Studies of Robustness in Stochastic Analysis and
Mathematical Finance

DISSERTATION
zur Erlangung des akademischen Grades

Dr. rer. nat.
im Fach Mathematik

eingereicht an der
Mathematisch-Naturwissenschaftlichen Fakultat Il
Humboldt-Universitat zu Berlin

von
Herrn Dipl.-Math. Nicolas Simon Perkowski

Prasident der Humboldt-Universitat zu Berlin:
Prof. Dr. Jan-Hendrik Olbertz

Dekan der Mathematisch-Naturwissenschaftlichen Fakultat [I:
Prof. Dr. ElImar Kulke

Gutachter:

1. Prof. Dr. Peter Imkeller
2. Prof. Dr. Peter Friz

3. Prof. Dr. Terry Lyons

4. Prof. Dr. Josef Teichmann

eingereicht am: 05.09.2013
Tag der miindlichen Priifung: 13.12.2013






Abstract

This thesis deals with various problems from stochastic analysis and from mathe-
matical finance that can best be summarized under the common theme of robustness.

We begin by studying financial market models that allow for arbitrage opportu-
nities. This is motivated by the insight that even in the simplest models, arbitrage
opportunities can be introduced by slightly changing the information structure. We
identify the weaker notion of absence of arbitrage opportunities of the first kind
(NA1) as the minimal property which every sensible asset price model should satisfy,
and we prove that (NA1) is equivalent to the existence of a dominating probability
measure that makes the asset price process a local martingale. We also show that
(NA1) is relatively robust with respect to changes in the information structure. As
examples of processes which satisfy (NA1) but do not admit equivalent local mar-
tingale measures, we study continuous local martingales that are conditioned not to
hit zero.

We continue by working with a more robust, model free formulation of the (NA1)
property, which permits to describe qualitative properties of “typical asset price
trajectories”. In this context we construct a pathwise It6 integral, which converges
for typical price paths. The obtained results indicate that typical price paths can be
used as integrators in the theory of rough paths.

This motivates us to study the rough path integral more carefully. We use a
certain Fourier series expansion of continuous functions to develop an alternative
approach to the theory of rough paths. Based on this expansion, the integral can
be decomposed into different components with different behavior. Then it is easy
to see that integrators which are only as regular as a typical sample path of the
Brownian motion must be equipped with their Lévy area in order to obtain a pathwise
continuous integral operator. The new approach is relatively elementary and it leads
to explicit, robust, and recursive numerical algorithms with which one can calculate
both It6 and Stratonovich integrals.

Based on these insights, we abstract from integration and note that the different
stochastic integrals can be understood as different means of defining products of tem-
pered distributions. If we are only considering functions of a one-dimensional index
variable, then the problem of integrating two irregular functions against each other
is essentially equivalent to the problem of multiplying two tempered distributions
with each other. In higher index dimensions however, the problem of multiplication
is more general. We now use the Littlewood-Paley decomposition of tempered dis-
tributions, to extend our previously developed approach to rough path integrals to
functions of a multidimensional index variable. We construct an operator that agrees
with the usual product if it is applied to smooth functions, and that is continuous
in a suitable topology. Therefore, we can define the product of suitable tempered
distributions in a robust way. Using this operator, we can solve stochastic partial
differential equations that were previously difficult to access due to nonlinearities.
Since our product operator is continuous, the solutions to these equations depend
continuously on the driving stochastic signal, provided that it is approximated in a
suitable topology.
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Zusammenfassung

Diese Dissertation behandelt verschiedene Fragestellungen aus der stochastischen
Analysis und der Finanzmathematik, die sich am besten unter dem gemeinsamen
Begriff der Robustheit zusammenfassen lassen.

Zunichst betrachten wir finanzmathematische Modelle, die Arbitragemoglichkei-
ten zulassen. Dies ist durch die Einsicht motiviert, dass selbst in den einfachsten
Modellen Anderungen in der Informationsstruktur iiblicherweise Arbitragemoglich-
keiten herbeifithren. Wir identifizieren den schwécheren Begriff der Abwesenheit von
Arbitragemoglichkeiten der ersten Art (NA1) als die minimale Eigenschaft, die in
jedem realistischen finanzmathematischen Modell gelten sollte und wir beweisen,
dass (NA1) dquivalent ist zur Existenz eines dominierenden Wahrscheinlichkeitsma-
Bes, unter dem der Preisprozess ein lokales Martingal ist. Wir zeigen ebenfalls, dass
(NA1) relativ robust ist unter Verdnderungen in der Informationsstruktur. Als Bei-
spiel fiir Prozesse, die (NA1) erfiillen aber kein dquivalentes Martingalmaf} besitzen,
studieren wir stetige lokale Martingale, die darauf bedingt werden, niemals Null zu
treffen.

Anschlieend wird eine robustere, modellfreie Formulierung der (NA1) Eigenschaft
verwendet, die es erlaubt, qualitative Eigenschaften von “typischen Preistrajektorien”
zu beschreiben. In diesem Kontext konstruieren wir fiir typische Preispfade ein pfad-
weises [to-Integral. Die hier bewiesenen Resultate deuten darauf hin, dass typische
Preispfade als Integratoren in der rough-path-Theorie verwendet werden kénnen.

Dies motiviert ein tiefergehendes Studium des rough-path-Integrals. Zunéchst ver-
wenden wir eine bestimmte Fourierdarstellung stetiger Funktionen, um einen alter-
nativen Zugang zur rough-path-Theorie zu entwickeln. Mit Hilfe dieser Darstellung
lasst sich das Integral in verschiedene Komponenten mit unterschiedlichen Eigen-
schaften zerlegen. So sieht man leicht, dass Integratoren mit der Regularitét einer
typischen Realisierung der Brownschen Bewegung mit ihrer Lévy-Fliche versehen
werden miissen, um ein pfadweise stetiges Integral zu erhalten. Der neue Ansatz ist
relativ elementar und fiithrt zu expliziten, robusten und rekursiven numerischen Al-
gorithmen, mithilfe derer sich sowohl It6- als auch Stratonovich-Integrale pfadweise
berechnen lassen.

Darauf aufbauend abstrahieren wir vom Integral und fassen das Problem der sto-
chastischen Integration als einen Spezialfall des Problems der Multiplikation von
temperierten Distributionen auf. Mittels Integration und Differentiation lédsst sich
zeigen, dass die beiden Probleme im Wesentlichen dquivalent sind, solange wir nur
Funktionen einer eindimensionalen Indexvariablen betrachten. In hoheren Dimensio-
nen ist das Problem der Multiplikation jedoch weitaus allgemeiner. Wir verwenden
nun die Littlewood-Paley Darstellung von temperierten Distributionen, um unseren
zuvor entwickelten Zugang zur rough-path-Theorie auf Funktionen mehrdimensiona-
ler Variablen zu erweitern. Wir konstruieren einen Operator, der fiir glatte Funk-
tionen mit dem iiblichen Produkt iibereinstimmt, und in einer geeigneten Topologie
stetig ist. Somit kénnen wir auf robuste Art und Weise das Produkt von geeigne-
ten temperierten Distributionen definieren. Nun lassen sich stochastische partielle
Differentialgleichungen l6sen, die bisher aufgrund von Nichtlinearitdten nicht gut
zugénglich waren. Aufgrund der Stetigkeit unseres Produktoperators hingen die Lo-
sungen dieser Gleichungen stetig vom stochastischen Rauschen ab, solange dieses in
einer geeigneten Topologie approximiert wird.



Acknowledgement

First and foremost, I would like to express my deep gratitude to Peter Imkeller. The
discussions with him immensely broadened my horizon, and his enthusiasm and support
made it a pleasure to work under his supervision. His remarks proved to be very fruitful
(most notably in Chapter 4, which grew from a single question that he asked during
a seminar talk). He gave me the freedom to pursue any research interest I had, and
wherever those interests took me, he was always there to guide and encourage me (and in
a few cases also to let me know in the gentlest possible way that this line of investigation
was probably leading nowhere).

I would like to thank Peter Friz, Terry Lyons, and Josef Teichmann for agreeing to be
co-examiners for this thesis.

Special thanks are due to Sri Namachchivaya. He trusted me as a young Ph.D. student,
invited me to visit him at UIUC, and introduced me to the fascinating fields of nonlinear
filtering and stochastic homogenization. While our joint work is not included in this
thesis, it was an experience of great importance to me, from which I profited very much.
The things I learned from our collaboration were helpful throughout the years of my
thesis work.

I am also deeply grateful to Massimiliano Gubinelli for his patience and his trust in
me, and for everything he has taught me. During a short research visit and in hundreds of
emails, he has fundamentally reshaped my understanding of rough paths and stochastic
partial differential equations. I am honored and looking forward to be able to continue
working with him as a postdoctoral researcher.

I would like to thank Walter Schachermayer for inviting me to stay at the University of
Vienna for three months and for the pleasant atmosphere and great team he has formed.
During that time I gained insights into the forefront of financial mathematics, for which
I am very thankful.

I would like to thank Johannes Ruf for collaborating with me. His energy and persis-
tence are an inspiration and have often led me to push further, giving me a more profound
understanding of the studied objects than I would have had otherwise.

Asgar Jamneshan introduced me to filtration enlargements, which were one of the main
motivations for Chapter 1, and I would like to thank him for this.

I am thankful to Martin Hairer for suggesting to study the nonlinear parabolic Ander-
son model as an application of the product operator developed in Chapter 5.

Mathias Beiglbock pointed me to the pathwise approach of Vovk to mathematical
finance and to possible connections to rough paths; this led to Chapter 3, and I would
like to thank him for his suggestion.

I am grateful to my friends and colleagues in Berlin, Urbana-Champaign, and Vienna,

vi



for countless discussions and for making the work towards this thesis a joyful experience.
Especially I would like to thank David Promel for proofreading parts of the thesis.
Most importantly, I am greatly indebted to my family and to Cami. Had it not been
for their unconditional love and support, I would not have been able to write this thesis.
Financial and infrastructure support from the Berlin Mathematical School is gratefully
acknowledged.

vii






To Cami

ix



Contents

Basic notation 1
Introduction 4
1. Dominating local martingale measures and arbitrage under information asym-

metry 16
1.1. Setting and main results . . . . . . .. .. L Lo oL 16
1.2. Motivation . . . . . .. .o 22
1.3. Existence of supermartingale densities . . . . . . ... ... ... ... .. 27
1.4. Construction of dominating local martingale measures . . . . . .. .. .. 35
1.4.1. The Kunita-Yoeurp problem and Follmer’s measure . . . ... .. 35
1.4.2. The predictablecase . . . . . . . . . . ... ... L. 40
1.4.3. The general case . . . . .. . .. .. ... .. 46
1.5. Relation to filtration enlargements . . . . . . .. ... ... ... ... 50
1.5.1. Jacod’s criterion and universal supermartingale densities . . . . . . 50
1.5.2. Universal supermartingale densities and the generalized Jacod cri-
terion . . . ... L 54
Conditioned martingales 57
2.1. Imtroduction . . . . . . . . . .. a7
2.2. General case: continuous local martingales . . . . . . .. .. ... ... .. 59
2.2.1. Upward conditioning . . . . . . . .. . ... oL 60
2.2.2. Downward conditioning . . . . . . ... ... Lo 62
2.3. Diffusions . . . . . .. 64
2.3.1. Definition and h-transform for diffusions . . . . . . . .. ... ... 64
2.3.2. Conditioned diffusions . . . . . .. ... ... L. 66
2.3.3. Explicit generators . . . . . . .. ... oo 67
Pathwise integration in model free finance 69
3.1. Motivation . . . . . . ... 69
3.2. Superhedging and typical price paths . . . . . . .. ... ... ... ..., 73
3.2.1. Relation to Vovk’s outer content . . . . . ... ... ... ... .. 76
3.3. A pathwise It6 integral for typical price paths . . . . . . .. .. ... ... 78
A Fourier approach to pathwise stochastic integration 83
4.1. Introduction . . . . . . . . . .. 83



4.2. Preliminaries . . . . . . . .. . L Lo
4.2.1. Ciesielski’s isomorphism . . . . ... ... ... .......
4.2.2. Young integration and rough paths . . . . . . ... ... ..

4.3. Paradifferential calculus and Young integration . . . . .. .. ...
4.3.1. Paradifferential calculus with Schauder functions . . . . . .
4.3.2. Young’s integral and its different components . . . . . . . .

4.4. Controlled paths and pathwise integration beyond Young . . . . .
4.4.1. Controlled paths . . . . . .. .. .. ... ... ..
4.4.2. A basic commutator estimate . . . . ... ... ... ...
4.4.3. Pathwise integration for rough paths . . . . . . .. ... ..

4.5. Pathwise It6 integration . . . . . . . .. .. ... .. L.

4.6. Construction of the Lévy area . . . . . . .. .. .. ... ... ...
4.6.1. Hypercontractive processes . . . . . . . .. .. ... ....
4.6.2. Continuous martingales . . . . ... ... ... .......

5. Paracontrolled distributions and applications to SPDEs

5.1. Introduction . . . . . . . . . . . . ...
5.2. Preliminaries . . . . . . . . . . . e e
5.3. Paracontrolled calculus . . . . . . . . ... ... ... ... ... ..
5.3.1. A basic commutator estimate . . . . . ... ... ... ...
5.3.2. Product of controlled distributions . . . . ... ... .. ..
5.3.3. Stability under nonlinear maps . . . . . .. .. ... .. ..
5.3.4. Heat flow, paraproducts, and Fourier multipliers . . . . . .
5.4. Rough Burgers type equation . . . . ... ... ... .. ......
5.4.1. Construction of the Besovarea . . . ... ... ... ....
5.4.2. Picard iteration . . . . . . . .. ... ..o
5.5. Non-linear parabolic Anderson model . . . . . . ... ... ... ..

5.5.1. Regularity of the Besov area and renormalized products

5.5.2. Picard iteration . . . . . . . ...

Appendix
A. Incomplete filtrations . . . . . . . ... ... ...
B. Convex compactness and Tychonoff’s theorem . . . . . . . .. ...
C. Conditioning on null sets . . . . . .. .. ... oo
D. Pathwise Hoeffding inequality . . . . . . ... ... ... ... ...
E. Regularity for Schauder expansions with affine coefficients . . . . .
F. Different partitions of unity . . . . . . . ... ... ... ...
G. Paralinearization theorem . . . . . .. ... ... ... .......

Bibliography

List of Symbols

Contents

xi






Basic notation

Numbers
e R = (—00,00) = the set of real numbers; Ry = [0, c0)

e QQ = the set of rational numbers; Q+ = QN R,

N ={0,1,...} = the set of nonnegative integers; N* = N\ {0}

Z={0,—1,1,-2,2,...} = the set of integers

1 = +/—1 = the imaginary unit

a A'b=min{a,b}; a Vb= max{a,b} for a,b € R

o la| =max{k€Z:k<a};[a] =min{k€Z:a<k}foraeR

0;; =11if ¢ = j and 9;; = 0 if 7 # j denotes the Kronecker delta

Basic spaces

e L(X,Y) = the space of bounded linear operators between the Banach spaces X and
Y

e C(X,Y) = the space of continuous functions between the topological spaces X and
Y

e C™(R% R") = C™ the space of m times continuously differentiable functions from
R? to R™, where m,d,n € N*

° Cg”(Rd,R”) = the space of m times continuously differentiable functions from R?
to R™ with bounded partial derivatives up to order m, where m,d,n € N*

Multiindex notation

e |n| =n1 +--- +ng = the length of the multiindex 1 € N¢, where d € N*
o gl =gMm..... x4 for x € R? and n € N¢, where d € N*

o nl =mn!...n4 for n € N? where d € N*
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Derivatives

e DF(x) = the total differential of F' in x

F'(x) = DF(x)

D™F(x) = the m—th order derivative of F' in x, where m € N

D, F(t,x) = the spatial derivative of F' in (¢, x)

O F(t,z) = %F(t, x) = the partial derivative of F' in direction ¢

O, F(x) = %F(m) the partial derivative of F' in direction zy,

e J"F(x) = g F(z) = a higher order partial derivative of F', where n € N¢

ogt..05d
Norms and related objects
o 1y = Zgzl Ty = the inner product of x and y
e |z| = \/xzx the Euclidean norm of a vector or matrix x
o [[Flley = > end:jnj<mll0"F |l L

e |{...}| = the number of elements in the set {...}

Measures

e < and > absolute continuity between measures
e ~ equivalence between measures

Limits
o lim, ;= 1iIns~>t,s<t

o limg 1 = liHls—>t,s>t

Conventions

e a < b means that there exists a constant ¢ > 0, such that a < ¢b; a 2 b means
b<a;a~bmeans a < band b < a— except for index variables of dyadic blocks in
Chapter 5

e a(x) <; b(x) means that there exists a constant ¢(z) > 0, such that a(x) < c(z)b(z);
a(x) Zz b(x) means b(x) <, a(z); a(x) ~, b(x) means a(x) S; b(z) and b(z) <,

a(z)
e 0/0 =0; 00 -0 =0 — except in Chapter 2
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e (in-) equalities between random variables are to be understood in the almost sure
sense — except in Chapter 3



Introduction

This thesis deals with questions from mathematical finance and from stochastic analysis
that can best be summarized under the common theme of robustness. Mathematical
models are usually an idealization of the world. Therefore, it is important to understand
how robust they are with respect to changes in the underlying assumptions. On the other
side, even if we have reason to believe that a model gives an accurate description of a
certain phenomenon, in general this model will be infinite dimensional — at least in the
applications that we have in mind. Since a computer can only store and process a finite
amount of data, we might then ask how accurate a given finite dimensional approximation
of the infinite dimensional model is.

One of the basic problems in mathematical finance is the derivation of “fair” prices
for certain financial derivatives. For example, if (St);c(o,7) describes the evolution of the
discounted price of a financial asset, then one might ask for fair prices for European call
options. A Furopean call option with strike K > 0 and maturity 7" > 0 is a contract
that allows, but not obliges, its owner to buy one asset St at time T for the price K.
Thus, under the paradigm of rational action, at time 71" the payoff for the owner of the
contract is equal to (Sp — K)*, where 2 = max{z, 0} for all z € R.

First results in this direction have been obtained by Bachelier [Bac00], and by Black and
Scholes [BS73] and Merton [Mer73]. Their derivations are based on hedging arguments:
They assume that the asset price evolution is given by a Brownian motion (respectively a
geometric Brownian motion), and (implicitly) use the predictable representation property
to show that there exists a unique p € R and a unique predictable, square-integrable
strategy H, such that

T
(Sp— K)t = p +/ H,dS,.
0

In other words, an investor with initial capital p can obtain the payoff (Sp — K)™ by
investing in S — at least in a frictionless market. Therefore, the “fair” price of the call
option is equal to p. If @ denotes the unique probability measure on Fr that is equivalent
to P and makes S a martingale, then p = Eq((Sp — K)™).

A model that assigns to every financial derivative a unique price is called complete.
However, most practically relevant models are incomplete, i.e. in those models the price
process does not have the predictable representation property. Incomplete models are
more realistic, because we do not expect that every financial derivative can be replicated
by investing in the asset. In such a model there might not exist an integrand H such
that (S — K)™ = p+ fOT H.dS; for some p > 0. But usually there will exist p > 0,
such that there is a strategy H for which (S — K)* <p+ f(;f H,dS;. Such a p is called
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a superhedging price for (ST — K)T, and it is clear that the price of the option should
be at most p. A probability measure () that is equivalent to P and that makes S a
local martingale is called an equivalent local martingale measure for S. If the set Q of
equivalent local martingale measures is non-empty, then one can show that

T
inf {p >0:3H s.t. p+/ H,dSs > (St —K)+} = sup Eq((St — K)*t).
0 Qe

But then the question arises why such equivalent local martingale measures should exist
in the first place. This can be economically motivated by the Fundamental Theorem of
Asset Pricing by Delbaen and Schachermayer [DS94], see also [DS06], who show that if
S is locally bounded, then Q is non-empty if and only if S satisfies the property no free
lunch with vanishing risk (NFLVR). The (NFLVR) property roughly states that it is not
possible to make a risk free profit by investing in S, and that an investor who is only
willing to take a small risk can only make a (relatively) small profit.

The Fundamental Theorem of Asset Pricing is one of the cornerstones of modern
financial mathematics, and based on this result, most models assume that the asset
price process admits an equivalent local martingale measure. While this is a reasonable
assumption in most situations, in certain cases it is too restrictive. For example, if S
admits an equivalent local martingale measure, and if X is a Fpr—measurable random
variable, and G, = F; V o(X), t € [0,T], is the filtration generated by F; and X, then
usually there will no longer exist an equivalent ) ~ P, such that S is a —local martingale
in the filtration (G;). If we interpret G; as the information available at time ¢ to an
“informed” investor, then this shows that the (NFLVR) property is not very robust with
respect to changes in the information structure. On the other side Ankirchner [Ank05]
observed that the maximal expected logarithmic utility for an informed investor may well
be finite, i.e. that under suitable conditions

sup{E(log(1 + (H - S)r)) : H is a (G;) — adapted strategy} < oo.

This indicates that, despite S not admitting an equivalent local martingale measure in
the filtration (G;), the model is not completely degenerate, meaning that even for an
informed investor it is not possible to generate “infinite wealth” by investing in S.

