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Preface

Geometry and Invariance in Stochastic Dynamics

The study of symmetries and invariance properties of ordinary and partial differential
equations (ODE and PDE resp.) is a classical and well-developed area of research
and provides a powerful tool for computing some explicit solutions to the equations
and analyzing their qualitative behavior.

In the last decades, the fruitful notions of symmetry and invariance have been
extended beyond classical mechanical systems. In fact, the development of geometric
mechanics allowed the generalization of these notions to more complex (finite and
infinite dimensional) systems arising in many different areas of physics.

It is well known that variational principles, and their associated Hamiltonian
formulations, provide a natural framework for both classical and modern physics,
such as general relativity and quantum mechanics, and constitute one of the most
useful tools in mathematical physics. In particular, the physics of the XXth century
was deeply influenced by the fundamental theorem of Noether, which associates
symmetries of a classical dynamical system with its invariants, i.e., with quantities
that remain constant during the time evolution of the system.

The modern theory of symmetry for ODEs and PDEs, due to S. Lie, is based on
the extension of the original concept of discrete group introduced by E. Galois to
continuous groups of transformations. Nowadays, Lie’s symmetry theory is widely
applied both to ODEs and PDEs in order to reduce the original system to a simpler
form, exploiting symmetry-adapted coordinates.

From a numerical point of view, the theory of geometric numerical integration
for ODEs focuses on the preservation of continuous geometric structures under
time discretization. It provides a powerful alternative to standard discretization
methods with a significant impact on the theoretical and practical aspects of modern
computational mathematics.

Another research area involving symmetry and invariance arises from the inter-
action of quantum theory and probability. Indeed, since the first quarter of last
century, the development of the theory of general relativity enhanced the traditional
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viii Preface

links between classical deterministic mechanics and analysis and set off emerging
research fields between algebra and geometry. At the same time, quantum mechanics
connected analysis and probability and in the second half of last century, these inter-
actions spread to quantum field theory and to the study of singular partial differential
equations.

Despite the big achievements obtained in the deterministic setting, the impor-
tance of the study of invariance properties and geometric structure of finite- or
infinite-dimensional stochastic differential equations (SDEs and SPDEs resp.) has
been overlooked for a long time and a systematic generalization of the determin-
istic results to the stochastic framework is much needed from both practical and
theoretical point of view.

The purpose of this book is to collect contributions in this direction and to
provide an overview that can inspire further researches aiming at generalizing to
the stochastic framework results involving geometric structures and invariance prop-
erties of deterministic ODEs and PDE:s. For this reasons, the papers included in the
volume range from theoretical probability to the study of geometric and algebraic
structures, offering an extraordinary opportunity to approach this promising research
field from different perspectives.

In the following, without claiming to be complete, we try to outline the main
research topics that are tackled in the book.

From a geometric point of view, the generalization of geometric mechanics,
which is essentially based on group-invariant variational principles, to (Stratonovich)
stochastic setting gave rise to the new research area called stochastic geometric
mechanics (abeautiful introduction to the subject can be found in the Springer Volume
titled Stochastic Geometric Mechanics, 2017). Important achievements of this
stochastic extension are the variational formulation of SDEs and the Euler-Poincare
reduction of stochastic infinite-dimensional variational systems in stochastic fluid-
dynamics. In particular, recent theoretical results in this framework turned out to be
extremely useful in order to obtain advanced numerical analysis techniques.

On the other hand, a direct (but non-trivial) extension of Lie symmetries approach
to the stochastic setting can be successfully exploited in order to determine explicit
solutions to SDEs, to reduce and reconstruct symmetric SDEs as well as to find
finite-dimensional solutions to SPDEs.

Moreover, recent advances unveil the central role played by algebraic structures
such as pre-Lie and post-Lie algebras, and their enveloping algebras which permit
to join B-series and Lie-series into Munthe-Kaas’ Lie-Butcher series on manifolds.
These structures turn out to be associated with Euclidean geometry and with homo-
geneous manifolds and Lie groups, and recent results in this framework provide
an interesting extension of the theory of Lie group integration to nonlinear SDEs.
Moreover, the Lie and Hopf algebraic setting underlying Lie group integration was
recently adapted to Lyons’ theory of rough paths, extending the notion of rough
differential equations to homogeneous spaces. In this area advanced combinatorial
methods have been successfully applied.

Furthermore, the interest in the study of singular PDEs, renormalization theory
for quantum fields and critical phenomena in statistical mechanics gave a big boost
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to new researches on SPDEs that experienced striking new developments in recent
years.

On the other side, the investigation of invariance properties for stochastic
processes provides an interesting and well-established research topic in theoretical
probability.

When stochastic processes take their values in manifolds, the standard proba-
bilistic tools have to interact with differential geometry techniques, originating a
research field called stochastic differential geometry. Since Lie groups combine the
algebraic structure of a group with the geometric notion of differential manifold, an
interesting challenge is the study of diffusions, Markov processes, and Lévy processes
on Lie groups. In particular, the analysis of the invariance properties of this kind of
processes under the action of the group gives promising results in the study of SDEs
driven by Lévy processes (also in the jump case) as well as in their characterization in
terms of stochastic variational principles. Moreover, the investigation of a stochastic
process by means of its invariance under random transformations provides useful
characterizations of the process itself.

Since many equations are not perfectly symmetric, another interesting theoretical
emerging area is the perturbations of symmetric or Hamiltonian systems. In this
setting, the symmetries of a diffusion equation can also be exploited in order to
obtain precise analytical properties of the related semigroup. These results have
important applications in the case of symmetric spaces with invariant Riemannian
structures.

Finally, the knowledge of some closed formula is also crucial in many applications
of stochastic processes, since it permits to develop faster and cheaper numerical algo-
rithms for the simulation of the process or to evaluate interesting quantities related to
it, such as martingales which can be individuated through stochastic Noether theorem
as counterparts of the deterministic conserved quantities.

The Conference, titled Random Transformations and Invariance in Stochastic
Dynamics (25-29 March 2019), held in the cloister of San Giorgio in Braida in
Verona (Italy) and was dedicated to Sergio Albeverio for his 80th birthday.

In connection with the conference two volumes are being published. A first volume
consists of contributions directly related to the extraordinarily rich and exciting
human and scientific adventure of Sergio Albeverio; the present second volume,
as recalled above, contains the main research lines on geometry and invariance in
stochastic dynamics.

The editors of the present volume thank the authors who, besides actively
participating to the conference, accepted the invitation to write up their contributions.
We also thank other lecturers at the conference who greatly collaborated to the success
of the event and all the participants, for their presence and their active contribute to
create a really agreeable and inspiring atmosphere.

Many thanks to Marina Reizakis of Springer-Verlag, for accepting our invitation
to attend the Conference and to put on display books related to the conference.
Her competent and stimulating advice during the preparation of these proceedings
was greatly appreciated. We also thank Banu Dhayalan of Springer-Verlag for their
technical support in the preparation of the printing process.
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Special thanks to the Rector of San Giorgio in Braida, Don Giorgio Marchesi, for
the permission to enjoy the Renaissance chapter house and the beautiful cloister on
the banks of Adige river who constituted the venue of the Conference.

The editors are also grateful to the following institutions for the financial support:
University of Milano (Transition grant to S. Ugolini), GNAMPA (INDAM), Univer-
sity of Trento, Linneaus University, University of Wuppertal, and University of
Insubria.
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Some Recent Developments on Lie m
Symmetry Analysis of Stochastic e
Differential Equations

Sergio Albeverio and Francesco C. De Vecchi

Abstract We present a brief review of recent progresses on Lie symmetry analysis
of stochastic differential equations (SDEs). In particular, we consider some general
definitions of symmetries for Brownian motion driven SDEs, as well as of weak and
gauge symmetries of SDEs driven by discrete-time semimartingales. Some applica-
tions of Lie symmetry analysis to reduction and reconstruction of SDEs, Kolmogorov
equation and numerical schemes for SDEs are discussed. Studies on random sym-
metries of SDEs, as well as extension of Noether theorem on invariants to stochastic
systems and the finding of finite-dimensional solutions to SPDEs are also briefly
reviewed.

Keywords Lie symmetry analysis * Stochastic differential equations *
Kolmogorov equation - Noether stochastic theorem

AMS: 60H10 - 58D19 - 60J76 - 60H35 - 60H15

1 Introduction

The study of infinitesimal (respectively global) symmetries of ordinary differential
equations (ODEs) and partial differential equations (PDEs) has a long tradition in
classical analysis, especially since the groundbreaking work of S. Lie. In fact he
introduced the very concepts that, since the turn of the XIX century, one associates
with the denominations of Lie algebra and Lie groups, acting as transformations
algebras (respectively groups) on solutions of ODEs and PDE:s.

S. Albeverio - F. C. De Vecchi ()

Institute for Applied Mathematics & Hausdorff Center for Mathematics, University of Bonn,
Bonn, Germany

e-mail: francesco.devecchi @uni-bonn.de
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e-mail: albeverio@iam.uni-bonn.de

© Springer Nature Switzerland AG 2021 1
S. Ugolini et al. (eds.), Geometry and Invariance in Stochastic Dynamics,

Springer Proceedings in Mathematics & Statistics 378,
https://doi.org/10.1007/978-3-030-87432-2_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-87432-2_1&domain=pdf
mailto:francesco.devecchi@uni-bonn.de
mailto:albeverio@iam.uni-bonn.de
https://doi.org/10.1007/978-3-030-87432-2_1

2 S. Albeverio and F. C. De Vecchi

Lie’s work has its roots in the study of discrete symmetries of algebraic and
geometric structures especially since N. H. Abel and E. Galois discovery of the notion
of group and its developments, see, e.g. [36]. Another important concept in the study
of symmetries of ODEs and PDEs comes from the connection of these equations
with the calculus of variations, especially since E. Noether’s fundamental work on
the relation of invariants associated with ODEs and PDEs and the transformation
groups, see, e.g. [40, 53-55].

A possible application of these works is the reduction of interesting ODEs and
PDE:s to simpler forms that can be more easily classified and studied. Furthermore,
exploiting the invariants associated with transformation laws, it is often possible to
provide concrete solutions to the associated differential equations. Due to these and
many other interesting applications, there has been an important development in the
theory of symmetries of deterministic differential equations. We refer the interested
reader to, e.g. [4, 5, 39, 51, 56, 57, 61].

Only in more relatively recent years this field of investigation has been extended
to its stochastic counterpart, especially in the form of studies concerning finite and
infinite dimensional stochastic differential equations (SDEs). The most studied case
in the one of finite dimensional SDEs driven by Brownian motion. In this case we
can find in the literature two approaches. The first one exploits the fact that the
solutions to a Brownian-motion-driven SDEs are Markov processes associated with
a second order differential operator L, depending on the SDE, which is an analytic
and deterministic object. In this way one can apply the usual notion of symmetry,
coming from the deterministic Lie symmetry analysis. This kind of research has been
developed in [6, 7, 34, 35, 48-50]. The second approach is instead to generalize
directly the original Lie idea of symmetry as a transformation leaving invariant the
set of solutions. This idea was developed in [26, 29, 32, 41, 42, 52, 60, 63]; see also
[30] for a partial review on this subject and [18-21, 27, 28, 31, 33, 43, 44] for some
more recent results.

Contrary to what happens for the Brownian case, the literature in the setting of
SDE:s driven by general cadlag semimartingales (thus where the driving stochastic
term can contain a jump component) is very scarce. The only references are the
works of [34, 35, 35, 48-50] (already quoted) which, dealing with the general case
of Markov process, cover the setting where the driving process is a Lévy process.
Furthermore there is the work [46] covering the case of SDE driven by general
continuous semimartingales, and [2, 3, 14] discussing the case of SDEs driven by
general semimartingales with jumps.

There are also some interesting works on SDEs driven by Brownian motion and
admitting a variational structure, and a generalization of Noether theorem has been
obtained in this case (see [12, 45, 47, 58, 62, 64] and also [1, 11, 38]).

For the case of infinite dimension SDEs (or stochastic partial differential equations
SPDESs) there is no work addressing directly the problem of the formulation of the
concept of symmetry, with the notable exception of [10] in the particular case of
Zakai equation (arising in filter theory). Nevertheless there are some articles about
the reduction of an SPDE to a finite dimensional SDE looking for explicit solutions,
see [8, 9, 13, 25].
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A detailed overview of the literature on symmetries of SDEs would require too
much space, for this reason we shall limit ourselves to make a particular choice of
some of the main directions of research and refer to given references for complements.
In particular we shall review our own contributions on the subject [2, 3, 18-22]
and we limit ourselves to present, in Sect.5, some other recent interesting ideas, in
connection with other authors, that are not covered by the cited articles.

In Sect. 2 we briefly recall definitions of symmetries of SDEs driven by Brownian
motions contained in [18-21], and summarize some main results on them. In Sect. 3
we present a corresponding discussion for the case of SDEs driven by discrete-
time semimartingale discussed in [2, 3]. In Sect.4 we present some applications
beginning, in Sect. 4.1, with the reduction and reconstruction theorem for symmetric
SDEs as presented in [18]. The relation between the symmetries of SDEs and the
corresponding Lie-point symmetries of Kolmogorov equations are discussed in Sect.
4.2.In Sect. 4.3 the concept of weak symmetries is discussed in relation to numerical
schemes for SDEs. In Sect. 5 we present other approaches to Lie symmetry analysis
of stochastic systems, from random symmetries (Sect. 5.1) to variational SDEs and
their relation with Noether’s theory (Sect. 5.2). We close with a short presentation
of works on finite dimensional reductions for SPDEs (Sect. 5.3).

2 Symmetries of SDEs Driven by Brownian Motion

In this section we consider the following stochastic differential equation (SDE)
dX, = p(X)dt + o (X,) - dW, (D

where t > 0, X, € M, M being an open subset of R, u: M — R" ando : M —
R™*" are smooth functions, and W is an n-dimensional (standard) Brownian motion
(i.e. an R"-Brownian motion). In the following we say that Eq. (1) is an SDE (i, o)
(said to be smooth if (i, o) are smooth) and the process (X, W) (where X is a
semimartingale on M and W is an n dimensional Brownian motion) is a solution to
the SDE (u, o) if it satisfies Eq. (1).

Hereafter the couple (X, W), where where X is a semimartingale on M and W
is an n dimensional Brownian motion adapted to the same filtration, shall be called
simply a (standard) process (for the concept of semimartingale see, e.g., [37, 59];
roughly speaking semimartingales form the most general class of processes for which
It6 integral can be defined).

Let L be the second order operator defined on C2(M) functions given by

A 1 < .
L) = 1 08N + 5 Y 0q ()0 ()8 () (x) 2
a=1
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where x € M and f € C?(M).Here and elsewhere in the paper we are using Einstein
summation convention of summing over repeated indices. Under suitable assump-
tions on the coefficients (i, ), the closure of L in the Banach space C°(M) is the
generator of the (Markovian) diffusion process associated with the SDE (u, o) in
the sense of solving (1).

2.1 Strong Symmetries

The most simple class of symmetries of Eq. (1) is given by diffeomorphisms & :
M — M. Indeed if X is a semimartingale on M also ®(X)is a semimartingale on
M, see, e.g. [37, 59].

Definition 1 We say that ® is a strong (finite) symmetry of the SDE (u, o) if for
any solution (X, W) to (i, o) we have that (9 (X), W) is another solution to the
SDE (u, 0).If Y is a vector field on M generating a one-parameter group of diffeo-
morphism ®,, where a € R, we say that Y is a strong (infinitesimal) symmetry of
(1, 0) if @, is a strong finite symmetry of (u, o) for any a € R.

Remark 2 The name strong symmetries, for the previous kind of invariant transfor-
mations, derives from the fact that a strong symmetry ® sends any strong solution to
the SDE (u, o) (in the probabilistic sense) into a strong solution to the same SDE.
Indeed (X, W) and (®(X), W) are solutions to (u, o) having the same Brownian
motion W.

By It6’s Lemma we have that if (X, W) solves the SDE (u, o) then (®(X), W)
solves the SDE (u/, o’) where

W (x) = (L(P)od ' (x) o'(x) = (VD -0)od !(x).

This implies the following theorem.

Theorem 3 The diffeomorphism ® is a strong symmetry of the SDE (i, o) if and

only if
pw(x) = (L(®) o d'(x) o(x)=(VP-0)o0d '(x),

where x € M, with L as in (2). The vector field Y is a strong symmetry of the SDE
(u, o) if and only if

Y(u)—L(Y)=0 and [Y,0,] =0,

where [-, -] stands for the Lie brackets between a vector fields, o, is the vector field
given by the «-th colomn of the matrix o, ando =1, ..., m.

Proof The proof can be found in [19] Proposition 3, Theorem 17 and Theorem 19.
O
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2.2 Weak Symmetries

The concept of strong symmetries of an SDE is quite restrictive. Indeed let us consider
the following trivial SDE withm =n =2, u = 0 and 0 = I, namely

dX! =adw! dx?=aw?, A3)

where ¢ > 0. The solutions to Eq. (3) are the x,-translated R2-Brownian motions
X, = xo + W, (for xo € R?). The rotations

®, () = (cos(a) —sin(a)) .

sin(a) cos(a)

where x € R?anda € R, transform solutions X, = (X!, X?) to Eq. (3) into processes
with similar laws, indeed ®,(X;) = ®,(x0) + Po(W;) = x{, + W/ where x{, € R?
and W/ is a new (standard) Brownian motion ¢ > 0. On the other hand &, (x) is not a
strong symmetry of (3) since ®,(X;) # ®,(xg) + W;, i.e. ,(X;) is not a solution
to the SDE (3) with respect to the same R?-Brownian motion W.

The reason for this phenomenon is that strong symmetries do not take into account
the invariance properties of Brownian motion. Indeed the Brownian motion is invari-
ant in law with respect to spatial rotations and space-time rescaling. These two
invariances of Brownian motion allow us to introduce the following set of transfor-
mations.

2.2.1 Random Rotations

Let B : M — O(n) be a smooth function (where O (n) denotes the group of orthog-
onal matrices on R") and let (X, W) be a (standard) process. We define

W = / B(X;) - dW, (4)
0

where the integral is in the It6 sense. The following Proposition characterizes W’.

Proposition 4 The process W', defined by Eq. (4), is an n dimensional Brownian
motion.

Proof The proof can be found in [19] Proposition 7. O

2.2.2 Random Time Change

Let n: M — Ry = (0, +00) be a smooth positive function and let (X, W) be a
standard process then we consider, for r € R,:
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B = / n(X,)ds,
0

and set o, = inf{s|B; > t}. The process «; is called a time change associated with 7.
If Z is a stochastic process we define H,,(Z); = Z,,.If (X, W) is a standard process,
then we use the notation:

W" = H, </ \/U(Xs)dWs> , ®)

where the integral is in the Itd sense.

Proposition 5 The process W”, defined by Eq. (5), is an n dimensional Brownian
motion.

Proof The proof can be found in [19] Proposition 5. ]

2.2.3 Weak Stochastic Transformations

Definition 6 Let ® be a diffeomorphism, let B: M — O(n) and n: M — R, be
two smooth functions. We call the triad T = (&, B, n) a stochastic transformation.

A stochastic transformation admits an action on the set of smooth SDEs (u, o)
and on the set of standard processes (X, W). The action E7 on (i, o) is defined as

follows
L(®
Er(p) := (¥> 0!
n
Er(o) := (%V@ o - B) o d!,

where L is defined as in (2), and the action Py on the set of standard processes
(X, W) is defined by

Pr(X) = ®(H,(X))

Pr(W) = H, (/vn(Xs)B(Xs) ~dWs> :

Definition 7 A stochastic transformation 7 is a (finite weak) symmetry of the SDE
(u, o) if for any solution (X, W) to (i, o) also Pr(X, W) is solution to (u, o)
(where Pr(X, W) = (Pr(X), Pr(W))).

A consequence of the previous definitions is the following theorem.
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Theorem 8 A stochastic transformation T is a symmetry of the SDE (u, o) if and
only if Er(j, 0) = (u, o).

Proof The proof can be found in [19] Theorem 17. ([

2.2.4 Infinitesimal Stochastic Transformations

The set 7 of stochastic transformations 7 = (®, B, n) € 7 has the natural structure
of an infinite dimensional Lie group (more precisely of a Lie grupoid). Indeed we
can define the following composition law

TioT, = (@10 Dy, (By o D) - By, (1 0 P2)mo), (6)

forany 7; = (®;, B;,n;)) € 7T,i = 1,2.
This composition satisfies the following important property.

Theorem 9 Consider the SDE (., o) and the process (X, W), then we have

Erjor,(t,0) = Er,(En,(1,0))  Prior, (X, W) = Pr, (Pr, (X, W)).
Proof The proof can be found in [19] Theorem 15. [

Using the composition (6) we can define the concept of one-parameter group of
stochastic transformations 7, = (®,, By, 14), a € R. This one-parameter group T,
is generated by an infinitesimal stochastic transformation V = (Y, C, 1), where Y
is a vector field on M, C : M — o(n) and t : M — R are smooth functions (here
o(n) is the Lie algebra associated with O(n), i.e. the Lie algebra of antisymmetric
n x n matrices) through the following relations

0,9, =Y o0,
0,B,=Co®,-B,
8a77a = To(ba'na-

Using the composition law (6) we can also define a natural action of a finite
stochastic transformation T = (®, B, 1) on an infinitesimal one V = (¥, C, ), and
a Lie bracket [-, -] between infinitesimal stochastic transformations 7; = (Y;, C;, 7;),
i=1,2:

T.(V) = (®.(Y),(B-C-B'+YB)-B Hod ', (z+Ym) -nHod™
(7)
[Vi, Vo]l = ([Y1, 2], Y1 (C2) — Ya(Cy) — {Cy, Ca}, Yi(12) — Ya(11)) (®)

where {-, -} is the usual commutator between matrices.
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Definition 10 An infinitesimal stochastic transformation V is an infinitesimal (weak)
symmetry of the SDE (u, o) if the one-parameter group 7, generated by V is a set
of (finite weak) symmetries, in the sense of Definition 7, of (u, o).

We can determine a set of necessary and sufficient conditions (called determining
equations) such that V = (Y, C, 1) is an infinitesimal symmetry of the SDE (u, o).

Theorem 11 The infinitesimal stochastic transformation V = (Y, C, t) is a sym-
metry of the SDE (i, o) if and only if the following determining equations hold

Y(u) = L(Y) = -t

1
[Y,O']—}—U'C:—ETU

Proof The proof can be found in [19] Theorem 19. O

2.3 Extended Symmetries

The set of weak symmetries exploit all the internal invariance properties of Brow-
nian motion and in this way generalizes in a non-trivial way the concept of strong
symmetry of a SDE. Unfortunately this is not enough for having a correspondence
with transformations of the Kolmogorov equation associated with a given SDE. More
precisely there is no one-to-one correspondence between weak symmetries of a given
SDE and (deterministic) Lie point symmetries of the associated Kolmogorov equa-
tion (see Sect. 4.2 below). For this reason in [20] a generalization of weak symmetry
is proposed considering not only the invariance of Brownian motion with respect
rotations and rescaling but also its symmetries with respect to the change of measure
(the well known Cameron-Martin-Girsanov theorem).

An extended stochastic transformation 7, = (®, B, n, h) is a set of four elements
where h : M — R" is a smooth function. The action of T, on the processes (X, W)
is the same as the one of T = (®, B, n) on X, and on W it is the following

Pr, (W) = H, (/ V(X)) B(Xs)(dWs — h(Xs)dS)> .

Furthermore if P is the probability law of (X, W), we consider the new process
Pr, (X, W) with respect the new probability measure QQ given by

Q- _ > [ wecxoaws = L[ g 9
d_]P"T_eXp;/o (X5) s—z/o((f))s’ ©)

forany 7 > 0. By Girsanov theorem, and under some additional technical conditions
on h (see [20]), Pr,(W) is a new Brownian motion with respect to the probability
measure Q (for Girsanov’s theorem and its extension see [24]).
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We can define an action of 7, on the set of SDEs (u, o). In particular E7,(0) =
Er (o) and

Er (1) = (L(CD) +Vd.o h> 0!,

n

with L as in (2). It is possible to define a composition between extended stochas-
tic transformations and, thus also a concept of infinitesimal extended stochastic
transformations in the following sense. An infinitesimal stochastic transformation
V. = (Y, C, 7, H) is composed by a vector field Y, and three smooth functions C :
M — o(n),7: M — Rand H : M — R". The relation, between the infinitesimal
stochastic transformation V, and the one-parameter group 7, , = (94, By, 4, ha),
a € R, generated by it, is the same of the one of weak stochastic transformations for
®,, B, and n,, and for A, it is given by

daha = /1aB' - Ho ®,.

Definition 12 An extended stochastic transformation 7, = (®, B, n, h) is an
(extended weak) symmetry of the SDE (u, o) if for any solution (X, W) to (u, o)
under the probability [P also Pr, (X, W) is solution to (i, ') under the probability Q
given by (9). An infinitesimal (extended) stochastic transformation V, is a(n extended
weak) symmetry of the SDE (i, o) if the one-parameter group 7, , generated by V,
is a set of (finite extended weak) symmetries of (u, o).

It is possible to give an extension of Theorems 8 and 11 for extended stochastic
transformations.

Theorem 13 An extended stochastic transformation T, is a symmetry of the SDE
(u, o) ifandonly if ET, (i, 0) = (i, o). The infinitesimal extended stochastic trans-
formation V, = (Y, C, 7, H) is a symmetry of the SDE (u, o) if and only if the
following determining equations hold

Y(u)—L(Y)—0c-H=—-1tu

1
[Y,ol+0-C= _ETG’

with L as in (2).
Proof The proof can be found in [20] Theorem 3.13, using also results of [19]. [J

3 Symmetries of SDEs Driven by Discrete Time processes

In this section we consider the symmetries of discrete time processes and in particular
of iterated random maps (see [23]). The theory presented here is a special case of
the idea of symmetry of an SDE driven by a general semimartingale studied in [2].
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We consider an open set M C R™, and a Lie group of matrices N. If Z is a discrete
time stochastic process on N we define

AZy=Zy (Zy-1)™".

Let W : M x N — M be a smooth map. If X is a discrete time process defined on
M we say that (X, Z) is the solution of the SDE W driven by the process Z, if

Xy =V (X1, AZy). (10

3.1 Gauge Symmetries

In this brief section we want to discuss the concept of gauge symmetries of a discrete
time process taking values in a Lie group. The concept of gauge symmetry of a
general semimartingale was introduced in [3]. The concept of gauge symmetry is a
generalization of the invariance of Brownian motion with respect to random rotations
(in the sense of Proposition 4).

Let G be a Lie group of matrices, we consider E. : G x N — N as a G action of
N, namely we require that

B (Egz (2)) = Egie (2),

for any g1, g2 € G, 7 € N. Let Z be a discrete time stochastic process on N and let
G be a predictable process with respect to the natural filtration of Z. We define the
process Z' on N in the following way Z, = 1y and

AZ = Eg, (AZy).

n

Hereafter if Z’ is defined as just described we write dZ' = Eg(dZ).

Definition 14 Using the previous notations we say that G is a gauge symmetry group
with respect to the action 8, for the process Z if for any predictable process G we
have that Z’ (defined as dZ' = E;(d Z)) has the same law as Z.

Let v,(dz, AZy, ..., AZ,_1) be the probability law of AZ, conditioned with
respectto Zy, ..., Z,—1 (where z € N).

Theorem 15 The group of matrices G is a gauge symmetry group for Z if and only
if, forany g1, ..., g, € G, we have
Vn(dEgl(Z)v Egz(AZI)v e Egn(Aanl)) = Vn(dZ, AZI» e Aanl)-

Proof The proof can be found in [3] Theorem 4.5 (that provides a general result
on transformations of semimartingales) and Sect.4.3 (where gauge symmetries of
discrete processes are discussed). O
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3.2 Weak Symmetries of Discrete Time SDEs

Definition 16 Let ® : M — M be a diffeomorphism and let B: M — G be a
smooth function. We call the pair (®, B) a (weak finite) stochastic transformation.
Let Y be a vector field on M and let C : M — g (where g is the Lie algebra of G)
be a smooth function, then we call the pair (¥, C) a (weak) infinitesimal stochastic
transformation.

As for the Brownian motion case, the set of stochastic transformations admits a
composition o, a push-forward -, and the Lie brackets [-, -] defined as follows

TioT, = (P10 Py, (B o ®y) - By)
T.(V) = (d,(Y),(B-C-B~' +Y(B)-B ) od )
[Vi, V2] = ([Y1, 2], Y1(C2) — Y2 (Cr) — {Cy, Ca}),

where T = (@, B), V= (Y,C) and V; = (Y;, C;), i = 1, 2. We can also define an
action of a stochastic transformation 7 = (P, B) on the equation W and on the
process (X, Z)

Er(¥)(x,2) = ®(¥(D ' (x), Epp)1(2))
PT(X)n = q>(Xn)
APr(Z2), = Epx,_n(AZ,),

where x € M and z € N. Hereafter we suppose that Z has a fixed probability law.

Definition 17 A stochastic transformation 7 is a symmetry of the SDE W if for any
solution (X, Z) to ¥ we have that Py (X, Z) is solution to the same equation W.

By definition we obviously have that if (X, Z) is a solution to the SDE W then
Pr (X, Z) is a solution of the equation E7(W¥). Using this fact it is simple to prove
the following theorem.

Theorem 18 If E; (V) = \V then T is a symmetry of the SDE .

Proof The proof can be found in [2] Theorem 5.8 (see also the corresponding dis-
cussion in [3]). O

Remark 19 The converse of Theorem 18 is in general not true. In particular if the
law of AZ, does not have support on all of N, but has support in a proper closed
subset N C N, N # N, we can only prove that E7(V)(x, z) = ¥(x, z) for any
(x,z) € M x N.When N = N then also the converse of Theorem 18 holds (see [2]
Lemma 5.9 and Theorem 5.10).
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4 Applications

4.1 Reduction and Reconstruction of Symmetric SDEs

One of the standard results of Lie symmetry analysis for ODEs is the possibility of
reducing an n dimensional ODE admitting a (non degenerate) solvable r dimensional
Lie algebra of infinitesimal symmetries to a reduced n — r dimensional ODE and, in
addition, the possibility of reconstructing the solution to the original ODE from the
solutions to the reduced one using only the integration and the inversion operation of
some functions (this is called reconstruction by quadrature). It is possible to obtain a
similar result for SDEs driven by general semimartingales admitting a solvable Lie
algebra of weak symmetries (see [2]). For simplicity we describe here only the case
of Brownian motion driven SDEs as treated in [18].

Definition 20 We say that the SDE (u, o) is r-triangular with respect to the first r
coordinates x', ..., x" of x € M, if ' (x) and o/ (x) depend only on x'!, ... x™
fori=1,...,r(m)anda =1,...,n.

Obviously if (X, W) is solution of a r-triangular SDE (u, o) we can write
th, ..., X/, t € Ry, in the following way

t t
X§=xg+/ ,ﬁ(x§+1,...,x;")ds+/ cl(X™ L X™MdW?,
0 0

fora =1,...,nandi =1, ..., r, where the last integral is in the It0 sense, in other
words we can reconstruct the solution to the m dimensional SDE (i, o) from the
solution to the m — r dimensional SDE ((u/*!, ... u™), (6"*!, ..., 6™)) using only
the Riemann and Itd integral respectively.

So, if (i, o) is an n dimensional SDE such that there exists a stochastic trans-
formation T for which E7(u, o) is in an r-triangular form, we can reconstruct the
solution (X, W) from Ez(X"*!), ..., Er(X") computing the inverse 7 and using
only the Riemann and respectively It6 integration.

In order to describe the reduction and reconstruction theorem for SDEs we intro-
duce the following definition.

Definition 21 Let Y1, ..., Y, be r vector fields on M we say that Yy, ..., Y, are in
canonical form if 4 '

Yix) =8,
where x € M, fori > j,andi, j € {l,...,r}.

We give now the theorem which guarantees the existence of a transformation T
putting a symmetric SDE (u, o) in an r-triangular form.

Theorem 22 Suppose that the SDE (i, o) admits an r dimensional solvable Lie
algebra V| = (Y1, By, ©1), ..., V, = (Y;, B, 1) of (weak) symmetries (in the sense
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of Definition 7), such that for any x € M the matrix (Y1(x)|...|Y,(x)) has maximal
rank. Then there exists a (locally defined) transformation T = (®, B, ) (in the sense
of Definition 6) satisfying

Y;(B)=C;-B Y;(n) =1n,

i=1,...,r, and such that ®.(Y), ..., ®.(Y,) are in canonical form (in the sense
of Definition 21). Furthermore for any T satisfying the previous conditions Er (i, o)
is in an r-triangular form.

Proof The proof can be found in [18] Theorem 4.4 and Theorem 4.11 (where The-
orem 24 of [19] is used). See also Theorem 5.19 of [2] where a more general result
for SDEs driven by semimartingales with jumps is proven. (]

4.2 Symmetries of SDEs and Symmetries of Corresponding
Kolmogorov equations

The solutions to a Brownian motion driven SDE (or more generally the solutions to
a Lévy process driven SDE) are Markov processes. This implies that SDEs of the
form (1) are closely related to the corresponding Kolmogorov equations: these are
the (deterministic) PDEs defined by

i 1 - i__j
du = L) = w0 ) + 5 ;%%{amw, (1)

where u belongs to C>(R, x M). The relation between Eqgs. (1) and (11) is the
following: let f : M — R be a C? function with compact support then the unique
solution u(x, t) to Eq. (11) such that u(x, 0) = f(x) is given by

u(x, 1) =E[f(X)],

where t € R, X7 is the unique solution to Eq. (1) such that Xj = x and x € M.

Since Eq. (11) is a deterministic PDE we can study its Lie point symmetries (for
this concept see [56, 57]). Here for simplicity we consider only the symmetries that
do not depend on the time ¢ (for the general case see [20]). Since (11) is a PDE we can
see it as a submanifold of the second order jet bundle J2(R™”*!, R) described by the
equation d,u + L(u) = 0 (see, e.g., [14, 20]). In this setting a Lie point infinitesimal
symmetry of (11) is a vector field

O = —m(x)d;, + ¢ (x)dy + W(x, u)d, (12)
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(where (x, u) are the standard coordinates on the jet space J O(R™+! R)) such that
the second order prolongation ©@ satisfies ©@ (3,u — L(u)) |3,u—Lw)=0 = 0 (see
[20]).

Using the previous condition we obtain

W(x, u) = —k(xX)u + ko(x)

L (ko) =0

L(k) =0 (13)
L) —0O(u)+2A-Vk—L(m)u =0
Lm)A+0©(A)—Vp-A—A- (V)T =0

A-Vm =0,

with L and u as in (11), for some smooth functions k and &y, where A = %O’ o7

(being o as in (11) and -7 standing for transpose) and with ¢ as in (12).

We have the following important theorem which establishes a relation between Lie
point symmetries of the Kolmogorov equation (11) and extended weak symmetries
of the SDE (u, o) (in the sense of Definition 7).

Theorem 23 Let ©® be a Lie point symmetry of Eq. (11) and suppose that o
has maximal rank, then the extended infinitesimal stochastic transformation V, =
(Y, C, t, H) given by
T = L(m)
1
C = (UT -0)71 ol [¢,0]— EL(’")

H=o".Vk,
wherei =1, ..., m, is an extended weak symmetry of the SDE (i, o).
Proof The proof can be found in [20] Theorem 4.6. ]

Remark 24 The converse of Theorem 23 is false, because, in general, there are
more extended weak symmetries for a SDE (i, o) than Lie point symmetries for
the associated Kolmogorov equation. This is due to the fact that the condition H =
ol . Vk, with L(k) = 0, as in (13), is quite restrictive and it is not satisfied by a
general extended stochastic transformation.

In[20] (Theorem 4.6 and Remark 4.7) it is proved that if we restrict to the family of
transformation generating a Doob h-transform (which is a probabilistic requirement
equivalent to the analytic conditions that there exists a function & such that L(k) = 0
and H = o7 - Vk) the converse of Theorem 23 also holds.
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4.3 Weak Symmetries of Numerical Schemes for SDEs

An important family of iterated random maps of the form (10) is given by the discrete
numerical approximation schemes for Brownian motion driven SDEs. In this section
we analyze only the simplest numerical scheme for a given SDE: the Euler scheme.
A more general analysis considering also the Milstein scheme is given in [2, 22].

Let (i, o) be a smooth SDE, then we can define the following Euler discrete
approximation scheme

X =Xy, + 1 (X )t — temr) 4 04 (Xi, )W — W), (14)

where £ € N, o = 1, ..., n. Let us consider the semimartingale Z = (Z2°,7%) e
R**+! defined by

Z) =1, Z¢ =W, (15)

witha € {1, ..., n}. We have that Eq. (14) can be written as an iterated random map

of the form (10) with W given by
Ui (x,2) = x' + p' (0% + 0} (x)2"%,

with x € M and z € N, and with the driving process given by the discrete time
semimartingale Z = (Z°, Z%) given by the expression (15). Consider the action
Ep(z) = (2% BPz*) (where B € O(n)) of O(n) on R""'. We have the following
important theorem.

Theorem 25 The discrete semimartingale (15) admits O (n) with action Ep as
gauge symmetry group (in the sense of Definition 14).

Proof The proof can be found in [2] Theorem 7.2. O

Since the numerical scheme (14) can be rewritten as a random map W, and O (n)
is a gauge symmetry group for Z with action Ep, we can say that (Y, C) is a weak
symmetry for the numerical scheme (14) if it is a weak symmetry for the random
map W. The determining equations for SDE (14) reads

Y (W(x, 2% 2) = Y7 ()80 (W) (x, 2%, 2%) = =C§(0) 278 (¥ (x, 2%, 2% (16)

with x € M and z € N. There is an important relation between weak symmetries of
the numerical scheme (14) and of the SDE (i, o).

Theorem 26 Let V = (Y, C, 0) be a weak infinitesimal symmetry of SDE (u, o).
When Y (x) are polynomials of at most degree one in x', ..., x™ then (Y, C) is a
weak symmetry of the Euler discretization scheme (14). Conversely if for a given
X0 € M, span{o(xp), ..., 0,(xg)} = R™ then also the converse is true.

Proof The proof can be found in [2] Theorem 7.3 (see also [22] where the Theorem
is proven for C = 0). ]



16 S. Albeverio and F. C. De Vecchi

When we have a solvable Lie algebra of weak symmetries of the numerical scheme
(14) we can find a weak (finite) stochastic transformation 7' = (&, B) putting Eq.
(14) in triangular form. We can use this privileged coordinate system for integrating
the SDE (u, o). This strategy was applied in [22] to linear scalar equations and
some theoretical and practical advantages in terms of the forward error for long time
integration have been put in evidence.

5 Other Results on the Lie Symmetry Analysis
of Stochastic Systems

5.1 Random Symmetries

In this Section we try to summarize, very shortly and using our language introduced
in the first part of the present paper, the idea of Random symmetries, first proposed
by Gaeta and Spadaro in [33] and which has received further investigation in [27,
28, 31, 43, 44] (see also the review [30]). We use here some notations closer to the
ones used in the first part of the present paper and different from the ones used in
the articles cited above. For simplicity we consider here only autonomous equations
and autonomous transformations (i.e. non depending explicitly on time ¢).

The main idea of random symmetries is to consider transformations ¢ : M X
R"™ — M depending both on the variable X of the process (X, W) and on the
Brownian motion W. In other words one considers a triad 7, = (¢, By, n9) where
(-, w) is a diffeomorphism for each w € R", By € O(n) and 5y € R, are con-
stants. In this case one takes, in the language used before, an SDE (u,, o)), where
WM xR" - R" and o, : M x R" — R™ " are smooth functions, generically
depending on both x € M and w € R”. In this case (X, W) is a solution of the SDE
(r, 0y) if

dX; = p,(X;, Wpdt + oy (X, W)dW.

One can then also consider the random generator
i IS i i
Ly()(x,w) = i f + 5 3 (074070 0utas f + 207 (Bt |+ B £,
a=1

where x € M, w € R" and f € C*>(M x R"). Using our language, the action of the
random transformation 7, on the processes (X, W) is given by

Pr(X), = ¢ (x%, W,)
Pr, (W), = \/noBo - W .
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Using Itd formula one can determine the action of 7, on the SDE (u, o), which is
given by the following relations

( )( ) - r( ) ! 01 01
El‘ r)(X, w L @ () X, w ], s w
' # 1o A/ no A/ 1o

! . (o, B By
ET,(U,)(x,w)zﬁ(wawrwBO +Vue-By ) |e X, — - w)],— - -w].

Definition 27 We call finite random symmetry of the SDE (u,, 0,) a random trans-
formation 7, such that for any solution (X, W) to (u,, 0,) also Pz, (X, W) is solution
to (U, 07).

Theorem 28 A random transformation T, is a symmetry of the SDE (u,, 0,) if and
only ifETr (1r, 0r) = (U, 07).
Proof The proof is a consequence of Itd lemma and uniqueness of the martingale

representation for processes adapted to a Brownian motion filtration (see [27] for
more details). ([l

We can introduce also infinitesimal random transformation (Y,, Cy, ty), where
Y, : M xR" - R", Cp is an antisymmetric matrix and tp € R, and the related
infinitesimal symmetries.

Theorem 29 An infinitesimal random transformation V = (Y,, Cy, 1) is a sym-
metry of the SDE (u,, o,) if and only if the following determining equations are
satisfied

Yo (1) + dyept - Cg pw” — Lo (Y) = Topt

(Y, (o,) + aw"‘arcg,ﬁwﬂ) = V,Y, -0, = VY, = =10, + 0, - Co.

Proof The proof is provided in [27]. (]

Remark 30 It is obviously possible to consider By and 7y to be functions of x and
w. Unfortunately for general transformations of this form the random transformation
acts in a non-local way on the coefficients (u,,o0,). This makes it difficult to write
some explicit determining equations.

Also in this case in [28] a theorem of reduction and reconstruction has been
derived. Using our language one can call (infinitesimal) simple random transforma-
tion an infinitesimal random transformation of the form V, = (Y,, 0, 0).

Theorem 31 Let V.1 = (¥,1,0,0), ..., Vix = (Y, k, 0,0) be a solvable Lie alge-
bra of symmetries of the SDE (,, 0,) then there exists a random transformation
T, = (¢, I,,, 1) such that Eg,(u,, 0,) is in triangular form with respect the first k
variables.

Proof The proof can be found in [28]. O
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5.2 Variational SDEs and Noether Theorem

In this section we want to treat a special form of SDEs, admitting a variational struc-
ture which arises as a stochastic perturbation of the standard Lagrangian mechanics
(see [64]). In this case it is possible to generalize many properties of the Lagrangian
mechanics (see [12, 45, 47, 58, 62, 64] and also [1, 11, 38]). We show here one of
the simplest result concerning variational stochastic systems and symmetries, namely
a stochastic version of Noether’s theorem. For simplicity we present here the case
involving only regular SDEs, for a weak version holding also for semimartingales
see [12, 45]. See [15] for recent results.
Consider the following SDE with additive noise, over R™,

dX, = b(X,, H)dt +dW, (17)

where ¢t > 0, with initial condition Xy = x € R™ and smooth time dependent drift
b. This kind of system can be viewed as a stochastic perturbation of a classical ODE
of the form

Xi = b(X.,1),

with ¢ > 0 and Xy = x. Furthermore we have that

Xin — Xy

v(x,t) = %1_1)1})]E|: h

X, =xj| = b(x, 1), (18)

where E[-| X, = x] denotes the conditional expectation given that X, = x, with x €
R™,t € R, . For this reason we can consider v(x, ) = b(x, t) as akind of generalized
velocity for the system. Consider now the Lagrangian

lv|?
L(v,x) = BN + V(x),

where x € R™ and v € TIR™, for some smooth function V bounded from below.
We define a special family of Eq. (17) for which

T
S[b] :=E|:/ L(v(X,,t),X,)dt:| (19)
0

is minimized. Putting

t
S(x,t) = min (IE |:/ L(v(X;, s), Xs)ds]>
beC>(M,R™) 0

we have that S solves the Hamilton-Jacobi-Bellman equation
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8S+1AS IIVS|2—i-V—O (20)
T2 2 2 -
with final condition S(x, T') = 0 and we obtain that the minimizer of the action (19)
is exactly
b(x,t) =v(x,t) =VS(x,1). 21

We can introduce the concept of symmetry of the Lagrangian L and of the variational
problem (17) with action (19).

Consider a vector field Y : R™ x Ry — R™ on R (depending also on the time
t) and a time vector field 7 : R, — R. They generate a one parameter group of
transformations of the form

X' =®,(x,1) ' = f,(1),

witha € R, € R, and x € R™. Using the expression of the velocity (18), we obtain
that v is transformed in the following way

VEL ) = (VO - ) (P (', 1), foal). (22)

Definition 32 We say that the infinitesimal transformation (Y, T') leaves invariant
the Lagrangian L if foreacha € R

[0(@—a (', 1), fra)I?
2

+ V(@ (', 1)) = L' (', 1), x)

where v’ is given by the expression (22) and v satisfies Eq. (21) (and S satisfies Eq.
(20)).

We introduce now the following expression

lu(x, )]
Px,t) =v(x,t)-VY(x,t) + T(t) <T + V(x)) .

The functional P can be view as a generalization to the stochastic case of the deter-
ministic momentum associated with the vector field ¥ and time change T'. In the
stochastic case we cannot expect the quantity P(X;, t) to be a constant as a func-
tion of ¢. Indeed if P(X;, t) were a constant of motion, the law of the process X;°
(i.e. the solution to SDE (17) such that X = x() would be supported on the m — 1
dimensional manifold P (x, t) = P(xg, 0). But for processes with smooth drift and
additive noise the support of the law of X;* is the whole R™. Nevertheless also
in the stochastic case the symmetry (Y, T') is associated with the conservation of
P (X;, t), understood not in the pathwise sense, but rather in the mean sense. Indeed
the following theorem of [62] holds.



20 S. Albeverio and F. C. De Vecchi

Theorem 33 Suppose that v is a solution of the variational problem (17) with action
(19) (namely suppose that v satisfies the relation (21) with S satisfying Eq. (20)) and
let (Y, T) be a symmetry of the Lagrangian L, then for any solution to the Eq. (17)
we have that the process

B = P(X;, 1)

is a martingale with respect to the filtration generated by the Brownian motion W in
7).

Proof The proof is given in [62]. O

5.3 Finite Dimensional Reduction of SPDEs

In principle, it is possible to develop a concept of Lie point symmetry for SPDEs
generalizing what has been done for deterministic PDEs (see [56, 57]). Unfortunately
this approach is not so fruitful for two reasons. The first one is that the definition of
invariance of an SPDEs with respect to Lie point transformations is too restrictive:
in fact the SPDEs with this kind of invariance are very few and not so useful in the
applications (see [10] where this approach is applied to the Zakai equation). The
second reason is that, assuming a notion of symmetry of an SPDE based on Lie
point transformations, the use of the invariant solutions to an SPDE for reducing the
considered SPDE to a finite dimensional SDE, turns out to be too restrictive since
the dimension of the reduced SDE is fixed by the order of the considered equation
and it is often too low for being interesting in the applications.

Instead of extending the notion of symmetry of PDEs to the SPDEs case and then
using this property for reducing an SPDE to a finite dimensional SDE, we make
these two steps at once facing directly the problem of reducing an SPDE to a finite
dimensional SDE. We here consider an SPDE of the form

dU,(x) = Fy(x, Uy (x), 0° (U;(x))) 0 d S} (23)

wherex e M C R"ando =1, ..., r, U,(x) is a semimartingale taking values in R,
F,(x, u, uy) are smooth functions of the independent coordinates x', the dependent
coordinate u and its derivatives u, (where o € Ni is a multi-index denoting the
number of derivatives with respect the coordinates xh), S, ..., S" are continuous
semimartingales and o denotes the Stratonovich integral (see, e.g., [37, 59]).

A finite dimensional solution to the SPDE (23) is a solution U,(x) to (23) for
which there exists a function K : M x R" — R and a semimartingale B, (adapted
to the filtration of S', ..., S") taking values in R” such that

U(x) = K(x, By). (24)
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Generic SPDEs of the form (23) do not admit finite dimensional solutions, but it
is possible, using the methods of Lie symmetry analysis of PDEs (in particular the
notion of differential constraints see [16, 17]), to provide a sufficient condition such
that solutions, of the form (24), exist.

We introduce the vector fields

Dyi =0, + Zud+l;8u0
o

where 1; = (8;j)j=1,...m € Nj. We define also D° = D:} .-+ D7n. We denote by
® the set of smooth real-valued functions of the independent coordinates x*, the
dependent coordinate u and of a finite number of its derivatives u,. If F, G € & we
write

(F,G} = Z(D”F 000G — 3y F - D°G).

oeNy
We have that the brackets {-, -} gives to & the structure of a (real) Lie algebra.

Definition 34 We say that Fi, ..., F, generates a finite dimensional Lie algebra if
span{F1, ..., F,} generates a finite dimensional Lie subalgebra of & with respect to
the Lie brackets {-, -}.

Let F € & and let f € C*°(M, R) be a smooth function. We then say that the
evolution equation F has a unique solution with respect to the initial condition f if
then there exist a 7 > 0 and a unique function v € C*°(M x [0, T'], R) such that

dhv(x, 1) = F(x,v(x,1), 37 v(x, 1))

and v(x, 0) = f(x).
Thanks to the previous definitions we can obtain the following theorem.

Theorem 35 Suppose that S, in (23) satisfies S| = t, and that the evolution equation
F\ has a solution with respect to the initial condition f € C*(M,R), and that
Fs, ..., F, are at most of first degree (i.e. they are independent of u, for |o| > 1),
and that Fy, ..., F, generates a finite dimensional Lie algebra. Then there exist
a smooth function K : M x R" — R, such that K (x,0) = f(x), and a stochastic
process By, taking values in R", defined till a stopping time t > 0 and such that
By = 0, such that U,;(x) = K (x, B;) is a solution to Eq. (23) fort < t.

Proof The theorem in this formulation is proven in the particular case of Zakai
equation andin [8, 9] generalin [13, 17]. A related result using a different formulation
and with different hypotheses is proven in [25]. (]
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Markov Processes with Jumps on )
Manifolds and Lie Groups glectie

David Applebaum and Ming Liao

Abstract We review some developments concerning Markov and Feller processes
with jumps in geometric settings. These include stochastic differential equations in
Markus canonical form, the Courrége theorem on Lie groups, and invariant Markov
processes on manifolds under both transitive and more general Lie group actions.

Keywords Feller process *+ Lévy process - Stochastic differential equation -
Manifold - Lie group + Symmetric space

1 Introduction

Stochastic differential geometry is a deep and beautiful subject. It is essentially the
study of stochastic processes that take their values in manifolds, and so it natu-
rally sits at the intersection of probability theory with differential geometry, but it
also impacts on, and makes use of techniques from real, stochastic and functional
analysis, dynamical systems and ergodic theory. If the manifold has the additional
structure of being a Lie group, then more tools are available and the results are of
considerable interest in their own right. By far the majority of work on the subject
has arisen from studying Markov processes that arise as the solutions of stochastic
differential equations (SDEs) on manifolds or Lie groups. From its beginnings with
the pioneering work of Itd in 1950 [30] until the 1990s, the emphasis was on pro-
cesses with continuous sample paths that are obtained by solving SDEs driven by
Brownian motion. For accounts of this work, see [19, 20, 27] and references therein.
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More recently, there has been increasing interest in studying processes with jumps
which are solutions of SDEs driven by Lévy processes. The material reviewed in
this paper is wholly concerned with the jump case, including Lévy processes in Lie
groups and manifolds, and generalisations.

The organisation of the paper is as follows. We begin with a short Sect.2 that
reviews the key definitions of Markov and Feller processes in a suitably general
setting. In Sect.3, we describe SDEs driven by Lévy processes on manifolds in
Markus canonical form. If unique solutions exist, then they give rise to a Markov
process. As an example we show how to obtain a Lévy process on a compact manifold
by projection from the solution of an SDE on the frame bundle. When there are
no jumps, this is precisely the celebrated Eels—Elworthy construction of Brownian
motion on a manifold. The next section is more analytic. We outline the proof of
a global version of the Courrége theorem in a Lie group, which gives a canonical
form for a linear operator that satisfies the positive maximum principle (PMP). The
probabilistic importance of this result is that the generators of all sufficiently rich
Feller processes satisfy the PMP, and so their generators must be of this form. Indeed
we see that the generators are characterised by a real-valued function, a vector-
valued function, a matrix-valued function, and a kernel, that may be probabilistically
interpreted as describing killing, drift, diffusion and jump intensity (respectively).
We also describe how, when the group is compact, the generator may be represented
by a pseudo-differential operator in the Ruzhansky—Turunen sense.

Sections 5 and 7 deal with Markov processes that are suitably invariant (i.e. their
transition probabilities are invariant) under the action of a Lie group. In Sect.5, we
examine the case where the group acts transitively. In this case the manifold is a
homogeneous space and the Markov process is, in fact, a Lévy process. To consider
the non-transitive case, we need the notion of inhomogeneous Lévy process in a
homogeneous space, i.e. a process that has independent, but not necessarily stationary
increments. These are described more fully in the short Sect. 6. In Sect. 7, we consider
the non-transitive case where we may effectively assume that the manifold M is the
product of another manifold M; and a homogeneous space M,. Then our process is
the product of a radial part, that lives in M|, and an angular part that lives in M. In
fact the radial part is a Markov process, and the angular part is an inhomogeneous
Lévy process. In the case of sample path continuity, some more detailed results are
given.

We emphasise that this survey is by no means comprehensive. Our goal is the
limited one of giving an introduction to the subject, and placing the spotlight on
some key themes where there is active work going on. For more systematic study
of Lévy processes on Lie groups and invariant Markov processes on manifolds, see
[32, 33]. An important topic that is not dealt with here is the application of Malliavin
calculus on Wiener—Poisson space to study regularity of transition densities for jump-
diffusions. The recently published monograph [31] presents a systematic account of
key results in this area.

Notation. If E is a locally compact Hausdorff space, the Borel o-algebra of E is
denoted as B(E). We denote by F(E), the space of all real-valued functions on E,
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and Cy(E) is the Banach space (with respect to the supremum norm) of all real-
valued, continuous functions on E that vanish at infinity. If M is a finite-dimensional
real C*°-manifold, then C°(M) is the dense linear manifold in Co(M) comprising
all smooth functions with compact support.

The trace of a real or complex d x d matrix A is written tr(A). We denote as By,
the open ball of radius 1 in R that is centred on the origin.

2 Markov and Feller Processes

Let (2, F, P) be a probability space and (E, £) be a measurable space. An E-valued
stochastic process is a family X := (X;, ¢t > 0) of random variables defined on 2
and taking values in E (so for all t > 0, X, is F — £ measurable). Now suppose that
F is equipped with a filtration (F;, ¢ > 0). An adapted E-valued stochastic process
X is a Markov process if for all bounded measurable functions f : E — R, and all
0<s=<t<oo

E(f(X)IFy) = E(f(X)]X,) (as.)

We then obtain a family of linear operators (7;,,0 < s <t < 00) (in fact, these
are also contractions and positivity preserving) on the Banach space Bg(E) of all
bounded measurable real-valued functions on E (equipped with the supremum norm)
by the prescription

Tii f (x) = E(f(X)]Xs = x).

From now on all Markov processes that are considered will be homogeneous, in
that Ty, = Tp,,—s =: T, unless otherwise stated. Then the family (7}, ¢ > 0) is an
algebraic operator (contraction) semigroup on B¢ (E), in that for all s, 7 > O:

TH—t =TT, and Ip =1
From now on, we will assume that E is a locally compact, second countable Haus-
dorff space and £ is its Borel o-algebra Foreacht > 0, B € £, x € E we define the
transition probability by

pi(x, B) = P(X, € B|Xo = x) = E(ly-1 (5| Xo = x).

