constant.

As in the last section, forn > 1,k=0,1,--- ,2" lett] = ZL,, be the dyadic partition
of [0,1], and let B! be the piecewise linear approximation of B; over the partition
points {#;,t],--- ,t5.}. Since the sample paths of B} are smooth, B} has a unique
enhancement

B!, =(1,B},Bi7), 0<s <t <1,

to the space GQ,,(IRd ) of geometric rough paths with roughness p (in fact, for any
p > 1) determined by iterated integrals.

Our goal is to show that for quasi-surely, B” is a Cauchy sequence under the
p-variation distance d,. It follows that for quasi-surely, the sample paths of B; can
be enhanced to the second level as geometric rough paths with roughness p, which
are defined as limits of B" under d,. Such an enhancement can be regarded as a
canonical lifting by using dyadic approximations.
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Throughout the rest of this section, we will use || - ||, to denote the L?-norm
under the G-expectation E¢. Moreover, we will use the same notation C to denote
constants only depending on d,G, p, although they may be different from line to
line.

The following estimates are crucial for the proof of the main result of this section.

Lemma 2. Letmn> 1,andk=1,2,---,2". Then

(1)
; )y nxm
||an’] n||ﬁ < 2%1
Tl 22 )
Sr), n>m,
where j=1,2.
(2)
BN gl < 0, . n<m;
g Bl S 2
- - C27, n m,
1 a<m
m+1,2 m,2 < 25,5 x M,
HBt;’ iR _Bt,’j 142'“’—5 X S
N - Cﬁ7 n>m.
Here || - ||, denotes the Li-norm under the G-expectation E®, and C is some

positive constant not depending on m,n, k.

Proof. (1) The first level.
If n < m, then
m, 1 _
Bfﬂp’z'f = B,;; _Bt,ﬁ’,l .
It follows from the moment inequality (10) that
1
Gr|pml Pl<C—
E [|Bf]’€771,t£’| ] X Cz% ’
and thus |
m, 1
n’ n g n -
HBtkile”P C27

Also it is trivial to see that

1,1 1
By — By = (Btk —Bt,:Ll) - (Btk _Bll?—l) =0.

Hopt TR
If n > m, then by construction we know that

1 2"
n, _ _ m
By p = 5w (B =By,
where [ is the unique integer such that [1 |,#7] C [t/ ,,1"]. Therefore,

om 2%
1
|| 271,z;||p = ﬁHBt,’" _Bt,"il Hp < Cﬁ‘
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On the other hand, if [ ,,#7] C [}, 5], then

1
Brﬁ+]7rlt - ’271 n — ﬁ(B m+1 _Bm+l) - g(B[’" _B[’" )
le—1 % L1t n CTA b2 2n -1
zm
= —((Ba=t —Bus)—(B 2 —Ba-1)).
2” (( 2m+ll W) ( 2m+1 zmTll))
It follows that "
mel L 22
1By =Bl < -
Similarly, if [ |,#7] C [t51] ,tﬁ'}“], we will obtain the same estimate.

(2) The second level.
Since £ < 2, by monotonicity it suffices to establish the desired estimates under

the L2-norm.

. . 1,2 2

First consider the term B:'ZJr =B .

k—1"k kil "k

If n < m, by the construction of By;~, we have

Br4P — / dB*dBP
k=17k 0o <u<v<t!
[’? L ;B
_ 1, L m, 1
= / Bz;}fl,vdBv
i1
2m—nk m
_ Z AlmBl3 1 (v—tl"ilBa +tlm—vBa _B% v
=2 1)1 At o Apm oH Arm L L
om—ng B% +BS 5
o -1 ! o m
[=20m=1) (k—1)+1
Therefore,
Bm+l,2;a,ﬂ _ pm2;o.p
Btk Ttk
2»1+17nk BorCnJrl +Bofn+l
-1 i o mppP
= Z (f _Btg_l)Al B
[=2(m+1=n) (k—1)+1
om—nj B?)!n +Bt0y5n
- X (B A
1=20m=1) (k—1)+1
S I e
_ - -1 _ po m - _ pa
= )3 (( > By )Ay BT+ ( > B )

1=20m=1) (k—1)+1
Bf/iﬂ—l +Btor!n+1
-Aé',’“BB —( 20-2 5 2 _B;Z’,l)(AgllﬂBB +A§+]Bﬁ))
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1 2m—ng
=5 X (AmHIBEAmHIgh _ Amtigopamt1phy,
[=2m=n(k—1)+1

By using the notation of tensor products, we have

om—nj
mil2  pm2 1 mt1 m+1 mil mil
By =By w =75 Y, (MNBRATB-AyTBo Ay B).
1=2m=n(k—1)+1

It follows that

EGHBerl,Z _ pm2

2}
n n n n
L1t 1T

1 m=ng
=B Y aptiBeaytB-aptBoantp)p
1=2m=n(k—1)+1
<C Y ECIR(Ayt AT BP — A B AL B ]

o#B l
a,f=1,-.d

<C Y YEO[(AnT 1B AN BP — Az B AL BP)
a#B Lr
(ARTIBA AL BP — A3 B AL BP)]
<CY Y(ECAL 1B A B AL BP AL B
o#£B Lr
FEC[AIHIBE A BE AT BB AL BP]
G 1 1 1 1
+EC (AL B AT B Ap T BP AL BP]

[,
+EC[—AS T BT ALY B AL BP AT BPY),

where the summation over / and r is taken from 2" "(k— 1) + 1 to 2" "k. Here we
have used the sublinearity of [E. Now we study every term separately. If / < r, by the
properties of conditional G-expectation and the distribution of B;, we have

EC[as B as  BPAL Y B AL B

— BOE[AL | B AL BP AL B AL B0
= B EIAL" B Q0 ] 40 B[S B Q]

2r—1
=0,

where ) = AT B*AN T BB A2 BY. Similarly, we can prove that for any [ # r,

EC[Apt 1 B*AS T BP ALt BP AL BP]

—EO[(AY B AL B AL B AL )
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=EC[(—AnT BY AT B AT BP AL BP))
=BO[(— Ayt B A BT AL BP AL B

=0.
On the other hand, if / = r, it is straight forward that

1

1
EO((A5 1B (A3 BP)?) < S(EC((AGH B +EO(A3 ' BP)Y) < Cor

and similarly,

1

RO (—AfH B AR BP AL B AL BP) < 4 (RO B%) ] + EO((a5 1B
+EC[(A5 T B®)* + EC (A5 BP YY)
1
< sz—m.
Combining all the estimates above, we arrive at
Gripm+12 2 2 = 1 1
nnl 7)1 - g n < AN < e
E “szil,tk Btk—l'rlk| ] Cagﬁlzzm—;(l}—l)ﬂ 22m mon’
and hence |
m+1,2 m,2
n 7n - n7 n g ~m _n-
‘|Btk71.tk Btk—le ”2 C2727
If n > m, by construction we have
BrEeb — / d(B"™)3d(B")b
k=17k 0 <u<v<t}
[ gy
- 1;{1717\; ( )V
L/
A"B*AMBB i
S £ /t (v—ty)dv

k—1

= %Zz(m’”)A,’”BO‘Al’”Bﬁ,

where [ is the unique integer such that ¢} ,,#/] C [#/" |,#/"]. In other words, we have

1
B""L,2 _ 722(”’17}’1) (A;’WB)@Z’

n n —
e 2

It follows that
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m+1,2 1,2
B vy =B
2 1 +1 2(m—n)—1 2 +1 +1
220t (AG )2 = 22 APBY 2 [g) © [e
2 1 +1 2(m—n)—1 2 +1 +1
220 (Ag I B) P2 = 22T ARB)YSR, (g C [y

By using the Minkowski inequality, the Cauchy-Schwarz inequality and the sublin-
earity of [E, it is easy to obtain that

m
+1,2 2
||Bm —B;: 1vtn||2 gcﬁ

Now consider the term Btn L
If n > m, by using 5
2 - 2
B:Z v ) (m—n) I(AlmB)® ,

we can proceed in the same way as before to obtain that

1822 [l < Co-
Byt 14 S T 02n

If n < m, then

Brﬁ,Z L= Z (Bli,z n—Bln_LG)—FBnrfz

he—1lk Ttk /T
It follows that

m
2 [,2 [—1,2
1832l < Y 1B =By 2o+ 1B s

1l I=n+1
1 & 1 1
<C(zw —+=)
71:%12% 2

1

\Cﬁ'

Now the proof is complete.

In order to study the behavior of B™ in the space G.QP(Rd ), we may need to
control the p-variation distance d,, in a suitable way. For w,w € GQ (R9), define

=

i,
pj(w,w) = ZnYZ\w, = )P =12, (11)
= o T

where ¥ > p — 1 is some fixed universal constant. The functional p; was initially
introduced by Hambly and Lyons [11] to construct the stochastic area process asso-
ciated with the Brownian motion on the Sierpinski gasket. We use p;(w) to denote
pj(w,w) with w = (1,0,0).

The following result, which is important for us, is proved in [19].
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Proposition 4. There exists some positive constant R = R(p, ), such that for any
w,w € GQ(RY),

dy(0,) < Rmax{y (w,), 91 (w,) (91 (w) + p1 (7)), pa (o, 7))
Now let
1(w,w) := max{p1(w,w), p1(w,w)(p1 (W) +p1(W)), p2(w,w)}, (12)

and observe that

{®w: B" is not Cauchy underd,} C {@: Z dy(B",B™") = oo}

m=1
R
C limsup{®: d,(B™",B""") > —
msuplo: d,(55") > X0y

. . m pm-+1 1
C hgljgp{w. I(B",B""") > B oo13)
where f is some positive constant to be chosen. Notice that the R.H.S. of (13) is
2 (2 )-measurable so its capacity is well-defined. Therefore, in order to prove that
for quasi-surely, B" is a Cauchy sequence under d,,, it suffices to show that the
R.H.S. of (13) has capacity zero. This can be shown by using the Borel-Cantelli
lemma.
According to (12), we may first need to establish estimates for

c(p;(B",B") > 1), j=1,2,
and
c(p1(B") > 1),
where m > 1 and A > 0. They are contained in the following lemma.