Therefore, the first part of this thesis is concerned with finding a minimal property
that has to be satisfied by a financial market model, such that

1. there exists an unbounded utility function U for which the maximal expected U—
utility is finite, and

2. the property is (relatively) robust with respect to changes in the information struc-
ture (filtration enlargements).

In that case we would like to characterize all financial market models satisfying this
property, by providing a result that is similar in spirit to the Fundamental Theorem
of Asset Pricing. This is the content of Chapter 1, and it turns out that this minimal
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property is the (NA1) property. Intuitively, a stochastic process S admits no arbitrage
opportunities of the first kind (NA1), if it is not possible to make a large profit by investing
in S while at the same time only taking a very small risk.

The basic example of a stochastic process satisfying only (NA1) but not (NFLVR) is
given by the three dimensional Bessel process. It is well known that this process can be
obtained by conditioning a Brownian motion not to hit zero. In Chapter 2 we study the
dynamics of a general local martingale which is conditioned not to hit zero, and we see
that this always leads to a process satisfying (NA1).

While we show in Chapter 1 that (NA1) is the minimal condition which a reasonable
financial market model has to satisfy, and that (NA1) is rather robust, our results are still
in the context of one fixed model. But in applications there is usually some model uncer-
tainty. For example, consider the Black-Scholes model, where the asset price evolution
is given by

dSt == St(bdt + O'th)

for a Brownian motion W. It is possible to estimate the volatility ¢ given data samples
from the price process. But unless the full (continuous time) sample path of S is observed,
it is not possible to determine o with absolute certainty. Therefore, in Chapter 3 we work
with a model free formulation of the (NA1) property, as introduced by Vovk [Vov12],
that allows to determine which properties are satisfied by “typical price paths”. Here
“model free” refers to the fact that we do not assume that the price process is given
as a stochastic process with known distribution, but that it is an arbitrary continuous
path. In this context, p is a superhedging price for the option (S — K)* if there exists a
strategy H such that p+ fOT HydSs > (St — K)* for every continuous path S, or at least
for a sufficiently rich set of paths. In the classical setting the inequality has to hold only
almost surely, which is obviously easier to satisfy. Therefore, the results obtained in this
model free context should be more robust. But while in the classical setting we could
use Itd stochastic integrals, here it is not very clear what the integral fOT H,dS, should
mean. This is the main problem treated in Chapter 3, where we construct a pathwise
1t6 type integral that converges for typical price paths, and where we show that typical
price paths can be used as integrators in Lyons’ theory of rough paths [Lyo98].

The theory of rough paths is the focus of Chapter 4, where we develop an alternative,
Fourier series based approach to rough path integration. If W is a d—dimensional Brow-
nian motion on (2, F, (Ft)efo,r], P), then Itd’s stochastic integral is a bounded linear
operator from L%(Q x [0, T], P® \) to the space of square integrable martingales. Here A
denotes Lebesgue measure. But it is not continuous in a pathwise sense: For example, if
F is a smooth function from R? to RY, if W (w) is a Brownian sample path, and W"(w)
is a sequence of smooth paths converging uniformly to W (w), then it is in general not
true that fOT FW(w))dW!(w) converges to (fOT F(W5)dWs)(w). And also the solution
S(w) of a stochastic differential equation dS; = F(S;)dW; with Sy = s will in general
not be the limit of the solutions S™(w) to the equations dSj'(w) = F(S*(w))dW*(w)
and S§ = s. Of course, we would not really expect to obtain an It integral or an Ito6
SDE in the limit, because the approximating paths W™ (w) satisfy the classical integra-
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tion by parts rule and not It6’s formula. But in general we will not even obtain the
corresponding Stratonovich integral / SDE solution in the limit. The reason is that the
uniform topology is too coarse. Lyons [Lyo98| observed that both integrals and solutions
to SDEs depend continuously on the driving noise, as long as the noise is enhanced to a
(d + d?)-dimensional path, consisting of the noise itself, but also of its iterated integrals.
We give an elementary approach to rough path integration that is based on a series rep-
resentation of continuous functions. If (¢, k)men0<k<2m are the Schauder functions, to
be defined below, then every continuous function f : [0,1] — R? can be represented as
F) =Yk frkemi(t). If g : [0,1] — R? is another continuous function with expansion
g(t) = >0 0 gnepne(t), then we may formally define

| 1©0d0(0) = 35 fonge [ Gonnl5)dpun(s),

m,k n,l 0

because the functions (p,¢) are of bounded variation. Examining the convergence of this
double series will be the main interest of Chapter 4, and we will show that on suitable
function spaces, the integral can be defined as a continuous operator.

In Chapter 5 we reformulate the results of Chapter 4 in the language of Littlewood-
Paley blocks as opposed to Schauder functions. This allows us to define products of
tempered distributions that have a multi dimensional index set. Moreover, our product
is a continuous bilinear operator on suitable function spaces. If W is a Brownian motion
and F is a smooth function, then the It6 integral [, F'(Ws)dW, can be understood as a
way of defining the distribution F(W )W, where W is the time derivative of the Brownian
motion. The same interpretation works also for the Stratonovich integral and for the
rough path integral, which shows that there is a multitude of techniques to treat nonlinear
operations on tempered distributions that have a one dimensional index set. Maybe
somewhat surprisingly, if the index set is multi dimensional, then there are much fewer
techniques available. We formulate a theory of “paracontrolled distributions” that is
similar in spirit to rough paths, and nearly completely analogous to the theory developed
in Chapter 4. We then apply our theory to solve two stochastic partial differential
equations (SPDEs) about which previously there was not much known. Since our product
is continuous in a suitable topology, we obtain automatically that the solutions to these
SPDEs depend continuously on the driving noise.

So the subjects treated in this thesis can be summarized as follows. In the first Chapter
we study financial market models, where we are interested in the (NA1) property, which
is more robust than the classical (NFLVR) property, but still leads to economically
sensible models. In Chapter 2 we derive the dynamics of a nonnegative continuous local
martingale that is conditioned not to hit zero. In the third chapter we study the (NA1)
property in a more robust, model free context, and we show that it allows us to define
pathwise “stochastic” integrals. In Chapter 4 we present a Fourier based approach to
rough path integration, which allows us to identify a topology in which the solutions
of SDEs depend continuously on the driving signal. In Chapter 5 we develop a new
way of defining the product between two tempered distributions. Using this product,
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we solve two nonlinear SPDEs that previously were not very well understood. We also
show the robustness of our solutions, in the sense that under a wide range of smooth
approximations of the driving noise, the solutions of the smooth equations converge to
our solution.

Each chapter is relatively self-contained and can be read independently. In the follow-
ing, we give a more detailed summary of the content of the single chapters.

Chapter 1: Dominating local martingale measures and arbitrage under information
asymmetry

Chapter 1 is based on Imkeller and Perkowski [IP11]. Let S be a stochastic process on
a filtered probability space (€2, F, (Ft)t>0, P). The process S is supposed to model the
evolution of a discounted asset price in a frictionless market. A A—admissible strategy is
a predictable process (H;)¢>o for which the stochastic integral H - S := [; HdS, exists
and satisfies P((H - S); > —\) =1 for all t > 0. In that case we write H € H.

We say that S admits no arbitrage opportunities of the first kind (S satisfies (NA1))
if the set

WP = {1 +(H - S)oo : H € Hy and lim (1+ (H - 5);) exists}

is bounded in probability, i.e. if limy,— o SUP X eyyoe P(X > m) = 0. Heuristically, this
means that an investor who is only willing to risk the initial capital of 1 is not able to
make a very large profit.

The first result of this chapter is that S satisfies (NA1) if and only if there exists an
unbounded utility function U : [0,00) — R, such that

sup (EU(X)) < oc.
Xewpe

The existence of such a U is a minimal requirement that every sensible model should
satisfy. Otherwise any investor will be able to generate infinite utility by investing in S
— no matter what her preference structure looks like!

If S admits an equivalent local martingale measure, then S satisfies (NA1). More pre-
cisely, by the Fundamental Theorem of Asset Pricing, S satisfies (NFLVR), and (NFLVR)
is equivalent to (NA1) and (NA). Here (NA) means no arbitrage, which is satisfied if for
every X € Wri° either P(X < 1) > 0 or P(X = 1) = 1. Heuristically, S satisfies (NA)
if it is not possible to make a risk free profit by investing in S. We will show that the
(NFLVR) property is usually violated after filtration enlargements. On the other side,
we will show for enlargements of the type G, = F; V o(X), where X is a random vari-
able which satisfies Jacod’s criterion, that every process satisfying (NA1) under (F;) also
satisfies (NA1) under (G;).

In conclusion, the (NA1) property has to be satisfied by every sensible model and it is
relatively robust with respect to changes in the information structure. Our next aim is to
characterize all models satisfying (NA1). We know that the (NFLVR) property (which
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is equivalent to (NA1) and (NA)) is satisfied if and only if S admits an equivalent local
martingale measure. Moreover, Delbaen and Schachermayer [DS95b] showed that if S is
continuous and satisfies (NA), then S admits an absolutely continuous local martingale
measure. We complement this picture by proving that S satisfies (NA1) if and only if it
admits a dominating local martingale measure, i.e. a measure @) such that P is absolutely
continuous with respect to @), and such that S is a @—-local martingale.

It is not very easy to work directly on the space of dominating measures for P, and
therefore we would first like to construct a type of Radon-Nikodym derivative dQ/dP. Of
course, in general dQ/dP will not exist if () dominates P. Here we rely on a progressive
Lebesgue decomposition on filtered probability spaces, the Kunita-Yoeurp decomposition,
that associates to every dominating measure () a P—supermartingale Z. Moreover, we
show that if ) makes S a local martingale, then Z is a supermartingale density, i.e. the
process (1 + (H - 5))Z is a P-supermartingale for every H € H; (where #; is defined
with respect to P).

So in a first step, we show that the existence of supermartingale densities is equivalent
to (NA1). In a second step, we show that we can associate dominating local martingale
measures to supermartingale densities.

Not all the results here are new: (NA1) and its relation to filtration enlargements, util-
ity maximization, supermartingale densities, and dominating local martingale measures
have been studied for example by Ankirchner [Ank05], Karatzas and Kardaras [KKO07],
and Ruf [Rufl3] respectively. But to the best of our knowledge, here we give the first
general classification of the (NA1) property. It also seems to be a new (albeit simple)
result that (NA1) is the minimal property that every reasonable model should satisfy.

Chapter 2: Conditioned martingales

This chapter, which is based on Perkowski and Ruf [PR12], falls somewhat out of the
theme of this thesis, in the sense that it has not much to do with robustness. One of
the basic examples for a process that satisfies (NA1) but does not admit an equivalent
local martingale measure is given by the three dimensional Bessel process. It is a classical
result, going back at least to McKean [McK63], that the three dimensional Bessel process
has the same dynamics as a Brownian motion which is conditioned not to hit zero, and
that conversely a downward conditioned Bessel process has the same dynamics as a
Brownian motion.

In Chapter 2 we show that a similar result holds for every continuous local martingale.
Our proof is probabilistic and based on the simple observation that if M is a continuous
local martingale starting in 1 and if 7, and 79 denote the first hitting times of @ > 1
and 0 respectively, then the two measures dP(-|7, < 79) and M, r-,dP agree on the
o-algebra Fr a7, Then it only remains to let a tend to oo, which can be done by
using Parthasarathy’s extension theorem. The so constructed measure @) is the Follmer
measure of M. Therefore, the main result of this chapter is that the Follmer measure
of a nonnegative local martingale M can be obtained by conditioning M not to hit
zero. Under the Follmer measure, 1/M is a local martingale, and therefore we can now
condition M downward, which corresponds to conditioning 1/M upward. By the same
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argument as before, the downward conditioned Follmer measure () is equal to the original
measure P.

As an application, we explicitly derive the dynamics of upward and downward condi-
tioned diffusions.

Chapter 3: Pathwise integration in model free finance

In this chapter, we are working with a pathwise version of the (NA1) property. Let

:= C([0,T],R?) be the space of continuous paths with values in R?. We interpret
as the space of discounted asset price trajectories. The filtration (F)icpo,r) is defined
via Fy = o(w(s) : s < t). A simple strategy is a process H of the form H;(w) =
>on Fn(w)l(r, 7,,.11(t) for suitable stopping times (7,)nen and JF, —measurable random
variables (F},)nen. For A > 0, a simple strategy H is called A-admissible if (H -w); > —\
forallw € Q and all t € [0,T]. Note that this is a stronger requirement than in Chapter 1,
where we only assumed that almost surely (H -w); > —1 for all t € [0,T]. We write H s
for the set of A-admissible simple strategies.

Inspired by Vovk [Vov12], we define the outer content of A C Q as the cheapest
superhedging price,

P(A) :=inf {A>0:I(H") CHyy st liminf(A+ (H" - w)r) > 1a(w) Vo € 0}

A set of paths A C Q) is called a null set if it has outer content zero. We then show that
A is a null set if and only if there exists a sequence of 1-admissible strategies (Hp,)nen,
such that 1 + liminf,, o (H" - w)r = oo for all w € A. Therefore, every null set A can
be interpreted as a model free arbitrage opportunity of the first kind: It is possible to
generate a very large profit by investing in paths from A, without ever risking to lose
more than the initial capital of 1. A property (P) is said to hold for typical price paths
if the set where (P) is violated is a null set.

In a model free setting, where no probability measure is given, it is a priori not clear how
to define stochastic integrals for more complicated integrands than the simple strategies
described above. But such stochastic integrals may be required to develop a sufficiently
powerful theory (usually simple strategies are not enough). The main result of Chapter 3
states that if H is a cadlag adapted process, such that t — H;(w) has the same variational
regularity as w, then for typical price processes the stochastic integral H -w can be defined
as limit of Riemann sums. However, the null set where the Riemann sums do not converge
depends on H. For applications, it would be convenient to exclude one null set in the
beginning, and to be able to construct all stochastic integrals for all remaining paths.
This can be achieved by taking H to be the coordinate mapping, so that we construct
all the second order iterated integrals ([; [y dw(r)dw’(s))1<;j<4. These are the crucial
ingredients that are needed to use Lyons’ rough path integral [Lyo98]. The rough path
integral is an analytic object, and therefore it can be constructed for all integrands and
for all w outside the null set where the iterated integrals do not exist.

It is remarkable that here we are not in a probabilistic context, and that typical price
paths are too irregular to apply Young integration to construct their iterated integrals.

10



Contents

To the best of our knowledge this is the first time that the iterated integrals of paths are
constructed in a nontrivial setting without using probability theory.

Chapter 4: A Fourier approach to pathwise integration

In Chapter 3 we saw that the rough path integral may be a useful tool in model free
finance. Here we study the rough path integral more carefully, giving an alternative
approach based on Fourier series.

It is a classical result of Ciesielski [Cie60] that C* := C(]0,1],R%), the space of a-
Holder continuous functions on [0, 1] with values in RY, is isomorphic to £°(R?), the space
of bounded sequences with values in R¢. The isomorphism gives a series expansion of any
Holder continuous function f as f(t) = >, k fmk®mk(t). Here (@mk)mk are (a rescaled
version of) the Schauder functions, the primitives of the Haar wavelets, and (fyx)m k are
constant coefficients. The function f is a—Ho6lder continuous if and only the coefficients
(fmk) decay rapidly enough, more precisely if sup,, j 2"*|fmr| < co. Since Ciesielski’s
work, this isomorphism has been extended to more general Fourier and wavelet bases,
for which one obtains the same type of results: the regularity of a function is encoded in
the decay of the coefficients of its series expansion. For details see [Tri06].

But for the applications that we have in mind, the Schauder functions have two very
pleasant properties. The coefficients (f,,,x) are (second order) increments of f, so that
we understand their statistics if f is a stochastic process with known distribution. Fur-
thermore, every 1 is piecewise linear, which makes it easy to calculate integrals of the
type Jo Pmk(s)dene(s).

If f and g are Holder-continuous functions, then we formally set

/ F()d0(8) = 3 Funkgut / i (8)dione(s).

m,k n,l

Examining the convergence of this double series is the focus of Chapter 4. Using inte-
gration by parts, the series can be decomposed into components with different behavior:

/0. f(S)dg(S) = Z mek’gnﬂpmk@nf + Z fmkgmk /0 @mk(s)d(pmk(s)
m,k

m<n k(¢

+ Z Z(fmkgné - fnfgmk) /(; (Pmk(S)dgong(S)

m>n kg

= 7T<(fvg)+5’(f>g)+L(f?g)7

where w~ is the paraproduct, S is the symmetric part, and L is the antisymmetric Lévy
area (in fact we will show that L is closely related to the Lévy area of a suitable dyadic
martingale). If f € C® and g € CP, then 7 (f,g) is well defined and in C%, and S(f,g)
is well defined and in C**#. But in general L(f,g) only converges if o + > 1. In that
case L(f,g) € C*T8. In other words, 7 is always defined but the roughest component,
S is always defined and smooth, and L is not always defined; but if it is, then it is also

11
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smooth. Since the condition a 4+ 8 > 1 excludes one of the most interesting examples,
the case when g = W(w) is a sample path of the Brownian motion, and f = F(W(w))
for a smooth function F', we are then looking for a way to define the Lévy area also in
situations when it cannot be constructed using purely analytical arguments.

As we saw above, in case o+ > 1 the integral satisfies [; f(s)dg(s) —7<(f, g) € Co*P.
Similarly, we will show that for g € C“ and for a smooth function F' we have F(g) € C¢
but F(g) — 7<(DF(g),g) € C?**. So in both cases the rough component is given by 7,
and if it is subtracted, then the remainder is relatively smooth. Therefore we say that
f is controlled by g if there exists f9 such that f — 7-(f9,¢) is “smooth”. Our aim is
to construct the Lévy area L(f,g) for f that is controlled by g. Our first main result
is a sort of commutator estimate, where we show that R(f9,g,9) := L(r<(f%9),9) —
Jo J9(s)dL(g, g)(s) is a bounded trilinear operator provided that the regularities of the
three functions add up above 1. In particular, this will be the case if f9,g € C* for some
a > 1/3. In that case the problem of constructing L(f,g) for f controlled by g reduces
to constructing L(g, g). If L(g,g) € C?*, which would be its natural regularity, then we
can set

L(f.g) == L(f — 7<(f,9),9) + R(f%, g, 9) + /0 F9(s)dL(g, g)(s).

This L depends continuously on f and g if the space of integrands is equipped with a
“controlled path norm”, and if we are keeping track of the Lévy area L in the space of
integrators.

This approach provides us with a simple recursive algorithm for calculating rough
path integrals, based on the series expansions of f and g. But these integrals will be
of Stratonovich type, because they are obtained by smooth approximation. In a second
step we compare our Schauder function integral with the integral obtained from nonan-
ticipating Riemann sums. This leads to an expansion of the quadratic variation in terms
of the Schauder functions, which can also be computed (nearly) recursively. Building on
our previous results, we can show that if the nonanticipating dyadic Riemann sums of g
integrated against itself converge, then also the nonanticipating dyadic Riemann sums of
f integrated against g converge.

While this is not the focus of this work, it is then clear from the results of Lyons
[Lyo98] and Gubinelli [Gub04] that the pathwise continuity of the integral implies the
pathwise continuity of the solution flows to SDEs.

In the last part of this section we construct the Lévy area for certain hypercontractive
processes and for continuous local martingales.

Chapter 5: Paracontrolled distributions and applications to SPDEs

This chapter is based on Gubinelli, Imkeller, and Perkowski [GIP12]. To motivate the
results of this section, we first give a reinterpretation of the results of the previous chapter.

Let us say that we want to define the integral [; F'(Ws)dW, for a Brownian motion
W and a smooth function F. Formally, the integral can be rewritten as [, F' (W,)Wds,

12
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where W is the white noise, i.e. the time-derivative of the Brownian motion. Hence, the
integral may be constructed using three operations:

e W is differentiated;
e F(W) and W are multiplied with each other;
e the result F(W,)Wj is integrated in time.

The first and third operation are linear. Since F(W) and W are tempered distributions,
these linear operations pose no problem and can be treated with analytical arguments.
The problem lies in the second operation, the multiplication, which is nonlinear. As we
will see, it is always possible to define the product fg for tempered distributions f € C¢
and g € C8 if a+ 3 > 0 (Holder-Besov spaces with negative regularity will be introduced
in Chapter 5). The Brownian motion W is in C'/2=¢ for every € > 0, and therefore its
derivative W is in C~Y/27¢. Hence, we are just below the border a« + 8 > 0, and the
product cannot be defined using classical analytical arguments. But the It0, Stratonovich,
Skorokhod, and rough path integral can all be understood as different ways of defining
the product, since for any integral we can set

. t
F(Wt)Wt = 8t/ F(WS)dWS
0

Because of this natural link between integration and multiplication, it is fairly well un-
derstood how to multiply a function of one index with a derivative of a function of one
index variable.