We then have the representation

T, f (x) ZfEf(y)pt(x,dy), 2.1)
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for all t >0, f € Be(E), x € E, where we have taken a regular version' of the
transition probability. If the mappings x — p,(x, B) are measurable, we have the
Chapman—-Kolmogorov equations

Ds+:(x, B) = / ps(y, B)pi(x, dy).
E

We would like to write down a differential equation for the transition probabilities
which would enable us to extract information about these. This should be of the form
of Kolmogorov’s forward equation

ap,(x, B
’”T) — A'pi(x. B), 22)

where A" is the formal adjoint of a linear operator A acting on a suitable space of
functions. We say that our process X is a Feller process if (T;,t > 0) is a Feller
semigroup, i.e.

1. T,(Co(E)) € Cy(E) forallt >0,
2. lim;0 ||T; f — fll =O0forall f € Co(E).

It then follows that (T;, ¢t > 0) is a strongly continuous contraction semigroup
on Co(E). Hence it has an infinitesimal generator A defined on a dense subspace
Dom(A) of Cy(E) so that for all f € Dom(A),

lim
t—0

Lf-r
t

- ar o

It is precisely this operator that enables us to give meaning to (2.2).

3 Stochastic Differential Equations on Manifolds

There are two ways of making sense of stochastic differential equations (SDEs)
on manifolds. The first dates back to Itd [30], and is nicely described in Chap.5
of Ikeda—Watanabe [29]. It involves solving the equation in local co-ordinates in
each chart and then showing that the solutions transform geometrically on overlaps.
Another method, which can be found in Elworthy [20], involves using the Whitney
or Nash embedding theorem to embed the manifold into a Euclidean space of larger
dimension. In that larger space, we must then show that if the initial data lie on the
embedded manifold, then so does the solution for all later times. If the driving noise is
a continuous semimartingale we must use the Stratonovitch differential to set up the
SDE, and for discontinuous semimartingales, the more general Marcus canonical

1 Our assumptions on (E, £) ensure that such a version exists.
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form. However we cannot expect to get Markov processes as solutions with such
great generality. Nonetheless, by the argument of Sect.6.4.2 in [2] pp. 387-8, we
find that if global solutions exist, then they yield Markov processes when the driving
noise is a Lévy process. To be more specific, we follow [10]. Let M be a manifold
of dimension d, and consider an R?-valued Lévy process L = (L(t), t > 0) having
Lévy measure v and Lévy—Itd decomposition (see Chap. 2 of [2] for background and
explanation of the notation)

L) = bt + Y oy By(1) + f

Wil dy) + / VNG, dy),
= BI\(0) B;

foralli=1,...,d,t > 0.
Let Y1, ..., Y, be C* vector fields which have the properties that

(A1) All finite linear combinations of Y1, ..., Y, are complete,
(A2) Each Y; has bounded derivatives to all orders in every co-ordinate system
(obtained by smoothly embedding M into a Euclidean space).

Now consider the following SDE

d
dX, = Y;(X,-) odL(t) (3.1)

i=1

with initial condition Xy = p (a.s.) (where p € M). The ¢ stands for the Markus
canonical integral, so in a local co-ordinate system containing p we have the symbolic
form

d t d m t
Xl =P+sz/ Yi(Xs—)dS—FZZO}j/ Yi(XS_)OdBj(S)
i=1

0 i=1 j=1 0

; d
+/ / exp Zyij (Xs-) — Xs— | N(t,dy)
0 JB\{0}

Jj=1

¢ d
+/ / exp Zyij (Xs—) — Xs— | N(t,dy)
0 Ji P

t d d
+ /0 f o 289 ZYij (Xs-) — Xs— — Zyij(X(s—)) v(dy)ds.
B\ pm

j=1

where exp is the exponential mapping from complete vector fields to diffeomor-
phisms, and o is the Stratonovitch differential. Under the stated conditions, we do
indeed obtain a global solution (that is in fact a stochastic flow of diffeomorphisms)
and which, as discussed above will be a Markov process. In fact the conditions are
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always satisfied if the manifold is compact. We might also ask about the Feller prop-
erty. In general this is not so easy to answer; for SDEs driven by Lévy processes
in Euclidean space, it is sufficient for coefficients to be bounded as well as suit-
ably Lipschitz continuous (see Sect. 6.7 of [2]). We do have the following result for
manifolds.

Theorem 3.1 If M is compact then the solution to (3.1) is a Feller process. If A is
the infinitesimal generator of the transition semigroup, then C*(M) € Dom(A) and
forall f € C*(M),x e M,

d d m
Af(x) =) biYif(x)+ % DO aiYiYif(x)
i=1

i=1 j=1

d d
+ /R o |:f (exp (Z in,-) x) - fx) = Zy,-Yif(x)lBl(O)(y):| v(dy),
d =

i=1
(3.2)

where the matrix a := oo’.

Proof We just sketch this as it is along similar lines to that of Theorem 6.7.4 in [2]
pp. 402-3. Let @, be the solution flow that takes each x € M to the solution of (3.1)
at time ¢ with initial condition Xy = x (a.s.). Then we have T; f (x) = E(f(®,(x)))
foreacht > 0, f € C(M). Both (A1) and (A2) hold and so the mapping ®; is con-
tinuous. Hence 7; : C(M) — C(M) by dominated convergence. Using [td’s formula
we deduce that for all f € C*(M),

Tif(x) — flx) = /O T, Af (x)ds,

and the result follows easily from here. (]

Another interesting example of a class of Feller processes on compact Riemannian
manifolds are the isotropic Lévy processes which are obtained by first solving the
equation

d
dR, =Y H;(R_)odLj(t), (3.3)

j=1

on O (M), the bundle of orthonormal frames over M. Here Hy, ..., H; are horizontal
vector fields (with respect to the Riemannian connection on M), and L is an isotropic
Lévy process on R? (i.e. its laws are O (d)-invariant). The required isotropic process
is given by X, = w(R,) where m : O(M) — M is the canonical surjection. The
generator of the Feller process X is the sum of a non-negative multiple of the Laplace—
Beltrami operator and an integral superposition of jumps along geodesics weighted
by the Lévy measure of L. For details see [8]. If L is a standard Brownian motion
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so that (3.3) reduces to a Stratonovitch equation, then X is Brownian motion on M
whose generator is the Laplace—Beltrami operator.

Now return to the SDE (3.1). In [9], it is shown the this equation has a unique
solution (which will be a Markov process) if (Al) and (A2) are replaced by the
single condition that the vector fields Yi, ..., ¥; generate a finite-dimensional Lie
algebra. In general this is quite a strong assumption; as we are essentially saying that
solution flow only explores a “small” finite-dimensional part of the “huge” infinite-
dimensional diffeomorphism group of M. But one case where it occurs naturally is
if M is a Lie group, which we now denote as G, and if Yy, ..., ¥; are assumed to
be left-invariant vector fields which form a basis for the Lie algebra g of G. Before
proceeding further, we will define a Lévy process on a Lie group. This is precisely
as in the well-known Euclidean space, i.e. a cadlag process X = (X;, t > 0), that
is stochastically continuous, satisfies Xy = e (a.s.), where e is the neutral element
of G and has stationary and independent increments, where the increment between
times s and ¢ with s < ¢, is understood to be X;lX ¢ Since the pioneering work of
Hunt in 1956 [28], it has been known that Lévy processes are Feller processes (take
the filtration to be the natural one coming from the process). The associated Feller
semigroup is defined for f € Cy(G),0 € G,t > 0 by

T,f(0) = E(f(0 X)) = fG Feo)p (D),

where p, is the law of X,. In fact (po;, r > 0) is a weakly continuous, convolution
semigroup of probability measures on (G, B(G)). Hunt also showed that the gener-
ator A has the following canonical representation on’ C°(G) € Dom(A): For each
0 €G, feCXG),

d

d
1
Af(o) =) hiYif (@) +5 ) ayYi¥;f(0)
i=1 Py
d
N /G\{ ) <f(ar) —fe) = in(f)yif(o*)> v(dr),
‘ i=1
(3.4)

where b = (by,...,b;) € R, a = (g; ;) is a non-negative definite, symmetric d x d
real-valued matrix and v is a Lévy measure on G, i.e. a Borel measure on G \ {e}
which is such that for every canonical co-ordinate neighbourhood U of e we have

d
/ (ZX?@)) v(dg) < 0o, and v(U) < co.
U\fe}

i=l1

2 In fact he obtained the representation on a larger domain, but we will not need that here.
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Here x; € C°(G) for i =1,...,d are such that (x;,...,x,) are canonical co-
ordinates for G in the neighbourhood U of e. The triple (b, a, v) are called the
characteristics of X, and they uniquely determine (po,, t > 0).

In the case where the exponential map from g to G is onto (e.g. if G is compact
and connected, or simply connected and nilpotent), then the Lévy process X arises
as the unique solution to the SDE (3.1), provided the characteristics of the driving
Lévy process L are chosen so as to match those in (3.4). More generally, X is written
as a more general type of stochastic integral equation (for details see [9, 32]).

Remark. A more general form of SDE on manifold than (3.1) was developed by
Cohen [15]. In this case, the driving noise itself takes values in a manifold, which is
in general different to that in which the solution flow takes values. After some years
of neglect, this theory has recently found some new applications in work of [1].

4 The Positive Maximum Principle and Courrege Theory

Let E be alocally compact Hausdorff space and A be a linear mapping with domain
Dom(A) € Cy(E) and range Ran(A) € F(E). Let D4 be a linear subspace of
Dom(A). We say that A satisfies the positive maximum principle (PMP) with respect
to Dy if f € Dyand f(y) =sup,.p f(x) > 0= Af(y) < 0.Itisusual in the liter-
ature (see e.g. [21]) to assume that A maps continuously i.e. that Ran(A) C Cy(E).
Then one can prove powerful results—e.g. that A is dissipative, and hence if D4
is dense in Cy(E), then A is closeable (see [21], Chap.4, Lemma 2.1 (p. 165) and
Chap. 1, Lemma 2.11 (p. 10)). We say that A has the full PMP if D4 =Dom(A).
The connection with our work is through the following well-known result.

Proposition 4.1 If A is the generator of a Feller semigroup in Cy(E) then it has the
Sfull PMP.

Proof Using (2.1) we have for all f € Dom(A) with f(y) = sup,.g f(x),

AF(y) = }ir% Tzf(y)t— f»
1
— fim & / (f () = FONpi(y.dx) <O,
t—0t E

]

There are stronger results than this. The celebrated Hille-Yosida—Ray theorem
states that a linear operator A is the generator of a positivity preserving contraction
semigroup (7;, t > 0) if and only if A is densely defined, closed, satisfies the full PMP
and LI — A is onto Cy(E) for all A > 0. If such a semigroup is also conservative,
i.e. it has an extension to the space of bounded measurable functions on E such that
T,1 =1 for all + > 0, then we may effectively use Kolomogorov’s construction to
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obtain a Feller process for which (T}, t > 0) is the transition semigroup. For details
see [14] pp. 13-238 and [21] pp. 165-73.

4.1 The Courrége Theorem on Euclidean Space and
Manifolds

In this subsection we take D4 = C>°(R?) and consider linear operators A that satisfy
the PMP. The following key classification result was first published by Courrége [16].
In the following statement, we give the form (4.1) as can be found in Hoh [26].

Theorem 4.2 (Courrege theorem) Let A be a linear operator from CCOO(Rd) to
F(RY). Then A satisfies the PMP if and only if there exists a unique quadruple
(a(-), b(-), c(-), v(-)) wherein for all x € R?, a(x) is a d x d non-negative definite
symmetric matrix, b(x) is a vector in R, c(x)isa non-negative constant and v(x, -)
is a Lévy measure on RY, so that for all f € Ccx (RY)

d d
Af(x) = —c(x) f(x) + Zbi(x)aif(x) + Z 0 ()3, £ (%)
im1 Py
d
+ /Rd\{o} (f(x +y) = fx) - ZYiaif(x)lBl (y)) v(x,dy)
i=1

.1)

In the same paper, Courrege proved that A is a pseudo-differential operator:
Af () = / €00 Ty,
R

where fdenotes the usual Fourier transform: f(y) = W fRd e~ f(x)dx, and
n is the symbol of the operator where

nx,y) =—c(x)+ib(x)-y—ax)y-y
+ / (@ — 1= ix - yly, (Mv(x. dy). “.2)
R4\ {0}
so that formally:
n(x,y) = e "VAE). 4.3)

If A is the generator of a Lévy process in R, then ¢ = 0, b, a and v are independent
ofthe value of x € R?, (4.1)is the Euclidean version of (3.4) and 5 is the characteristic
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exponent whose form is that of the classical Lévy—Khintchine formula (see e.g. Chap.
3 of [2] and also Sect. 5 below). The general result (4.2) is important as it is a valuable
source of probabilistic information about rich Feller processes, i.e. those for which
cx (R?) € Dom(A), and so come under the auspices of this theory. See [14] and
references therein for details.

The Courrege theorem has been generalised to manifolds, first by Courrege in
the compact case [17] and then by Courrége, Bony and Prioret [13] in the general
case. These authors succeeded in showing thatif A : C°(M) — F (M) satisfies the
PMP, then it has a decomposition of similar form to (4.1) relative to a local chart at
a point. So they were able to describe the form of the operator in local co-ordinate
systems. If the manifold is a Lie group or a symmetric space, we can obtain a global
formalism.

4.2 The Courrége Theorem on Lie Groups

We summarise some of the main results of [11]. Let G be a Lie group with Lie
algebra g. Here the strategy is to imitate the approach in [26], but with the vector
fields {9y, ..., d;} in Euclidean space replaced by the Lie algebra basis {Y1, ..., Y}
for g. We say that a linear functional 7 : C2°(G) — R satisfies the positive maximum
principle (PMP), if whenever f € C°(G) with f(e) =sup,.; f(r) > 0thenTf <
0. Then the linear operator A satisfies the PMP if and only if each of the linear
functionals A, satisfy the PMP, where A, f := A(L,-1 f)(g) foreach g € G, f €
CZ°(G). Here L, is the usual left translation defined by L, f (o) = f(go) foro € G.
We can recover the action of A from that of the A/gs by Af(g) = AgL.f. So the
problem is now reduced to studying the PMP for linear functionals 7. Now it can
be shown that if T satisfies the PMP, then it is a distribution of order 2. This is not
a distribution in the usual sense. It is defined in the same way, but with the role of
each partial derivative 0; replaced by ¥; fori =1, ...,d.
We can then prove the first important result

Theorem 4.3 Let T : C°(G) — R be a linear functional satisfying the PMP. Then
there exists ¢ > 0,b = (by, ..., by) € R a non-negative definite symmetric d x d
real-valued matrix a = (a;;), and a Lévy measure u on G such that for all f €

C2(G),

d d
Tf = —cf(@)+ ) _biYif(©+ ) a;YiY;f(e)

i=1 ij=1

d
+ L{ ] (f(g) — fle) — in(g)Yif(€)> n(dg), 4.4)

i=1

The proof involves using a positivity argument (essentially the Riesz lemma) to
show that there exists a Borel measure  on G \ {e} so that forall f € C°(G \ {e})
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Tf = / f(@udg). (4.5
G\{e}

It then turns out that u is a Lévy measure. Next we introduce a linear functional
S:CX(G) — R, by

d
Sf = fG “ [f(g) — fley=) x (g)Yif(e)} 1n(dg).
¢ i=1

Then S satisfies the PMP and sois a distribution of order 2. Hencesois P = T — §.
But supp(P) C {e} and so P must take the form

Pf=—cf(e)+ Zb Yif(e) + Z ay Y;Y; f ().

i,j=1

It remains to prove that the matrix (a;;) is positive definite and that ¢ > 0. For
this we refer the reader to the paper [11]. Once Theorem 4.3 is established, we can
use the “left translation trick” described above to get the main result:

Theorem 4.4 The mapping A : C°(G) — F(G) satisfies the PMP if and only if
there exist functions c, b;,a;; (1 <1, j, k <d) from G to R, wherein c is non-
negative, and the matrix a(o) := (ax(0)) is non-negative definite and symmetric
forall o € G, and a Lévy kernel® i, such that for all f € CX(G),0 €@,

Af(0) = —c(0) f(o) + Zb (©)Yi f(0) + Z aj(0)Y;Yi f (o)

Jj.k=1

i /G\{ ) (f(gt) —fl)- in(f)yif(a)) u(o,dr). (4.6)
‘ i=1

In [11] sufficient conditions are imposed on the coefficients to ensure that A :
CX(G) — Cp(G), and we will assume that these hold from now on.

We can represent linear operators satisfying the PMP as pseudo-differential oper-
ators when G is compact. To carry this out we need the unitary dual G comprising
equivalence classes (with respect to unitary equivalence) of all irreducible represen-
tations of G in some complex (finite-dimensional) Hilbert space. So if 7 € G, then
foreachg € G, m(g) is a unitary matrix acting in a space V; which has dimensiond, .
The Fourier transform f of f € C(G) is the matrix-valued function on G defined
by

For) = fG F(e)m(g s,

3 We say that p is a Lévy kernel if ju(o, -) is a Lévy measure forall o € G.
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where integration is with respect to normalised Haar measure on G. The Ruzhansky—
Turunen theory of pseudo-differential operators [35], starts from the Fourier inversion
formula (just as in the classical case):

f(8) =) d.te(f(m)m(g)).

neG

Then we say that A : C°(G) — Co(G)isa pseudo-differen/t\ial operator with matrix
valued symbol j, (o, ) acting in V,; foreacho € G, 7 € G if

Af() =) drtr(ja(o, ) F(m)m(2)).

neG

In [3] it was shown that the generators of Lévy processes on compact Lie groups
are pseudo differential operators, and this was further extended to some classes of
Feller processes in [4]. Now we have the more general result:

Proposition 4.5 If A : C°(G) — Co(G) satisfies the PMP then it is a pseudo-
differential operator with symbol

d d
jalo,m) = —c(@) I + Y _bi(0)dm (Vi) + Y aj(o)dm(Y)dn(Ye)

i=1 jik=1

d
+ / (ﬂ(f) — I — in(f)dﬂ(Yi)> n(o, dr), 4.7)
G\{e}

i=1
foreachm € G,0 € G.

Here if Y € g, dn(Y) is the skew-hermitian matrix acting in V, which is uniquely
defined by
m(exp(tY)) = "0,

for all ¢+ > 0. In the case where ¢ = 0 and the characteristics b, a and y are inde-
pendent of o € G, (4.7) coincides with the form of the Lévy—Khinchine formula on
compact Lie groups (see Sect.5.5 in [6]).

Note that the analogue of (4.3) is

jalo, ) = (o Y An(o),

where A7 (o) is the matrix (Am;;(o)). We recall that here G is compact and 7;; (-) €
C*®(G) foralli, j =1,...d,, so that in this identity, the right hand side is a well-
defined product of d;, X d, matrices.

In [12] these ideas are extended to study linear operators satisfying the PMP on a
symmetric space M. Observe that M may be identified with the homogeneous space
G/K, where G is the isometry group of M (which turns out to be a Lie group), and
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K is the compact subgroup of G comprising isometries leaving some given point
fixed.* This enables us to use group theoretic techniques as described above, but with
additional symmetries arising from the action of K. A feature of this theory is that,
by using the properties of spherical functions, we can study a class of linear operators
on M that satisfy the PMP and are pseudo-differential operators with scalar-valued
symbols.

5 Invariant Markov Processes

Let M be a manifold under the action of a Lie group G, and let X = (X;; t > 0)
be a Markov process in M with transition semigroup 7; as defined in Sect.2. For
simplicity, we write X, for the process from now on. It should be clear from the
context whether X, is the whole process or just the random variable for a fixed
time ¢t. The Markov process X, will be called invariant under the action of G, or
G-invariant for short, if for any bounded Borel function f on M and g € G,

T, (f o)) =(Tif)(gx), xe€M. GRY;

It is easy to show, see [33, Proposition 1.1], that the G-invariance of the Markov
process X; may also be characterized probabilistically as follows: We may think of
a Markov process X; as a family of processes, one for each starting point x € M, all
governed probabilistically by the same transition semigroup. If we denote X7 for the
Markov process starting from z € M, then X, is G-invariant if and only if for any
g € G, gX? and X;* are equal in distribution as processes.

The G-invariance may also be defined for inhomogeneous Markov processes if
T, in (5.1) is replaced by T ;.

When M = R and G = R? acts as translations on R, it is well known that a
cadlag Markov process X, in R? is G-invariant, or translation-invariant, if and only
if it has independent and stationary increments X, — X for s < ¢, that is, if it is a
Lévy process in R?. The celebrated Lévy-Khintchine formula gives the characteristic
function of each random variable within a Lévy process X;:

E(X) = PaAs))

forany y = (y1,...,yq) € R? by

d
> anmct [ @ 1=zl @)

k=1 R0}

d
1
='§ biv: + —
v (y) ljzl jyj+2

4 K is independent of the choice of point chosen, up to isomorphism.
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It provides a useful representation for a Lévy process in terms of a triple (b, a, v),
comprising a drift vector b, a covariance matrix a = {g;;} and a Lévy measure v
in the sense that its probability distribution is determined by the triple, and to any
such triple, there is an associated Lévy process, unique in distribution, which also
determines the triple. Note that (as we would expect) i coincides with 7, as appears
in (4.2), when the latter function is constant in the x-variable.

In the rest of paper, we will present some results on the more general invariant
Markov processes under actions of Lie groups. The reader is referred to [33] for more
details.

Because a Lie group G acts on itself by left translations [;: G — G, x > gx, for
g € G, wemay first consider a Markov process X, in G invariant under this G-action.
This is a direct extension of a translation-invariant Markov process in R? to a Lie
group, and may be identified with a Lévy process in G as defined in Sect. 3, which
is characterized by independent and stationary increments of the form X !X, for
s < t. As already mentioned there, a Lévy process X, in G is a Feller process, and its
generator L has an explicit expression given by Hunt’s formula (3.4), expressed in
terms of a drift vector b, a covariance matrix a and a Lévy measure v. Thus, a Lévy
process in a Lie group is represented by a triple (b, a, v) just as for a Lévy process
in R,

More generally, we may consider an invariant Markov process X, in a manifold
under the transitive action of a Lie group G. Here a transitive action means that for
any two points x and y in M, there is g € G such that gx = y. Fix a pointo € M
and let K = {g € G; go = 0}. Then K is a closed subgroup G, called the isotropy
subgroup at point 0. The manifold M may be identified with the homogeneous space
G /K, the space of left cosets gK, g € G, via the map gK +— go, and the G-action
on M corresponds to the natural G-action on G/K given by (g, hK) +— ghK for
g, h € G.Thus, a G-invariant Markov process in M may be naturally identified with
a G-invariant Markov process in the homogeneous space G/K .

A G-invariant Markov processes in G/K may also be characterised by indepen-
dent and stationary increments as for a Markov process in G invariant under left
translations, but to state this precisely will require a little preparation.

Let M = G/K and let 7: G — M be the natural projection g — gK. A Borel
map S: M — G will be called a section map if

7 o S = idy (the identity map on M).

A section map always exists, but is not unique. It may not be smooth on M, but can
be chosen to be smooth near any point in M.

In general, there is no natural product structure on M = G/K, but we may define
xy = S(x)y with the choice of a section map S. Although this definition depends on
the choice of S, if Z is a random variable in M that has a K -invariant distribution,
that is, if kZ is equal to Z in distribution for any k € K, then the distribution of x Z
does not depend on the choice of S. The increment of a process X, in M = G/K
over the time interval (s, 7] is defined by X' X, = S(X;)~' X, and its distribution
does not depends on S when X, is a G-invariant Markov process.
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Proposition 5.1 A process X; in M = G/K with natural filtration {F;} is a G-
invariant Markov process if and only if it has independent and stationary increments
in the sense that for any s < t and any section map S, X, ,; = S(X;)™' X, is inde-
pendent of F; and its distribution depends only on t — s, not on S.

The easy proof of the above proposition may be found in [33, Theorem 1.14].
Because of this result, a G-invariant Markov process in M = G/K will be called a
Lévy process.

When K is compact, a Lévy process in M = G/K is a Feller process and its
generator is determined by Hunt [28] to have essentially the same form as the gen-
erator of a Lévy process in G. To state this precisely will require some additional
preparation.

For any g € G, the conjugation map G — G, given by x > gxg~!, fixes the
identity element e of G. Its differential map at e is a linear bijection from the Lie
algebra g of G to g, denoted as Ad(g). Let p be an Ad(K)-invariant subspace of g,
complementary to the Lie algebra € of K. The linear space p may be identified with
the tangent space 7, M of M at o via the natural projection 7: G — M. Recall that

we have chosen a basis {Y], ..., Y;} of g. We may assume Y1, ..., Y, form a basis of
pand Y,,1, ..., Y, form abasis of ¢, where n = dim(M). Recall the coordinate func-
tions xy, ..., xs € C°(G) associated to the basis {Y7, ..., Yy} of g as introduced in

Sect. 3. They may be chosen to satisfy g = exp[>_;_, x;(8)Y;] exp[Zf:thl x(9)Y:]
for g in aneighborhood of e, where exp: g — G is the Lie group exponential map. We
now define coordinate functions yy, ..., y, on M associated to the basis {Y7, ..., ¥,}
of p to be functions in C2°(M) such thato = m{exp[Y_._, yi(¢6)Y;]} for o in aneigh-
borhood of 0. They may be chosen to satisfy Y+, y;(6)Ad(K)Y; = > i, yi(ko)Y;
forall o € M and k € K (see [33, Sect.3.1]). Note that x; = y; o w on a neighbor-
hoodofeforl <i <n.

For k € K, let [Ad(K)] denote the matrix representing Ad(K); p — p under the
basis of {Yi,...,Y,}, that is, Ad(K)§ = Z?zl [AA(K)];Yi. A vector
b= (by,...,b,) € R" will called Ad(K)-invariant if [Ad(K)]b = b for k € K and
an n x n non-negative definite real symmetric matrix a will be called Ad(K)-
invariant if [Ad(K)]a[Ad(K)] = a for k € K, where the prime denotes the matrix
transpose. A measure i on M is called K -invariantif ku = u fork € K, where ku is
the measure ku(B) = w(k~'(B)). Note that for a K -invariant measure u, the value
of the integral

/M Fayn(dy) = / FSOYRWy). x e M.

does not depend on the choice of the section map S. A Lévy measure on M is defined
in the same way as a Lévy measure on G, given in Sect. 3, but using the coordinate
functions on M and a neighborhood U of o, and with the additional requirement that
itis K-invariant.

The following result is Hunt’s generator formulaon M = G /K. The present form
is taken from [33]. By this result, a Lévy process in M = G/K is represented, in
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distribution, by a triple (b, a, v) comprising an Ad(K)-invariant vector b, an Ad(K)-
invariant matrix  and a Lévy measure v on M, just as for a Lévy process in R?.

Theorem 5.2 A Lévyprocessin M = G /K isa Feller process. Let A be its generator.
Then the domain of A contains C2°(M), and there is a unique triple (b, a, v) as above
such that A restricted to CZ°(M) is given by (3.4) with d replaced by n, x; by y; and
G\{e} by M\{o}. Moreover, given any triple (b, a, v), there is a Lévy process in M
starting at o, unique in distribution, such that its generator has the above expression.

Because the action of K on M fixes the point o, it induces a linear action of K
on the tangent space T, M. The homogeneous space M = G /K is called irreducible
if T, M has no proper subspace that is invariant under this K-action. For example,
the sphere §"~! = O(n)/O(n — 1) is irreducible as a homogeneous space of the
orthogonal group O (n) on R".

On an irreducible homogeneous space M = G/K, it can be shown (see [33,
Sect.3.2]) that under a suitable choice of the basis {Y1, ..., Y,} of p, any Ad(K)-
invariant matrix is proportional to the identity matrix /, and when dim(M) > 1, there
is no nonzero Ad(K)-invariant vector. In this case, Hunt’s generator formula (3.4)
on M takes the following simpler form: For f € C>°(M),

Af@) =3 Y ¥Xif@)+ /G [f(o7) = f(@)v(d), (5.2)
i=l

where the integral is understood as the principal value, that is, as the limit of
f yelf(01) — f(0)]v(dT) when the K-invariant neighborhood U of o shrinks to
o. Therefore, on an irreducible homogeneous space M = G/K withdim(M) > 1,a
Lévy process is represented, in distribution, by a pair («, v) comprising a real number
o > 0 and a Lévy measure v on M.

We note that the choice of the basis {Yi, ..., Y,) of p means that it is chosen to
be orthonormal under an Ad(K)-invariant inner product on .

Recall that the Lévy-Khintchine formula gives the characteristic function of a
Lévy process in R?. Such a formula may be extended to a general Lie group or a
homogeneous space. See [6, Sect.5.5] and [25] for its extension to a compact Lie
group in terms of group representations, and [7] for the extension to a general Lie
group. In these generalisations, the role of the characteristic exponent is played by a
matrix-valued function on the unitary dual (in the compact case), or a function whose
values are linear operators in a Hilbert space (in the general case). On a symmetric
space, which is a special type of homogeneous space, Gangolli [24] obtained a Lévy-
Khintchine type formula, in terms of the spherical transform, that closely resembles
the classical form in that the characteristic exponent is scalar-valued. A simpler
approach to Gangolli’s result based on Hunt’s generator formula may be found in [5,
34]. See also [33, Chap. 5] for a more systematic discussion.

We have considered invariant Markov processes under a transitive action of a Lie
group, and have identified such processes with Lévy processes, which are charac-
terized by independent and stationary increments. We will next consider the non-
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transitive action of a Lie group G. In this case, the state space M is a collection
of G-orbits, and an invariant Markov process may be decomposed into a “radial”
part, that is transversal to G-orbits, and an “angular” part, that lives in a G-orbit
and is a G-invariant inhomogeneous Markov process. Such a process may be char-
acterized by independent, but not necessarily stationary, increments, and so will be
called an inhomogeneous Lévy process. Before we discuss the decomposition of an
invariant Markov process under a non-transitive action, we will first briefly discuss
inhomogeneous Lévy processes in Lie groups and homogeneous spaces.

6 Inhomogeneous Lévy Processes

Let G be a Lie group and K be a compact subgroup as before. A cadlag inho-
mogeneous Markov process in G or in M = G /K, that is invariant under the left
translation in G or G-invariant in M, will be called an inhomogeneous Lévy process.
This definition is justified by the following easy proposition (see [33, Theorem 1.24]).

Proposition 6.1 Let X, be a cadlag process in G or in M = G/K with natural
filtration {F;}. Then X; is an inhomogeneous Lévy process if and only if it has
independent increments in the sense that for any s < t, X;'X, is independent of
Fs, where X;IX, is understood as S(X;)~' X, on M for any section map S and its
distribution is assumed not to depend on S.

Recall that aLévy process in G is a Feller process and the domain of its generator A
contains C2°(G). By a standard result in Markov process theory (see Proposition 1.7
in [21, Chap. 4]), for any f € C°(G),

FX0) - /0 Af(X))ds

is a martingale under the natural filtration of X,, where the generator A, given by
(3.4), is expressed in terms of a triple (b, a, v). This martingale property in fact
provides a complete representation of the Lévy process X,, in distribution, in the
sense that given any triple (b, a, v), there is a Lévy process, unique in distribution,
having this martingale property.

A cadlag process X, is called stochastically continuous if P(X,— = X;) =1
for any t > 0. A Lévy process is stochastically continuous, but an inhomogeneous
Lévy process may not be. Feinsilver [22] obtained a martingale representation for a
stochastically continuous inhomogeneous Lévy process in a Lie group G by a time-
dependent triple. Such a representation holds also for inhomogeneous Lévy processes
in ahomogeneous space G/ K, even for non-stochastically continuous ones, see [33].
The general representation is rather complicated, so we will not discuss it here, but
will present this representation on an irreducible G/K where it takes a very simple
form.
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A family of Lévy measures v(¢, -), indexed by time ¢ > 0, will be called a Lévy
measure function if it is nondecreasing and continuous under weak convergence. It
will be called an extended Lévy measure function if it may not be continuous, but
is cadlag, and v(r, M) — v(t—, M) < 1 for any ¢ > 0. The extended Lévy measure
function as defined in [33] requires an additional assumption, but on an irreducible
M = G/K, it reduces to the above definition. The following result is [33, Theo-
rem 8.16], which may be regarded as an extension of Hunt’s generator formula (5.2)
for Lévy processes on an irreducible G/K to inhomogeneous Lévy processes. We
will assume the basis {Y1, ..., Y,) of p is chosen as described above in relation to
(5.2).

Theorem 6.2 Let M = G/K be irreducible with dim(M) > 1. For any inhomoge-
neous Lévy process X, in M, there is a unique pair (a, v) comprising a continuous
nondecreasing function a(t) with a(0) = 0 and an extended Lévy measure function
v(t, -) such that for any f € CX(M),

t 1 n t
f(Xo) - A 5 Z Y;Y; f(Xs)da(s) — /0 /M[f(Xxf) — f(Xp)lv(dsdr) (6.1)
i=1

is a martingale under the natural filtration of X,, where the integral fM[- -+ lisunder-
stood as the principal value as in (5.2). Moreover, X, is stochastically continuous if
and only if v is a Lévy measure function.

Conversely, given any pair (a, v) as above, there is an inhomogeneous Lévy pro-
cess X; in M with Xy = o, unique in distribution, that has the above martingale
property. Moreover, if v is a Lévy measure function, then the uniqueness holds among
all cadlag processes in M.

7 Decomposition of Invariant Markov Processes

Let a Lie group G act on a manifold M. In this section we will not assume that the
action is transitive; then M is a collection of G-orbits. Because G acts transitively on
each G-orbit, any G-orbit is a homogeneous space G/K for some closed subgroup
K. By the Principal Orbit Type Theorem [18], there is a subgroup K such that the
G-orbits of type G/K fill up an open dense subset of M. Thus, by removing a small
subset if necessary, we may assume M is a union of G-orbits of type G/K . Then it is
reasonable to assume there is a submanifold M, of M that is transversal to G-orbits
in the sense that it intersects each G-orbit at exactly one point, and

M:M] XM2, MZZG/K (71)

The above will be assumed with K being compact. Note that G acts on M through
its natural action on M, = G /K, and it acts trivially on M.
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For example, the orthogonal group O (n) acts non-transitively on R”. Its orbits
are spheres centered at the origin of type O(n)/O(n — 1), except the origin is an
orbit by itself. After removing the origin, R” becomes M| x M,, where M, is a half
line from the origin and M, is the unit sphere. This is just the usual spherical polar
decomposition.

Let X, be a G-invariant Markov in M, and let X; = (Y;, Z;), where Y; € M, and
Z; € M, be the decomposition (7.1). Borrowing the terms from the polar decom-
position of R?, we will call ¥; the radial part and Z, the angular part of the process
X, noting that both may be multi-dimensional. It is easy to show that Y, is a Markov
process in M, and with some effort, it can be shown that Z, is an inhomogeneous
Lévy process in M, = G /K under the conditional distribution given Y;, but to state
this more precisely requires some preparation. See Sects. 1.5 and 1.6 of [33] for more
details.

Let D(M) be the space of cadlag paths in M equipped with the o-algebra F
generated by the coordinate maps w — w(t),t > 0, for w € D(M). The distribution
of the process X, with Xy = x induces a probability measure P, on D(M). We may
regard X, as the coordinate process on D (M) by setting X, (w) = w(t). Similarly, Y;
and Z, are regarded as coordinate processes on D(M;) and D(M;) (respectively).
The product M = M x M, induces a product D(M) = D(M;) x D(M;). Let J;:
D(M) — D(M,)and J,: D(M) — D(M5) be the natural projections, and let 7' and
F? be respectively the o -algebras on D(M;) and D(M,) generated by the coordinate
maps. We may regard F! as a o-algebra on D (M) by identifying it with J fl (FH =
(J7'(B); Be F'}.

Letx = (y,z) € M = M, x M;. By the G-invariance of the Markov process X;,
Q,=P, 0 Jl_1 is a probability measure on D(M;) depending only on y, and is in
fact the distribution of the radial process Y;.

Because (D(M), F) is a standard Borel space, there is a regular conditional
distribution P} (-) of P, given F!, that is, for any F € F,

P.(F | FH(y()) = PYY(F) for Q,-almost all y(-) € D(M,),

where Py () is a probability kernel from D(M;) to D(M) in the sense that it is
a probability measure on D(M) for each fixed y(-) € D(M,) and ny(')(F) is Fl-
measurable in y(-) for each F € F.

Let R = P} o J;!. Then R}" is a probability kernel from D (M) to D(M>),
and for F; € F' and F, € F?2,

P(FINF) = / RYO(F2) Qy(dy ().

Fi

Therefore, Rg'(') is the conditional distribution of the angular process Z;, given the
radial process Y;. The following result is Theorems 1.31 and 1.39 in [33].
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Theorem 7.1 For y € M and z € M,, the radial process Y, is a Markov process
in My under Q,, and for Q y-almost all y(-) € D(My), the angular process Z, is an
inhomogenous Lévy process in M, = G/K under R} O

We will now consider a continuous G-invariant Markov process X, in M = M| x
M, and assume M, = G/K is irreducible. An example is a Brownian motion in R”,
which is invariant under the orthogonal group O (n), and in that case, the associated
decomposition X; = (Y;, Z;) is just the usual spherical polar decomposition.

It is well known that the radial process Y; and the angular process Z; are not
independent, but they are independent up to a random time change. More precisely,
there is a spherical Brownian motion W, in the unit sphere $"~!, independent of Y;,
and a time change process a(¢) adapted to the natural filtration of Y;, such that Z, =
Wq (- This is called the skew-product decomposition of the Brownian motion. Here
the time change process a(¢) is a real-valued nondecreasing process with a(0) = 0.

This skew-product is generalized by Galmarino [23] to any continuous O (n)-
invariant Markov process in R”. Using the decomposition of invariant Markov pro-
cesses (Theorem 7.1) and the representation of inhomogeneous Lévy processes in
irreducible homogeneous spaces (Theorem 6.2), we may obtain the skew-product on
a more general space by a conceptually more transparent proof. See [33, Sect.9.2]
for more details. Note that the time change process a(¢) in the following theorem is
the same a(t) as in Theorem 6.2.

Theorem 7.2 Let X, be a continuous G-invariant Markov process in M = M, X
M, and assume M, = G/K is irreducible with dim(M,) > 1. Then there are a
Riemannian Brownian motion W; in M, under a G-invariant Riemannian metric,
independent of the radial process Y;, and a time change process a(t) that is adapted
to the natural filtration of Y;, such that Z; = Wy().
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Abstract In the present paper we study the asymptotic expansion for a Black—
Scholes model with small noise stochastic jump-diffusion interest rate. In particular,
we consider the case when the small perturbation is due to a general, but small, noise
of Lévy type. Moreover, we provide explicit expressions for the involved expansion
coefficients as well as accurate estimates on the remainders.
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models
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1 Introduction

In the present paper we provide a correction around the well-known Black—Scholes
(BS) formula for option pricing under the assumptions that the interest rate is stochas-
tic. The latter description has gained particular attention after the 2008 worldwide
credit crunch. In fact, starting from that date, several critiques to the standard BS
model have been posed, mainly because of its too tight (deterministic) assumptions
on the coefficients. Consequently, a series of alternatives to the classic BS model has
been proposed, particularly allowing for stochastic volatility models in incomplete
markets as well as to consider arbitrage and non constant interest rates.
Unfortunately, even if such generalizations provide more realistic settings, con-
versely to the BS model, they lack of a closed formula for option pricing. Therefore,

F. Cordoni - L. Di Persio (<)
Department of Computer Science, University of Verona, Strada le Grazie, 15, 37134 Verona, Italy
e-mail: luca.dipersio@univr.it

F. Cordoni
e-mail: francesogiuseppe.cordoni @univr.it

© Springer Nature Switzerland AG 2021 47
S. Ugolini et al. (eds.), Geometry and Invariance in Stochastic Dynamics,

Springer Proceedings in Mathematics & Statistics 378,
https://doi.org/10.1007/978-3-030-87432-2_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-87432-2_3&domain=pdf
mailto:luca.dipersio@univr.it
mailto:francesogiuseppe.cordoni@univr.it
https://doi.org/10.1007/978-3-030-87432-2_3

48 F. Cordoni and L. Di Persio

numerical simulations are needed, often implying non trivial algorithmic procedures
with associated significant computational costs.

One way to avoid such big numerical efforts is represented by ad hoc asymptotic
expansion techniques, see, e.g., [9, 14-16, 20, 22, 25-27, 29, 33, 40, 42, 44, 46, 49—
51]. Moreover, recent applications have been provided specifically w.r.t. the financial
framework, as, e.g., in [12, 13, 31, 32, 37, 45, 52].

Following latter idea, we shall provide small noise asymptotic expansions fora BS
model subjected to a small noise interest rate of jump-diffusion type. Our approach,
inspired by the heuristic idea written in [28, Sect. 6.2], is based on the mathematically
rigorous results derived in [6], see also [1, 22]. Let us recall that possible extensions
to certain class of SPDEs are also possible, see, e.g., [2—4].

In particular, we shall consider an asset evolving according to a geometric Brow-
nian motion also allowing for an interest rate characterized by a jump-diffusion
noise term of small amplitude € > 0, then considering both a formal, based on [28,
Sect. 6.2], resp. asymptotic, based on [6], expansion in €. Indeed, considering small
perturbations, we can approximate the considered model by a finite recursive sys-
tem of N linear equations with random coefficients, hence exploiting its solutions
by providing a formal, resp. an asymptotic, smooth functions approximation of the
original solution. Analogously, within the usual risk neutral setting, we derive the
corresponding option price approximation.

The paper is organized as follows: in Sect.2 the general asymptotic expansions
and related main results are presented; in Sect.3 we apply the results obtained in
Sect. 2 to provide corrections up to the first order for pricing plain vanilla options in
a Black—Scholes model characterized by a small noise stochastic interest rate.

2 The Asymptotic Expansion

2.1 The General Setting

Let us consider the following stochastic differential equation (SDE), indexed by a
parameter € > (0
{dX; = uf (XE)dt +0¢ (XO)dL,, 0

X5=x5€R, tel0,o00)

where L;, t € [0, 00), is a real-valued Lévy process of jump diffusion type, sub-
jected to some restrictions which will be later specified, while € :RY — R,
o€ :RY — R4 are Borel measurable functions, for any € > 0 satisfying some
additional technical conditions which guarantee existence and uniqueness of strong
solutions, namely they are locally Lipschitz and with sub-linear growth at infinity,
see, e.g., [10, 11, 30, 35, 43, 47]. If the Lévy process L; has a jump component, then
X{ in Eq. (1) has to be understood as X;_ := limgy, X§, see, e.g., [43] for details.
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Hypothesis 2.1 Let us assume that:

(i) ¢, 0 e CY(R) in the space variable, for any fixed value € > 0 and ¥k €
Np := NU {0},

(ii) the maps € — o€ (x), where o = u, o, are elements of CM(I) in €, for some
M € N, for every fixed x € R, having defined I := [0, €y], while ¢y > 0.

‘We show that under Hypothesis 2.1 and standard smoothness conditions on u€ and
o€ to guarantee the well posedness of the random coefficients X f, i=0,1,...,N
in (2) below, a solution X; to Eq.(1) can be represented as a power series w.r.t. the
parameter €, namely:

Xi=X)+eX +X7++€e"X) + Ry(t,e), )

where X' : [0, 00) — R,i =0, ..., N,arecontinuous functions, while | Ry (¢, €)| <
Cn(t)eN*!, VN € N and € > 0, for some Cy(¢) independent of €, but in general
dependent of randomness through X 0 x tl X ,N .

For n € N, the functions X ; are determined recursively as solutions of random
differential equations in terms of the ij, j<i—1,Vie{l,..., N}, see e.g.,|[l,
6], for further details.

In particular, we have the following fundamental result:

Proposition 2.1 Let x(€) be as:

N
x(€) = exj+Ry(). NeNyp, x;eR, j=0,1....N, (3)
j=0
and f be as:
K
fe@) =" fj()el + Rf(e.x) )
j=0

with f; € CM*1, j =0,..., K. Then

K+M

fex(@) = Y e [fe(x(@)]y + Rism(e) .

k=0

with |Rg 1 (€)] < CxopeX ™+ for some constant Cx .y > 0independent of both
€ and 0 < € < €, the coefficients [ fc(x(€))];, being defined by:
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[fe(x(€)]o = folxo);
[fe(x(e)]; = Dfo(xo)x1 + f1(x0);

1
[fe(x(e)]a = Dfo(xo)xz + Eszo()co)x% + Dfi(x0)x1 + f2(x0);

1
[fe(x(e))]3 = Dfo(xo)xs + 6D3fo<xo>x13 + Dfi(x0)x2 + Dfa(x0)x1 + D? f1(x0)x? + f3(x0).

The general case has the following form

1
e (@)l = Dfo(xo)xic + 73 DX fowo)x + fixo) + B (o, %1, ) k=1, K+M
®)
where B,‘(f is a real function depending on (xg, X1, ..., Xx_1) only.

Remark 1 Letus note that [ f (x(¢€))], depends linearly on x, but not linearly in the
inhomogeneity involving the coefficients x;, 0 < j < k — 1in (3). If x(¢) satisfies
(3) and both u¢ and o€ have the properties of the function f;, then the coefficients
U (x(€)) and o€ (x(€)) on the right hand side of (1) can be rewritten in powers of €,
for 0 < € < ¢, as follows

Kut+M,

pex@@) = Y [nx @], € + RE 4y, (©);
k=0
Ko+M,

o (x(e) = Y [o°x(@)], & + Ry 1y, (©):

k=0

where the natural numbers K, and M,, resp. « = u, o, depend on the functions ¢,
resp. o€, while

Kot My+1
IR%. +m, (] < Ck,+m,€ ot Mol

for some constants Ck,y, depending on C;, j =0,..., K, + M,, but indepen-
dently of both € and 0 < € < €.

2.2 The Asymptotic Character of the Expansion of the
Solution X; of the SDE in Powers of €

Theorem 2.2 Let us assume that the coefficients «¢, @ = u, o ofthe SDE (1) belong
to CK«(I) as functions of €, € € I = [0, €y], €9 > 0, and are in CMe(R) as functions
of x. Moreover, let us assume that o are such that there exists a solution X; in
the probabilistic strong, resp. weak, sense for (1), and that the recursive system of
random differential equations

dxi =[pe (x;)];dt + [0 (X)],;dLi, j=0,1,....,N, 120,
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has a unique solution. Then there exists a sequence €, € (0, €], € > 0, €, | 0 as
n — oo such that X;" has an asymptotic expansion in powers of €,, up to order N,
in the following sense:

X=X+ e, X+ -+ VXN 4+ Ry(en 1),
with

SUPse(0,1] Ry (€n, 8)|
N+1
6’1

St — ll'mgw() < CN+1 s

for some deterministic Cy4 > 0, independent of € € I, where st — lim stands for
the limit in probability.

Proof See [1, 6] for details. O

3 The Black—Scholes Model with Stochastic Interest Rate

Let us consider an asset whose return X; := logS;, under the so-called risk neutral
probability measure Q, evolves according to the following SDE

2 2

dX¢ = (r; - "7) dt — et (ey+% - 1) +oodW,) +e XV Ui ©
X5 = X0,

with oy € R, while N, is a standard Poisson process with intensity A > 0, and

(Ji)i=1....n, are i.i.d. Gaussian variables, i.e. J; ~ N (y, 82), for some y € R and
8 > 0. Therefore, the Lévy measure v(dz) of Z reads as

A _Ge=p? . . 5202
v(dz) = e 22 dz, zeR; withcumulant function «(¢) = A eVt —1).

V28

Moreover, in Eq. (6), the r€-term represents a stochastic interest rate evolving accord-
ing to
drf = b(t, r)dt + ev(t, r)dW?, o
ro =rp € R s ’
for constant € > 0,b and v being real functions satisfying suitable regularity and
growth assumptions which guarantee both existence and uniqueness of the solution
for (7). Further, W! and W? are assumed to be two standard Brownian motions
with correlation d (W!W?) = pdt , for some constant 5 > 0. In what follows we
will assume that b(t, r) = k(6 — r), for some real constants ¥ and 6, so that to
preserve the mean reverting property usually required by standard interest rates
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model. Furthermore, we choose v(t, r) = ¥ or v(t, r) = v4/r, for some constants ,
r e R+.

Remark 2 Let us note that, although v(z, rf) = D\/E does not satisfy the smooth-
ness assumptions we assumed up to now, our expansion works, at least as a formal
power series expansion, because of the existence and uniqueness result, see [23], for
this particular diffusion term component.

Assuming the above stated conditions, we have the following result.

Proposition 3.1 Let us consider the return process X; evolving according to Eq. (6),
where the stochastic interest rate r; evolves according to the SDE (7), with v(t, r)
satisfying standard conditions. Assume existence and uniqueness of solutions to (7),
withb(t, r) = k(0 — r). Assume that the jump process is independent of W', i = 1, 2,
with

d (W1 W2>t = pdt , for some constant p > 0. Then the first order heuristic expan-
sion for the stochastic interest rate r{ reads as follow

t
r[0=r0+/. K(Q—rf)ds,
0

®)
t
rl = _/ ey (s, rOdW? with law N(O, Q:l) ,

0

1
where Q! = [y e 2=v2(s, r)ds.
Furthermore the heuristic expansion up to the first order for the return X is given

by

¢ 2 t 2 N
X?:xo—i—/ (r?—%)ds;X,':/rslds—)»t(e’“’éz—1>+ka- )
0 0 k=1

Proof Applying Theorem 2.2, we have that r, evolves according to

t t
rl = —/ krlds +/ (s, rHdW?,
0 0

then, exploiting the [t6~Dgblin lemma w.r.t. the function re*’, noticing that r? is a
deterministic process, we find the desired solution. The distribution of ;' directly
follows by the fact that r! is obtained integrating w.r.t. a Brownian motion with
deterministic integrand. (I

To what regards the pricing problem of vanilla-type options, written on the underlying
eXi and with final payoff given by ®(X7), under the stochastic interest rate ¢, we

aim at finding the value Pr(0; T') given by

PrO:7) =E[e"h %o (x5)], (10)
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where the expectation is taken according to the joint measure generated by the two
correlated Brownian motions W' and W2. Therefore, to give an analytic expression
for (10), we consider suitable transformations allowing to replace W2 within the
expression of !, by a random variable independent of W}. Since r! is a Gaussian
random varlable then X' is Gaussian, too. Therefore, deﬁmng

4 2 N _ 2
X! =/ rlds — at (eV+57 - 1) +ZJk =X, —)»t(e’“”% - l) +Z]k’
0 k=1
(1)
_ l , 2
we have X] ~ N (O, (024 ), where Q¥ = [ ([uT e“ds) e > v(u, r®)%du .

Moreover O7 := Cov (GOW}, )_(}) =0Or =0oyp fOT fuT e“dse ™ v(u, r%)du , so
that, exploiting the Gaussian distribution properties and following [36], we obtain

T
®
/ rlds = L W)+ /ArZ. (12)
0 ooT

with A7 := Q)T‘l = T, for 27 Q being Z ~ N (0, 1) and independent from

W}, which allows us to state the following pricing proposition:

Proposition 3.2 Let us consider a European call option with payoff ®(X5) =
(eXl - K ) " then the associated first order (heuristic) correction to its fair price, is
given by

Pri0: T) = Pys +ee B Mk 0T _g a4
00\/_ (13)

FeTe o WO N (d)) A (eH? - 1) T eTe o a5 N (dy) sa,

@, resp. N, being the density, resp. the cumulative, function of the standard Gaussian
law, while d; is defined as

7 (e (=5)7)
d=——|(log=+(r——)T).
‘ aoﬁ<g1< 2

Proof For the sake of simplicity, let us first consider the case of a pure diffusive
process. Then, applying Proposition 2.1 to the function x > G(x) := e~ X, with X =
fOT réds, we get

T oese  _ T ,04 _ (T, 046 (T _ (T 04 T
eif() rsds —e j() rgds e JO rsdsf rxldX+R16(€» T)=e f() rgds (1 76/ rSldS)> +R?(E.T),
0 0

with |R16(6, T < Cre?, for some constant Cr, depending on the chosen G. Then,
by applying Proposition 2.1 to the function &, we have
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T 0 T T .0 T
Prl:T) = |:e_I0 ryds (1 - ef rjds) <1><x9)] +¢E |:e_ Jo rsds <1 —e/ r}d.s) @’(X(})XIT:| =
0 0

T 04 T 045 [T
:]E|:e7f0 r““cl>(x(})j| _E |:e*fo rsds/ rgds<l>(x(%)i|+
0
7,0 T ,0 r
+¢E |:e7/0 ’sd‘q>/(x2)X'T] ~E [e*/o ’x‘“[ rxld_vd>/(X(1)-)X1T:| +Ri(e,T) =
0

T 0 T 0 T T .0
—E [e— Jo s d>‘¢(x‘%)} —¢E |:y_ Jo s d“f r dsd>(X(%)i| +¢E |:e_f0 s d‘Yq>’(X(})X1T} ,
0

(14
where the last equality follows from incorporating the term with € into
Ri(e,T). Since & = (eXg — K)]L[W,‘.>7ﬁd(l)]’ and also considering that

2

; X0 .
Q' =7 1[W}>—ﬁd(l)]’ we eventually obtain

- Trp s — T)‘(.) s
Prio; T) =E[e Jo red <1>(x2)] +¢E |:e Jo i Kx;ﬂ[w}>_ﬁd(1)ﬂ .

Therefore, by (12), exploiting the independence of W and Z, and since Z has zero
mean, we complete the proof, in the pure diffusive setting, by explicitly computing
the expectation. While, also considering the jump terms, the result follows by Eq. (11)
in Eq. (14), and by the very definition of the Gaussian cumulative density function.

(]

Remark 3 We would like to underline that the study of the expansion related to the
validation of interest rate contingent claim has been already discussed in [38, 39],
where only Gaussian noise-driven models have been considered, and the expansion
itself has been performed around an unperturbed and deterministic model, while,
more recently, different asymptotic approaches have been provided to consider the
specific CEV-model as well as some type of two-factor (stochastic) volatility interest
models, see, e.g., [24, 34, 53].

4 Conclusions

In the present paper we have focused on the analysis of the small noise asymptotic
expansions for a generalization of the standard Black—Scholes (BS) model, namely
considering it under stochastic interest rates. This has been motivated by one of the
major BS-model drawback, namely the unrealistic assumption that there exists a
unique constant interest rate, which is shown to be an unrealistic assumption within
current financial scenarios. Dropping latter assumption causes the loose of a closed
formula for European-type options. Therefore, we have provided rigorous explicit
expressions for a corrections around the classical BS-formula, when the interest rate
is perturbed by a small random noise, also allowing it to have jumps.
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Abstract We describe, in an intrinsic way and using the global chart provided by
Itd’s parallel transport, a generalisation of the notion of geodesic (as critical path
of an energy functional) to diffusion processes on Riemannian manifolds. These
stochastic processes are no longer smooth paths but they are still critical points of a
regularised stochastic energy functional. We consider stochastic geodesics on com-
pact Riemannian manifolds and also on (possibly infinite dimensional) Lie groups.
Finally the question of existence of such stochastic geodesics is discussed: we show
how it can be approached via forward-backward stochastic differential equations.

Keywords Geodesics - Diffusions on manifolds + Stochastic variational principles

1 Introduction

The notion of geodesic in Riemannian manifolds appeared first in a lecture of Rie-
mann, in 1854. Originally, it was referring to the shortest path between two points on
Earth’s surface. Nowadays, given an affine connection like the one of Levi-Civita,
it can also be defined as a curve whose tangent vectors remain parallel when trans-
ported along the curve. In Theoretical Physics it is in General Relativity that this
notion played a key rdle.