Lemma 3. Form > 1, A > 0, we have the following estimates.
(1)
c(p1(B")>A)<CAP.

(2) Let 6 € (0,5 — 1) be some constant such that

il on(p—1)
Then we have
_r 1
C(pj(Bm;Bm-H) >A)<KCAT T W’ j=12

Proof. First consider
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c(pi(B") > A)=c Z nyz |B'“1 g7 >27).

Define
Ay={o: Z nyz |B’"l g7 > 27} € B(Q),
n=1

and

=

A={o: Z,ﬂzw 7> e B(Q).

n=1

It is obvious that Ay T A. By the properties of the capacity c, we have

c(A) = lim c(Ay).

On the other hand, by the sublinearity of E®, the Chebyshev inequality for the ca-
pacity ¢ and Lemma 10, we have

<A pznvzza By

1 7

SCATPLY n?2"— + ]

Z 221] n§+1 2np
—ar Y a2 Y
n=1 2n(771) n=m+1 2n(p=1)

<CAP.

It follows that
c(p1(B™")>A)=c(A) <CAP.

Now consider

c(p1(B",B™") > A) = Znyzw’"“ —BUY P> A).

PRI I N

By similar reasons we will have

(P1(Bm Bm+l) >}, <A pZnyZE |Bm+11 Bm,l |p]

P
k—1"k
k=1

27
< CAP( Z n?2" 2np)
n=m+1

m 1)

=CA P22

Zny

n=m+1
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Since 6 € (0,5 — 1) is such that

on(p—1)
r+1 =
n ngn(p_e_l),Vn> 1,

we arrive at |

2m(§7971) ’

Finally, consider the second level part. By similar reasons, we have

c(pi(B™,B™1) > 1) <CAP

1

+1
(pZ(Bm B" ) > A <CA™2 Z n"2" ——r mp np L ;_HnyZn 2np]
RTINS R R
a 2# n;ln n= g-ﬁ—ln 2n( D
r. 1 mp 1
< -8 2 y+lom(1-4) s
< CaEgpm 2700 2% )
_p 1
SO e

Now we are in position to prove the main result of this section.

Theorem 8. Outside a (Q)-measurable set of capacity zero, B"™ is a Cauchy se-
quence under the p-variation distance d,. In particular, for quasi-surely, the sample
paths of B; can be enhanced to be geometric rough paths

B, =(1,B!,,B

s, SI

2),0<s<t<1,

with roughness p, which are defined as the limit of sample (geometric rough) paths
of B" in GQ,(RY) under the p-variation distance d,.

Proof. By Lemma 3, we have

2
1
m m+1 L m pm+1 -
c(I(B",B >2mﬁ ; ;(B",B )>2mﬁ)
1
+c(pi(B",B™ ) (p1(B™) +p1 (B™)) > B
1
m pm+1 m pm+1
ZC(pl(B ,B +) 22mﬁ)"‘c(P2(B B +) ZmB)
m zmﬁ m+1 zmﬁ
+c(p1(B™) > T)'FC(Pl(B ) > 7)
1 1 1

< (]

2mBp + om(§—6-2Bp—1) + om(—6-Bp_1)”

where 6 € (0,5 — 1) is some fixed constant.
If we choose 3 such that
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p—20-2
O I,
<B< 1 ,
then
> 1
Y c((B™,B") > 2mﬁ) < oo,

m=1

By the Borel-Cantelli lemma, we have

1
. _ +1 _
c(limsup{®: I(B",B""") > B }) =0,

m—yoo

and the result follows from the inclusion (13).

With the help of Theorem 8 and the smoothness of (B*,BP), (by definition the
sample paths of (B*,BF); are smooth), we are able to apply the universal limit
theorem in rough path theory to define RDEs driven by G-Brownian motion in the
pathwise sense. More precisely, consider the following N-dimensional RDE in the
sense of rough paths:

dY, = b(Y,)dt + hop (Y;)d(B*, BP), + V¢ (Y,)dBY, (14)

with initial condition Yy = x, where E,Za g:Va are CZ -vector fields on RY. Then
outside a #(Q)-measurable set of capacity zero, (14) has a unique full solution ¥ in
GQ,(RY).Y is constructed as the limit of the enhancement of ¥ in G2, (R") under
the p-variation distance, where Y} is the unique classical solution of the following
ordinary differential equation:

dY!" = b(Y")dt + hap (Y")d(B%, BP), + Ve (Y")d (B")2, (15)

with Y’ = x, in which B} is the dyadic piecewise linear approximation of B;.

If we only consider solutions instead of full solutions (i.e., only consider the first
level), then for quasi-surely, (14) has a unique solution ¥; € C([0, 1];RV), which is
constructed as the uniform limit of the solution of (15) with initial condition Yj' = x.

Before the end of this section, we are going to give an explicit description of the
second level Bg, of B, defined in Theorem 8, which reveals the nature of B2, it-
self. Such result is fundamental to understand the relation between SDEs and RDEs
driven by G-Brownian motion.

Lemma 4. Assume that X, converges to X in LZG(Q) and converges to Y quasi-
surely. Then for quasi-surely, X =Y.

Proof. By the Chebyshev inequality for the capacity, we have
e 2
c(|X, —X| >¢€) < ?E [1X, — X|7], Ve > 0.

Since
X, =X inLi(Q),
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we can extract a subsequence X, , such that for any & > 1,
G 2 1
E 1%, — X[ < 7.
It follows that

1 1
C(|Xnk7X| > %) < k77 Vk > 1,

and

= 1

Y c(1X, —X| > %) < oo,

k=1
By the Borel-Cantelli lemma for the capacity, we arrive at for quasi-surely, X,
converges to X. By assumption it follows that for quasi-surely, X =Y.

The following result shows the nature of the second level of B;. In the case when
B, reduces to the classical Brownian motion, it is essentially the relation between
Stratonovich and Itd integrals.

Proposition 5. Let B;, = (1,Bl,,B?,) be the quasi-surely defined enhancement of

yPs 1 Pst

B; in Theorem 8. Then for any 0 < s <t < 1, for quasi-surely, we have
t
2;0, 1
BEMP — / B%,dBf + E<15e°‘,Bﬁ>m, (16)
)
where the integral on the R.H.S. of (16) is the Ito integral.

Proof. We know from Theorem 8 that for quasi-surely,

lim d,(B",B) = 0.

n—oo

From the definition of d),, it is straight forward that for quasi-surely, B;’tz converges
uniformly to Bit.

Without lost of generality, we assume that s, are both dyadic points in [0, 1]. It
follows that when n is large enough,

Bl = [ awngae!
: s<u<v<t
!
- [[Egaen?

APBB iy m—v

_ k k—1 pa k [04 a

= 2 A /n ( A B + A B, —B; )dv
kifeg_ 12 1Csit] [y}

_ (B,‘j‘fl + By
2

k: [r,’;l ,t]:’] Cls,]

—BY)A'BP

1
- Y (B,ggl_Bg)A;;BMEZAgBaA,gBﬁ.
k

k:feg 1R 1Cs.t]
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From properties of It integral and the cross-variation (B*, BP),, we know that the
o dBh + 1(B*, BP),, in L%(Q).
Consequently, by Lemma 4 B2, must coincide with f; Bffung + %(B“,Bﬁ>s,,
quasi-surely.

R.H.S. of the above equality converges to f: B

5 The Fundamental Relation between SDEs and RDEs Driven
by G-Brownian Motion

So far we already know that there are two types of well-defined differential equa-
tions driven by G-Brownian motion: SDEs which are defined in the Lé-sense with
respect to the G-expectation E®, and RDEs which are quasi-surely defined in the
pathwise sense. This section is devoted to the study of the fundamental relation
between these two types of differential equations.

Consider the following N-dimensional SDE driven by G-Brownian motion on
(Q,LZG(Q),E) :

dX, = b(X,)dt + hgp (X;)d(B*,BP), + V4 (X,)dBY, a7

with initial condition Xy = x € RY. Here we assume that b,hgp, Vo are Cg-vector
fields on RV,

Our aim is to find the correct RDE of the form (14) whose strong solution coin-
cides with X; quasi-surely in the pathwise sense.

Let’s first illustrate the idea in an informal way. We are going to use the rough
Taylor expansion in the theory of RDEs (see Corollary 12.8 in [9]) and Proposition
5 to find the correct form of the RDE we are looking for.

Consider the following general RDE:

dY, = b(Y,)dt + hop (Y;)d(B*, BP), + V¢ (Y,)dBY, (18)

with initial condition Yy = x, where E,Eaﬁ,ﬁa are Cg-vector fields on RY. By the
smoothness of the cross variation process (B%, BP), and the roughness of B, stud-
ied in the last section, we know from the rough Taylor expansion theorem that for
quasi-surely, for some control function @ (s, ), the solution ¥; of (18) satisfies, when
o(s.1) < 1,

Yo = B(Y,) (1 = 5) = hap (¥:) (B, B )y — Vo (1) B = DVp(Y,) - Ve (¥,) B P |
<Co(s,1)?, (19)
where ®(s,7) C and 0 > 1 are two constants not depending on s, 7. Note that inequal-
ity (19) reveals the local behavior of the solution ¥;. It follows from Proposition 5

that for quasi-surely, N
‘Ys,z _Is7z| < CCO(S,Z‘)G,
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where

Ly = b(Yy)(t —5) + (hap (%) + %D% (Ys) - Va(¥s))d(B*,BP ), + Ve, (Ys) By
t
+DVp (Yy) Ve (Y5) / B%,dBE. (20)

Now if we consider the global behavior of ¥;, we may sum up inequality (20) over
dyadic intervals [ ,,#/] and then take limit (in L (2;R")) to obtain that for quasi-
surely,

t__ t 1 ~ . t
o = [ b0dut [ (hap () + 50750 Va8, 5, + [ Va(vas
- ~ 1
HGo)lm ¥ DVl ) T [ B

- k—1:%
Ear? [t | Cls.f] -

dBf}, @1

where the integrals with respect to B, are interpreted as It6 integrals. On the other
hand, by the distribution of B, and properties of G-1t6 integral, it is not hard to prove
that the Lé—limit in the last term of the above identity is zero. Therefore, we know
that Y; solves the SDE

~ ~ 1 ~ ~ ~
dX, = b(X,)d1 + (ha (X,) + 5 DV5 (X)) - Va (X,))d(B*,BP); + Vo (X,)dBY.