But for functions of several parameters, things get more complicated. In that case the
link between integration and multiplication is not so clear any more, and therefore there
are much fewer techniques available for defining the product of two tempered distributions
on R,

The results of Chapter 4 have a natural correspondence in terms of Littlewood-Paley
blocks. More precisely, every tempered distribution on R¢ can be decomposed with the
help of Littlewood-Paley blocks into an infinite sum of smooth functions,

f= Z A f,

m=—1

where A,,f is infinitely often differentiable for every m. The decay of the L*°—norm of
the Littlewood-Paley blocks (A,,) determines the regularity of f, just as the decay of
the Schauder coefficients determines the regularity of functions on [0,1]. If now f and ¢
are two tempered distributions, then we formally set fg:= 3, , AnfAng. Every term
of this double series is well defined and it remains to study its convergence. As Bony
[Bon81] observed, the series can be decomposed into terms with different behavior, just
as the double series in Chapter 4:

fg:7r<(fag)+7r>(f7g)+7r0(fag)7

13
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where

7T<(f7 g) = Z AmfAng) 7T>(f; g) == Z AmfAng7 and

m<n—1 n<m—1

7T0(f7g) = Z AmfAng

lm—n|<1

The terms 7. and 7w~ are always well defined and inherit the regularity of f and g,
respectively. The term 7, is only well defined if f € C* and g € C#, and a + 3 > 0. In
that case it is in C**+5,

Let us assume from now on that a > 0 but 8 < 0. Then 7-(f,g) € C?, but the
other terms are in C®*# (if they are defined), and therefore they are more regular. In
other words, the product fg is in C?, but fg — n-(f,g) € C**8. Similarly, if F is a
smooth function, then F(f) € C%, but F(f) — n<(DF(f), f) € C?*. This is the content
of Bony’s paralinearization theorem. In the special case when f = F(W) and g = W,
we obtain that F(W) — 7. (DF(W),W) € C?* for all a € (1/3,1/2). We conclude
that 7o (F(W) — m<(DF(W), W), W) is well defined and in C3*~!. Therefore, the term
F(W)W can be defined if and only if 7, (7~ (DF(W), W), W) can be defined. Here we

prove again a commutator estimate, where we show that
R(F(W),W,W) := no(n<(DF(W),W),W) — DF(W)mo (W, W)

is a bounded trilinear operator on C® x C® x C*~!. Just as in Chapter 4, we see that the
problem of constructing 7, (F (W), W) reduces to the problem of constructing (W, W).
This extends from F'(W) to controlled distributions, that are defined analogously to
Chapter 4, and we obtain the continuity of the product operator in suitable topologies.

The advantage of the formulation in terms of Littlewood-Paley blocks is that now the
results apply for distributions on R¢ for arbitrary d > 1, and not just for functions of one
index variable. Also, we do not require that the second factor (i.e. W) is a derivative,
which was necessary to make the connection between products and integrals.

Thus, we developed a robust new way of multiplying two tempered distributions with
each other. We apply our product to solve two nonlinear SPDEs. The first equation is
maybe not very relevant for practical applications, but it is a perfect test bed for our
techniques. We consider a multidimensional fractional Burgers type equation,

Owu(t,z) = —(=A)u(t, z) + G(u(t, z))Dyu(t, z) + W(t, z), (0.1)
where u : [0,7] x [-m,7]? — R™, the operator —(—A)? is the fractional Laplacian
with o > d/2 +1/3, the map G : R" — L(L([—m, 7], R™),R") is smooth, D, denotes
the spatial derivative, and W (t,x) is a space-time white noise. The critical term is
G(u(t,xz))Dyu(t, x). We will show that the solution v to

aﬂ](t,l‘) = _(_A)Uv(tv l’) + W(t,ﬂ?)

satisfies v € C([0,T], O%([—7, 7]%,R™)) for all & < ¢ — d/2. We would expect u to have
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the same regularity as v. So if 0 —d/2 < 1/2, then it is not possible to define the product
G(u(t,z))Dyu(t, x) using classical arguments. But using our newly developed techniques,
the product is well defined, and we can show that there exists a unique solution to (0.1).
By the continuity of our product operator, it follows automatically that the solution to
(0.1) depends continuously on the driving noise in a suitable topology.

The second equation that we study is a nonlinear version of the parabolic Anderson
model,

dwu(t,x) = Au(t,z) + F(u(t, =))W (z),

where u : [0,T] x [-m,7]> — R, the map F : R — R is smooth, and W (z) is a spatial
white noise. As we will see, the natural spatial regularity of the solution is u(t,-) €
C*([—m, 7|2, R) for t € [0,T] and a < 1. Since the white noise satisfies W € C~17¢ for
every € > 0, the product F(u(t,z))W () cannot be defined by classical arguments. Here
we will again use our techniques to give a meaning to the solution and to show that it
depends continuously on the driving noise in a suitable topology.
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1. Dominating local martingale measures
and arbitrage under information
asymmetry

In this chapter we study financial market models that may allow for arbitrage oppor-
tunities. We identify (NA1) as the minimal property that has to be satisfied by any
reasonable asset price model, and we show that (NA1) is relatively robust under filtra-
tion enlargements. We show that a locally bounded stochastic process S satisfies (NA1)
if and only if there exists a dominating measure @ such that S is a @-local martingale.

1.1. Setting and main results

It may be argued that the foundation of financial mathematics consists in giving a mathe-
matical characterization of market models satisfying certain financial axioms. This leads
to so-called fundamental theorems of asset pricing. Harrison and Pliska [HP81] were the
first to observe that, on finite probability spaces, the absence of arbitrage opportunities
(condition no arbitrage, (NA)) is equivalent to the existence of an equivalent martingale
measure. A definite version was shown by Delbaen and Schachermayer [DS94]. Their
result, commonly referred to as the Fundamental Theorem of Asset Pricing, states that
for locally bounded semimartingale models there exists an equivalent probability measure
under which the price process is a local martingale, if and only if the market satisfies the
condition no free lunch with vanishing risk (NFLVR). Delbaen and Schachermayer also
observed that (NFLVR) is satisfied if and only if there are no arbitrage opportunities (i.e.
(NA) holds), and if further it is not possible to make an unbounded profit with bounded
risk (we say there are no arbitrage opportunities of the first kind, condition (NA1) holds).
Since in finite discrete time, (NA) is equivalent to the existence of an equivalent martin-
gale measure, it was then a natural question how to characterize continuous time market
models satisfying only (NA) and not necessarily (NA1). For continuous price processes,
this was achieved by Delbaen and Schachermayer [DS95b], who show that (NA) implies
the existence of an absolutely continuous local martingale measure.

Here we complement this program, by proving that for locally bounded processes,
(NA1) is equivalent to the existence of a dominating local martingale measure. Construct-
ing dominating probability measures is rather delicate, and Follmer’s measure ([F6172])
associated to a nonnegative supermartingale appears naturally in this context.

Let us give a more precise description of the notions of arbitrage considered in this
work, and of the obtained results.
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1.1. Setting and main results

Let S = (St)t>0 be a d-dimensional stochastic process on a filtered probability space
(Q, F, (Ft)t>0, P). We assume throughout this chapter that the filtration (F;) is right-
continuous, and that F = Foo = V> Ft. We think of S as the (discounted) price process
of d financial assets. We consider an infinite time horizon, because this leads to more
general results. The case of a finite time horizon T > 0 can easily be embedded in this
context, by setting Fri; = Fr and Sty = St for all t > 0.

Semimartingales are defined as usually, except that they are only almost surely (a.s.)
cadlag. A semimartingale does not need to be cadlag for every w € 2. The reason for
this is that we do not assume our filtration to be complete, since our aim is to construct
dominating measures which may charge P-null sets. We argue in Appendix A that the
incompleteness of our filtration will not pose any problem.

A strategy is a predictable process H = (H¢)i>0 with values in R?. If S is a semi-
martingale and A > 0, then a strategy H is called A—admissible (for S) if the stochastic
integral H - S := [, H,dS, exists and satisfies P((H - S); > —A) = 1 for all ¢ > 0. Here
we write Ty = Zgzl zyy for the usual inner product on R?. We define #, as the set
of all A-admissible strategies. For details about vector stochastic integration we refer to
Jacod and Shiryaev [JS03], Section III.6.

If S is only adapted and right-continuous, and not necessarily a semimartingale, then
we can still integrate simple strategies against S. A simple strategy is a process of the form
H; = Z;”:_Ol Fil(z, 7,.,)(t) for m € N and stopping times 0 < 79 <71 < -+ < 7y < 00,
where for every 0 < k£ < m the random variable Fj, is bounded and F;, —measurable and
takes its values in R%. If S is a right-continuous adapted process, then the integral H - S
is defined as

m—1

(H : S)t = Z Fk(STkJrl/\t - STk/\t)a
k=0

and A—admissible strategies are defined analogously to the semimartingale case. We
denote the set of simple A-admissible strategies by H s.

The set Wi consists of all wealth processes obtained by using 1-admissible strategies
under initial wealth 1, and such that the terminal wealth is well defined, i.e.

Wi ={14+H-S:Hec#H; and (H -S5); a.s. converges as t — 0o}. (1.1)
Similarly Wi s is defined as
WLS:{l—l—H-S:HE/HLS}.

Note that the convergence condition in (1.1) is trivially satisfied for simple strategies.
We will also need K1, the set of terminal wealths that are attainable with initial wealth
1 and using 1-admissible strategies:

K= {Xoo X € Wl} and Kl,s = {Xoo X € Wl,s}- (1.2)

We write LY = L9(Q, F, P) for the space of real-valued random variables on (2, F),
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1. Dominating local martingale measures and arbitrage under information asymmetry

where we identify random variables that are P—almost surely equal. We equip L" with
the distance d(X,Y) = E(]X — Y| A1), under which it becomes a complete metric space.

Recall that a family of random variables X is called bounded in probability, or bounded
in LO, if

T%gn@)s{tg))(P(|X| >m) =0.
Definition 1.1.1. We say that a semimartingale S satisfies no arbitrage of the first kind
(NA1) if K is bounded in probability. We say that S satisfies no arbitrage (NA) if there
isno X € Ky with X > 1 and P(X > 1) > 0. If both (NA1) and (NA) hold, we say that
S satisfies no free lunch with vanishing risk (NFLVR).

Similarly we say that a right-continuous adapted process S satisfies no arbitrage of
the first kind with simple strategies (NA1s), no arbitrage with simple strategies (NAs),
or no free lunch with vanishing risk with simple strategies (NFLVRy), if K1 5 satisfies the
corresponding conditions.

Heuristically, (NA) says that it is not possible to make a profit without taking a
risk. (NA1) says that is not possible to make unbounded profit if the risk remains
bounded. This is why (NA1) is also referred to as “no unbounded profit with bounded
risk” (NUPBR), see for example Karatzas and Kardaras [KKO07].

The main result of this chapter is that for locally bounded semimartingales S, (NA1)
is equivalent to the existence of a dominating local martingale measure. As a byproduct
of the proof, we obtain that a locally bounded, right-continuous, and adapted process S
that satisfies (NA1;) is already a semimartingale, and in this case S also satisfies (NA1).

When constructing absolutely continuous probability measures, it suffices to work with
random variables. In Section 1.2 below, we argue that dominating measures correspond
to nonnegative supermartingales with strictly positive terminal values. We also show
that a dominating local martingale measure corresponds to a supermartingale density in
the following sense.

Definition 1.1.2. Let ) be a family of stochastic processes. A supermartingale den-
sity for ) is an almost surely cadlag and nonnegative supermartingale Z with Z,, =
limy_, o0 Z¢ > 0, such that Y7 is a supermartingale for every Y € ).

If all processes in ) are of the form 1+ (H - .S) for suitable integrands H, and if Z is a
supermartingale density for )/, then we will sometimes call Z a supermartingale density

for S.

In the literature, supermartingale densities are usually referred to as supermartingale
deflators. We think of a supermartingale density as the “Radon-Nikodym derivative”
d@/dP of a dominating measure ) > P. This is why we prefer the term supermartingale
density.

First we give an alternative proof of a well-known result.

Theorem 1.1.3. Let S be a d—dimensional adapted process, almost surely right-contin-
uous (respectively a d-dimensional semimartingale). Then (NA1s) (respectively (NA1))
holds if and only if there exists a supermartingale density for Wi s (respectively for Wh ).
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As a consequence, (NAlg) implies the semimartingale property for locally bounded
processes.

Corollary 1.1.4. Let S be a d-dimensional adapted process, almost surely right-contin-
wous. If every component S* of S = (S',...,S8%) is locally bounded from below and if S
satisfies (NA1s), then S is a semimartingale that satisfies (NA1), and any supermartin-
gale density for Wi s is also a supermartingale density for VWi .

Given a supermartingale density Z for S, we then apply Yoeurp’s [Yoe85] results on
Follmer’s measure [F6172], to construct a dominating measure ) > P associated to Z.
Let v be a right-continuous version of the density process 74 = dP/dQ|z,, and let 7 be
the first time that + hits zero, 7 = inf{t > 0 : v = 0}. We define

Si7 = Silppery + Sr-1ory = Silprery + lim Silysry.

Note that S and S7~ are P—indistinguishable.
In the predictable case we then obtain the following result.

Theorem 1.1.5. Let S be a predictable semimartingale. If Z is a supermartingale density
for Wy, then Z determines a probability measure (Q > P such that S™~ is a Q—local
martingale. Conversely, if Q > P is a dominating local martingale measure for S™—,
then W1 admits a supermartingale density.

Actually the current formulation is slightly too simple, we will need to impose topolog-
ical conditions on the probability space (€2, F, (Ft)t>0), and also we will need to enlarge
the space. This will be described in more detail in Section 1.4.

Theorem 1.1.5 is false if S is not predictable, as we will demonstrate by a simple exam-
ple. But in the non-predictable case we are able to exhibit a subset of supermartingale
densities that do give rise to dominating local martingale measures. Conversely, every
dominating local martingale measure for S™~ corresponds to a supermartingale density,
even for processes that are not predictable. Therefore, the following theorem, the main
result of this chapter, is valid for all locally bounded processes that are adapted and al-
most surely right-continuous. In the non-predictable case we build on results of [Tak13]
that are only formulated for processes on finite time intervals. So in the theorem we let
T, = o if S is predictable, and T, € (0, 00) otherwise.

Theorem 1.1.6. Let (S¢)icpo,r.,.) be a locally bounded, adapted process, that is almost
surely right-continuous. Then S satisfies (NA1s) if and only if there exists a dominating
Q > P, such that S7~ is a Q—local martingale.

This work is motivated by insights from the theory of filtrations enlargements. A filtra-
tion (G) is called filtration enlargement of (F) if G O F; for all t > 0. A basic question
is then under which conditions all members of a given family of (F;)-semimartingales are
(G¢)—semimartingales. We say that Hypothése (H') is satisfied if all (F;)—semimartingales
are (G;)-semimartingales. Given a (F;)-semimartingale that satisfies (NFLVR), i.e. for
which there exists an equivalent local martingale measure, one might also ask under
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1. Dominating local martingale measures and arbitrage under information asymmetry

which conditions it still satisfies (NFLVR) under (G;). It is well known, and we illustrate
this in an example below, that the (NFLVR) condition is usually violated after filtration
enlargements.

However, we will see that (NA1) is relatively stable under filtration enlargements. If
(Gt) is an initial enlargement of (F3), i.e. G = F:Vo(X) for some random variable X and
for every ¢ > 0, then Jacod’s criterion [Jac85] is a celebrated condition on X and (F;)
under which Hypothése (H') is satisfied. We show that in fact Jacod’s criterion implies
the existence of a universal supermartingale density. A strictly positive process Z is called
universal supermartingale density if ZM is a (G;)-supermartingale for every nonnegative
(F¢)-supermartingale M. The existence of Z is much stronger than Hypothese (H'), and
in particular it shows that every process satisfying (NA1) under (F;) also satisfies (NA1)
under (Gy).

We also show that if (G;) is a general (not necessarily initial) filtration enlargement of
(Ft), and if there exists a universal supermartingale density for (G;), then a generalized
version of Jacod’s criterion is necessarily satisfied.

Section 1.2 describes the link to filtration enlargements in more detail. In Section
1.2 we also argue that a dominating local martingale measure should correspond to a
supermartingale density. In Section 1.3 we prove that the existence of supermartingale
densities is equivalent to (NA1,). In Section 1.4 we prove that if S is predictable, then
Z is a supermartingale density for S if and only if ST~ is a local martingale under the
Follmer measure of Z. We also prove our main result, Theorem 1.1.6, for general locally
bounded processes (not necessarily predictable). In Section 1.5 we return to filtration
enlargements and examine how Jacod’s criterion relates to our results.

Relevant literature

Supermartingale densities were first considered by Kramkov and Schachermayer [KS99]
and Becherer [Bec01].

The semimartingale case of Theorem 1.1.3 was shown by Karatzas and Kardaras
[KKO07]. Their proof extensively uses the semimartingale characteristics of S, and can
therefore not be applied to general processes satisfying (NA1g). Note that Corollary 1.1.4
states that any locally bounded process satisfying (NA1y) is a semimartingale. But for
unbounded processes this is no longer true, as we shall demonstrate in a simple coun-
terexample. A more general result than Theorem 1.1.3 is shown in Rokhlin [Rok10], using
arguments that are related to our proof. In fact our arguments are powerful enough to
imply the results of [Rok10]. We were not aware of either of these works before complet-
ing our proof. We believe that our proof gives a nice application of conver compactness,
as introduced by Zitkovi¢ [Z10]. Oversimplifying things a bit, one can understand con-
vex compactness as an elegant way of formalizing convergence and compactness results
that are usually shown by ad-hoc considerations based on results like Lemma Al.1 of
[DS94]. We also believe that our techniques may be interesting in more complicated
contexts, say under transaction costs, where arbitrage considerations no longer imply the
semimartingale property of the price process.
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It is well known that a locally bounded process satisfying (NA1lg) must be a semi-
martingale, see Ankirchner’s Ph.D. thesis [Ank05], Theorem 7.4.3, and also Kardaras
and Platen [KP11]. See also [DS94] for a first result in this direction. This part of
Corollary 1.1.4 is an immediate consequence of Theorem 1.1.3. We rely on [KP11] to
obtain that (NA1,) implies (NA1) for locally bounded processes, and that in this case
supermartingale densities for WW; s are supermartingale densities for Wj.

Recently there has been an increased interest in Follmer’s measure, motivated by prob-
lems from mathematical finance. Follmer’s measure appears naturally in the construc-
tion and study of strict local martingales, i.e. local martingales that are not martingales.
These are used to model bubbles in financial markets, see Jarrow, Protter, and Shimbo
[JPS10]. A pioneering work on the relation between Follmer’s measure and strict local
martingales is Delbaen and Schachermayer [DS95a]. Other references are Pal and Protter
[PP10] and Kardaras, Kreher, and Nikeghbali [KKN11]. The work most related to ours is
Ruf [Rufl3], where it is shown that, in a diffusion setting, (NA1) implies the existence of
a dominating local martingale measure. All these works have in common that they study
Follmer measures of strictly positive local martingales. Carr, Fisher and Ruf [CFR12]
study the Follmer measure of a local martingale which is not strictly positive.

To the best of our knowledge, the current work is the first in which the Féllmer mea-
sure of a supermartingale which is not a local martingale is used as a local martingale
measure. In Follmer and Gundel [FG06], supermartingales Z are associated to “extended
martingale measures” PZ. But by definition, P is an extended martingale measure if
and only if Z is a supermartingale density. This does not obviously imply that S7—
or S is a local martingale under P? — and in general this is not true. Here we show
that if S is predictable, then any supermartingale density Z corresponds to a dominat-
ing local martingale measure P? — meaning that S™~ is a local martingale under PZ.
For non-predictable S we give a counterexample. In that case we identify a subset of
supermartingale densities that do correspond to local martingale measures.

Another related work is Kardaras [Karl0a], where it is shown that (NA1) is equivalent
to the existence of a finitely additive equivalent local martingale measure. Here we
construct countably additive measures, that are not equivalent but only dominating.

The main motivation for this work comes from the theory of filtrations enlargements,
see for example Amendinger, Imkeller and Schweizer [AIS98], Ankirchner’s Ph.D. thesis
[AnkO05], and Ankirchner, Dereich and Imkeller [ADI06]. In these works it is shown that
if M is a continuous local martingale in a given filtration (F;), then under an enlarged
filtration (G,), assuming suitable conditions, M is of the form M = M + Jo agd(M)s,
where M is a (G¢)-local martingale. It is then a natural question whether there exists an
equivalent measure ) that “eliminates” the drift, i.e. under which M is a (G;)-local mar-
tingale. In general, the answer to this question is negative. However, Ankirchner [Ank05],
Theorem 9.2.7, observed that if there exists a well-posed utility maximization problem in
the large filtration, then the information drift o must be locally square integrable with
respect to M. Here we show that for continuous processes, the square integrability of the
information drift is equivalent to the well-posedness of a utility maximization problem
in the large filtration, we relate these conditions to (NA1), and we show that this allows
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1. Dominating local martingale measures and arbitrage under information asymmetry

us to construct dominating local martingale measures. We also give the corresponding
results for discontinuous processes.