In a stochastic framework, a generalisation of geodesic curve is described. It cor-
responds to a critical path for some generalised action functional. The concept is
reminiscent of Feynman path integral approach to Quantum Mechanics [1] but for
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well defined probability measures on path spaces. It involves, in particular, regu-
larisation of the second order in time classical dynamical equations, which is not
traditional in Stochastic Analysis.

The derived equations of motion are of Burgers type. When considering flows
which keep the volume measure invariant one obtains Navier—Stokes equations. This
point of view was developed in [2, 3, 9] in particular. It is currently being investigated
(c.f. [8] as well as [10] for a review on this subject).

After a short survey of classical geodesics on Riemannian manifolds, Cartan’s
frame bundle approach and its relation with the horizontal and Laplace—Beltrami
operators are recalled.

Stochastic Analysis of diffusions on manifolds along the line of It6—Ikeda—
Watanabe is given, together with Itd’s associated notion of parallel transport. Then
one comes back to one of the historic definitions of geodesics, namely as critical
points of an Action functional. The regularisations associated with the critical diffu-
sion provide the appropriate generalised energy functional. The same strategy applies
to geodesics on Lie groups.

It is also shown how, if needed, stochastic geodesics can be characterised via
stochastic forward-backward SDEs.

It is a special pleasure to dedicate this paper to Sergio Albeverio as a modest sign
of recognition for his faithful friendship along the years.

2 Geodesics on Riemannian Manifolds

We shall denote by M a d-dimensional compact Riemannian manifold and g its
metric tensor. Given m € M, if u, v are vectors in the tangent space T,,(M) the
Riemannian inner product is given in local chart by

gm(u,v) = (giju'v/)(m)
Here and in the rest of the paper we adopt Einstein summation convention.
The Levi-Civita covariant derivative of a vector field z has the expression
vV, J — d J Fj 1
[Viz) = EyE +Iy,2,

where I denotes the corresponding Christoffel symbols in the local chart; explicitly,

; L[ 8 9 9 y
Iy, = 5 ng,z + ng,i - ng,z g (D

Given a smooth curve t — ¢(t) € M, the parallel transport of a vector field z
along this curve is defined by the condition of zero covariant derivative of z in the ¢
direction,
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Venz(t) =0 or 7 = —Fk{]gbkzl_ )
Its solution, z(#) = 1. ,(z(0)), the parallel transport of z along the curve, provides
an Euclidean isomorphism between tangent spaces:
tfeo : To@ (M) — Ty (M).

Consider the curves minimising the length

Gﬁw=/wwm,lmm=J%ww

and therefore satisfying the Euler Lagrange variational equation

d (gi;v’ 1 ik
- : = —9(g; Jypk
7 ( ] 2 (gv’y

Replacing dt by ds (where s is the arc length) we obtain

d 1 1
(gzﬂ/ —) = 2 a(gjk> V =0

dt ds
and also
d*y/ dy* dy 1 dy* dy’
i o (gi, — =9 =0
gjd2+k( j)d d (]k)d dS

o,

Multiplying both members by g%’ we obtain the following classical form of the

geodesic equation:

dzy"‘ dy’ d)/

A =0 3
ds? ]kds ds )

orV,y =0.

A curve satisfying the last equation is called a geodesic for the corresponding
Riemannian metric. It is also well known that geodesics (defined in a time interval
[0, T']) are characterised as being critical paths of the (kinetic) energy functional

T T
&w=£|wmwm=lgwmeWWWMz )
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By critical it is meant that, for every family of smooth curves (variations of y)
e starting (at time 0) and ending (at time 7') at y(0) and y(T) resp., we have
ile=0E(y) = 0.

3 The Frame Bundle and the Laplacians

The bundle of orthonormal frames over M is defined by
OM)={(m,r):meM,r: RY — T,,(M) is an Euclidean isometry}

The map 7 : O(M) — M, m(m,r) = m is the canonical projection.

Let ¢;, i = 1,...,d denote the vectors of the canonical basis of R¢ and Vi
denote the (unique) geodesic on M such that y; (0) = m, % |t:0 y;(t) = r(e;). Let
(yi(t), r; (t)) represent the parallel transport of r along y;, Vyr; =0, r;(0) =1d.
Then

ri (1)

d
Ai(m,r) = 7
t=0

are called the horizontal vector fields on M.

Denote by @ the one-form defined on O (M) with values in R? x so(d) such that
<0, A; >=(e;,0); © = (0, w), with w(m, r) = r~'dr the Maurer—Cartan form
on the orthogonal group O (d). Its structure equations are given by

dd =w A0
do=wANw+ 20 N6),
where §2 denotes the curvature tensor:
2(X,Y,Z2) = (VxVy = VyVx — Vix y))Z,
and where [ X, Y] denotes the bracket of two vector fields. Recall also that the Ricci
tensor (Ricciy;) is the trace of the curvature, taken in the second and third entries.

In particular 8 (A;) = e and w(Ay) = 0. The horizontal Laplacian on O (M) is
the second order differential operator

d
Aoy =Y L4, ®)
k=1

where %, denotes the Lie derivative along the vector field A;. For every smooth
function f defined on M we have



Stochastic Geodesics 63

Ao (fom)=(Auf)om
where Ay, is the Laplace—Beltrami operator on M. This operator is expressed in
local coordinates by

2
EUA ©

Auf=g" [— - I

omiom/ " mk

4 Stochastic Analysis on Manifolds

We are going to consider stochastic diffusions associated to elliptic operators on M
of the form

1
Luf = EAMf+auf @)

in the sense of Itd stochastic calculus. Here u is a possibly time-dependent, smooth
(at least C?) vector field on M. In local coordinates the diffusion with generator L,
can be written as

. : 1 . .
dm’(t) = okjdxk(t) — (Egm’"l“n{,n — u/) dt )
where o = /g and x; are independent real-valued Brownian motions.
We consider the horizontal lift of these M-valued diffusion processes. Denote by
uy the functions defined on O (M) by

Uk(r) = r(ek)-uzr(r)-

Then it = ), Uy Ay satisfies 7'(it) = u (7' being the derivative of the canonical
projection 7).

Denoting by x a sample path of the standard Brownian motion on R, x(t),t €
[0,T], x(0) =0, we consider the following Stratonovich stochastic differential
equation on O (M):

d

dr, (1) = Z A(odx*(t) + Updt), r(0) =0 9)
k=1

with 7 (rg) = myo. In local coordinates (m', ¢!,) on O(M) and if r(t) = (m(t), e(t))
we have,
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dm' (1) = ¢!, o (dx*(t) + u®dr)
del (1) = —Ff,k(M(t))efl(l) odm/ (1),

If a € M, we denote the path space of the manifold-valued paths starting from a
by

P,(M)={p:[0,T]1—> M, p(0) = a, p continuous}.

The diffusion m(¢) has for generator the operator L,. We refer to [16] for a detailed
exposition of diffusions on Riemannian manifolds constructed on the frame bundle.

For each vector field u the operator L, and the operator £y = %AO(M) + dy
induce on the path spaces P, (M) and P,,(O(M)), respectively, two probability
measures, namely the laws of the corresponding diffusion processes. The projection
map 7 realizes an isomorphism between these two probability spaces.

Let the path space Py(RY) be endowed with the law of the process dy(t) =
(odx(t) +U)(y(2)), t € [0, T] and P,,(M) with the law of the diffusion p with
generator L,). Consider the Ito map I : Py(R?Y) — Py, (M) defined by

I(x)(t) = 7 (re (1))

This map is a.s. bijective and provides an isomorphism between the corresponding
probability measures [18].

Even though p is not differentiable in time, It6 has shown that one can still define
a parallel transport along p, which is the isomorphism from 7, (M) — Ty (M)
given by

. —1
ttp<—s =re@r(s)” .

The differentiability of r, (¢) with respect to variations of the Brownian motion x
was studied in [12, 17] within the framework of Malliavin Calculus [5, 19] (c.f. also
[13] for the case of the Brownian motion with drift).

Denote ¢ = %, ,uP. The following result holds:

Proposition 1 Given a process of bounded variation in time h : Po(R?) x [0, T] —
RY, we have, using the notations of Sect. 3,

<0,—  Fiyen >=2¢, < W, =  Tygeh >=P (10)
de . de |,

where ¢ and p are determined by the Ité (and Stratonovich) stochastic differential
equations

dc(t) = h(t)dt — [%Ricci + 21(h(t))dt — p(t)dx(t) (11
dp = 2 (odx + udt, h)
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with initial conditions £(0) =0, p(0) = 0.

The result above is still valid for pinned Brownian motion, namely when p(7T) is
fixed. Then the variations are equal to zero not only at the initial but also at this final
time. The sigma-algebra and filtration on the corresponding path space are the usual
ones, generated by the coordinate maps and generated by the coordinate maps up to
time T, respectively. We refer to [15] for more details.

5 Stochastic Geodesics

We shall consider stochastic geodesics as processes which are critical points of some
energy functional generalising the classical deterministic one. Since the stochastic
processes, diffusions on the manifold, are no longer differentiable in time, some
notion of generalised velocity has to replace the usual time derivative.

If £(-) is a semimartingale with respect to an increasing filtration %, t € [0, T]
and with values in a manifold M, we consider the process n defined by the
Stratonovich integral

n(t) = /O 5, 0dE(s)

This is a semimartingale taking values in T¢)(M). We consider its (generalised)
right-hand time derivative (or drift) by taking conditional expectations:
7 t —n(
D) = lim £ [—"( +e) = )}

€

Notice that if £ is a differentiable deterministic path, this notion of derivative reduces
to the usual one.
Then we define the generalised (forward) derivative

DYE(t) = t;oDin(t) (12)

We use the symbol V to stress that the derivative depends on the choice of covariant
derivative used to define the parallel transport, although in this work we are only
consider the Levi-Civita covariant derivative.

For a (possibly time dependent) vector field Z computed along a semimartingale
&, the generalised derivative is defined as

D,VZ(t) = lir% éE’ [tiireZ(t+€,E(t+€) — Z(t,E(1)]

Let us consider our base manifold M and, for a M-valued semimartingale &, define
the corresponding kinetic energy by
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T
EE) = E/O [IDVE(r)||*dt (13)

Next Theorem characterises the critical paths of & . Allowed variations are pro-
cesses of bounded variation £ satisfying #(0) = h(T) = 0. We have the following
result:

Theorem 1 A diffusion process m(-) with generator L,, u € C*(M), is a critical
path for the energy functional & if and only if DY u(t, m(t)) = 0 almost everywhere
or, equivalently,

%u + (V,u) + %[(Au) + Ricci(u)] =0 (14)

Notice that, in particular, we obtain the expression derived in [20] using local
coordinates.

It is shown in [4] (c.f., more generally, [20]) that the symmetries of the critical
diffusion coincide with the regularisation of its classical counterpart. In other words,
if the diffusion coefficient in (8), regarded now as variable, tends to zero, DVE in
(12) reduces to an ordinary (strong) derivative, Eq. (14) and the symmetries of the
critical diffusion reduce to those of the classical functional (4).

Proof We first write the energy functional via the lift of the process to the frame
bundle, as explained in the last paragraph:

T
&= E/ || D7 (r (1)) dt
0

where D, refers to the generalised derivative for processes defined on the flat space
(of the Brownian motion x). Then we perform variations of the Brownian motion x
along directions X(-), processes of bounded variation with £(0) = k(T) = 0. Using
Proposition 1, these variations will give rise to variations on the path space of the
manifold M along semimartingales ¢ (-), where ¢ is given by (11). More precisely
we have,

d

T T d
T E / 1Dyt resen(0) Pt = 2E / <Dm<rx<r)>,Dm/<— r.x+eh<t))>dz
=0 0 0

de |-

T
- ZE/ < Dyr(re(0)), D)) > d
0
T
= ZE/ < Dt (re (1)), hh — %Ricci(h) — D(h) (1) > dt
0

Using integration by parts in time, the assumption 4(0) = h(T) = 0 and the fact
that there is no Itd’s extra term in the integration since # is of bounded variation, the
first term is equal to —2E fOT < D, D7 (ry), h(t) >.
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We arrive to the conclusion that a process r, of the form (9) is critical for the
action functional & if and only if DYu = 0 almost everywhere, which proves the
Theorem.

6 Stochastic Geodesics on Lie Groups

Let G denote a Lie group endowed with a left invariant metric < > and a left
invariant connection V, that we assume here to be the Levi-Civita connection. The
corresponding Lie algebra ¢ can be identified with the tangent space 7,G, where e
is the identity element of the group. Taking a sequence of vectors H; € ¢, consider
the following Stratonovich stochastic differential equation on the group:

1
dg(t) = T,Ly() (Z Hy o dx*(t) — 5 Vi Hidt + u(t)dt) (15)
k

with g(0 = e, where T, Ly : T,G — T,(;)a G is the differential of the left transla-
tion Lg(;(x) = g(t)x, x € G and where x¥(t) are independent real valued Brownian
motions. The vector u(-) is assumed to be non random, u(-) € C2([0, T]; ¥).

The stochastic energy functional for a general G-valued semimartingale £(¢), ¢ €
[0, T], reads:

T
&) = E/ Tk Lew D §()|17dt (16)
0

Assume furthermore that Vi, Hy, = 0 for all k£ (in particular the Stratanovich integral
in (15) coincides with the Itd one). Then the following result holds:

Theorem 2 ([2]) A G-valued semimartingale of the form (15) is critical for the
energy functional (16) if and only if the vector field u(-) satisfies the equation

d 1
() = adyu(t) = (; Vi, Vi u(t) + Ricci(u(t)))

When H; = 0 for all k the equation reduces to the well known Euler—Poincaré
equation for (deterministic) geodesics in Lie groups %u(r) = adyu(r).

Up to some sign changes, the right invariant case is analogous.

The theorem also holds for infinite-dimensional Lie groups and allows, as a par-
ticular case, to derive the Navier—Stokes equation, when the problem is formulated
on the diffeomorphisms group (c.f. [2]).
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7 Relation with Stochastic Forward-Backward Differential
Equations

Deterministic geodesics solve second order differential equations and as such can
be obtained using standard methods for such equations, with given initial position
and velocity as well as with initial and final given positions. The meaning of “sec-
ond order” stochastic differential equations is not so clear. A possible method is
its characterisation via stochastic forward-backward differential equations. In local
coordinates (c.f. notations defined in (8), a stochastic geodesic in the time interval
[0, T'] reads

m’ (t) = m’ (0) + / ol (m(s))dx*(s) — / (%g'"*"rrg,,xm(s)) -y (s)) ds
0 0

T T )
V(1) = y/(T) — / Z](s)dx"(s) — % / Ricci’ (m(s))ds

Given m/(0) and y(T) = u(T,m(T)) these kind of systems may provide solu-
tions of the form (m(¢), y(¢)) with y(¢) = u(t, m(t)) corresponding to our stochastic
geodesics (c.f., for example, [14]). The term Z is an a priori unknown of the equation,
but is in fact determined a posteriori by the solution (m, y).

In the case of stochastic geodesics on Lie groups, the characterisation via forward-
backward equations was described in [6]. An extension to infinite dimensional Lie
groups and, in particular, to the Navier—Stokes equation framework, is also possible
[7, 11].
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A Note on Supersymmetry and m
Stochastic Differential Equations e
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Abstract We obtain a dimensional reduction result for the law of a class of stochastic
differential equations using a supersymmetric representation first introduced by Parisi
and Sourlas.

Keywords Invariant measures of sdes - Dimensional reduction + Supersymmetric
field theories

AMS: 60H10 - 81T60 - 46L.53

1 Introduction

In this paper we want to exploit a supersymmetric representation of scalar stochastic
differential equations (SDEs) with additive noise and nonlinear drift V' in order to
prove the well known relation between the invariant law of these SDEs and the Gibbs
measure eV ®dx.

The supersymmetric representation of SDEs or more generally SPDEs was first
noted by Parisi and Sourlas [15, 16] and it is well known and used in the physics lit-
erature (see, e.g. [21]) where the relation between supersymmetry, SDEs and Gibbs
measures (called dimensional reduction) was formally established [7, 10]. In the
case of elliptic SPDEs these formal arguments have been rigorously exploited and
proved [3, 14] and applied to the stochastic quantization program of quantum field
theory [2, 11]. In the present paper we want to propose a similar rigorous version
of dimensional reduction for one dimensional SDEs. The proof proposed here fol-
lows more closely the methods used for dimensional reduction of elliptic equations

F. C. De Vecchi (<) - M. Gubinelli

Institute for Applied Mathematics & Hausdorff Center for Mathematics,
University of Bonn, Bonn, Germany

e-mail: fdevecch@uni-bonn.de

M. Gubinelli
e-mail: mgubinel @uni-bonn.de

© Springer Nature Switzerland AG 2021 71
S. Ugolini et al. (eds.), Geometry and Invariance in Stochastic Dynamics,

Springer Proceedings in Mathematics & Statistics 378,
https://doi.org/10.1007/978-3-030-87432-2_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-87432-2_5&domain=pdf
mailto:fdevecch@uni-bonn.de
mailto:mgubinel@uni-bonn.de
https://doi.org/10.1007/978-3-030-87432-2_5

72 F. C. De Vecchi and M. Gubinelli

used in [3] (see also [14]) rather than the formal proofs of the physics literature
(see, e.g. [7, 10]). The dimensional reduction of parabolic and elliptic stochastic
differential equations with additive noise and gradient type non-linearity is an exam-
ple of a more general phenomenon involving a supersymmetric representation of
generic stochastic differential equations with Gaussian white noise. Although there
are some formal arguments for proving this (conjectured) relation between dimen-
sional reduction, supersymmetry and generic stochastic differential equations (see,
e.g., [21] Chap. 15), outside the elliptic case with additive noise cited above and the
standard stochastic differential equation with additive noise treated here, to the best
of our knowledge, there is no proof in the general setting.

We describe in more details the result proved in this paper. Here we consider the
following SDE

Ao +m* o) + fF(OV' (@) =E@),  1€R, 6]

where m > 0, f : R — R, is a compactly supported positive even smooth function
such that f(0) =1, V : R — R is a smooth bounded function with all derivatives
bounded and ¢ is a Gaussian white noise on R. Equation (1) has a unique solution ¢ :
R — R which coincides for sufficiently negative times with the Ornstein—Uhlenbeck
process ¢ = G * £ where

G(t) = e T-o.
This solution satisfies the integral equation
OO+ G (fV (@) =p), teR, )

and moreover its law is invariant under the inversion ¢t > —t of the time variable.
The aim of this note is to prove the following theorem.

Theorem 1 For any bounded measurable function F : R — R we have
E[F(s(@e S 0Ven] = / Floe e 2V gy
2 Jr

where
E [6—2 [ f"(z)V<c‘>(t>>dz]

Z =
fR e—m2x2—2 V) dx

Proof Let pi, be the law of the Gaussian field ¢ = G * £ on the space C(R; R)

endowed with the topology of uniform convergence on bounded intervals. Girsanov
theorem implies that for any measurable bounded function F : R — R

B[F@©)e 250V 0] = [ Feopens@in @, 6
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with

5(90)2/ [f( )V”( (t))——(f(t)V (p(1)* — 2f/(t)V(¢(t))} dr+

0

- FOV'(p®) 0 dB(@).

Here (B(t));cr is the double sided Brownian motion (adapted with respect to )
such that §,B = £ = (0, + m?)y and odB denotes the corresponding Stratonovich
integral.

Parisi and Sourlas [16] observed long ago that the r.h.s. of Eq. (3) admits a repre-
sentation using a Gaussian super-field ® defined on the superspace (z, 6, 6), where
t € Ris the usual time variable and 6, § are two Grassmann variables playing the role
of additional “fermionic” spatial coordinates (see Sect.2 for the necessary notions
and notations). For the moment let us simply remark that  can be rigorously con-
structed as a random field on a non-commutative probability space with expectation
denoted by (-) in such a way that the expectation of polynomials in & can be reduced,
via an analog of Wick’s theorem, to linear combinations of products of covariances.
If the covariance of the super-field has the form

_ _ 1 _ _
(@(1,0,0)D(s,0,0")) = mg(lf —sD+Ga =)0 — ) —G(s — 1)@ —0)0, 4

then we will prove in Theorem 8 below that the following representation formula
holds

0 - - -
/ F(ga(O))exp(S(ga))W(dgp)=<F(<1>(0))exp ( / ft+200)V (@, 0, 9))dtd9d9)>. 5)

Note that on the Lh.s. we have usual (commutative) probabilistic objects while the
r.h.s. is expressed in the language of non-commutative probability.

The interest of this reformulation lies in the fact that on the superspace (7, 0, 0)
one can define supersymmetric transformations which preserve the quantity ¢ + 266.
Integrals of supersymmetric quantities satisfy well known localization (also called
dimensional reduction) formulas [5, 6, 12, 14, 17] which express integrals over the
superspace as evaluations in zero, more precisely if F = f(t +200) € S(&) is a
supersymmetric function and 7' € S§'(S&) is a supersymmetric distribution we have
that <
/ T(t,0,0)- F(t,0,0)dtd0d0 = —2T;(K) Fs(K)

oo

for any K € R (see Theorem 9 for a precise statement).

We cannot apply Theorem 9 directly to expression (5) since the superfield ® is not
supersymmetric. On the other hand the correlation function (4) is supersymmetric
with respect to (s, ', 0’y when 7 > s and with respect to (¢, 0, ) when ¢ < s. This
property and the Markovianity of the kernel G, namely
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Gt —5)Gs—1) =0

when s # ¢, allows us to prove a localization property for the expectation of super-
symmetric linear functionals of ® (see Theorem 14), namely we prove that

0
<F(<1>(O)) exp (/ f@+200)V(P(t, 0, é))dtdedé>> = (F(®(0)) exp[—2 V(P (0)]).

Since ®(0) is distributed as a Gaussian with mean 0 and variance 2m 2 this implies
the claim. O

The rest of the paper contains details on the definition of the super-fields and the
proofs of the intermediate results.

2 Super-Geometry and Gaussian Super-Fields

2.1 Some Notions of Super-Geometry

We denote by G an infinite dimensional Grassmannian algebra generated by an
enumerable number of free generators {1, 6, 6,, ..., 6,, ...}. By this we mean that
any elementof ® € G canbe written in a unique way using a finite number of sum and
products between the generators 6;. The product between the 6; is anti-commuting
which means that ¢;0; = —0;0;, for all i, j € N, and they commute with 1. We
call & = span{l}, &1 = span{0, 01, ..., 0,, ...} and with &; = span{0;, - - -0, 10;,
€ 61}

If 6y,...,0, € 6, we denote by &(0y, ..., 0;,) the finite dimensional Grass-
mannian sub-algebra of & generated by {1, 0y, ..., 8}, and we denote by £, the
universal Grassmannian algebra generated by / elements. We suppose that there is
an order between the generators of . Once we fixed an order between 64, ..., 6,
there is a natural isomorphism between 9, and &(0y, ..., 0;).

We can define a notion of smooth function F : R" x 6]1’ — &. Let F be a smooth
function from R” taking values in O, which means an object of the form

h
F)=Fp)1+ Y F@t+ Y Fijmtt +-+ Fio_ a0t b,

i=1 1<i<j<h

where~ t1, ..., t;, are a set of generators of 9, and x € R". We define F associated
with F in the following way: F associates to (x, 01, ..., 0;) € R" x Gi’ the element
F(x) € (8, ...,H0,) where we make the identification of S (6, . .., 6),) with O,
ie.
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h
Fe, 01,00 = g1+ Y B+ Y Fij(06i6; +- -+ Fio_ n()01 -6
i=1 1<i<j<h

(6)
Hereafter we use the notation Fy, Fy,, ... for denoting Fy = Fy, Fy, = Fy, ... . We
say that F is a Schwartz function if Fy, F;, ... are Schwartz functions. We denote

by S(&") the set of Schwartz functions with 4 anti-commuting variables.
If H : R — R is a smooth function we can define the composition H o F in the
following way

HoF(x,0,...,0,) = H(Fy(x))1 + H'(Fg(x)(F(x, 01, ..., 6,) — Fs(x)1)
+3H' (Fy))(F(x, 01, ..., 0y) — Fy(0)1)?
o wHP (Fy () (F(x, 01, ..., ) — Fy(x) D"

On G it is possible to define a notion of integral called Berezin integral, in the
following way [ 6df =1, féd@ =0if 0 € S, and 0 # 0, [ ©6df = © where
®@=80,---0, €6, and 6; # 6 and f -df is linear in its argument. The integral
/ (H)d91d92 e d9h is defined as f ( e (f ([ @del) d92) cee ) d6h

If F is a smooth function, defined on R" x G’l‘, we can define the integral of F

with respect to dxd#f, - - - d6), in the following way f F(x,0y,...,0,)dxd6;---db,
first applying the integral [ -dx to the set of functions Fy, F;, ... (which are the
component of the function F by Eq. (6)) obtaining an element of 6(6‘1, ..., 0) and

then applying the Berezin integral to this result. Using this notion of integral and
the induced duality between smooth functions, it is possible to define the notion of
tempered distribution T € S'(R" x &"). The distribution T is an object of the form

h
T(x, 01,0 00 = Ty() L+ Y T5,()0; + -+ + Ty, g, (X)0; -+ 6

i=1

where Ty(x), Tp, (x), ..., Tp, g, (x) are Schwartz distributions on R".

2.2 Construction of the Super-Field

Following the analogous construction in [3, 14] the super-field ® is defined as
@ (1,0, 0) = (1) + D0 + V(10 +w ()69,

where ¢ € R, and ¢, v, 9, w are complex Gaussian fields realized as functional from
S(R) into the set of operators O($)) on a complex vector space §) with a fixed state
Q, and 6, 6 are any pair of anti-commuting variables 6, f € & commuting with the
operators w, ¢ and anti-commuting with the operators 1, 1. Hereafter we shall use
the notation denote by (a)q = (2, a(R))g for any a € O(H), where (-, -)p is the
scalar product in H. For a background on superfield, supermanifolds and Berezin
integral see, e.g., [4, 8] and furthere referefnces in [2, 3].
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The Gaussian fields ¢, v, 1, w mush be realized as operators defined from S(R)
taking values in O(%)), for a suitable Hilbert space $) with a state 2 € § such that
the condition (4) holds. Making a formal computation we obtain that

(@(1,0,0)@(5,0,8))g = (p(p(s)) g — (WBOP($)) b8 — (b()P(s)) 00+
+ (W () Q0" + (Wt ()00 + (W(Hw(s)) 000’0’

from which we get

(N a = 5= Gt — sD) (OY(s))a =G —5) (pw(s))e =G — )
(W®w(s))a = 0.

™)
Using the commutation relations

(). o)} =0 {p(1). W)}y = 0 fw(n), W)} =0 (8)

(W0, D))= = (¥, $($)}- = {1h(1). ()} = 0 ©

{pMP®))s = eV} = (W), )}y = W), P($)} =0

where {K|, K»>}+ = K1 Ky — K>K; and {K,, K»}- = K1 K> + K>K; (where K,
K, € B($)) are the commutator and the anti-commutator of closed operators hav-
ing a non void common core. By Wick’s theorem (see, e.g. [9] Chap.3 Sect. 8) the
expectation of arbitrary polynomials in ¢, ¥, 1, w is completely determined.

The bosonic field ¢ is a standard (real and commutative) Gaussian field with
covariance G (|t — s|). Also w is a standard (complex and commutative) Gaussian
field of the form

w(t) =&£@) +in(),

where ¢ = (9, + m?) and 7 is a Gaussian white noise with Cameron-Martin space
L*(R) independent of . We can realize the Gaussian field ¢, w as (unbounded)
operators defined on a Hilbert space ' and with a state Q. ,. We can take 9, ., =
Lz(,u,p,w) where 1, , is the law of (p, w) on C(R) x ScR) and Q,, = 1.

The fermionic fields v, ¢ are build as follows (for a different construction of
fermionic fields see also [1]). Let a, b and a*, b* be two creation and annihilation
operators defined as bounded functionals on S(R) taking values in B($),, ;) (Where
f)w’ 5 1s a suitable Hilbert space with a fixed state ij)) such that

¥

P,

fa(f), a(@)}- = {b(f), b(g)}- =0
{a(f),b(@)}- = {a*(f),b(g)}- =0
{a*(g), a()}- = (b*(8), b(N)- = (fp f(Dgt)dr) I5 .,

for any f, g € S(R), and such that

(@(f)K)a,, = (Ka* (e, , = b(HK)g,, = (Kb* (e, =0,
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where K is any bounded operator K € B(ﬁw’@). We define i/ : S(R) — S(R) by

6715[

et PASNS

1
UH@) =

We then write

() = a* U () +b(f), D) =b*U) —a(f),

where U/* is the adjoint of I/ in L?(R) with respect to the Lebesgue measure on R.
In this way, we have

(@), ¥(s)}- = {(), Y(s)}- = {b(1), P(s)}- =
and also

(@(f)w(g)m,_, (b*(Ha*(®)e,, + " (b)), — (a(fHa*(g)e,
—(a(fHb(g))a fRU(f)(t)g(t)dt
= fag@® [l e - D f(s)dsdr = [, g(OG( — 5) f (s)dsdb.

In other words we have (&(t)z/}(s))ng& = G(t — s) as required (for a more detailed

proof see, e.g., [1, 15, 16, 21]). We can define the operators ¢, ¥, 1, w as acting on
a unique (quantum) probability space, by taking

H= ﬁa,a,w ® S;JUJ:/; Q= Qgp,w ® Qw,i/‘

In order to realize the field ® in a rigorous way we consider a complex sub-algebra
A C O(H) such that ¢, ¥, 15, w take values in 2 and for any smooth function V :
R — R we have V(¢(g)) € &, where g is any function in S(R). This sub-algebra
2 is generated (from an algebraic point of view) by operators of the form V (¢(g)),
w(g), Y(g), 1/_)(g) and /. We consider the vector space A = A x &. There are two
preferred hyperplanes Ay and Ag defined by

Aa = {(a, 1e)la € A}, As = {(I5,0)|0 € &},
with the natural immersions ig : 2 — A and ig : & —.A defined by ig(a) =
(a, 1) and ig(0) = (Ig, 0) (we note that Ay = ig(A) and Ag 1= ig(6)). It is
clear that Ag(, Ag generates the whole A. On A we define the following product -, in

such a way that the maps iy and ig respect the product (i.e. igg(ab) = ig(a) - i (D)
and ig(0160>) = ig(0y) - is(6,)) and such that

V(p(@). 1e) - (Ig. 0) = (I5.0) - (V(¢(8)). 1e) = (V((g)). 0)

(W(@). 1s) - U5, 0) = (I, 0) - (W(g), ls) = (w(g). O)
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(@), 1s) - (I, 0) = —(I5, 0) - (¥(g), 1s) = (¥(g), 6)
(h(g), 1s) - g, 0) = —(I5,0) - (V(g), ls) = (¥(g), 0)

where g € S(R) and § € & (not in &). The product - can be uniquely extended (in
a associative way) on A since Ag, Ag generates the whole A, operators of the form
Vp(g), w(g), ¥(g), zﬂ(g) generates the whole 2 and & generates the whole &.
Hereafter we will omit to explicitly write the product - if this omission does not cause
any confusion.

On A we can define a linear operator () : A - Ag = & by

((a,0)) = (a)a(ls, 0).

Furthermore for any 0y, ..., 6, € &; we define the linear operator f -df;...db, :
A — Ag such f -df ...d0,| 4. is the usual Berezin integral induced by the identi-
fication Ag = &

/mﬂmm”@mz(/%m”d@)mﬁg.

Hereafter we identify the space 2{ and & with Ay and Ag respectively, and we write
instead of (a, 1), (I, 0), (I, 1) simply a, 6 and 1 respectively (in this way we
take also the tacit identification of span{ls} = &¢ with R). Furthermore we identify
(p,w,@,wwithig[ogp,imoz/},imolﬁ,imow.

Remark 2 Since 1, 1 are “independent” with respect to ¢ and w (since they can be
realized on a space of the form ) = 9, ., ® »7)y5,@) the expectation only with respect

to the fields v, 1) is well defined, namely there exixts an operator (Vg O —> O
such that

(V@) -, @YADY -+ IO 5
= V(p(t1), ..., @)WY - - @)Y (E0)).

This operator (-) , ; extends to A in the same way in which the operator (-) is extended
on the whole A.

2.3 Relation with SDEs

In this section we want to use the super-field ® for representing the solution to the
SDE (1) through the integral (3).

First of all we have to define the notion of composition of the super-field ®
with smooth functions. Consider the smooth function H : R — R growing at most
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exponentially at infinity. We can formally expand H in Taylor series and using the
properties of 8, § we obtain

H(®(t,0,0) = H(p®)) + H' (0()P(0)0 + H' (0(1))3(1)0+
+H(H' (p()w(t) + H" () (1)) (2))60.

Unfortunately the products H'(¢(1))w(r) and H”(p(t))(t)1)(t) are ill defined
since the factors are not regular enough. For this reason we consider a symmet-
ric mollifier p: R — R, (with p(¢) = p(—t)) and the field &, = p, * P, where
pc(t) = e p(te™"). If G is a super-function, F : R — R is a smooth function and
K is an entire function we define

(F(p(O)K ([ G(t,0,0)H(P(t, 0, 0))drdodo))

i= limeo (F (- (0)K (f G (¢, 0, ) H(P(t, 0, 0))dtd0dd)). (19

We want to prove that the previous expression is well defined and does not depend
on p.

Remark 3 It is important to note that the expression (10) does not depend on p only
if p is reflection symmetric (i.e. p(t) = p(—t)). If we choose a different p (such that
for example f i) o PAt # f0+°° pdt) we will obtain a different limit in (10). This is due
to the fact that the products H'(p(t))w(t) and H”(gp(t))w(t)v,/_)(t) are ill defined and
it is analogous to the possibility to obtain It6 or Stratonovich integral in stochastic
calculus considering different approximations of the stochastic integral.

Lemmad4 Let Fy,..., F, : R x R — R be smooth functions with compact support
in the first variable and growing at most exponentially at infinity in the second
variable then we have

gg%< / Fi<z,we<r>>¢e<rwe<r>dr> = [TT R e, tandn. (1D
i=1 0. i=1

in LP(puy,) for all 1 < p < 400. Here &,(ty, ..., t,) = det((Gy ;)i j=1
Gij=6—t)ifi #jand G;; = 1/2.

.....

Proof 1t is simple to see that limHO(z/?e(tl)we(tg))q/,,’l; =Gt —t;) when t; 1,
and limﬁo(z/_ze(t)zbé(t))w@ = % (this is due to the fact that p(r) = p(—t)). Since

(1/_15(t1)1/J5(t1) e zzf(tz)w6 (t4)) ¢ is uniformly bounded in 7 and € and F; (7, ¢ (1)) is
uniformly bounded in L’ (1,,) in t and e the claim follows. ([l

Remark 5 Since only one between G(t — s) and G(s — t) is non zero if F| = F, =
--. = F, then we get

_ n 1 n
in ([ A eniiomamnr) ) = (5 [ R o)
e P
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Lemma 6 Let F : R x R — R be smooth functions with compact support in the
first variable and growing at most exponentially at infinity in the second variable
then we have in L?(i,,), forall 1 < p < 400,

lim / F(t, o 0)we(t) = / F(t, (1)) 0 dB(1) + i / F(t, o()dW (1)

where the first one is Stratonovich integral and the second one is Ito integral with
respect to (double sided) Brownian motions (B(t), W (t)),cr such that 0, B(t) = £(t)
and O,W(t) = n(t) with By = Wy = 0.

Proof This is the Wong—Zakai theorem [13, 18-20]. ([l

Theorem 7 WhenKis apolynomial and H grows at most exponentially at infinity, or
K is entire and H is bounded with first and second derivative bounded, the limit (10)
is well defined and does not depend on the symmetric mollifier p.

Proof When K is a polynomial the thesis follows directly from Lemmas 4 and 6. If
K is an entire function and H is a bounded function with first and second derivatives
bounded it is possible to exchange the limit in € with the power series, since

X p
<<</ G(t,0,0)H(®.(t, 0, é))) dzdadé> >
.

is uniformly bounded in € for any p > 1. O

Theorem 8 Suppose that G(t, 0, 0) = Gy(t) + G,3(1)00 and that H is bounded
with the first and second derivatives bounded then

<F(¢(0)) exp </ G(t,0,0)H (@, 0, é))dzdedé>> =
1
=/F(<P(0))6Xp (E/Gw(t)H”(cp(t))dt—[Gw(t)H/(so(t))odé(t)Jr

1
-3 / (Go() B (p(1)))di — / Gm;uw(so(t))dz) 1o ().
(12)

Proof The proof follows from Theorem 7, the multiplicative property of exponen-
tials, Remark 5, and the fact that the Fourier transform of a process integrated with
respect to an independent Gaussian white noise can be computed explicitly and in
this case gives the factor exp(—% f(Gg(t)H’(@(t)))zdt). U
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3 Supersymmetry and the Supersymmetric Field

3.1 The Supersymmetry

On C*(R x G%) one can introduce the (graded) derivations
Q:=200,+09;  Q:=200, — 0,

which are such that _ _ _
Ot +200) =0= Q(t +200),

namely they annihilate the function 7 + 2600 defined on R x &?%. Moreover if QF =
QF =0, for F in C*(R x &7), then we must have

0= QF(x,0,0) =20, fs()0 + f3(t) + O, f[(x)00 — fop(1)0
0= QF(x,0,0) =20, fy(1)0 + fo(t) — O, fo(x)00 — fr5(1)0

and therefore

O fo(1) = %fea(t) and  fy(r) = fz(t) = 0.
This means that there exists an f € C*(R, R) such that
F(t+200) = (1) + 2 100 = fy(t) + f,3()00 = F(t, 0, 6).
Namely any function satisfying these two equations can be written in the form
F(1,0,0) = f(t +2600).

Suppose that > 0, if we introduce the linear transformations

ot t +2b0p + 2b6)p )
Tb,b)| 0| = 0 —bp € &(0,0,p)
0 0+ bp

for b, b € R and where p € 61 is a new odd variable different from 6, 9, then we
have

4 7(ab,ab)F(t,0,0) = d F(r(ab,ab)(t,0,0)) =b-Q+b-Q)F(t,0,0)
da a=0 da a=0

so (b, b) =exp(b- Q + b - Q) and 7(ab, ab)T(ch, cb) = 7((a + c)b, (a + ¢)b).



82 F. C. De Vecchi and M. Gubinelli

In particular F € C*®(R x &?) is supersymmetric if and only if for any b, b € R
we have 7(b, b)F = F.

By duality the operators Q, Q and 7(b, l;) also act on the space S'(&) and we
say that the distribution 7 € S'(6) is supersymmetric if it is invariant with respect
to rotations in space and QT = QT = 0. For supersymmetric functions and distri-
butions the following fundamental theorem holds.

Theorem 9 Let F € S(6) and T € S'(S) such that Ty is a continuous function.
If both F and T are supersymmetric. Then for any K € R we have the reduction
formula

K
/ T(t,0,0) - F(r,0,0)dtd0dd = —2T;(K) Fy(K). (13)

o0

Proof The proof can be found in [14], Lemma 4.5 for R? and in [17] for the case
of a general super-manifold. Here we give the proof only for the case where T
is a super-function. In this case we have that T'(¢, 0, é) = Ty(t) + ZTM’(t)HH_ and
F(t,0,0) = Fy(t) + 2F;(1)00, from which we have

T(1,6.6) F(1,0,0) = Ty(1) Fp(t) + 2(T; (1) Fy(t) + Ty(t) F(1))60
= Ty(t) Fy(t) + 20, (Ty Fy) (1)66.

By definition of Berezin integral we have

K K
/ T(t,0,0) - F(,0,0)dxdodd = —2/ 0, (TyFyp)(1)dt

]

= —2Ty(K) Fy(K).

O

Remark 10 In Theorem 9 we can assume that F = Fy(t) + Feé(t)ﬂé and
T(t,0,0) = Ty(t) + Ty(t)00 where Fy(t) = 2F;(t) and Ty;(t) = 2T;(t) only for
t < K. In this way we can consider supersymmetric functions only on the set
(—o0, K1.

3.2 Localization of Supersymmetric Averages

Remark 11 We note that the correlation function

C®(t,5.0.0) == (p(1)®(s.0,0)) = ng(t —5)+G(t —5)00
2m

is a supersymmetric function when ¢ > s.
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Lemma 12 Let g(t) be smooth function with compact support, t € R, let P be a

polynomial. Then fort; >ty > --- > trand M = (my, ..., my) € N* we have
HY ) =

k 179 T1 Te ¢ _ — —
= <1_[ o)™ / / / Hg (7i +26:6;) P(® (3, 6;, 9[))d7'id9id9i> =
—00 J—00 —00 ;]

_ (2g@) <

k
0 [Tewp™ P(w(rk>>‘> :

j=1

Proof We prove the lemma by induction on £ and for simplicity we assume that
P(x) = x", the general case being a straightforward generalization. Since the proof
is essentially of combinatorial nature in the following we consider some ill defined
objects like the products ¢ (#)w(s) or 1/)(t)1/_1(s). This fact does not change the main
idea of the proof since all the expectations with respect to the previous products are
defined using the symmetric regularization proposed in Lemma 4 and Lemma 6, i.e.
all the following computations can be made rigorous replacing ¢, w, 1) and ¢ by the
regularized Gaussian fields ¢, w,, 1. and zﬁc (as defined in Lemma 4 and Lemma 6)
and then taking the limit as ¢ — 0. The main difference between the proof below
and the one involving the regularized fields is that in the regularized case we have
also to consider the contractions of the form w.(#)p.(s) and 1), (l‘)’JJE (s) whens < t
and |s — | < €. Since the contributions of this kind of terms are proportional to the
support of the mollifier p., they go to zero as ¢ — 0. Let

k
YM(t, o n) = [ e
j=1
We have N
H’l‘ﬁ?(z. ..... ) = <YM(1., ...,tk)/ g(T + 200)(® (7, 6, é))”deedé> =

1)
:/k g(r+200)(YM, ..., 1)(P(T, 0, 6))")drdodo.

Since ® and ¢ are Gaussian fields, by Wick theorem and by Remark 11, we have that
YM(ty, ... 0)(P(T, 0, 0)") is supersymmetric in (7, 6, 0) when 7 < 1. Moreover,
given that G = g (¢ + 260) is a supersymmetric function by Remark 10, we have the
thesis.

Suppose now that the lemma holds for £ — 1 € N, then letting

T1 Te ¢ _ _ _
Hm%=/'~/||ﬂmHMMMRW%WMMMu
- =2

we have
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H?i’;ﬁ(tbm,lk) =
M Ik T 7 L _ _ _
=(Y (t],A..,tk)/ / / ]—[g(Ti +29i9i) (<I>(r,»,9,-,9,-))"d'r,-d9,»d9i
Ik _ _ _
= [ e+ 200 1 0@ 01,80 H G )an a0y
—0o0

% (Mg oM n—1
= §EOH | o (1, g, T)AT — 1 Y5, ... o) w(r) H ()
oo _

o

lk -
~g(rdr —n(n —1) / M@y, )" "2 e () H (1)) g (r)dTy
—00

Here (M, n) = (my, ..., my,n). By the induction hypothesis the first term in the
sum is exactly

f Qgr)!

=T (e YM @, ))dn.

/3
M,n),
/ g,(Tl)Hfg_'lfl;ng(tl,.~.,tk,Tl)dTl =/
o0

For the second term we note that

71 Te ¢ _ _ _
<so<n>"*1w(mYMm,...,rk>f [ Tew +2a,~9i><<1><r,-,ei,ei)>"dnd9ide,~> -
—o00 —00ih

k
M—1j,n-1), M.n-2),
=m0 G ) 4 (= DlpmwE RS E )
j=1

where1; = (0,...,1,0,...,0) € N* with 1 in the Jj-th position and where we used
Wick’s theorem and the fact that

t
1 Tl ¢ _ _ _
{p(rw(n)) = 5 and <w(Tl)/ [ [T +20:0:) (@ (7. 61, 9i))"dTid9id9i> =0.
—00 —00 ;5
Furthermore for the third term we have
) _ k T L _ _ _
<50(71 R TICION I RE A / f [T +29i0i)(¢‘(7'is€h9[))ndTid9id9i> =
- =2

Jj=1

= WEDDEY RS e ).

In this way we obtain that

7 —1
M@ = 012 [ g ST

= P T+

k
(M—1;,n-1),
=Y ompwe) - Hy " i ).

j=1
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Here we use the fact that (p(m)w(m)) = —(w(ﬂ)z@(ﬂ)) = % Noting that

("2 @POP@YM (@, . 1)) + (@) " @YY (@, 0)) =0

we obtain

gz 2600))* -~ -
2 / wqﬂ(r, 0, 0)drd0d9> -
. i

) -1
o E)! H?ﬁfﬁ (.. 1)
Finally, the thesis follows from the induction hypothesis for Hfﬁf; (t1,..., ). O

Corollary 13 Let G be a supersymmetric function with compact support, then we
have

0 k
<g0(0)m (/ G(t,0,0)P(®(t, 0, é))dzd&dé) >: (—2Gg0)* (p(0)™ P(p(0))5).
—00
(14)

Proof Using the symmetry of the Lh.s. of (14) with respect to the exchanges
(73, 0;,0;) <—> (7;,0;,0;) we have that

o0

0 k
<<p(0)'" ( / G(t,0,0)P(d(r,0, é))dzdedé) >=

0 71 T K _ _ _
— K <<p(0)’” | [ [ Tewmonir@a.o. 9,->>d7,-de,-de,»>.
—o0 J —00 —00 ]

Then the claim follows directly from Lemma 12 taking g = Gy. (I

Theorem 14 Let F be a smooth bounded function, let G be a supersymmetric func-
tion with compact support, let H be a bounded function with all the derivatives
bounded and let K be an entire function, then we have

0 - - -
<F(@(O))K (/ G(t,0,0)H(P(z, 90, 0))dtd9d0)> = (F((0)) - K(=2Gg»(0) - (0))).

Proof Using the density of polynomials in the set of smooth functions with respect
to the topology given by the one of the Sobolev space with respect to the Gaussian
law of ¢(t), Corollary 13 implies that for any k € N and F, G, H satisfying the
hypothesis of the theorem

0 _ ~ _ k
<F(50(0)) </ G(t,0,0)H (@, 9, 9))dfd9d9) > = (F((0)[-2Gy(0) H (p(O)]").
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Expanding K in power series, exploiting the fact that

P

k
(/ G(t,0,0)H(d(, 6, é))dzd@dé)
)

is uniformly bounded when H is bounded, for any p > 1, we can exchange the series
with the expectation (-), and obtain in this way the thesis. (I
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Non-commutative Stochastic Calculus S

Kurusch Ebrahimi-Fard and Frédéric Patras

Abstract This chapter is divided into two parts. The first is largely expository and
builds on Karandikar’s axiomatisation of Itd calculus for matrix-valued semimartin-
gales. Its aim is to unfold in detail the algebraic structures implied for iterated 1t6
and Stratonovich integrals. These constructions generalise the classical rules of Chen
calculus for deterministic scalar-valued iterated integrals. The second part develops
the stochastic analog of what is commonly called chronological calculus in control
theory. We obtain in particular a pre-Lie Magnus formula for the logarithm of the It6
stochastic exponential of matrix-valued semimartingales.

Keywords Quasi-shuffle - 1t6 integral - Stochastic exponential - Magnus
formula - Stratonovich integral

1 Introduction

Algebra, renormalisation theory as well as numerical analysis are among a range of
disparate fields that have seen a surge in interest for the study of various algebraic and
combinatorial structures originating from the integration by parts formula, founda-
tional to integral calculus. In particular, the theories of Rota—Baxter algebras, shuffle
and quasi-shuffle products, pre- and post-Lie algebras as well as combinatorial bial-
gebras on rooted trees and words have undergone expansive phases in the last two
decades. The following rather incomplete list of references provides some examples
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of these developments [11, 15, 17, 18, 21, 36, 38, 57, 63, 64, 66, 67, 70]. In the
particular context of stochastic integration, interest in these structures concentrated
largely in Lyons’ seminal theory of rough paths [58, 59], which is based on Chen’s
iterated path integrals and shuffle algebra on words [22, 23, 72]. Gubinelli expanded
Lyons’ theory by generalising it to a certain combinatorial Hopf algebra of rooted
trees. The resulting notion of branched rough paths [41, 42, 46] draws inspiration
from Butcher’s theory of B-series in numerical integration of differential equations
[43, 60] as well as Connes and Kreimer’s Hopf algebraic approach to renormali-
sation in perturbative quantum field theory [24]. The latter, moreover emphasised
the pre-Lie algebraic perspective on rooted trees [20, 62]. Ideas from rough paths
gave rise to various new developments, culminating in Hairer’s celebrated theory of
regularity structures [44, 45] and its algebraic renormalisation theory [12] used in
the construction of solutions of very irregular S(P)DEs.

The relevance of such algebraic structures for classical—non-commutative—
stochastic integration (in the sense of It6—Stratonovich) [6, 71] has attracted less
attention. Foundational papers in this field are Gaines’s 1994 work on the algebra of
iterated stochastic integrals [40], introducing what is now called quasi-shuffle prod-
uct, as well as the equivalent sticky shuffle product formula for iterated quantum
It6 integrals introduced in 1995 in the context of quantum stochastic calculus [8].
We refer to Hudson’s review papers on Hopf-algebraic aspects of iterated stochastic
integrals [49, 50]. The authors together with Charles Curry, Alexander Lundervold,
Simon Malham, Hans Munthe-Kaas and Anke Wiese further developed the use of
(quasi-)shuffle algebra in stochastic integration theory and numerical methods for
SDEs in several joint works [25-27, 30, 33, 34].

The present article is divided into two main parts. The first part starts by recall-
ing Karandikar’s axiomatisation of It calculus for matrix-valued continuous semi-
martingales [53]. We discuss in detail the algebraic structures implied for iterated It6
and Stratonovich integrals. To the best of our knowledge, such an account does not
seem to exist in the literature. In fact, Karandikar’s ideas do not seem to be widely
known, as the algebraic notions and techniques involved are not of common use in
non-commutative stochastic calculus. Our presentation is written with a view toward
operationality and therefore, as far as possible, in the language of theoretical probabil-
ity theory. In modern algebraic terminology, Karandikar’s axioms define the notion of
non-commutative quasi-shuffle algebra. We proceed by building consistently on this
structure aiming at unraveling properties of integration techniques, ranging from gen-
eral matrix-valued semimartingales to more specific situations (continuous paths).
We remark that introducing the Stratonovich integral in full generality requires extra
axioms corresponding to the splitting of the quadratic covariation bracket into a
continuous and a jump part. We hope that these ideas might be useful also in other
settings.

The second part develops the stochastic analog of what is commonly called
chronological calculus in control theory [1, 4, 5]. We feature in particular Agrachev
and Gamkrelidze’s [2, 3] study and systematical use of chronological algebra in
control problems. In mathematics, chronological algebras are known as pre-Lie or
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Vinberg algebras [13, 17]. This part of our work is a continuation of joint work
with Charles Curry [26], where a pre-Lie Magnus formula for the logarithm of the
Stratonovich stochastic exponential for continuous matrix-valued semimartingales
was introduced.

A more detailed outline of the paper follows. The first section is divided into
three subsections. We begin by focusing on general Itd calculus for matrix-valued
semimartingales, introduce Karandikar’s axioms, and point out connections with
other theories, especially Rota—Baxter algebras. The second subsection introduces
formally the splitting of the covariation bracket, leading to a tentative axiomatisation
of Stratonovich calculus. The last subsection studies stochastic calculus for contin-
uous semimartingales, a situation where the axioms simplify dramatically, allowing
to replace quasi-shuffles by shuffles, that is, permitting the use the standard rules of
calculus.

In the second section we study pre-Lie algebraic aspects in stochastic integral
calculus. We consider the pre-Lie Magnus formula in the general context of envelop-
ing algebras of pre-Lie algebras—the corresponding section can be understood also
as an introduction to pre-Lie structures since we survey some of their most rele-
vant properties for general integral calculus, following the chapter [35] written in
the context of classical integration. The second and last subsection of this section
changes focus by developing instead a pre-Lie point of view on It6 integral calculus,
without restriction to continuous matrix-valued semimartingales. We obtain in par-
ticular a pre-Lie Magnus formula for the logarithm of the Itd stochastic exponential
of matrix-valued semimartingales.

Conventions (i) With the aim of simplifying the presentation we shall always
assume that the value of semimartingales is zero at + = 0. (ii) All structures are
defined over a ground field k of characteristic zero.

2 Karandikar’s Axioms and Quasi-shuffle Algebras

2.1 Ité Calculus for Semimartingales

This section discusses the formal properties of the integral calculus for semimartin-
gales. Protter’s textbook [71] will serve as the standard reference on stochastic inte-
gration. The central aim is to feature Karandikar’s axioms for matrix-valued It6
integrals and the corresponding notion of non-commutative quasi-shuffle algebra. '

Recall first [td’s integration by parts formula for scalar semimartingales X, Y [71,
chapter I1.6]

t t
XY, =/ erYX—i—/ Yo-dX; +1[X,Y]. (1)
0 0

1 Karandikar’s axioms appeared in a 1982 paper [53]. They were (re-)discovered almost two decades
later in a completely different context —the one of Stasheff polytopes— as axioms for dendriform
trialgebras [56].
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Here as well as in the rest of the paper, our conventions are in place, that is, we
assume that Xy = Yy = 0. Equation (1) defines the so-called quadratic covariation
bracket, [ X, Y];, the extra term that distinguishes Itd’s integration by parts formula
from the classical one.

To deal with matrix-valued semimartingales, one has to take into account the
non-commutativity of matrix multiplication. The product in the second term on the
righthand side of (1) is then in the wrong order. Following Protter (and Karandikar),
we introduce left and right stochastic integrals

t

(X =7Y), ::/ X,-dY; (X <7Y), :=/ dX;Y,-. 2)
0 0

1t0’s integration by parts formula for matrix-valued semimartingales X, Y writes then
[71, Chap. V.8, Theorem 47]

XY, =X>Y),+X=<Y)+[X, Y], €))

Notice that in the case of scalar-valued semimartingales we have that X <Y =Y >
X such that (3) can be changed back to (1).

Remark 1 Protter and Karandikar use a different notation: (X > Y), = (X - Y),
and (X < Y); = (X : Y),. Our notation is in line with the one used in algebra. It is
also convenient to identify the time-ordering of operations, see [35].

Hereafter, we account for various properties of (left and right) stochastic integrals
of scalar-valued semimartingales. Even though some of the ternary formulas consid-
ered may seem redundant in the scalar case, we emphasise that they do not involve
permutations of the variables. They thus hold immediately for (n x n) matrix-valued
semimartingales.

Recall first [71, Chap.I1.6, Theorem 29] that for H, K adapted processes with
caglad (left continuous with right limits) paths and X, ¥ two semimartingales we
have [ [y HydX;, [y K.dY,], = [y HKd[X, Y.

Assuming now that L and M are semimartingales, we get [L > X, M > Y] =
(LM) > [X, Y] which simplifies to the ternary relation

[L>X,Y]=L>[X,Y].
Similarly, [X < Y, Z]=[X,Y > Z]and [X, Y] < Z =[X,Y < Z].