In other words, if X; is the solution of the SDE (17), it is natural to expect that for
quasi-surely, X; is the solution of the following RDE:

4%, = b1 )i+ (hagp (1) — 5DV (1) Ve (Y))d (B BP) + Ve (K)dBE,  (22)

with the same initial condition.

In the remaining of this section, we are going to prove this claim in a rigorous
way.

From now on, assume that X; is the solution of the SDE (17) and Y; is the solu-
tion of the RDE (22) with the same initial condition x € RV, where the coefficients
b,hap, Ve are Cy-vector fields on RY. For simplicity we will also use the same no-
tation to denote constants only depending on d,N, G, p and the coefficients of (17),
although they may be different from line to line.

The following lemma enables us to show that the LZG-limit in the last term of the
identity (21) is zero.

Lemma 5. Let f € Co(RY), and s <t be two dyadic points in [0,1] (i.e., s = ] and
t =1]" for some m and k < I). Then for any o, =1,2,--- ,d,

I
tmEC( ¥ ) [ B BP0
tVl

n—oo
k:[ty ) f1C[s.1] k-1



G-Brownian Motion as Rough Paths 33

Proof. From direct calculation, we have
G 4
Y )

kel 1] )

i
<WBE Y EU[ B ashy
t

kifeg_ 12 1Cs.t] =1

BE dBY)

1! t

&
v L s B ashio )
k<l i1 my
[t7_ Ll 11 C st

3
BY ,dB}))

.

<cfz Y ary
e[ i) Clisit]

tn

k
Y Ey ) B B )
k<l [
[l,’:ﬁl,t;'],[tl"fl.,ll”]C[s,t] =t

B[ 8 dnfleq )+ B )

n
-1 k—1

n
-1

i
.EGP_/“ G AY)
1!
< C||fl12Ar,

and the result follows easily.
Now we are in position to prove our main result of this section.

Theorem 9. For quasi-surely,
X, =Y, Vt€][0,1].

Proof. Since the coefficients of the RDE (22) are in Cg (RM), for quasi-surely define
the following pathwise control: for 0 < s <7 < 1,

o(s,0) := ([IVI2elBll s [s5,1])" + 1Pl 1.00( = 5)
1
+||h_ EDV'V||17°°||<BvB>||lfvar;[s,t]v

where || - ||m.~ denotes the maximum of uniform norms of derivatives up to order
m. It follows from the rough Taylor expansion (Corollary 12.8 [9]) that for quasi-
surely, there exists some positive constant 8 > 1, such that for 0 < s <7 < 1, when
o(s,t) < 1, we have

Yo — 4| < Coo(s,1)°,

where
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Iy = D)t =) + (ha (1) — 5 DV (1) V(1)) (B%, BB, -+ Vi (Y )BE
+DV(Y,) - Va () BEP
By Proposition 5, we have for quasi-surely,
[Yor = b(Y) (1 =) = hap (o) (B, BP )i — Va (¥,) By
— DVj(Yy) -V (Y;) / thfudBm < Cas,1)°. (23)
s
Now consider fixed s < ¢ being two dyadic points in [0,1]. When n is large

enough, by applying inequality (23) on each small dyadic interval [1} ,,#!] C [s,1]
and summing up through the triangle inequality, we obtain that for quasi-surely,

Yo — I < Y o, 1q)°

< Corls, i) max{o(_;.1)*"!

] C sl
where

Iy =Y b(Yir VA" +Y hap(Yy )AL (B, BP) +Y Va(Yy )AIB®

n

k
+) DV (Ye ) -Va(¥y ) [ Bg,{z_Pung?

k—1
and each sum is over all k such that [z} ,,#}] C [s,z]. It follows that for quasi-surely,

n
ISJ — Y5, n—> oo,

On the other hand, the following convergence in LZG(.Q ‘RN ) holds:

t
Yb(ry )ar - [ bt
S
t
Y hap (Y JAP(B®BP) = / hap (Ya)d (B, BP)..,
Y Va(Yi )A!B* — / Ve (Y,)dBY,

asn — oo,
The reason is the following. For simplicity we only consider the third one, as the
first two are similar (and in fact easier). It is straight forward that

/ |Vtx Yt ZVa Ytk 1)1[’k 1) ( )lzdl



G-Brownian Motion as Rough Paths 35

2" t,f,’
-y / Ve 0h) ~ Vel )Pl
k=171,
2" t]:' )
<CZ/n Vi =Yy [Pt
k*] Ik 1

CZ ||Y||p var, tk ltk]At

2
}: W12 s A"

C(At )pHY”p var;[0,1]>

where C depends only on V. Therefore, it suffices to show that ||Y]| p—var;[0,1] €
L%(Q), as it will imply the G-Itd integrability of V¢ (¥;) and the desired convergence
in L%;(Q;]RN ) will hold. For simplicity we assume that ¥; is the solution of the
following RDE

dY, = Vo(Y,)dBY

with ¥y = € (there is no substantial difference because dr and d(B%*, BP), are more

regular than dB;), then by Theorem 10.14 in [9], we know that

”Y”pfvar;[Ol C“BHp var;[0,1] \ ||B||Z var;[0,1]"

Therefore, we only need to show that HBHﬁ vari0,1] € L%(£). For this purpose, we

use Proposition 4 to control the p-variation norm by the functions py, p, defined in
(11). It follows that

IBllp-var < C(1+p1(B)* +p2(B)).

Therefore, it remains to show that p;(B)?, p2(B)? € LL(€). First consider level
one. By the distribution of B;, we have

| Zlnyz ‘Btk .
n

o

Pl < Zrﬂz 1BY Pl

n?(Ar")z!

<

1 T

n=1

< oo,

and we know that p; (B)?" € LL(Q). Now consider level two. By Proposition 5 and
the distribution of B; and (B, B);, we have

oo 2" oo z

1 P
||ZI”YZ|BQ1,k|z||z—\|2n72 | B @Bt BB e
n
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I3
tkil,tglz 2

1
—(B,B)u

< ZnVZHI B,n @By +

<cY nY(m")%*l
n=1

< oo,

It follows that p2(B)” € L5 (Q). Therefore, the desired LZ-convergence holds.
In addition, by Lemma 5 we also have the following L2G-convergence:

1

Y DV (Y ) 'Va(ﬁ;;fl)/k

n
k-

BY B =0, n— o,

Consequently, in L% (Q2;RY),

1
/ du+/ aﬁ(Yu)d<BO‘,BB>u+/ «(Yu)dB%,
as n — oo,

From Lemma 4, we conclude that for quasi-surely,

t t t
YS?,:/ b(Yu)dqu/ haB(Yu)d<B“,Bﬁ>u+/ Vo (Y,)dBS.

Since X; and Y; are both quasi-surely continuous, it follows that X coincides with Y
quasi-surely.

Remark 2. As we mentioned at the beginning of Section 2, it is possible to prove
Theorem 9 by establishing the Wong-Zakai type approximation. More precisely, if
we let X;" to be the Euler-Maruyama approximation of the SDE (17) and let ¥ to
be the unique classical solution of the following ODE:

1
dY;" = b(Y")d1 + (hap (") — 5 DVp(Y") - Ve (¥"))d(B*, B} + Va(¥")d(B")/

with X! =Y} = &, where B} is the dyadic piecewise linear approximation of B,
then by using our main result in Section 2 and establishing related LZG—estimates, we
can prove that

sup ES[|X/ /Y] < C\/1+E2(Ar")3

1€(0,1]

In other words, ¥;" converges to the solution X; of the SDE (17) in the L2G-sense.
However, we know that for quasi-surely, ¥;" converges uniformly to the solution Y
of the RDE(22). Again by Lemma 4 and continuity, we conclude that for quasi-sure,
X coincides with Y.

From the above discussion, if we forget about the RDE (22) and only consider
the Lé-limit of Y/, it seems that there is nothing to do with rough paths at all as
everything is well-defined in the classical sense. However, the fundamental point of
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understanding the convergence of Y/ in the pathwise sense lies in the crucial fact
that B; can be regarded as geometric rough paths (i.e., the enhancement defined in
Section 3) with approximating sequence in G£2,, (R9) being the enhancement of the
natural dyadic piecewise linear approximation B}'. This is exactly what the universal
limit theorem tells us.

Remark 3. From the RDE point of view, it is possible to reduce the regularity as-
sumptions on the coefficients. In particular, since the regularity of # and <B"‘,BB>,
are both “better” than By, the regularity assumptions on the coefficients of d¢ and
d(B® ,BP), can be weaker than the one imposed on the coefficient of dB;. However,
we are not going to present the results under such generality. Please refer to [9] for
general existence and uniqueness results of RDEs.

6 SDEs on a Differentiable Manifold Driven by G-Brownian
Motion

Our main result in Section 5 can be used to establish SDEs on a differentiable man-
ifold driven by G-Brownian motion, which will be the main focus of this section.
The development is based on the idea in the classical case, for which one may refer
to [8], [12], [13]. This part is the foundation of developing G-Brownian motion on
a Riemannina manifold in the next section.

In classical stochastic analysis, SDEs on a manifold is established under the
Stratonovich type formulation, which can be regarded as a pathwise approach. The
reason of using Stratonovich type formulation instead of the Itd type one is the fol-
lowing. First of all, the notion of SDE can be introduced by using test functions
on the manifold from an intrinsic point of view, which is consistent with ordinary
differential calculus and invariant under diffeomorphisms. Moreover, when we con-
struct solutions extrinsically, we can prove that for almost surely, the solution of the
extended SDE which starts from the manifold will always live on it. This reveals the
intrinsic nature of ordinary differential equations.