1.2. Motivation

In this section we show that the (NFLVR) property is not very robust under filtration
enlargements. Then we recall that if Jacod’s criterion is satisfied, there still is a domi-
nating local martingale measure. Finally we argue that under Jacod’s criterion, (NA1) is
often satisfied in the large filtration. We hope that this convinces the reader that (NA1)
respectively (NA1g) should be related to the existence of dominating local martingale
measures. Assuming that a dominating local martingale measure exists, we examine its
Kunita-Yoeurp decomposition under P, and we see that it corresponds to a supermartin-
gale density.

Equivalent local martingale measures and filtration enlargements

Consider a filtered probability space (2, F, (Ft)i>0, P) with P(A) € {0,1} for all A € Fy.
Define Foo = V;>¢Ft- Let S be a one dimensional semimartingale that describes a
complete market (i.e. for every X € L*(F,) there exists a predictable process H,
integrable with respect to .S, such that X = X+ fooo H,dS; for some constant Xy € R).
Let X be a random variable that is F,,—measurable. Assume that X is not P-almost
surely constant. Define the initially enlarged filtration G, = F; V o(X) for ¢ > 0. This is
a toy model for insider trading. At time 0, the insider has the additional knowledge of
the value of X. Since X is not constant, there exists A € o(X) such that P(A) € (0,1).
Assume @ is an equivalent (G;)-local martingale measure for S. Consider the (Q, (F¢))-
martingale Ny = Eqg(14|F;), fort > 0. Since the market is complete, 14 can be replicated.
That is, there exists a (F;)-predictable strategy H such that N = Q(A) + [, H,dS,. But
then [; H,dS, is a bounded (Q, (G;))-local martingale. Hence, it is a martingale, and
since A€ € Gy, we obtain

0= Eo(lacla) = Fo (1AC <Q(A) + /OOO HSdSS>> — QA)Q(A) > 0,

which is absurd. The last step follows because () was assumed to be equivalent to P.

So already in the simplest models that incorporate information asymmetry, there may
not exist an equivalent local martingale measure. If S is locally bounded, then by the
Fundamental Theorem of Asset Pricing at least one of the conditions (NA) or (NA1) has
to be violated.

Jacod’s criterion and dominating local martingale measures

Let (G;) be a filtration enlargement of (F;), i.e. F; C G for every t > 0. Let ) be a
family of (F;)—semimartingales. One of the typical questions in filtration enlargements is
under which conditions all Y € ) are (G;)-semimartingales. Hypothése (H') is satisfied
if all (F;)—semimartingales are (G;)-semimartingales.
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1.2. Motivation

Jacod’s criterion [Jac85] is a famous condition that implies Hypothese (H'). Here
we give an equivalent formulation, first found by Follmer and Imkeller [FI93] and later
generalized and carefully studied by Ankirchner, Dereich and Imkeller [ADI07]. Let X
be a random variable and consider the initial enlargement G; = F; V o(X). Define the
product space

QZQXQ, ?Zfoo(g)O'(X), ?t:}"t@o(X),tzO

We define two measures on 2. The decoupling measure Q = P|r. @ P| o(x), and P =
Povy™!, where v : Q@ — Q, ¥(w) = (w,w). In this setting the following result is a
reformulation of Jacod’s criterion.

Theorem (Theorem 1 in [ADIO7]). If P < Q, then Hypothése (H') holds, i.e. any
(Fi)—semimartingale is a (G¢)—semimartingale.

In this formulation it is quite obvious why Jacod’s criterion works. Under the mea-
sure @, the additional information from X is independent of F,. Therefore, any (F;)—
martingale M will stay a (G;)-martingale under Q (if we embed M from  to Q by setting
M(w,w') = My(w)). By assumption, @ > P, and therefore an application of Girsanov’s
theorem implies that M is a P-semimartingale. But it is possible to show that if M is
a (P, (G¢))-semimartingale, then M is a (P, (G;))-semimartingale. This completes the
argument.

Thus, Jacod’s criterion states that there exists a dominating measure (on an enlarged
space), under which any (F;)-martingale is a (G;)-martingale.

It is not hard to see that Jacod’s criterion is always satisfied if X takes its values
in a countable set, regardless of the structure of (Q, F, (F:), P) and S. So if we recall
our example of an initial filtration enlargement in a complete market from above, then
we observe that Jacod’s criterion may be satisfied although there is no equivalent local
martingale measure in the large filtration.

Utility maximization and filtration enlargements

There are many articles devoted to calculating the additional utility of an insider. Assume
S is a semimartingale in the large filtration (G;). Then we define the set of attainable ter-
minal wealths IC; (F;) and K1 (G;) as in (1.2), using (F;)-predictable and (G;)-predictable
strategies respectively.

If S describes a complete market under (F3), and if (G¢) is an initial enlargement satis-
fying Jacod’s criterion, then it is shown in Ankirchner’s Ph.D. thesis ([Ank05], Theorem
12.6.1, see also [ADI06]), that the maximal expected logarithmic utility under (G;) is
given by

swp  Blog(X)) = sup  B(log(X)) + I(X, Fuo).
XeK1(Gt) Xek1(Ft)

where I(X, Fo) denotes the mutual information between X and F,,. The mutual in-
formation is often finite, and therefore the maximal expected utility under (G;) is often
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1. Dominating local martingale measures and arbitrage under information asymmetry

finite. But finite utility and (NA1) are equivalent:

Lemma 1.2.1. The process S satisfies (NA1) under (G¢) if and only if there exists an
unbounded increasing function U such that the maximal expected utility is finite, i.e. such
that

sup E(U(X)) < oc.
XeK1(Ge)

Proof. This follows from Proposition 1.2.2 below. O

In conclusion, we showed that (NFLVR) and thus (NA) or (NA1) is not very robust
with respect to filtration enlargements. We also observed that the maximal expected
logarithmic utility in an enlarged filtration may be finite, and that this is only possible
under the (NA1) condition. Hence, we conclude that (NA) is the part of (NFLVR) which
is less robust with respect to filtration enlargements (see Remark 1.5.4 below for a more
detailed discussion). Moreover, Jacod’s criterion is satisfied in the examples where (NA1)
holds. As we saw above, Jacod’s criterion implies the existence of a dominating local
martingale measure. Hence, (NA1) seems to be related to the existence of a dominating
local martingale measure. Below we prove that the two conditions are equivalent.

Supermartingale densities

Now let us assume that () > P is a dominating local martingale measure for .S, and let
us examine what type of object this gives us under P. Define v as the right-continuous
density process, v+ = dP/dQ|z,. Then 7 = inf{t > 0 : 4 = 0} is a stopping time, and we
can define the adapted process Z; = 1go-1/v. Let H be 1-admissible for S under @,
i.e. such that Q(jg HydSs > —1)=1forall t > 0. Let s,£ > 0 and let A € F;. We have

Lpiser
Ep(LaZess(1+ (H - S)iss)) = Eq (’”*Sh‘{z <} (14 (H - s>t+s)> (1.3)
+s

< Bq (1alpery (14 (H - S)iys))

< Eg (1A1{t<7}(1 +(H - S)t))
= Ep(14Z(1 4 (H - S)))

using in the second line that 14(1 + (H - S)+s) is nonnegative, and in the third line
that 1+ (H - S) is a nonnegative Q—local martingale and therefore a (Q—supermartingale.
This indicates that Z should be a supermartingale density. Of course here we only
considered strategies that are 1-admissible under @), and there might be strategies that
are 1-admissible under P but not under ). The solution to this problem is to consider
S7~ rather than S. We will make this rigorous later.

The pair (Z,7) is the Kunita-Yoeurp decomposition of @) with respect to P. The
Kunita-Yoeurp decomposition is a progressive Lebesgue decomposition on filtered prob-
ability spaces. It was introduced in Kunita [Kun76] in a Markovian context, and gen-
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eralized to arbitrary filtered probability spaces in Yoeurp [Yoe85]. Namely we have for
every t > 0

2. Q(-N{r <t}) and P are mutually singular on F;,
3. for A € F; we have Q(AN{r >t}) = Ep(1aZ;).

Note that the second property is a consequence of the first property.

Hence, our program will be to find a supermartingale density Z, and to construct a
measure ) and a stopping time 7, such that (Z, 7) is the Kunita-Yoeurp decomposition
of @ with respect to P. But the second part was already solved by [Yoe85], and @ will
be the Follmer measure of Z. After studying the relation between S and Z, we will see
that S~ is a local martingale under Q.

Before starting to construct a supermartingale density, let us prove Lemma 1.2.1, which
is an immediate consequence of the following de la Vallée-Poussin type result for families
of random variables that are bounded in LP°.

Proposition 1.2.2. A family of random variables X is bounded in probability if and only
if there exists a nondecreasing and unbounded function U on [0,00), such that

sup E(U(|X])) < oo.
Xex

In that case U can be chosen strictly increasing, concave, and such that U(0) = 0.

Proof. First, assume that such a U exists. Then we have for m € N

supxex E(U(1X]))
U(m) '

sup P(|X| > m) < sup P(U(X]) > U(m)) <
Xex Xex
Since U is unbounded, the right hand side converges to zero as m tends to occ.

Conversely, assume that X is bounded in probability. We need to construct a strictly
increasing, unbounded, and concave function U with U(0) = 0, such that E(U(]X])) is
bounded for X running through X. Our construction is inspired by the proof of de la
Vallée-Poussin’s theorem. That is, we will construct a function U of the form

x
U(z) = / 9(y)dy, where 9(y) = gm fory € [m —1,m), m € N,
0
for a decreasing sequence of strictly positive numbers (g,,). This U will be strictly increas-

ing, concave, and such that U(0) = 0. It will be unbounded if and only if >°°°_; g, = 0.
For U of this form we have by monotone convergence and Fubini (since all terms are
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nonnegative)

o0

EU(XD)1x|em-1,m)}) < Z U(m)P(|X]| € [m —1,m))

hE

EU(IX]) =

1

3
[

I
hE
NE

P(X| €[m—1,m)) = Z Z grP(|X| € [m —1,m))

k=1m=k

P(X|>k-1) <> giFx(k—

,_
3
I

I
(8 i
ke

e
Il
—

where Fy(k —1) =supxcy P(|X| >k —1).

So the proof is complete if we can find a decreasing sequence (gi) of positive numbers,
such that > 72, g = oo but > 32 grFx(k—1) < co. Let m € N. By assumption, (Fx(k))
converges to zero as k tends to oo, and therefore it also converges to zero in the Cesaro
sense. Hence, we obtain for large enough K, that

7ZFX

mkl

1

m

(1.4)

We choose an increasing sequence of numbers (K,)men, such that K, > m for all m,
and such that every K,, satisfies (1.4). Define

gm: T}an kSKma
o, k> K,

and let my, denote the smallest m for which g;* # 0, i.e.
my = min{m € N : K, > k}.

By definition, my < my; for all k, and therefore the sequence (gx), where

gk = Z g]:;n = Z m < Z W < 00,
m=1 m=myg m m=my
is decreasing in k. Moreover, Fubini’s theorem implies that
o0 SIS o0 0 oo Km 1 o 1
IEDID I D ID I oy il Dt
= = = m=1k=1 m=1k=1 m m=1
and at the same time we get from (1.4)
o~ K (9]
R Fyx(k—1) 1
Fx(k—1) < — <
ng X Z_ me = Z_ m2 00,
m=1 k=1 m=1
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1.3. Existence of supermartingale densities

which completes the proof. O

Remark 1.2.3. In Loewenstein and Willard [LW00], Theorem 1, it is shown that the utility
maximization problem for Itd processes is well posed if and only if there is absence of
a certain notion of arbitrage. They describe the critical arbitrage opportunities very
precisely, and they consider more general utility maximization problems, allowing for
intermediate consumption. Proposition 1.2.2 is much simpler and more obvious, but
therefore also more robust. It is applicable in virtually any context, say to discontinuous
price processes that are not semimartingales, with transaction costs, and under trading
constraints. The family of portfolios need not even be convex.

Remark 1.2.4. Note that supermartingale densities are the dual variables in the duality
approach to utility maximization, see [KS99]. Taking Proposition 1.2.2 into account,
Theorem 1.1.3 therefore states that there exists a well posed utility maximization problem
if and only if the space of dual minimizers is nonempty. This insight might also be useful
in more complicated contexts, say in markets with transaction costs. As a sort of meta-
theorem holding for many utility maximization problems, we expect that the space of
dual variables is nonempty if and only if the space of primal variables is bounded in
probability.

A first consequence is that any locally bounded process satisfying (NA1;) is a semi-
martingale.

Corollary 1.2.5. Let S be a locally bounded, ciadlag process satisfying (NA1s). Then S
is a semimartingale.

Proof. Since K1 s is bounded in probability, Proposition 1.2.2 implies that there exists an
unbounded utility function U for which supxex, , E(U(X)) < co. It then follows from
Theorem 7.4.3 of [Ank05] that S is a semimartingale. O

This result will also follow from Theorem 1.1.3.

1.3. Existence of supermartingale densities

Now let us prove Theorem 1.1.3. Let (Q,F, (Ft)t>0, P) be a filtered probability space
with a right-continuous filtration. We do not require (F) to be complete, contrary to the
long tradition in probability theory of only working with filtrations satisfying the usual
conditions. In Appendix A there is a detailed discussion with which we hope to convince
the reader that the use of incomplete filtrations does not pose any problems.

Note that Jacod [Jac79] and Jacod and Shiryaev [JS03] work without complete filtra-
tions, as far as this is possible. See for example the discussion on page 8 of [Jac79], or
Definition I.1.2 of [JS03]. Whenever we quote a result that is not from [Jac79] or [JS03],
we point out why it also holds in incomplete filtrations.

After this work was finished, Alexander Gushchin pointed us to a paper by Rokhlin
[Rok10], that gives a related (but not identical) proof for a stronger result than Theorem
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1.1.3. In fact our arguments imply this stronger result as well. So here we prove Rokhlin’s
result, and as a corollary we obtain Theorem 1.1.3.

A family of nonnegative stochastic processes ) is called fork-convex, see [Z02] or
[Rok10], if every Y € Y stays in zero once it hits zero, i.e. Y, = 0 implies Y; = 0
for all 0 < s < t < oo, and if further for all Y1, Y2 Y3 € Y, for all s > 0, and for all
Fs—measurable random variables A; with values in [0, 1], we have that

1 1 Y2 YS
Y.= 1[0,3)(')}/5 + 1[5,00)(’)Ys <>‘8Y82 +(1- AS)Y?) SV (1.5)

Recall that we interpret 0/0 = 0. Note that a fork-convex family of processes with Yy = 1

for all Y € ) is convex. If moreover ) contains the constant process 1, then ) is stable

under stopping at deterministic times, i.e. for all Y € } and for all £ > 0 also Y o € V.
Rokhlin’s [Rok10] main result is the following.

Theorem 1.3.1. Let Y be a fork-convex family of right-continuous and nonnegative
processes containing the constant process 1 and such that Yo =1 for all Y € Y. Let

K= {YOO Y eV, Yo=I1lmY; exists}.
t—o00

Then K is bounded in probability if and only if there exists a supermartingale density for

V.
We split up the proof in several lemmas.

Lemma 1.3.2. Let X be a convex family of nonnegative random variables. Then X is
bounded in probability if and only if there exists a strictly positive random variable Z such
that

sup E(XZ) < 0.
XeX

Proof. The sufficiency is Theorem 1 of [Yan80]. Note that Yan does not require the
o—algebra to be complete. Yan makes the additional assumption that X is contained
in L'. But since we are considering nonnegative random variables, this can be avoided
by applying Theorem 1 of [Yan80] to the convex hull of the bounded random variables
{X An} for n € N, as suggested in Remark (c) of [DM82], VIII-84.

Conversely, let us assume that Z exists. Normalizing by F(Z), we obtain an equivalent
probability measure @ such that & is norm bounded in L!(Q) and therefore bounded in
(—probability. Since P < @), it is easy to see that X is also bounded in P—probability. [

Remark 1.3.3. Convexity is necessary: Let {A}" : 1 < k < 2™, m € N} be an increasing
sequence of partitions of €, such that P(A}") =27 for all m, k (take for example Q =
[0,1], equipped with the Lebesgue measure). Define the nonnegative random variables
Xt =1ap 22m_ Then (X" : m, k) is bounded in probability. Let a > 0 and assume Z is

28



1.3. Existence of supermartingale densities

a nonnegative random variable such that E(ZX]") < a for all m, k. Then
E(lapZ) = E(ZX}")272™ < a272™.

Summing over k, we obtain F(Z) < a2 for all m € N, and therefore E(Z) = 0. Since
Z > 0, we have Z = 0.

We call a family of random variables LP—bounded for p > 1 if it is norm bounded in
LP.
Remark 1.3.4. Lemma 1.3.2 states that a convex family of nonnegative random variables
X is bounded in probability if and only if there exists a measure  ~ P, such that X
is L'(Q)-bounded. One might ask if this can be improved. For example, there could
exist ) ~ P such that X is LP(Q)-bounded for some p > 1. But this is not true in
general. Even if S is a Brownian motion there might not be an absolutely continuous
@ < P, such that Ky is uniformly integrable under ). To see this, choose an increasing
sequence of partitions (A} : 1 < k < 2™, m € N) of R, such that p(A}") = 27 for all
m, k, where p denotes the standard normal distribution. Define the random variables
Xit = 1ap(51)2™. Then Xj* € L™, and E(X}") = 1 for all m,k. By the predictable
representation property of Brownian motion, X" € Ky for all m, k. Now let () < P, and
let ¢ > 0 be such that lim, ,o g(x)/z = oco. If we show that (g(X}"))m,k is unbounded
in L'(Q), then de la Vallée-Poussin’s theorem (see [DM78], 1I-22) implies that K; is not
uniformly integrable under Q. Let a > 0 and let m € N be such that g(2™) > a2™.
Choose k for which Q(S] € A’,;,”) > 27, Such a k must exist because () has total mass
1. Then

Eq(9(X[") > Eq(Lap (S1)27a) > 27"2"a = a.

Since a > 0 was arbitrary, Eg(g(-)) is unbounded on KC;.
The following Lemma establishes Theorem 1.3.1 in the case of two time steps. The
general case then follows easily.

Lemma 1.3.5. Let Y be a L' -bounded family of nonnegative processes indexed by {0,1},
adapted to a filtration (Fo,F1). Assume that Y is fork-convex and that ) contains a
process of the form (1,Y7") for a strictly positive Yi*. Then there exists a strictly positive
Fo—measurable random variable Z, such that (YoZ,Y1) is a supermartingale for every
Y € Y. The random variable Z can be chosen such that

sup E(YpZ) < sup max E(Y;). (1.6)
Yey vey =01

Proof. We define a nonnegative set function p on Fy by setting

w(A) :=sup E(14Y1/Y0).
Yey

Let us apply the fork-convexity of ) to show that for every Y € ) there exists Y € Y,
such that Y7/Yy = Y;. We take s = 0 and Y! = (1,Y{*) and Y2 = Y and A\, = 1 in
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1. Dominating local martingale measures and arbitrage under information asymmetry

(1.5). Then Y € Y, where Y, = Liyy>0) and Y1 = Y1/Y,. In particular, it follows from
the L'-boundedness of ) that

Y1
w(A) =sup E (1,4) < sup E(147)) <
Yey Yo/ 7 yey

for all A, i.e. p is finite. In fact u is a finite measure. Let A, B € Fy be two disjoint sets
and let YA, Y5 € Y. We take s =0, Y = (1,Y}), Y2 = YA Y3 =Y5 and \; = 14 in
(1.5), which implies that Y € ), where

~ \ s
Y, = 1{0}(7f) <1A1{YOA>0} + 131{YOB>0}> + 1{1}(t) 1AYA + lBYO

Note that }71/170 =Y}, since we set 0/0 = 0. Because A and B are disjoint, we have

1 Vi 1 YA+1 Ly
AUB%— AYA BYV0 .

As a consequence we obtain

p(A) + n(B) sup FE (1 Ll +1 YlB)
= ASTA BB
(YAYB)ey? YOA Yy

Y,
< sup F <1AUB~1> =u(AUB).
Yey Yo

But (AU B) < u(A) + u(B) is obvious, and therefore p is finitely additive.
Now let (A,) be a sequence of disjoint sets in Fy. Then

[e'] 00 Yl 00
H An | =sup ) E <1An> <) sup E <1An> 1(An).
<nL:Jl n) Yeyngl Yo ngl yrey Yo Z n)

The opposite inequality holds for any finitely additive nonnegative set function. There-
fore, u is a finite measure on Jy, which is absolutely continuous with respect to P. Hence,
there exists a nonnegative Z € L'(Fo, P), such that

HA) = E(122) = sup (1a31)- (1.7)

It is easy to see that we can replace 14 in (1.7) by any nonnegative Fy—measurable
random variable. In particular, for any Y € ) and any A € Fy

1% Y,
E(14Y0Z) =sup E <1AYO~1> >F (1AY01> = E(1aY1),
Yey Yo Yo

proving that (YpZ,Y7) is a supermartingale provided that F(YpZ) < oo. But the bound
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1.3. Existence of supermartingale densities

stated in (1.6) follows immediately from the fork-convexity of }), because the process
Y = (Yol{yol>0}, YoY/Yy) isin Y for any Y! € ), and thus

Y -
E(YoZ) = sup E <Y011> <sup E (Yl) .
Yiey Yo Yey
It remains to show that Z is strictly positive. But this is easy, because (1,Y7) is in Y,
and Y7" is strictly positive. Therefore, (Z,Y]") is a supermartingale with strictly positive
terminal value, which is only positive if also Z is strictly positive. O

Remark 1.3.6. Some type of stability assumption is necessary for Lemma 1.3.5 to hold.
Even for a uniformly integrable and convex family of processes ), the lemma may fail
without assuming fork convexity: Let again {A}" : 1 < k < 2™, m € N} be an increasing
sequence of partitions of €2, such that for every m and k we have P(A}") = 27"™. Define
the random variables X" = 1A2n2m/m. Let a > 1 and let mg be such that 2™~ < ¢ <
2™0_ Then

1

E(| X715 xm < E(X™|) = —
sup (1XE L xm2ay) < E(1X7)) o

proving that (X;"),,  is uniformly integrable. From de la Vallée-Poussin’s theorem and
Jensen’s inequality we obtain that also the convex hull & of the X" is uniformly inte-
grable. Define Fop = F; = o(A' : 1 <k < 2" meN),and Y = {(1,X) : X € A}
Assume there exists Z > 0 such that E(14X) < E(14Z) for all A € Fy and X € X.
Then for every m € N

2m 2m

my _ 2"

E(Z) =3 E(apZ) > Y EQap Xj") = .
k=1 k=1

so that E(Z) = co. Therefore, (Z, X) cannot be a supermartingale for any X € X. In
fact it is possible to show that F(1 AnZ ) = oo for all k,m, and since Fy is generated by
(A7)m i, we must have P(Z = oc0) = 1.