Other ternary relations satisfied by semimartingales follow directly from standard
properties and from the definitions:

(X > (Y > Z))t :/ Xv’d(/ Ys’dzs) :/ Xs*Ys*dZs = ((XY) > Z)t
0 0 0

Similarly, for G, H caglad and Y a semimartingale, fot Gsd(fol H,dY,) =
fof G HdY, [71, Thm. II.19]. Dually, (X < Y) < Z = X < (Y Z). Finally,
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s t

t
((X > Y) < Z)t = /(d/xlt’dyu)z.v* = \/Xs*dYsZs* = (X > (Y < Z))t
0 0 0
“4)
Notice that the associativity of the quadratic covariation bracket, [X, [Y, Z]] =
[[X, Y], Z], can be deduced from the associativity of the usual product of semi-
martingales together with the previous identities:

[X,Y,Z]=[XY —-X<Y—-X>Y,Z]

= XV)VZ-XY)<Z-XY)>Z—-[X<Y+X>Y,Z]

=XYZ)—-X<Y2)—-X>Y=<2)—X> = 2)
—X>[Y,Z]-[X, Y <Z]—[X,Y = Z]

=[X,YZ]1- X, Y < Z]-[X,Y = Z] = [X, Y, Z]].

Note that, as mentioned before, X, Y and Z appear always in the same order
in the above formulas. This implies that they hold in the matrix-valued case. In
that case, [X, Y] is defined in terms of the component-wise quadratic covariation
brackets, [X, Y]ix = Z';:, [Xij, Yjx], and similarly for the other products. Putting
this together, yields the axiomatisation of Itd calculus for semimartingales, due to
Karandikar.

Theorem 1 (Karandikar [53]) The left- and right stochastic Ito integrals satisfy
Karandikar’s identities for matrix-valued semimartingales X, Y, Z

X<Y)<Z=X<Y2) 5)
X>¥>2)=(XY)>Z (6)
X>=Y)<Z=X>Y<2) 7
(XY)Z=X{X2Z) 3

X >Y,Z]=X > [V, Z] ©)
(X <Y, Z]=[X,Y > Z] (10)
(X, Y]<Z=[X,Y < Z]. (11)

Remark 2 Karandikar considered in [53] the continuous case. Axiom 10 is stated
in a slightly different way—namely in the case where Y is non-singular [53, Eq. (9)
p. 1089]. However, these restrictions (to the continuous case and to non-singular Y)
are not necessary, see Karandikar [55].

Definition 1 An associative algebra A equipped with three products <, > and [, ],
called respectively the left half-shuffle, the right half-shuffle and the bracket, such that
XY =X <Y+ X >Y +I[X, Y]and satisfying Karandikar’s identities in Theorem
1 is called a quasi-shuffle algebra.

See Remark 4 below for an explanation of the terminology. Karandikar’s axioma-
tisation of It6 calculus therefore says that the algebra of semimartingales is a non-
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commutative quasi-shuffle algebra. There are many examples of quasi-shuffle alge-
bras besides the one coming from stochastic calculus and Karandikar’s results apply
immediately to them. Conversely, general results from abstract quasi-shuffle algebra
apply to stochastic calculus. Examples of application of this strategy can be found
in our joint works with Simon Malham and Anke Wiese [33, 34].

Remark 3 We have seen that the associativity of the bracket operation [ , ]
(X, [Y, Z]l = [[X, Y], Z] (12)

follows from the associativity of productin the algebra A. One can define equivalently
a quasi-shuffle algebra to be a vector space A equipped with three products <, > and
[, ]satisfying Eqs. (5)—(11) and (8) replaced by (12), whereone sets XY = X < Y +
X > Y + [X, Y]. The associativity of the product XY results then automatically from
these axioms (the proof parallels the proof showing that the quadratic covariation
bracket is associative for semimartingales):

XYV)Z=XY)<Z+XY)>=Z+[X<Y+X>=Y+[X,Y], Z]
=X<Y2)+ XY <2)+X>= Y =2)

+[X. Y <Z]+[X,Y >~ Z]+ X >~ [Y, Z] + [X, [Y, Z]]
=X<YDH)+X>Y <2DH)+X>Y>2)+X>[Y,Z]+[X,YZ] = XY 2).

Remark 4 The terminology “quasi-shuffle” algebra is used in algebra and combi-
natorics. It reflects the close similarity with the classical shuffle algebra [73]. The
work [38] explores the relation between the two families of algebras from a defor-
mation theoretical viewpoint. Hoffman [47], independently of Karandikar’s seminal
work, largely initiated the development of the Hopf algebraic theory of commutative
quasi-shuffle algebra. However, as we mentioned in the introduction, Gaines [40] as
well as Hudson et al. [8, 49, 50] introduced quasi-shuffle products to study properties
of products of iterated Itd integrals. We note that Cartier, back in 1972 [17], used a
quasi-shuffle product in the construction of free (Rota-)Baxter algebra.

When dealing with scalar-valued semimartingales, we already noticed that X <
Y =Y > X.Correspondingly, Karandikar’s axioms simplify, leading to the notion of
commutative quasi-shuffle algebra studied in detail by Hoffman, see [37] for a recent
account. Some extra properties are then available such as Hoffman’s isomorphism
linking shuffle and quasi-shuffle products. Features of the commutative theory have
been exploited recently in stochastic calculus, for example in [25, 34, 39].

From a purely algebraic viewpoint, the fundamental example of a quasi-shuffle
algebra is the linear span of words X = x| - - - x, where the x; belong to a monoid M
with (not necessarily commutative) product denoted x. The axioms for the products,
<, >, and [, ], used to define inductively the associative product X %Y := X <
Y+ X >Y+[X,Y]of words X, Y, are given by:

X{o Xy <Y1 Y =X (X Xy X Y1 V)
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Xyt Xy = Y1 Ym = Y1(X1 Xn kY2t Yim)

(X1 X, Y1 Ym] = (0 X YD) (2o X0 % Y2002 V).
For example, taking M to be the monoid of the integers, we have
23<1=203%1)=23<14+3>14+[3,1)=2314+2134+24.

Remark 5 In the following, quasi-shuffle algebra shall mean non-commutative
quasi-shuffle algebra. The latter are also called tridendriform algebras in the lit-
erature. However, the quasi-shuffle terminology, besides being close to other ones
that have been used in stochastics (modified shuffle product, sticky shuffle product,
...) has the advantage of underlining the connection to the familiar shuffle calculus
for Chen’s iterated integrals and the related product of simplices, as well as many
more topics (such as quasi-symmetric functions, multizeta values, etc.). We refer to
[31, 37, 68, 69] for accounts on the combinatorial theory of quasi-shuffle algebras as
well as further bibliographical references and various examples. See [25, 26, 33, 34,
40, 49, 50] and references therein for more details and references on quasi-shuffle
calculus in probability.

We introduce now Rota—Baxter algebras, which provide a more general approach
to the algebraic axiomatisation of integral calculus [77] and therefore an important
class of examples for quasi-shuffle algebras. Indeed, Theorem 2 below shows that
any Rota—Baxter algebra is a quasi-shuffle algebra [28]. We refer to the survey [35]
for further details and references about Rota—Baxter algebras and their use in integral
calculus, probability theory, renormalisation in perturbative quantum field theory and
classical integrable systems.

Definition 2 A Rota—Baxter algebra of weight § € k consists of an associative k-
algebra A equipped with a linear operator R: A — A satisfying the Rota—Baxter
relation of weight 6:

RMX)R(y) = R(R(x)y +xR(y) + ny) Vx,y € A. (13)

Note that if R is a Rota—Baxter map of weight 6, then the map R’ := R for § € k
different from zero is of weight 6. This permits to rescale the original weight 6 # 0
to the standard weight 8" = +1 (or ’ = —1). The argument of the map R on the
righthand side of (13) consists of a sum of three terms; one can show that it defines
a new associative product on A.

Definition 3 (Rota—Baxter product) The Rota—Baxter associative product is defined
by
X% y:=RXx)y+xR(y)+ Oxy. (14)

The Rota—Baxter relation originated in the work of the mathematician Glen Bax-
ter [7]. Rota [74, 76] followed by Cartier [16] made important contributions to the
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algebraic foundations of Baxter’s work, among others, by providing different con-
structions of free commutative objects. The idea of quasi-shuffle product is actually
often traced back to Cartier’s 1972 article.

Theorem 2 ([28]) Assume now that = 1. Writing a - b := ab for the usual asso-
ciative product on A and setting a < b :=aR(b) and a > b := R(a)b, so that
* :=< 4+ > + -, then the quasi-shuffle algebra identities hold:

(a<b)y<c=a<b*xc), (@>=b)y-c=a> (b-c)
a>b>c)=(@xb)>c, (@=<b)y-c=a-b>c) (15)
(a=b)y<c=a>=Mb=<c), (a@a-b)<c=a-b=<c).

Remark 6 Without the normalisation to the standard weight, one obtains an example
of a #-quasi-shuffle algebra, studied in greater detail in [14]. See also [48].

Example 1 (Fluctuation theory) Baxter’s work was motivated by problems in the
theory of fluctuations [75]. The latter deals with extrema of sequences of real val-
ued random variables. Their distribution can be studied using operators on random
variables such as X — X := max(0, X). This motivates to define the operator

R(F)(t) := E[exp(itX™)]

on characteristic functions F(¢) := E[exp(if X)] of real valued random variables X,
which is a Rota—Baxter map of weight 6 = 1.

Example 2 (Finite summation operators) On functions f defined on N and with
values in an associative algebra A, the summation operator R(f)(n) := ZZ;& fk)
is a Rota—Baxter map of weight one. It is the right inverse of the finite difference
operator A(f)(n) := f(n+ 1) — f(n).

Remark 7 (Shuffle algebras in classical calculus) Before concluding this section,
we apply the previous ideas to the case of deterministic matrix-valued semimartin-
gales. Even in that seemingly simple case the relations put forward by Karandikar
prove to be interesting and useful.

We consider for example the algebra A of matrices whose entries are continuous
functions of finite variation. Then, since the quadratic covariation bracket vanishes,
Karandikar’s identities reduce to an algebra equipped with an associative product
XY=X<Y+X>Yand

X<Y)<Z=X=<X2)
X>Y>2)=(XY)>Z (16)
X>=Y)<Z=X> (Y < 2).

Our previous arguments show that the associativity of the product XY can be recov-
ered formally from these identities. These relations have been used first by Eilenberg
and MacLane to give an abstract proof of the associativity of the shuffle product of
simplices in topology.
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Definition 4 The three identities (16) define the structure of (non-commutative)
shuffle algebra (aka dendriform algebra).

From Theorem 2 is clear that on a Rota—Baxter algebra of weight 6 = 0 one
can define left and right half-shuffle products satisfying the three identities (16).
We refer to [35] for a survey and more details and applications in classical integral
calculus as well as general references on the subject. We will come back to these
relations later as they encode the algebra structure underlying Stratonovich calculus
for semimartingales.

2.2 Singular Quasi-shuffle Algebras and Stratonovich
Calculus

In this section we extend Karandikar’s axiomatisation beyond the setting of continu-
ous semimartingales. Namely, we include in the algebraic description of It6 calculus
the decomposition into continuous and jump parts of the quadratic covariation bracket
[71, Chap. 11.6].

We write A(X) for the process of jumps of a semimartingale X, i.e., A(X); =
(X — X_);, and introduce the corresponding decomposition of the bracket into con-
tinuous and jump parts, [X, Y] = [X, Y]° 4 [X, Y])/. The definition extends from
the scalar-valued to the continuous matrix-valued case components-wise. For scalar-
valued processes, [X, X]/ = Y ..., (A(X);)?, a term that appears frequently in
stochastic calculus, for example,iini the study of the stochastic or Doléans-Dade
exponential [71, Chap.IL.8, Theorem 37]. A semimartingale X is called quadratic
pure jump if [X, X] = [X, X]/.

Recall first a fundamental property of A acting on scalar-valued processes.
Since the bracket of two semimartingales has paths of finite variation on com-
pact sets [71, Chap.II, Cor.1], it is a quadratic pure jump semimartingale, that is,
[[X,Y],[X, Y]] =[[X,Y],[X, Y] by [71, Chap.1L.6, Theorem 26]. This implies
by [71, chap. II1.6. Theorem 28] that for arbitrary semimartingales X, Y, Z we have
([X,Y], Z] =) oo A(X, Y])sA(Z),. In particular,

(X, Y], Z] = [[X, Y], ZI° = [[X, Y], Z)/ =0,
[[X,Y],ZI°=[[X,Y),Z] =0,
(X, Y], Z1=[X. YV, Z1 = [[X. YV, Z).

As a corollary, we notice for further use that for continuous semimartingales
[[X, Y], Z] = 0. These identities hold for matrix-valued semimartingales (since the
splitting of processes into a continuous and a pure jump part is linear—it commutes
with taking linear combinations of brackets).

A full axiomatisation of It6 calculus taking into account such phenomena would
require the introduction of the operator A, those identities, and most likely other



98 K. Ebrahimi-Fard and F. Patras

aspects of standard stochastic calculus. We propose a lighter version that provides
an axiomatic framework allowing to relate formally Itd and Stratonovich calculi.

Definition 5 A singular quasi-shuffle algebra is a quasi-shuffle algebra, (A, >, <
, [=, —1), such that the associative bracket splits into [—, —] = [—, —]¢ + [—, =)/
and furthermore the following relations hold:

[[X, Y], Z]° = [X,[Y, ZI']" =0 (17)
(X, Y1 Z) =[X,[Y, Z]'V =0 (18)
(X, YV, Zl° =[X,[Y, Z}]°=0 (19)

Notice that we also have then
(X <Y, Z=[X,Y > Z), [X <Y, Z) =[X,Y = ZV.

Recall that for matrix-valued semimartingales, the (left/right) Fisk—Stratonovich
integrals are defined in terms of the It6 integral by

t t
1 X
(X>nﬂzfxwﬁy=/Xﬂn+ﬂxn; (20)
0 0
t t 1
W<xx=/owmu=fdn&+§mxm @
0 0

Formally, in any singular quasi-shuffle algebra one can define the two productss
1 1
X%Y:=X>Y+§[X,Y]C, X<Y:=X<Y+§[X,Y]C.

Then the integration by parts rule reads:

XY=XzY+X<Y+[X Y] (22)
Unfortunately, it seems to be difficult to find a simpler axiomatic framework than
the one of singular quasi-shuffle algebras to account for Stratonovich calculus in the
presence of jumps. Indeed, it is likely that a meaningful system of ternary relations

involving only *=, < and [ , ]/ is unavailable. Fortunately, these issues simplify
considerably for continuous semimartingales.

2.3 Shuffle Algebra and Continuous Semimartingales

As we mentioned previously, stochastic integration simplifies dramatically when
considering continuous semimartingales. The reason for this should be clear from
our previous developments, that is, the jump part, [—, —]/, of the bracket, [—, —],
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vanishes, so that the latter reduces to its continuous part and becomes nilpotent of
order 3: [X, [Y, Z]] = [[X, Y], Z] = 0. In that situation, the axioms of It calculus
rewrite:

Lemma 1 Continuous matrix-valued semimartingales equipped with the left and
right half-shuffles and the covariation bracket obey the axioms (5)—(11) together
with

[X,[Y, Z]l = [[X, Y], Z] =0 (23)

Notice that the associativity of the product (axiom (8)) is then formally a conse-
quence of the other axioms. This observation is of little interest when dealing with
stochastic integrals for which the associativity of the product is somehow obvious.
However, it is relevant with respect to the axiomatic point of view.

Definition 6 A regular quasi-shuffle algebra is a quasi-shuffle algebra such that the
bracket satisfies the extra axiom (23).

The continuity hypothesis has more interesting consequences when dealing
with Fisk—Stratonovich integrals. We follow closely the exposition in [26]. The
Stratonovich formula is indeed then the usual integration by parts formula

XthZ(X?Y)t'F(XﬁY)z, (24)

The classical statement that the Stratonovich integral for continuous semimartin-
gales obeys the usual laws of calculus translates formally into the

Theorem 3 For continuous semimartingales X, Y, Z, the left and right Fisk—Strato-
novich integrals satisfy the half-shuffle identities

X<VNN=<KZ=X=xT2) (25)
X=<Z=X%=¥<2) (26)
X = (Y = Z) = (XY) = Z. Q27)

In particular, the algebra of continuous matrix-valued semimartingales is a non-
commutative shuffle algebra.

Proof
1
(X<Y)<z=(X<Y+§[X,Y])<Z
1 1 1
=(X<Y)<Z+5[X,Y]<Z+§[X<Y,Z]+Z[[X,Y],Z]

1 1
=X <(Y2)+3[X. Y <Z]+ S[X.Y ~ Z]

=X < (Y2).
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Identity (27) is proved similarly.

1
(X>D<Z=4X>Y+?xn<z
1 1 1
=(X>Y)<Z+§[X,Y]<Z+§[X>Y,Z]+Z[[X,Y],Z]

1 1
=X>(Y<Z)+§[X,Y<Z]+§X>[Y,Z]

=X = (Y < 2).

In general, the same argument show

Theorem 4 The map (A, <, >, [, ]) —> (A, X, =) is a functor from the category
of regular quasi-shuffle algebras to the category of shuffle algebras.

3 Chronological Calculus for Stochastic Integration

In this section, the second part of this work, we start by briefly reviewing the classical
chronological calculus following Agrachev, Gamkrelidze and collaborators [1-4].
The aim is to show how chronological calculus can be applied in the context of
stochastic calculus. The key idea is to use the notion of pre-Lie (or chronological)
algebra instead of that of usual Lie algebra, to analyse group- and Lie-theoretical
phenomena associated to evolution equations. We refer to [35] where this point of
view is developed in more detail.

3.1 Chronological Calculus and Pre-Lie Algebra

Time- or path-ordered products are ubiquitous, especially in theoretical physics and
control theory, and form the basis for Agrachev and Gamkrelidze’s chronological
calculus [1]. These authors understood that the combination of Lie algebra and inte-
gration by parts permits to define the useful notion of chronological algebra [2],
better known as pre-Lie or Vinberg algebra in algebra and geometry [13, 17, 62].
Concepts from chronological calculus apply in the context of stochastic integration as
far as iterated Stratonovich integrals for continuous semimartingales are concerned,
because they obey the usual rules of calculus.

However, for It6 and Stratonovich integrals in the non-continuous case, the usual
ideas of chronological calculus do not apply immediately, due to the terms arising
from the jump component of the covariation bracket. It turns out that in this case,
one must appeal to results originating in the study of non-commutative Rota—Baxter
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algebras. We refer to [35] for more details as well as to joint works [26, 34] for results
in that direction related to stochastic exponentials in the context of It6 calculus.

In a nutshell, chronological calculus is based on the idea of time-ordering of oper-
ators. Consider for example two time-dependent operators, M (¢) and N (¢) (with
M(0) = N(0) = 0), in a non-unital algebra A of operators—having suitable regu-
larity properties allowing to compute derivatives, integrals, and so on. The classical
integration by parts rule is satisfied

/ ds /S duM(s)N(u)—i—/ ds /X duM (u)N (s)
0 0 0 0
(M = N)(t)+ (M < N)(t).

M@®)N (@)

We recognise in < and > the usual operations of left/right integration—restricted to
the context of deterministic processes. In particular, they satisfy the shuffle algebra
axioms (16). Agrachev and Gamkrelidze observed that the binary operation

(M>N)(1):=(M > N)t)— (N < n)(t) = / ds /Jdu[M(s), N@)]
0 0

has particular properties defining a chronological algebra structure on A. The latter
is known as pre-Lie or Vinberg algebra in the mathematical literature.

Consider a vector space A with a binary product>: A ® A — A and the associ-
ated bracket product [a, b]. := a > b — b > a. Write L, for the linear endomorphism
of A defined by left multiplication, L, (y) := x > y, and define the usual commutator
bracket of linear endomorphisms of A, [L,, Ly]lo :=LyoL, —L,oL,.

Definition 7 ([2]) The pair (A, >) is a pre-Lie algebra if and only if forany x, y € A,
theidentity [Ly, L], = Lix,y), holds, whichis equivalent to the (left) pre-Lie relation

x>(yrz) —@xpy)rz=y>(x>rz) —(Y>x)>2.

The notion of pre-Lie algebra is finer than that of Lie algebra (it contains more
information). Indeed, pre-Lie algebras are Lie admissible, that is, if A is a pre-Lie
algebra, then (A, [—, —].) is a Lie algebra.

The link with classical chronological calculus is as follows. Consider an algebra
&/ of matrix-valued continuous semimartingales equipped with the left/right Fisk—
Stratonovich integrals, = and <, defined in (20) respectively (21). We write [—, —]
for its commutator bracket:

[[X, Yﬂ[ = X[Y[ - YtX[.
According to our previous developments, computing in this algebra amounts to

computing with time-dependent operators. The—Fisk—Stratonovich—integration by
parts formula implies that
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1 1 ' '
[X, Yﬂ,:/ XsodYS—I—/ odeY,—/ Ysode—/ odY X, (28)
0 0 0 0

which can be written as the difference of:
t t
XpY), =X=Y-Y < X); :/ X, odY; —/ odY X,
0 0

and (Y > X), so that [X, Y] = [X, Y].. That the algebra </ is indeed a pre-Lie
algebra, that is,

(X, Y] > Z) = (X> (Y >Z)) — (Y > (X Z)),. (29)

follows from the Jacobi identity of the commutator bracket on the non-commutative
algebra <7

Remark 8 The same argument shows that, more generally, there is a forgetful func-
tor from shuffle to pre-Lie algebras, that is, any shuffle algebra (A, <, >) has the
structure of a pre-Lie algebra with pre-Lie product: x >y :=x > y —y < x.

Let us apply these ideas in the context of stochastic exponentials. Recall a fun-
damental object in the classical analysis of differential equations, known as the
Magnus formula [61] and its pre-Lie interpretation [2, 29]. It follows from studying
the formal properties of the flow associated to a matrix differential equation using a
Lie theoretic approach, for theoretical and numerical reasons. Consider for instance
the evolution operator solution of the linear differential equation X ) =X0H(@®)
with initial value X (0) = 1, the identity matrix. Its logarithm is computed by a Lie
series. Truncating the expansion of this logarithm, £2(¢) := log(X (¢)), and taking its
exponential is a classical and efficient way to approximate X (#) numerically, while
preserving group-theoretic properties [10, 51].

The logarithm can be computed using the Baker—Campbell-Hausdorff formula
(see, e.g., [65]) or Magnus’ non-linear differential equation [61]

d
Q) = it THO=H®) + Z —tadp, (H (),

n>0

where ad stands for the usual Lie adjoint representation, ady (M) := NM — MN,
ad,(\’,(M ) = M, and the B,, are the Bernoulli numbers.

Let us explain how the formula adapts to Stratonovich integrals using recently
developed algebraic tools that are most likely not familiar in the context of stochastic
integration. The following developments are based on [35]. We omit here the group-
theoretical perspective that relies on two underlying Hopf algebra structures, existing
on the enveloping algebra of any pre-Lie algebra [21].

Let ./ be our usual algebra of continuous matrix-valued semimartingales, now
equipped with the pre-Lie product . The algebra of polynomials over .« is denoted
R[.«/] and we identify m-multilinear maps symmetric in the m entries with maps from
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the degree m component of this polynomial algebra. To avoid confusion between the
product of two matrix-valued semimartingales in ./ and their (commutative) product
in R[.<7], we denote the latter X © Y. The brace map on <7 is the family of symmetric
multilinear maps into .o/

R Qo — o/, PQX+—— {P}X,

defined inductively by
{YiX .=Ypo X,

forY, X € &/, and for Yy, Y>,...,Y,, X € o/ we have

n—1

L X = Y Y X) = D (Y Y)Y Y )X

i=1

Observe that for n = 2 the last equality encodes the pre-Lie identity (29) as
{Y1, Y2} X = {Y>, Y1} X. Following Guin and Oudom [70], we introduce a product *
on R[.</] in terms of the brace map. For elements Xy, ..., X, and Yy, ..., Y, in &7,

YO 0Y)*x(X;0--0X,) =Y WoO {Wi}X;1 @+ @ {W,}X,, (30)
-

where the sum is over all maps f from {1,...,m} to {0,...,n} and the W; :=
l_[jef*‘(i) Y;. Forexample, Y * X =YX +{YV}X,for X, Y € &.

Recall now that the enveloping algebra, U (L), of a Lie algebra L is an associative
algebra (uniquely defined up to isomorphism) such that [73]:

e theLie algebra L embedsin U (L) (as a Lie algebra, where the Lie algebra structure
on U(L) is induced by the associative product, that is, in terms of the ususal
commutator bracket,

o for any associative algebra A (which is a Lie algebra, L 4, when equipped with the
commutator bracket), there is a natural bijection between Lie algebra maps from
L to A and associative algebra maps from U (L) to A.

The central result of the work of Oudom and Guin [70] is the next theorem.

Theorem 5 ([70]) R[<7] with the product * defined in (30) is a non-commutative,
associative and unital algebra. The product makes R[<7] the enveloping algebra of
the Lie algebra L., associated to <f .

Applying Theorem 5 to .27 we see that the commutator bracket in <7 identifies with
the pre-Lie bracket: [X, Y] = [, ].. On the other hand, by the universal properties
of enveloping algebras, there is a unique associative algebra map ¢ from (R[A], *)
to <7 which is the identity on <7. In degree two we have:
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YOX)=uY*X)—({Y}X) =YX -Y> X
=Y<X+Y

SX-— (Y =X—X<Y)
—Y<X+X<Y

: T, X),

where, using now the language of theoretical physics, we call time-ordered product
of two elements in o/ the product 7 (Y, X) := X <Y 4+ Y < X. In general, for
Xi,..., X, E%,

T(X1 Xae o Xa) =Y Xy < (Ko < G < Kooty < Xom) ),

o€eS,

where S, denotes the symmetric group of order n. The degree two calculation is a
particular instance of a general phenomenon. The following Theorem relating pre-Lie
products and time-ordered exponentials was obtained in [32, p. 1291]:

Theorem 6 The image in <7 of a monomial X1 ® --- ©® X,, € R[] by the canon-
ical map v is the time-ordered product of the X;s in </ :

X1 OO X)) = T(X1, ..., Xp). 31)

Notice that, in particular,

Lxon = LX) =X XS < (X X)),
n! n

Let us apply these ideas to the study of the stochastic exponential and its logarithm
in the Stratonovich framework. We address these problems at a purely formal level.
Regarding the existence of the stochastic exponential and the convergence issues of
the related series we refer to [71] for the Itd case and to Ben Arous [9] and Castell
[19] for the Stratonovich one.

Definition 8 For a continuous matrix-valued semimartingale, X € 7, the
(Stratonovich) right stochastic exponential is defined through

E<(X) =1+ (X 5 84(X)),
or, by a Picard iteration, as a series
LX) =1+ X+XIX+ +XIXS (- SESX) )+

We are interested in the stochastic analogue of the classical Baker—Campbell—-
Hausdorff problem of computing the logarithm §2 (X) of the solution

2(X) = log(&(X)). (32)
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Since Stratonovich calculus obeys the usual integration by parts rule, the well-known
Strichartz formula holds [9, 65, 78]. We are interested here in the stochastic analog
of the so-called Magnus solution.

By Theorem 6, the equation

E<(X) = exp(.Q(X))
lifts in R[.<7] to an equality of exponentials:
exp®(X) = exp"(£2(X)). (33)

where exp® (X) (resp. exp* (fZ (X))) denotes the exponential of X € o7 (resp. Q2 (X))
for the © (resp. ) product. Theorem 6 together with the general properties of envelop-
ing algebras insure that this identity maps to (32) by ¢ and that U2(X)) = (X).
The next proposition was shown in [21], using the fact that the maps exp® and exp*
have a Lie theoretic interpretation.

Proposition 1 The element 2(X) = log* 0 exp®(X) belongs to o/ and satifies the
fixed point equation: ~
2(X)

LX) =|——"F——
) {CXP*(Q(X))—I

1X. (34)

where Q(X)/(exp*(f)(X)) — 1) is computed in R[<7] using the x product.

Note that the brace map is in place on the righthand side in (34). We set
) =xo ), Q) =Y.

The B, /n! are the coefficients of the formal power series expansion of x /(exp(x) —
1) and, by formal properties of the enveloping algebra, we have t({X*"}Y) = Kg?i Y).
We refer, e.g., to [35] for an explanation of this general phenomenon in the context
of enveloping algebras of pre-Lie algebras. We recover finally the pre-Lie Magnus

expansion of the logarithm of the right Stratonovich exponential obtained in [26].

Theorem 7 The continuous matrix-valued semimartingale §2(X) satisfies the fixed
point equation
By )
QX)) =) — 500 (). (35)

n>0

Remark 9 The left stochastic exponential is defined similarly through &, (X), =
1+ (&(X) = X),. It satisfies

& (X) = exp(— .Q(—X)). (36)
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3.2 Chronological Ito Calculus

In the present subsection we will apply the machinery developed in the previous sub-
section in the context of Itd calculus. As remarked earlier, our arguments are purely
algebraic. We do neither address the question of existence of stochastic exponentials
nor do we discuss convergence issues of the associated series. On these questions,
the reader is referred to the standard reference [71].

The existence of a continuous Baker—Campbell-Hausdorff, or Strichartz formula,
the presence of pre-Lie structures as well as a Magnus formula could be expected
in Stratonovich calculus due to the fact that the latter satisfies the usual rules of
calculus. In It6 calculus, however, things are not so simple due to the presence of
the covariation bracket and the fact that the usual shuffle algebra structure must
be replaced by Karandikar’s axioms, i.e., a quasi-shuffle algebra. For iterated It6
integrals of matrix-valued semimartingales, a Strichartz-type formula was obtained
in [33, 34]. The difference with the classical formula reflect the fact that one must take
into account the covariation bracket. This is achieved by replacing bijections, that is,
permutations and their descent statistics as they appear in the classical formula, by
surjections and a suitable notion of descents in this new context.

Here, we focus again on pre-Lie structures and the Magnus formula in the context
of Itd calculus. Our results are obtained by adapting ideas from the theory of Rota—
Baxter algebras to quasi-shuffle algebras. Our presentation is almost self-contained.
On Rota—Baxter algebras and integral calculus, we refer to [35] for a general survey
combined with references.

In this subsection, <7 denotes an algebra of matrix-valued semimartingales (notice
that we do not require continuity anymore).

Proposition2 For X, Y e &7, set X >Y =X =Y +[X,Y]and X » Y =X >
Y — Y < X, thenthe pair (< , ») is a pre-Lie algebra. Moreover, [ X, Y] = [X, Y],

Proof Indeed, the quasi-shuffle axioms imply that
XY =X<Y+X>Y+[X,Y]=X<Y+X>Y.
This yields

[X,Y]=XY —YX=X<Y+X>Y-Y<X—-Y>X
=X>Y-Y<X)—(Y>X-X<Y)
=X»Y-—YrX=[XTYl.

Using the Jacobi identity (to avoid any notational ambiguity, recall that [ , ] denotes
in this article the covariation bracket, not to be confused with the Lie bracket [, ]):
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XVl 20 = (XY 1> 2, = [ [ L 02 + 11X,V 2)
= (/Ot[[xs, 1Y, 0d Zs]] + [XY, Z],) — (/OZ[[YS, [Xs, 0d Zs]] + [XY, Z1;)
= /Ot[[xs, [¥s,0dZJJ] + (X = Y + X <Y +[X, Y], Z]
- (/Ot[[YS, [Xs,0dZ )+ [Y > X +Y < X +[Y, X1, Z],)
= /Ot[[xs, Y, 0d ZJ] + [X, Y = Z), + (X > [Y, Z]), + [[X, Y], Z),
- (/Ot[[ys, [Xs,0d ZJ] + Y, X = Z1, + (Y > [X, Z]); + [V, X1, Z],)

=Xp»pYr»2Z2),—¥r»X»2),.

O

Remark 10 The triple (o7, <, >) is a shuffle algebra. More generally, in [28] it

was shown that any quasi-shuffle algebra gives rise to a shuffle algebra. Indeed,
X<Y)<Z=X<(YZ)and

X>Y)<Z=X>Y)<Z+[X,Y]<Z
=X>TY=<2DO)+[X,Y<Z]l=X>¥ <2)

(XY)> Z = (XY) = Z+[XY, Z]
=(XY)=Z+[X =Y, ZI+[X <Y, Z] +[[X, Y], Z]
=X>¥>=2)+X=[Y,Z]+[X,Y = Z] +[X,[Y, Z]]
=X>Y>2)+[X.Y>Z]=X> ¥ > 2).

We note that this property is also common in Rota—Baxter algebras, where a shuffle

algebra structure is defined similarly starting from the operations R(X)Y, XR(Y)
and XY instead of <, >, [—, —].

Definition 9 For a matrix-valued semimartingale X € &/ the (It0) right stochastic
exponential is defined through

E.X) =1+ (X < £.X)),
or, by a Picard iteration, as a series
EX)=1+X+X <X+ +X<X=<(<X=<X)--)+...

We are interested again in the stochastic analogue of the Baker—Campbell-
Hausdorff problem of computing the logarithm I" (X) of the solution:

&.(X) = exp(I'(X)). (37)
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Let us denote now by R, [.<7] the enveloping algebra of .o/ constructed exactly as
in the previous section but using the new pre-Lie product » instead of >. In particular,
as a vector space, Ry, [«7/] = R[.«/], the algebra of polynomials over .o/

To avoid notational ambiguities, we write ). for the associative product making
R, [.2/] the enveloping algebra of L, and { P}, X the brace map for P € R, [.«/]. We
also write .7, for the corresponding time-ordered product, associated to the left-half
shuffle <, e.g., 73 [X, Y] := X < Y, and so on. Lastly, we denote ¢, the canonical
algebra map from (R, [</], ) ) to o/ obtained from the universal properties of
the enveloping algebra. Theorem 6 holds mutatis mutandis in the new context and
equation (37) lifts in Ry, [«7] to:

exp®(X) = exp™ (I'(X)). (38)

Theorem 6 and the general properties of enveloping algebras insure that this identity
maps to (37) by ¢y and that ¢y (I" (X)) = I' (X).
We obtain finally the analogous of Proposition 1:

Proposition 3 The element r'x) = log, o exp®(X) belongs to o/ and satifies the
fixed point equation: ;
rx

rx={—-————
. {GXP*»(F(X))—I

X, (39)

where f'(X)/(exp”‘> (f'(X)) — 1) is computed in Ry [</] using the *,. product.

Setting
L) =X (€5 (),

Zg?L(Y) =Y, we get finally a pre-Lie Magnus expansion of the logarithm of the
right It6 stochastic exponential:

Theorem 8 The matrix-valued semi-martingale I' (X), which is the logarithm of
the (Ito) stochastic exponential, satisfies the fixed point equation

Bn n
raxy=>y" Eeggx»(xy (40)

n>0
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Higher Order Derivatives of Heat )
Semigroups on Spheres and Riemannian e
Symmetric Spaces

K. David Elworthy

Abstract As a very special case of a more general procedure a formula is derived
for the Hessian of the solutions Pf of the heat equation for functions on the sphere
S™. The formula demonstrates that for higher order derivatives there can be a spec-
trum of decay/growth rates, unlike the generic situation for first derivatives which
is fundamental for Bakry-Emery theory. The method used is then applied for higher
derivatives for spheres, and could be used for compact Riemannian symmetric spaces.

Keywords Stochastic analysis - Stochastic flows - Symmetric spaces - Heat
semigroup * Bakry-Emery - Diffusion of symmetric tensors *+ Semi-group
domination

Mathematics subject classification 58J65 - (58J70 - 60H30 60J60 - 43A85)

1 Introduction

A well known and fundamental result concerning the heat-semigroup {P;},>¢ of a
complete Riemannian manifold M is that of Bakry-Emery theory, [1]

IVP() <e “P(VfD)  iff clv)® <Ric(v,v)allve TM (1)

where Ric : TM @ TM — R is the Ricci curvature of M. Bakry-Emery theory, [2,
3], shows how to extend it to much more general classes of heat semi-groups, and it
can then be used to define the notion of generalised Ricci curvature bounded below
in much more general situations than Riemannian geometry. An obvious question is
whether similar expressions hold for higher derivatives of P, f with exponential rates
given in terms of the geometry of the Riemannian manifold. With this in mind we
obtain expressions for the second and third derivatives of P, f when M is a sphere
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with its standard Riemannian structure, Theorems 4.1 and 5.5 respectively, and also
give expressions for all symmetrised derivatives in Theorem 5.1. These suggest that
the situation is more complicated, and possibly more interesting, than expected. The
approach we give, based on earlier work with Yves LeJan and Xue-Mei Li [13], can
be extended to arbitrary compact Riemannian symmetric spaces, and should give
similar formulae. However we have not done this.

The second derivative, or Hessian, is symmetric. This is not true in general for
higher derivatives; see Sect. 5.1 below. It is simpler to compute the symmetrised ver-
sions. For the symmetrised versions the exponential rate is controlled by a Weitzen-
bock term, in the sense of [8, 13], which for spheres turns out to be essentially the
Weitzenbock term for the Lichnerowicz Laplacian, eg see [5]. For general M, the
latter has been shown by Bettiol and Mendes, [6], to characterise sectional curva-
ture bounds. However our exponential rate can be expected to involve derivatives of
curvature for general M; for spheres these vanish.

A relevant result by James Thompson, [27], is that if M is compact then for
each p € N and € > 0 there is a constant C,(¢) > 0 such that for all C ! functions
f:M—R

VPP, floo < Cp(€)e ™|V flo forall t > e

where A > 0 is the spectral gap of M. This involves the smoothing behaviour of the
semigroup when p > 1, which is why ¢ needs be kept away from 0. It demonstrates
that there is uniform rate of decay for all derivatives as ¢t — oo, but our formulae
suggests that a more detailed analysis involving the directions of the derivatives could
be rewarding. Indeed for spheres our estimate (68) shows that for derivatives taken
in orthonormal directions the rate of decay increases with 1 < p <n.For p =2 it
is bounded above by ¢, ( 51). For $" with %A the spectral gap, is 5.

An excellent survey of work on higher order derivative formulae can be found in
the introduction to Xue-Mei Li’s article, [19]. Much of this concerns the technically
harder problem of considering derivatives of the heat kernels. Usually just the first
and second derivatives are discussed, though a notable early example giving path
integral formulae is Norris’s work, [25]. See Sect. 55 for the result of applying [19]
to our situation on S”.

Our treatment here of S§” is as a very special illustrative example of the more
general situation described in [14]. We give the necessary geometric background,
and give the proof of a simple case concerning the expectation of representations of
diffusing Lie group elements. As pointed out in Sect. 4.1, below, there are alternative
methods for S”, and a purely algebraic one could be the most economical.
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2 Brownian Motion on Spheres as Symmetric Spaces

2.1 The Sphere as a Symmetric Space

Consider the sphere S” as the set of unit vectors of R” with its induced topology,
differential structure, and Riemannian metric. It is acted on transitively and smoothly
by the special orthogonal group SO (n + 1). Let x( be a given point in S”; we can
take it to be the North Pole, (0, 0, 0..., 1). This identifies the subgroup SO (n 4 1),,,
of those 6 € SO (n + 1) which fix xo, with SO (n). We have the projection

p:SOmn+1)— 8" pk) =k(xg) ke SOmn+1) 2)

which identifies S” with the quotient space SO(n + 1)/SO(n). It is a principal
bundle with group SO (n). For us the main import of that will be that there is the
right action of SO (n)

SOn+1)xS0(n) — SOn+1) (k,g) — k.g

with p(k.g) = p(k).

We want p to be a Riemannian submersion. This means that we have an inner
product (—, —); on each tangent space 7;SO(n + 1) such that Ty p : T, SO (n +
1) = T,x)S", the derivative of p at k is an orthogonal projection. We also want this
Riemannian structure to be bi-invariant and so it suffices to take

1
(A,B)jqg = —EtraceAB* A, Beson+1)=T,50(n+1).

With this choice, if {k,},>¢ is a Brownian motion on SO (n + 1) starting at the
identity Id, then {x,},>9 with x, = p(k;) = k,.xo is a Brownian motion on S" from
Xxo. Moreover if we define &, : " — S§” by &,(y) = k,.y we have a stochastic flow
of Brownian motions on the sphere. For example see [7] or [13]. In particular if P,
denotes the heat semi-group acting on continuous functions on S” then

Pif(y) =Ef(& () f:$"—>R yes 3)

Recallthat f; = P, f : " — R, t > (Oistheclassical solution to the heat equation

% = %Aft, fo = f on R".Here A is the Laplace Beltrami operator, A = div grad,

on S”.
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2.2 Derivatives of the Heat Semigroup

Assume now that f is C*°, then we can differentiate equation (3) in the direction of
some v € Ty, S" to give

d(P, f)(v) = E{df;, (T}, & ()} “4)

Recall that the derivative of f gives a differential one-form dfy : T7,§" — R, and
the derivative of the flow gives, random, linear isomorphisms,
Tyé[ : TVSn — Tg_r(y)Sn, fOI'y e S".

2.2.1 Aside on Calculus on Spheres

In order to differentiate again we need a connection on S”. This gives a covariant
derivative operator V with which tensor fields such as df can be differentiated in
tangent directions. Equivalently it gives a differentiation operator d—Dr of tensor fields
along C I curves o, and a parallel translation operator //; : T50)S" — T»(1)S" of

tangent vectors, or of other tensors. These are related, for example by

Dy - d -y, Vi € Ty S" 5
Z z—//ta//, t t € lo@)0 s (5)
and if v = 6 (0)
D d
Vu(df) = E(df(r(z))bzo = E(dfo(t)//t)hzo (6)

Stratonovich calculus allows these operations to be extended, almost surely, to the
situation where o is a continuous semi-martingale, such as our Brownian motion
{x:}:. Also we can differentiate our stochastic flow successively, for example to get
Ve TE 2 Ty, S" — T, §" for ug € Ty, S", given by

D
VugTEt(UO) = %(T(r(x)st (//SUO)lxzo Up, Vo € Txosn U(O) = Uuop. (7)

All this holds for any Riemannian manifold, and there is a unique connection, the
Levi-Civita connection, for which parallel translations consist of orthogonal trans-
formations and also

D3 D3 . 5
355 @6 0) = f(o (s, 1) @®)

for a two parameter o (s, t) and f : M — R, both smooth.

We will use this. For S” it has the natural definition that % V; is obtained by con-
sidering the vector field V, along o as having values in R"*!, differentiating this in
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t as usual and projecting the result back to T, )S”.
Note: for {ej};?zl an orthonormal base for 7, 8", y € §"
Af(y) = trace(V(df))y = [ Ve, (dfe;. ©)

The Hessian, Hess(f), of f is just the second derivative considered as a bilinear
form
Hess(f)y = V_(df)(—) : T, $" x T,$" — R. (10)

By equation (8), the Hessian is symmetric and so determines a linear map on the
symmetric tensor product 7, S" () 7, S" by

Hess(f)(u ®v) = V,(df)(v) u,veTl,S". (11

2.3 Higher Derivatives of P; f

Using the Levi-Civita connection we can differentiate equation (4) again to obtain,
for ug, vo € Ty, S™:

Hess(P; ) (ug © vo) = E{Hess(f)(Ty,& o O Ty 6rv0) + dfz, Vi, (T6) (v0)}.
(12)
An important simplification arises since our flow is a flow of isometries. In this
situation covariant second order derivatives of the flow vanish, see [5]. Thus for
up, Vg € TXOS"I

Hess(P; f)x, (o © vo) = E{Hess(f)x, (Tx & uo © Ty &rv0)}- (13)

and repeating the differentiaton, for k = 1, 2, ... and u('), e uﬁ vo € Ty, S™:

VOL(P, f)(uf, ..., uy, vo) = BE{VX @) (T &rug, ..., Toy&ittg, Toy&ivo)}  (14)

But the derivatives are not symmetric whenk > 2andn > 2;the curvature intervenes.
See Subsection 5.1 below.

We can get a more precise formula from formula (12) by computing the conditional
expectation of

Tw& O Tyw& : T,,S" 0 T,,S" - T,,8" 0 T,, "

with respect to the o -algebra F; generated by the Brownian motion {x; : 0 < s < t}.
This technique, of filtering out the redundant noise, has been a basic tool for looking
at first derivatives since [12]. It is described in detail in [10]. In essence the condi-
tional expectation is obtained by parallel translation back to the initial point:
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Write u, = Ty,&:(u,) and v; = Ty & (v,) and set u; © vy = E{u; © v¢|F;}; then,
essentially by definition,

u O v = (/i © OB ur © Jf7 vl Fo) (15)

Since //7'u; ® //;7 v, lies in a fixed vector space its conditional expectation makes
classical sense. There is no problem about integrability, and any choice of parallel
translation in 78" ® T 'S" will do, [10].

We proceed to calculate this conditional expectation using techniques from [13],
see also [8].

3 Decomposition and Conditioning of T&; © T&;

3.1 Decomposition of the Flow

Remember &, is just the action of the Brownian motion {k;};, on SO(n + 1), on
our sphere. Also the Brownian motion {x,};, from xy on the sphere, is given by
x; = p(k;) = k;.xo. From [9] we have a skew product decomposition:

k[ = it.g[ (16)
where {g,}; is a Brownian motion on S O (n) from the identity, independent of {F; },>0,
and {X,}, is a diffusion process adapted to {F;};>0 with p(X,) = x, for t > 0. In fact
{X;}; is the “horizontal lift” of Brownian motion on S” from the idgntity, and is the
conditioned process of {k;}, given {F;};>0. Moreover if we write & : S — S" for
y = X,.y then parallel translation {//,;};>¢ along {x,}, is given by

[ =Toki 1 Ty S" = T, S". (17)
See [11] or [13] for more.

Identifying g € SO (n) with its action on S” let ,o02 denote the representation of
SO(n) on Ty, S" © Ty, S" given by

2
10® (@) (o © vg) = TxoLguO O] TxoLgv0~ (18)
From above, using the independence of g, from F;, we have:

Lemma 3.1 For a C? function f : S* — R and ug, vy € T.,S"

Hess(P, ) (o, vo) = E {Hess(£)., ((/: © /DE {0% @) 0w} )} . (19)

We go on to compute the second expectation appearing above.
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3.2 Expectations of Representations of Random Matrices: An
Elementary Lemma

The following is a very special case of a similar result for finite dimensional rep-
resentations of certain, possibly time inhomogenous, diffusions on possibly infinite
dimensional groups. It is essentially Theorem 3.4.1 of [13], but see [8], or below,
for a corrected sign in equation (3.19) of [13]. For completeness the simple proof is
given here for Brownian motions on finite dimensional Lie groups. The more general
cases will be discussed in [14]. The integrability of p(g,)v was proved by Baxendale,
[4], for Wiener processes on Polish groups acting on Banach spaces.

Let G be a finite dimensional Lie group with right invariant metric, determined by an
inner product (—, —), onits Lie algebra g identified with the tangent space 7, G at the
identity e € G. We will use the Maurer-Cartan form determined by right translations
Ry, rather than the more usual left translations L. It is the g-valued one-form =
given by:

@, =T,(R)":T,G—>g:=T.G geG.

The co-differential, the adjoint d* of d, maps one-forms to functions. It acts on
@ component wise: let {o/} ; be an orthonormal base for g and define the scalar
one forms @/ by @/ (v) = (@ (v), @/)q. Then d*w (9) := ) ; d*w/(g)a’ € g for
geaG.

Note that ' ‘
ol (v) = (A" (9),v)y geGveT,G

for A% (9) =TR, (o)), the right invariant vector field corresponding to o/ . Therefore

d'w(g)=—Y divA’(ge’ g geG. (20)

J

The divergence of a vector field measures the infinitesimal rate of change of Rie-
mannian volume pu, say, under its flow. For us the Riemannian volume is a right Haar
measure. However the flow of a right invariant vector field is left translation by its
1-parameter subgroup i.e. L ,; for AY Tt follows that if the right Haar measure is
also left invariant, in other words if G is unimodular then d*e = 0. This holds in
particular for G a compact Lie group; the situation of our main present interest. In
general (L), p is again right invariant and so a multiple m (g) say of u. This version
m : G — R(> 0) of the modular function of G is a group homomorphism. Since p
corresponds to a right invariant top dimensional form it is given by

m(g) = | det Ad|

for the adjoint action Ad, = (TRg)’ITLg g— g
Thus,
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dd ((Le—mf )*(M))

d*w!(9) = —divA” (g) = —ETH 1)
= —i| det Ad ..o (22)

dt € -
= tracead, = — Z(adzkak, o;) (23)

k
for ad : g — L(g; g) the adjoint representation, ad, (8) = [«, B].

Lemma 3.2 Let p : G — GL(V) be a smooth representation of G on a real finite
dimensional vector space V and denote by p, : g — L(V; V) the derivative of p at
the identity element.

Let {g;}, be Brownian motion on G from the identity.

Then p(g,)v is integrable for each v € V and t > 0 and its expectation is differ-
entiable in t with

d
(gl = A7 (E{p(g)v}) (24)

where A? € L(V; V) is given by
AP = lcOmp Z(,o (@) ® pa(a)) + 1 Zad*kozk (25)

with
Comp: L(V; V)QL(V; V) - L(V; V)

the composition map A ® B — AB. For unimodular groups, and in particular for
compact Lie groups, the term ), adzkak vanishes.

Proof By It6’s formula, as in equation (4.1) of [13],
dov !
p(g) () = v+ M + / S8V (g) ds. (26)
0
where {M "'}, is the continuous local martingale in V

t
Mtdpv - / dpgs(TeRgs o st)U (27)
0

where {B;},>0 is the Brownian motion on g given by d B, := @, o dgy;.
Now since p : G — GL(V) is a group homomorphism we see,

dp)r = pxowr(—)pk) : TG — L(V; V) foranyk € G. (28)

Thus
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t
M =/ (p(dBy)p(gy)v). (29)
0
Also, using the right invariance of the Laplacian,

A(p)(gs) = A(p o Ry )(e) = A(p)(e)p(gs) € L(V; V).

From (28) and (23) we see

—d"(dp)(©) = ~d" (p(—)p. 0w )(©)
> pl)puled) = d*(pu 0 w)(e)

J

A(p)(e)

= Y _pu@)pulel) + p Y (ad) ot
j k
=2)\".
Thus equation (26) reduces to the linear equation with constant coefficients

dp(g)(v) = p«(dB)p(g)v + A°p(g)v dt (30)

For compact Lie groups the result is immediate since the local martingale { M, ,d oy,

will be bounded and so a martingale. In general we can use a stopping time argu-
ment or the basic existence theorems for equations with Lipschitz coefficients to see
that {0(g,)(v)}o</<r is bounded in L? for each T > 0, so the local martingale has
integrable quadratic variation and so is a martingale [26]. (]

3.3 Calculation for S"

We must calculate E {sz (9:) (o © vo)} to make use of our Hessian formula (19)
for $”. By Lemma 3.2 we have

E{r g0 © )} = Wi o © vo) (D)

2
where W, = WfQ i Ty S" O Ty S* — Ty S" © Ty, S satisfies Wo(up © vg) = ug
® v and

d 2
Wi © wo) = AT (W, (o © vg)) 1> 0.

Here 227" = 37 o (e @),
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We will use a more algebraic formulation of our representation A*° defined in
(18):

3.3.1 Identification of m with T, S"

As for any smooth left action of a Lie group we have a linear map o — X* from
so(n + 1) to smooth vector fields on S”. It is given by

d
X*(y) = a((em sa).y)|s=o-

In particular the derivative T, p : so(n 4+ 1) — T,,S" at the identity of our projection
p:SOMm+1)— S" has T,p(x) = X%(xo). It is important, [5] page 182, or [18]
page 469, to note the minus sign in the identity

(X%, XP] = —xlpl a, B eson+1). (32)

Let m be the orthogonal complement of so(n) in so(n + 1). A fundamental sym-
metric space property is that m is invariant under the adjoint action, Ad, of SO (n) on
so(n + 1), and so under ad : so(n) — GL(so(n + 1)), its derivative at the identity
e. There is the following important standard lemma with versions for more general
symmetric spaces:

Lemma 3.3 There are the commutative diagrams:

1. Forg e SO(n)

Te
m P Ty S™
Ad, TL,
m ToS™
Tep
2. Fora € so(n)
Tep
m Ty S™
ada ‘ V(_)XO‘
m T,,S"
Tep

Proof For 1. :
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d
TLgTep(a) = TLgXa(-x()) = %QGXP(S(Y)-Xoh:o

d
=9 exp(sa)g.xols=o = X% (x0)

=T, p(Adya).

For2.:ifvem

T.p(ady(v)) = T.p(lo, v]) = —[X*, X"]
= —an(())Xv + va(())Xa
= VXU(Q)XO(

= V(,)Xa o Tep(l)).
u

We will identify m with Ty, S" by T, p. By the lemma the representation ,002 :
SO () - GL(T,,S" © T,,S") gets identified with Ad®Ad : SO(n) - GL(m©®
m) using the restriction of the adjoint action. Then we have ,05?2 () = ad, ®Id +
Id ® ad,, and so

o _ 1
A = EZ{adaj oad,; ® Id +1d ® ad,; o ad,; + 2ad,; ® ad,;}. 33)
J

3.3.2 Curvature Identities

LetR:TM & TM — L(TM; T M) denote the curvature tensor, with Kobayashi &
Nomizu’s convention, so for tangent vectors u, v, w at a point z we have a tangent
vector R(u, v)w at z, and for S” :

R(u, v)(w = (v, w)u — (u, w)v. (34)

The Ricci curvature, Ric : TM @& TM — R is given as the trace,
Ric(u, v) = trace R(—, u)v, with Ric* : TM — T M given by

Ric?(u) = ZR(u,ej)ej
J

for a suitable o.n. base.
For §":
Ric(u, v) = (n — 1){u, v). 35)

In our situation, from [18] page 231, and [5] page 193 taking account of Besse’s
different sign convention for R:
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for u, v, w € m with m identified with 7,,S"
R(u, v)w = —[[u, v], w]. (36)

Noting that ad, : € — € is skew-symmetric for @ € so(n 4 1) we see from this that
ifalsoa e m,

(R(u, v)w, a) = (ad([u, v]), a) 37
= —(ad,v, adya). (38)

From this, for u, v € m,
Ric(u, v) = —trace,ad,ad, 39)

Here we have written trace,, to emphasise that the trace is taken for ad,.ad, : m —
m. Indeed there are the fundamental relations:

[g.9]Cg, [gomlCm, [mm]Cg (40)

where for us g = so(n). See for example [5] page 193, or [18] page 226. Therefore
ad, interchanges g and m so

1
Ric(u, v) = —tracegad,ad, = —3 trace ad, ad, 41

as in [5] page 194.