In the setting of G-expectation, we will adopt the same idea for the development.
However, there is a major difficulty here. The method of constructing solutions in
the classical case from the extrinsic point of view depends heavily on the localiza-
tion technique, which is not available in the setting of G-expectation, mainly due
to the reason that concepts of information flows and stopping times are not well
understood. To get around with this difficulty, we will use our main result in Sec-
tion 5 to obtain a pathwise construction. The advantage of such approach is that we
can still use localization arguments but don’t need to care about measurability and
integrability under G-expectation.

Now assume that M is a differentiable manifold. For technical reasons we further
assume that M is compact (it is not necessary if we impose more restrictive regular-
ity assumptions on the generating vector fields). Let {b,hqp,Vo : &0, =1,2,--- ,d}
be a family of C3-vector fields on M, and let B; be the canonical d-dimensional G-
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Brownian motion on the path space (22,L2(Q),E%), where G is a function given
by (2).
Consider the following symbolic Stratonovich type SDE over [0, 1]:

(24)

dX; = b(X;)dt +hop(X,)d(B*,BP), +Vu(X;) 0 dB,
Xo =&eM,

on M.
Definition 6. A solution X; of the SDE (24) is an M-valued continuous stochastic
process such that for any f € C*(M), and any o, = 1,2,--- ,d,

{hapf(X:) 1 €[0,1]} € M5(0,1), {Vaf(X:):1 €[0,1]} € MG(0, 1),

and the following equality holds on [0, 1] :

f@»=ﬂ@+£hmmm+4hwﬂmww%ﬁx+AWJaawmaaa

where the last term is defined as
t t 1 t
/ Vaf (Xs) oa’Bf‘ = / Vaf(XS)dBf‘ + 5/ VBVaf(XS)d(B“7BB>S.
0 0 0

Remark 4. Definition 6 is intrinsic. It is easy to see that Definition 6 is consistent
with the Euclidean case.

Now we are going to construct the solution of (24) from the extrinsic point of
view.

According to the Whitney embedding theorem (see [5]), M can be embedded into
some ambient Euclidean space R" as a submanifold such that the image i(M) of M
is closed in RY. We simply regard M as a subset of RY.

Let F! ... FN € C*(M) be the coordinate functions on M. The following result
is easy to prove. It is similar to the classical case.

Proposition 6. X; is a solution of (24) if and only if for anyi=1,2,--- N, o, 3 =
]727"' 7d7

[hagF(X) 1 € [0,1]} € M(0,1), {VaFi(X,) 1€ [0,1]} € M3(0,1),
and for anyt € [0,1],
Fi(X) = Fi(€)+ / BF(X,)ds + / hap F(X,)d(B% BP), + / VolF'(X,) 0 dBY.
0 0 0
(26)
Proof. Necessity is obvious since F' € C*(M) forany i =1,2,--- ,N.

Now consider sufficiency. Let f € C*(M), and choose a C*-extension fof f
with compact support in RY (it is possible since M is compact). Then for any x € M,
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and thus _
f(Xt) :f(Fl(Xt)v"' 7FN(Xt))7 Vit € [071]

Since M is compact and fis smooth with compact support, it follows from the G-It6
formula that for ¢ € [0, 1],

FUP 00, M 00) = 78)+ [ 2L 00+ P )88

+VoF'(X,) 0dB%)
— f(E)+ / (b (X,)ds + hap f(X,)d (B B),
+Vaf( S)ong)v

where we have used the simple fact that for any C!-vector field V on M,
ﬁ  yp
~ dy
By Definition 6, we know that X; is a solution of the SDE (24).

Now we are going to prove the existence and uniqueness of (24) by using the
main result of Section 5, namely, a pathwise approach based on the associated RDE.

Let b haﬁ , Ve be C -extensions (not unique) of the vector fields b, hqg, Vo Con-
sider the following Stratonovich type SDE in the ambient space RY :

dX, = b(X,)dt "‘Eaﬁ (X,)d(B*,BP), + V4 (X,) 0 dB* (27)

with Xp = x € RV which is interpreted as the following Itd type SDE:
| ~ ~
dX, = b(X,)dt + (hgp(X;) + 5 DVa(X,) Vg (X,))d(B*,BP), + Vo (X,)dB®

According to Section 5, we can alternatively interpret (27) as an RDE which is
pathwisely defined. Both the SDE and the RDE has a unique solution, and according
to Theorem 9 they coincide quasi-surely. Our aim is to show that for quasi-surely,
the solution X; of (27) never leaves M and it is the unique solution of (24).

The following result is important to prove the existence and uniqueness of the
SDE (24) on the manifold M.

Proposition 7. Let x; be a path of bounded variation in Re. Let Wy,--- , Wy be
a family of C'-vector fields on M and Wl, Wd be their Cb -extensions to RV
Consider the following ODE in the ambient space RY over [0,1] :

dy, = Wy () dx* (28)
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with yo = x € M. Then the solution y, € M for all t € [0,1]. Moreover, y, does not
depend on extensions of the vector fields.

Proof. Let F(x) := d(x,M)? be the squared distance function to the submanifold
M. It follows that F' is smooth in an open neighborhood of M. By using the cut-
off function we may assume that F € C;’(M). Now we are able to choose an open
neighborhood U of M, such that for any x € U, F(x) = 0 if and only if x € M.
Moreover, since Wy, (¢ = 1,2,--- ,d) are tangent vector fields of M when restricted
on M, U can be chosen such that forany x € U and o = 1,2,--- ,d,

[WaF (x)] < CF (x), (29)
for some positive constant C depending on U. The function F(x) was used in [12]
to construct SDEs on M driven by classical Brownian motion.

Since x; is a path of bounded variation and yo = & € M, by the change of variables
formula in ordinary calculus, we have

!
FOv) = [ WaF (r)d?, ¥t € 0.1]
0
Define 7 :=inf{r € [0,1] : y; ¢ U}. It follows from (29) that
t
FO) <C [ PO, vt e (0.7,
0

where |x|; is the total variation of the path x;.
By iteration and Fubini theorem, on [0, 7] we have

t s
F) <& [ (| Foudiladi,
0o Jo
t
= [ (= P
By induction, it is easy to see that for any k > 1,

t x|y — | k—1
po <t [ Ut

Since F is bounded, we obtain further that for any k£ > 1,

F(ys)d|xls, ¥t € ]0,7].

C¥(Jx]r — Jclo)*

FOu) < Pl

, Ve 0,1].
By letting k — oo, it follows that F(y;) = 0 on [0, 7], which implies that y; € M for
any ¢ € [0,7]. Since y, is continuous, the only possibility is that y, never leaves M
on [0,1].

If we rewrite the ODE (28) in its integral form:
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1
=&+ / W (ys)da, 1 € 0,1], (30)
0

we know from previous discussion that equation (30) depends only on the values of
Wy on M, that is, of Wy (@ = 1,2, --- ,d). In other words, if Wy, is another extension
of Wy, and y; is the solution of the corresponding ODE with the same initial condi-
tion, y; is also a solution of (28). By uniqueness, we have y = y. Therefore, y; does
not depend on extensions of the vector fields.

With the help of Proposition 7, we can prove the following existence and unique-
ness result.

Theorem 10. Let b,hop, Vo be C3-vector fields on M. Then the Stratonovich type
SDE (24) has a solution X; which is unique quasi-surely.

Proof. Fix Cg-extensions Z, Eaﬁ,Va of b,hgp,Va, and let X; be the solution of the
Stratonovich type SDE (27) in RY over [0,1]. By Theorem 9, for quasi-surely X;
coincides with the solution of (27) when it is interpreted as an RDE. Since M is
closed in R", it follows from Proposition 7 and Theorem 6 (the universal limit
theorem) that for quasi-surely, X; never leaves M over [0,1]. In this case, (27) is
equivalent to (26), which implies from Proposition 6 that X; is a solution of (24).
On the other hand, if ¥; is another solution of (24), then it is a solution of (27)
(interpreted as an SDE or an RDE). By the uniqueness of RDEs, we know that
X =Y quasi-surely.

Remark 5. Itis possible to formulate uniqueness in the LZG-sense when M is regarded
as a closed submanifold of RY. However, we use the quasi-sure formulation because
the notion itself is intrinsic although the proof is developed from the extrinsic point
of view.

7 G-Brownian Motion on a Compact Riemannian Manfold and
the Generating Nonlinear Heat Equation

In this section, we are going to introduce the notion of G-Brownian motion on a
Riemannian manifold for a wide and interesting class of G-functions, based on
Eells-Elworthy-Malliavin’s horizontal lifting construction (see [8], [12], [13] for
the construction of Brownian motion on a Riemannian manifold and related top-
ics). Roughly speaking, we will “roll” an Euclidean G-Brownian motion up to a
Riemannian manifold “without slipping” via a proper frame bundle (for the class of
G-functions we are interested in, such bundle is the orthonormal frame bundle).

In the classical case, we know that the law of a d-dimensional Brownian motion
B; is invariant under orthogonal transformations on R?. This is a crucial point to
obtain a linear parabolic PDE (in fact, the standard heat equation associated with
the Bochner horizontal Laplacian Ag(y)) on the orthonormal frame bundle &'(M)
over a Riemannian manifold M governing the law of the horizontal lifting & of B, to
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€ (M), which is invariant under orthogonal transformations along fibers. It is such
an invariance that enables us to “project” the PDE onto the base manifold M and
obtain the standard heat equation associated with the Laplace-Beltrami operator Ay,
on M. This heat equation governs the law of the development X; = 7(&) of B; to
the Riemannian manifold M via the horizontal lifting & . As a stochastic process on
M, although X; depends on the initial orthonormal frame & at x as well as the initial
position x € M, the law of X; depends only on the initial position x, and it is charac-
terized by the Laplace-Beltrami operator Ay via the heat equation. Equivalently, it
can be shown that the law of X; is the unique solution of the martingale problem on
M associated with Ay, starting at x. X; is called the Brownian motion on M starting
at x in the sense of Eells-Elworthy-Malliavin.

It is quite natural to expect that the Brownian sample paths X; on M will depend
on the initial orthonormal frame & at x if we look back into the Euclidean case, in
which we actually fix the standard orthonormal basis in advance and define Brown-
ian motion in the corresponding coordinate system. If we use another orthonormal
basis, we obtain a process (still a Brownian motion) which is an orthogonal trans-
formation of the original Brownian motion. Therefore, it is the law, which is char-
acterized by the Laplace operator on R?, rather than the sample paths that captures
the intrinsic nature of the Brownian motion, and such nature can be developed in a
Riemannian geometric setting.