To pass from two time steps to finitely many time steps is easy and follows by induction:

Corollary 1.3.7. Let Y be a L'-bounded family of nonnegative processes indexed by
{0,...,m}, adapted to a filtration (Fi, : 0 < k < m). Assume that Y is fork-convez, and
that it contains the constant process (1,...,1).

Then there exists a strictly positive and adapted process (Zy, : 0 < k < 'm), with Z,, = 1
and such that ZY is a supermartingale for everyY € Y. Z can be chosen such that

sup max FE(ZyY;) <sup max FE(Yy). (1.8)
yey k=0...m yey k=0,...m

Proof. For m = 1, this is just Lemma 1.3.5: take Zy = Z, 71 = 1.
Now assume the result holds for n. Let ) be a family of processes indexed by {0, ..., n+
1}, and assume that ) satisfies all requirements stated above. Then also (Y1,...,Y4+1)
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1. Dominating local martingale measures and arbitrage under information asymmetry

satisfies all those requirements. By induction hypothesis, there exists a strictly positive
and adapted process Z = (Z1, ..., Zm, 1) such that ZY is a supermartingale for all Y € Y,
and such that

E(Z.Y,) < E(Y:). 1.
sup  max  B(ZYi) < sup, max  E(Yy) (1.9)

Therefore, it suffices to construct a suitable Zy. For this purpose we apply Lemma 1.3.5
to the family of processes Y = {(Yp, Z1Y1) : Y € Y}. Since Y contains the constant
process (1,...,1), the family Y contains the process (1,71), and Z; is strictly positive.
Furthermore, it is straightforward to check that 37 is fork-convex. L'-boundedness of :)7
follows from (1.9). Hence, we can apply Lemma 1.3.5 to Y, and the result follows. O

To prove Theorem 1.3.1, we have to go from finite discrete time to continuous time.
This is achieved by means of a compactness argument. Compactness for right-continuous
functions is not very easy to show, and it would require us to use some form of the Arzela-
Ascoli theorem. However, we want to construct a supermartingale Z, and therefore it
will be sufficient to construct its “skeleton” (Z, : ¢ € Q). Using standard results for
supermartingales, we can then use this skeleton to construct a right-continuous super-
martingale density.

We will need the notion of convex compactness as introduced by Zitkovié [Z10].

Definition 1.3.8. Let X be a topological vector space. A closed convex subset C' C X is
called convexly compact if for any family {F, : « € A} of closed convex subsets of C', we
can only have N,c4 Fo = 0 if there exist already finitely many au,. .., o, € A for which

ﬂZn=1 Fak =0.

Recall that L° is the space of real valued random variables, equipped with the topology
of convergence in probability. Zitkovié¢ [Z10] then characterizes convexly compact sets of
nonnegative elements of L.

Lemma 1.3.9 (Theorem 3.1 of [Z10]). Let X be a convex set of nonnegative random
variables, closed with respect to convergence in probability. Then X is convexrly compact
in LY if and only if it is bounded in probability.

Note that Zitkovié works on a complete probability space. But completeness is not
used in the proof of Theorem 3.1. There is only one point in the proof where it is not
immediately clear whether completeness of the o—algebra is needed: when Lemma A1.2
of [DS94] is applied. However, this lemma is formulated for general probability spaces.

In Proposition B.6 we prove a Tychonoff theorem for countable families of convexly
compact subsets of metric spaces. This will be used in the following proof.

Lemma 1.3.10. Let Y and K be as in Theorem 1.3.1. Then there exists a nonnegative

supermartingale (Zq)qeq, Ufoo} With Zog > 0, such that (Z4Yq)ecq, is a supermartingale
forallY € X.
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1.3. Existence of supermartingale densities

Proof. Recall that ) is convex, and thus K is convex as well. By Lemma 1.3.2 there
exists Q ~ P such that K is L'(Q)-bounded. We set a := supycx Eg(X) and define the
family of processes

Z ={(Zy)geq.ufo0} : Zoo = 1,24 20,7 € Fy, and Eq(Z,) < a for all g},

where we write Z, € F, to denote that Z, is F,—measurable. According to Lemma 1.3.9
and Proposition B.6 in Appendix B, Z is a convexly compact set in [];cq, ufoo} LY(F,, Q)
equipped with the product topology. Define for given ¢, € Q4+ U {oco}

Z(q,r) ={Z € Z: EQ(ZgrYyir/Yq|Fq) < Zy for all Y € Y},

where for r = oo we only consider those Y € ) for which Yo, = lim;_, Y; exists. The
sets Z(q,r) are convex, and by Fatou’s lemma they are also closed. Furthermore, they
are subsets of the convexly compact set Z. So if

N Z(q,r)

q€Q+,r€Q1 U{oo}

was empty, then already a finite intersection would have to be empty. But if a finite
intersection was empty, then there would exist 0 < tg < --- < t, < oo for which it is
impossible to find (Z;, : ¢ =0,...,n) with Z;, = 1 and such that (Y, Z;, : i =0,...,n) is
a Q—supermartingale for every Y € ) (respectively for every Y € Y for which lims_, Y3
exists in case t, = 00). This would contradict Corollary 1.3.7.

So let Z be in the intersection of all Z(q,r) and let Y € ). Then for all ¢,r € Q4

Yot
po (g

which shows that ZY is a ()—supermartingale indexed by Q. Taking Y = 1, we also see
that (Z : ¢ € Q1 U {oo}) is a supermartingale. To complete the proof it suffices now to
define for ¢ € Q4 U {oo}

— dP
Zq:Zq @

Fa

We are now ready to prove Rokhlin’s result.

Proof of Theorem 1.5.1. It remains to show that given the skeleton (Z, : ¢ € Q4+ U
{o0}) we can construct a right-continuous supermartingale density with left limits almost
everywhere. This is a standard result on supermartingales. For the reader’s convenience
and to dispel possible concerns about the incompleteness of our filtration, we give the
arguments below.
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1. Dominating local martingale measures and arbitrage under information asymmetry

Since (F3) is right-continuous, for every ¢ > 0 there exists a nondecreasing family of
sets (N;)i>0, such that N, € F; for all ¢ > 0, and such that for w € Q\ NV,

lim Z(w), and lim Z(w),
r—>s— r—s+

reQ reQ

exist for all s < ¢t. See for example Ethier and Kurtz [EK86], right before Proposition
2.2.9. We define for ¢ € [0, 00)

Zt(w) = s€Q

limgeq Zg(w), we€Q\M

0, otherwise.
Then Z is adapted because (F;) is right-continuous, and Z is right-continuous by def-
inition. It may not have left limits everywhere. But since (N;) is nondecreasing,
7(w) := inf{t > 0 : w € N;} defines a stopping time, such that P(1 = c0) = 1, and
such that t — Z;(w) has left limits everywhere except at 7(w).

Let us show that ZY is a supermartingale for every Y € )). Recall that the processes
in Y are right-continuous. Using Fatou’s Lemma in the first step and Corollary 2.2.10 of
[EK86] in the second step, we obtain

< . . 7 — . . . . 7
EQ(Zi1sYi4s|Ft) < i inf, EQ(ZyY:|Tt) M inf, hqrgggf EqQ(Z,Y:|Fy)
reQ reQ qe

< liminf liminf Zqu = ZY;.

r—(t+s)+ g—t+
reQ qeQ

The same arguments with s = oo and Y = 1 show that if we set Z,, = Z, then
(Zt)te[o,oo] is a nonnegative supermartingale with strictly positive terminal value. By
Theorem 1.1.39 of [JS03], Z; almost surely converges to a limit Zoo as t — oo. Define
now M; = E(Z|F:) for t € [0,00]. This is a uniformly integrable martingale which
almost surely converges to Zo, as t — co. By the supermartingale property of Z we have
My < Z; for all ¢t > 0, and therefore

0< Zoo = lim M; < lim Z; = Zo.
t—o0o t—o0

It remains to show that if there exists a supermartingale density, then ) is bounded in
probability. If Z is a supermartingale density for ), then for any Y € ), Z,Y; converges
as t — oo, see Theorem 1.1.39 of [JS03]. Since Z; converges to a strictly positive limit, Y;
must converge as well, and we have F(ZyY) < E(ZyYy) = E(Zy). Now Lemma 1.3.2
shows that Y is bounded in probability. O

Corollary 1.3.11. IfY is as in Theorem 1.5.1, then every Y € Y is a semimartingale
for which Yy almost surely converges as t — oco.

Proof. Convergence was shown in the proof of Theorem 1.3.1. The semimartingale prop-
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1.4. Construction of dominating local martingale measures

erty follows from It6’s formula: Let Z be a supermartingale density for ). Then Z is
strictly positive, and therefore 1/Z is a semimartingale, implying that Y = (1/2)(ZY")
is a semimartingale. O

In case ) = W; and under the stronger assumption (NFLVR;), Corollary 1.3.11 was
already shown by Delbaen and Schachermayer [DS94]. See also Ankirchner [Ank05] and

Kardaras and Platen [KP11].
Theorem 1.1.3 is now an immediate corollary of Theorem 1.3.1:

Proof of Theorem 1.1.3. It suffices to note that Wi and W , satisfy the assumptions of
Theorem 1.3.1. This is easy and shown for example in Rokhlin [Rok10], in the proof of
Theorem 2. Rokhlin only treats the case of W) and i, but the same arguments also
work for W , and Ky ;. O

Proof of Corollary 1.1.4. Let S have components that are locally bounded from below
and assume that S satisfies (NA1). Recall that local semimartingales are semimartin-
gales, see for example Protter [Pro04], Theorem I1.6. Protter works with complete filtra-
tions, but it follows from Lemma A.5 in Appendix A that for every (F/")-semimartingale
there exists an indistinguishable (F;)-semimartingale. Let 1 < k < d. Since S* is lo-
cally bounded from below, there exists an increasing sequence of stopping times (7,,)
with limy, 00 7 = 00, and a sequence of strictly positive numbers (a,,), such that
(1 +am5'f,\7m)t20 € Wi . It follows from Corollary 1.3.11 that the stopped process S,kmm
is a semimartingale for every m, and therefore S* is a semimartingale.

It remains to show that in the case of local boundedness from below, any supermartin-
gale density for Wi s is a supermartingale density for W;. But this is the content of
Kardaras and Platen [KP11], Section 2.2. (And it will also follow from our considera-
tions in Section 1.4.) O

Of course we could also assume that every component of S is either locally bounded
from below or locally bounded from above, and we would still obtain the semimartingale
property of S under (NA1,). But in the totally unbounded case, S is not necessarily a
semimartingale. A simple counterexample is given by a one dimensional Lévy-process
with jumps that are unbounded both from above and from below, to which we add an
independent fractional Brownian motion with Hurst index H # 1/2. Their sum is not
a semimartingale. But there are no 1-admissible simple strategies other than 0, so that
K1,s = {1}, which is obviously bounded in probability.

1.4. Construction of dominating local martingale measures

1.4.1. The Kunita-Yoeurp problem and Follmer’'s measure

Now let Z be a strictly positive supermartingale with Z., > 0 and Ep(Zp) = 1. Our aim
is to construct a dominating measure ) and a stopping time 7, such that (Z, 1) is the
Kunita-Yoeurp decomposition of ) with respect to P. We call this the Kunita- Yoeurp
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1. Dominating local martingale measures and arbitrage under information asymmetry

problem. Recall that (Z,7) is the Kunita-Yoeurp decomposition of () with respect to P
if

2. for A € F; we have

QAN{r >t})=Ep(1aZ). (1.10)
In this case it follows for any stopping time p and any A € F, that

QAN{r > p}) = Br (Langpece1 %) - (1.11)

see for example [Yoe85], Proposition 4.

In general it is impossible to construct ) and 7 without making further assumptions
on the underlying filtered probability space: For example, the space could be too small.
Take 2 = {0} that consists of only one element, and define F = F; = {0, Q} for all ¢ > 0.
Then

1
7y = 5(1 +e7h), t >0,

is a continuous, nonnegative supermartingale with Z,, > 0. But there exists only one
probability measure on €2, and therefore any () would have the Kunita-Yoeurp decom-
position (1,00) with respect to P, and not (Z,7). This is reminiscent of the Dambis
Dubins-Schwarz theorem without the assumption (M), = oo (see Revuz and Yor [RY99],
Theorem V.1.7). This problem can be solved by enlarging §.

But even if the space is large enough, it might still not be possible to find @ and 7,
because the filtration might be too large. Assume that the filtration (F;) is complete
with respect to P, and that Ep(Zy) = 1. Then (1.10) shows that @ is absolutely
continuous with respect to P on Fy. Since JFy contains all P—null sets, this means
that @ is absolutely continuous with respect to P, and therefore (1.10) implies that
Zy = Ep(dQ/dP|F;). In other words Z is a uniformly integrable martingale under P. So
if Z is a supermartingale, then the filtration (F;) should not be completed. This problem
can be avoided by assuming that (F;) is the right-continuous modification of a standard
system, to be defined below.

If we are allowed to enlarge 2 and if (F;) is the right-continuous modification of a
standard system, then the problem of constructing ¢ and 7 has been solved by Yoeurp
[Yoe85] with the help of Foéllmer’s measure. Let us describe Yoeurp’s solution.

First we remove the second problem in constructing ) and 7 by assuming that the
filtration (F) is the right-continuous modification of a standard system (7). A filtration
(F?) is called standard system if

1. for all t > 0, the o-algebra F{ is o—isomorphic to the Borel o-algebra of a Pol-
ish space; that is, there exists a Polish space X; with Borel o-algebra B(X;),
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and a bijective map 7 : FY — B(X}), such that 7(Uen Am) = Umen Am and
T(Nmen Am) = Ninen Am for every sequence (Ap,)men;

2. if (tm)men is a nondecreasing sequence of nonnegative times, and if (A,,)men is a
nonincreasing sequence of sets, such that for every m € N the set A,, is an atom
of Y (i.e. B € F,, and B C A,, implies B = A, or B = 0), then ,,cy Am # 0.

Then (F;) is defined by setting F; = Ny~ F. 2. Path spaces equipped with the canonical
filtration are only standard systems if we allow for “explosion” to a cemetery state in
finite time, see Follmer [F6172], Example 6.3, 2), or Meyer’s result in Dellacherie [Del69],
p- 100. On such a path space it is in fact always possible to solve the Kunita-Yoeurp
problem without enlarging the space. This and other results will be presented in the
upcoming work Perkowski and Ruf [PR13].

Here we do not assume that €2 is a path space, and therefore we continue by enlarging
Q in order to solve the possible problem of € being too small. Define Q) := 2 x [0, oc] and
F := F ® B|0, 00], where B0, 0o] denotes the Borel o—algebra on [0, 0c0]. We also define
P := P ® 0, where 04 is the Dirac measure at co. The filtration (F;) is defined as

Fii= ﬂ Fs@0o([0,7r] :r < s).

s>t

Note that if (F;) is the right-continuous modification of the standard system (F_), then
(Ft) is the right-continuous modification of the standard system

7? =F ®0([0,s]: s < t), t>0.

Random variables X on  are embedded into Q by setting X (w, () := X (w).
Let us remark that (Q,F, (F¢), P) is an enlargement of (€2, F, (F;), P) in the sense of
Revuz and Yor [RY99]:

Definition 1.4.1 ([RY99], p. 182). A filtered probability space (9, F,(F;), P) is an
enlargement of (Q, F,(F:), P) if there exists a measurable map  : Q- Q, such that
7~1(F,) C F; and such that Pon~! = P. In this case, random variables are embedded
from (Q, F) into (Q, F) by setting X (&) = X (7(@)).

Define 7(w, () := w. Then 77 1(A) = A x [0,00] € F; for every A € F, ie. 7 1(F) C
Fi. For every A € F we have Po7n 1(A) = P ® 60(A x [0,00]) = P(A). And if X is a
random variable on (2, F), then X (w,() = X (w) = X(7(w, ().

Now we can proceed to construct (Q,7) on (Q,F, (F¢)). In fact it suffices to construct
Q, because we will take 7(w,() := (, so that P(7 = oo) = 1. However, there is one
remaining problem. In general @ will not be uniquely determined by (Z,7). The measure

Q must satisfy
1=Q@)=Q@Qn{t<7hH+QOQN{t=7}) = E5(Z:) + Q(t = 7) (1.12)

for all t > 0. But Q is supposed to solve the Kunita-Yoeurp problem associated with
(Z,7), and therefore at time 7, the measure @) should stop being absolutely continuous
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with respect to P, and (1.12) implies that Q(7 < oo) > 0 if Z is not a martingale. So
knowing P, Z, and 7, in general we can only hope to determine @) uniquely on the o—field

Fro=0(Fo {An{F>t A € Fput >0}
o({Ag x {0}, A x (t,00] : Ay € FP,t > 0}). (1.13)

For the second equality we refer to [F6172]. Note that Fz_ is the predictable o—algebra
over (F?) on Q x [0,00]. The reason for taking 7—"3 rather than Fy lies in the fact that
?8 is countably generated but in general Fg is not. It then follows from our definition
that F>_ is countably generated, a condition which is needed to apply Parthasarathy’s
extension theorem [Par67], on which Follmer’s construction is based.

In conclusion, in order to construct 7 and @, we need to assume that (F;) is the
right-continuous modification of a standard system, we need to enlarge (2, F, (F;), P)
as described above, and we have to accept that Q will only be defined on F=_. Under
these conditions, we can take Q as the Follmer measure of Z. Given a nonnegative
supermartingale Z with Ep(Zy) = 1, Follmer [F6172], see also Meyer [Mey72], constructs
a measure PZ on (Q, F_), which satisfies PZ(A4,N{7T > t}) = E5(Z, 17,) forallt > 0 and
all A; € F;. This is exactly the relation (1.10), and therefore (Z,7) is the Kunita-Yoeurp
decomposition of @ := P?Z with respect to P.

Note that it is possible to extend @ from Fr_ to F, generally in a non-unique way,
see p. 9 of [KKN11]. See also Perkowski and Ruf [PR13|, where we will describe very
precisely under which conditions and in which sense the extension is unique. From now
on we assume that Q is one of these extensions, i.e. that Q denotes a probability measure
on (0, F) that satisfies @\f?_ = P?Z.

It remains to show that ) dominates P. But this is a consequence of the following
general result:

Lemma 1.4.2. Let P and @ be two probability measures on a filtered probability space
(Q, F, (Ft)t>0). Let (Z,T) be the Kunita-Yoeurp decomposition of Q with respect to P.
Define Foo = ;>0 Ft and assume that P(Zo > 0) = 1. Then P|r,, < Q|r.,-

Proof. Let A € U;>oFt- We use the o—continuity of P, (1.10), and Fatou’s lemma, to
obtain

QAN {T = OO}) = thr& QAN {7' > t}) = tILIEOEP<Zt1A) > EP(ZoolA).

By the monotone class theorem, this inequality extends to all A € F. Since P(Z >
0) = 1, we conclude that P|r_ < Q|r..- O

In the following we make the standing assumption that we work on a probability space
(Q,F,(F:), P) where it is possible to solve the Kunita-Yoeurp problem of associating a
probability measure and a stopping time to a given supermartingale, and we omit the
notation U
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Calculating expectations under ()

Here we collect important results of Yoeurp [Yoe85] that allow to rewrite certain ex-
pectations under () as expectations under P. More precisely, let Z be a nonnegative
supermartingale with F(Zy) = 1 and with Doob-Meyer decomposition Z = Zy+ M — D,
where M is a local martingale starting in zero, and D is an adapted process, almost surely
nondecreasing and cadlag. Let 7 and ) be a stopping time and a probability measure,
such that (Z, 1) is the Kunita-Yoeurp decomposition of @) with respect to P.