3.3.3 Decompositionof V @ V

To go further we shall decompose m © m into irreducible components for poz.
For a real, n-dimensional, inner product space V, (, ), the inner product, being
symmetric and bilinear, determines a linear map (—) : V ® V — R given by

(u ®v) = (u, v).
It is invariant under the action
uQuvi>Uu®Uuv: Ue€O(V)

of the orthogonal group O (V) of V. Its kernel in V © V, denoted by H, is therefore
also invariant. It has codimension one and its elements are sometimes called “trace-
less” or “harmonic”; the latter because of the representation of symmetric tensors as
homogeneous polynomials, [6, 16]. The space V @ V has a distinguished element

=) ;€ ©e; for {e;}; an orthonormal basis of V. It corresponds to the identity
when V ® V is identified with L(V; V) using the inner product. Using the inner
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product of V © V inherited from that of V ® V we see

(B.uov)=) (ue)(v.e)= o).
J

Thus E is the Riesz representative of (—) and so orthogonal to the kernel H and
invariant under our orthogonal action. We write

VOV=REGH with (42)
1 1

u@y:—(u,v)E@(u@v——(u,v)E). 43)
n n

Let Px : VOV — V ©V be the orthogonal projection onto H, so

1
PH(“@U)=M®U—;(M,U)E. (44)

3.3.4 Computations

From (36), starting to compute )J’oz from formula (33), with our orthonormal base
{a/}; for so(n), and u, v, a, b € m,

Y (ad,u®@adyv,a ©b) =Y (ad,a’ @ ad,a!,a O b)
J J

1 . )
5 D _tadua, o) (adyb, o)+
J

+ (adya, o) (ad, b, a’)}

—%{(R(u, a)v, b) + (R(v, a)u, b)}

—%{(R(u,a)v,b) + (R(u, b)v, a)}
= —(R*(u, —)v, —=)(a O b), (45)

where R*(u, —)v e m @O misthedualtoa © b %(R(u, a)v + R(v, a)u, b). For
S" using (34)

(R(u,a)v+ R(v, a)u, b) = {(a, v){u, b) + (b, v){u,a) — 2{u, v){a, b)
=2(u ®Ov,a ®b) —2u,v)a,b)

whence
Zadaju@)ada/v=—u®v+(u,v)E. (46)
J
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Furthermore, using (41), for any w € m

Z(adaj oadyiu, w) = — Z(aduaj, adya’)

J

J
= (ad, oad,a’, a’)
J
= — Ric(u, w). (47)
We now see from (33), (47), (45)
o L Ric? o :

A (o) = —E{RIC u®v+u@Ric"(v)} — R*(u, —)v. 48)

Using the explicit expressions, (35) and (46), for S” this yields:

W UOV) = - —DUO) —u® v+ (1, v)E
= —n Py (U O V). (49)

4 Main Result for S”

Theorem 4.1 For xy € S" and ug, vy in the tangent space T, S" and a C? map
f 8" — R the second derivative Hess P; f of the solution to the heat equation

de—lAPf
dat ' T 20!
Pof=f

is given by
1
Hess P; f (uo, vo) = ;(1 — e (uo, vo) Py (A f)(x0) + e ™ E{Hess(f)x, (/iuo, //iv0)}
1
= ;(uo, Vo) Pr(A f)(x0) + e ""E{Hess(f)x, P (//iuo, /fivo)}- (50

In particular if ug and vy are orthogonal,

|| Hess P, f (uo, vol| < e Pi(||Hess f|)(xo)lluoll [lvoll ¢ >0.  (51)
Proof From (19) and from (31),
Hess(P, f)(uo, vo) = E {Hess(f)x, (/i ® /)W, (o © vo))}

where, using (31),
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d o2

EW[(MO Ovy) = A" (W, (uoO ) >0 (52)
= —nPr (W, (o O vo)). (53)

Thus

1 1
W, (o © vo) = —(ug, vo)E + e <Mo Qv — ;(uo, U0>E)

—_ 3

;(1 — e ™Y (ug, vo) B + e (y © vg).

Write 8, := (//; ® //;)E. We now see

1
Hess(P; f)(uo, vo) = ZWO’ vo)E{Hess(f)., (&)}
+ e " E{Hess(f)Pr(/iuo © /fv0))}

equivalently

1
Hess(P; f)(uo, vo) = ;(1 — e ") {uo, vo) E{Hess(f), E}
+ e E{Hess(f)x, (/o © //ivo)}.

Since Hess(f)., & = A f(x;) the results follow. O

4.1 Two Alternative Approaches

4.1.1 Algebraic

The form of formula (50) is not surprising given the symmetries of the sphere, and the
decomposition of our representation of so(n) into irreducible components. Indeed for
geso(n+1)andy € §*, wehave P, f(gy) = P;(f o g)(y) . Using the fact that for
g € so(n) left translation by g preserves the law of Brownian motion from xy, we see

that Ap®2 must be invariant under the action of sz (so(n)). It follows that it must be
constant on the irreducible components H and RE of m © m for that action. Since we
must have Hess(P; f)(E) = A(P; f)(x9) = P (A f)(x0) we see the second constant
must be zero. To compute the first constant we could proceed as in [13] Corollary
3.4.4, page 50 and relate ) j pfz (@) o pf’z (aj) with the Casimir element of our
representation, [17] 6.2. That way there need be no mention of curvature. However
we have preferred to introduce curvature since it gives a geometric interpretation of
the constants, and also our approach applies in greater generality.
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4.1.2 Doubly Damped Parallel Translation

In [20] and [19] Xue-Mei Li obtains second derivative formulae on rather gen-
eral Riemannian manifolds M by differentiating the standard first derivative for-
mula d P, (f)(vo) = E{dft, ) Wi (vo)} with {W,} damped, or Dohrn -Guerra, par-
allel translation, and {;},, a gradient stochastic flow. This gives a term under the
expectation of the form df;, ) Vi, W:(vo). If we filter out the redundant noise, i.e.

condition, V,,W;(vp), this term becomes d fgr(xO)W,(z) (ug, vo) for a certain process
W,(Z)(uo, vo) € Ty, M which she calls the doubly damped parallel translation. For
our sphere

t
W2 (ug, vo) = e 211, / ¢~ D% ((ug, vo)d By — (uo, dBy)vg)  (54)
0

for {B,;}; the stochastic anti-development of our Brownian motion on S”, and her
formula gives:

Hess(P, f)(uo, vo) = e~ """ E{Hess(f)(/itt0, /Jivo)}
FE{df (W, (uo, v0))}. (55)

5 Extensions

5.1 Higher Order Derivatives

To consider 3rd order, or higher derivatives V®d (P, f)(uf, ..., ul, vo), we have for-
mula (14) but have to recall that the higher derivatives are not symmetric. To deal
with this we could look at the representation theory of so(n) on the full tensor algebra
®k m but this will involve sub-representations such as on Akm which are not relevant
to us. It seems easier to keep to the symmetric tensor products and then adjust with
curvature terms as done for third derivatives below. For S” or other symmetric spaces
this is much helped by the vanishing of the covariant derivatives of the curvature.

5.1.1 Symmetrised Derivatives

For the symmetrised version, for each p = 2, 3, ... we use the map

given by
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oy
Cu'®..u")=Cu'o..0u") = Z(Hi, u) O u.

i<j

Let ©F (R")3 denote the kernel of C in ()" R". These are the traceless or harmonic
elements. It is invariant under the representation p® of SO (n):

PP (@' ©...0u") = (p(gu' ©...0 p(g)u’)

for any given orthogonal representation p of SO (n) on R".
If p is irreducible we have the decomposition of ()” R" into irreducible factors
under p®:

p P p—2 p—2k k
OR" = ORI+ ORI E+..+ QRO B+
(56)
For example see [6] or [16].
For p = 3 the decomposition is
1
UQUVOwW = <u®v®w——C(u®v®w)®E)
n+2
1

We can give a precise formula for arbitrarily high symmetric derivatives:

Theorem 5.1 For p=1,2,... and smooth f :S" — R the symmetrised p-th
covariant derivative of the solution P; f to the heat equation

3 1
a_tPtf: EAPtf Pof =f
is given by
V(P f)uh © ... Oul) = BV (HWP ) © ... 0 ul)) (58)

where the damped parallel translation W,[p I O T,yM — OF T, M is given in
terms of the decomposition ( 56) of OF T,,M by

W = w4+ Wi o e+ WEN O s 0 file e (59)

where [/;|g refers to parallel translation restricted to 2, and

q q
Witk : (DT M2 > (T, M),
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is the restriction of W,[q] to the harmonic tensors and is given by

q
Wil Uy = e oy Uy € (" (60)

Proof The same argument that gave formula (19) yields

p
VP(P f)(Uo) = E{VP (/) (/E{p®(9:)Uo})} Uo € ()(T, ™.

Now

q
PPVOE) =p°(V)OE Ve (DTS

so formulae (58) and (59) hold with W%I’ the restriction of E{p®(g,)} to (-)? (T, S" 1.
To calculate this we have, by Lemma 3.2

d
T (090U} = A E{0®(g,)Uo)
for 1#° = 3 Comp 3, (p (@) ® pP (a")).
Since pP (@) w' ©...0u?) =Y, pu(a"u’ /7" u/ we have
PP @)Y @)W ©...0u) = A"+ B’

where A ‘
Al = Zp*(ar)Zul @Hr’:é u!
l

and
B =2 Z P (@ © pi(auk OFIF b,
Jj<k

From formula (47) and the fact that Ric*(«) = (n — 1)u foru € T'S” we have
q
D A (Ug) = —q(n — D)(Uo) Uo € ()(T, .

while by (46), for Uy € O (T, S")

Y B (Uo) = —q(q — DUg +2C(Wo) © E = —q(g — DU,

giving (60), to complete the proof. ([
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In particular for p = 3, using the decomposition (57) we obtain:

Corollary 5.2 For Uy = ul O ul O uj € O’ T M, with parallel translate U, €
O’ T, M along the Brownian paths, we have

V3 (P, f)(Ug) = e 2"V E{V £(U)))

e—%(n—l)t

F———(1 — e "HEN? £ (C(U,) © E/). (61)
n+2

5.1.2 The Full Derivative, P=3

Recall that with our use of Kobayashi & Nomizu’s sign conventions the curvature
RV :TM x TM — L(E; E) of a connection VZ on a vector bundle E over a
manifold M is given by definition by

RV (u,v)S(x) = VEVES — VEVES — VivvieS (62)
= (VE)2S(u, v) = (VF)*S (v, u) (63)

foru = U(x),v = V(x)somex € M, with U, V vector fields and S a section of E.
To define (V¥)? a torsion free connection on M is used.

For E = T M with M Riemannian and VZ = V the Levi-Civita connection, we
write R = RY" as before. It is important to note that with the induced Levi-Civita
connection on the cotangent bundle

RV (u, v} =—CoR(u,v) forleT M.
This can be seen by computing the Hessian of the function ¢ (W (—)) for ¢ a one-
form and W a vector field, and using its symmetry. More generally, if S is a section

of (R’ TM)* then

ViSu,v)(w'® ... w’) — VS, u)(w' ® ... @ wP) =
S (Ru, W' @' ®..+ - +w' @w’ ®...® R(u, v)w’) (64)

foru, v, w!,..w? € T M.

Lemma 5.3 Foru,v,we T,Mand f : M — R
1
V3df(u, v, w) =VidfuoOvow) + §df (R, u)w + R(w, u)v).  (65)
Proof By the symmetry of Hessians, v2d f (u, v, w) is symmetric in v, w. Therefore

1
Vzdf(u(Dv@w):§V2df(2u®v®w+2v®u®w+2w®u®v).
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Taking S = df in (64)
Vidfw@u®w)=Vidfu®v®w) —df (R, u)w)

and
Vidf(w®u®v) = Vidfu®w®v) —df (R(w, u)v),

giving the result by the symmetry of V2df in the last two variables. O
As an example

Example 5.4

2
dA f(xo)(u) = Vdfu® B) = VYdf(u© 8) — gdf (Ric*(w))  (66)
which enables us to rewrite (61) as

V3P, f)(Up) = e "RV £ (U)}+

e~ (n=Dt 2n

(1 — e "HE({ (dAf(cwt)) + 2df(C(Uz))) ).

n+2 3

Theorem 5.5 For ug, vo, wo € Ty, S" write U, = J;uo ® /ivo ® /fwo for parallel
translation along a Brownian motion from xo. Then for a C* function f : §" — R

V3P, f(Up) = E{e 20DV £(U,)
1
n+2

4+ e 2n=Dr (1 —e 42 df(nn?C(Ut) — (vo, wo) //iuo) }.-

e DI — AN F(CU))

In particular if ug, vy, wo are mutually perpendicular,
V3P, f(Uy) = e 2 VE(V? £ (U))). (67)
Proof By formula (65)
1
VZdP, f (uo, vo, wo) = V*dP; f (1o © v © wo) + 3d P: f (z0)

for
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20 = R(vo, ug)wo + R(wo, uo)vo
= (ug, wo)vo + (uo, vo)wo — 2(vo, Wo)Uo
= C(Ug) — 3(vo, wo)uo

for our sphere.

Now d(P; f)(z0) = Efe 2"V df (/},20)}
and

1 20=1 o o ©

3//1Z0 + 30 +2)(1 e WU
_ n 2(n — 1)ef(n+2)r o
= —(vo, wo) /fiuo + <n e 30 12) >C(Ut ).

The result follows by using the formula in Example 5.4 with Uy = uy © vy © wy,
together with (65) to go back again to our non-symmetrised Uy;. (I

Remark 5.6 Note that for all p = 2, 3, ..n, for a sphere S”, formula (64) can be
applied inductively to show that if u', ..., u” are mutually orthogonal then for any
C? function f

VP fut, u?, .., uP) = VPdf ' ©u*... O uP)

Fory € §" set
IV? fllom. () = sup {|V”f(v1, ..., v”)|, orthonormal v', ..., v” € T,S"}.
Applying (60) we obtain the pointwise semi-group domination,

VPP fllon. < e 5P DRIV fllon) (68)

5.2 More General Diffusion Semi-groups

5.2.1 Heat Semigroups on Functions and Forms on Compact
Riemannian Symmetric Spaces

The method described here for spheres should go over directly for the heat semi-group
of a compact Riemannian symmetric space. The representation theory involved may
be more complicated. It should extend similarly to formulae for derivatives of heat
semigroups for forms. See also the alternative approach suggested in Sect.4.1.

An additional first order term can be included by combining this method with the
more standard method of filtering out redundant noise, but the formulae will be more
complicated unless the term comes from a Killing vector field.
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5.2.2 General Diffusions on Manifolds; Derivatives of Induced
Semigroups on Functions, Forms, Jets Etc

For aheat equations on a general compact Riemannian manifold M a similar approach
can be followed but replacing our bundle p : SO(n + 1) — S" by a bundle p :
Diff (M) — M where Diff (M) is a suitable group of diffeomorphisms of M and p the
evaluation map at a base point xo € M. This can be considered as a principal bundle
with group those elements Diff, (M) of Diff (M) which fix x¢. Our stochastic flow
can be considered as a process on Diff (M) and has a skew product decomposition
generalising that described in Sect. 3.1. See [11], [13]. This gives rise to formulae like
(19) and its higher order analogues, but with lower order derivative terms because
the second derivative of the flow will not generally vanish: for symmetric spaces it
vanished because we had a flow of isometries.

In this case we should look at k-jets of P; f rather than k-th order covariant
derivatives. However the parallel translation in our formula may now not be metric
preserving for any metric on the bundle of k-th order tangent vectors (essentially k-
th order differential operators), or its dual, the k-jets. This makes uniform estimates
difficult to obtain. For tensor bundles, associated to the frame bundle of M, such
as ®k T M, an SDE can be chosen for our diffusion so that its conditioned flow
determines Levi-Civita parallel translation, and so is metric preserving, see [10]. For
k-th order tangent vectors the question is crucial but open.

A result by Mendes & Redeschi, [24], shows that we cannot have the Levi-Civita
connection on tensor bundles induced by an SDE for Brownian motion which has a
solution flow of isometries except in the case we have been discussing for symmetric
spaces. They call an SDE for Brownian motion which induces the Levi-Civita con-
nection a virtual immersion. Ming Liao [22] has somewhat related negative results;
in particular there are no isometric stochastic flows of Brownian motions on a Rie-
mannian symmetric space of non-compact type. However Liao shows in [23] that
for n > 3 there are a continuum of them on S”.

In [14], in preparation, this set up is extended to a wide class of semi-groups
induced on sections of natural bundles, such as jet bundles, by a sum of squares
representation of a diffusion operator on M. The operator need not be elliptic or
hypo-elliptic but for the method to work smoothly it should be cohesive in the sense
of [13]. However, the crucial question of finding stochastic flows inducing metric
connections on natural bundles remains open, to my knowledge.

5.3 Questions

e [Berger’s spheres.] It would be interesting to see how the derivatives of the heat
semigroup change as the sphere gets smoothly deformed, for example for Berger’s
spheres which still retain a lot of symmetry; see [15] and for a stochastic analytical
discussion and more references [21].
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o [Different symmetric space structures.] The same Riemannian manifold can have
different symmetric space structures. For example the 3-sphere is also a Lie
group and so has the symmetric space structure with group S* x S* acting by
(¢", g%).a = g'a(g*)~" for a € S3. Can such different structures give different
derivative formulae?

e [Non-compact type] Are there corresponding formulae for symmetric spaces of
non-compact type? In particular for hyperbolic space. As remarked above, [22]
and [24] imply that the use of isometric flows as here does not go over immediately
to the non-compact case.
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Dedicated to Sergio Albeverio on the occasion of his 80th
birthday

Abstract We review recent developments of slow/fast stochastic differential equa-
tions, and also present a new result on Diffusion Homogenisation Theory with frac-
tional and non-strong-mixing noise and providing new examples. The emphasise of
the review will be on the recently developed effective dynamic theory for two scale
random systems with fractional noise: Stochastic Averaging and ‘Rough Diffusion
Homogenisation Theory’. We also study the geometric models with perturbations to
symmetries.

Keywords Homogenisation - Stochastic averaging + Fractional Brownian
motion *+ Multi-scale + Rough paths

1 Introduction

When we study the evolution of a variable/quantity, which we denote by x, we
often encounter other interacting variables which either have the same scale as x
and are therefore treated equally, or are much smaller in size or slower in speed
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and are essentially negligible, or they might evolve in a microscopic scale ¢, such
variables are called the fast variables which we denote by y. It happens often that y
is approximately periodic or has chaos behaviour or exhibits ergodic properties, then
its effect on the x-variables can be analysed. During any finite time on the natural
scale of x, the y-variable will have explored everywhere in its state space. As e — 0,
the persistent effects from the fast variables will be encoded in the ‘averaged’ slow
motions through adiabatic transformation. We then expect that lim._, x exists; its
limit will be autonomous, not depending on the y-variables. In other words, the action
of y is transmitted adiabatically to x and the evolution of x can be approximated by
that of an autonomous system called the effective dynamics of x.
We explain this theory with the two scale slow/fast random evolution equation

dxf = f(x5, y)dt + g(x%, y°) dB,. (1.1)

Here € > 0 is a small parameter, y; is a fast oscillating noise, and B, is another
noise. The stochastic processes B; and y; will be set on a standard probability
space (€2, F,P) with a filtration of o-algebra F;. Typically the sample paths of
the stochastic processes t — B;(w), and ¢ — y; (w) are not differentiable but have
Holder regularities. The equation is then interpreted as the integral equation:

t t
xf=Xo+/ f(xf,yf)der/ 8(x;, y;) dBy. (1.2)
0 0

We take the initial values to be the same for all €. The x-variables are usually referred
to as the slow variables. If the fast dynamics depend on the slow variables, we refer
this as the ‘feedback dynamics’. If the fast variables do not depend on the slow
variables, we have the ‘non-feedback dynamics’.

If (B;) is a Brownian motion, the integral is an It6 integral. The solutions of a
Itd stochastic differential equation (SDE) are Markov processes, they have contin-
uous sample paths and therefore diffusion processes. Within the It calculus realm,
the study of two scale systems began in the 1960s, almost as soon as a rigorous
theory of It6 stochastic differential equations was established, and has been under
continuous exploration. In the averaging regime, the effective dynamics are obtained
by averaging the original system in the y-variable. This non-trivial dynamical the-
ory is related to the Law of Large Numbers (LLN) and the ergodic theorems. The
averaged dynamics for the Markovian system is expected to be again the Markov
process whose Markov generator is obtained by averaging the y-components in the
family of Markov generators £ of the slow variables with a parameter y. Stochastic
Averaging for Markovian ordinary differential equations was already studied in the
1960s and 1970s in [52, 86, 105, 106], [12, 39, 68, 104]. See also [7, 39, 40, 57,
97, 102, 113]. Stochastic averaging with periodic and stationary vector fields from
the point of view of dynamical systems is a related classic topic, see [61]. For more
recent work, see [2, 10, 62, 85]. Stochastic averaging on manifolds for Markovian
systems are studied in [1, 9, 17, 73, 74, 100]. In the homogenisation regime, this
theory is linked to Functional Central Limit Theorems (CLTs). In the classical setting
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this falls within the theory of diffusion creation, we therefore refer it as the diffusive
homogenisation theory. A meta functional CLT is as follows [54, 69]: Let f be such
that [ fdm = 0 where 7 is the unique invariant probability measure of a Markov
process Y, then \Lﬁ fot f(Yy)ds converges to a Markov process. Such limit theorems
are the foundation for diffusive homogenisation theorems and for studying weak
interactions. If the dynamics is Markovian, we naturally expect the limit of the slow
variable to be another Markov process. This theory is known as homogenisation;
let us call this ‘diffusive homogenisation’ to distinguish it from the settings where
the dynamics is fractional. For Markovian systems, there are several well developed
books, see e.g. [63, 102], see also [11]. Diffusive homogenisation was studied in [16,
24, 58, 96], see also [10, 79].

An Itd type stochastic differential equation is a good model if the randomness
is obtained under the assumptions that there are a large number of independent (or
weakly correlated) components. However, long range dependence (LRD) is preva-
lent in mathematical modelling and observed in time series data such as economic
cycles and data networks. One of the simplest LRD noise is the fractional noise,
which is the ‘derivative’ of fractional Brownian motions (fBM). Fractional Brown-
ian motions was popularised by Mandelbrot and Van Ness [84] for modelling the long
range dependent phenomenon observed by H. Hurst [53]. This is a natural process to
use. Within the Gaussian class, those with stationary increments and the covariance
structure E(B, — By)? = (¢t — s)*!! are necessarily fractional Brownian motions with
similarity exponent/Hurst parameter H. Fractional Gaussian fields and strongly cor-
related fields are used to study critical phenomena in mathematical physics, see e.g.
R. L. Dobrushin, G. Jona-Lasinio, G. Pavoliotti [26, 42, 59], and Ja. G. Sinai [103].

If B, is a fractional BM of Hurst parameter H, the stochastic integral in (1.2) is a
Riemann-Stieljes integral if H > % Otherwise this can be understood in the sense
of rough path integration or fractional calculus. We explain the essence for this using
the basics in the rough path theory. The instrument for this is the “Young bound’
[114]):if F € C* and b € C” witha + 3 > 1

SIFlalblg (t =),

t
/ (Fy — Fo)db;

With this, Young showed that the map (F, b) — fol F,db, is continuous where

t
/ F,db; = lim F,(b, —b,) € C”,
[u,v]CP

a Riemannan Stieljes integral/Young integral. This argument also established the
continuity of the solutions to Young equations. The solution x, inherits the regularity
of the driver and is in C?. This means if H > %, the equation

dx; = b(x;)dt + F(x;)dB;
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below can be interpreted as a Young integral equation. It is well posed if F, b are in
BC? [81]. In general this type of SDE can be made sense of if the Hurst parameter of
the fBM B, is greater than 4—11, see [23, 27, 48] and also [70, 82]. The study of stochastic
evolution equations with fractional Brownian motions has since become popular, see
e.g. [3, 15, 20, 36, 41, 56, 88] and [22, 91] for their study in mathematical finance
and in economics. See also [46].

Despite of this popularity of stochastic equations with fractional noise, there had
not been much activity on the effect dynamics of a multi-scale systems. A stochastic
averaging with LRD fractional dynamics is obtained in [55] for the without feedback
case and also for a feedback Markovian dynamics y; which solves the following
interacting SDE:

my

€ 1 € € 1 £ L€ €
dy = 7 D Vel D) edWr+ Yoy dr, yg=y (1)
k=1

where W/ are independent Wiener processes. A uniform ellipticity is assumed of
the equation. A priori the fast variables y; e C2~. Since the sample paths of B; is in
CH~, for the LRD case where H > %, (1.1) is a Young equation. More precisely, for
w fixed,

( /0 g5, ¥AB, ) (@) = /0 86, (@), ¥ @) By (),

is a Riemannan Stieljes integral/Young integral. The solution x; inherits the reg-
ularity of B/! and is in C¥~. These integrals are not defined with the classic Itd
stochastic calculus in any natural way, it is therefore reasonable to use this pathwise
interpretation. A solution theory for the equation (1.1) and (1.3) also exist, see [47,
55].

As mentioned earlier, if B; is a BM, the classic averaging theory states that the
effective dynamics is the Markov process with its generator obtained by averaging
the Markov generators of the slow variables. This is obtained within the theory of 1t6
calculus. However standard analysis within the integration theory does not lead to
‘pathwise’ estimates on x; that are uniform in &, which means a pathwise limit theory
is not to be expected. It is clear that the “Young bounds’ are totally ineffective for
obtaining the essential uniform pathwise estimates for ( fot g(xs, yod BS> (w). When
€ — 0, the Holder norm of the y° is expected to blow up. If g does not depend on the
fast variables, it is of course possible to obtain pathwise bounds. Indeed, the sewing
lemma of Gubinelli [49] and Feyel-de la Pradelle [34], which neatly encapsulates the
main analytic estimates of both the work of Young and that of Lyons [81], and has
since become a fundamental tool in pathwise integration theory, does not provide
the required estimates for the feedback dynamics. Without any uniform pathwise
estimates, the slow variables (for a generic equation) cannot be shown to converge
for fixed fBM path.

In [55], a novel approximation, of the pathwise Young integrals by Wiener inte-
grals, was introduced with the help of the stochastic sewing lemma of L& [71]. This
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approach used, paradoxically, the stochastic nature of the fractional Brownian motion
in an essential way and, therefore, effectively departed the pathwise framework. Since
Itd integrals and Wiener integrals are defined as an element of L?(£2), the uniform
estimates are L”-estimates and thus the limit theorem is an ‘annealed’ limit. It was
shown, [55], that x; converges in joint probability to the solution of the following
equation with the same initial data as xg:

dx; = f(x;)dt + g(x)dB,.

where f and g are obtained by directly averaging f and g respectively. Stochastic
averaging with fractional dynamics is now a fast moving area, see [94, 95, 101] [?]
for more recent work see [8, 30, 80].

For the homogenisation theory the main references are [44, 45]; see also [43]
which is the preliminary version of the previous two articles, equations of the form

X7 =h(x;,y;)

are studied. They can be used to model the dynamics of a passive tracer in a fractional
and turbulent random environment.

In [43, 45], a functional limit theorem is obtained. The limit theorems are build
upon the results in [14, 25, 87-89, 98, 109, 111, 112]. In [43, 44], a homogenisation
theorem for random ODE’s for fractional Ornstein-Uhlenbeck processes. See also
[38, 66]. Since the tools for diffusive homogenisation do not apply, we have to rely
on a theorem from the theory of rough path differential equations. This approach is
closetothatin [18, 19, 65, 93], see also [4, 13, 35]. However, in these references only
the dynamics are Markovian and the results are of diffusive homogenisation type.
In [43-45], the fast dynamics is a fractional Ornstein-Uhlenbeck process and the
effective dynamics are not necessarily Markov processes and the limiting equation
is a rough differential equation. We refer this theory as ‘rough creation’ theory and
‘rough homogenisation’ theory.

The study for the stochastic averaging theory and the homogenisation theory for
fractional dynamics has just started. These theories departed from the classical theory
both in terms of the methods of averaging, the techniques, and the effective dynamics.
We will compare the methodologies and obtain the following intermediate result. for
y; = Yi/e Where y; is a stationary stochastic process with stationary distribution .
Let Gy be a collection of real valued L?(u) functions on R we define

xke = JE/O Gi(yy)ds, Xe= (X5, ..., X")
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1.1 Main Results

Our main result, c.f. Sect. 2, can be proved using the methods in [43]. The statement
is as follows:

Theorem 1 Let y; be a real valued stationary and ergodic process with stationary
measure 1. Let G : R — R be L? functions satisfying

/ IE[Gr(ys)FolllL2ds < oo. (1.4)
0

Suppose that furthermore the following moment bounds hold

ke 1 i,j.€
X5l S 12— s12, IXg2 "l 8 S 1= sl
and the functional central limit theorem holds ( i.e. X; converges jointly in finite
dimensional distributions to a Wiener process X, = (X,l, el X;’) ). Then the fol-
lowing statements hold.

(i) The canonical lift X° = (X%, X) converges weakly in C* for y € (3, § — 1).

1
(ii) As e — O, the solutions of g
AR
i=) A GOD. 55 =

k=1 V€
converges to the solution of the equation dx, =Y ;_, fi(x;) odX f

We will discuss examples of y; and Gy for which the above holds including those
discussed, see Sect.2.4.

2 Homogenization via Rough Continuity

With the Law of Large Number theory in place we now explain the homogenisation
theory. The homogenisation problem is about fluctuations from the average. We
therefore take

X, =h(x;,y;), 2.1

where h(x, y) is a function averaging to zero and A (x, y;) is a fast oscillating frac-
tional nature moving at a microscopic scale €. The aim is to obtain an ‘effective’
closed equation whose solution x, approximates x;. This effective dynamics will
have taken into accounts of the persistent averaging effects from the fast oscillations.
Homogenisation for random ODEs has been dominated by the diffusion creation
theory, with only a handful of exceptions where the limit is a fBM. We will obtain a
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range of dynamics with local self-similar characteristics of the fractional Brownian
motion, Brownian motion, and Hermite processes.

Recall that the fractional Brownian motion is a Gaussian process with stationary
increments. Its Hurst parameter H, given by its covariance structure: E(B; — B,)*> =
(t — 5)*M, indicates also the exponent in the power law decay of the corresponding
fractional noise. Indeed, the correlation of two increments of the fractional Brownian
motion of length 1 and time ¢ apart,

1 1
BBty = Biys)(Boyr — B) = S (t + ) + i 12— 2

which is approximately 2 H¢># =2 for large ¢.

2.1 CLT for Stationary Processes

Given a stochastic process y; we are concerned with the question, whether for some
scaling a(¢) and function G : R — R the following term converges in the sense of
finite dimensional distributions

X; = a(e) /E G(ys)ds.
0

Usual functional central limit theorems would set a(€) = 1/ and the limit would be
a Wiener process. For Markovian noises these question has been studied a lot, see
e.g. [69] and the book [63] and the references therein. The basic idea is: If £ is the
Markov generator and the Poisson equation £ = G is solvable, with solution in the
domain of £, then the central limit theorem holds. This follows from the martingale
formulation for Markov processes.

Another kind of condition often imposed on the noise is some kind of mixing
condition. Processes that satisfy these conditions are in a sense nicely behaved as
they obey the usual CLT. However, in this section we aim to treat cases in which
non of this conditions are satisfied. For example the fractional Ornstein-Uhlenbeck
process for H > % is neither Markovian nor obeys usual mixing assumptions. Look-
ing at this question from a Gaussian perspective Rosenblatt [99] gave an example
of a stationary Gaussian sequence X such that \/LN Z/I:J:l X does not converge,

however the right scaling % Z}l{\;l Xy, for a suitable o > % converges to the so
called Rosenblatt process. Taqqu and Dobrushin [26, 108, 110] added to this work
of so called non-central limit theorems. Philosophically, if the covariance function
p(j)=E [X()Xj] does not decay fast enough the limiting distribution can not have
independent increments. The notions of short and long range dependence capture
this idea. We say that a sequence is short range dependent if Z;’il |p(j)| < oo and
long range dependent otherwise.
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We now want to discuss a method to conclude convergence to a Wiener process
for these kind of processes. In case of a Gaussian noise y, the rich toolboxes of
Malliavin calculus, in particular the fourth moment theorem enables one to conclude
limit theorems for a wide variety of situations, c.f. [88-90, 92]. However, the method
we are going to explore further relies on a martingale approximation method, see
[60] Theorem 3.79.

The idea is to impose a condition on the functional instead on the noise in order to
obtain a decomposition, as in the Markovian case, into a martingale and coboundary
term.

Furthermore, the method of martingale approximation can be used to obtain con-
vergence of the lifted process via Theorem 2.2 in [67], cf. [6, 64]. Given a function
U satisfying Assumption 2.7 we may define the following L? martingale

M= [ B[R] - BUGIF ] dr

Now we may decompose X° as follows

X: = \/E/g U(y)dr = /eM: +\/E<Z4 —Zo),
A : :

where Z, = [ E[U(y,)|F:+]dr. As by assumption || Z, | ;> is uniformly bounded
we may drop the coboundary term and apply the Martingale central limit theorem.

2.2 Fractional Ornstein Uhlenbeck as Fast Dynamics

To illustrate the type of theorem we are seeking, we review the recently obtained
result for the fractional Ornstein-Uhlenbeck process. In [44], we studied equation
(2.4) where y; is the fractional Ornstein-Uhlenbeck process. A fluctuation theorem
from the average was obtained. We showed furthermore that the effective dynamics
is the solution of (2.5).

Definition 2.1 A function G € LZ(,u), G = Zio c1Hy, is said to satisfy the fast
chaos decay condition with parameter g € N, if

o0

Y el VIt 2g = 1)? < co.

=0

The lowest index [/ with ¢; # 0 is called the Hermite rank of G. If m is the Hermite
rank we define H*(m) =m(H — 1)+ 1.

Remark 2.2 [43, 44] Let y, be the stationary fractional Ornstein-Uhlenbeck process
with H € (0, 1) \ {%}. Then, for any real valued functions U € L?(;) with Hermite
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rank m > 0and H*(m) = m(H — 1) + 1 < 0, we have

/ IE[U(ys)Fol ll> ds < oo. (2.2
0

Note that, without the conditioning on F; the integral would be infinite due to the
stationarity of y;.

Let a(e, H*(m)) be positive constants as follows, they depend on m, H and ¢ and
tendtoooase — O,

Lf, if H*(m) <

1
£ 2
a (e, H (m)) = ﬁ it H*(m) = 1, (2.3)
eMm=1"""if H*(m) > 1.

For H*(m) # 1 this is equivalent to a(, H*(m)) = g m)v=1 The following is
proved in [43] for H > 1 see [44] for also the H < % case.

Theorem 2.3 [43, 44] Let y, be the fractional Ornstein-Uhlenbeck process with
stationary measure ji. Let Gy be L?> N LP* functions with satisfies the fast chaos
decay condition with parameter q > 4 for py sufficiently large (see blow). We order
the functions {Gy} so that their Hermite rank my. does not increase with k. We also
assume either H*(my) < 0 fork < nor H*(my) > % otherwise. Then, the solutions

of

N
i =Y MmOV () Gu(y),
— (2.4)

€
Xo = X0,

converges, as € — 0 to the solution of the following equation with the same initial
data:

n

N
dx =) fibx)odX{+ ) frbx)dX;. 25)

k=1 k=n+1

Here X g‘ is a Wiener process for k < n, and otherwise a Gaussian or a non-Gaussian
Hermite process. The covariances between the processes are determined by the func-
tions Gy, for which there are explicit formulas. In these equations, the symbol o
denotes the Stratonovich integral and the other integrals are in the sense of Young
integrals.

The conditions for py are:

Assumption 2.4 If G; has low Hermite rank, assume H*(m;) — ﬁ > %; otherwise

1 1

assume 5 — > % Furthermore,



146 J. Gehringer and X.-M. Li
(11 , . 1

min{ -—— )+ min | H*(m;) — — | > 1. (2.6)
k<n \ 2 Pk n<k<N Pk

2.3 The Rough Path Topology

To explain the methodology we first explain the necessities from the rough path
theory. If X and Y are Holder continuous functions on [0, T'] with exponent o and
( respectively, such that o + 3 > 1, then by Young integration theory

T
YdX = li Y. (X, — X.).
/od Jim Y0 V(X — Xu)
[u,v]eP

where P denotes a partition of [0, T']. Furthermore (X, Y) fOT YdX is a continu-

ous map. Thus, for X € C >+ and f € C2, one can make sense of a solution Y to the
Young integral equation dY; = f(Y;)d X;. Furthermore the solution is continuous
with respect to both the driver X and the initial data, see [114]. If X has Holder
continuity less or equal to %, this fails and one cannot define a pathwise integration
for [ Xd X by the above Riemann sum anymore. Rough path theory provides us with
a machinery to treat less regular functions by enhancing the process with a second
order process, giving a better local approximation, which then can be used to enhance
the Riemann sum and show it converges.

A rough path of regularity o € (%, %), is a pair of process X = (X, X; ) where
(Xy.1) € R?*? s a two parameter stochastic processes satisfying the following alge-
braic conditions: forO <s <u <t < T,

Xor —Xou —Xpy = X ® Xt (Chen’s relation)

where X;, = X, — X, and (X, ® X,.,)"/ = X‘i’qu,',, as well as the following ana-
Iytic conditions,
IXooll Sl =51 Xl S 1 — s> (2.7)

The set of such paths will be denoted by C* ([0, T']; R?). The so called second order
process X ; can be viewed as a possible candidate for the iterated integral f f XsudXy.

Given a path X, which is regular enough to define its iterated integral, for example
X € C'([0, T]; RY), we define its natural rough path lift to be given by

t
X.Y,t = / X‘v,uqu-
N

Itis now an easy exercise to verify that X = (X, X) satisfies the algebraic and analytic
conditions (depending on the regularity of X), by which we mean Chen’s relation and
(2.7). Given two rough paths X and Y we may define , for o € (%, %), the following
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defines a complete metric on C*([0, T]; R9), called the in-homogenous a-Holder
rough path metric:

1 X5 = Yol I1Xsr = Yl

P = 2.8)
Sad |t _s|a St |t—S|20‘
We are also going to make use of the norm like object
X X, |2
X[ = sup Xl 1l 09)

sgrel0.1) 1t = 51%  szeor |t — s

where we denote for any two parameter process X a semi-norm:

12l
IXll2a :=" sup ————.
s#ref0,7] |t — 8]

Our proof will be based on the following results:

Lemma 2.5 Let X® be a sequence of rough paths with X(0) = 0 and

sup E (IX°],)" < oo,
ee(0,1]

for some v € (%, % - %), then X is tight in C7' for every % <4 <.

Theorem 2.6 [37] Let YoeR", e (3.1, feCiR" LRI R") and
X € C*([0, T1, RY). Then, the differential equation

Y, = Yo+ / FOrAX, (2.10)
0

has a unique solution which belongs to C°. Furthermore, the solution map ® e R? x
CA([0, T1, RY) — ’Diﬁ([O, T1, R™), where the first component is the initial condition
and the second component the driver, is continuous.

2.4 Homogenization via Rough Continuity

2.4.1 Main Idea of the Method

Theorem 2.6 has an interesting application to our homogenisation problem as weak
convergence is preserved under continuous operations. A simple equation for the
demonstration is

dx; = a(e) f ()G (y))dr,
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for a suitable choice of « and stochastic process y;, we may rewrite this equation
into a rough differential equation. To do so set X; = a(¢) fol G(y:)ds thus,

dx; = f(x;)dX;.

To obtain a rough differential equation we now define the canonical lift of X° as
X = (X7, X2,), where X, = [ X2 dX¢ and study

dx; = f(x;)dX:.

As stated above to conclude weak convergence in a Holder space of the solutions x°
it is sufficient to obtain weak convergence of X° in a rough path space C7 for some
v e (%, %). This can be done by following a two step approach. Firstly, proving
convergence in finite dimensional distributions for X and secondly tightness via
moment bounds. See [6, 18, 35, 44, 65].

Overall we have reduced the question to proving a functional central limit for
X: = a(e) fot G(y?) ds, as well as for

t t r
XE, = / X2 dXE = a(e)? / / G(y)G (ya)dudr,
S N N

. . . . 2

in a suitable path space. In one dimensions, by symmetry, X§ , = % (Xft) , hence
a continuous functional of X¢. This makes the one dimensional case quite simple.
However, when dealing with equations of the form

N
dx; =Y ou (@) fix)) G (),
k=1

where the fast motions are channelled through functions of different scales, or
dx; = a(e) f(x;, y))s

the canonical lift is more involved.

2.4.2 Proof of Theorem 1

We apply the rough path theory and CLT theorem to diffusion creation. To deal with
components converging to a Wiener process, to prove convergence of the second
order process as mentioned above one usually relies on a martingale coboundary
decomposition with suitable regularity, cf. [6, 65]. Then, one can use the stability of
weak convergence of the Itd integral, Theorem 2.2 [67], for L? martingales.
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Assumption 2.7 Given a stochastic process y, with stationary distribution y, a func-
tion U in L?(p) is said to satisfy the ‘conditional memory loss’ condition:

/ IE[U (o)l Fol ll2ds < oo. 2.11)
0

Assumption 2.8 A vector valued process
X = (X", ..., X)),
is said to satisfy the rough moment condition if the following moment bounds hold

k.e 1
IXs e S 1t —s]2

i,j,€
X570, 5 S 1t —sl.

Given a stationary and ergodic process y, and functions Gy, we define Xf’g =

VE Jy Gk(yy)ds. Suppose that there exists a Wiener process X, = (X/,..., X!")
such that X7 — X, in finite dimensional distributions. To prove Theorem 1, by the
continuity theorem, it is sufficient to show that the canonical lift X® = (X*¢, X°)
converges weakly in C” for v € (%, % — %).

Remark 2.9 In case the assumptions of Theorem 1 are satisfied one has in particular,

E[X]X!] =2 /\S)/O E[G;(y)Gi(yo)ldr.

Proof of Theorem 1. To prove Theorem | one may argue similarly as in Sect. 3.3
in [44]. Recall that we assume that y, and Gy satisfy the conditional memory loss
condition in Assumption 2.7, and X°¢ satisfies Assumption 2.8.

Firstly, due to Assumption 2.7 we may decompose each X*¢ as follows,

Xt = Ve [ Guondr = VEMt + V(2! - 2b)
0 B e

where Zk = [T E[Gi(y)|Fii]dr and Ml = 7
E [Gc(y)IFi+] — E[Gr(yr)|Fo+ ] dr. By the construction, M[ is a martingale and

||Zf |22 is bounded by Assumption 2.7. Hence, the term /& (Z’j — Z(’§) converges

to 0 in L. Thus, also the multidimensional martingales
(VEM!, ... VM)

converge jointly to the n-dim Wiener process,
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X, =X}, ..., X".

When computing the iterated integrals X/ = [l xicdx /¢, we obtain for the diag-

o N2
onal entries X{}" = 1 (X’gf) by symmetry as above. However, in case i # j we

need to argue differently. Using the same martingale coboundary decomposition as
above one can show the following lemma.

Lemma 2.10 (See the Appendix) For L(e) = Léj,

L(e)

sfi / Gi(y,)G;(y,)dr = sZ(M;;H — MHM] +tA™ 4+ Er(e),
0 0 k=0

where A = fooo Gi(y5)Gj(yo)ds and Er(g) converges to 0 in probability.

Now, defining the cadlag martingales M,i = JeM EL | one may identify the sum
above as It6 integral. Furthermore, by Assumption 2.7 these martingales are bounded
in L?, hence, using Theorem 2.2 in [67] we obtain,

t
(M,"»E,/O Ms’"desj'5> — (X1, Xo4)

where X is given by Itd integrals, in the sense of finite dimensional distributions.
Additionally, the moment bounds guarantee that the convergence actually takes place
C7 fory € (%, % — %).

An example that satisfies above conditions is given by choosing y; as the fractional
Ornstein Uhlenbeck process and functions Gy that satisfy,

Assumption 2.11 Each G, belongs to L* (1), where p; > 2, and has Hermite rank
my > 1. Furthermore,

(1) Each Gy satisfies the fast chaos decay condition with parameter g > 4.

(2) Foreachk, % — ﬁ > % and H*(m;) < 0.

where H*(m) = (H — 1)m + 1, the Hermite rank is as defined in Sect.2.5.3 .

2.5 Examples Satisfying Assumption 2.7

2.5.1 Strong Mixing Environment

Using this method one can also treat the classical setup. Given a stationary stochastic
process y; and assume it is strong mixing with mixing rate a(s).
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a(t) = sup |[P(AN B) —P(AYP(B)|.
A€FY . BeFf®

By Lemma 3.102 in [60], given G : R — R such that |G (yg)||;1 < oo the following
inequality holds,

IEIG(0IF] ~EIGO e <2 (27 +1) )i G0 s,

where 1 < g <r < oo.

Lemma 2.12 Let y, be a stationary process with mixing rate a(t) and G € L" (1)
is centred. Then Assumption 2.7 holds if

© 1 1
/ a(t)27rdt < oo.
0

2.5.2 Volterra Kernel Moving Averages

Let B denote a fBm of Hurst parameter H and set y, = fioo K (t — s)d By, where K
denotes a kernel K such that ||y;||,2 = 1. Using the decomposition B, — By = Btk +
B, where BY = [* (¢t — k)3 — (k — )~ 3dr and B* = [ (t — r)"~2dW,, we
may also decompose

t k t
Vi =f K(t —r)dB, =/ K(t —r)dB, —i—/ K(t —r)d(B, — By)
_ k

k t t

- (f K(t—r)dB,+/ K(t—r)dE’,‘> +f K(t —r)dB*
oo X k

= + 3.

It was shown in [50] that the term I§," is independent of F; and Ef is F; measurable,
hence ¥ is independent of F; and if is F; measurable. Moreover, both terms are
Gaussians. We set y* = y, for k > t. Using an expansion into Hermite polynomials
one can show the following:

Lemma 2.13 Lety, = fioo K (t — s)d B, such that ||y;|| ;2 = 1 be given. If the ker-

nel K is such that
o 21\ %
| E[6) o
k—1

then Assumption 2.7 hold.

An example of this is the fractional Ornstein-Uhlenbeck process.
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2.5.3 Effective Dynamics Driven by Non-wiener Process

As mentioned above for Gaussian noises one may obtain a variety of limits. The
Hermite rank plays a central role in the analysis of limit theorems with Gaussian
noises. Let v denote the standard normal distribution and y, a stationary process
with distribution v, then each G € L?(v) admits an expansion into Hermite poly-
nomials, G(y;) = Z/Zio cx Hi (y5). The Hermite rank is now defined as the rank of
the smallest non zero Hermite polynomial, thus, a function with Hermite rank m
can be written as G (yy) = Z,fim ci Hy (y5) with ¢, # 0. Hermite polynomials are
mutually orthogonal and satisfy IE (Hx(y,) H;(y,)) = d(k — j)p(ls — r)¥, where p
denotes the correlation function of y,. In case p admits only an algebraic decay,
i.e. the fractional OU process satisfies p(t) < 1 A t272, higher order polynomials
accelerate the correlation decay. Thus, the picture one obtains is that there is a criti-
cal m such that Hy(y,) is short range dependent if k > m and long range dependent
otherwise. In case (H — 1)k + 1 > % the process is long range dependent and short
range dependentif (H — Nk + 1 < %, the border line case is long range dependent as
well, however the sum of the correlations only diverges logarithmically, which leads
to a separate behaviour which will not be discussed here. Thus, if a function G has
Hermite rank m such that (H — 1)k +1 > % one obtains convergence to Hermite
processes for a(e) = e =Dm+1 Ag this processes have Holder regularity greater
than % they can be treated within the Young framework.

Remark 2.14 To combine both frameworks in [44] the assumption was made that
the Holder regularity of Wiener components plus the ones for Hermite components
is bigger than 1, hence the joint lifts are irrelevant in the limit and well defined as
Young integrals.

3 Recent Progress on Slow/Fast Markovian Dynamics

In order to compare the methods, we will explain the classical Stochastic Averag-
ing Theory and the Diffusion Homogenisation theory with Markovian Dynamics,
which have been continuously re-inventing itself since the 1960s and 1970s. They
are typically a system of two-scale stochastic equations as follows

my
dx; = ZXk(xf, y7) othk + Xo(x;, y))dt, x5 = xo;
k=1 (3.1)

1 & . 1 .

i =7 DYl ) 0 dWE + —XYo(x, y)) dt, - y5 = o.
k=1

where W/, W/ are independent Brownian motions. Such models have the flavour of

the following multi-scale system in dynamical system
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. ) 1 R
x; = f(x7,y0), v = gYo(x;, vP).

In dynamical system, the fast dynamics is often periodic or has chaotic behaviour.

Because these are well known, we will focus on the newer developments that
applies to non-linear state spaces which is sufficient to illustrate the underlying ideas
and the differences between the theories within the Markovian dynamics and that
with the fractional dynamics. Since the scale in a multi-scale system are note naturally
separated, we will need to use geometric methods to separate them, the slow and fast
variables so obtained often lives in a non-linear space. For example if we take an
approximately integrable Hamiltonian system the natural state space is a torus. If the
slow-fast system is obtained by using symmetries, the state space of the fast motions
are Lie groups. SDEs with symmetries are popular topics, see [5, 28, 31-33, 107].
See also [74, 78] for perturbation to symmetries.

3.1 The Basic Averaging Principal

Fory € R", let 0;(-, y) : R — R?, and for x € R?, Y;(x, ) : R" — R". The aver-
aging principle states that if (x;, y;) is the solution of the following stochastic dif-
ferential equation, with It6 integrals,

mi
dx =)o, y)AWS +o0(x, y) dt, x5 = xo;
k=1 (3.2)

my

dy; = —= Y Yi(x; f)dW’urlY(xf Sdt, yi=
Vi \/E kX, Yy t c olX;, Yy > Yo Yo,
k=1

then x; converges to a Markov process. This principle requires technical verification.

The popular format and assumptions for the Stochastic Averaging Principle is as
follows, see [52] and [113]. Let ¥ be the solution to the equation below with frozen
slow variable (we assume sufficient regularity assumption so that there equation has
a unique strong solution,)

my

dyf =3 Yelx, yHdWS + Yox y))dt, y§ = yo.
k=1

suppose that there exists a unique invariant probability measure 1*. Assume further-
more that the coefficients of the equations are Lipschitz continuous in both variables
and suppose that there exist functions ; ; and b such that on [0, T'],
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1 ! -
';E/ b(x, Y)ds —b(x)| < (x> + yol* + 1,
0

(3.3)

1. [ o .

;Ef Y oiol(x, ¥)ds = a; (0| S (xP + [yol> + .
0 %

Then, x; converges weakly to the Markov process with generator

| H? _ 0
L=-a i(x)—— +b —
2a’] x) Ox;0x; + o) Oxy

The notation / denotes the average of a function 4, i.e. h(x) = f h(y)p*(dy). In
[52], boundedness in y is assumed in (3.3). This is replaced by the quadratic growth
in [113], where a uniform ellipticity is also used to replace the regularity assumption
needed on x > u*.

In the next section we outlined conditions posed directly on the coefficients of the
equations, under which these assumptions hold.

3.2 Quantitative Locally Uniform LLN

The law of large numbers is the foundation for stochastic averaging theory. Let y;
be an ergodic Markov process on a state space ) with invariant measure 7, then the
Birkhoff’s ergodic theorem holds, i.e.

lim '1/ h(xg)ds —/h(y)ﬂ'(dy)‘ — 0.
0

t—oo |t

If £ is a strictly elliptic operator, this is seen easily by the martingale inequalities
and Schauder’s estimates. There is typically a rate of convergence of the order Jl;
Such results are classic for elliptic diffusions on R”. For Brownian motion on a
compact manifolds this is proven in [72], see also [29], we generalise this result
to non-elliptic operators and obtain a quantitative estimate. Furthermore, we obtain
locally uniform estimates for diffusion operators £, where x € X is a parameter.
Our main contribution is to obtain quantitative estimates that are locally uniform in
x. We indicate one such result below.

Definition 3.1 Let X, X1, ..., Xi be smooth vector fields.

(i) The differential operator ZZ;I (X)? + X, is said to satisfy Hormander’s con-
dition if {Xy,k=0,1,...,m} and their iterated Lie brackets generate the
tangent space at each point.

(i) The differential operator ZZLI (X;)? + X, is said to satisfy strong Horman-
der’s condition if {X;, k =1, ..., m} and their iterated Lie brackets generate
the tangent space at each point.
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Let s > 0, let dx denote the volume measure of a Riemannian manifold G and
let A denote the Laplacian. If f is a C* function we define its Sobolev norm to be

1

11l = ( /G FU + A)°'/2f(x)dx>2

If the Strong Hérmander’s condition holds and ) is compact, then the Markov
process with generator ) ;—_, (X )2 + X, has a unique invariant probability measure.
We state a theorem for ) compact, a version with ) not compact can also be found
in [78].

Theorem 3.2 [78] Let ) be a compact manifold. Suppose that Y;(x, -) are bounded
vector fields on Y with bounded derivatives and C* in both variables. Suppose that
foreach x € X,

Lo=2Y "Y2(x, )+ Yolx. )
i=1

N =

satisfies Hormander’s condition and has a unique invariant probability measure
which we denote by .. Then the following statements hold .

(a) x — py is locally Lipschitz continuous in the total variation norm.
(b) Foreverys > 1+ @ there exists a positive constant C (x), depending con-
tinuously in x, such that for every smooth function f : Y — R,

S COIS s

1
—., (4
Ly (2) ﬁ

1 t+T
‘7 f £ dr — / £ (dy)
t G

where z, denotes an L. -diffusion.

The proof for this follows from an application of Itd’s formula, applied to the
solution of the Poisson equation L£,h = f(x, -) where f f(x, y)uc(dy) = 0. For
such functions,

1 (7 1 . 1 (& (T

7| reanar = 4 e - s - 7 (;;[0 dg . (Ve (x, zf))dwf> .
(We take r = 0 for simplicity.) It then remain to bound the supremum norm of
dg(x,-), which is a consequence of the sub-elliptic estimates of Hormander.
3.3 Averaging with Hormander’s Conditions

Let X', ) be smooth manifolds. We take a family of vector fields o; (-, y) on X indexed
by y € Y and a family of vector fields Y;(x, -) with parameter x € X. The vector
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field o; (-, y) acts on a real function 4 : X — R so that o;(-, y)h is the derivative
of & in the direction of o; (-, y). If X is a vector field we denote by Dh(X (x)) the
derivative of the function / in the direction of X (x) at the point x. The function so
obtained is also denoted by Lxh, or Xk, or Dh(X).

The assumption (3.3) can in fact be verified with ergodicity and regularity condi-
tions on the coefficients. We state such a result on manifolds. We switch to Stranovich
integrals and denote this by o. We also denote by 6 and Y, the effective drifts (includ-
ing the Stratonovich corrections). Consider

mi
dx; = Zok(xf, ¥ o dWr 4 oo (x?, yO) dt, x5 = xo;
k=1 (3.5)

m;

1 1
dyj = 7 D Ve, ) o d Wi 4 —Yo(x, y) dt, x5 = yo.
k=1

Suppose that, for each x, £, = % Z:f’:l Yi2 (x, ) 4+ Yo(x, -) has a unique invariant
probability measure which we denote by p*. For & : X — R a smooth function with
compact support, we define

- 1
2hw =3 3 [ (D%sontr ). oxte, ) omt @ + [ DI (0t )i )
—Jy v

The key condition for the convergence of the slow motion is the Hormander’s condi-
tion. More precisely we will make use of the conclusion of Theorem 3.2, from which
we obtain the following estimates on a compact subset D of A’

tit1 X;;-
[ r () ds = 2 p )
14

N—1 At: —
EY gcTA(?’)sug lfxe, )= F,.
i=0 (36)

Here A(¢) is a function converging to zero as t — oo. With this we obtain the dynam-
ical Law of Large Number as follows.

Theorem 3.3 [78] Let Y be compact and Y; are in C 2N BC'. Suppose that 6y and
oi are C', wherei =1,...,m, and L, satisfies Hormander’s condition and that it
has a unique invariant probability measure. Suppose that one of the following two
statements holds.

(i) Let p denote the distance function on Y. Suppose that p* is smooth and

N =

Y VAP (i, ), 0i( ) +dp* Gol, 1) S K(L+ (), Vy €G.
i=1

(ii) The sectional curvature of Y is bounded. There exists a constant K such that
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m
ZIW(%)’)\Q S KA+ px)), loolx, I < K1+ px)), VxeN,VyeG.
i=1

Then {x;, e > 0} converges weakly, on any compact time intervals, to the Markov
process with the Markov generator L.

This theorem is useful when we have an stochastic differential equation on a
manifold which is invariant under a group action, and when we study its small
perturbations.

3.3.1 Geometric Models

The LLN can be used to study the following models.

Example 3.4 (1) Approximately Integrable Hamiltonian systems. If H : M —
R is a smooth Hamiltonian function on a symplectic manifold or on R?* with
its standard symplectic structure, we use X gy to denote its Hamiltonian vector
fields. Let k be a smooth vector field. Let { H;} be a family of Poisson commuting
Hamiltonian functions on a symplectic manifold.