It should be remarked that in a pathwise manner, we can lift B, horizontally to the
total frame bundle .% (M) instead of &'(M) by solving the same SDE generating by
the horizontal vector fields but using a general frame instead of an orthonormal one
as initial condition. Moreover, we can write down the generating heat equation on
F (M) which takes the same form of the one on &'(M). The key difference here is
that although the horizontal lifting of B; can be projected onto M, the heat equation
on .% (M) cannot. In other words, the heat equation is not invariant under nonde-
generate linear transformations along fibers. This becomes uninteresting to us, as
we are not able to obtain an intrinsic law of the development of B; on M which
is independent of initial frames. The fundamental reason of using the orthonormal
frame bundle is that the Laplace operator on R is invariant exactly under orthogonal
transformations.

The case of G-Brownian motion can be understood in a similar manner. From the
last section we are able to solve SDESs on a differentiable manifold (in particular, on
% (M)) driven by an Euclidean G-Brownian motion B;. By projection we obtain the
development X; of B, to M. As we’ve pointed out before, such development is of
no interest unless we are able to prove that the law of X; depends only on the initial
position x rather than the initial frame. In fact, if the law of X; depends on the initial
frame, we might not be able to write down the generating PDE of X; intrinsically on
M although it is possible on .% (M). Therefore, for a given G-function, it is crucial
to identify a proper frame bundle over M with a specific structure group such that
parallel transport preserves fibers and the generating PDE (associated with G) of
the horizontal lifting & of B, to such frame bundle is invariant under actions by the
structure group along fibers. From this, the law of X; will be independent of initial
frames in the fibre over x (x is the starting point of X;) and we might be able to obtain
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the generating PDE of X;, which is associated with G and intrinsically defined on
M.

As we shall see, such idea depends on a crucial algebraic quantity associated with
the G-function called the invariant group /(G) of G, which will be defined later on.
In this article, we are interested in the case when I(G) is the orthogonal group. We
will see that it contains a wide class of G-functions. In particular, one example is the
generalization of the one-dimensional Barenblatt equation to higher dimensions.

The concept of the invariant group of G is motivated from the study of infinites-
imal diffusive nature of SDEs driven by G-Brownian motion and their generating
PDEs, which will be discussed below.

We first consider the Euclidean case.

From now on, we always assume that G : S(d) — R is a given continuous, sub-
linear and monotonic function. Equivalently, from Section 2 we know that G is
represented by

GA) = ! suptr(AB), VA € S(d), 31)
2 pex
where X is some bounded, closed and convex subset of S (d). Let B; be the standard
d-dimensional G-Brownian motion on the path space.

Assume that Vy,---,V, are Cg -vector fields on RY. Consider the following N-

dimensional Stratonovich type SDE over [0, 1]:

(32)

dXt,x = Vq (Xt,x) o dBtaa
XO,X =X,

which is either interpreted as an RDE or the associated Itd type SDE

{dx,,x — Vi (X,.1)dBE + LDV (X, )V (X, ) (B, BP),,
Xt,x =X,

according to the main result of Section 5.

The following result characterizes the generator of the SDE (32) in terms of G.
It describes the infinitesimal diffusive nature of (32). One might compare it with the
case of linear diffusion processes.

Proposition 8. Forany p € RY, A € S(N),

511>13)1+ %EGK]?,X&X —X> + %<A(X5,x _x)7X5,x _x>]
:G((%@,DVa (¥)Vp (x) + DV (x)Va(x)) + (AViu (x), Vg () )1<apca)-  (33)

Proof. From the distribution of B; we know that

G(A) = %EGKABl,Bl)] = %EGKAB,,B,)], v > 0.
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Therefore, the R.H.S. of (33) is equal to

s = O (((p, DV (1)Vs (1)) + AV (x), Vs ())) BEBY),

28
for any 6 > 0.
Since
[ 1 1)
Xﬁ,x*x:/ Va(Xv,x)dB?+§/ DVa(Xs,x)Vﬁ(Xs,x)d<BavBﬁ>sa
0 0

by the properties of E¢ and the distribution of B;, we have

1 1
|5EG[<p7X5,x _x> + §<A(X5,x _x)»XB,x _x>] - 15|

1 )
<|%EG[/O <p7DVOC(Xv7x) VB (X?,x)>d<Ba,Bﬁ>S

A 5v X;.)dB* 5VX dBP)) — - ES[(p, DV (x) - Vi (x)) (B%, BP
0 [ Va8, [ V(X aBE)) = S5BCLp. DY) Vi 1) (8%, 5)

+ (AVa(x)BE, Vs (x)B2)] | + C82 +C5
) 5
<L / EC(|X, « —x]ds +C / EO|X,x —xfJds+
26 Jo 7 0 |

8
Céi\// EG||X, « — x|2]ds) +C87 +C8,
0

where we’ve also used the fact that G-It6 integrals and Bg‘Bg — (B*,BB) s have zero
mean uncertainty. Here C always denotes positive constants independent of 8.
Now the result follows easily from the fact that

EC(|X, . —x[*] < Ct, Vt €[0,1].

The infinitesimal diffusive nature of (32) characterized by Proposition 8 enables
us to establish the generating PDE of (32) in terms of viscosity solutions. The under-
standing of this PDE, especially its intrinsic nature, is essential for the development
in a geometric setting.

Theorem 11. Let ¢ € C;’(RY), and define
u(t,x) = E°[o(X,.+)], (t,x) € [0,1] x RV,

Then u(t,x) is the unique viscosity solution of the following nonlinear parabolic
PDE:

{‘3‘; — G(VaVpu)1<aped) =0, s

M(va) = (P(X),
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where V/avﬁ denotes the symmetrization of the second order differential operator
VaVB, that is,
1

Proof. The continuity of u in ¢ and x can be shown in a standard way by using the
Lipschitz continuity of ¢ (in fact, u is Lipchitz in x and %-Hélder continuous in t).
Here the proof is omitted.

Fix (f9,x0) € (0,1) x RV. Let v(t,x) € C;([0,1] x RV) be a test function such

that
u(to,xo) = V(l‘()ﬂ(())

and
u(t,x) <v(t,x), ¥(t,x) € 0,1] x RV,

For 0 < 8 < 1y, by the uniqueness of the SDE (32) and the fact that B, and <B°‘,BB )
have independent and identically distributed increments, we know that

fo
ES [0 (X, )| Q5] = EC[0 (X, + /5 Vo (X, 1, )dB

1 [P
+2/5 DV (Xyx) -V (Xs.x)d(B* , BP ) )| Q5]
]E [(P( 10— 5})”)’ XB\U
Therefore,

v(to,%0) = E°[@(Xiy.x, )]
EC[EC[@(Xyy,1)|25]]
ECu(to — 8, X5 5,)]
< ECv(to — 8,X5,5,)]-

It follows that

0< EG[v(to - 57X6,x0) — V(IQ,X())]
= EC[v(to — 8,X5,4,) — v(t0. X5.x,) + V(t0, X5 1,) — v(t0,%0)]

_ EG 5/ lo — 06)5,X53x0)d06 + <VV([0,X0)7X57XO —X()>

+ /O /0 (V010,50 + 0B (X5, —50)) (X a5 — X0) X5 0 — X0) td ]

d
< =85 (10.30) + E[(Voli0,%0). X5, — o)

1
) (V20(t0,%0) (X5 1) —X0), X5 ¢, —X0)] + EC[|I5]] + EC[|J5],
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where

v

Loy
Is = —5/0 (EOO_(] _O‘)&X&xo)_ ot (IO’XO))da’

Js = /Ol /01<(V2V(t07x0+aﬁ(x&xo —x0))
—V2(t0,%0)) (X — %0), X5, — Xo) @d 0t .
By a standard argument one can easily show that
ES[|15[] + EC[|J5]) < €53,

where C is a positive constant independent of . On the other hand, the R.H.S. of
(33) applying to
p= Vv(t(),xo), A= Vzv(t(),xo),

is exactly the same as G((mv(to,xo))lgaﬁgd). Therefore, by Proposition 8, we
arrive at

& —
2 (10.30) = G((VaVv(to.30) 1< pa) 0.

Consequently, u(t,x) is a viscosity subsolution of (34).

Similarly, one can show that u(z,x) is a viscosity supersolution of (34). Therefore,
u(t,x) is a viscosity solution of (34).

The reason of uniqueness is the following. Define a function F : RN x RV x
S(N) — R by the R.H.S. of (33), that is,

F(x,p,A) = G((%<p7DVa (x) - Vg (x) + DV (x) - Var(x)) + {AVar(x), VB (x))) 1<a.p<a)

for (x,p,A) € RN x RN x §(N). It is easy to prove that F is sublinear in (p,A) and
monotonically increasing in S(N), due to the same properties held by G. Moreover,
F satisfies the continuity condition (Assumption (G) in Appendix C of [27]) for the
uniqueness of the associated nonlinear PDE, due to the regularity of the given vector
fields V. In other words, all properties of G to ensure uniqueness are preserved in
F, and the space dependence of F' coming out are uniformly controlled. Therefore,
according to the uniqueness results (see [4], [27]), the parabolic PDE has a unique
viscosity solution, which is given by u(z, x).

Example 1. An example which motivates the study of G-Brownian motion on a Rie-
mannian manifold is the following.

Let Q € GL(d,R), where GL(d,R) is the group of d x d real invertible matrices.
Define BZ = QB;, and for ¢ € Cy(RY), define

u(r,x) = EC[p(x+B2)], (t,x) € [0,1] x RY.

Then u(t,x) is the unique viscosity solution of the PDE:
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{%ﬁ‘G(QTVzu'Q) =0,
u(0,%) = 9(x).

In fact, it follows directly from Theorem 11 if we regard x+B,Q as the solution of
the SDE over [0, 1]:

{dxt,x = Qa 0dBF, 35)

XO,X =X,

where Q = (Q1,---,0Qq4), and each Q, is a constant vector field on R (so the SDE
(35) coincides exactly with the It type one).