Recall that if NV is a local martingale, then a nondecreasing sequence of stopping times
(pm)men is called localizing sequence for N if NP is a uniformly integrable martingale
for every m € N, and if P(lim;;,—00 pr = 00) = 1.

Lemma 1.4.3. Let Z = Zy+ M — D, and let 7 and QQ be as described above. Let
(Pm)men be a localizing sequence for M, such that every py, is finite. Then we have for
every bounded predictable process Y and for every m € N that

Pm
Eo(Y?P™) = Ep (Ypmzpm +/ YSdDS> . (1.14)
0

Proof. This is part of Proposition 9 of [Yoe85]. For the convenience of the reader, we
provide a proof. First consider a simple process of the form Ys(w) = X(w)1( o (s) for
some bounded F;-measurable X. For such Y we get from (1.10) that

EqQ(Y!™) = EQ(X1(t00)(pm A T)) = EQ(X 1y p i Ltary) = Ep(X1gycp, 1 Zt)
= Ep(Xl{Kpm}(Zo + My — Dy)) = Ep(Xl{Kpm}(Zo + Mtpm — Dy)).

Now we use that M#™ is a uniformly integrable martingale, and that X1, 1 is Fi—
measurable, to replace Mf™ by MPm = M,,. . Moreover, we have

Xl{t<pm}Dt = Xl{t<pm}DPm - Xl{t<pm}(me —Dy)

Pm
= X12py Dy —/0 Y.dD,,

which proves (1.14) for such simple Y. The general case now follows from the monotone
class theorem. 0

Corollary 1.4.4. Let Y be a bounded adapted process that is P—almost surely cadlag.
Define

}/tT_ (w) . }/t(w)l{t<.,-(w)} + lim(SL;p Kg(w)l{tz.,.(w)}.
s—=T(w)—

Let Z and (pm,) be as in Lemma 1.4.3. Then

Pm
Eq(Y, )=Ep <Yme,,m + /0 YSst) .
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Proof. This is a slight generalization of (2.4) in [Yoe85]. Define ¥, (w) = Yi_(w) =
limsup,_,,_ Y, for t > 0, and Y;7 = Yy. Then Y~ is a predictable process, because it is
the pointwise limit of the step functions

Yy = Yolgoy(t) + Y limsup Yslgo-n (er1y2-n) (£)-
k>0 s—k2—n—

Therefore, we can apply Lemma 1.4.3 to Y ~. Observe that

Y =Yoo pny + Yr-Llir<pn) = Yo lirspny + (Y ) rlir<p,)-

Now (1.11) implies that Eq(Y),,, 1{r>p.1) = Ep(Y),.Zp,,), whereas (1.14) and then again
(1.11) applied to the second term on the right hand side give

EQ((Y_)TI{TS,Om}> = EQ((Y_>¢m) - EQ((Y_)pml{‘r>pm})

Pm
= EP (Ypm_me +/0 YS_dDS) - EP (Ypm_me)

Pm
=Fp (/ Y;dDS> .
0

1.4.2. The predictable case

We still assume that (2, F, (F;), P) is a probability space on which it is possible to
solve the Kunita-Yoeurp problem. Let S be a d—dimensional predictable semimartingale,
let W, be defined as in (1.1), and let Z be a supermartingale density for ;. Here
we examine the structure of S and Z closer. This will allow us to apply Lemma 1.4.3
to deduce that S~ is a local martingale under the dominating measure associated to
Z. Note that Yoeurp [Yoe85] also establishes a generalized Girsanov formula, which we
could apply directly rather than using Lemma 1.4.3. However, the use of Lemma 1.4.3
turns out to be rather instructive, and it allows us to obtain some insight into why the
non-predictable case is more complicated.

Remark 1.4.5. Observe that, thanks to predictability, S — Sy is almost surely locally
bounded. This follows from 1.2.16 of [JS03], which says that for a > 0 there exists an
announcing sequence for the entrance time of S into {x € R? : |2| > a}. In view of
Corollary 1.1.4 it would therefore suffice to assume that Z is a supermartingale density
for Wi 5. Then S is a semimartingale and Z is a supermartingale density for Wj.

Since S — Sy is locally bounded, it is even a special semimartingale (see [JS03], 1.4.23
(iv)). That is, there exists a unique decomposition

S =Sy+ M+ D, (1.15)

where M is a local martingale with My = 0, and D is a predictable process of finite
variation with Dy = 0. Thus, M = § — Sy — D is predictable. But any predictable right-
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continuous local martingale is continuous ([JS03], Corollary 1.2.31). Therefore, S is of
the form (1.15) with continuous M. But then also D must be continuous, because (NA1)
implies dD? < d(M?) fori =1,...,d, where M = (M',..., M%) and D = (D',..., D%).
This is a well known fact, see for example Ankirchner’s Ph.D. thesis [Ank05], Lemma
9.1.2. Otherwise one could find a predictable process H® which satisfies H* - M* = 0, but
for which H' - D! is increasing; this would contradict /C; being bounded in probability.
Therefore, D and then also S must be continuous.

In fact S must satisfy the structure condition as defined by Schweizer [Sch95]. Recall
that L (M) is the space of progressively measurable processes (A\¢);>o that are locally

loc
square integrable with respect to M, i.e. such that

td o
/ D NMA(M, M), < oo
0 4j=1

for every ¢ > 0. For details see [JS03], I11.4.3.
Definition 1.4.6. Let S = Sg+ M + D be a d-dimensional special semimartingale with
locally square-integrable M. Define

d . .
| - i A
C’t:Z<MZ>t and for 1 <i,5 <d: Jt]:<dct>t.

i=1

Note that o exists by the Kunita-Watanabe inequality. Then S satisfies the structure

condition if dD* < d(M?) for all 1 < i < d, with predictable derivative af = dD?/d(M?);,

and if there exists a predictable process A\, = (A\},...,A}) € L2 (M), such that for
i=1,...,d we have dC(w) ® P(dw)-almost everywhere

(o))" = a'o™. (1.16)

Note that A might not be uniquely determined, but the stochastic integral [ AdM does
not depend on the choice of A, see [Sch95]. If

0o d L
/ > Ao MdC; < oo, (1.17)
0 ;=1
then we say that S satisfies the structure condition until co.

Recall that two one dimensional local martingales L and N are called strongly orthog-
onal if LN is a local martingale. If L and N are multidimensional, then we call them
strongly orthogonal if all their components are strongly orthogonal. Also recall that the
stochastic exponential of a semimartingale X is defined by the SDE

t
E(X) =1 +/ £(X),_dX,,  t>0.
0

Finally we recall that every nonnegative supermartingale Y satisfies Y., = 0 for all
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t >0, where 7 =inf{t >0:Y;,_ =0 or ¥; = 0}.
Let us write dX; ~ dY; if d(X — Y); is the differential of a local martingale.

Lemma 1.4.7. Let S = So+ M + D be a predictable semimartingale and suppose that
Z is a supermartingale density for S. Then S satisfies the structure condition until oo,
and

dZ; = Z,_(—M\dM; + dN; — dBy), (1.18)

where X satisfies (1.16) and (1.17), N is a local martingale that is strongly orthogonal to
M, B is increasing, and E(N — B)s > 0.

Conversely, if a predictable process S satisfies the structure condition until oo, and if
Z is defined by (1.18) with Zy = 1, then Z is a supermartingale density for S.

In particular, for predictable S, the structure condition until oo is equivalent to (NA1).

Proof. This is essentially Proposition 3.2 of Larsen and Zitkovi¢ [LZ07] in infinite time.
We provide a slightly simplified version of their proof, because later we will need some
results obtained during the proof.

Let Z be a supermartingale density. Since Z is strictly positive, it is of the form
dZ, = Zy_(dL; — dBy) for a local martingale L and a predictable increasing process
B. Since M is continuous, there exists a predictable process A € L2 (M), such that

dL; = MdM; + dNy, where N is a local martingale that is strongly orthogonal to all
components of M, see [JS03], Theorem II1.4.11. Moreover,

0< Zoo = ZoEN-M + N — B)og = ZoE\ - M)ooE(N — B,

which is only possible if A satisfies (1.17) and if £(N — B)s > 0. It only remains to show
that X also satisfies (1.16).

Let H be a 1-admissible strategy. Write W := 1 4+ H - S for the wealth process
generated by H. Then WHZ is a nonnegative supermartingale. Since Z is strictly
positive, we must have W/ = 0 for t > 77 = inf{s > 0: WH = 0or W = 0}.
Therefore, we may assume without loss of generality that H; = Hylg.uy for all ¢ > 0.
Define 7, := H;/W} | where we interpret 0/0 = 0 as before. Then

t
WtH:1+(H-S)t:1+/ mWHdS,.
0

In other words, every wealth process is of the form W = £(x-9) for a suitable integrand
7. To simplify matters, we slightly abuse notation and write W™ instead of WH.
Integration by parts applied to ZW™ gives

d(ZW™), = Wi dZ; + Zy—m W[ dS, + d[WT, Z],
= W[ Zi—(MdM; + AN, — dBy) + Z_m W (dM, + dD,)
+ W[ Z d[x- (M + D),\- M+ N — Bl
~ —WF Z_dBy + Zy_ 7 W] ADy + Wi Zy_d(m - M, X+ M), (1.19)
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where we used that M and D are continuous. By orthogonality, [H-M, N] = (H-M, N) is
a continuous martingale of finite variation, starting at zero, which must therefore vanish.

Let now C and o be as described in Definition 1.4.6. Then Theorem II1.4.5 of [JS03]
implies that the bracket (w - M, - M) can be rewritten as

d(ZWﬂ-)t ~ Wtﬂ;Zt_ (—dBt + Ftht + d<7T . M, A M>t)

d d
= W[ Z_ (—dBt +> 7 (dD}; +> awgdct)) : (1.20)

i=1 j=1

Assume now that there exists an i € {1,...,d} for which the continuous process of finite
variation

d .
Xi=Di+Y} / s dC,
j=170

is not evanescent. We claim that then there exists a 1-admissible strategy 7 for which the
finite variation part of (ZW7) is increasing on a small time interval: By the predictable
Radon-Nikodym theorem of Delbaen and Schachermayer [DS95b], Theorem 2.1 b), there
exists a predictable 7' with values in {—1,1}, such that [;7idD? = V', where V' denotes
the total variation process of X*. Note that [DS95b] work with complete filtrations, but
given the (F/)-predictable 5° that they construct, we can apply Lemma A.4 to obtain
a (F;)-predictable 4 that is indistinguishable from 7°.
Let now m € N and set 7/ := mé;;yi for j=1,...,d. into (1.20). Then

AZW™); ~ Wi Zy (~dBy +mdV}).

Since V? is an increasing process that is not constant, there exists m € N such that
—dB; +mdV{ is locally strictly increasing with positive probability. Since 7 is bounded,
we obtain that W/~ > 0 for all ¢t > 0, and of course also Z;_ > 0 for all £ > 0. Therefore,
the finite variation part of W7™Z is locally strictly increasing with positive probability, a
contradiction to ZW7™ being a supermartingale.

Thus, X is evanescent. Recall that dD? < d(M*) = ¢%dC, and therefore there exists
a predictable process o for which

d
0= (dDg +3 azugdct) = (afof + (o:\)7) dCy,
j=1
so that
oo = —(o\)!  dC(w) ® P(dw) — almost everywhere, (1.21)

i.e. (1.16) is satisfied, and the proof of the first part is complete.
The converse direction is easy and follows directly from (1.19). O
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Remark 1.4.8. For later reference we remark that if M and D are not necessarily contin-
uous, then a priori we only know that dZ; = Z;_(dN; — dBy), for a local martingale N
and a predictable process of finite variation B. The finite variation part of W™ Z is then
given by

d(WWZ)t ~ Wtw_th(—dBt + md Dy + d[ﬂ' - M, N]t — d[ﬂ‘ - D, B]t), (122)

which can be derived similarly as (1.19). Here we used that if L is a local martingale
and if D is predictable process of finite variation, then [L, D] is a local martingale, see
Proposition 1.4.49 of [JS03].

Next we will show that S7~ is a local martingale under the measure @) that is associ-
ated to Z. But first we observe that if Z is a supermartingale density, then SZ is not
necessarily a local martingale.

Corollary 1.4.9. Let Z and S be as in Lemma 1.4.7. Then ZS* is a local supermartin-
gale if and only if S* > 0 on the support of the measure dB. If S* > 0 identically, then
75" is a supermartingale.

The process ZS* is a local martingale if and only if S° = 0 on the support of the
measure dB.

Proof. Integration by parts and (1.18) imply that

d(Z8"), = Z,—dS; + S;_dZ +d[S", Z),
= Z; (dM] + alol'dCy) + Si_Zy (—AdM; + AN; — dBy) — Z;_ (o )\)idC;
~ —S;_Z;_dB;,

where we used (1.16) in the last step.
The claim now follows easily since nonnegative local supermartingales are supermartin-
gales by Fatou’s lemma. O

Another consequence of Lemma 1.4.7 is that in the predictable case, the maximal
elements among the supermartingale densities are always local martingales. This is im-
portant in the duality approach to utility maximization. For details we refer to [LZ07)].

We are now ready to prove Theorem 1.1.5 under the assumption that it is possible to
solve the Kunita-Yoeurp problem.

Corollary 1.4.10. Let S be a predictable semimartingale, and let Z be a supermartin-
gale density for S. Let T be a stopping time and Q) be a probability measure, such that
(Z/Ep(Zy),T) is the Kunita-Yoeurp decomposition of Q with respect to P. Then ST~ is
a Q-local martingale.

Conversely, if Q > P with Kunita-Yoeurp decomposition (Z,T) with respect to P, and
if 77 is a local martingale under @Q, then Z is a supermartingale density for S.

Proof. We first show that S7~ is Q—almost surely locally bounded: Let p, := inf{t >
0:1]S{7| > n} for n € N. Since S7~ was only required to be right-continuous P—almost
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surely and not identically, p,, is not necessarily a stopping time. But it is a (]-"tQ )—stopping
time. According to Lemma A.2, there exists a sequence of (F;)-stopping times (pp)neN
such that Q(p, = pn) =1 for all n € N. Then sup,, p,, is a stopping time, and we obtain
from (1.11) that

Q <Sup P < T> = Ep (Zsupn o Lisup, pn@o}) =0, (1.23)
n

where we used that P(sup,, p, < c0) = 0. But S~ is constant for ¢ > 7, and therefore
{sup,, pn. > 7} is Q—almost surely contained in {sup, p, = oo}, showing that S7~ is
(Q—almost surely locally bounded.

Let now (op,)nen be a localizing sequence of finite stopping times for M, where Z =
Zo+ M — D. We define 7, := p, A 0,. Let H be a strategy that is 1-admissible for
(S77)™ under Q. Since (H -S)™~ = (H - S7"), we can apply Corollary 1.4.4 (which
extends from bounded Y to nonnegative Y via monotone convergence), to obtain

Eo(1+(H 5™ )e,) = Bp (14 (H8)n) 20, + [ (14 (H-5).)aD.).
But now (1.20) and (1.16) imply that
(1+(H-S)Z + /O'(1 4 (H-S),_)dDy = W™ Z + /0 W7 dD,

is a nonnegative P-local martingale starting in 1, and therefore Eqg((H - S77);,) < 0
for every strategy H that is 1-admissible under @). Since (S7~)™ is bounded, we easily
conclude that it is a martingale.

The only remaining problem is that we only know Q(sup, 7, > 7) = 1 and not
Q(sup,, 7, = 00) = 1. But the same arguments as used above also show that (S7~)Pn/\Tm
is a martingale for all n,m € N. Therefore, we can apply bounded convergence to obtain
for all s,t > 0 that

E((ST )1\ F) = lim_ Eq((ST )™ | F) (§77)p T = (577)f

= lim

m—00
As we argued above, Q(sup,, p, = 00) = 1, and therefore S~ is a Q—local martingale.

Conversely, let S™~ be a Q—local martingale, and let H be a 1-admissible strategy for
S under P. Define p:=inf{t > 0: (H-5""); < —1}. Then P(p < co) = 0 and therefore
Q(p < 7) = 0 by the same argument as in (1.23). Hence, H is 1-admissible for S7—
under ). Now we can repeat the arguments in (1.3), to obtain that Z; = 1,3/ is a
supermartingale density for S, where we denoted 7; := (dP/dQ)|x,.

Remark 1.4.11. For later reference, note that we only used once that S is predictable: it
was only needed to obtain

Ep ((1 +(H - 8), )70 + /OT"(1 +(H- S)s)st> <1,
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for which we applied Lemma 1.4.7 (and formula (1.20) from the proof of that lemma).

The general version of Theorem 1.1.5 is as follows:

Corollary 1.4.12 (“Correct formulation of Theorem 1.1.5”). Let (F;) be the right-
continuous modification of a standard system. Let S be a predictable stochastic process
that is almost surely right-continuous. Then S satisfies (NA1s) if and and only there
exists an enlarged probability space (Q,F,(F¢), P) and a dominating measure Q > P
with Kunita-Yoeurp decomposition (Z,7) with respect to P, such that S™ s a Q-local
martingale.

Proof. Tt remains to show that if @ exists, then S satisfies (NA1g). But if Q exists, then
Corollary 1.4.10 and Theorem 1.1.3 show that S even satisfies (NA1) on (Q, F, (F;), P).

Since this space is an enlargement of (Q, F,(F;), P), the process S must also satisfy
(NA1). 0

Remark 1.4.13. We argued above that a predictable process satisfying (NA1) must be
continuous. Therefore, Corollary 1.4.12 is not much more general than Ruf [Ruf13],
where it is shown that a diffusion S that satisfies (NA1) admits a dominating measure
@ under which S7~ is a local martingale. However, one difference is that [Rufl3] only
shows for supermartingale densities which are local martingales that they correspond to
dominating local martingale measures. Here we show that in the predictable case this
is true for all supermartingale densities. Also, we show equivalence between (NA1) and
the existence of a dominating local martingale measure, and not only that (NA1) implies
the existence of Q. Of course, as it is usually the case for this type of result, the reverse
direction is much easier.

1.4.3. The general case

We start the treatment of the non-predictable case with two examples that illustrate why
it is natural to consider dominating local martingale measures for S~ rather than for S.

Ezxample 1.4.14. If S is optional and if @ is a dominating local martingale measure for
S rather than for S7, then S does not need to satisfy (NA1): Let 7 be exponentially
distributed with parameter 1 under ). Define Sy = etl{t<7} for t € [0,1]. Since time
is finite, S is a uniformly integrable martingale. Therefore, dP = S51d@Q is absolutely
continuous with respect to Q. But under P we have S; = e! for all t € [0,1]. Clearly S
does not satisfy (NA1) under P, even though @ is a dominating martingale measure for
S. Note that S™~ is not a local martingale under @ because S;~ = et for all t € [0, 1].

Recall that a stopping time 7 is called foretellable under a probability measure P if
there exists an increasing sequence (7,,) of stopping times, such that P(r, < 7) = 1 for
every n, and such that P(sup, 7, = 7) = 1. In this case (7,) is called an announcing
sequence for 7. Every predictable time is foretellable under any probability measure, see
Theorem I1.2.15 and Remark 1.2.16 of [JS03].

Ezample 1.4.15. Let S be a semimartingale under P and let () > P be a dominat-
ing measure with Kunita-Yoeurp decomposition (Z,7) with respect to P. Assume that
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7 is not foretellable under (). Then there exists an adapted process S which is P
indistinguishable from S, such that S is not a Q—local martingale: Let z € R% and define
52” = Sil{z<sy + lg>ry, which is P-indistinguishable from S since P(7 = oo) = 1. If
S% is a Q-local martingale, then 7% = inf{t > 0 : |S¥| > n}, n € N, defines a localizing
sequence. In particular, (7;¥) converges (Q—almost surely to infinity as n tends to oo, and
thus Q(limy, oo 77 > 7) = 1. Since 7 is not foretellable under @, there must exist n € N
for which Q(7} > 7) > 0. Moreover, we have

EQ(So) = Eq(5%;) = Eq(Srslirz<ry) +2Q(7)) = 7).

Since ;¥ = 7Y for all |z| < n, |y| < n, we obtain a contradiction by letting = vary through
the ball of radius n — 1.

These two examples show that given ) > P, it is important to choose a good version
of S if we want to obtain a ()-local martingale. All the results obtained so far indicate
that this good version should be S7~. Maybe somewhat surprisingly, this is not true in
general, as we demonstrate in the following example.

Ezample 1.4.16. Let (L¢)se(0,1] be a Lévy process under @, with jump measure v = d1+6_1
and drift b € R. That is, L; = N} — N? + bt, where N! and N? are independent Poisson
processes. Let a > |b| and let p be an exponential random variable with parameter
a, such that p is independent from L. Define 7 = p if p < 1, and 7 = oo otherwise.
Then (eatl{t<7})te[0,1} is a uniformly integrable martingale, and therefore it defines a
probability measure dP = e"1;;.71dQ. Since 7 and L are independent, L has the same
distribution under P as under Q. The Kunita-Yoeurp decomposition of ) with respect
to P is given by ((e=*")icio,1],7)-

We claim that Z = e™* is a supermartingale density for L. Let (m,W/") be a strategy
for L, where W™ is the wealth process obtained by investing in this strategy. Such a
strategy is 1-admissible if and only if |m| < 1 for all ¢t € [0,1]. Moreover, we get from
(1.22) that

d(ZW7r>t ~ —W;r_Zt_a,dt + Zt_TFtWtW_bdt = Wgr_Zt_ (7Ttb — a)dt.