€ 1 ¢ € i 1 £ €
dzf = 7 Z Xy (z5) o dW + EXHU (z))dt + k(z;)dr.
i=1
Letx; = (H(z{), ..., Hi(z])) and let y; denote the angle components. It was
shown in [73] that an averaging principle holds if {Hy, ..., H,} forms a com-

pletely integrable systems and x; converging to the solution of and ODE. Fur-
thermore if k is also a Hamiltonian vector field, then x* converges on the scale
[0, %] to a Markov process whose generator can be explicitly computed.

2) Stil:ring geodesics. Let H) is a horizontal vector field on the orthonormal frame
bundle O M of a manifold M. The orthonormal frames over x € ME are the set
of directions, i.e. linear maps from R” to 7, M. Then the equation 1z, = Hy(u,)
on OM is the equation for geodesics, its projection to the base manifold is a
geodesic with unit speed, it solves a second order differential equation on M. Let
{A}} be a collection of skew symmetric d x d matrices where d is the dimension
of the manifold. Let A; denote also the vertical fundamental fields obtained on
O M by rotating an initial tangent vector in the direction of the exponential map
of A;. Consider the equation on O M:

=1
o1 1 & ] .
duj = —Ho(up)dt + — ; Acu) o dWE.

These are large oscillatory perturbations on the the geodesic equation, consid-
ered on the scale [0, g].
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Let 7 denote the projection of a frame in O, M £ L(R", T, M) to x. We are
only concerned with the projection of u; to the base manifold M and we set
x; = m(u;). Then our equation reduces to the following:

€

X = gxtc &

on the manifold M, where g; is a fast diffusion on SO(d). If {A,} is an o.n.b. of
so(d), it was shown in [75] that 7(u7) converges as ¢ — 0. Theorem 3.3 allow
this theorem to be extended to a set of L = {A;}, which is not necessarily an
o.n.b. of so(n), but the elements of L and their Lie bracket has dimension 7.
Perturbation to equi-variant diffusions. Perturbed equi-variant SDEs on prin-
cipal bundles were studied in [74, 78]. See also [31-33] for the study of equiv-
ariant diffusions.

Inhomogeneous scaling of Riemannian metric and collapsing of manifolds.
In[77], asingularly perturbed model on a lie group G with acompact subgroup H
was studied. Let G be endowed with an Ad g -invariant left invariant Riemannian
metric, this exists if H is compact. Let X; be elements of the Lie algebra of H
which we denote by . Let Y be an element of its orthogonal complement.
We identify an element of the Lie algebra with the left invariant vector fields
generated by it. Consider

N ) 1 .
dgf = - Zxk(g;) odWF + gY(,g;) dr.
k=1

Then, if {X,} and their brackets generates ), it was shown in [77] that 7(g;)
converges to a diffusion process on the orbit space G/H.

In these examples, a geometric reduction method is used, see also [21, 78].

3.4 Diffusion Homogenisation Theory

The models in [2] and [4] above can be reduced to random ODEs with a random
right hand sides. The effective dynamic theory falls into the diffusive homogenisation

the

ory. The first example also falls within this theory when the perturbation vector

field k is again a Hamiltonian vector field. According to [51], the study of ODEs
with a random right hand side was already considered in an article by Stratonovich
in 1961. See [63, 83].

A diffusive homogenisation theory, in its simplest form, is about a family of

random ordinary differential equation of the form

. 1 R
X =—=V&;,y)

NG
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where V is a function with [V (x, y)u(dy) = 0 and y; is an ergodic Markov process
or a stationary strong mixing stochastic process, and y¢ is distributed as y - , with sta-
tionary measure 1. The zero averaging assumption is about the ‘oscillatory property’
on the y process and also restrictions on the functions V, without this x; may blow
up as € — 0 even if V is bounded and smooth. Assuming the square root scaling
is the correct scaling for a non-trivial effective limit, then we expect the effective
dynamics to be a Markov process in which case we employ the martingale method.

Suppose that y, is a Markov process with generator Ly, then y; is a Markov
process with generator éﬁo with invariant measure 7. To proceed further let F be a
real valued function, then

. 1 ! .
F(xd) = F(x)) + — / (DF)XE<V(x§, yf))ds.
t 0 \/g Xk: 0 s K K
We take x5 = xo for simplicity. Using a semi-martingale decomposition,

t
/ dF((V(x;, y)ds = M; + A7,
0

it remains to show that

(i) (x%, e € (0, 1]) is a relatively compact set of stochastic processes; B
(ii) any of its limit point X, solves a martingale problem with a generator £ which
comes down to show that conditioning on the past; B
(iii) the drift part A7 converges to the conditional process of fot L f(xg)ds.

If y, is a Markov process with generator £, then the semi-martingale decomposition
comes from solving the Poisson equation:

LO(G,y)=dFoV(,Yy).
This equation is solvable, for each y, precisely under the center condition on V. Of

course we will need to assume some technical conditions, for example L is elliptic
and the state space for y is compact. Then one applies the 1t6 formula to obtain:

Lo L c c
30757 = 80,30+ = [ D (Vess o)) s+ 2 [ 30065y 0ds+ 87
1 . 1 [ . ;
— B0, y0) + ﬁ/o Do (Vo)) ds + 2 [ ar(vyonds + ;.
the subscript y in £, indicates applying the operator to the second variable y, and sim-

ilarly D, (indicates differentiation in the first variable. Also, N} = fol D, B(x5, y)d
{¥$}, where {y;} denotes the martingale part of y°, is a local martingale. This means
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F(x;) = F(xp) + \/E(ﬁ(xf’ y;) — B(xo, yo)) — /0 D.j3 (V(xf, y%)) ds — N;.
3.7)

This identity can now be used to show {x°, € € (0, 1]} is tight. Let us examine
the terms in the above equation. We expect that that \/(8(x;, y7) — B(xo, y0)) is
negligible when ¢ is small and f; D3 (V (x{, y:)) ds converges if x° converges as
a process. Indeed if V does not depend on x, the ergodic assumption will imply that
fot D.p (V(xf, y%)) ds converges to the spatial average [V (y)7(dy). Let us define

L= /Dxﬁ(v(x,y))ﬂ(dy)-

It remains to show that any limit x, satisfies that F(x,) — F(x;) — f LF (xg)ds is a
martingale, which can be obtained from (3.7) by ergodic theorems.

If both the x and y-variables taking values in a manifold and V(x,y) =
Z/{V:] Y (x)Gi(y) where G = f G (y)m(dy) = 0, a diffusive homogenisation the-
orem is proved in [76], from which we extract a simple version and state it below.

Theorem 3.5 [76] Suppose that L is a smooth and elliptic operator on a smooth
compact manifold Y with invariant measure ™ and Gy smooth functions with
fy Gidm = 0. Let Y; be smooth vector fields on RY, growing at mostly linearly,
and have bounded derivatives of all order. Consider

N

. 1

i =2 Y NGO, X = xo.
k=1

Ve

Then, the following statements hold.

(1) Ase — 0, the solution x° converges to a diffusion measure j1, on any bounded time
intervals. Furthermore for every r < i, their Wasserstein distance is bounded
above by €, i.e.

supd (P, , ji)) Sei™.
t<T €

(2) Let 3; be the solutions to Lof3; = G, Y;3; = [;(Y;3))dm, and P, the Markov
semigroup for

L=— ZYi_ﬂjYi(ij)’
ij=1

where Y; F = dF(Y;). Then, for every F € BC*and any T,

sup [EF (x}) — P,F(x0)| S ey/TTog el (1 + [xol?) (1 + [Fles) .

t<T
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Remark 3.6 In[76] amore general theorem is proved without assuming the unique-
ness of the invariant probability measures for the fast variables. The compactness of
the state space for y, is not important, what we really used is the exponential rate of
convergence of the diffusion at time ¢ to the invariant measure in the total variation
norm.

4 Appendix

Here we give a proof for Lemma 2.10, which is completely analogue to that of [44,
Prop. 4.10], where the theorem is stated for the fractional OU-process, but the proof
is also valid for the processes specified in Lemma 2.10. The proof is added here
for reader’s the convenience. We will however omit lengthy algebraic manipulations
identical to that for the proof of [44, Prop. 4.10], pointing out only where to find
them.

Proof of Lemma 2.10. We write U = G; and V = G; and denote by F; the
filtration generated by the fractional Brownian motion defining our fOU process.
For k € N, we define the F;-adapted processes:

k

k
1(k) = f Ulyds, J(k) = f V(y)ds,
k-1 k—1

0k = f E[U )\ Filds, V(k) = / E [V (yo)|Flds.
k k

—1 —1
k k
M= 00 -E[00-DIF]. Ne=Y VO -E[V0-1IF].
=1 =1
In particular, M; and N are F; adapted L> martingales. There are the following
useful identities. For k € N
Uk) = 1(k) +E[U (k + 1) | Fel,

My — My =100+ Uk +1) — Uk

k k
S 16y = [ Ulndr =t~ 060+ 0) - .
j=1 0

and similarly for J, V and N, where the function U is replaced by V.
In a nutshell, the proof is as follows. Combining Lemma 4.1 below, and using
EU (ys)V (y-)) = EWU (ys—r)V (y0)), we see that
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e / E / UGV Ondrds
0 0
L

==Y (M = MM 1 [ EQODYO0) du+ Eni(6) + Ers(o).
k=1 0

The proof of Lemma 2.10 is then concluded with Lemma 4.2 and the identity

1 ps oo pl 1 o0 pu—2
<// +/ / )]E(U(yS)V(yr))drds = —5/ / E WUV (o)) dudv
0 Jo 1 Jo 0 Ju

= fo E UG,V (y)) dv.

Henceforth in this section we set L = L(g) = [é].
Lemma 4.1 There exists a function Er|(¢), which converges to zero in probability
as € — 0, such that

Lo L k=1 1 ps
ff U(ys)vm)drds=aZl(k>Zl(1)+rf / E (U (ys)V () drds +Er; (€)
0 Jo k=1 =1 0 Jo
4.1)

The proof for this follows exactly the same way as that of Lemma 4.13 in [44]
where the proof is for the fractional Ornstein-Uhlenbeck process, but the proof used
only the stationary property and the ergodicity of the process.

Lemma 4.2 The following converges in probability:
L k—1 L 00 1
lim (521(1«)21(1) —e Y (M Mk>1vk) o [* [ Ewoovenaras.
© k=1 I=1 k=1

This lemma can be proved in the same way as that of [44, Lemma 4.14], again
that was for the fractional Ornstein-Uhlenbeck process. The idea is to use the above
identities to write the summation on the left hand side as follows:

L L L
e (Z —1R) V) + Y TRV 1) = N) = > (O +1) — U(k»Nk) =I{+15 + 1.
k=1 k=1 k=1

To the first term we apply shift invariance and ergodic theorem to obtain

1 [e9)
Iy — —t IE[I(])\7(1)] = (—E </ U(y,)dr/ V(ys)ds> . “4.2)
0 0
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Also,

2

L L L
;=B 16000 =N SPEVOF [ [TBUe)vG0ldsdr — o

k=1

Since [, [ E[U(y)U (y)ds dr ~
obtain the following decomposition

oI~

. We then change the order of summation to

L—-1 L—-1
—B = Y N = NPUL+ D te Y (Vi = Np UG+ 1 =& (0@ + 1) = T My
j= j=1
=Ji+J5+J35.

By Birkhoft’s ergodic theorem, J; — 0 a.s. and similarly,
> tE (0(2)(1\12 - N,)) . 4.3)

Since U (j) is bounded in L?(£2) by the assumption (for the fractional OU-process,
this assumption is proved to hold), | /5 | 2@ < & — 0. This concludes the limit of
the left hand side to be

tE [0(2)(1\72 — Ny — 1(1)\7(1)] , (4.4)
which we need to rewrite. Firstly,
1
(N2 = Ny) =V (2) = V(1) +/ V(yds, I(1)=U()—E[UQ)|F]
0
Secondly,

(0@ = N) - 1)V ()

o) 1 R R R R R R
= [ [ Bweovemaras +E (0@ (Vo) - Vo) - (00) - BO@IA]) V).
1 0
Since \7(1) is F; measurable and by the shift covariance of U k) V(k),
E (0(2) (V(z) - \7(1)) - (0(1) - E[0(2)|}'1]> V(l)) —0.

This concludes the proof of the lemma.
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Stochastic Geometric Mechanics m
with Diffeomorphisms e

Darryl D. Holm and Erwin Luesink

Abstract Noether’s celebrated theorem associating symmetry and conservation
laws in classical field theory is adapted to allow for broken symmetry in geometric
mechanics and is shown to play a central role in deriving and understanding the
generation of fluid circulation via the Kelvin-Noether theorem for ideal fluids with
stochastic advection by Lie transport (SALT).

Keywords Noether’s theorem - Geometric mechanics * Diffeomorphisms *
Reduction by symmetry - Symmetry breaking

1 Noether’s Theorem in Geometric Mechanics

1.1 Euler-Poincaré Reduction

Geometric mechanics deals with group-invariant variational principles. In this set-
ting, Noether’s theorem [23, 24] plays a key role. Given the tangent lift action
G x TM — TM of a Lie group G on the tangent bundle T M of a manifold M
on which G acts transitively, Noether’s theorem states that each Lie symmetry of a
Lagrangian L : TM — R defined in the action integral S = [ L(q, v)dt for Hamil-
ton’s variational principle § S = O with (¢, v) € T M implies a conserved quantity for
the corresponding Euler-Lagrange equations defined on the cotangent bundle 7*M.
The conserved quantities arising from Noether’s theorem in the case where the con-
figuration manifold M is a Lie group G were studied by Smale, in [26, 27], where

' M is called the configuration manifold in classical mechanics.
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it was shown that the reduction procedure TG — TG \ G = g leads to dynamics
which take place on the dual g* of the Lie algebra g. The dynamical variable m € g*
in the dual Lie algebra is now called the momentum map (Smale called it angular
momentum). In general, the configuration manifold M is not a Lie group. However,
when a Lie group G acts transitively on a configuration manifold M the proof of
Noether’s theorem induces a cotangent-lift momentum map J : 7*M — g*. The
momentum map induced this way is an infinitesimally equivariant Poisson map tak-
ing functions on the cotangent bundle 7* M of M to the dual Lie algebra g* of the Lie
group G. The momentum map J : T*M — g* is equivariant and Poisson, even if G
is not a Lie symmetry of the Lagrangian in Hamilton’s principle. Momentum maps
naturally lead from the Lagrangian side to the Hamiltonian side. The Hamiltonian
dynamics on T*M involves symplectic transformations. However, as we shall dis-
cuss below, for the class of Hamiltonians which can be defined as H o J : g* — R,
the momentum map induces Euler-Poincaré motion on the Lagrangian side and Lie-
Poisson motion on the Hamiltonian side. To illustrate these remarks, we return to the
situation in which the configuration manifold, M, is a Lie group, G.

For hyperregular Lagrangians, the Legendre transform to the Hamiltonian side
is invertible and one may reconstruct the solution on G from its representation on
T*G \ G =~ g*. In that case, solving the equations describing the evolution of the
momentum map on the dual Lie algebra g* is equivalent to solving the equations
on the cotangent bundle 7*G when the configuration manifold is G. When the Lie
group G acts transitively, freely and properly on the configuration manifold M, then
one may reconstruct the solution on M from its representation on 7*G \ G =~ g*.
The last statement is proven for finite-dimensional Lie groups G in, e.g., [1].

The Lie-group reduced equations defined on the dual Lie algebra g* via Smale’s
procedure of reduction by symmetry 7*G \ G >~ g* are called Euler-Poincaré equa-
tions after [25]. Provided the Lagrangian is hyperregular, the Euler-Poincaré reduc-
tion procedure can be expressed in terms of the cube of linked commutative diagrams
shown in Fig. 1.

To summarise the notation in Fig. 1, G denotes the configuration manifold which
is assumed to be isomorphic to a Lie group, TG is the tangent bundle, 7*G is the
cotangent bundle, TG \ G =~ g is the Lie algebra and T*G \ G =~ g* is the dual of
the Lie algebra. The Lagrangian is a functional L : TG — R and the Hamiltonian is
a functional H : T*G — R. Euler-Poincaré reduction takes advantage of Lie group
symmetries to transform the Lagrangian and Hamiltonian into group-invariant vari-
ables, which leads to a reduced Lagrangian ¢ : g — R and a reduced Hamiltonian
h:g" — R. The diagram comprising the face of the cube involving these func-
tionals in Fig. 1 commutes if the Legendre transform is a diffeomorphism. This is
guaranteed if the Lagrangian or Hamiltonian is hyperregular. The Euler-Lagrange
equations and Hamilton’s equations are related via a change of variables, which also
holds for the Euler-Poincaré equations and the Lie-Poisson equations. Many finite
dimensional mechanical systems may be described naturally in this framework. The
classic example is the rotating rigid body, discussed from the viewpoint of symmetry
reduction by Poincaré in [25]. In his 1901 paper, Poincaré also raised the issue of
symmetry breaking, by introducing the vertical acceleration of gravity, which breaks
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the SO (3) symmetry for free rotation and restricts it to SO (2) for rotations about
the vertical axis.

Stochasticity may also be included in the framework of Euler-Poincaré reduction
by symmetry. The first attempt to include noise consistently in finite-dimensional
symplectic Hamiltonian mechanics was by [5] and reduction by symmetry of stochas-
tic systems was studied by [21].

Plan of the paper. In the present work, we will review Euler-Poincaré reduction
of stochastic infinite dimensional variational systems with symmetry breaking. The
infinite dimensional case is interesting because it is the natural setting for fluid
dynamics, quantum mechanics and elasticity. The foundations of the finite dimen-
sional stochastic geometric mechanics are established in [12]. We will explore the
infinite dimensional case in context of fluid dynamics, where symmetry under the
smooth invertible maps of the flow domain is broken by the spatial dependence of
the initial mass density.

1.2 Sobolev Class Diffeomorphisms

Consider an n-dimensional compact and oriented smooth manifold M, equipped
with a Riemannian metric (-, - ). This will be the spatial domain of flow and X € M
will denote the initial position of any given fluid particle. The manifold M is acted
upon by a group of Sobolev class diffeomorphisms. In [13] it is shown that the space
of C* diffeomorphisms, defined by ® = {g € C>®°(M, M)| g is bijective and g~ €
C*®(M, M)}, is not the convenient setting to study fluid dynamics, but that one
should use ®* = {g € H*(M, M)| g is bijective and ¢g~! € H*(M, M)}, the space
of Soboleyv class diffeomorphisms with s weak derivatives. The reason for this choice

Legendre transform
L:TG—R

— —

Euler-Lagrange eqns <——————=> Hamilton’s eqns

|

l:g—R h:g"—R

— ~

Euler-Poincaré eqns <—————————==- Lie-Poisson eqns

Legendre transform

Fig.1 The cube of commutative diagrams for geometric mechanics on Lie groups. Euler-Poincaré
reduction (on the left side) and Lie-Poisson reduction (on the right side) are both indicated by the
arrows pointing down. The diagrams are all commutative, provided the Legendre transformation
and reduced Legendre transformation are both invertible
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is that the smooth diffeomorphisms constitute a Fréchet manifold for which there is
no inverse or implicit function theorem and no general solution theorem for ordi-
nary differential equations. Each of these latter features would prohibit the study of
geodesics.

The space of Sobolev class diffeomorphisms is both a Hilbert manifold and a
topological group if s > n/2 + 1, as was shown by [14]. The Hilbert manifold struc-
ture implies the existence of function inverses and the implicit function theorem, as
well as the existence of a general solution theorem for ordinary differential equa-
tions. This additional structure also implies that one can construct the tangent space
of ®° in the usual way and study geodesics. The space ®* is the configuration space
for continuum mechanics and each g € ©° is called a configuration. A fluid trajec-
tory starting from X € M at time t = 0 is given by x(¢) = ¢g;(X) = g(X, t), with
D* 3 g: M x Rt — M being a continuous one-parameter subgroup of D°. In the
deterministic case, computing the time derivative of this one-parameter subgroup
gives rise to the reconstruction equation, given by

a
579/(X) = u(g:(X), 1), (1)

where u;(-) =u(-,t) € X° is a time dependent vector field with flow ¢,(-) =
g(-,t). The initial data is given by g(X, 0) = X. Here X* = H*(T M) denotes the
space of Sobolev class vector fields on M, which is also the Lie algebra associated
to the Sobolev class diffeomorphisms.

1.3 Stochastic Advection by Lie Transport (SALT)

In the setting of stochastic advection by Lie transport (SALT), which was intro-
duced by [16], the deterministic reconstruction equation in (1) is replaced by the
semimartingale

M
dg(X.1) = u(gi(X), dt + Y &(g,(X)) 0 dW,, @

i=I

where the symbol o means that the stochastic integral is taken in the Stratonovich
sense. The initial data is given by g(X, 0) = X. The W/ are independent, identically
distributed Brownian motions, defined with respect to the standard stochastic basis
(2, F, (F1)i>0, P). Such a noise was shown to arise from a multi-time homogenisa-
tion argument in [10]. The &; (- ) € X* are called data vector fields and are prescribed.
These data vector fields represent the effects of unresolved degrees of freedom on the
resolved scales of fluid motion and account for unrepresented processes. They are
determined by applying empirical orthogonal function analysis to appropriate numer-
ical and/or observational data. For instance, for an application to the two dimensional
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Euler equations for an ideal fluid, see [8] and for an application to a two-layer quasi-
geostrophic model, see [7]. Stochastic models enable the use of a variety of methods
in data assimilation, which are discussed in [9]. It is not difficult to make sense of (1),
but understanding (2) is more complicated. In [4], a stochastic chain rule is shown
to exist. This stochastic chain rule is called the Kunita-1t6-Wentzell (KIW) formula
and helps interpret the semimartingale in (2). The KIW formula will also be used
later to prove the stochastic Kelvin circulation theorem. First, however, the space ©*
needs to be given more structure.

The space ©° inherits a weak Riemannian structure from the underlying manifold
M in a natural way. For g € ©° and V, W € T,®D*, one can define the following
bilinear form

V., W)= /M((V(X), W(X))gxyu(dX), 3)

where p is the volume form on M induced by the metric. The Riemannian structure
induced by (3) is weak because the topology is of type L2, which is strictly weaker
than the H* topology. This bilinear form is a linear functional on the Hilbert space
T,®* and can be used to define the dual space 7,". The pairing between V € T,0°
and o € TD° is given by

(a, V) =/ a(X) - V(X). 4)
M

Hence the metric on M and the volume form wu(dX) can be used to construct the
isomorphism between 7®° and T*D° as V(X) — a(X) = V*(X)u(dX), where
b:TM — T*M is one of the musical isomorphisms that are induced by the metric
on M. The group ®° is not a Lie group; since right multiplication is smooth, but
left multiplication is only continuous. Hence ©° is a topological group with a weak
Riemannian structure. In general, these properties are not sufficient to guarantee
the existence of an exponential map. However, [13] showed that an exponential
map can exist in many important cases. In particular, they showed that the geodesic
spray associated to (3) (with and without forcing) is smooth.? The smoothness of the
geodesic spray persists even though H* diffeomorphisms are considered rather than
smooth diffeomorphisms. Combined with the existence of an exponential map, the
smoothness property implies a regular interpretation of the Euler-Poincaré equations
on ®°, provided that one uses right translations and right representations of the group
on itself and its Lie algebra, as shown in [17]. However, due to the presence of the
volume form p(dm), the bilinear form (3) is not right-invariant under the action of the
entire H* diffeomorphism group, although there is right-invariance under the action
of the isotropy subgroup ©) = {g € ©*| g, = p}. Since this subgroup is a proper
subgroup, as it is smaller than ©° itself. Thus, one speaks of symmetry breaking.

In deriving the equations of ideal deterministic fluid dynamics, one needs to keep
track of the volume form as well. The appropriate mathematical setting for this is an

2 The geodesic spray is the vector field whose integral curves are the geodesics.
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outer semidirect product group. This means that one constructs a new group from two
given groups with a particular type of group operation. For continuum mechanics,
the ingredients are ©° and V*, where V* is a vector space of tensor fields. This
vector space is the space of advected quantities and it will always contain at least
the volume form f.

Definition 1.1 (Advected quantity) A fluid variable is said to be advected, if it keeps
its value along Lagrangian particle trajectories. Advected quantities are sometimes
called tracers, because the evolution histories of scalar advected quantities with dif-
ferent initial values (labels) trace out the Lagrangian particle trajectories of each
label, or initial value, via the push-forward of the full diffeomorphism group, i.e.,
a; = g «ao = Aoy, !, where g, is a time-dependent curve on the manifold of diffeo-
morphisms that represents the fluid flow.

Remark 1 (Advected quantities as order parameters) When several advected quan-
tities are involved, the space V* is the direct sum of several vector spaces, where
each summand space hosts a different advected quantity. In general, each addi-
tional advected quantity decreases the dimension of the isotropy subgroup. For
example, consider an ideal deterministic fluid with a buoyancy variable b, then the
Lagrangian corresponding to the model will depend on  and b in a parametric
manner. This Lagrangian will be right invariant under the action of the isotropy
subgroup ©; , = {g € ©*| gs = p and g.b = b}. Hence, advected quantities are
order parameters and each additional order parameter breaks more symmetry. For
the sake of notation, one usually writes ©; for the isotropy subgroup, no matter
how many advected quantities there are. One then uses a to represent all advected
quantities and ap to denote the initial value of the advected quantities.

1.4 Semidirect Product Group Adjoint and Coadjoint Actions

The semidirect product group action is constructed in the following way. The repre-
sentation of ®° on a vector space V is by push-forward, which is a left representation,
as shown by [22]. The representation of the group on itself and on its Lie algebra
is a right representation. In terms of analysis, this means that all representations are
smooth and no derivatives need to be counted. The group action of the semidirect
product group is given by

o (D' xV)x (@ xV)— (D xV)

®)

(g1, v1) @ (g2, v2) := (g1 0 g2, V2 + (g2)xV1)
with g1, g» € ®° and vy, v, € V. The semidirect product group is often denoted as
DOV = (®* x V, o). In the group action above, (¢,),v; denotes the push-forward
of v; by ¢, and o denotes composition. Note that the group affects both slots in (5),
but the vector space only appears in the second slot. The identity element of the
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semidirect product group is (e, 0) where e € ©° is the identity diffeomorphism and
0 € V is the zero vector. An inverse element is given by

(g, "= =g = (g7 —g*), (6)

where g*v denotes the pull-back of v by g. To understand how reduction works for
semidirect products, it is helpful to know how the group acts on its Lie algebra and
on the dual of its Lie algebra. Duality will be defined with respect to the sum of
the pairing (4) and the dual linear transformation [ -]* on V. This pairing induces
another pairing in a natural way on X* x V. Consider two at least C' one parameter
subgroups (g;, v;), (Ge, V) € ®* x V. Using these one parameter subgroups, one
can compute the inner automorphism, or adjoint action of the group on itself. This
adjoint action is defined by conjugation

AD: (D' x V) x (D x V) - (D° x V),
AD(g,,v,)(gev :176) = (gtv vt) L (EE? ’Je) ° (gtv vt)71 (7)
= (gt 0ge o gt—l’ g;k("-\”e — U +§e*vt))-

To see how the group acts on its Lie algebra, one can compute the derivative with
respect to € and evaluate at € = 0 in the adjoint action of the group on itself. Let
Xou= j—é le—oge and V 3 b= dd_e le=oVe. This choice for a vector field is guided by
the deterministic reconstruction equation in (1). For any tensor S, € 7, (M) whose
dependence on € is at least C' it holds that

d . - d
%ge*se = Jex <£Se - EﬁSe> . )

Important here is that the Lie derivative does not commute with pull-backs and push-
forwards that depend on parameters, see [1]. The adjoint action of the group on its
Lie algebra can be computed as

Ad: (@D x V) x (X xV)— (X xV),
~~ d ~ ~
Ad(,{ﬁ,l),)(“: b) = ﬁ GZOAD(g,,v,)(gev Ué) (9)
= (g, ;b — g/ Lavy).

By means of the pairing on X* x V, one can compute the dual action to the adjoint
action (9). This is called the coadjoint action of the group on the dual of its Lie
algebra. Let (m, @) € (X* x V)*, then the coadjoint action is given by

A : (@D x V) x (X x V)" — (X x V),
(Ad* (i, @), (@, b)) := (i, @), Adg, v, (@, b)), (10)

(g =g v
*
Ad(g"

L (m,a) = (g,*n~1 + VU, © Grsd, G11Q).
=Y )
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Definition 1.2 (The diamond operator) The coadjoint action (10) features the dia-
mond operator, which is defined fora € V*, u € X* and fixed v € V as

(Voa,u)xsxxs := —{a, L,v)ysxy. (11)

Note that the diamond operator is the dual of the Lie derivative regarded as a map
Loy : X — V, hence vo (-): V¥ — X**. The diamond operator shows how an
element from the dual of the vector space acts on the dual of the Lie algebra.

When evaluated at r = 0, the ¢-derivatives of Ad in (9) and Ad* in (10) define,
respectively, the adjoint and coadjoint actions of the Lie algebra on itself and on its
dual. Denote by X* s u = %|,zog, andV 3 b = %|,:0v,. The adjoint action of the
Lie algebra on itself is

ad: (X xV)x(X*xV)—= (X xV),

adp) (@, b) = — lzoAd(g,,v,)(ﬁ, b), 12

ad ) (@, b) = (=L, 0, Lb — Lib)
= (—[u, @], L,b — Lb),

where the bracket [ -, -] in (12) is the commutator of vector fields. The minus sign
is due to fact that group acts on itself from the right. The coadjoint action of the Lie
algebra on its dual can be obtained by computing the dual to (12) or by taking the
derivative with respect to ¢ and evaluate at + = 0 in (10). Either way, one arrives at

ad*: (X x V) x (X x V)" - (X' x V)",
(ad(,, , (i, a), (i, b)) := (i, @), ad () (@, b)), (13)
ad?u_b)(%, a)=(L,m+boa,—-L,a),

in which (12) implies the last line in (13). Alternatively, one can also obtain (13) by
taking the derivative with respect to 7 in (10) and evaluate at r = 0.

Remark 2 (Coadjoint action and the diamond operator) The coadjoint action is an
important operator in geometric mechanics and representation theory. It was shown
by [18] and in further work by [20, 28] that the coadjoint orbits of a Lie group
G have the structure of symplectic manifolds and are connected with Hamiltonian
mechanics. See [19] for a review. The computations of the adjoint and coadjoint
actions for the semidirect product group is valuable for fluid mechanics, as they
introduce the two fundamental operators that appear in the equations of motion.
The Lie derivative is responsible for transport of tensors along vector fields and
its dual action given by the diamond operator encodes the symmetry breaking. In
particular, the diamond operator introduces the effect of symmetry breaking into the
Euler-Poincaré equations of motion.
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2 Deterministic Geometric Fluid Dynamics

With the adjoint and coadjoint actions defined, one can derive continuum mechanics
equations with advected quantities by using symmetry reduction. Euler-Poincaré
reduction for a semidirect product group ©* x V as developed in [17] is sketched
below in Fig.2.

As shown by comparison of Fig. 2 with Fig. 1, several new features arise in semidi-
rect product Lie group reduction which differ from Euler-Poincaré reduction by sym-
metry when the configuration space itself is a Lie group. These differences can be
conveniently explained by introducing the physical concept of an order parameter.
As discussed earlier, the order parameters in continuum mechanics are the elements
of V* which are advected by the action of the diffeomorphism group ©°. The advec-
tion is defined simply as the semidirect product action on the elements of V*. The
introduction of each additional advected state variable (or, order parameter) into the
physical problem further breaks the original symmetry ©°. The remaining symme-
try of the Lagrangian in Hamilton’s principle is the isotropy subgroup 9y of the
initial conditions, ay, for the entire set of advected quantities, a. The action of the
diffeomorphism group ©° on these initial conditions then describes their advection
as the action of ©* on its coset space ©* \ D; = V*. Once the initial values of
the order parameters, ag, have been set, one must still define a Legendre transform
from the Lagrangian formulation into the Hamiltonian formulation and vice versa.
The Legendre transform in the setting of semidirect products is a partial Legen-
dre transform, since it transforms between T0° and T*®* or T®* \@fl0 ~ X* and
T*9%\ D, =~ X'*only after having fixed the value o of the order parameters, which
live in V*. This coset reduction is what Fig.2 shows. The remaining invariance of a
functional under the action of the isotropy subgroup is called its particle relabelling
symmetry.

Our exploration continues on the Lagrangian side in Fig.2. Consider a fluid
Lagrangian L : T®* x V* — R. By fixing the value of @y € V*, one can construct
Ly, : T®* — R.If this Lagrangian is right invariant under the action of the isotropy

Legendre transform

L:TD°xV* =R H:T"(®*xV)—R

— —

Euler-Lagrange eqns Hamilton’s eqns

J

XX VSR h:(X°xV)* >R

— —

Euler-Poincaré eqns Lie-Poisson eqns

Legendre | transform

Fig. 2 The cube of continuum mechanics in the semidirect product group setting. Reduction is
indicated by the arrows pointing down
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subgroup D, , then one can construct

L <igogl e a0> =1L <igog1 e)
d[ ) E) ap dt £
= <igogl> =¢ <igog‘ g ao)
“\dt dt P

Here o means composition of functions. The same procedure applies to the Hamil-
tonian. Since the coadjoint action is known, it is straightforward to formulate the
Lie-Poisson equations. The details of Hamiltonian semidirect product reduction and
also more information on the Lagrangian semidirect product reduction can be found
in [17].

The coadjoint action of the Lie algebra on its dual is also required for the
Lagrangian semidirect product reduction. One can use the deterministic reconstruc-
tion equation to see that the argument of the Lagrangians in (14) is

(14)

2 og =u (15)
di gog =u.

Using this information, one can integrate the Lagrangian in time to construct the
action functional. By requiring the variational derivative of the action functional to
vanish, one can compute the equations of motion. However, due to the removal of
symmetries, the variations are no longer free.

3 Stochastic Geometric Fluid Dynamics

In the situation where noise is present, that is, when the reconstruction equation is
(2), the Euler-Poincaré variations become stochastic. Consider ¢ : R> — ©* with
gr.e = g(t, €) to be a two parameter subgroup with smooth dependence on €, but
only continuous dependence on ¢. Let us denote

N
dxr.e(X) = (Agrc 0 gr.)(X) = u (X)dt + Y &(X) 0 dW,
i=1
and 9
Ut,e(X) = (a_gt,e o gt,e)(X) .
€

When a o symbol is followed by d W; it means Stratonovich integration and in every
other context the o symbol is used to denote composition. Note that the data vector
fields §&; are prescribed and hence will not have a dependence on €.
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In order to compute with these stochastic subgroups and their associated vector
fields, one needs a stochastic Lie chain rule. The Kunita-It6-Wentzell (KIW) formula
is the stochastic generalisation of the Lie chain rule (8). A proof of the KIW formula
is given in [4] for differential k-forms and vector fields. That proof includes the
technical details on regularity that will be omitted here. In the KIW formula, the
k-form is allowed to be a semimartingale itself. Let K be a continuous adapted
semimartingale that takes values in the k-forms and satisfies

t N t
K, = Ko—i—/ Gsds—l—Z/ HisodB!, (16)
0 im1 70

where the B! are independent, identically distributed Brownian motions. The drift
of the semimartingale K is determined by G and the diffusion by H;, both of which
are k-form valued continuous adapted semimartingales with suitable regularity. Let
g satisfy (2), then [4] shows that the following holds

d(g K, = g/ (dK, + L, K, dt + L, K, o dW]). (17)

Equation (16) helps to interpret the dK; term in the KIW formula (17). This for-
mula will be particularly useful in computing the variations of the variables in the
Lagrangian. To compute these variations, one needs the variational derivative.

The variational derivative. The variational derivative of a functional F : B — R,
where B is a Banach space, is denoted 8 F//3p with p € B. The variational derivative
can be defined by the first variation of the functional

d SF SF
SF[p] = T 6ZOF[/O + €dp] = / g(x)&o(x) dx = 5,8,0 . (18)

In the definition above, € € R is a parameter, §p € B3 is an arbitrary function and
the first variation can be understood as a Fréchet derivative. A precise and rigorous
definition can be found in [15]. With the definition of the functional derivative in
place, the following lemma can be formulated.

Lemma 3 With the notation as above, the variations of u and any advected quantity
a are given by

Su(t) =dv(t) + [dx,, v(®)], Sa(t) = —Lypa(t), (19)

where v(t) € X° is arbitrary.

Proof The proof of the variation of a(z) is a direct application of the Kunita-Ito-
Wentzell formulatoa(t, €) = g, c«ao. Note that the data vector fields &; are prescribed
and do not depend on €. Denote by x; . = g;(X). Then one has
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N
dglﬁe(X) = dxt.e = uf,é(xz,e) dt + Zgz (xtﬁe) o dW; = dXz,e(xt,e)- (20)

i=1

The vector field associated to the e-dependence of the two parameter subgroup is
given by
d

a0
&gt,e = gxt,e = Ut,e(xr,e)' (21

Computing the derivative with respect to € of (20) gives

0 d
—dxz,e = —(dXt,e(xt,e))
de de ”
3 5 (22)
= a_ut,e + Ve - _dXt,e (xt,s),
€ 00Xy ¢

where the independence of the data vector fields &; on € was used. Taking the differ-
ential with respect to time of (21) gives

d
d (&xt,e) e d(Ut,e(xt,G))

(23)
a0
= <dvt,e(xt,s) + dXt,e : _vt,e> (xt,e)-
0X; ¢

One can then evaluate at ¢ = 0 and call upon equality of cross derivative-differential
to obtain the result by subtracting. Since g; . depends on ¢ in a C° manner, the
integral representation is required. The particle relabelling symmetry permits one to
stop writing the explicit dependence on space,

Su(t)dt = dv(@) + [dy;, v(®)]. (24)

This completes the proof of formula (19) for the variation of u(¢).

The notation in (20) needs careful explanation, because it comprises both a stochastic
differential equation and a definition. The symbol dy; . is used to define a vector
field, whereas dx, . denotes a stochastic differential equation. This lemma makes the
presentation of the stochastic Euler-Poincaré theorem particularly simple.

Theorem 4 (Stochastic Euler-Poincaré) With the notation as above, the following
are equivalent.

(i) The constrained variational principle

8/2£(u,a)dt =0 25)

1

holds on X° x V*, using variations Su and 8a of the form
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Su=dv+[dy,v], 8a=-Lya, (26)
where v(t) € X° is arbitrary and vanishes at the endpoints in time for arbitrary

times t1, to.
(ii) The stochastic Euler-Poincaré equations hold on X° x V*

Y4 Y4 Y4
d—+ Ly, — = — ¢adt, 27
Su a

and the advection equation
da + Lgy,a =0. (28)

Proof Using integration by parts and the endpoint conditions v(#;) = 0 = v(#,), the
variation can be computed to be

2 L|se Y4
5/ z(u,a)dtzf O su)+ (25 5a) ar

n n 8 8

Llse Y4

—.d dy,, —dt,—L,
/ < vl ”]> <8a ! “> (29)
Y4 Y4

/ dX/S +8—<>adt v
0.

Since the vector field v is arbitrary, one obtains the stochastic Euler-Poincaré equa-
tions. Finally, the advection equation (28) follows by applying the KIW formula to
a(t) = gr:ao. 0

Remark 5 The stochastic Euler-Poincaré theorem is equivalent to the version pre-
sented in [16], which uses stochastic Clebsch constraints. In [16] one can also find
an investigation the It6 formulation of the stochastic Euler-Poincaré equation.

Stochastic Lie-Poisson formulation. The stochastic Euler-Poincaré equations have
an equivalent stochastic Lie-Poisson formulation. To obtain the Lie-Poisson formu-
lation, one must Legendre transform the reduced Lagrangian. The Legendre trans-
formation in the presence of stochasticity becomes itself stochastic in the following
way

N
mi= %, h(m, a) dt + Z(m, &) odW/ = (m,dy,) — €(u,a)dt.  (30)
Su P

The stochasticity enters the Legendre transformation because the momentum map m
is coupled to the stochastic vector field dy;. The left hand side of the transformation
determines the Hamiltonian, which is a semimartingale. The underlying semidirect
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product group structure has not changed, it is still the H* diffeomorphisms with a
vector space, but the Hamiltonian has become a semimartingale. This implies that
in the stochastic case the energy is not conserved, because Hamiltonian depends
on time explicitly. Note that (30) emphasises that the Lagrangian does not feature
stochasticity in this framework. Instead, the Lagrangian represents the physics in
the problem, which does not change. The stochasticity is supposed to account for
the difference between observed data and deterministic modelling. The stochastic
Lie-Poisson equations are given by

N
d(m. ) = —adfus s (m,a)dt = adi, (m.a) o dW;, 31

¢, _
i=1

where ad* is given in (13). Since both the drift and the diffusion part use the same
operator in (31), the stochastic Lie-Poisson equations preserve the same family of
Casimirs (or integral conserved quantities) as the deterministic Lie-Poisson equa-
tions. The stochastic Euler-Poincaré theorem has a stochastic Kelvin-Noether circu-
lation theorem as a corollary.

Let the manifold M be a submanifold of R” with coordinates X. Then the volume
form can be expressed with respect to a density. That is, u(d"X) = po(X)d" X. By
pushing forward py along the stochastic flow g;, one obtains p. Let €° be the space
of loops y : ' — D%, which is acted upon from the left by D*. Given an element
m € X*, one can obtain a 1-form by formally dividing m by the density p.

The circulation map K : € x V* — X*** is defined by

(K(y.a),m) = f = (32)
y P

Given a Lagrangian £ : X* x V* — R, the Kelvin-Noether quantity is defined by

14¢

I1(y,u,a) := % - 33)
y P Su

One can now formulate the following stochastic Kelvin-Noether circulation theorem.

Theorem 6 (Stochastic Kelvin-Noether) Let u, = u(t) satisfy the stochastic Euler-
Poincaré equation (27) and a, = a(t) the stochastic advection equation (28). Let g,
be the flow associated to the vector field dy,. That is, dx, = dg, o g7 = u, dt +
Z,N= & odW/. Let yy € € be aloop. Denote by y; = g, o vy and define the Kelvin-
Noether quantity 1 (t) := I (y,, u,, a;). Then

16
di () =¢‘ ——Zoadt. (34)
Vr’oaa
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Proof The statement of the stochastic Kelvin-Noether circulation theorem involves
a loop that is moving with the stochastic flow. One can transform to stationary
coordinates by pulling back the flow to the initial condition. This pull-back yields

1 8¢ L (16¢ 1, (8¢
=¢ -—=¢ g (-=)=¢ —g (>). (35)
v P Su Y0 p du v P0 du

An application of the Kunita-It6-Wentzell formula (17) leads to

dI(t) 7§ Lo (a8 42y, 2 yg Lo (%oa)ar. o)
= —_— —_— — s —_— —_— a s
o po % \Tou T My o P 9\ 5a

since u satisfies the stochastic Euler-Poincaré theorem. Transforming back to the
moving coordinates by pushing forward with g, yields the final result.

Thus, Theorem 6 explains how particle relabelling symmetry gives rise to the
Kelvin-Noether circulation theorem via Noether’s theorem. When the only advected
quantity present is the mass density, the loop integral of the diamond terms vanishes.
This means that circulation is conserved according to Noether’s theorem for an
incompressible fluid, or for a barotropically compressible fluid. The presence of
other advected quantities breaks the symmetry further and introduces the diamond
terms which generate circulation, as one can see in the Kelvin-Noether circulation
theorem in equation (34). Consequently, the symmetry breaking due to additional
order parameters can provide additional mechanisms for the generation of Kelvin-
Noether circulation in ideal fluid dynamics.

Outlook. Stochastic geometric mechanics is an active field of mathematics which has
recently established its utility for a broad range of applications in science. Basically,
everything that can be done with Hamilton’s principle for deterministic geometric
mechanics can also be made stochastic in the sense of Stratonovich. This is possible
because the variational calculus in Hamilton’s principle requires only the product
rule and chain rule from ordinary calculus. The happy emergence of the new sci-
ence of stochastic geometric mechanics was celebrated with the publication of the
book [2]. This book showcases some of the recent developments in stochastic geo-
metric mechanics. Another collection of recent developments can be found in [6].
An ongoing development is in the direction of rough geometric mechanics, initiated
with a rough version of the Euler-Poincaré theorem in [11]. Remarkably, variational
principles which are driven by geometric rough paths again only require the product
rule and the chain rule. Other directions involve the inclusion of jump processes,
fractional derivatives and non-Markovian processes in geometric mechanics. For
example, recent work by [3] shows that SDEs driven by semimartingales with jumps
have weak symmetries and a corresponding extension of the reduction and recon-
struction technique is discussed.
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Abstract This paper presents a partial state of the art about the topic of representa-
tion of generalized Fokker-Planck Partial Differential Equations (PDEs) by solutions
of McKean Feynman-Kac Equations (MFKEs) that generalize the notion of McKean
Stochastic Differential Equations (MSDEs). While MSDEs can be related to non-
linear Fokker-Planck PDEs, MFKEs can be related to non-conservative non-linear
PDEs. Motivations come from modeling issues but also from numerical approxima-
tion issues in computing the solution of a PDE, arising for instance in the context of
stochastic control. MFKEs also appear naturally in representing final value problems
related to backward Fokker-Planck equations.
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1 Introduction and Motivations

1.1 General Considerations

The idea of the present article is to focus on models which have a double macroscopic-
microscopic face in the form of perturbation of a so called Fokker-Planck type
equation that we call generalized Fokker-Planck equation. Our ambition is driven by
two main reasons.

1. A modeling reason: the idea is to observe both from a macroscopic-microscopic
point of view phenomena arising from physics, biology, chemistry or complex
systems.

2. A numerical simulation reason: to provide Monte-Carlo suitable algorithms to
approach PDEs.

The target macroscopic Fokker-Planck equation is

d
du = %Zafj (00 )i j(t, x, wyu) — div (b(t, x, u, Vu)u)
ij=1 (1.1)
+A(t,x,u, Vu)u, fort€]0,T],
u(0, ) = uy,

where uy is a Borel probability measure o : [0, 7] x R x R — M, ,(R), b:
[0,T] xR xR — R4 A:[0,T] x R x R x R - R and V denotes the gradi-
ent operator. The initial condition in (1.1) means that for every continuous bounded
real function ¢ we have f(p(x)u(t, x)dx — f(p(x)uo(dx) when t — 0. When uy
admits a density, we denote it by uo. The unknown function u :]0, T] x RY — R
is supposed to run in L'(R?) considered as a subset of the space of finite Radon
measures M (R?). The idea consists in finding a probabilistic representation via
the solution of a Stochastic Differential Equation (SDE) whose coefficients do not
depend only on time and the position of the particle but also on its probability law.
The target microscopic equation we have in mind is

Y, =Yo+ 0<s, Yy, us, Y;))dWs + b(s, Ys, us, Y_g))ds
Yo ~ g

t
/zp(x)u(l,x)dx —E |:(p(Y,) exp {/ A(s, Yo, u(s, Yy), Vu(s, Ys))dx}] . fort €l0,T],

’ 1.2)
for any continuous bounded real valued test function ¢. Sometimes we denominate
the third line equation of (1.2) the linking equation. When A = 0, in Eq. (1.2), the
linking equation simply says that u(¢, -) coincides with the density of the marginal
distribution L£(Y;). In this specific case, Eq. (1.2) reduces to a McKean Stochastic
Differential Equation (MSDE), which is in general an SDE whose coefficients, at
time ¢, depend, not only on (¢, Y;), but also on the marginal law £(Y;). With more
general functions A, the role of the linking equation is more intricate since the whole
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history of the process (Yy)o<s<; is involved. This fairly general type of equations
will be called McKean Feynman-Kac Equation (MFKE) to emphasize the fact that
u(t, x)dx now corresponds to a non-conservative Feynman-Kac measure.

An interesting feature of MSDEs (which means A = 0) is that the law of the
process Y can often be characterized as the limiting empirical distribution of a large
number of interacting particles, whose dynamics are described by a coupled system
of classical SDEs. When the number of particles grows to infinity, the particles
behave closely to a system of independent copies of Y. This constitutes the so called
propagation of chaos phenomenon, already observed in the literature when the drift
and diffusion coefficients are Lipschitz dependent on the solution marginal law, with
respect to the Wasserstein metric, see e.g. [42, 52, 53, 55, 64]. Propagation of chaos
is a common phenomenon arising in many physical contexts, see for instance [2]
concerning Nelson stochastic mechanics.

When A =0, Eq. (1.1) is a non-linear Fokker-Planck equation, it is conserva-
tive and it is known that, under mild assumptions, it describes the dynamics of the
marginal probability densities, u (¢, -), of the process Y. This correspondence between
PDE (1.1) with MSDE (1.2) and interacting particles has extensive interesting appli-
cations. In physics, biology or economics, it is a way to relate a microscopic model
involving interacting particles to a macroscopic model involving the dynamics of
the underlying density. Numerically, this correspondence motivates Monte-Carlo
approximation schemes for PDEs. In particular, [20] has contributed to develop
stochastic particle methods in the spirit of McKean to provide original numerical
schemes approaching a PDE related to Burgers equation providing also the rate of
convergence.

Below we list some situations of particular interest where such correspondence
holds.

1.2 Some Motivating Examples

Burgers Equation

We fixd = p =1 and let v > 0 and u( be a probability density on R. We consider
two equivalent specific cases of (1.1). The firstoc = v, b =0, A(¢, x,u, z) = z. The
second o = v, b(t,x,u) = % A = 0. Both instantiations correspond to the viscid
Burgers equation in dimension d = 1, given by

du = S du —udu, (1,x) €[0,T] xR, 13
u(0, ) = uy . '

Generalized Burgers-Huxley Equation

We fixd = p =1 and let v > 0 and u( be a probability density on R. We consider
the particular cases of (1.1) where o = v, b(f,x,u) = a%, A(t,x,u) =B —
u™)(u" — y), with fixed reals «, B, y and a non-negative integer n. This instantiation
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corresponds to a natural extension of Burgers equation called Generalized Burgers-
Huxley equation or Burgers-Fisher equation which is of great importance to represent
non-linear phenomena in various fields such as biology [3, 56], physiology [43] and
physics [69]. These equations have the particular interest to describe the interaction
between the reaction mechanisms, convection effect, and diffusion transport. Those
are non-linear and non-conservative PDEs of the form

ou = %8”14 —ou"ou+ Bu(l —u™)W" —y), (,x)el[0,T] xR,

14
u(, 1) = uy. a9
Fokker-Planck Equation with Terminal Condition
The present example does not properly integrate the framework of (1.1). In terms of
application, we are interested by inverse problems that can be formulated by a PDE
with terminal condition

d
du =1 0% ((0a"(t. x)u) — div (b(t, x)u)
ij=1 (1.5)
+A(t,x)u, fortel0,T[,

u(T, ) = ur,

where uy is a prescribed probability measure. Solving that equation by analytical
means constitutes a delicate task. A probabilistic representation may help for studying
well-posedness or providing numerical schemes.

Backward simulation of diffusions is a subject of active research in various
domains of physical sciences and engineering, as heat conduction [13], material sci-
ence [61] or hydrology [4]. In particular, hydraulic inversion is interested in inverting
a diffusion phenomenon representing the concentration of a pollutant to identify the
pollution source location when the final concentration profile is observed. The prob-
lem is in general ill-posed because either the solution is not unique or the solution
is not stable. For this type of problem, the existence is ensured by the fact that the
observed contaminant has necessarily originated from some place at a given time (as
soon as the model is correct). To correct the lack of well-posedness two regularization
procedures have been proposed in the literature: the first one relies on the notion of
quasi-solution, introduced by Tikhonov [66], the second one on the method of quasi-
reversibility, introduced by Lattes and Lions [45]. Besides well-posedness, a second
crucial issue consists in providing a numerical approximating scheme to the back-
ward diffusion equation. A probabilistic representation of (1.5) via the time-reversal
of a diffusion could show those issues under a new light.

The Stochastic Fokker-Planck with Multiplicative Noise

Wefixp=d, o(t,x,u)=®w)ld;,where ® : R — Randb = A = 0. Typical
examples are the case of classical porous media type equation (resp. fast diffusion
equation), when ®(u) = u?, 1 < g (resp. 0 < g < 1). The (singular) case ®(u) =
y H(u — e.), H being the Heaviside function and e, a given threshold in R, appears
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in the science of complex systems, more precisely in the so called self-organized
criticality, see e.g. [5, 6, 24].

{ du = LAH®u —e)u) 16

2
M(O, ) = Uy.

The phenomenon of self-organized criticality often is described in two scale phases:
a fast dynamics (of avalanch type) described by the PDE (1.6) and a slower motion
of sand storming modeled by the addition of a supplementary stochastic noise
A(t, x; w). In that case the rarget macroscopic equation is

i du = 5AH®u —e)u) + At, x; w)u a7

u(0,-) = uy,

where A(#, x; w) is a quenched realization of a space-time colored (ideally white)
noise. The SPDE will be represented by a MSDE in random environment, see Sect. 6.

1.3 Structure of the Paper

In the rest of the paper, to simplify notations, most of the results are stated in the
one-dimensional setting. The generalization to the multi-dimensional case is straight-
forward.

The paper is organized as follows. Next section presents a brief review of basic
situations where Fokker-Planck equations can be represented by MSDEs which in
turn can be represented by interacting particles systems. Section 3, considers the case
of generalized Fokker-Planck equations in the sense of (1.1) with a non-zero term A
allowing to take into account non-conservative PDEs including a large class of semi-
linear PDEs. Section 5 highlights the correspondence between MFKEs and MSDEs
with jumps which paves the way to a great variety of numerical approximations
schemes for non-linear PDEs. Section4 is devoted to a particular inverse problem
which consists in modeling backwardly in time the evolution of a Fokker-Planck
equation with a given terminal condition. This problem can be related to a time-
reversed SDE which in turn can be represented by a MSDE. In Sect. 6 we analyze
the well-posedness of generalized Fokker-Planck equation where the term A in (1.1)
may involve an exogenous noise resulting in a stochastic non-linear PDE. Finally, in
Sect. 7, we consider a stochastic control problem for which the associated Hamilton-
Jacobi-Bellman equation can be represented by a MFKE.
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2 McKean Representations of Non-linear Fokker-Planck
Equations

In this section, we recall some standard situations where a Fokker-Planck PDE can
be represented by an SDE which in turn can be approached by an interacting particles
system.

2.1 Probabilistic Representation of Linear Fokker-Planck
Equations

Suppose there exists a solution (¥;)¢[o, 77 (in law) to the SDE

t t
Y=Y +/ o(s, Y)dW; +/ b(s, Ys)ds,t €[0,T],
0 0 2.1)

Yo ~ ug,

where W is areal valued Brownian motion on [0, T'] and uy is a probability measure
on R. A direct application of Itd formula shows that the marginal probability laws
(u(t, -) == L(Y;))reo. ) generate a distributional solution of the linear Fokker-Planck
PDE

1
8[“ = Ea,gx(az(t’x)u) - 8x(b(tax)lu)

w(0, dx) = uy(dx).