The result of Theorem 34 is similar to the discussion of nonlinear Feynman-
Kac formula in [27], in which the solution of a forward-backward SDE is used to
represent the viscosity solution of an associated nonlinear backward parabolic PDE.
In our case, the intrinsic nature of (34) is fundamental and should be emphasized
below in order to develop G-Brownian motion on a Riemannian manifold.

It is not hard to see that the nonlinear second order differential operator

G((VaVp)1<aped)

is intrinsically defined on RV, since Vi, - -,V are vector fields independent of co-
ordinates. Moreover, in local coordinates it preserves the same properties of the G-
function which is defined under the standard coordinate system of R?. In particular,
it shares the same ellipticity as G. Therefore, when the vector fields V,, are regular
enough, from our results in Section 6, we are able to establish the generating PDE
of a nonlinear diffusion process on a differentiable manifold. As in the last section,
for technical simplicity we restrict ourselves to compact manifolds.

Assume that M is a compact manifold, and Vi ,-- -,V are C3-vector fields on M.
According to Section 6, the Stratonovich type SDE over [0, 1]
{dX,,x = Vi (X,.x) 0dB, G6)

Xox=x€M,

has a unique solution. The following result is immediate from Theorem 11.

Theorem 12. Let ¢ € C*(M), and define
u(t,x) = E°[@(X,0)], (1,%) € [0,1] x M,

then u(t,x) is the unique viscosity solution of the following nonlinear parabolic PDE
onM:

(37)

5 G((m“)l@x,ﬁgd) =0,
u(O,x) = (P()C),
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where m is the symmetrization of Vo Vg, defined in the same way as in Theorem
11. Here the notion of viscosity solutions for the PDE (37) can be defined in the
same way as in the Euclidean case by using test functions (see [1]).

Proof. The result follows easily from an extrinsic point of view.

In fact, assume that M is embedded into an ambient Euclidean space RMN as a
closed submanifold, and take a C3-extension Vy, of V,, with compact support. Con-
sider the following Stratonovich type SDE over [0, 1]:

dX, . = Vg (X;..) odB%,
X()7x =xc RV,

Let @ be a C™-extension of ¢ with compact support, and define
a(t,x) = E°[@(X,0)], (1,2) € [0,1] x RY.

It follows from Theorem 11 that u(t,x) is the unique viscosity solution of the non-
linear parabolic PDE generated by the vector fields V.

According to Section 6, if x € M, X; , will never leave M quasi-surely. Therefore,
when restricted on M, u = u. In particular, we know that u is continuous. To see that
u is a viscosity subsolution of (37), let (g, xo) € (0,1) x M, and v(¢,x) € C>3([0, 1] x
M) be a test function such that

v(to,X0) = u(to,xo)

and
u(t,x) < v(t,x), ¥(t,x) € [0,1] x M.

Take an C§’3—extension v of v such that
i(t,x) < v(t,x), ¥(t,x) € [0,1] x RV,
It follows from previous discussion that

o == _
5(107960) —G((VaVpv(t0,%0))1<ap<a) < 0.

Since _
VOC|M = VOC; ﬂM =V
from the intrinsic nature of the generating PDE, we know that

v v

E(IO,XO) =5, (t0,x0)

and
—_—

G((VaV(t0,%0))1<a p<a) = G((VaVp¥(t0,%0)) 1<ar p<a)-
It follows that
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v

57 (10:30) = G((VaVpv(10.30)) 10 pa) 0.

Therefore, u(t,x) is a viscosity subsolution of (37). Similarly we can show that it is
a viscosity supersolution as well, and thus a viscosity solution.

The uniqueness of (37) follows from the same reason as in the proof of Theorem
11 once we notice that the second order differential operator G((V/avﬂ)lgaﬁgd)
on M shares exactly the same properties as G (in particular, the same ellipticity),
which can be seen either from an extrinsic way or via local computation. Another
way to see the uniqueness is to use the results in [1] as long as we assign a complete
Riemannian metric on M, which is always possible according to [20]. In this case

— 1
G((VaVﬁ '4)1<a,/3<d) = G((E (Vu, VVaVB + VV,; Va) + HCSS”(Va»Vﬁ))lga,ﬁgd),
where V is the Levi-Civita connection corresponding to the Riemannian metric. The
uniqueness of (37) follows from Theorem 5.1 in [1] directly, as the assumptions in
the theorem are verified by the properties of G. Note that we don’t need the Ricci
curvature condition in [1] due to the compactness of M and uniform continuity of

G((VaVs)1<ap<d)-

Remark 6. The study of the SDE (36) as a nonlinear diffusion process on M does not
require a Riemannian metric or a connection on M. The fundamental reason is that
(36) is defined in the pathwise sense as an RDE generated by the vector fields V,, on
M. Such an RDE only depends on the differential structure of M. The infinitesimal
diffusive nature of (36) can be studied by local computation.

Now we turn to the study of G-Brownian motion on a Riemannian manifold. The
Riemannian structure (the Levi-Civita connection) is used to “roll” the Euclidean
G-Brownian motion up to the manifold “without slipping” by solving an SDE gen-
erated by the fundamental horizontal vector fields on a proper frame bundle (known
as horizontal lifting). This is the fundamental idea of Eells-Elworthy-Malliavin on
the construction of Brownian motion on a Riemannian manifold.

As is pointed out at the beginning of this section, the essential point of such
development is the invariance of the generating PDE on the frame bundle under
actions by the structure group along fibers. The key of capturing such invariance is
Theorem 34 and Example 1, which leads to the following important concept.

Definition 7. The invariant group /(G) of G is defined by
I(G) ={Q € GL(d,R) : VA € S(d), G(Q"AQ) = G(A)}.

It is easy to check the I(G) is a group, and hence a subgroup of GL(d,R).
By using the representation (31) of G, we have the following equivalent charac-
terization of the invariant group /(G).

Proposition 9. Letr G be represented by

1
G(A) = 5225 tr(AB), VA € S(d),
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where X is some bounded, closed and convex subset of S;(d). Then X is uniquely
determined by G and the invariant group I(G) of G is given by

I(G)={Q€GL(d,R): QxQ" =x}. (38)

Proof. Tt suffices to show the uniqueness of X, and (38) will follow immediately
from the commutativity of the trace operator and the uniqueness of X. Note that for
any Q € GL(d,R), QX Q7 is also a bounded, closed and convex subset of S (d).

Introduce a symmetric bilinear form (-, -)¢ on the finite dimensional vector space
S(d) by

<A17A2>tr = tr(AlAz), A1,Ar € S(d).

It is easy to check that (-, -)¢r is indeed an inner product, thus (S(d), (-, -)¢r) is a finite
dimensional Hilbert space. The form || - ||, induced by (-,-}¢ is equivalent to any
other matrix norm on S(d) since S(d) is finite dimensional.

Let X, X, be two bounded, closed and convex subsets of S (d), such that

sup tr(AB) = sup tr(AB), VA € S(d).
Bex, BeX,

If X, # X,, without loss of generality assume that By € X;\Z;. According to the
Mazur separation theorem in functional analysis (see [29]), there exists a bounded
linear functional f € S(d)* and some a € R, such that

f(B) < a< f(By), VB € X;.
By the Riesz representation theorem, there exists a unique A* € S(d), such that
f(B) ={(A*,B)t =tr(A*B), VB € S(d).
It follows that

sup tr(A*B) < a < tr(A*By) < sup tr(A*B),
BeX, BeX,

which is a contradiction. Therefore, X; = X,.

We list some examples for the invariant groups I(G) of different G-functions.

Example 2. If ¥ = {0}, then it is obvious that I(G) = GL(d,R), which is a noncom-
pact group.

Example 3. It is possible that I(G) is a finite group.
Consider X is the set of diagonal matrices

A= diag(ll,--~ ,ld)

such that each Ay € [0,1], then X is a bounded, closed and convex subset of S, (d).
We claim that

I(G) = {(Fes(1), ", Teq(a)) : O is a permutation of order d}, (39)
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where {ey, - ,e4} is the standard orthonormal basis of R?, each ¢; being regarded
as a column vector.
In fact, if Q € GL(d,R) has the form (39), by direct computation one can show
easily that
oxrof ==x. (40)

Conversely, if Q satisfies (40), by choosing
A =diag(1,0,---,0),

we know that
(AQ")E = 0%

Therefore, if QAQT € X, the first column of Q must contain exactly one nonzero
element g; such that q% < 1. Similarly for other columns of Q. Moreover, the corre-
sponding nonzero elements in any two different columns of Q must be in different
rows, otherwise Q will be degenerate. Consequently, Q has the form

0= (qies(1)," " 19des(a))

with %'2 <1 (@G=12,---,d). On the other hand, for the identity matrix I;, there
exists A € X, such that
0AQT =1,.

By taking determinants on both sides, we have
qi -+ qgdet(A) = 1,

which implies that g4 = +1 (@ = 1,2, - ,d). Therefore, Q has the form of (39).
Note that in this case I(G) is a finite subgroup of the orthogonal group O(d) with
order 2¢d!. Moreover, G is given by

1

G(A) = i (A%)*, VA € 5(d).
a=1

|

Example 4. Now we give some examples of G such that 7(G) = O(d). Such case
will be our main interest in this article.

(1) X = {I}.

Obviously (40) is equivalent to Q € O(d).

This corresponds to the case of classical Brownian motion, in which

G(A) = %tr(A)

and the generator is %A.
(2) X is given by the segment joining A1; and pl,;, where 0 < A < p.
If 0 € GL(d,R) such that (40) holds, then
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nQQ" =tl,,

for some ¢ € [A, ]. On the other hand, there exists some ¢’ € [A, i] such that
700" = uly.

The only possibility is that QQ7 = I;, which means Q € O(d). The converse is
trivial.
In this case, G is given by

G(A) = %(u(mﬁ — A(trA)7).

The corresponding G-heat equation can be regarded as the generalization of the
one-dimensional Barenblatt equation to higher dimensions.