Since W™Z > 0 and since mb — a < 0 (recall that a > |b|), the drift rate is negative.
Therefore, ZW™ is a local supermartingale, and since it is a nonnegative process, it is a
supermartingale.

Now 7 is independent from L under ), and L has no fixed jump times. Hence

)

QAL 0= [ QAL #0)(Qor () =0,

which implies that L™~ = L7, and this is clearly no ()—local martingale.

Remark 1.4.17. In the preceding example it is possible to show that the modified process

~ _ b
Le=L{™ = ~1lusn (1.24)
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is a Q—martingale. More generally, we expect that given a semimartingale S, a super-
martingale density Z for S, and a measure () > P with Kunita-Yoeurp decomposition
(Z, 1) with respect to P, there should always exist a version S that is P—indistinguishable
from S, such that S is a Q-local martingale. But as (1.24) shows, we will need to take
different S for different supermartingale densities. Therefore, this seems somewhat un-
natural, and we will not pursue it further.

Note that all three examples had one thing in common: 7 was not foretellable under
Q. It turns out that things get much simpler if 7 is foretellable under @. But if (7,,)nen
is an announcing sequence for 7, then we obtain from (1.11) that

1=Q(mn <7) = Ep(Z:,1{7,<00}) for all n € N, and

0=Q (Sllp n < 7') = EP(Zsupn Tnl{supn 'rn<oo})'
n

Since Z is strictly positive, we conclude that (7,)nen is a localizing sequence for Z under
P,ie. Zis a P-local martingale.

Therefore, we should look for supermartingale densities that are local martingales.
We call such supermartingale densities local martingale densities. If (St)te[O,T] is one
dimensional with finite terminal time T' < oo, it is shown by Kardaras [Kar12], Theorem
1.1, that local martingale densities exist if and only if (NA1) is satisfied. The proof is in
the spirit of the article [KK07]. Takaoka [Tak13] solves the multidimensional case with
finite terminal time. More precisely, it is easily deduced from Remark 7 of [Tak13] that
for a locally bounded d-dimensional semimartingale (S¢)ejo,7), (NA1) is satisfied if and
only if there exists a local martingale density. Takoaka’s proof is based on the insight of
Delbaen and Schachermayer [DS95¢c|, that a change of numéraire can induce the (NA)
property, even if previously there were arbitrage opportunities in the market. [Tak13]
continues to show that a clever choice of numéraire preserves the (NA1) property, so
that then the condition (NA) 4+ (NA1) = (NFLVR) is satisfied, which permits to apply
the Fundamental Theorem of Asset Pricing [DS94]. See also the recent preprint Song
[Son13], where an alternative proof of Takaoka’s result is given that does not use the
Fundamental Theorem of Asset Pricing. Roughly speaking, this is achieved by combining
the philosophies behind [KKO07] and [Tak13].

Of course [Kar12|, [Tak13], and [Son13] all work with complete filtrations, but given a
local martingale density 7 that is (FF)-adapted, there exists an indistinguishable process
Z that is (F;)-adapted, see Lemma A.4.

Lemma 1.4.18. Let (St)te[o,T] be a locally bounded semimartingale on a finite time
horizonT' < oo, and let Z be a local martingale density for S. Let T be a stopping time and
Q be a probability measure, such that (Z/Ep(Zy),T) is the Kunita- Yoeurp decomposition
of Q with respect to P. Then S™~ is a Q—local martingale.

Conversely, if Q@ > P has Kunita-Yoeurp decomposition (Z,T) with respect to P, and
if ST is a Q-local martingale, then Z is a supermartingale density for S.

Proof. The proof is very similar to the one of Corollary 1.4.10. Recall from Remark
1.4.11 that we only used the predictability of S once in the proof of Corollary 1.4.10, to
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1.4. Construction of dominating local martingale measures

obtain
EQ((H -5 )5,) <0 (1.25)

for all strategies H that are 1-admissible for (S7~)°" under (). Here (0,,) was a localizing
sequence of finite stopping times for M under P, where Z = Zy + M — D. Therefore, it
suffices to show that (1.25) always holds if Z has the decomposition Z = Zy + M, i.e. if
D =0, even if S is not predictable.

So let (0,,) be a localizing sequence of finite stopping times for the local martingale Z
under P, and let H be a strategy that is 1-admissible for (S77)°" under @ (and then
also for S under P). We apply Corollary 1.4.4 with D = 0, and obtain

Eq(l+ (H -5 )s,) = Ep((1 + (H - 5)0,)Z,,) <1,

where the last step follows because Z is a supermartingale density. From here on we can
just copy the proof of Corollary 1.4.10. O

We obtain our main result, a weak fundamental theorem of asset pricing:

Corollary 1.4.19 (“Correct formulation of Theorem 1.1.6”). Let (F¢)ejo,r) be the right-
continuous modification of a standard system. Let S = (St)ejo,r) be a locally bounded,
right-continuous stochastic process. Then S satisfies (NA1s) if and and only there exists
an enlarged probability space (9, F, (?t)te[oﬂ,?), and a dominating measure Q > P
with Kunita-Yoeurp decomposition (Z,7) with respect to P, such that S is a Q-local
martingale.

Remark 1.4.20. There is another subset of supermartingale densities of which one might
expect that they correspond to local martingale measures for S7~: the maximal elements
among the supermartingale densities. A supermartingale density Z is called mazimal if it
is indistinguishable from any supermartingale density Y that satisfies Y; > Z; for all £ > 0.
If S is not continuous, then some maximal supermartingale densities are supermartingales
and not local martingales, see Example 5.1” of Kramkov and Schachermayer [KS99].
But such Z will usually not correspond to local martingale measures for S. Assume
for example that we are in the situation described in Theorem 2.2 of [KS99], i.e. we have
a dual optimizer Z and a primal optimizer H for a certain utility maximization problem.
Then point iii) of this Theorem 2.2 states that (1 + (H - S))Z is a uniformly integrable
martingale. If we assume now that Z is not a local martingale, as is the case in Example
5.1" of [KS99], and if (7,) is a localizing sequence of finite stopping times for the local
martingale part M of Z = Zy + M — D, then we obtain from Corollary 1.4.4 that

Eq(L+ (H - 87)5,) = Ep(L+ (H - 8),,)2:) + Ep ([ (14 (#-5),-)aD, )

=1+Ep (/OT”(1 +(H- S)s)st> , (1.26)
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1. Dominating local martingale measures and arbitrage under information asymmetry

where we used that (14(H-S5))Z is a uniformly integrable martingale. Since H is optimal,
the wealth process (1 + (H - S)s—)s>0 will be strictly positive with positive probability.
Since also dD # 0 with positive probability, the expectation in (1.26) is strictly positive
for sufficiently large n, and therefore (H - S”~)™ cannot be a QQ—supermartingale, i.e.
ST~ cannot be a )—local martingale.

1.5. Relation to filtration enlargements

Here we show that Jacod’s criterion for initial filtration enlargements is in fact a cri-
terion for the existence of a universal supermartingale density (to be defined below).
We also treat general filtration enlargements. We show that if there exists a universal
supermartingale density in an enlarged filtration, then a generalized version of Jacod’s
criterion is satisfied.

1.5.1. Jacod’s criterion and universal supermartingale densities

Let (2, F, (Ft)t>0, P) be a filtered probability space, and let (GY)¢>o be an initial filtration
enlargement of (F;), by which we mean that there there exists a random variable X such
that G = F; V o(X) for all t > 0. We define the right-continuous regularization of (G{)
by setting Gy 1= Nyos GY for all t > 0. Note that we do not require F, (F;)i>0, or (Gi)i>0
to be complete, contrary to Jacod [Jac85] (although we allow them to be complete).

Recall that Hypothese (H') is satisfied if all (F;)-semimartingales are (G;)-semimartin-
gales.

We now give the classical formulation of Jacod’s criterion, see [Jac85]. For this purpose
we need to assume that X takes its values in a standard Borel space, which we denote by
(X, B). For the definition of standard Borel spaces see Parthasarathy [Par67], Definition
V.2.2. For a detailed discussion see also Dellacherie [Del69], where standard Borel spaces
are referred to as Lusin spaces. Note that (X, B) is a standard Borel space provided that
X is a Polish space and B its Borel o—algebra.

If X takes its values in the standard Borel space (X, B), then the regular conditional
distribution

Pt(w,dx) = P(X S dx\]—"t)(w)

exists for all ¢ > 0, see Durrett [Durl0], Theorem 5.1.9 (Durrett calls standard Borel
spaces “nice spaces”). We write Py for the distribution of X. Jacod’s criterion states
that Hypothese (H') is satisfied provided that for every ¢ > 0 almost surely

Pi(w,dz) < Px(dz). (1.27)

Note that this statement only makes sense if the set {w : P;(w,dz) < Px(dx)} is F—
measurable. But since the o—algebra of a standard Borel space is countably generated (see
also [PR13]), it is easily verified that this is indeed the case. Below we give an alternative
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1.5. Relation to filtration enlargements

proof of Jacod’s result, and we relate it to the existence of a universal supermartingale
density.

First observe that Hypothese (H') is satisfied if and only if all nonnegative (F;)—
martingales are (G;)-semimartingales: This follows by decomposing every (F;)-local
martingale into a sum of a locally bounded local martingale and a local martingale
of finite variation, by observing that every bounded process can be made nonnegative
by adding a deterministic constant, and from the fact that local semimartingales are
semimartingales (see Protter [Pro04], Theorem II.6).

Definition 1.5.1. Let (G;) be a filtration enlargement of (F;). Let Z be a (G;)—-adapted
process that is almost surely cadlag, such that P(Z; > 0) = 1 for all ¢t > 0. Then Z
is called universal supermartingale density for (G;) if ZM is a (G;)—supermartingale for
every nonnegative (F;)-supermartingale M.

Note that here we do not require Z,, to be positive, unlike in the previous sections.
This is because here we are interested in the semimartingale property and not primarily in
the (NA1) property. Local semimartingales are semimartingales, and therefore it suffices
to verify the (G;)-semimartingale property of M on [0, t] for every ¢ > 0. Hence, it suffices
if Z;y > 0 for every ¢t > 0.

Also note that we required ZM to be a (G;)—supermartingale for every nonnegative
(Ft)-supermartingale M, and not just for nonnegative (F;)-martingales. This has the ad-
vantage that now we see immediately that in finite time every process satisfying (NA1)
under (F;) satisfies also (NA1) under (G;), provided that there exists a universal su-
permartingale density Z: if Y is a (F;)-supermartingale density for S, then ZY is a
(Gi)—supermartingale density for S. To extend this result to infinite time, we would have
to change the definition of a universal supermartingale density by additionally requiring
that P(Zs > 0) = 1. To obtain a universal supermartingale density under Jacod’s crite-
rion, we would then have to assume that also almost surely P (w, ) < Px(-). Here we
do not pursue this further.

The first result of this section shows that Jacod’s criterion is not so much a crite-
rion for Hypothese (H') to hold, but rather a criterion for the existence of a universal
supermartingale density.

Proposition 1.5.2. Let (G;) be the right-continuous regularization of an initial enlarge-
ment of (F;) with a random variable X taking its values in a standard Borel space. As-
sume Jacod’s criterion (1.27) is satisfied. Then there exists a universal supermartingale
density for (Gy).

Proof. 1. Let t > 0. Without loss of generality we may assume that dP;(w,-) <
dPx(-) for all w € . This can be achieved by setting P;(w,-) := 0 on the mea-
surable set {w : P;(w) does not satisfy Pi(w,-) < Px(-)}. Now we can apply a
theorem of Doob, see [YMT78], according to which there exists a F; ® B—measurable
random variable Y; : Q x X — R, such that for every w € Q we have Px—almost
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1. Dominating local martingale measures and arbitrage under information asymmetry

surely

dPt(w, )

Note that Yor and Meyer [YM78] do not require complete o—algebras. Let now
t,s > 0. We first show that P ® Px—almost surely

{(w,z) : YVi(w,x) =0} C {(w, ) : Yeys(w,x) = 0}. (1.28)

Note that Y;ys > 0, and therefore Fubini’s theorem and the tower property of
conditional expectations imply that

/ 1{Y}(w,x):0}Y;f+s(w7 $)P & PX(dw, dx)

OxX
— /Q/X1{}/,5((,0,17):0}Pt+8(w;dx)P(dw) = \/Q/Xl{y't(w,x(w)):o}P(dw)
= /Q/X1{Yt(w,x):O}Pt(W,dl')P(dw) =0,

where we used that P(w, -)-almost surely Y;(w,-) > 0.

2. Define Zy(w, x) := Ly, (w,e)>03/ Yi(w, ¥) and
Zy(w) = Zy(w, X (w)).

This Z is (G¢)—adapted by construction. Let now M be a nonnegative (F;)—
supermartingale. Let s,t > 0, let A € F;, and B € B(X). Then we can apply
the tower property to obtain

E(alp(X)MiyoZiys) = B (1aMys s B(Lp(X) Zuy o, X)| Fivs))
= [ 4@ Misal) [ 18(0)Z4s(0,0) Prrao, da) P()
Vi)
—/ 1A MtJrs /1B Y;H-: )1{Yt+s(w J:)>O}PX(dx) (dOJ)
< /QlA w)Miys(w /XlB 7)1y, (w,2)>0y Px (dr) P(dw).
In the last step we used (1.28) and that 14(w)lp(z)Mits(w) is Px ® P—almost

surely nonnegative. Using the (F;)-supermartingale property of M in conjunction
with Fubini’s theorem, we obtain

/Q 1a(w) Mis o () /X 15(2)1 1y, (w050 Px (dz) P(dw)

< [ 15(0) | 1a@) M) y; 0120y P(d) Px (do)
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1.5. Relation to filtration enlargements

= [ 1460) [ 10)M 1 0 P () P

X
:/ 1A(w)/ 15(2) Mi(w) Zy(w, ) Py (w, da) P(dw) = E (1415(X) M, Z:)
Q X

The monotone class theorem allows to pass from sets of the form AN X~1(B) to
general sets in (GP), and therefore M Z is a (GP)-supermartingale. Taking M = 1,
we see that also Z is a (G?)-supermartingale.

3. Let us show that Z; is P—almost surely strictly positive for every ¢ > 0. For this
purpose it suffices to show that P(w : Y;(w, X (w)) = 0) = 0. By the tower property
we have

E(l{n(A7X(.)):o}) = /Q/X1{yt(w7x):0}Pt(w,d$)P(dw) =0.

4. Z is not necessarily right-continuous, and also we did not show yet that ZM is a
(Gi)-supermartingale and not just a (G?)-supermartingale. But the construction
of a right-continuous universal supermartingale density is now done exactly as in
the proof of Theorem 1.3.1. The (G;)-supermartingale property of ZM follows also
in the same way as in the proof of Theorem 1.3.1.

O

Remark 1.5.3. If we are only interested whether Hypotheése (H’) holds and not whether
there exists a universal supermartingale density, then we can also work with the filtration
(G?) and not with its right-continuous regularization (G;). Since Hypotheése (H') holds
for (G;) and since (GY) is a filtration shrinkage of (G;), Stricker’s theorem implies that
Hypothese (H') is also satisfied for (G?).

Remark 1.5.4. We could replace assumption (1.27) by P;(w,dz) > Px(dz) or Py(w,dz) ~
Px (dz). In the first case we could use the same proof as for Proposition 1.5.2 to obtain the
existence of a nonnegative martingale Z, not necessarily strictly positive, such that ZM
is a (G;)-supermartingale for every nonnegative (F;)-supermartingale M. In particular,
then there exists an absolutely continuous measure () < P, such that every locally
bounded (P, (F;))-local martingale is a (@, (G;))-local martingale. Since (NA) is related
to the existence of absolutely continuous local martingale measures, see [DS95b], this
indicates that the (NA) property may be stable under initial filtration enlargements
that satisfy this “reverse Jacod condition”. Note that it is much harder to satisfy this
assumption. For example it will never be satisfied if X is F;—measurable for some ¢ > 0.

If Pi(w,dz) ~ Px(dz), then the same proof as for Proposition 1.5.2 yields the existence
of an equivalent measure () ~ P, such that every nonnegative (P, (F;))-supermartingale
is a nonnegative (Q, (G¢))-supermartingale. In particular, then every locally bounded
(P, (F;))-local martingale is a (@, (G¢))-local martingale. This condition has been stud-
ied by Amendinger, Imkeller and Schweizer [AIS98], as well as Amendinger [Ame00].
Obviously it is harder to satisfy than Jacod’s condition or the reverse Jacod condition.
In financial applications one may however assume that the knowledge of the “insider” is
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1. Dominating local martingale measures and arbitrage under information asymmetry

perturbed by a small Gaussian noise that is independent of F, (or more generally by
an independent noise with strictly positive density with respect to Lebesgue measure).
Then P,(w,dz) ~ Px(dz) is always satisfied.

1.5.2. Universal supermartingale densities and the generalized Jacod
criterion

In the previous section we saw that for initial enlargements, Jacod’s criterion is a sufficient
condition for the existence of a universal supermartingale density. Here we show that for
general filtration enlargements, a generalized version of Jacod’s criterion is a necessary
condition for the existence of a universal supermartingale density.

Let (Q, F, (F), P) be a filtered probability space, such that (€2, F) is a standard Borel
space. We assume that there exists a filtration (F})>0, such that F = ,, F2 for all
t > 0. We also assume that (G);> is a filtration enlargement of (F}), such that G C F
is countably generated for every ¢t > 0, i.e. there exists a sequence of sets (B!),en
such that G = o(Bi, BS,...). Then (Gi)i>0, defined by G; := ,=,GY, is a filtration
enlargement of (F;).

The reason for choosing such a complicated set-up is that G; will in general not be
countably generated, even if G¥ is countably generated for every s > 0. But in our
argumentation below we will need G to be countably generated. On the other side, if
we would only work with the non right-continuous filtration (G?), then there would be
little hope of constructing a right-continuous universal supermartingale density in the
first place.

Since (2, F) is a standard Borel space, the regular conditional probabilities
Py(w,-) := P(:|F)(w)

exist. We say that the generalized Jacod criterion is satisfied if for all s,¢ > 0 almost
surely

Pt-i—s’g?(wv ) < Pt‘gg(% )
It is known that neither Jacod’s criterion nor the generalized Jacod criterion are nec-

essary conditions for Hypothese (H') to hold. But the generalized Jacod criterion is a
necessary condition for the existence of a universal supermartingale density for (G;):

Proposition 1.5.5. Assume that there exists a universal supermartingale density Z for
(Gi). Then the generalized Jacod criterion is satisfied.

Proof. 1. For every A € F the process M/ := Ep(14|F;), t > 0, is a nonnegative
(F;)-martingale. Therefore, M4Z is a (G;)-supermartingale. Fix s, > 0. Let
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1.5. Relation to filtration enlargements

A € Fiis and B € G;. Then for every n € N we have that
Z I1pliz,>1
E (1A132+81{Zt21/n}> =F <{Zt> [n} Mzg'isZtJrs)
t t

151 N
<E (B{Zzl/} MA Zt)
Z

= E(1aE(1Bl{z,51/m|Ft))-

Applying monotone convergence on both sides, we obtain

Zits
FE (1,413 ;tr ) < E(lAEP(lB‘Ft))‘

The same inequality holds if we replace Z;s/Z; by a version Zt+s / Zt that is strictly
positive for every w € ). Since the inequality holds for all A € F;4,, we conclude
that

Ziys
/ 15(6) 22 (/) Prya(, ') < P, B) for almost every w € 2. (1.29)
t

This looks promising. The only problem is that the null set outside of which the
inequality holds may depend on B.

. Now we use the assumption that G is countably generated: there exists an in-
creasing sequence of finite o—algebras (H,,)nen on ©, such that G = \/,, H". Since
U,, H" is countable and since Q’? C Gt, we can use (1.29) to obtain a null set N/
such that for all w € Q\ N and all B € |J,, H,, we have

/ 1) % () P (w0, ') < Py(w, B). (1.30)

Now U,, Hn, is stable under finite intersections (it even is an algebra), and therefore
the monotone class theorem implies that (1.30) holds for all B € \,, H,, = Go.
Since Zy45(w')/Zi(w") > 0 for every w’ € €, the proof is complete.

O

Corollary 1.5.6. Suppose that there exists a one dimensional continuous local martin-
gale M that has the predictable representation property under (Fi). If under (Gy), the
semimartingale decomposition of M is of the form

. t
Mt:Mt+/ Oésd<M>3
0

for a (Gi)-local martingale M and a predictable integrand o € L%OC(M), then the gener-
alized Jacod criterion holds.
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1. Dominating local martingale measures and arbitrage under information asymmetry

Proof. In this case the stochastic exponential

R .
Zy = exp <—/ asdMs — 5/ a?d(M)s)
0 0

is a universal supermartingale density. O

Corollary 1.5.6 was previously shown by Imkeller, Pontier and Weisz [IPWO01] for initial
enlargements and under the stronger assumption

E (/OoozgdUT/[/}s) < 00.