(2.2)

This naturally suggests a Monte Carlo algorithm to approximate the above linear
PDE, consisting in simulating N i.i.d. particles (E"),':L_..N with N i.i.d. Brownian
motions (W');_; ..y i.e.

s;’=sa‘+/ a(s,s;>dW§+/ b(s, &)ds
0 0

gl iid ~ ug 2.3)
N _ 1 o 8.
e = NZ 5
j=1

Then the law of large numbers provides the convergence of the empirical approxi-
mation ,ufv N—> wu(t, -), the solution of the Fokker-Planck equation (2.2).
—00
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2.2 McKean Probabilistic Representation of Non-linear
Fokker-Planck Equation

‘We consider the non-linear SDE in the sense of McKean (MSDE)

t

n=Yot [ (s v ks 10)awe + [ b5, Yo G (s, 1))

Y o~ W
w(t, -) is the probability law of ¥, , t € [0, T'],
2.4)

whose solution is a couple (Y, u). Here o,b are Lipschitz, K : Rx R — R
denotes a Lipschitz continuous convolution kernel such that (K * u)(t,y) :=
[ K(y, 2)u(t, dz) for any y € R. We emphasize that this type of regularized depen-
dence of the drift and diffusion coefficients on pu is essentially different (and in
general easier to handle) from a pointwise dependence where the coefficients b or
o may depend on the value of the marginal density at the current particle position
‘;—’;(s, Y,). This regularized or non-local dependence on the time-marginals w(z, -)
is a particular case of the framework when the diffusion and drift coefficients are
Lipschitz with respect to p (¢, -) according to the the Wasserstein metric.

Again, by Itd6 formula, given a solution (Y, u) of (2.4), u solves the non-local
non-linear PDE

1
ot = 0% (o7t 0 K x o) = 0, (b0, x, K % won)

n(0, dx) = ug(dx),

(2.5)

in the sense of distributions. In this setting, the well-posedness of (2.4) relies on a
fixed point argument in the space of trajectories under the Wasserstein metric, see
e.g. [64], at least in the case when the diffusion term does not depend on the law. We
will denominate this situation as the traditional setting.

Deriving a Monte-Carlo approximation scheme from this probabilistic represen-
tation already becomes more tricky since it can no more rely on independent particles
but should involve an interacting particles system as initially proposed in [42, 64].
Consider N interacting particles (£°"),_; ..y with N i.i.d. Brownian motions (W),
ie.

t

g =s;;N+/ o (5, 60V, (K ul) M) )d W +/ b(s, 60V, (K ul)(ElM) ) ds
0 0
N iid. ~ uy

| N

N

My :NE (Sfrj.N,
=1

A (2.6)
with (K * uf’)(y) = % Z;v:l K(y, é,]’N). The above system defines a so-called
weakly interacting particles system, as pointed out in [57]. This terminology under-
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lines the fact that any particle interacts with the rest of the population with a vanishing
impact of order 1/N. In this setting, at least when the diffusion coefficient does not
depend on the law, [64] proves the so called chaos propagation which means that
&N )i=1...n asymptotically behaves as an i.i.d. sample according to u(z, -) as the
number of particles N grows to infinity, where p is the solution of the regularized
non-linear PDE (2.5). This in particular implies the convergence of the empirical
measures uf’ m wu(t, ) with the rate C/ VN inherited from the law of large

numbers.

As already announced, the case where the coefficients depend pointwise on the
density law u(t, -) of u(¢, -),t > 0, is far more singular. Indeed the dependence of the
coefficients on the law of Y is no more continuous with respect to the Wasserstein
metric. In this context, well-posedness results rely generally on analytical meth-
ods. One important contribution in this direction is reported in [40], where strong
existence and pathwise uniqueness are established when the diffusion coefficient o
and the drift b exhibit pointwise dependence on u but are assumed to satisfy strong
smoothness assumptions together with the initial condition. In this case, the solution
u is a classical solution of the PDE

du = %aﬁx (oz(t, X, u(t,x))u) — (b(t, x, u(t,x))u)
u(0, x) = up(dx),

2.7)

which is formally derived from (2.5) setting K (x, y) = §o(x — y).Letus fix K° being

1
a mollifier (depending on a window-width parameter ¢), such that K®(x, y) = -~
e
¢(u) —0> do(x —dy) . As in (2.6), we consider the N interacting particles
£ £—>
(%""N),-:l,...N solving
t

t
=g (s e @ )awi 4 [ (s @) )as
0 0

g iid. ~ ug

N
1 .
ut = Y K&
j=1

(2.8)

Under the smooth assumptions on b, o, uy mentioned before and non-degeneracy

of o, [40] proved the convergence of the regularized particle approximation uiv *

to the solution u of the pointwise non-linear PDE (2.7) as soon as &(N) N—> 0
—00

slowly enough. According to [57], the system (2.8) defines a so-called moderately

interacting particle system with uiv “x) = ﬁ Z;V:l 4)(#). Indeed as the win-
dow width of the kernel, €, goes to zero, the number of particles that significantly
impact a single one is of order Ne¢ with a strength of interaction of order ﬁ In
contrast, when ¢ is fixed, we recover the weakly interacting situation in which case
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the strength of interaction of each particle is of order % which is smaller than ﬁ
In this case of moderate interaction, the propagation of chaos occurs with a slower
rate than C/+/N and depends exponentially on the space dimension. Reference [40]
constitutes an extension of the weak propagation of chaos of moderately interacting
particles proved in [57] for the limited case of identity diffusion matrix.

The peculiar case where the drift vanishes and the diffusion coefficient o (u (¢, Y;))
has a pointwise dependence on the law density u(¢, -) of Y, has been more particularly
studied in [16] for classical porous media type equations and [8, 9, 14, 15, 18] who
obtain well-posedness results for measurable and possibly singular functions o. In
that case the solution u of the associated PDE (1.1), is understood in the sense of
distributions.

3 McKean Feynman-Kac Representations for
Non-conservative and Non-linear PDEs

The idea of generalizing MSDEs to MFKEs (1.2) was originally introduced in the
sequence of papers [46-48], with an earlier contribution in [11], where
A(t,x,u, Vu) = &(x), & being the sample of a Gaussian noise random field, white
in time and regular in space, see Sect. 6. The goal was to provide some probabilis-
tic representation for non-conservative non-linear PDEs (1.1) by introducing some
exponential weights defining Feynman-Kac measures instead of probability mea-
sures. An interesting aspect of this strategy is that it is potentially able to represent
an extended class of second order non-linear PDEs. One particularity of MFKE
equations is that the probabilistic representation involves the past of the process (via
the exponential weights). In this context, it is worth to quote the recent paper [39]
which proposes a probabilistic representation, which also includes a dependence on
the past, in relation with Keller-Segel model with application to chemiotaxis.

It is important to consider carefully the two major features differentiating the
MFKE (1.2) from the traditional setting of MSDE:s. To recover the traditional setting
one has to do the following.

1. First, one has to put A = 0 in the third line equation of (1.2) Then u(t, -) is
explicitly given by the third line equation of (1.2) and reduces to the density of
the marginal distribution, £(Y;). When A # 0, the relation between u(¢, -) and
the process Y is more complex. Indeed, not only does A embed an additional non-
linearity with respect to u, but it also involves the whole past trajectory (¥)o<s<:
of the process Y.

2. Secondly, one has to replace the pointwise dependence b(s, Ys, u(s, ¥y)) in
Eq. (1.2) with a mollified dependence b(s, Y, fRd K(Y; — y)u(s, y)dy), where
the dependence with respecttou(s, -) is Wasserstein continuous. Here K : R — R
is a convolution kernel.

One interesting aspect of probabilistic representation (1.2) is that it naturally yields
numerical approximation schemes involving weighted interacting particle systems.
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More precisely, we consider N interacting particles (£"") i=1,..n With N i.i.d. Brow-
nian motions (W');—; ..y, i.€.
g =&+ [y o (s 8V u @) )awd + [y b(s 80V w6 )ds
gV iid. ~ ug
N
™G =Y ol KN =5,
j=1

(3.1)
where the mollifier K¢ is such that K*(x) = gldqb(%) —O> 8o and the weights w; N
£e—

forj=1,---, N verify
o™ = exp { fo t A(r &8N N 61, Vup 67 dr}
= /"N exp { /t A(r, Ny N (g1, wi’N(s,f?N)) dr} .
References [48, 49] consider the case of pointwise semilinear PDEs of the form

{ ou = %afx(a%, xX)u) — o,b(t, x)u) + A(t,x,u, Vu)u 3.2)

u(0, x) = up(x),
for which the target probabilistic representation is
Y= Yo+ fyo (s ¥ )aWs+ [y b(s. v )ds

Y() ~ U ; (33)
f(p(x)u,(x)dx =FE |:(p(Y,) exp { / A(s, Yy, us(Yy), Vus(Ys))ds} i|
0

We set
L f:= %Uz(t,x)f”(x) +b(t,x)f'(x),1 €]0, T[, forany f € C*(R). (3.4)

Let us consider the family of Markov transition functions P (s, xg, t, -) associated
with (L,), see [49]. We recall that if X is a process solving the first line of (3.1) with
X, = xo € R, then [, P(s, xo, 1, x) f(x)dx = E(f(X,)), 1 > s, for every bounded
Borel function f : R — R.u : [0, T] x R — R will be called mild solution of (3.2)
(related to (L,)) if for all ¢ € C°(R), t € [0, T'],

/ (p(x)u(l,x)dx:/ go(x)/ ug(dxo) P (0, xo, 1, dx)
Rd R4 R4

+/ (/ (p(x)P(s,xo,t,dx))A(s,xo,u(s,xo),Vu(s,xo))u(s,xo)dxods.
[0,/]xRd N JRd
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The following theorem states conditions ensuring equivalence between (3.3) and (3.2)
together with the convergence of the related particle approximation (3.1).

Theorem 3.1 We suppose that o and b are Lipschitz with linear growth and A is
bounded.

1. Letu :[0,T] xR — R e L'([0, T]; WHY(RY). u is amild solution of PDE (3.2)
if and only if u verifies (3.3).

2. Suppose thato > ¢ > 0and A is uniformly Lipschitzw.r.t. tou and Vu. There is a
unique mild solution in L' ([0, T]; W'1(R) N L>®([0, T x R) of (3.2), therefore
also of (3.3).

3. Under the same assumption of item 2., the particle approximation u™-* (3.1)
converges in L' ([0, T1; W“1(R) to the solution of (3.2)as N — oocand e(N) —
0 slowly enough.

Item 1. was the object of Theorem 3.5 in [49]. Item 2. (resp. item 3.) was treated
in Theorem 3.6 (resp. Corollary 3.5) in [49].

Remark 3.2 The error induced by the discrete time approximation of the particle
system was evaluated in [48].

Reference [50] considers the case where b is replaced by b + b; where b is only
supposed bounded Borel, without regularity assumption on the space variable. In
particular they treat the pointwise semilinear PDEs of the form

{ du = 192, (02(t, x)u) — 3x<(b(t, X) + by (1, x, u))u) FACx U g

u(0, x) = uo(x),

for which the target probabilistic representation is

Y, = Yo+ [} o(s. Y)W, + [1[b(s. ¥y +b1(s, Y, us, YS))]ds
Yo ~ up (3.6)

/ 00U (x)dx = E [¢(Y,) exp | fo A5 Y us (¥,))ds }

The following theorem states conditions ensuring equivalence between (3.6) and (3.5)
together with well-posedness conditions for both equations.

Theorem 3.3 We formulate the following assumptions.

1. The PDE in the sense of distributions o,u = L}u, admits as unique solution

u = 0, where L, was defined in (3.4).

b is bounded measurable and o is continuous o > ¢ > 0for some constant c > 0.

3. b, A:[0,T] x R x R — Ris uniformly bounded, Lipschitz with respect to the
third argument.

4. The family of Markov transition functions associated with (L,), are of the form
P(s, xo, t,dx) = p(s, xo, t, X)dx,, i.e. they admit measurable densities p.

N
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5. The first order partial derivatives of the map xo +— p(s, Xo, t, X) exist in the
distributional sense.

6. Foralmostall) <s <t < T and xy, x € R there are constants C,, ¢, > 0 such
that

p(s, x0.t,x) < Cuq(s,x0,t,x) and |dx,p(s, xp.t,x)| < Cy q(s.x0,1, %) ,

(3.7)

1
=S

1
5 12
lx—x
cult s)) 2 —cu 7I7?‘

— is a Gaussian probability density.

where q(s, xo, t, X) 1= (
The following results hold.

1. Let u e (L' NL®)([0,T] x R). u is a solution of PDE (3.5) in the sense of
distributions if and only if u verifies (3.6) for a solution Y in the sense of probability
laws.

2. There is a unique solution u € (L' N L®)([0, T] x R) in the sense of distribu-
tions of PDE (3.5) (and therefore of (3.6)).

The result 1. (resp. result 2.) was the object of Theorem 12. (resp. Proposition 16.,
Theorems 13., 22.) of [50].

Remark 3.4 Under more restrictive assumptions on b, item 3. of Theorem 13. in
[50] states the well-posedness of (3.6)) in the sense of strong existence and pathwise
uniqueness.

References [46, 47] studied a mollified version of (1.1), whose probabilistic rep-
resentation falls into the Wasserstein continuous traditional setting mentioned above.
Following the spirit of [64], a fixed point argument was carried out in the general
case in [47] to prove well-posedness of

Y, =Yo+ f} a(s, Y., K % us(YS))dWS + [ b(s, Y., K % uX(Ys))ds
Yo ~ w , (3.8)
(K*xu)(x):=E |:K(X -Y) 28 {f A(S» Y, K * MY(YS‘))dS} i|v

0

where K : R — R is a mollified kernel. We remark that if (¥, u) is a solution of
(3.8), then u is a solution (in the sense of distribution) of

2 Yxx

du =102 (62(t, x, K % u)u) — 3, (b(t, x, K x u)u) + A(t, x, K * u)u
u(0, x) = up(x).

(3.9)

Remark 3.5 1. Existence and uniqueness results (in the strong sense and in the
sense of probability laws) for the MFKE (3.8) are established under various
technical assumptions, see [46].

2. Chaos propagation for the interacting particle system (3.1) providing an approx-
imation to the regularized PDE (3.9), as N — oo (for fixed K), [47].
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4 McKean Representation of a Fokker-Planck Equation
with Terminal Condition

Let us consider the PDE with terminal condition (1.5) and A = 0.

d
ou = %2812/ ((Gcr’)i,j(t,x)u) —div (b(t, x)u)
ij=1
u(T, dx) = ur(dx),

“.1)

where ur is a given Borel probability measure. In the present section we assume the
following.

Assumption 1 Suppose that (4.1) admits uniqueness, i.e. that there is at most one
solution of (4.1).

Remark 4.1 Different classes of sufficient conditions for the validity of Assumption
1 are provided in [38]. In particular one significant result is Theorem 4.14 of [38]
which states that previous Assumption 1 holds if o, b are time-homogeneous and the
following holds.

Assumption 2 1. ¥ = oo* is strictly non-degenerate.
2. The functions o is Lipschitz in space.

3. The functions o, b, (Vib)icpr.aps (Ve Zij), jef1.ap Are continuous bounded and

V)%E is Holder continuous with exponent « €]0, 1[.
Generalizations to the time-inhomogeneous setup are also available.

A natural representation of (4.1) is the following MSDE, where 8 is a Brownian
motion.

t

=§—/ b (s, Yx,vx)ds—i—/ o (T —s,Y)dps,t €10,T]

fRd v (X)p(x)dx = E(p(Y))),t € [0, T]
& ~ur,

4.2)

where l;(s, Vi vg) = (l;l(s, Vi Us), e e, l;d(s, y; vy)) is defined as

div, (00} (T —s,y) v, ()’))

b (s, y;v) == —b(T —s,y). (4.3)
vs ()
jel,dl
For d = 1 previous expression gives
- (02(T -, -)vs)/
b(s,y;v5) i= ———— () —b(T —s,y). 4.4

Us
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Remark 4.2 Equation (4.2) is in particular fulfilled if Y is the time reversal process
X, := Xr_, of a diffusion satisfying the SDE

t

X, = Xo+/ b(s, X,)ds + o (s, X)dWy, 1 € [0, T]

A (4.5)
Xo ~ up € P(R).

This happens under locally Lipschitz conditions on o and b and minimal regularity
conditions on the law density p, of X,. Indeed in [35], the authors prove that

X, =XT+/:1;<S, f(s;p“)derfota(T—s, f(s)dﬁs, t€[0,T], (4.6)

where b is defined in (4.3) and p; is the density of X,. We emphasize that the main
difference between (4.2) and (4.6) is that in the first equation the solution is a couple
(Y, v), in the second one, a solution is just Y, p being exogeneously defined by (4.5).

We observe now that a solution (Y, v) of (4.2) provides a solution u of (4.1). This
justifies indeed the terminology of probabilistic representation.

Proposition 4.3 [. Let (Y, v) be a solution of (4.2). Thenu(t,-) :=v(T —1t,-),t €
[0, TY)), is a solution of (4.1) with terminal value ur.

2. If (4.1) admits at most one solution, then there is at most one v such that (Y, v)
solves (4.2).

Proof In order to avoid technicalities which complicate the task of the reader we
express the proof for d = 1. We prove 1. since 2. is an immediate consequence of 1.
Let ¢ € C* (R) with compact support and ¢ € [0, T]. Itd formula gives

T—t 5 1
E [b (5. Yt v5) ¢/ (Vo) + 5 (2T =5 ¥0) 9" <Ys>)] ds.

2l (-]~ [ s oruran = [
Fixing s € [0, T'], we have

E[b(s. Yy v)¢/(¥)] = /R (@*(T = 5,90) (N (dy — /R B(T =5, 9)¢/()vs (y)dy

= - /R(Uz)(T — 5. 09" (Mvs(dy — /Rb(T = 5.3, ¢ (Mg (y)dy.

Hence, we have the identity

T—t
Ef¢ (Yr-)] Z/Rfﬁ(y) ur (dy) —/0 /RLT_.@(y) vy (y) dyds.

Applying the change of variable t — T — ¢, we finally obtain the identity
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T
A;cb(y) vr—; (y)dy =/lé¢>(y)uT (dy)—/ /Rd Lyg (y) vr—s (y) dyds.

This means that ¢ — u, is a solution of (1.2) with terminal value uy. O

Remark 4.4 Precise discussions on existence and uniqueness of (4.2) are provided
in [38]. In particular we have the following.

1. There is at most one solution (in law) (Y, v) of (4.2) such that v is locally bounded
in [0, T[xR¥.

2. There is at most one strong solution (Y, v) of (4.2) such that v is locally Lipschitz
in [0, T[xR4.

Item 1. is a consequence of Theorem 10.1.3 of [63]. Item 2. is a consequence of usual
pathwise uniqueness arguments for SDEs.

S Probabilistic Representation with Jumps
for Non-conservative PDEs

In this section, we outline the link between non-conservative PDEs and non-linear
jump diffusions. This kind of representation was emphasized in [25, 28] to design
interacting jump particles systems to approximate time-dependent Feynman-Kac
measures. For simplicity, we present this correspondence in the simple case of the
non-conservative linear PDE (1.1) when the coefficients do not depend on the solu-
tion, see (1.1). However, the same ideas could be extended to the non-linear case
where the coefficients o, b, A may depend on the PDE solution.
Let us consider the SDE

Xo ~ up. (5.1)

{ dX, =b(t, X,)dt + o (t, X,)dW,
where W is a one-dimensional Brownian motion. Assume that (5.1) admits a (weak)
solution. Let A be a bounded and negative function defined on [0, T] x R. For
any t € [0, T], we define the measure, y (¢, -) such that for any real-valued Borel
measurable test function ¢

/ y(t,dx)pkx)=E |:<p(X,)exp </ A(s, Xs)ds>:| . (5.2)
0

We recall that by Sect. 3 we know that y is a solution (in the distributional sense) of
the linear and non-conservative PDE

{ 0y = 305,07 (1. 2)y) = B: (bt 1)y) + Al x)y (5.3)
)/(0, ) = Uuy. )
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Remark 5.1 If uniqueness of distributional solutions of (5.3) holds, then y defined
by (5.1), (5.2) is the unique solution of (5.3).

Let y (¢, -) be a solution of (5.2) which for each ¢ is a positive measure. We
introduce the family of probability measures (17(%, -)):¢[0,7], Obtained by normalizing
y (¢, -), such that for any real valued bounded and measurable test function ¢ we have

Sy, dx)ex)

By simple differentiation of the above ratio and using the fact that y satisfies (5.3),
we obtain that n is a solution in the distributional sense of the integro-differential
PDE

0 = L0002, )m) = (b0, 20 + (A 2) = [0, d0)AE )
Mo = WUy .

(5.5)

Besides one can express y (¢, -) as a function of (1(s, -))sefo.¢]- Indeed, since y solves

the linear PDE (5.3) then in particular approaching the constant test function 1, yields

ar/y(t,dx) =/y(t,dx)A(t,x) =/y(l,dx)/n(t,dx)A(t,x) s

which gives [ y(z, dx) = exp (fot [ n(s, dx)A(s, x)ds). Then by definition (5.4)
of n,

y(t,->=(/y(r,dx))na,-):exp(fo /n(s,dx>A(s,x)ds)n(t,~). (5.6)

We already know that for any solution y of (5.3) one can build a solution 7 to (5.5)
according to relation (5.4). Conversely, for any solution 7 of (5.5), by similar manip-
ulations one can build a solution y of (5.3) according to (5.6). Hence well-posedness
of (5.3) is equivalent to well-posedness of (5.5).

We propose now an alternative probabilistic representation to (5.1) and (5.2) of
(5.3). Let us introduce the non-linear jump diffusion Y (if it exists), which evolves
between two jumps according to the diffusion dynamics (5.1) and jumps at expo-
nential times with intensity —A,(Y;) > 0 to a new point independent of the current
position and distributed according to the current law, £(Y;). More specifically, we
consider a process Y solution of the following non-linear (in the sense of McKean)
SDE with jumps

dY, = b(t, Yr)dt +oft, Yx*)th +I]R X1|x|>ljt(lh*a Y,—,dx)dt + f]R XIMSI(Jt - jt)(lh*x Yr*vdx)dt
Yo ~ ug
wi- = LY;-),

(5.7)
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where J denotes the jump measure and J is the associated predictable compensator
such that for any probability measure v on R

Ji(,y,d(y —y) = —A,()v(dy), forany y,y eR.

Note that well-posedness analysis of the above equation constitutes a difficult task.
In particular, [41] analyzes well-posedness and particle approximations of some
types of non-linear jump diffusions. However, contrarily to (5.7), the nonlinearity
considered in [41] is concentrated on the diffusion matrix (assumed to be Lipschitz
in the time-marginals of the process w.r.t. Wasserstein metric) and does not involve
the jump measure which is assumed to be given.

Assume that MSKE (5.7) admits a weak solution. By application of It6 formula,
we observe that the marginals of Y are distributional solutions of (5.5). Indeed, for
any real valued test function in C§°(R)

Elp(Y1)] = E[p(Yo)]

+/ E [b(s, Yo' (Ye-) + %Uz(s, Ys)qo”(Ys)} ds
0
+/ E[/ oY, +x)J}(us,Ys,dx)} ds

0

—/O E[o(Y,) s (1s-, Yy, R)] ds . (5.8)

Conclusion 5.2 Suppose that (5.3) admits a unique distributional solution y; let
n defined by (5.4). Suppose the existence of a (weak) solution X (resp. Y) of (5.1)
(resp. (5.7)).

1. n is the unique solution (in the sense of distributions) of (5.5). Moreover

Jp@)n(t,dx) = E[p(Y)], 1 > 0.
2. We obtain the following identities for y and n:

f y(t,dx)p(x) = E[p(X,) exp ( fo A, X‘Y)ds> ]

= exp (/ /n(s, dx)A(s, X)dS> ()
0

= exp <f E[A(, Ys)]ds) Elp(Y)]. (5.9)
0

Using the above identities allows to design discrete time interacting particles
systems with geometric interacting jump processes. In particular, in [27] the authors
provide non asymptotic bias and variance theorems w.r.t. the time step and the size
of the system, allowing to numerically approximate the time-dependent family of
Feynman-Kac measures y .
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6 McKean SDEs in Random Environment

6.1 The (S)PDE and the Basic Idea

Let (2, F, (F;), P) be afiltered probability space. We consider a progressively mea-
surable random field (£(#, x)). We want to discuss probabilistic representations of

{8,14 = 1ABW) + £, Du(t,x), with Bu) = o’ u)u. 6.1)

M(O, ) = Uy.

Suppose for a moment that £ has random realizations which are smooth in time so
that
0,6, x) = A1, x; w). (6.2)

Under some regularity assumptions on A, (6.1) can be observed as a randomization
of a particular case of the PDE (1.1). For each random realization w € €2, the natural
(double) probabilistic representation is

Y, = Yo + f(ja(u(s, YS))dWS
YO ~ U

/(p(x)u(t,x)dx =E* I:(p(Yt) exp {/0 A(s, Ys; a)))ds}j| , forte[0,T],

(6.3)
where E” denotes the expectation with frozen w. However the assumption (6.2) is
not realistic and we are interested in 9, being a white noise in time. Let N € N*. Let
B!, ..., BY be N independent (F,)-Brownian motions, ¢!, ..., e" be functions in
C2(R). In particular they are H~!'-multiplier, i.e. the maps ¢ — ge' are continuous
in H=!.

We define the random field £(z, x) = Y , ¢/ (x) B!, where BY =  and we con-
sider the SPDE (6.1) in the sense of distributions, i.e.

t t
/w(x)u(t,x)dx:/ ga(x)uo(dx)+1/ /(p”(x)az(u(s, x))dsdx+/ /cp(x)u(s,x)f(ds,x)dx,
R R 2Jo Jr o Jr
(6.4)
where the latter stochastic integral is intended in the Itd sense.

6.2 Well-Posedness of the SPDE

The theorem below contains results taken from [10, 62].
Theorem 6.1 Suppose that B is Lipschitz.
e Suppose that ug € L*(R). There is a solution to Eq. (6.1).
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o Assume further that B is non-degenerate, i.e. B(r) > ar?, r € R, where a > 0.
Then, there is a solution u to (6.1) for any probability uy(dx) (even in H~'(R)).

e There is at most one solution in the class of random fields u such that
f[O.T]x]R u?(t, x)dtdx < oo a.s.

Remark 6.2 e Previous result extends to the case of an infinite number of modes
¢ and ford > 1.

e We remark that the d,£ (¢, x) is a colored noise (in space). The case of space-time
white noise seems very difficult to treat.

6.3 McKean Equation in Random Environment

Given a local martingale M, £(M) denotes the Doléans exponential of M i.e.
exp(M, — —[M] ), t > 0. We say that a filtered probability space (2, G, (G;), Q) is
a suitable enlarged space of (2, F, (F;), P), if the following holds.

1. There is a measurable space (21, H) with Qy = Q x Q;,§ = F ® ‘H and a ran-
dom kernel (w, H) — Q®(H) defined on 2 x H — [0, 1] such that the proba-
bility Q on (29, G) is defined by dQ(w, w;) = dP(w)Q®(wy).

2. The processes B!, ..., BN are (G,)- Brownian motions where G, = F; v 'H.

Definition 6.3 We say that the non-linear doubly-stochastic diffusion

Y; = Y0+f D (u(s, Yy))dWs,
Je@u, x)dx = E¥ (w(Yf(w NE (fo s, Y) (@, 9)) (6.5)
§ —Law(Yy) =up(dx),

admits weak existence on (2, F, (F;), IP) if there is a suitably enlarged probability
space (2, G, (G;), Q) an (G,)-Brownian motion W such that (6.5) is verified. The
couple (Y, u) will be called weak solution of (6.5).

Remark 6.4 e We remark that the second line in (6.5) represents a sort of &-
marginal weighted law of Y;.

e Let (Y, u) be a solution to (6.5). Then u is a solution to (6.1).

e Such representation allows to show that u(¢, x) > 0, dPdtdx a.e. and, at least
if ¢ =0, E(fpu(t, x)dx) =1, so that the conservativity is maintained at the
expectation level.

Definition 6.5 Let two measurable random fields u’ : Q x [0, T] xR — R, i =
1,2 on (Q, F,P, (F;)), and Y', on a suitable extended probability space (2}, G,
(G, Q",i =1,2,suchthat (Y', u') are (weak) solutions of (6.5)on (2, F, (F,), P).
If we always have that (Y', B!, ..., B¥) and (Y2, B!, ..., BY) have the same law,
then we say that (6.5) admits weak uniqueness (on (2, F, (F,), P)).

Theorem 6.6 Under the assumption of Theorem 6.1 Eq. (6.5) admits (weak) exis-
tence and uniqueness on (2, F, (F;), P).
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7 McKean Representation of Stochastic Control Problems

7.1 Stochastic Control Problems and Non-linear Partial
Differential Equations

There are several connections between stochastic control and McKean type SDEs,
see e.g. [1]. Here, we propose an original (and maybe unexpected) point of view. Let
us briefly recall the link between stochastic control and non-linear PDEs given by
the Hamilton-Jacobi-Bellman (HJB) equation. We refer for instance to [31, 60, 67]
for more details. Consider a state process (X*%), <s<r on [to, T] x R4 solution to
the controlled SDE

fo,x,
X =x,

{ dXDre =p(s, X5 a(s, X05))ds + o (s, X0, a(s, X0))dW,

(7.1)
where W denotes the Brownian motion on [fo, T] x R?, and « (s, X 0.%.%) represents
Markovian control in the sense that the control at time ¢ is supposed here to depend
on ¢t and on the current value of the state process:

aeAyr={a:(tx) el TIxR! > a(t,x) e AC R}, (7.2)

A being a subset of R¥. For a given initial time and state (fy, x) € [0, T] x RY, we
are interested in maximizing, over the Markovian controls « € A,, r, the criteria

T
J(to, x, ) == EI:g(X’TO’X'a)—i-/ f(s,X;"‘X‘“,a(s,X?"x'”‘))ds] . (7.3)

fo

In the above criteria, the function f is called the running gain whereas g is called
the terminal gain.

Remark 7.1 At first glance, the set of control processes of the form o, = (7, X;)
defined in (7.2) may appear too restrictive compared to a larger set of non-anticipative
controls («,) which may depend on all the past history of the state process (X;).
However, in the framework of Markov control problems (for which the state process
(X f“’x’“) is Markov, as soon as the control is fixed to a deterministic valueo;, = a € A,
for all # € [#9, T]), it is well-known that the optimal control process (¢, ) lies in the
set of Markovian controls verifying o; = «(¢, X;). Hence, considering controls of
the particular form (7.2) is done here without loss of generality.

To tackle this finite horizon stochastic control problem, the usual approach consists
in introducing the associated value (or Bellman) function v : [fy, T] x R — R
representing the maximum gain one can expect, starting from time ¢ at state x, i.e.

v(t,x):= sup J(t,x,), fortel[t,T]. (7.4)

aEA;,T
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Note that the terminal condition is known, which fixes v(7, x) = g(x), whereas the
initial condition v(fy, x) corresponds to the solution of the original minimization
problem. The value function is then proved to verify the Dynamic Programming
Principle (DPP) which consists in the backward induction

v(t,x) = sup IE[ /r £, X5 a(s, XE0)ds + u(z, X;’X’“)] , for any stopping time t €]z, T] .
acA; ¢ t
(7.5)
Under continuity assumptions on b, o, f, g, using DPP together with It formula
allows to characterize v as a viscosity solution of the HIB equation
o(T,x) = g(x) 7.6)
du(r,x) + H(t,x, Vo(t, x), V2u(1,x)) =0, '
where V and V? denote the gradient and the Hessian operators and the so-called,

Hamiltonian, H denotes the real valued function defined on [0, 7] x R? x R? x &4
(S denoting the set of symmetric matrices in R?*?), such that

H(t,x,8,y) := sup {f(t,x, a)+ b(t, x, a)Té(Z,x) + %Tr[oa/(t,x, a)y(t,x)]} .

acA
(7.7)
Note that (7.6) is a non-linear PDE because of the nonlinearity in the Hamiltonian
induced by the supremum operator. Besides, assuming that, for all (¢, x) € [ty, T] X
R?, the supremum in (7.7) is attained at a unique maximizer, then the optimal control
a* is directly obtained as a function of the Bellman function and its derivatives, i.e.

a*(t, x) = arg max {f(t, x,a) +b(t,x,a) Vo, x) + %Tr[mrT(t, x, o)V, 01} . (7.8)
ae

Except in some very concrete cases such as the Linear Quadratic Gaussian (LQG)
setting (where the states dynamics involve an affine drift with Gaussian noise and
the cost is quadratic both w.r.t. the control and the state), there is no explicit solution
to stochastic control problems. To numerically approximate the solution of equa-
tion (7.6), several approaches have been proposed, mainly differing in the way the
value function v is interpreted. Indeed, as pointed out, v can be viewed either as the
solution to the control problem (7.4), or as a (viscosity) solution of the non-linear
PDE (7.6).

1. When v is defined as the solution to the control problem (7.4), a natural approach
consists in discretizing the time continuous control problem and apply the time
discrete Dynamic Programming Principle [17]. Then the problem consists in max-
imizing over the controls, backwardly in time, the conditional expectation of the
value function related to (7.5). The maximization at time step #; can be done via
a parametrization of the control x — aZ (x) via a parameter 6 so that parametric
optimization methods such as the stochastic gradient algorithm could be applied
to maximize the expectation over 6. It remains to approximate the conditional
expectations by numerical methods such as PDE, Fourier, Monte Carlo, Quanti-
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zation or lattice methods...A great variety of numerical approximation schemes
has been developed in the specific Bermudan option valuation test-bed [7, 22, 23,
26, 51, 68]. Alternatively, one can use Markov chain approximation method [44]
which consists in a time-space discretization designed to obtain a proper Markov
chain.

2. In the second approach we recall that v is viewed as the solution of (7.6). The
problem amounts then to discretize a non-linear PDE. Then one can rely on
numerical analysis methods (e.g. finite differences, or finite elements) and use
monotone approximation schemes in the sense of Barles and Souganidis [12] to
build converging approximation schemes, e.g. [19, 33]. This type of approach
is in general limited to state space dimension lower than 4. To tackle higher
dimensional problems, one approach consists in converting the PDE into a prob-
abilistic setting in order to apply Monte Carlo types algorithms. To that end,
various kinds of probabilistic representations of non-linear PDEs are available.
Forward Backward Stochastic Differential Equations (FBSDE) were introduced
in [59] as probabilistic representations of semi-linear PDEs. Then various types
of numerical schemes for FBSDE have been developed. They mainly differ in the
approach of evaluating conditional expectations: [21] (resp. [34], [29, 58]) use ker-
nel (resp. regression, quantization) methods. Recently, important progresses have
been done performing machine learning techniques, see e.g. [30, 37]. Branching
processes [36, 54] can also provide probabilistic representations of semi-linear
PDEs via Feynman-Kac formula. Non-linear SDEs in the sense of McKean [53]
are another approach that constitutes the subject of the present paper.

3. Other approaches take advantage of both interpretations see for instance [32] and
in [65].

7.2 McKean Type Representation in a Toy Control Problem
Example

In order to illustrate the application of MFKEs to control problems, we consider a
simple example corresponding to an inventory problem, for which the Hamiltonian
maximization (7.7), (7.8) is explicit. The state (X;);¢[;,.7; denotes the stock level
evolving randomly with a control of the drift o:

dX5% = —a(t, X dt + odW;
T
J(g, x, @) = sup E[g(x’;”'“) —/ [(a(z,xf°~x"’) - D,)? +h(X§°’x"’)]dt].
1

OtEAtO_T 0

Bound constraints on the storage level are implicitly forced by the penalization /. A
target terminal level is indicated by the terminal gain g, supposed here to be Lebesgue
integrable. The objective is then to follow a deterministic target profile (D;);e(0,7],
on a given finite horizon [#y, T]. When the admissible set in which the controls take
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their values A = R, one can explicitly derive the optimal control as a function of the
value function derivative

1
a(t,)) =D, + E(axv)(tv )

which yields the following HIB equation

1 2 o?
J;v+ Z(axv) + D, v+ Ta“v —h=0.

Reversing the time, (with 7y = 0) gives (¢, x) — u(t, x) := v(T — ¢, x) solution of

_ 1 2 o?
{ du = 1@u)? + T dpu + Dedeu — h, (79
u0, x) = gx).
We recover the framework of (1.1), with A (¢, x, y, z) = }1% — % andb(t,x,y) =

—D,. Consequently the Bellman function v can be represented via

Y = Yo+ oW, — [y Dyds
~ _&)dx
Yo Jr gdy

S e, dx = (fy g0)dy) E[ 90 exp | [T Als, Y15, v, Y1), Vots, Yr-0)ds} |
fort € [0, T].
(7.10)
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Bernstein Processes, Isovectors and ®)
Mechanics crece

Paul Lescot and Laurene Valade

Abstract We investigate the symmetries of a class of diffusions processes (“Bern-
stein’s reciprocal” processes) introduced in the eighties for the solution of a prob-
lem stated by Schrodinger in 1931. Those diffusions satisfy two unusual proper-
ties. Although typically not time-homogeneous, they are time reversible. Also their
infinitesimal coefficients are specific functions of positive solutions of time adjoint
parabolic equations. The symmetries of these PDEs will therefore be transformed into
symmetries of the diffusions and provide relations between them hard to guess oth-
erwise. We shall use an algebraico-geometric method (“of isovectors”) and mention
applications in finance and mathematical physics. As can be expected Schrodinger’s
initial motivation was quantum mechanics.

Keywords Isovectors - Euclidian Quantum Mechanics + Bernstein Processes *
Finance

1 Introduction

Since, according to K. It9, his stochastic calculus should be regarded as a deformation
of Leibniz-Newton calculus along Brownian-like trajectories, it is a natural hope
that the study of the symmetries of stochastic differential equations should have the
same impact as its deterministic counterpart (essentially due to S. Lie) for ODEs. A
number of works in this direction have been published along the years. Recently we
can mention, in particular, [1, 4] or [5].

The option chosen here is different and follows directly from the above
Schrodinger’s idea. Instead of look for a general theory valid for all kinds of stochas-
tic differential equations, we focus on those which are solutions of Schrodinger’s
problem. What we shall lose in generality will be compensated by their strong anal-
ogy with quantum mechanics which was precisely at the origin of his idea. Or,
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equivalently, with the benefit of knowing the future of the early thirties, we can be
inspired by Feynman’s path integrals approach to quantum mechanics, involving
purely symbolic diffusion processes. Indeed Bernstein’s reciprocal processes share
a lot of qualitative properties with those “diffusions”. This perspective is described
in detail in the review [22].

We shall start with a short summary of Schrédinger’s problem and its solutions
for the class of elementary mechanical systems (originally this author considered
only the one dimensional free case). This will be sufficient to understand the origin
of the specific class of processes and our transfer from symmetries of underlying
PDEs to the ones of associated diffusions. In particular, we shall limit ourselves
to one type of those PDEs, backward parabolic equations (well defined for final
boundary conditions). They correspond, in our framework, to the usual description
of diffusions in term of increasing filtrations. The adjoint description can be obtained
without further computations.

Then we shall describe the method of isovectors. Inspired by Cartan’s approach
to partial differential equations in term of differential forms and their exterior dif-
ferential calculus, it has been formulated by Harrison and Estabrook as a tool for
the study of the invariance group of these equations [7]. This method is particularly
suitable to analyse the symmetries of the class of Bernstein’s reciprocal processes.

A number of examples will be given, motivated by Stochastic finance or the
analogy with Quantum Physics which was the initial motivation of Schrodinger.

2 Summary

A summary of Schrodinger’s problem and its solution
The method of isovectors

Bernstein processes

Parametrization of a one-factor affine model
Generalized Brownian Bridges

References

3 A Summary of Schrodinger’s Problem and Its Solution

Consider a real valued diffusion process Z(¢) defined on a finite time interval,
T T

say [—7, 5] Let’s suppose that, in addition to the data of its initial probability
w=-r = §-r(dx) we are given also a final one p o= 1) = (dz) distinct from the prob-
ability associated with the evolution of (LTT under the diffusion equation. Such evo-
Iutions may be rare but they are possible and result manifestly from a conditioning.
Schrodinger’s problem is : what is the most probable evolution between those two
probabilities? [22]. The answer was given by the same author: the optimal process Z

is such that P(Z(t) € A) = fA n*(t, g)n(t, q)dq, for A a Borelian, where n* and n
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are respectively positive solutions of two adjoint parabolic partial differential equa-
tions:

L = Hon*
n*(5L x) = Nty (x)

and

—a = Hon
n(5h,2) = = (z)

and Hy = 5~ A, for « a positive constant and %, 11 are two unspecified positive
functions. ’

A corresponding pair of variational principles inspired by stochastic Optimal
Control theory provides the drift of the SDE solved by the optimal process:
dZ(t) = oL (t Z(t))dt + « 2dW(t) for W(t) a Wiener process and an initial dis-
tribution 5 S and an associated filtration P, increasing on the time interval. The
stochastic variational principle corresponding to the adjoint PDE provides a back-
ward SDE whose mcrement d,Z(t) points towards the past of Z(t): d,Z(t) =
— i Y (t, Z(t))dt + KZd W.(¢) for an associated decreasing filtration F; from a
ﬁnal data § I. W, is defined in complete analogy with W (¢) and P;. For the purpose
of the symmetry analysis it is sufficient to consider the more familiar forward SDE
as no new computaions are needed.

Bernstein measures are constructed from the joint probability M (dq, d Z) at the
boundaries of the time interval [‘TT, %]. In the special Markovian case considered by
Schrodinger, it is of the form M (dq,dZ) = M*%T (@)h(q, T, Z)u%(Z)dqu where

h(q, T, Z) is the integral kernel ev TH (g, Z), and we have allowed a more general
Hamiltonian operator H = H, + V (Z) for a given bounded below scalar potential V.

Then the two marginals of M, for given boundary probabilities § - o and §r provide
anonlinear integral system of equations for u* o and u = A. Beurhng proved in 1960

the existence and uniqueness of its positive solutions [2] under general conditions. In
other words the Markovian Bernstein diffusions are well defined ([22] and references
therein for more details).

In recent years Schrodinger’s problem and its solution have been re-interpreted
in a measure theoretic perspective and in the context of Mass Transportation theory
([11] and references therein). In particular, the reciprocal Bernstein diffusions solving
Schrodinger’s problem can, curiously, be regarded as regularization of the Monge-
Kantorovich problem solved ten years after Schrodinger by Kantorovich.

Schrodinger’s problem is at the origin of the program of Stochastic Deformation
[22]. Its aim is the elaboration of the randomized mechanics whose existence was
suggested, in particular by Bernstein and whose Feynman’s Path integral theory can
be regarded as a (very) informal description.
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4 The Method of Isovectors

The method of isovectors was introduced in [4] in order to classify up to equivalence
(systems of) partial differential equations appearing in mathematical physics.

Given a system of partial differential equations, one expresses it, adding if neces-
sary some of the derivatives of the unknown function as auxiliary unknowns, as the
vanishing of a family of first-order differential forms. An isovector is then defined
as a vector field in all the variables preserving the differential ideal generated by the
forms.

For the one—dimensional heat equation, it was determined (using a different lan-
guage) by Bluman and Cole ([3]).

Olver’s prolongation method ([19]) provides a somewhat different approach.

Let us now give some details. We shall consider an equation of the shape

ou G ou 8”’114) +A3"u
- = 9 9 u7 _’ ey -~ 1
ot T a1 T M agn

forn > 2,t € J (an interval of R), ¢ € O (an open set in R"), u a function of ¢ and
g, aconstantand G : J x O x R" — R aC® function of ¢, ¢ u and its derivatives
in space.

In order to study the symmetries of the equation, we shall temporarily consider

du ou "y

ot dqg " ogn!

We now consider a differential equation (£) of order n = 2.

We note u(z, g) a solution of this equation.

We define B; = g—;.

We consider u, A = 3—‘; and B, as independent variables.

Leta = du — Adt — Z?:l B{dqi, a 1-differential form.

So we have doe = —dAdt — dBdq.

The equation (£) is equivalent to the vanishing of the forms «, do and of a certain
number of differential forms of degrees at least 2 noted §;, d§; ou j € N.

We pose I =< a,da, §;,d§; >.Itis a closed differential ideal of the algebra of
the differential forms.

as independent variables.

Lemma 4.1 Each 2-form of I can be written aa + zdo + & with 7 a O-form, & €<
8;,dé; > for j € N and a a I-form of the type a\dt + ardq + azdu + asd A +
asd By for which we can suppose az = 0.

Proof 1f a3 # 0, we replace ax by a’a where
a = (a1 + Aaz)dt + (a, + Biasz)dq + asd Aasd By

We note
N=n2 + N4 0 +N”a + N4 0 + N& 0
Y g du dA 9B,
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Definition 4.2 We say that N is an isovector of (£) if Ly(I) C I.

To compute these isovectors, we use the method developed by Harrison Estabrook

in [7] and already set up to find the symmetries of many equations for instance in
([12-17, 20, 21)).
We denote by G the set of isovectors.

Lemma 4.3 G is a Lie algebra for the usual bracket of vector fields.

Lemma 4.4 Let N € G. There is a function F = Fy(t,q,u, A, By) such that

N' = —F,

N9 = —Fp,

N* = F + AN'+ B|N*
NA = AF,+ F,

NB = B|F, + F,

Remark 4.5 This lemma is present in ([7, p. 657]).
Proposition 4.6 N' depends only of t. We note N' = — f ().

For an equation of the following form:

0%u ou
(5g,2) . Q(tﬂ q, M)a_qz + T(tv Q)g + R(tv q.u, Bl) - 0

with Q # 0, we have complementary results:

Theorem 4.7 e Under the previous hypothesis, considering (&, 2) we have:
N9 = N, q)

We note N9 = —w(t, q).

e [fwe suppose also that Q = Q(t, q) and R is linear in By then N" is affine in u.
We pose N* = um(t, q) + I(t, q) where | and m are functions of t and q.
We have also relations between the various auxiliary functions introduced:
QT f+TO: f+TQOfi — OT,w —2T Qw, + T Q,w = 0 and

OT Byw; + QTum; + QTl; — QR f — QRyw + QR,um + QR + QRp, Bym + QRp, Biwy,
+QRpumg + QRply — QRw, + QzBlmq + QzBlwqq + Qzumqq + Qzqu + QzBlmq
= _RQIf - Rqu + OR(m + wq)

Proof The proof of this theorem will be detailed in the second author’s Ph.D. thesis
[21].
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4.1 Examples

4.1.1 Black Scholes

We can apply the previous results to find the symmetries of the Black Scholes equa-
tion. It is the most famous equation in financial mathematics:

aCc 1, ,0°C aC
& 22l s =0
or 270 e T%s T

where C(¢, S) denotes the price of a call option with maturity 7" and strike price K
on an underlying asset satisfying S; = S, o is the volatility and r the risk free interest
rate.

Weposeqg = In(S)andu(z, g) = C(t, exp(q)) = C(¢, S). The equation becomes:

ou n 1 282u n 0%\ du
— + —0"— r—— | ——ru=
ot 2 9g2

According to our notations wehave 7' = 1, Q = %02 andR = (r — "2—2)31 —ru.
Wenotef:r—%zandS":r—l—%z.
By Theorem 3.7 we obtain:

. %Zf,—2§wq=0so
Ji =2w,

and
Weq =0

e We divide by Q to find:

o? o?
Biw; +um; + 1, —r(um +1) + (r — 7) (Bim + Bywg +umg +1g) — (r — 7) Biwg +ruwy

o? o?
+ T(Blmq +umgq +lgg + Bimg) = (r — 7) Bi(m +wg) —ru(m + wy)

Differentiating with respect to B; we obtain:
o2

w, = — —)wy — azmq

2
_ _ 2 _
Aswyy =0, wyy = 0°myyqy =050

Myqq = 0.
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Differentiating with respect to u we have:

In addition we have m;,, = 0, so
mg, = constant.
Taking u = B} = 0, we find that / is a solution of the equation.
Working with the different equations obtained above, we have the following rela-
tions:

fu =2wy = —202m,,q =2C,

f=Cit*+Cot + C3

w, = Cit + %CQ
So c
mg=——39+ v ()
o2
my = —(r— 7) vy — 2Cr
Hence

m”q =0

But by the expression of m, we deduce that v, = constant.

. . 2
The expression of m, gives us m;; = (r - %) %, SO

0’2 Cl
v, = e
! "7 o?

=3 (r=%) futoimy=1(r=%)20 —0*(r = 5) (%) by the
expression of m;,.
So
wy =0

Aswell, w, = L(r — $)Co + (r — $)Cit + 02(Sq) — o20(1) = Cy
Hence
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2 2
(r—=%5)C (r—5%) Cy
v= o? L 202 = o?

So we have :

f=C1t2+C2t+C3

1
w=Citq + Eczq + C4t — Cs

rCq Ci » (fCZ C4) §2C1 ) §2C2 r2C4 Cq
m=""lig— L2 (22 -2 (L1220 T 2y
o2 1 202q 202 o2 1 202 202 o2 2 6

Finally we find a basis (N;)1<;<¢ of 6 isovectors, for which

T R LI RS SOPO N P IS
=—t"——tqg—+ Stqu— — —qu— — —u
! ot g T2 M) T 202 M u T 202 Gu T 2"

LA U A R
=—t—+=g—+ —qu— — —tu—
2 ot " 2%%¢ T 202" 50 T 252

A’; a
= Uu—
6 ou

4.1.2 Backward Heat Equation with Potential V

As observed before, we can limit ourselves to this equation, well defined for a final
boundary condition, in the context of Schrodinger’s problem.

The theorem can also be applied to determine the isovectors and so the symmetries
of the backward heat equation with a potential V (¢, ¢). Although we assumed in the
first paragraph that the potential V' is time independant, the symmetry analysis does
not require this hypothesis.

This equation is very important in the theory of Bernstein process, especially
concerning their applications to the Euclidian Quantum Mechanics.
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It is also present in the theory of affine interest rate models.

The results are already obtained by P. Lescot, H. Quintard and J.C. Zambrini for
the equivalent Hamilton-Jacobi-Bellman equation ([14, 16, 17]).

We consider the equation :

@) e L =0
hk—+—— =V, Qu =
S T a2 i

Applying Theorem 3.7 we obtain:
Jr = 2w,

So we can pose

w= %frq +a(t).

The second equation is:

k(Biw; +um; +1,) + Viuf + Vouw — Vum — VI + Vuw,
2
K
+ ?(Blmq +umgy +1lgg + Bimy) + Vu@m +wy) =0

For u = B; = 0,1 is a solution of the equation.
Differentiating according to B; we have

Wy = —Kny

So we can pose

-1 1
m = thzqz - Eatq + b(2).

Differentiating according to u we obtain
1 K2
m; = —;(th + Vow +2Vw, + ?mqq)

That is

—1 1 —1 1 K
—fqu ——auq+b=—W f+ -V, fiq+Vea+Vfi——fu)
4k K K 2 4

Particular Case V =0
We obtain

St g b= f
2 t11tq aq 0= g
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Differentiating twice with respect to ¢ we have fi;; = 0.
So
f =2Cit* + Cat + Cs.

Differentiating with respect to ¢ we have a,, = 0.
Hence

C
w=2C1tq+72q+C4t+C5

Finally b, = «C| and

c, C
m=——q" ——q +«Cit+Cq
K K

Hence we have a basis of isovectors for which :

We find a basis of isovectors similar to that of ([16, 19]).

Particular Case V (¢, q) = q% + Dg*:
For this potential we obtain:

1 2Ca K
thnqz +auq — kb, — 2thq2 + ? —2Daq + tht =0

Because f, a and b are independent of ¢, after multiplying by ¢, we can equal
the terms in ¢°, ¢*, ¢> and the constant terms in q.
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S =38Df;
a; = 2Da
2Ca =0

b = Al;ftt

We find exactly the same system as in [14, 20].

5 Bernstein Processes

For simplicity, we shall only consider processes with values in R.

Many familiar stochastic processes can be viewed as Bernstein processes, solving
Schrodinger’s problem. Instead of a time interval centred in 0, we shall consider,
here, an interval [0, 7], and denote by 6 the constant \/k.

Let us mention a few classical examples:

(1) The Brownian Motion (see e.g. [16, p. 200])
Forty=0,t; =T > 0, o = 89 and | = N(0, 0°T), z(t) = Ow(¢) is a Bern-

e_ﬁ.
O/ 2mt

stein process for V =0, (¢, q) = 1 and n, (¢, ¢) =

Here
dz(t) = 0dw(t).

(2) The Brownian Bridge (see [16, p. 201]).
Herety = 0,1, =1,V =0, uo = 1 = 8y and

2

g
e 20%01-1

n,q) = N

Then

dz(t) = 0dw(t) — lz(—_[)tdt.

(3) The Ornstein—-Uhlenbeck process starting from 0
2 2.2
Heretg = 0.1 =T > 0, o = o, 1 = N(O, = (1 — ™)),V = 9 and
w

n(t, q) = e,

We have
dz(t) = 0dw(t) — wz(t)dt.
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6 Parametrization of a One-Factor Affine Model
in Stochastic Finance

A one—factor affine interest rate model is characterized by an instantaneous rate r(¢),
satisfying a stochastic differential equation of the following type:

dr(t) =+/ar(t)+ B dw(t) + (¢ — Ar(t)) dt ,

under the risk—neutral probability Q («¢ = 0 corresponds to the Vasicek model, and
B = 0 corresponds to the Cox—Ingersoll-Ross model; see [8, 10]).
Assuming o # 0, let us set

o
6=—,
2
AP
¢:¢+_’
o
43
8:=—¢,
o

c=56-9(-7)

4

=X 5163
_ﬁ( )( ),

)\2
D:=—,
8

and define the potential
C
Vt,q) = o + Dg” .

Theorem 6.1 (see [14, Theorem 5.4]) Consider the process

z2(t) = ar(@) + B

and the stopping time ~
T = inf{tr > Olar(t) + B = 0}.

(1) One has T = +o00 a.s. for 8 > 2, and T < 400 a.s. for § < 2. (2) There
exists a process y(t) satisfying the stochastic differential equation

Vit >0

dy(t) = 6dw(t) + B(t, y(t))dt
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relatively to the canonical increasing filtration of the Brownian w, where

an

- dg
B =, 92—

ef "

for a certain solution n of (Ey)
For each givent > 0, the law of y(t) is n(t, q)n«(t, g)dq, where n, satisfies the
dual equation (5;,). One has

2() =y(@t) Viel0,T[

In particular, in case § > 2, z itself is a Bernstein process on any interval [0, Ty]
(T(] > 0)

Proposition 6.2 The isovector algebra associated with the affine model has dimen-
sion 6 if and only if § € {1, 3}, in the opposite case, it has dimension 4.

Let us analyze more closely the first case; the general case is considered in [14].
¢ = %, i.e. § = 1. Then y(z) is a solution of

A
dww::%dway—zyayh,

i.e. y(¢) is an Ornstein—Uhlenbeck process, and the potential V is quadratic.

Here .
rg”

n(, q) =¥

From

Y1) = e (z0+ %/0 e dw(s))

A ~ OlZ(EM -1
=e 2(z0+ w(T)) ,

(w denoting another Brownian motion), it appears that y(¢) follows a normal law v,
A . 201 =k

with mean e~ > zo and variance &U=¢")

Foreach T > 0, (y(#))o<¢<r is a Bernstein process with po = ., and | = vr.

The law of y(¢) therefore has density

2(q — e 20)”
2 S Tei—en )

pi(q) = —O{ ,727[(1 —)



226 P. Lescot and L. Valade

whence
pi(q)
7]*([, ):
1 n(t, q)
1 A
T a Y
h (22
7T sin (2)

—rq% — rgPe M + 4quoe_%’ —2xzde ™
. a?(1— e—)

and one may check that, as was to be expected, 1, satisfies (5;/).
~ 3
Q) é= Ta,i.e. 5=3.