(3) X is given by the subset of matrices B € S, (d) such that the eigenvalues of B
lie in the bounded interval [A, ut], where 0 < A < u. Equivalently,

T={BeS,(d): A <x"Bx<u, Vxe R with [x| = 1}.

It follows that X is a bounded, closed and convex subset of S (d).

Since X is characterized by eigenvalues, and the eigenvalues of a symmetric ma-
trix is preserved under change of orthonormal basis, it follows that for any Q € O(d),
(40) holds. Conversely, let Q € GL(d,R) with (40). Then there exists Bj,B; € X,
such that

1QQ" = B1, 0B,Q0" = uly.

It follows that all eigenvalues of QQ7 lie in [%, 1], and

det(QQT )det(B,) = u¢.

Therefore, the only possibility is that all eigenvalues of QQ7 are equal to 1, which
implies that Q is an orthogonal matrix.
In this case G can be expressed by

1
G(A) = Elsgugtr(AB)
e

1

= — sup sup  tr(APTdiag(cy,---,cq)P)
2 peo(d) A<cr, ca<ut
1

= — sup sup  tr(PAPT diag(cy,--- ,cg))
2 peo(d) r<e) - cq<p
1 d

=~ sup sup Y ca(PAPT)G
2 peo(d) A<er - cq<i g

1 d

= sup Y (u((PAPT)G)* —A((PAPT)S) ™).
PeO(d) a=1
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Similar to Example 4, for those X’s characterized by eigenvalues, we can con-
struct a large class of G such that I(G) = O(d).

Remark 7. If X has at least one nondegenerate element, that is, there exists some
positive definite matrix By € X, then I(G) is a compact group. In fact, if we introduce
a matrix norm || - || g, on the space Mat(d,R) of real d x d matrices by

[Allg, = \/ir(ABoAT), A € Mat(d, R),

it follows that

sup [[Qlls, = sup /tr(Q@BoQ") < Sup /r(B) < e,
€

Q€l(G) Q€l(G)

since X is bounded. It is obvious that I(G) is closed. Therefore, it is compact.

Now assume that (M,g) is a d-dimensional compact Riemannian manifold. If
we allow explosion of a nonlinear diffusion process at some finite time, then the
arguments below will carry through on a noncompact Riemannian manifold as long
as the time scope is restricted from O up to the explosion. Here we only consider the
compact case, in which explosion is not possible.

We first recall some basics about frame bundles, which is the central concept in
the horizontal lifting construction. For a systematic introduction please refer to [2],
[16].

Let .7 (M) be the total frame bundle over M defined by

F (M) = UyeyF(M),

where the fibre .7, (M) is the set of all frames (bases of the tangent space Ty(M))
at x. A frame & = (&;,---,&;) € F(M) can be equivalently regarded as a linear
isomorphism from R? to T,M (also denoted by &) if we let

6(90) :éﬂh a= 1,2,"' ada

and extend linearly to R¢, where we always fix {e1,-- ,eq} to be the standard or-
thonormal basis of R?. .% (M) is a principal bundle with structure group GL(d,R)
acting along fibers from the right.

Fix a frame § € 7, (M). A vector X € Tz.7 (M) is called vertical if it is tangent
to the fibre .7, (M). The space of vertical vectors at & is called the vertical subspace,
and it is denoted by Ve (M). Ve 7 (M) is a d*-dimensional vector space, which is
independent of the Riemannian structure.

A smooth curve & = (& ;- ,&4,) € F (M) is called horizontal if g is a paral-
lel vector field along the projection curve x; = w(&;) for each ¢ = 1,2,--- ,d. Given
a smooth curve x; € M and a frame &y = (&1,---,&;) € Fy, (M), by solving a first
order linear ODE, we can determine a unique parallel vector field &y, along x; with
Eao =& foreach @ =1,2,---,d. The smooth curve

é = (él,t,"' 7§d,t) Ey(M)
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is then the unique horizontal curve with x; = 7(&,) and initial position &. &, is called
the horizontal lifting of x; from &y. A vector X € Te 7 (M) is called horizontal if it
is tangent to a horizontal curve through £. The space of horizontal vectors at & is
called the horizontal subspace, and it is denoted by Hg.7 (M). It is a d-dimensional
vector space characterized by the Levi-Civita connection V.

As & varies, V.7 (M) (respectively, Hz. % (M)) determines a vertical (respec-
tively, horizontal) subspace field on M. The following result reveals the fundamental
structure of .# (M).

Theorem 13. The horizontal subspace field H% (M), which is determined by V,
has the following properties.
(1) For each & € F(M), the tangent space Tz (M) has the decomposition

Moreover, Hg 7 (M) is isomorphic to T:M under the canonical projection T :
F(M)— M.

(2) HZ (M) is invariant under actions by the structure group GL(d,R). More
precisely, for any & € # (M), Q € GL(d,R),

0.(He F(M)) = Hz g F (M).

It should be pointed out that given any horizontal subspace field H.# (M) satis-
fying the two properties in Theorem 13, there exists an affine connection V/ such
that HZ (M) is the horizontal subspace field determined by V.

On .Z (M) there is a canonical way to define a frame field globally, which is not
always possible on a general Riemannian manifold. This makes .% (M) simpler than
the base space M in some sense. Fix w € R?. For any & € .%, (M) regarded as a linear
isomorphism & : RY — T.M, & (w) is a tangent vector in T,M. By Theorem 13 (1),
& (w) corresponds to a unique vector H,,(§) € Hg % (M). It follows that H,, is a glob-
ally defined horizontal vector field on % (M). If we take w = eq (¢ = 1,2,--- ,d),
then we obtain a family of horizontal vector fields {H,,,---,H,,} as a basis of the
horizontal subspace Hg.% (M) at each frame § € .7 (M). {H,,,--- ,H,,} are called
the fundamental horizontal fields of .% (M), simply denoted by {H;,--- ,Hy}.

Now we introduce the concept of development and anti-development (see [12]),
which is crucial in the construction of G-Brownian motion on M. Assume that x; €
M is a smooth curve and & is the horizontal lifting of x;, from &y. Then we can
determine a smooth curve

t
w, = / és_l)'csds eR?
0

starting from O (w; is regarded as a column vector in R%). w; is called the anti-
development of x; in R? with respect to &). If & and 1, are two horizontal lift-
ings of x; with & = 1MpQ for some Q € GL(d,R), then the two corresponding anti-
developments are related by

wil = Qws.



G-Brownian Motion as Rough Paths 55

The fundamental relation between the anti-development w; of x; and the horizontal
lifting &, is the following ODE on .# (M) :

d& = Ho (& )dwy". (41)

Conversely, given a smooth curve w, € R? starting from 0, by solving the ODE
(41) on .Z (M) with initial frame &, we obtain a horizontal curve & € .% (M). The
projection x; = (&) is called the development of w, in M with respect to &. If
we use another initial frame 19 = &Q~! and the driven process v, = Qw; € R?, by
solving (41) from 7o and projection onto M we obtain the same curve x;. In this way,
we obtain a one-to-one correspondence of the Euclidean curve w; and the manifold
curve x; via the horizontal curve & in .% (M), which depends on the initial frame &.
The procedure of getting x; from w; is usually known as “rolling without slipping”.

A crucial point should be emphasized here is that such procedure is carried out
by solving the ODE (41) in the pathwise sense, which fits well in the context of
rough paths if the Euclidean curve wy is interpreted as a rough path. In this case,
(41) should be interpreted as an RDE. This is an important reason why we need to
develop the notion of Stratonovich type SDEs on a differentiable manifold.

For a general Euclidean G-Brownian motion B;, from Section 6 we are able to
solve (41) pathwisely if the driven curve dw; is replaced by dB; in the Stratonovich
sense (or in the RDE sense). By projecting the solution & € .% (M) to the manifold
M, we obtain a process X; € M pathwisely which depends on the initial position xgp
and the initial frame &y € ., ,(M). A disadvantage of using the total frame bundle
Z (M) is that in this way it is not possible to write down the generating PDE govern-
ing the law of X; intrinsically on M, which does not depend on the initial frame &.
Note that the generating PDE of &, is well-defined on % (M) according to Theorem
12, which takes the form

% —G((HoHput) <o p<a) = 0. (42)
The main reason for such disadvantage is that the PDE (42) is not invariant under
actions by GL(d,R) along fibers, since the G-function does not have such kind of
invariance.

To fix this issue, a possible way is to use the invariant group I(G) of G as the
structure group, so that the generating PDE will be invariant under actions by /(G)
along fibers due to the form (42) it takes. Therefore, we need to use a proper frame
bundle (a submanifold of .% (M) which is a principal bundle over M with structure
group I(G) and fibers being a suitable class of frames) instead of .% (M). The fibers
of such frame bundle should be preserved by parallel transport so the fundamental
horizontal fields can be restricted on it and we are able to solve the RDE

d& =Hq (&) Odea

on the frame bundle. It will turn out that we are able to establish the generating PDE
of the projection process X; = m(&;) intrinsically on M, which does not depend on
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the initial frame. Therefore, although as a process the sample paths of X; depends on
the initial frame (this is not surprising since in the Euclidean case we also don’t have
a canonical Brownian motion if we do not fix the frame {ej,---,e4} in advance),
the law of X; will not. In this way we obtain a canonical PDE on M associated with
the original G-function, which can be regarded as the generating PDE governing
the law of X;. The process X; can be defined as a G-Brownian motion on M and the
generating PDE will play the role of the canonical Wiener measure (the solution of
the martingale problem for the operator %AM) on M in the nonlinear setting.

The construction of such frame bundle for a G-function with an arbitrary invari-
ant group /(G) is not clear to us at the moment. However, in the case when I(G)
is the orthogonal group O(d), which contains a wide and interesting class of G-
functions, there is a very natural frame bundle serving us well for the purpose: the
orthonormal frame bundle &'(M).

From now on, let G be given by (31) with I(G) = O(d).

The orthonormal frame bundle &' (M) over M is defined by

O(M) = Usem Ox(M),

where the fibre £,(M) is the set of orthonormal bases of T,M. Since M is compact,
O(M) is a compact submanifold of .% (M). Moreover, since the Levi-Civita con-
nection is compatible with the Riemannian metric g, parallel transport preserves the
fibers of &'(M). Therefore, statements about .% (M) before on the horizontal aspect
can be carried through in the case of &(M) directly. In particular, the fundamental
horizontal fields Hy, can be restricted to & (M). The only difference is in the vertical
direction: the fibre becomes orthonormal frames, and the structure group which acts
on fibers becomes the orthogonal group; the dimension in the vertical direction is
reduced to @

For & € 0(M), according to Section 6, let U, ¢ € (M) be the unique solution
of the following RDE over [0, 1]:

(43)

dU,’é = Ha (Ut,é) odBf‘,
Upe =¢€.

Let X; ¢ = (U, ¢) be the projection of U, ¢ onto M.

Definition 8. X, ¢ is called a G-Brownian motion on the Riemannian manifold M
with respect to the the initial orthonormal frame & € &,(M), and U, ¢ is called a
horizontal G-Brownian motion in &'(M) starting from &.

For any ¢ € Cy;,(M) (under the Riemannian distance), define

u(t7§) = EG[(P(Xté)]v (t7§) € [07 1] X ﬁ(M)

Let ¢ = @ o7 be the lifting of ¢ to &'(M). It is obvious that

u(t,&) =E°[p(U, ¢)].
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By Theorem 12, we know that u(z, &) is the unique viscosity solution of the follow-
ing nonlinear parabolic PDE:

au - ( H )léa,ﬁéd) :07
{ 0.6~ 0(6), @

on O(M).
The following result tells us that the law of X; ¢ depends only on the initial posi-
tion x.

Proposition 10. I[f &, 1 € O,(M), then

u(t,§) = u(t,n).

Proof. For any fixed orthogonal matrix Q € O(d), let B, = OB,, which is an or-
thogonal transformation of the original G-Brownian motion B;, and let W,  be the
pathwise solution of the following RDE over [0, 1]:

Wog=8€0(M),

on &(M). If we regard B; as the solution of the SDE
dB; = QudBY*

starting from O with constant coefficients, then the RDE (45) is equivalent to

dW, ; = Hg(W, ;) Ob 0 dB,
WO,C = C)

in which the generating vector fields are Hg Qg. Since the invariant group I(G) of G
is the orthogonal group, by Theorem 12 we know that the function

v(t,8) =E°[9(W, o). (1,8) €[0,1] x (M)
is the unique viscosity solution of the same PDE (44) on &'(M). Therefore,
u(t,§) =v(t,6), ¥(t,8) € [0,1] x O(M).

Now since &,n € 0,(M), there exists some Q € O(d) such that & = nQ. Define
W, ¢ as before. By the previous discussion on the relation between different anti-
developments, we know that

X e =n(Ug)=nWiy), Vt€[0,1].

Therefore,
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u(t,§) = E[pon(U,¢)]
= Epon(Wn)]
=v(t,1)
= u(t,n).

From Proposition 10, we know that u(¢,&) is invariant along each fibre. There-
fore, the law of X; ¢ depends only on the initial position x € M but not on the initial
frame £. We use u(r,x) to denote u(t, &), where x is the base point of &. In this situ-
ation it is possible to establish the PDE for u(z,x) intrinsically on M by “projecting
down” (44), which should become the generating PDE governing the law of X; .

For any u € C*(M), take an orthonormal frame § = (&;,---,&4) € O,(M), and
consider the quantity

G((Hessu(8a,Ep))1<a.p<a)-

Since I(G) = O(d), it is easy to see that the above quantity is independent of the
orthonormal frame § € €,(M). In other words, G can be regarded as a functional
of the Hessian, and the nonlinear second order differential operator G(Hess(-)) is
globally well-defined on M.

Now we have the following result.

Theorem 14. u(t,x) is the unique viscosity solution of the following nonlinear heat

equation on M :

a _

9 — G(Hessu) =0, 46)
u(0,x) = @(x).

Proof. Tt suffices to show that: if f € C*(M), and f = fomis the lifting of f to
O (M), then for any & = (&;,---,&y) € O (M),

Hessf(Eq, &) (x) = HoHp /(E).

Note that uniqueness follows from the same reason as pointed out in the proof of
Theorem 12 by using results in [1].

In fact, for any & = (&;,---, &) € Ox(M), let & be a horizontal curve through
& such that Hg(&) is tangent to & at t = 0, and let x; be its projection onto M. It
follows that the tangent vector of x; at =0 is 5[;, and

Therefore, if now assume that &, is a horizontal curve through £ with tangent vector
Hy(E) at & and still x, = w(&;), then
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HoHg f(8) = Ha (8, VF(7(£))),

_ %bzogm,w(&»g

= <Djf’t |,:0,Vf(x)>g + <§ﬁ7V€an(.x)>g

= Hess f(&a, Ep) (%),

where we’ve used the fact that §ﬁ7, is parallel along x;.

Since X; ¢ is the projection of U, ¢ and U, ¢ is the solution of the RDE (43) which
is equivalent to an It6 type SDE from an extrinsic point of view, by Theorem 14 we
can see that as a process on M the law of the G-Brownian motion X; ¢ is character-
ized by the nonlinear parabolic PDE (46).

Example 5. When G is given by a functional of trace, as in Example 4 (1), (2), the
generating PDE (46) takes a more explicit form in terms of the Laplace-Beltrami
operator Ay on M. This is due to the fact that

Ay = tr(Hess).

For instance, if G(A) = $tr(A), then (46) becomes the classical heat equation on M:

du 1

— — =Apyu=0

o 2oMH=%
which governs the law of classical Brownian motion on M (see [12], [13]). If G is
given by

G(A) = 5 ((wA) "~ A(txA) ),
where 0 < A < U, then (46) becomes

du 1 _

57~ 5 (B(Auu)" = A(Ayu) ") = 0.
It is a generalization of the one-dimensional Barenblatt equation to higher dimen-
sions in a Riemannian geometric setting.

As pointed out before, as a process the G-Brownian motion X;  on M depends
on the initial orthonormal frame & and hence there is not a canonical choice of a
particular one. However, if we consider the path space W (M) = C([0,1]; M), then
for each x € M, it is possible to define a canonical sublinear expectation [E, on the
space ¢ (M) of functionals on W (M) of the form

f(-xt17' o 7-xtn)7

where 0 <11 < --- <1, <1 and f € Cr;(M), such that under E, the law of the
coordinate process is characterized by the PDE (46) with E,[@(xp)] = ¢(x) for any
(ORS CL,'p (M)
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To see this, we will define [E, explicitly. We use uy(f,x) to denote the solution
of (46), emphasizing the dependence on ¢. For a functional of the form f(x;), we
simply define

Eulf ()] := up(2,%).

For a functional of the form f (x,x;), Exf(xs, %) should be defined by EC[f(X; ¢, X, £)],
where X; ¢ is a G-Brownian motion on M with respect to an initial orthonormal
frame & € O(M). Similar to the proof of Theorem 11 we know that

EG[f(Xs,:gvXt,'é)] = EG[EG[f(Xs,E’Xué)“QsH
= E°[R[f(7(Uye), 7(U, £))|19%]]
= EG[EG[f(”(n)aXtas,n)}|n:U&5}-

But since the law of X; ;5 does not depend on the initial orthonormal frame 71, we
obtain that

]EG[f(TC(n)vths,n)]|n:UJ.§ = uf(Xs‘g-f)(t _S7Xs,<§)~

Therefore, we define

E[f(x5,%)] := G[f(XS"g,Xt@)] = “g(sax)a

where

Inductively, assume that

u;ﬂ) (tl RN 71‘”,)5) = ]Ex[f(xt] AR ’xtn)]
is already defined. For a functional of the form f(x;,---,x;, ), define

Ex[f(xfl X, )] = ug(tl?x)7

where

8(y) = M%Wz =1,y —11,Y), YEM.

Then E, is the desired sublinear expectation on ¢ (M).

Remark 8. As we’ve pointed out before, for noncompact Riemannian manifolds, the
RDE (43) may possibly explode at some finite time and so may the corresponding G-
Brownian motion as well. An interesting question is the study of explosion criterion.
It might depend on the curvature and topology of the Riemannian manifold.

On the other hand, for those G-functions with the same invariant group, they
may have some special features in common; while for those with different invariant
groups, their structure should be very different. The study of classification of G-
functions in terms of the invariant group is interesting, and it might give us some
hints on generalizing our results to the case when I(G) # O(d). We believe that in
some cases it is still possible to construct a proper frame bundle with structure group
I(G) on which we can apply similar techniques in this section. But in some extreme
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cases, for instance when I(G) is a finite group as in Example 3, it seems difficult
to proceed along this direction unless we have a globally defined frame field over
the Riemannian manifold M, which is usually not true. We might need some very
different methods for those extreme cases.

8 Conclusion

To summarize, the motivation of the present article is to understand nonlinear diffu-
sion processes from the view of rough path theory, and in particular, to understand
the intrinsic and geometric nature of the nonlinear heat flow. Along this direction,
the pathwise approach under the framework of rough paths seems to be a right tool,
since it is not natural to use It6’s formulation from the geometric point of view, and
localization technique from It6’s perspective is not well understood in the nonlinear
situation.

In this article, we study the geometric rough path nature of sample paths of G-
Brownian motion, which enables us to establish differential equations driven by
G-Brownian motion in a pathwise sense. Furthermore, we establish the fundamen-
tal relation between the two types of differential equations driven by G-Brownian
motion. Such relation enables us to develop nonlinear diffusion processes on a dif-
ferentiable manifold and G-Brownian motion on a Riemannian manifold from the
pathwise point of view. The pathwise approach seems to be quite natural if we aim
at understanding the intrinsic and geometric nature of nonlinear diffusion processes.
Finally, we establish the generating nonlinear heat equation of G-Brownian motion
on a Riemannian manifold and construct the associated canonical sublinear expec-
tation on the path space for a class of nonlinear G-functions whose invariant group
is the orthogonal group. Although such class of G-functions contains the most im-
portant and interesting examples so far, it remains an open problem for the general
case (in particular, the singular case) where the use of orthogonal frame bundle is
no longer applicable.
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