Then )
A 3a‘t
S
n(t.q)=qea> 4 :

Let us define ]
s(t) = e? ;
y(@)

then an easy computation using It6’s formula gives
[O2NDY)
ds(t) = —Ee%s(r)zdw(t) :

in particular, s(¢) is a forward martingale.
It may be seen that, in case Xy = 0,

(e — 1)
X, =e MY (——
t e ( an )

where Y is a BE S Q3(squared Bessel process with parameter 3) with ¥ (0) = 0. But,
for fixed t > 0, ¥; has the same law as ¢V}, and Y, = || B;||? is the square of the norm
of a 3—dimensional Brownian motion (see [6]); the law of Y; is therefore

1 u
e 2 ul,~odu .
Nezs =
Therefore the density p;(g) of the law of y(¢) is given by:
X 20q°
1 16A2 2670{2(1 _ e—kt)

pi(q) = Tl —eid



Bernstein Processes, Isovectors and Mechanics 227
and

161> Bl
np(tt(qq)) B a34/22;(1 —e M) ige A

For X # 0, a Bessel function appears in the expression for 7,.
M. Houda and the first author ([10]) have extended these computations.

7 Generalized Brownian Bridges

Letusfix T > Oand 8 € R. Mansuy’s generalized Brownian Bridge ([18]) X .- T
is the solution X (¢) of the stochastic differential equation

X(1)
dX () =0dw(t) — ﬁﬁdt

with initial value X (0) = x.
It is a Bernstein process for

g __ B
n(t,q) = (T —t) ze 2*T-»

e BB — Dq?
_ BB—1Dqg
V)= 2T —1)?

3

an example of semi—classical potential.

8 Conclusion

The class of Bernstein reciprocal processes allows a study of its symmetries founded
on its quantum-like analogy. In particular, as suggested by Feynman, it should allow
the construction of a dynamical theory where those symmetries should play a role
as fundamental as in classical mechanics. Although a lot of progress has been made
since [23] much more should be done. Using the symmetries, how can we define a
stochastic version of classical integrability? Such a notion should inject in stochastic
analysis key ideas of dynamical systems theory. For instance a stochastic deformation
of Symplectic Geometry whose symplectomorphisms would precisely describe all
transformations preserving dynamcal structures.
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Since Schrodinger’s original problem is now regarded as a foundational aspect
of Optimal transportation theory it is likely that, in this area also, those processes
will play an important role as natural regularizations of the traditional analytical and
deterministic approaches.
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On the Positivity of Local Mild Solutions m
to Stochastic Evolution Equations glectie

Carlo Marinelli and Luca Scarpa

Abstract We provide sufficient conditions on the coefficients of a stochastic evolu-
tion equation on a Hilbert space of functions driven by a cylindrical Wiener process
ensuring that its mild solution is positive if the initial datum is positive. As an appli-
cation, we discuss the positivity of forward rates in the Heath-Jarrow-Morton model
via Musiela’s stochastic PDE.

Keywords Positivity - Mild solutions + Stochastic evolution equations - HIM
model.

1 Introduction

Let us consider a stochastic evolution equation of the type
du+ Audt = F(u)dt + B(u) dW, u(0) = ug, (1.1)

where A is a linear maximal monotone operator on a Hilbert space of functions
H, the coefficients F and B satisfy suitable integrability assumptions, and W is a
cylindrical Wiener process. Precise assumptions on the data of the Cauchy problem
(1.1) are given in Sect.2 below. Our goal is to establish a maximum principle for
(local) mild solutions to (1.1), i.e. to provide sufficient conditions on the operator A
and on the coefficients F' and B such that positivity of the initial datum u( implies
positivity of the solution u (see Theorem 2.2 below).
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A simpler problem was studied in [ 10], where the coefficients F and B are assumed
to be Lipschitz continuous. Here we simply assume that F and B satisfy rather min-
imal integrability conditions and that a local mild solution exists. On the other hand,
in [10] the linear operator A need only generate a positivity preserving semigroup,
while here we require that A generates a sub-Markovian semigroup.

We refer to [10] for a discussion about the relation between other positivity results
for solutions to stochastic partial differential equations and ours. It is however prob-
ably worth pointing out that most existing results seem to deal with equations in the
variational setting (see, e.g., [1, 7, 8, 13]).

As an application, we provide an alternative, more direct proof of the positivity of
forward rates in the Heath-Jarrow-Morton [5] framework than the one in [10]. This
is obtained, as is now classical, viewing forward curves as solutions to the so-called
Musiela stochastic PDE (see, e.g., [3, 11]).

2 Assumptions and Main Result

Let (£2, %, P) be a probability space endowed with a complete right-continuous
filtration (.%;)c(0.17, with T > 0 a fixed final time, on which all random elements
will be defined. Identities and inequalities between random variables are meant to
hold P-almost surely, and two stochastic processes are declared equal, unless other-
wise stated, if they are indistinguishable. The o -algebra of progressively measurable
subsets of £2 x [0, T'] will be denoted by Z. We shall denote a cylindrical Wiener
process on a separable Hilbert space U by W. Standard notation and terminology
of stochastic calculus for semimartingales will be used throughout (see, e.g., [12]).
In particular, given an adapted process X and a stopping time 7, X* will denote the
process X stopped at 7. Similarly, if X is also cadlag, X*~ stands for the process X
pre-stopped at t.

For any separable Hilbert spaces E; and E», we use the symbols .Z(E, E,) and
Z*(E,, E,) for the spaces of linear continuous and Hilbert-Schmidt operators from
E| to E,, respectively. The space of continuous bilinear maps from E| x E; to E;
will be denoted by % (E; E;). The n-th order Fréchet and Gateaux derivatives of
a function @ : E; — E; at a point x € E; are denoted by D"® (x) and D’g'q)(x),
respectively, omitting the superscript if n = 1, as usual.

We shall work under the following standing assumptions.

(A1) There exists an open set O in R?, d > 1, and a Borel measure p such that
H=L*O, .

The norm and the scalar product on H will be denoted by || - || and (-, -), respectively.
For any f, g € H, we shall write f > g to mean that f > g w-almost everywhere.

(A2) A is a linear maximal monotone operator on H such that its resolvent is sub-
Markovian and is a contraction with respect to the LY(O, w)-norm.

Recall that the resolvent of A, i.e. the family of linear continuous operators on H
defined by
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Joo=U+2A)7"  A>0,

is said to be sub-Markovian if, forevery A > Oand every ¢ € H suchthat0 < ¢ < 1,
onehas 0 < J¢ < 1.

(A3) F: 2 x[0,T]xH —> Hand B: 2 x[0,T] x H— ZL*(U,H) are Z ®
B (H)-measurable, and there exists a constant C > 0 such that

< Clh 1%

-, 1 2
_<F((l),t,h),h >+§H1{h§0}B(w7t5h) Z2(U,H)

forall (w,t,h) € 2 x[0,T] x H.
(A4) ug € LO(R, Fo; H)

Definition 2.1 A local mild solution to the Cauchy problem (1.1) is a pair (u, 7),
where 7 is a stopping time with 7 < T, and u : [0, T[ H is a measurable adapted
process with continuous trajectories such that, for any stopping time ¢ < t, one has

() St —)Fw) ooy € L°($2; L'(0,1; H)) forall t € [0, T];
(i) St —)Bu)lj.oy € L°(2; L*0,t; £*(U, H))) forall ¢ € [0, T],

and
u=SCuy+ / SG—=s)F(s,u(s))ds + / S —s)B(s, u(s))dW(s).
0 0

The last identity is to be understood in the sense of indistinguishability of processes
defined on the stochastic interval [0, t[[. Here the stochastic convolution is defined
on [0, o], for every stopping time o < 7, as

</0 St —5)B(s, u(s))Ljo,o5(s) dW(s))

te[0,0]
The main result is the following.

Theorem 2.2 Let (u, t) be a local mild solution to the Cauchy problem (1.1) such
that, for every stopping time ¢ < t, one has

i) Fu)ljp.ey € L°($2; LY(0, T; H));
(ii) Bu)ljooy € LO(2; L*(0, T; £*(U, H))).

Ifug >0, thenu®(t) > 0 forallt € [0, T].

3 Auxiliary Results

The arguments used in the proof of Theorem 2.2 (see Sect.4 below) rely on the
following results, that we recall here for the reader’s convenience. The first is a
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continuous dependence result for mild solutions to stochastic evolution equations
in the form (1.1) with respect to the coefficients and the initial datum. This is a
consequence of a more general statement proved in [9, Corollary 3.4]. Let

(uon)n C LY(2, Fo; H),
(f)ns f C L°($2; L1(0, T H)),
(G, G C LO(82; L*(0, T; £*(U, H)))

be such that the H-valued processes f,, f, G,v, and Gv are strongly measurable
and adapted for all v € U and n € N. Then the Cauchy problems

du, + Au, dt = f,dt + G, dW, u,(0) = ugp,,

and
du+ Audt = fdt+ GdW, u(0) = uo,

admit unique mild solutions u,, and u, respectively.

Proposition 3.1 Assume that

Uug, — U in LO(.Q; H),
fo—f in L°(2; L'(0,T: H)),
G,— G in L°(2; L*(0, T; £*(U, H))).

Then u, — u in L°(£2; C([0, T1; H)).

The second result we shall need is a generalized Itd formula, the proof of which
can be found in [10].

Proposition 3.2 Let G: H — R be continuously Fréchet differentiable and DG
be Gdteaux differentiable, with DéG: H — %(H; R) such that (¢, 1, &)
DéG(go)[gl, 8] is continuous, and assume that G, DG, and DéG are polyno-
mially bounded. Moreover, let the processes [ € LO2: L0, T; H)) and ® €
L%(2; L*(0, T; £*(U, H))) be measurable and adapted, and vy € L°(2, Fo; H).
Setting

V= v0+/'f(s)ds +/-<1§(s)dW(s),
0 0
one has
. 1 * 2
G(v) = G(w) +/ (DG(v)f +5Te(® DgG(v)fp))(s) ds
0

+ / DG(v(s)P(s)dW (s).
0
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Finally, we recall an inequality for maximal monotone linear operators with sub-
Markovian resolvent due to Brézis and Strauss (see [2, Lemma 2]).!

Lemma 3.3 Let 8: R — 2® be a maximal monotone graph with 0 € B(0). Let ¢ €
LP(O) with Ap € L?(0), and z € L1(O) with z € B(p) a.e. in O, where p,q €
[1,400]land 1/p +1/q = 1. Then

/ (Ap)z = 0.
o

We include a sketch of proof for the reader’s convenience, assuming for simplicity
that B : R — R is continuous and bounded. Let j : R — R be a (differentiable,
convex) primitive of 8 and

1 1 1
A, = X([—(I—F)xA) )Z)—L(I—JA), A >0,

be the Yosida approximation of A. It is well known that A, is a linear maximal
monotone bounded operator on H and that, for every v € D(A), A,v — Av as
A — 0. Let v € D(A). The convexity of j implies, for every A > 0, that

1 .
(A0, B2 = (v = S0, J ),

1 , . L. ,
X(/ Jj () —/ J(Jxv)) = X(Ilj(v)llu =17 (B)lL).
o o

Since J, is sub-Markovian and j is convex, the generalized Jensen inequality for
positive operators (see [4]) and the contractivity of J; in L' imply that

v

lico] < [hi@], < lio],.

i.e. that
(430, BW)),. = 0

for every A — 0. Passing to the limit as A — 0 yields (Av, B(v));2 > 0.

4 Proof of Theorem 2.2

The proof is divided into two parts. First we show that a local mild solution u to (1.1)
can be approximated by strong solutions to regularized equations. As a second step,
we show that such approximating processes are positive, thanks to a suitable version
of It6’s formula.

! For a related inequality cf. also [14, Lemma 5.1].
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4.1 Approximation of the solution

Let (u, 7) be a local mild solution to (1.1). Let o be a stopping time with o < 7, so
that u : [0, 0]] — H is well defined, and set

= u’ € L°(2; C([0, T]; H)),

i
F = F(,u)l.y € L°(2; L' (0, T; H)),
B = B(-,u)ljoog € L°(£2; L*(0, T; £*(U, H))).

In particular, One has
t

i) = S(t)uo+f S(t—s)F(s)ds+/ S(t — s)B(s)dW(s) 4.1)
0 0

for all € [0, T] P-a.s., or, equivalently, i is the unique global mild solution to the
Cauchy problem

di + Aiidt = Fdt + BdW,  i(0) = uy.
Recalling that J, € Z(H, D(A)) for all > > 0, one has

Fyoi= L F( u)lpoey = LF € L°($2; L'(0, T; D(A))),
By := J; B(,u)lyo0y = LB € L°(£2; L*(0, T; £*(U, D(A)))),
gy = Juo € L°(2, Fy; D(A)),

where the second assertion is an immediate consequence of the ideal property of
Hilbert-Schmidt operators. The process u; : £2 x [0, T] — H defined as

t t
uy (1) := S(t)ugy +/ St — $)Fy(s)ds +/ St —s)By(s)dW(s), te€l0,T],
0 0
“4.2)
therefore belongs to L2(82; C([0, T]; D(A))) and is the unique global strong solution
to the Cauchy problem

dM)\—f-Abt)\dl:F)tdl—i-B)tdW, u; (0) = uop;,
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i.e.
u,\—i—/ Au; (s)ds =um+/ I:"k(s)ds—i-/ B;.(s)dW (s) (4.3)
0 0 0

in the sense of indistinguishable H-valued processes. Furthermore, since J; is con-
tractive and converges to the identity in the strong operator topology of .Z(H, H)
as A — 0,1i.e. J;h — hforevery h € H, one has

Ugy, —> Ug 1in LO(.Q; H),
F, — F in L°(82; L*(0, T: H)),
B, — B in L°(2; L%(0, T; £*(U, H))),

where the second convergence follows immediately by the dominated convergence
theorem, and the third one by a continuity property of Hilbert-Schmidt operators
(see, e.g., [6, Theorem 9.1.14]). Finally, thanks to Proposition 3.1, we deduce that

u, — i in L°(£2: C([0, T1; H)). 4.4)

4.2 Positivity

Let us introduce the functional
G: H— R+
I
— = ,
2 2 /s 2
as well as the family of regularized functionals (G,),ecy defined by
G,: H— R,

Y — / n(9),
O

where g,: R — R} is a convex, twice continuously differentiable approximation of
r + (r7)?/2 such that (g/) is uniformly bounded and converges to mathbbmly_,
and g/, (r) - —r~ asn — oo forevery r € R. The existence of such an approximat-
ing sequence is well known (see, e.g., [15, Sect.3] for an analogous construction).
One can verify (see, e.g., [10]) that, for every n € N, G, is everywhere continuously
Fréchet differentiable with derivative

DG,: H — L(H,R)~H
@ —> g,(9),
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and that DG, : H — H is Gateaux differentiable with Gateaux derivative given by
D;G,: H — Z(H, H) = %(H; R)

or— @0~ /0 g@ae)

Furthermore, the map (¢, ¢1, {) — Dé G, () (L1, &) is continuous. Proposition 3.2
applied to the process u; defined by (4.3) then yields

Gn(uy) + / {Aus, DG, (up))(s) ds
0
= Gotun) + [ DG, BL 5 AW (s) 45)
0
' 5oL ] % 12 B
+ [ (PGawn Fo 45 (B D3 G By) ) 5) ds
Recalling that g/, : R — R is increasing, Lemma 3.3 implies that
(Aur, DG, (1)) = (Auy, g'(uy)) = 0, (4.6)

hence also, denoting a complete orthonormal system of U by (e;),
t -
[ oo = [ g+ [ gwebisrawe)
o o 0

+/0 gé(u,\(s))ﬁx(s)ds—i—%'/(; ;v/og;,/(u,\(s))|1§)\(s)ej|2ds

for every t € [0, T] and n € N. We are now going to pass to the limit as n — oo
in this inequality. Recalling that (g)/) is uniformly bounded and that the paths of u;
belong to C([0, T]; H) P-a.s., the dominated convergence theorem yields

1
/gn<ux(r))—> §||u;<t)||2 vt € [0, T,
o
1
[ nteon — 5l
(@]

Note that ug is positive and J; is positivity preserving, hence ug; = Jyug is also
positive and, in particular, u, is equal to zero a.e. in O. Let us introduce the (real)
continuous local martingales (M*"), ey, M*, defined as
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! -
M = [ g 6)Bis) aw ),
0
t
Mt'\ = —/ u;(s)ék(s)dW(s).
0
One has, by the ideal property of Hilbert-Schmidt operators,
t
n 1 — D 2
[M*" — M*, M — MY, = / (g, () + u5 (D) Bi(9) | oy gy 48
0
"y - 21 5 2
< | [gh@s) +uz O | B[ s ) d
0

for all ¢ € [0, T]. Recalling that u; € L2($2; C([0,T]; H)) and gn(r)y = —r~
for every r € R, it follows by the dominated convergence theorem that
[M»" — M*, M*" — M*] — 0, hence that M>" — M”*, as n — 00, i.e. that

/0 () Bu(s) W (s) —> — /O 0 () B (s) AW (s)

in the ucp topology. Similarly, the pathwise continuity of u, and the dominated
convergence theorem yield

/ QL(MA(S))FA(S)CZS —> —/ u;(s)ﬁ;\(s)ds
0 0

forall ¢ € [0, T] as n — oo. Finally, the pointwise convergence g, — 1r_ and the
dominated convergence theorem imply that

t X t X
/Z/ g,’{(ux(S))\BA(S)ejlzds—>f Z/ Ly 201 | Br(5)e; | ds
0 ‘3 Jo 0 3 Jo

forallt € [0, T] as n — oco. We are thus left with
2 ! - - - 2
iz = [ (2070 560+ Y [ VuoeolButores ) ds
0 - o
Jj=0

— f u;(s)ék(s) dW (s).
0

Let us now take the limit as A — 0: if follows from the convergence property (4.4)
and the continuous mapping theorem that

i O — &=
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Recalling that F, = J, F(it), which converges pointwise to F, one has
t _ 4 _
/ —2(u; (5), Fi(s))ds —> / —2(i=(s), F(s))ds
0 0
Appealing again to (4.4), it is not difficult to check that
Lias)<oy = limsup Ly, (5)<0)
r—0

Hence it follows from Fatou’s lemma that

t X t X
. = 2 = 2
11msupf E / ]l{u)‘(s)<0}‘B,\(s)ej| ds 5/ E / ]1{,;(5)<0}|B(s)ej| ds.
0 5o 0 j=0v0@

A—0
Let us define the real continuous local martingale M as
! _
M, = —/ u (s)B(s)dW(s).
0
One has

ds,

[M* — M, M* — M), = /0 |45 $)Bi(s) — @ () BO)| o)

where, by the ideal property of Hilbert-Schmidt operators and the contractivity of
Jis

|5 B, — L_‘_B”fZ(U.R) < |@; —a7)B, sz(u,m + [la= (B, — B)||$2(U,R)
= ””; - L_‘_H HB”,%’Z(U,H) + “L_’_” ” B — BHzZ(U,H)'
Since u; converges to u in the sense of (4.4) and, as already seen, B, — B in
L%(£2; L*(0, T; £*(U, H))), the dominated convergence theorem yields, for every
t €0, T],
[M* — M, M - M], — 0,

thus also

/' w5 () By (s) dW (s) —> / i (s)B(s) AW (s).
0 0

in the ucp topology. Recalling assumption (A3), one obtains, for every ¢ € [0, T1],

||ﬁ‘(t)||2szc/ ||ﬁ‘(s>||2ds—2/ i (s)B(s, ii(s)) dW(s),
0 0
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thus also, integrating by parts,
t
e X Ma())* < -2 / e 2 (s)B(s, ii(s)) dW(s) =: M,
0

The process M is a positive local martingale, hence a supermartingale, with M (0) =
0, therefore M is identically equal to zero. This implies that ||z~ (¢)|| = O for all
t € [0, T], hence, in particular, that u(¢) is positive for all # € [0, T']. By definition
of u, we deduce that

u’> >0 VvVrel0, T]xO

for every o < t. Since o is arbitrary, this readily implies that
u*™ () >0 Vtel0,T],

thus completing the proof of Theorem 2.2.

Remark 4.1 In [10] the substantially weaker assumption was made that —A gen-
erates a positive semigroup. This was possible because F' and B were assumed to
be Lipschitz continuous. In fact, in this case the process u;, strong solution of the
equation obtained by replacing A with its Yosida approximation A, in (1.1), i.e.

du) + Ayuy dt = F(uy)dt + B(u,)dW,  u;(0) = uo,

converges to the unique mild solution « to (1.1), and the positivity of u; , for every
A > 0, was shown. In the more general situation considered here, where F and B
are not supposed to be Lipschitz continuous, it is not even clear whether the above
regularized equation admits a solution at all. For this reason we introduced a different
approximation scheme in Sect. 4.1, that implies the need for an estimate such as (4.6),
which in turn is satisfied if —A generates a sub-Markovian semigroup, rather than
just a positive one.

S Positivity of Forward Rates

Musiela’s stochastic PDE can be written as

du+ Audt = B(t,uydt + Y oy (t,w)dwh(t),  u©) =ug.  (5.1)
k=1

where — A is (formally, for the moment) the infinitesimal generator of the semigroup
of translations, (w¥);en is a sequence of independent standard Wiener processes, o
is a random, time-dependent superposition operator for each k € N, as well as 8,
and u takes values in a space of continuous functions, so that u (¢, x) := [u(#)](x),
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x > 0, models the value of the forward rate prevailing at time ¢ for delivery at time
t + x. In order to exclude arbitrage (or, more precisely, in order for the corresponding
discounted bond price process to be a local martingale), 8 needs to satisfy the so-
called Heath-Jarrow-Morton no-arbitrage condition

Bt = Y ontt.) [ lovt, 00105 dy.
k=1

In order for (5.1) to admit a solution with continuous paths, a by now standard choice
of state space is the Hilbert space H,, o > 0, which consists of absolutely continuous
functions ¢ : R, — R such that

o0
2 / ox
61}, =002 + [ 19/ wpe dx < .
0
Under measurability, local boundedness, and local Lipschitz continuity conditions
on (o), one can rewrite (5.1) as

du+ Audt = B(t,u)dt + B(t,u) dW(t), u(0) = ug, 5.2)

where — A is the generator of the semigroup of translations on H,, W is a cylindrical
Wiener process on U = 2 and B: 2 x R, x H— £%(U, H) is such that

Z/'ok(s, v(s)) dwk(s) = / B(s, v(s)) dW(s).
= Jo 0

Under such assumptions on (o), (5.1) admits a unique local mild solution with
values in H,. If (o) satisfy stronger (global) boundedness and Lipschitz continuity
assumptions, then the local mild solution is in fact global. For details we refer to [3],
as well as to [10].

Positivity of forward rates, i.e. of the mild solution to (5.1), is established in [10]
by proving positivity of mild solutions in weighted L? spaces to regularized ver-
sions of (5.1). Such an approximation argument is employed because the conditions
on (oy) ensuring (local) Lipschitz continuity of the coefficients in the associated
stochastic evolution (5.2) equation in H, do not imply (local) Lipschitz continuity
of the coefficients if state space is changed to a weighted L? space.

Thanks to Theorem 2.2, we can give a much shorter, more direct proof of the
(criterion for the) positivity of forward rates. Let L, denote the weighted space
L*(R;, e~ dx), and note that H, is continuously embedded in L , =: H. Let us
check that assumptions (A1), (A2), and (A3) are satisfied. Assumption (A1) holds true
with the choice O = R, , endowed with the absolutely continuous measure p(dx) :=
e *" dx. As far as assumption (A2) is concerned, a simple computation shows that
A + o« is monotone on L2 , and, by standard ODE theory, one also verifies that

—?

the range of A + ol + I coincides with the whole space L? , therefore A + [ is

—a?
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maximal monotone. Even though A itself is not maximal monotone, this is clearly
not restrictive, as the “correction” term «/ can be incorporated in 8 without loss of
generality. To verify that the resolvent J, € .Z(H) of A + «I is sub-Markovian, let
y € H, so that J, y € D(A) is the unique solution y; to the problem

Vi — Ay F Aay, = y.

If 0 < y <1 ae. in R, then we have, multiplying both sides by (y, — 1)*, in the
sense of the scalar product of H, that

(1 + xa)(ysn, i = DF)_, = Ayp. n = DT,
={y.on = DY), <(Lon—DY)_,.

Here and in the following we denote the scalar product and norm of L2, simply by
(-, -)_y and || - ||_, respectively. Since

(Vo 0n = DY), = (L s = DY), = | o = D], (5.3)
we obtain
A ™ d
|G = D)7, - > / - (On - D) (x)e ™ dx 4 ra(y,, (ya — DF)_, <0,
0 X

where, integrating by parts,

A [ d
-3 /0 (= D e d

A [ A
=5 [ = e a4 S0 -
0
Ao

A A
= —7()’/\, O — 1)+>,a + ;(1’ = 1)+)7rx + E((y,\(O) -’

A
> = 0n = DY),

Rearranging terms yields

| o= DF)2, + %“(yk, - DY), =<0,
where the second term on the left-hand side is positive by (5.3). Therefore || (y, —
*l_, = 0, which implies that y, < 1 a.e. in R,. A completely similar argument,
i.e. scalarly multiplying the resolvent equation by y, , also shows that y, > 0 a.e. in
R, thus completing the proof that J, is sub-Markovian. We still need to show that
J,, 1s contractive in Ll_a. Lety,z € H and y; := J,y, 2, := J,z, so that
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D —z2) — A —z2) +ra(y —z) =y — 2. 54

Define the sequences of functions (y;), (k) C R¥ as
Vi . r > tanh(kr), Ve i 7 > / Vi (s)ds,
0

and recall that, as k — 00, Y, converges pointwise to the sign function, and y;
converges pointwise to the absolute value function. Scalarly multiplying (5.4) with
Ye(yx — z1) yields

(1 + ra)(yx — 2o e — 2))_, — MOa — 2)s e — 20))_,
=y -z -, <y-z]..

where, integrating by parts,
(=2 O — z0)_,

= /0 (s = 2) () (x — 22)' (x))e™** dx

o 4 N
= / — 2 — ) (x)e™* dx
0 d)C

= —7(1(0) = 2:(0)) + & /000 Pe(a — z) (x)e” " dx
<a /OOO Ve — ) (e dx.
This implies
(= 2 e On — 20))._,
+ Aa(yn — 2o e (yn — 22))_, — At /0"0 e — z) (x)e” "  dx
=ly=zl.,
Taking the limit as k — oo, the sum of the second and third term on the left-hand

side converges to zero by the dominated convergence theorem, while the first term
on the left-hand side converges to ||y, — z; |1, thus proving that

(B2 —Z/\HLI_Q <y _Z”L‘_n’

i.e. that the resolvent of A + a[ is contractive in L' . We have thus shown that
assumption (A2) holds for A + «. Moreover, assumption (A3) is satisfied if, for
example,
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low(w, t, x, )| Lip<op ST

forallk € Nand (w, t, x) € £2 x Ri (see [10], where also slightly more general suf-
ficient conditions are provided). Since all integrability assumptions of Theorem 2.2
are satisfied, as it follows by inspection of the proof of well-posedness in H,, (see [3,
10, 11]), we conclude that, under the above assumptions on (o), forward rates are
positive at all times.

Acknowledgements Large part of this paper was written while the first-named author was visiting
the Interdisziplindres Zentrum fiir Komplexe Systeme, Universitdt Bonn, Germany, whose hospi-
tality is gratefully acknowledged. The second-named author was partially supported by the Vienna
Science and Technology Fund (WWTF) through Project MA14-009 and by the Austrian Science
Fund (FWF) through Project M 2876.

References

1. Barbu, V., Da Prato, G., Rockner, M.: Existence and uniqueness of nonnegative solutions to
the stochastic porous media equation. Ind. Univ. Math. J. 57(1), 187-211 (2008). MR 2400255
2. Brézis, H., Strauss, W.A.: Semi-linear second-order elliptic equations in L. J. Math. Soc. Jpn.
25, 565-590 (1973). MR 0336050 (49 # 826)
3. Filipovi¢, D.: Consistency problems for Heath-Jarrow-Morton interest rate models. Lecture
Notes in Mathematics, vol. 1760. Springer, Berlin (2001)
4. Haase, M.: Convexity inequalities for positive operators. Positivity 11(1), 57-68 (2007). MR
2297322 (2008d:39034)
5. Heath, D.C., Jarrow, R.A., Morton, A.: Bond pricing and the term structure of interest rates: a
new methodology for contingent claims valuation. Econometrica 60(1), 77-105 (1992)
6. Hytonen, T., van Neerven, J., Veraar, M., Weis, L.: Analysis in Banach spaces. Vol. II, Proba-
bilistic methods and operator theory. Springer, Cham (2017). MR 3752640
7. Krylov, N.V.: Maximum principle for SPDEs and its applications, Stochastic differential equa-
tions: theory and applications, Interdiscip. Math. Sci., vol. 2, pp. 311-338. World Scientific
Publishing, Hackensack, NJ (2007). MR 2393582
8. Krylov, N.V.: A relatively short proof of 1t6’s formula for SPDEs and its applications. Stoch.
Partial Differ. Equ. Anal. Comput. 1(1), 152-174 (2013). MR 3327504
9. Kunze, M., van Neerven, J.: Continuous dependence on the coefficients and global existence for
stochastic reaction diffusion equations. J. Differ. Equ. 253(3), 1036-1068 (2012). MR 2922662
10. Marinelli, C.: Positivity of mild solution to stochastic evolution equations with an application
to forward rates. arXiv:1912.12472
11. Marinelli, C.: Local well-posedness of Musiela’s SPDE with Lévy noise. Math. Finance 20(3),
341-363 (2010). MR 2667893
12. Métivier, M.: Semimartingales. Walter de Gruyter & Co., Berlin (1982). MR 688144
(84i:60002)
13. Pardoux, E.: Equations aux derivées partielles stochastiques nonlinéaires monotones, Ph.D.
thesis, Université Paris XI (1975)
14. Rockner, M., Wang, F-Y.: Non-monotone stochastic generalized porous media equations. J.
Differ. Equ. 245(12), 3898-3935 (2008). MR 2462709
15. Scarpa, L., Stefanelli, U.: An order approach to SPDEs with antimonotone terms. Stoch. Partial
Differ. Equ. Anal. Comput. 8(4), 819-832 (2020). https://doi.org/10.1007/s40072-019-00161-
7


http://arxiv.org/abs/1912.12472
https://doi.org/10.1007/s40072-019-00161-7
https://doi.org/10.1007/s40072-019-00161-7

Invariance of Poisson Point Processes m
by Moment Identities with Statistical oo
Applications

Nicolas Privault

Abstract This paper reviews nonlinear extensions of the Slivnyak-Mecke formula
as moment identities for functionals of Poisson point processes, and some of their
applications. This includes studying the invariance of Poisson point processes under
random transformations, as well as applications to distribution estimation for random
sets in stochastic geometry, random graph connectivity, and density estimation for
neuron membrane potentials in Poisson shot noise models.
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1 Introduction

Computing the moments and cumulants of random variables has important applica-
tions in probability and statistics, e.g. for the estimation of distributions. In this paper
we review the computation of moments of random functionals of Poisson point pro-
cesses via combinatorial identities that extend the Slivnyak-Mecke formula to higher
order moments, see [16, 19], and present some applications.

For this, we derive moment identities for stochastic integrals using sums over
partitions. Those identities are used to derive criteria for invariance of Poisson ran-
dom measures under random transformations, and for distribution estimation of the
cardinality of random sets based on a Poisson point process.
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The moments of random functionals can be used to estimate random graph con-
nectivity in the random connection model using probability generating functions.
This approach is based on the computation of the moments of k-hop path counts as
sums over non-flat partitions, using extensions of moment identities to multiparam-
eter processes, see [2].

The calculation of moments can also be applied to estimate the skewness and
kurtosis of probability distributions, and to approximate probability densities via
Edgeworth and Gram-Charlier expansions. Examples are provided using stochas-
tic differential equations in Poisson shot noise models, with an application to the
estimation of probability densities of neuron membrane potentials.

This paper is organized as follows. In Sect.2 we review moment identities for
Poisson stochastic integrals with random integrands. In Sect.5, such identities are
specialized to indicator functions of random sets, for application in stochastic geom-
etry. Section 6 deals with applications to the statistics of k-hop counts in the random-
connection model, using multiparameter stochastic integrals for the analysis of ran-
dom graph connectivity. Section 8 considers the moments of Poisson shot noise pro-
cesses, with an application to the modeling of membrane potential distributions.

2 Moments of Poisson Point Processes
We consider a Poisson point process with intensity measure o (dx) on the space
Qf = {g = {x;}ics CX : #(ANE&) < oo for all compact A € B(X)}

of locally finite configurations on a subset X C R?, where E(A) =#k : x, € A}
denotes the count of configuration points that belong to a measurable subset A C X.

For all compact disjoint subsets Ay, ..., A, of X, n > 1, the mapping

£~ (E(A1), ..., E(A))

is a vector of independent Poisson distributed random variables on N with respective
intensitieso (A1), ..., 0 (A,). As aconsequence, the Poisson stochastic integral with
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respect to the Poisson random measure with intensity o (dx) on X has the moment
generating function

IE | exp Zh(x) =exp(/(eh(")—1)o(dx)>. (D)
X

xe&

3 Slivnyak-Mecke Identity

The Slivnyak-Mecke [11, 23] identity allows one to compute the moments of first
order stochastic integrals of random integrands as

E , =1 Fu(x, d , 2
Y ulx, &) [fxsxuu £)a( x)} )

xeé
where ¢} is the addition operator defined on random variables F on Q% as

el F(§) = F(§ U {x}), x eX.

4 Nonlinear Slivnyak-Mecke Identities

Next, we show how the Slivnyak-Mecke identity can be used to derive a covariance
formula with random integrands. We have

E| Y ui(x1,6) ) w0, 8) | =E Z(Zuz(xz,a)ui(xl,s)

x| €& xy€€ x1€€ “xeé
=1E[/ e;(Zuz(xz,s>u1(x1,s)>a<dx1>],
X .X2EE
with

€l Zuz(xz,é) = Zf;tuz(xz, £) + € uy(xy, §).

X266 Xp€é

Hence, another application of (2) yields
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x1€€ xp €€

250
E |:Z uy(x1, &) Z uz(x2, 5):|

]E[/x ZG;(MI(XIs5)’42(x27§))0(dxl)j| + IE|:/XE;(’41(X1’5)’42(x17§))0(dxl)j|

szS

E [ /X e, Hunea, s))a(dma(dxz)] +E [ /X eF i (xr, Bua s»a(dxo].

Proposition 1 below, see Theorem 1 in [19], can be regarded as a nonlinear extension
of the Slivnyak-Mecke formula (2) with random integrands u : X x Q¥ — R. The
sum (3) runs over the partitions my, ..., 7 of {1,..., n}, where |m;| denotes the
cardinality of the block 7r;,i =1, ..., k. Given 3, = (21, ..., z,) € X" we will use
the shorthand notation 8; for the operator

TP E =FEU.....zD).  §eQF,

for F a random variable on QX.

Proposition 1 Let u : X x Q¥ — R be a (measurable) process. For alln > 1 we
have

n

Ipl
E||Luwd] | = Z’E[/XﬁpHu"””(z»o@"'(dzw] 3)
=1

xe& pell[n]

where the sum runs over all partitions p of {1, ..., n} with cardinality | p|.

See [9] for an extension of (3) to point processes admitting Papangelou intensities,
and [2] for an extension to multiparameter processes. This result can be more gen-
erally stated as the next joint moment identity for Poisson stochastic integrals with
random integrands, cf. Proposition 7 in [19].

Proposition 2 Let uy, ..., u, : X x QX — R be random processes, p > 1. For
allny,...,n, >0andn :=ny +---+n,, We have
ny np
E| (> wGne)] | D upx,. )
xi€€ xpeg
n k p m
_ + + g o
=> > E ka & el Hl—[ui’(xj,é) o(dxy)---o(dx) |,
k=1 mU---Ur={1,...,n} j=li=1
where the sum runs over all partitions wy, ..., of {1, ..., n} and the power li’fj is

the cardinality
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l;f‘i:=|7'rjﬂ(n1+'~+n,~_1,n1+~~~+n,~]|, i=1,....,k, j=1,...,p.

Proposition 2 implies in particular the next joint moment identity. Let fi, ..., f, :
X — R be deterministic functions, p > 1. Then, for any bounded random variable
Fandny,...,n, >0andn :=ny +---+n,, we have
ni np
Zfl(xl) pr(xp)
x| €& xp€é
p
_Z Z / lE[ejl-.-eij]]_[]_[ﬁ'f(x])o(dx,) o (dxy).
k=1 mU-Ume={l,..n} ¥ X i=li=1

5 Random Sets in Stochastic Geometry

We consider possibly random sets A (&) such that
(e A€)CK)eF forall K € K(X),

and let N (A(§)) denote the cardinality of £ N A(&). The next proposition is a factorial
moment identity for N (A), see Proposition 2.1 in [3].

Proposition 3 Let A(§) be a random measurable subset of X. For all n > 1 and
sufficiently integrable random variable F, we have

E[F NA)w|=E U ef (Flan(xy, ..., x2))0®"(dxy, . .. ,dx,,)] ,
Xn

where N(A)y) = N(A)(N(A) — 1)(N(A) — n + 1) denotes the descending facto-
rial of N(A), n > 1.

Given K in the collection (X) of compact subsets of X, let
Frx:=0(EWU) : UCK, o(U) <00)

denote the sigma-algebra generated by £ — £(U), withU C K ando (U) < co. We
recall that a random compact set S is called a stopping set if

(e Q® : S()CK}e Fx forall K € K(X).

In other words, modifying the configuration & outside of S(£) does not affect S(§)
itself, see [24] and Definition 2.27 page 335 of [12].

In the sequel, we consider stopping sets S satisfying the following monotonicity
and stability conditions.



252 N. Privault
(i) The stopping set S is non-increasing in the sense that
SEU{xH CSE), £eQ xeX.
(i) The stopping set S is stable in the sense that
xeSE) = xeSEU{x), £eQ xeX.

Examples of stopping sets satisfying the above conditions can be given as follows:

— The minimal closed ball S = B,, centered at 0 and containing exactly m > 1 points,
see Fig. la.

— The complement S of the open convex hull S of a Poisson point process inside a
convex subset of finite o-measure in R?, see Fig. 1b.

— The Voronoi flower S, which is the union of closed balls centered at the vertices of
the Voronoi polygon, containing the point 0 and exactly two other process points,
see Fig. lc.

— The complement S of the union of open cones generated by a Boolean-Poisson
model on a set of finite o-measure in RY, see Fig. 2.

— Other examples of stopping sets include the Voronoi sausage or the Delaunay
lunes, see e.g. [6, 7].

From (5) and Proposition 3 we obtain the next factorial moment identity.

Proposition 4 Let S be the complement of a stable, non-increasing stopping set S.
Foralln > 1, we have

E[FN©S)w]|=E [/ el el Fo(dx)- .a(dxn):|,
Sn

for F a bounded random variable.

(a) Disc By, with m = 5. (b) Convex hull. (¢) Voronoi flower.

Fig. 1 Examples of stopping sets
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Given S a stopping set, we consider the stopped sigma-algebra generated by S defined
as
Fs:=o(BeF : BN{E € Q* : S(€) C K} e Fx, K € K(X)),

see Definition 1 in [24]. As a consequence of Proposition 4, we obtain the following
invariance result, see Propositions 4.1-4.2 and Corollary 5.2 in [18].

Corollary 1 Consider S(€) a stable and non-increasing stopping set and F(£€) a
non-negative Fs-measurable random variable with E [em(s)(l + z)S(S)F(E)] < 00
for some 7 > 0. We have the Girsanov identity

E[FE)]=E[e S0+ F@®)]. (4)

Relation (4) yields the following conditional Laplace transform for S(£€) a stable and
non-increasing stopping set:

L PO =n)

E —z0(S) S) = —
[e [ £(S) =n] T30 PES) =n)°

>0, neN,

where P, denotes the Poisson point process distribution with intensity zo (dx), which
is consistent with the gamma-type results of Theorem 2 of [13] and Theorem 2 of
[24], and this recovers the gamma distribution of ¢ (S) conditionally to £(S) = n,
when P, (£(S) = n) does not depend on z > 0.

Corollary 2 LetS be anon-increasing and stable stopping set. Then the complement
S of S satisfies

(@)

P(N(S) =n | Fs) = @(S)", n=0.

n!

Proof We note that the complement S of a stable and non-increasing stopping set S
fulfills the condition

8;(1§(x1) o Ig(xg)) = 15(x) - Ig(x), X, .., xp € X, n>1, (5)

and apply the factorial moment identity of proposition 4.

Corollary 2 shows in particular that, given the stopping set S, the count N(S) is a
Poisson random variable with intensity o (S), see Theorem 3.1 of [1], and [17], when
S is the closed complement of the Poisson convex hull S. From Corollary 2 we can
construct an alternative estimator

P(N(S) =n | Fs) = (6)

©@®) o
n!

of the distritiltion P(N(S) = n) of the number of Poisson vertices inside the
complement S of a stopping set S, in addition to the standard sampling estima-
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tor 1;y:)=y;> see [22] for numerical experiments where the performances of the
estimators 1,y)—,, and (6) are compared via their respective variances given by

P(N(S) = n)(1 —P(N(S) = n)), and E [(¢(S))*'e 2] /nl> — (P(N(S) = n))*.

6 Multiparameter Integrals in Random Graphs

In this section we consider joint moment identities for multiparameter processes
(Uzy,.2) 1,z

e Let [1[n x r] denote the set of partitions of
Apser :={1,...,n}x{l,...,r}:{(k,l) tk=1,...,n, l:l,...,r}.
e Given p = {py, ..., pm} apartition of A, x,, let¢? : Apy, — {1,...,m} let
¢?(k,1) = p if and only if (k, ) € p,,

denote the index of the block p, containing (k, [).

In the next proposition, see Theorem 3.1 in [2], we use the notation

G;M(ZI»“-’ZI(’E) = u(zla"'7Zk7$U{Zla"-7zk})v ﬁn - (Z17~"9Zn) GX”’
(7

for (u(z1, ..., 2k §))z,....zeex @ multiparameter process.

Proposition 5 We have

(o) - e ]
Z1 k=1

Lseees zr€€ pell[nxr]

where z4, = (Zeo1ys + - -5 2erkny) and = {(k, 1), ..., (k,r)L k=1,...,n

When n = 1, this yields the multivariate version of the Georgii, [14] identity

1E|: Z u(le~-7Zr7§)i|: Z lE[/Xr8;,,‘”(1{”(1,1),-~‘,z;ﬂ(l,m)dg"”‘(dz\m)].

., Zr€E pell[1xr]

We write 7 < o when a partition w € [1[n x r] is finer than another partition o €
II[n x r], i.e. when every block of 7 is contained in a block of o. We also write
PAT = 0 when w= 0:= {{1, 1}, ..., {n, r}} is the only partition u € Il[n x r]
suchthat y <mwand u < p,ie. |my N <lfork=1,...,n,1=1,...,|p|. The
moment identity in the next proposition is written as a sum over partitions p € I1[n x
r] such that the partition diagram I' (, p) is non-flat, see Chap.4 of [15], where
= (my,...,m,) € [[n xrlisgivenby my := {(k, 1),..., k,r)}L,k=1,...,n.



Invariance of Poisson Point Processes by Moment Identities ... 255

r

Fig. 2 Cones generated by a Boolean-Poisson model

3 ® N
Ty [\ ®
T ® N

Fig. 3 Example of a non-flat partition of I1[3 x 2]

Proposition 6 Assume thatu(zi, ...,z,,§) =0wheneverz; =z;, 1 <i #j<r,
£ € QX We have

IE|:( Z u(zl,...,Zr,E)) :|= Z 1E|:/;§pEgkpl](l_[lu(zﬁk)o®lpl(d3|p|)i|,
21 =

pell[nxr]
pAT=0

where the sum is over non-flat partition diagrams U(r, p), with 2§, ‘= (z¢o k.15 - -
Zerery) and = {(k, 1), ..., (k, )L k=1,...,n.

.

Figure3 shows an example of a non-flat partition of Il[n x r] with n =3 and
r = 2, which is tagged using the four symbols A, O, O, O, with 3 = {(3, 1), (3, 2)},
m={2,1,2Z 2} m={1,1,1,2)}, and A={(1,2),(2,1),3,2)}, O=
{(1, D), 3, D}, o ={2,2)}.

Figure4 illustrates the non-flat partition technique in the case n = 3 and r = 2,
by displaying 6 out of the 87 multigraphs occurring in the computation of the case
of the third moment of the 3-hop count based on possible combinations of common
nodes in the product (8), together with each corresponding non-flat partition of [3 x
21 ={1,1),(,2),2,1),(2,2), (3, 1), (3,2)}, and every path in the multigraph is
followed from the blue node x to the red node y.
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Multigraph Partition Multigraph Partition Multigraph Partition
- >< o > < > o
- -
o < (=] < (=] @
- -
AN [} AN = AN =
> [ [} YAN o AN
- <~ [« [ [ AN (o)
N < [ < < N

nodes

U

Fig. 5 Random-connection graph

7 Random-Connection Model

In the random-connection model, two vertices x 7# y of the Poisson point process &
of nodes on X R are independently connected with the probability H (x, y) given
& in the probability space QX where H : X x X —> [0, 1]is a connection function,
see Fig.5. In particular the 1-hop count 1(,.,,}, where x <> y means that x € X is
connected to y € X, is a Bernoulli random variable with parameter H (x, y) and we
have the relation

E E;:l—[]]'{z,'ezwl}(g)‘g = l—IH(Zia ZH—I)

i=0 i=0

for any subset {zo, ..., z,41} of distinct elements of X, where e; is the addition
operator of point process nodes at the locations 3, = {z1, ..., 2.}, see (7).

Given x, y € X two vertices in X, the count N; > of (r + 1)-hop paths from x
to y as particular cases, i.e. the number of (r 4 1)-hop sequences z;, ...,z € §
of vertices connecting x to y in the random graph is the multiparameter stochastic

integral
N = D0 uz)

r+1 —

over the vertices of the point process &, of the multiparameter r-process
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Fig. 6 The seven possible ways to join two nodes via two 3-hop paths and their common nodes

r

u@i, - 2, 8) = g 1icjzn L,z e 1_[ Lz oz.01(8)
i=0

which vanishes on the diagonals in X", with zy := x and z,4, := y. Computing the
moments of N, requires to raise N, to a given power, creating product terms of the
form

n
! 0.
[TuG?.....2%6 ®)
=1
where (zgl), ..., z?) denotes the sequence of points appearing in the I-th product

term. For example, computing the second moment of a 3-hop count requires to
identify and count the 7 possible multigraphs that can connect x to y via two 3-hop
paths with possible common nodes as in Fig. 6, see also Fig. 2 in [10], in which
every path in each multigraph is followed from the blue node x to the red node y.
The difficulty in dealing with common nodes is that they break the independence
property in the product (8), and as such they have to be dealt with separately.

The next proposition, which is a direct consequence of Proposition 5, provides
a general expression for the moments of the count ijryl of (r + 1)-hop paths, see
[20].

Proposition 7 The moment of order n of the (r + 1)-hop count between x, y € X is

given by
n r
, ,
E[(ND)']= ) E [[ [TITH#"" e Z;ﬂ(l,i+1>)0®'p'(d3|p)} ;
pell[nxr] Py im0
pAT=0

where zo = x, 2,41 =¥, ¢, 0 =0, ¢°(,r + 1) =r + 1, and

nf,- =#{(p, D et ony x (0, ) 2 {EPA D, P Wi+ DY = (P (p, D, ¢P(ps J + DY)
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In particular, the first order moment of the (» + 1)-hop count between x € X and
y € Y is given as

H" ™ (z0,2,41) = E Z u@@i, .2, 8)

= /d"'fdHH(ZhZi-H)U(dZ])"'O'(er)7 20, Zr11 € RY.
R R%i=0

The 2-hop count between x € X and y € Y is given by the first order integral

Zu(zvé) = Z]l{xez}]l{zey](é) Z]l z<—>\

ze€ ze€ z€€

and its moment of order n is

n
ol

E || u8 > / H(H(x W H (@, y)o®(dzy, ..., dzy)

[413 pelllnxl]
k
ZS(n, k) ( f H(x,2)H(z, y)a(dz))
= RY

=380 k) (H (., )",

k=1

which shows that the 2-hop count between x € X and y € Y is a Poisson random
variable with mean H® (x, y).

Variance of 3 -hop counts
When n = 2 and r = 3 Proposition 7 allows us to compute the variance of the 3-hop
count between x € X and y € Y, as follows:

Var [N37] = HO (x, y) +2 / H(x,z)H? (21, y)H? (21, y)o (dz)) 9)
X
+2/ H(x,z)H? (x, 20)H? (z1, y) H (21, y)o (dz1)
X
+ /xz H(x,z)H(z1,22)H (22, V) H (x, 22) H (21, y)o ®*(dz1, dz2),

In the case of a Poisson point process with flat intensity o (dx) = Adx on X, » > 0
with a Rayleigh fading function H (x, y) of the form

H,B(x7 y) = e—ﬂllx—yIP’ X,y € Rd, ’3 - O,
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we have

d/2
) _ _ 7 —llx=y1?/2
Hg"(x, y) —)»/Rd H,g(x,z)H,g(z,y)dz—k(ﬁ) e ywis,

and (9) recovers the variance

23 \42 . 22 \42 i
Var [N3?] = 23 <8_ﬂ3) eBlx—yIP/2 4 2 (W) e Bla—yI/3

57 " —3Bllx—yI2/4 4 42 w? d/z—u—vu?
+2)\. 12/33 eﬂ"~‘/+k 8—[32 eﬁx)

of 3-hop counts between x € Xand y € Y, see Theorem IL.2 of [10]. The knowledge
of moments can provide accurate numerical estimates of the probability P(N; " > 0)
of at least one k-hop path by expressing it as a series of factorial moments, see [10].

8 Moments of Poisson Shot Noise Processes

We consider a Poisson point process &(dx) with intensity measure o (dt, d9) on
X =R x S, where § = [0, N], and the N shot noise processes given by

Ot &)= Y alt—s.0). k=1_..N,

(57.6)) €€

where the shot noise kernels g (u, 8) are such that g;(u, 8) = 0 for all u < 0 and
6 € S. In this framework, the moment generating function of Q (¢, £) is given from
(1) as

E [exp (Qx(1, §))] = exp (/ =" _ 1o (du, d9)> .
(

—00,t]x S

Consider the Poisson shot noise stochastic differential equation

ay N
(L 6) = —¥y (1. 6) + Y (wn — V(1. £) Qu(t. 6), (10)

k=1

where T > 0 and wy, ..., w, € R, whose solution is the filtered shot noise process
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(a) Shot noise process with intensity A1(¢).  (b) Shot noise process with intensity Aa(t).

Fig. 7 Shot noise processes Q1(¢, ) and Q, (¢, &)

N
1 t .
Yn(.§) ==Y uy / Oi(z, £)e™ - 0Dy (11)
T k=1 e
1! .
= —/ e jz Qo(s.8)ds Z f(w)(Z — Sj, Qj)dz, t e R,
T /oo (s;.0))€€
where
1 1 11
Qo &) ==+ =Y Q&) ==+= Y  flu—s;,0),
LA UT s apet
with

N N
F@0) =) a0 and fPr0) = wg:0). 1R 0eS,
k=1 k=1

seee.g. Sect. 2.1 of [4] and [5]. The following numerical examples use the parameters
of the double source model of [4] for the modeling of neuron membrane potentials,
where N = 2, A,(t) = 500Hz and A, (¢) is a periodic function of time, ¢ € [0, 100]
(Fig. 7).

Figure 8 presents the graphs of the intensities A (¢), A, () and a numerical simu-
lation of V5 (¢, &) in the double source model.

9 Computation of Joint Moments

The next proposition gives a general formula for the computation of the joint moments
of Yn(t1, &), ..., Yn(t,, &) in the multiple source model as a direct consequence of

(11).
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(a) Intensities A1 (t) and Aa(t). (b) Mean and standard deviation of V5(t, &).

Fig. 8 Sample of V»(z, &) with mean, standard deviation and intensities A (¢), A2(7)

Proposition 8 We have the joint moment identity

1 1 In
JE[YN(I1,§)-~'YN(tn,§)]=7/ / My N1, Zni s - t)d2y - da,
7 J—c0 —00

where

—ru d
e i Qotwb)du Z F@ (z - uj,0;)
1 (u),0,)ek

mn,N(Zl,n-,Zn;tl,~~~,ln) =
k

n

The functions m, y(zi, ..., Zn; t1, - - ., t,) can be evaluated from Proposition 2 as a
sum over the set I[1[n] of partitions = = {my, ..., m} of {1, ..., n} with cardinality
k=|r|=1,...,n,as

My N(Z1sees Zns s s tn)

17|

no n 1ty o |
—E [67 haya jr]’ Qo(u.é)dui| Z 1—[/( ‘Hef?/”, fu—y,ndu 1—[ f<w)(Zi —y, Moy, dn),

rell[n] j=1 (7002 1x8 1] ien;

(215 v 05 20) € (=00, 11] X -+ X (=00, 1,], With Z;, = min;c, z;, Where, by (1), we
have

E [e— i ) Qo(u,zs)du]

Figures9, 10 and 11 present the evolutions of the mean «, variance k;, third and
fourth cumulants k3, k4, and skewness and excess kurtosis

kK _ El(V2 - E[V,])’] and 4 _ ElV2 - E[V,])*]
(k2)¥2  (E[(V2 — E[V2D)?])*/? (k2)*  (E[(V2 — E[V2])?])?
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of the potential V,(¢, £), computed from Proposition 8 as functions of the arrival
intensity parameter A at t = 0.2.
10 Gram-Charlier Expansions

The Gram-Charlier expansion of the continuous probability density function ¢y (x)
of a random variable X, see Sect. 17.6 of [8], is given by

1 X — K| " X — K X — K|
= — — > cuH, — ], 13
¢x(x) _K2<p< & ) + = c ( & )w( = ) (13)

n=3

where ¢ (x) is the standard normal density function, H,, (x) denotes the Hermite poly-
nomial of degree n, and the sequence (c,),>3 is given from the cumulants («,),>1
of X. In particular, the coefficients c3 and c4 can be expressed from the skewness
/c3//<23/2 and the excess kurtosis k4 /k3 as ¢3 = /c3/(3!/<§/2) and ¢y = k4/(4!k3), which
are computed from (12). Figures 12 and 13 present the Gram-Charlier density expan-
sions (13) at different times for the estimation of the probability density function of

-0.05996 : : 1.2x10°° ; ;
First moment —— Second cumulant ——
-0.06
8x10°10 ]
-0.06004 /
~_
\\ 4)(10'10
-0.06008
-0.06012 0
0 100 200 300 400 500 600 0 100 200 300 400 500 600
A A
(a) First moment of Va(¢,§). (b) Second cumulant of Va(t,§).

Fig. 9 First and second cumulants of V,(¢, &) att = 0.2
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(a) Third cumulant of Va(t,§). (b) Skewness of Va(t, &).

Fig. 10 Third cumulant and skewness of V5 (¢, §) att = 0.2
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4x10720 6

Fourth cumulant ——

Excess kurtosis

2x10720

1 1
onl 'IC

-4x1020
0 100 200 300 400 500 600 0 100 200 300 400 500 600
A A
(a) Fourth cumulant of Va(t,£). (b) Excess kurtosis of Va(t, §).

Fig. 11 Fourth cumulant and excess kurtosis of V, (¢, &) att = 0.2
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Fig. 12 Gram-Charlier density expansions vs simulated densities
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Fig. 13 Gram-Charlier density expansions vs simulated densities

the membrane potential V;(¢, £) in the double source model (10) of Fig. 8§, see [21]
for details.

In comparison with the Gaussian diffusion approximation with matching mean
and variance, the fourth-order Gram-Charlier approximations provide a better fit of
the actual probability densities obtained by Monte Carlo simulation of (11) (purple
areas), which show time-varying skewness.
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