0

For simplicity we gave the one dimensional formulation of Corollary 1.5.6. Of course
the same argument works in the multidimensional setting: if M = (M?,..., M?) has the
predictable representation property under (F;), and if M satisfies the structure condition
under (G;), then the generalized Jacod criterion is satisfied.
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In Chapter 1 we studied the (NA1) condition and showed that it is a robust, natural
condition to impose on an asset price model. But we did not give many examples of
processes satisfying (NA1), apart from the classical examples for which an equivalent
local martingale measure exists. Another example that we gave was that of a complete
market under an initial filtration enlargement by a countable random variable: in that
case (NA1) is satisfied but there exists no equivalent local martingale measure.

A more concrete example of a process satisfying (NA1) but not (NA) is given by
the three dimensional Bessel process in finite time. This was first observed by Delbaen
and Schachermayer [DS95a]. On a finite time horizon [0, T, the three dimensional Bessel
process can be constructed from a Brownian motion W under P started at 1 and stopped
at 0: under the measure dQ := WydP, the process W is a Bessel process. Delbaen and
Schachermayer [DS95a] noted that the inverse Bessel process 1/W is a local martingale
deflator for W under @. More precisely, they showed that 1/W defines a dominating
measure (namely P), under which W is a local martingale (a Brownian motion). At
least in the canonical filtration of W it is then clear that W cannot admit an equivalent
local martingale measure, because it follows from the predictable representation property
of W that 1/W is the only candidate for the density of an equivalent local martingale
measure. Since 1/W is a strict local martingale (i.e. a local martingale that is not
a martingale), there cannot exist an equivalent local martingale measure. This was
generalized to arbitrary filtrations by Karatzas and Kardaras [KK07], Example 3.6, who
constructed an explicit strategy that realizes an arbitrage.

Therefore, the Bessel process is an interesting object when studying (NA1). It is well
known, and was possibly first observed by McKean [McK63|, that in infinite time it
can be obtained by conditioning a Brownian motion not to hit zero. Below we give a
simple probabilistic proof for this result, that extends to continuous nonnegative local
martingales.

2.1. Introduction

We study the law @) of a continuous nonnegative P—local martingale M starting in 1, if
conditioned never to hit zero. The key step in our analysis is the simple observation that
the conditional measure (), on the corresponding o—algebra, is given by M,dP, where 7
denotes the first hitting time of either 0 or another value x > 1. This observation relates
the change of measure over an infinite time horizon (through a conditioning argument)
to the change of measure in finite time (via the Radon-Nikodym derivative M, ).

Under the conditional measure @, the process M diverges to oo, and 1/M is a local
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2. Conditioned martingales

martingale. This insight allows us to condition M downwards, which corresponds to
conditioning 1/M upwards and can therefore be treated with our previously developed
arguments. In the case of a diffusion it is possible to write down the dynamics of the
upward conditioned process explicitly, defined via its scale function, - and similarly for a
downward conditioned diffusion.

For example, if M is a P-Brownian motion stopped in 0, then M is a Q—three di-
mensional Bessel process. This connection of Brownian motion and Bessel process has
been well known, at least since the work of McKean [McK63], building on Doob [Doo57].
Following McKean, several different proofs were given for this result, mostly embedding
the statement in a more general result such as the one about path decompositions in
Williams [Wil74]. Most of these proofs are analytical and rely strongly on the Markov
property of Brownian motion and Bessel process - or even on the fact that the transition
densities are known for these processes.

As the study of the law of upward and downward conditioned processes has usually
not been the main focus of these papers, results have, to the best of our knowledge, not
been proven in the full generality of this paper, and the underlying arguments were often
only indirect. Our proof uses only elementary arguments, it is probabilistic, and works
for every continuous local martingale. We show that in finite time it is not possible
to obtain a Bessel process by conditioning a Brownian motion not to hit zero and we
point out that conditioning a Brownian motion upward and conditioning a Bessel process
downward can be understood using the same result.

In Subsection 2.2.1 we treat the case of upward conditioning of local martingales and
in Subsection 2.2.2 the case of downward conditioning. In Section 2.3 we study the
implications of these results for diffusions. In Appendix C we illustrate that conditioning
on a null set (such as the Brownian motion never hitting zero) is highly sensitive with
respect to the approximating sequence of sets.

Relevant literature

The connection of Brownian motion and the three dimensional Bessel process has been
studied in several important and celebrated papers. Most of these studies have focused
on more general statements than this connection only. To provide a complete list of
references is beyond this note. In the following paragraphs, we try to give an overview
of some of the most relevant and influential work in this area.

For a Markov process X, Doob [Doo57] studies its h-transform, where h denotes an
excessive function such that, in particular, h(X) is a supermartingale. Using h(X)/h(Xo)
as a Radon-Nikodym density, a new (sub-probability) measure is constructed. Doob
shows, among many other results, that, if 4 is harmonic (and additionally “minimal,” as
defined therein), the process X converges under the new measure to the points on the
extended real line where h takes the value infinity. In this sense, changing the measure
corresponds to conditioning the process to the event that X converges to these points.
For example, if X is Brownian motion started in 1, then h(z) = x is harmonic and leads
to a probability measure, under which X, now distributed as a Bessel process, tends to
infinity. Our results also yield this observation; furthermore they contain the case of
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2.2. General case: continuous local martingales

non-Markovian processes X that are nonnegative local martingales only.

An analytic proof of the fact that upward conditioned Brownian motion is a three
dimensional Bessel process is given in McKean’s work [McK63] on Brownian excursions.
He shows that if W is a Brownian motion started in 1, if B € F;, where Fs is the o—
algebra generated by W up to time s for some s > 0, and if 7y is the hitting time of 0,
then P(W € B|rgp > t) — P(X € B) as t — oo, where X is a three dimensional Bessel
process. The proof is based on techniques from partial differential equations. In that
article, also a path decomposition is given for excursions of Brownian motion in terms of
two Bessel processes, one run forward in time, and the other one run backward. McKean
already generalizes all these results to regular diffusions.

Knight [Kni69] computes the dynamics of Brownian motion conditioned to stay either
in the interval [—a,a] or (—oo,a] for some a > 0, and thus also derives the Bessel
dynamics. To obtain these results, Knight uses a very astute argument based on inverting
Brownian local time. He moreover illustrates the complications arising from conditioning
on null sets by providing an insightful example; we shall present two other examples
based on direct arguments, without the necessity of any computations, in Appendix C
to illustrate this point further.

In his seminal paper on path decompositions, Williams [Wil74] shows that Brownian
motion conditioned not to hit zero corresponds to the Bessel process. His results extend to
diffusions and reach far beyond this observation. For example, he shows that “stitching”
a Brownian motion up to a certain stopping time and a three dimensional Bessel process
together yields another Bessel process. In Pitman and Yor [PY81] this approach is
generalized to killed diffusions. A diffusion process is killed with constant rate and
conditioned to hit infinity before the killing time. This allows the interpretation of a
two-parameter Bessel process as an upward conditioned one-parameter Bessel process.

Pitman [Pit75] proves essentially our Lemma 2.2.1 below in the Brownian case. This is
achieved by approximating the continuous processes by random walks, whose paths can
be counted. For the continuous case, the statement then follows by a weak convergence
argument. The main result of that article is Pitman’s famous theorem that 2W* — W is
a Bessel process if W is a Brownian motion and W* its running maximum.

Baudoin [Bau02] takes a different approach. Given a Brownian motion, a functional Y’
of its path and a distribution p, Baudoin constructs a probability measure under which
Y is distributed as pu. The recent monograph by Roynette and Yor [RY09] studies penal-
izations of Brownian paths, which can be understood as a generalization of conditioned
Brownian motion. Under the penalized measure, the coordinate process can have rad-
ically different behavior than under the Wiener measure. In our example it does not
hit zero. In Roynette and Yor [RY09] there is an example of a penalized measure under
which the supremum process stays almost surely bounded.

2.2. General case: continuous local martingales

Let © = Caps := Caps(Ry,[0,00]) be the space of [0, 00]-valued functions w that are
absorbed in 0 and oo, and that are continuous on [0, 7o (w)), where 7o (w) denotes the
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2. Conditioned martingales

first hitting time of oo by w, to be specified below. The reason for considering this space is
that it allows for the application of Parthasarathy’s extension theorem, which we will need
below. Let M be the coordinate process, that is, M;(w) = w(t). Define, for the sake of
notational simplicity, Mo, := /limsup,_, o M; lim inf; o M; (with oo -0 := 1).! Denote
the canonical filtration by (F3)¢>0 with F; := o(M, : s < t), and write F := \/,5( F¢. For
all a € [0, 00|, define 7, as the first hitting time of a, to wit, B

To = inf{t € [0,00] : M; = a} (2.1)

with inf () := ¥, representing a time “beyond infinity.” The introduction of ¥ allows for
a unified approach to treat examples like geometric Brownian motion. We shall extend
the natural ordering to [0,00] U{%} by t < ¥ for all ¢t € [0, 00]. For all stopping times 7,
define the o—algebras F, as
Fr={AceF:An{r<tteF Vte|0,00)}
=o(M] :s<o00)=0c(MI"™:5< ),

where M7 = M7™ ™ is the process M stopped at the stopping time 7. For the equality
between the o-algebras see Stroock and Varadhan [SV06], Lemma 1.3.3. Let P be

a probability measure on (2, F), such that M is a nonnegative local martingale with
P(My=1)=1.

2.2.1. Upward conditioning

In this section, we study the law of the local martingale M conditioned never to hit zero.
This event can be expressed as

{(n=%= () {m<m}> U {An=1} (2.2)

a€[0,00) a€(0,00]

The core of this chapter is the following simple observation:

Lemma 2.2.1 (Upward conditioning). If P(1, A 7o < T) = 1 for some a € (1,00), we
have that

dP(:|1, < 710) = M., dP.

Proof. Note that M7 is bounded and thus a uniformly integrable martingale. In partic-
ular,

1=FEp(M2)=aP(r, <19)+0,

!Note that this definition differs from the convention in the remainder of this thesis. The definition of
Moo is not further relevant as M converges (or diverges to infinity) almost surely under all measures
that we shall consider. We chose this definition of M. since it commutes with taking the reciprocal
1/ M.
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2.2. General case: continuous local martingales

which implies that, for all A € F,

P(Alr, < 79) = P(/]lj?TjT; EO)TO}) - 20 {Ia =0 _ Ep (M314),

a

yielding the statement. O

Three different probability measures
Consider three possible probability measures:

1. The local martingale M introduces an h—transform ) of P. This is the unique
probability measure @ on (2, F) that satisfies dQ|r, = M,dP|z, for all stopping
times 7 for which M7 is a uniformly integrable martingale. The probability measure
Q is called the Féllmer measure of M, see Follmer [F6172] and Meyer [Mey72].2
Note that the construction of this measure does not require the density process M to
be the canonical process on €2 - the extension only relies on the topological structure
of Q = C,ps. This will be important later, when we consider diffusions. We remark
that, in the case of M being a P-martingale, we could also use a standard extension
theorem, such as Theorem 1.3.5 in Stroock and Varadhan [SV06].

2. If P(1p = %) = 0, Lemma 2.2.1 in conjunction with (2.2) directly yields the con-
sistency of the family of probability measures {P(:|7, < 79)}q>1 on the filtration
(Fr,)a>1- By Follmer’s construction again, there exists a unique probability mea-
sure Q on (€, F), such that Q|r, = P(-|7, < 10)|7,,-

3. If P(r9 = T) > 0, we can define the probability measure Q(+) := P(:|ry = %) via
the Radon-Nikodym derivative 1¢; _5y/P(m0 = T).

Since in the case P(zo = %) = 0, we have {7, < 70} =p_qs. {7a < 70} for all
a € (0, 00|, the measure @ is also called upward conditioned measure since it is constructed
by iteratively conditioning the process M to hit any level a before hitting 0.

Relationship of probability measures

We are now ready to relate the three probability measures constructed above:

Theorem 2.2.2 (Identity of measures). Set p := P(rg = T) = P(Mw > 0). Ifp =0,
then Q = Q. If p > 0, then Q = Q if and only if M is a uniformly integrable martingale
with P(Ms €{0,1/p}) = 1.

Proof. First, consider the case p = 0. Both @ and @ satisfy, for all a > 1,
dQ|]:‘ru = MTadP|]'—Ta = dQ‘]'—Ta‘
%See also Delbaen and Schachermayer [DS95a] for a discussion of this measure, Pal and Protter [PP10]

for the extension to infinite time horizons and Carr, Fisher, and Ruf [CFR12] for allowing nonnegative
local martingales.
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2. Conditioned martingales

Thus, Q and Q agree on V- Fr, = Vg o(M7* : t > 0) = F.

Next, consider the case p > 0. Then, Q = Q and d@/dP];t < 1/pimply that M; < 1/p,
yielding that M is a uniformly integrable martingale with M., = dQ/dP € {0,1/p}. For
the reverse direction, observe that My, = 1y, _<}/p. This observation together with its
uniform integrability completes the proof. O

This theorem implies, in particular, that in finite time the three dimensional Bessel
process cannot be obtained by conditioning a Brownian motion not to hit zero. However,
over finite time horizons, a Bessel-process can be constructed via the hA—transform MpdP,
when M is P-Brownian motion started in 1 and stopped in 0. Over infinite time horizons,
one has two choices; the first one is using an extension theorem for the h—transforms, the
second one is conditioning M not to hit 0 by approximating this null set by the sequence
of events that M hits any a > 0 before it hits 0.

Remark 2.2.3 (Conditioning on null sets). We remark that the interpretation of the
measure () as P conditioned on a null set requires specifying an approximating sequence
of that null set. In Appendix C we illustrate this subtle but important point.

Remark 2.2.4 (The trans-infinite time ¥). The introduction of ¥ in this subsection allows
us to introduce the upward-conditioned measure @ and to show its equivalence to the
h—transform @ if M converges to zero but not necessarily hits zero in finite time, such
as P—geometric Brownian motion. If one is only interested in processes as, say, stopped
Brownian motion, then one could formulate all results in this subsection in the standard
way when inf () := oo in (2.1). One would then need to exchange T by oo throughout
this subsection; in particular, one would have to assume in Lemma 2.2.1 that P(7, A1y <
o0) = 1 and replace the condition P(m9 = %) = 0 by P(19 = 00) = 0 for the construction

of the upward-conditioned measure Q).

2.2.2. Downward conditioning

In this subsection, we consider the converse case of conditioning M downward instead of
upward. Towards this end, we first provide a well-known result; see for example [CFR12].
For the sake of completeness, we provide a proof.

Lemma 2.2.5 (Local martingale property of 1/M). Under the h—transformed measure
Q, the process 1/M is a nonnegative local martingale and Q(7oo = %) = Ep(My).

Proof. Observe that for s,t > 0 and A € F; we have

1 1 1
Eg|\1lao—=—| = lim Eg | langr, >0 =77 | T Eo | lan{ro<ty —5
Q < M;{g) Mmoo @ < {7m> }M;l_{gn/wm Q N{Teo < }M;l-{en

. I 1
= Bp <1A“{Tm>t}Mn/mth+s> + Eq (1Aﬂ{TooSt}]Wt7'1/n>

t+s
(2.3)
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2.2. General case: continuous local martingales

Now we consider the two events {r,/, <t} and {7, > t} separately and used the P-
martingale property of M™ after conditioning on F; and Fr, , , respectively (note that
An{rm >thn{r, >t} € Fr ), to obtain

1 1
Ep [ 1angr, sty ——= M7 | = Ep | Langr, >ty ——F= M{™ | .
< N{Tm>t} Mt&/sn/\rm t+s N{rm>t} Mtun/\Tm t

Plugging this back into (2.3), we have

1 1 1
Eo|1la—— | = lim Ep | 1lani on———M™ | + Eo [ Lanir. <ry——
o (37 = e (Lot i) 82 (Lo e

. 1 1

1

The local martingale property of 1/M then follows from

Q (nlgrolo T /n < oo) = lim (7113{)10 Ti/n < Tm A oo)

m—00
— nlgnoo Ep (1{limn~>oo 7—1/n<rm}Mgom) = 0.

Therefore, 1/M converges Q—almost surely to some random variable 1/M.,. We observe
that

Qe =%F)=1- WPLHOOQ(TWL <oo)=1- lim EP(1{7m<oo}Mgom)

m—0o0
= n%gnoo EP(l{TmZOO}MOO) = EP(MOO)a
where we use that M converges P—almost surely, since it is a nonnegative supermartin-
gale. O

The last lemma directly implies the following observation.

Corollary 2.2.6 (Mutual singularity). We have P(Ms = 0) =1 if and only if Q(Mos =
o0) = 1.

This observation is consistent with our understanding that either condition implies that
the two measures are supported on two disjoint sets. Corollary 2.2.6 is also consistent
with Theorem 2.2.2, which yields that P(Ms = 0) = 1 implies the identity Q = Q,
where @ denotes the upward conditioned measure.

Lemma 2.2.5 indicates that we can condition M downward under @), corresponding to
conditioning 1/M upward. The proof of the next result is exactly along the lines of the
arguments in Subsection 2.2.1; however, now with the Q—local martingale 1/M taking
the place of the P—local martingale M.
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2. Conditioned martingales

Theorem 2.2.7 (Downward conditioning). If p of Theorem 2.2.2 satisfies p = 0, then
1

dQ("Tl/a < 7_oo) = d@

MTl/a

for all a > 1. In particular, there exists a unique probability measure ]5, such that
P|ff1/a = Q(|m1/e < %); in fact, P = P.

2.3. Diffusions

In this section, we apply Theorems 2.2.2 and 2.2.7 to diffusions.

2.3.1. Definition and h-transform for diffusions

We call diffusion any time-homogeneous strong Markov process X : Cyps X [0, 00) — [, 7]
with continuous paths in a possibly infinite interval [¢,r] with —oo < ¢ < r < co. Note
that we explicitly allow X to take the values £ and r; we stop X once it hits the boundary
of [¢,r]. We define 7, for all a € [¢,7] as in (2.1) with M replaced by X. We denote the
probability measure under which Xg =z € [¢,r] by P,.

Since X is Markovian it has an infinitesimal generator (see page 161 in Ethier and
Kurtz [EK86]). As we do not assume any regularity of the semigroup of X, we find it
convenient to work with the following extended infinitesimal generator: A continuous
function f : [¢,r] = RU{—o00, 00}, such that f restricted to R only takes finite values, is
in the domain of the extended infinitesimal generator £ of X if there exists a continuous
function g : [¢,7] = R U {—00, 00}, such that g restricted to R only takes finite values,
and an increasing sequence of stopping times (py,), such that P, (lim,_cc pr > 7eAT,) =1
and

Foem) = gy = [ g(xas

is a P,~martingale for all x € (¢,r). In that case we write f € dom(L) and Lf = g.

Throughout this section we shall work with a regular diffusion X; that is, for all
x,z € (¢,r) we have that P,(7, < o0) > 0. In that case there always exists a continuous,
strictly increasing function s : (¢,7) — RU{—00, 0o}, uniquely determined up to an affine
transformation, such that s(X) is a local martingale (see Propositions VII.3.2 and VII.3.5
in Revuz and Yor [RY99]). We call every such s a scale function for X, and we extend
its domain to [¢,r] by taking limits. The next result summarizes Proposition VII.3.2 in
[RY99] and describes the relationship of the scale function s and the limiting behavior of
X:

Lemma 2.3.1 (Scale function). We have

1. Py(t¢ = %) = 0 for one (and then for all) x € (¢,r) if and only if s(¢) € R and
s(r) = 0o;
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2.3. Diffusions

2. Py(1, = %) =0 for one (and then for all) x € (¢,r) if and only if s({) = —oo and
s(r) e R;

3. Py A7 =F) =0 and Py(1y < T) € (0,1) for one (and then for all) x € (¢,r) if
and only if s(£) € R and s(r) € R.

Throughout this section, we shall work with the standing assumption that the scale
function s satisfies s(¢) > —oo (Assumption L) or s(r) < co (Assumption R). Without
loss of generality, we shall assume that then s(¢) = 0 or s(r) = 0, respectively, and that
F= ]:Tg/\n-

Since by assumption s(X) is a local martingale, it defines, under each P,, a Follmer
measure ), as in Section 2.2, where we would set M := s(X)/s(z), for all z € [¢,r] (with
0/0 := 0o/o0 := 1, again contrary to the convention in the remainder of this thesis). The
following proposition illustrates how the extended infinitesimal generators of X under P,
and @), are related:

Proposition 2.3.2 (h—transform for diffusions). The process X is a regular diffusion
under the probability measures {Qm}we[ﬁ,r]- Its extended infinitesimal generator L% under
{Qz}aepey is given by dom(L®) = {¢ : s € dom(L)} and

1
L? =—0°L .
(o) = <o Lls@)
Proof. We only discuss the case s(¢) = 0 since the case s(r) = 0 is treated in the same
way. In order to show the Markov property of X under (),, we need to prove that

Eq, (f(Xert)’]:p) = Eq, (f(Xp+t)|Xp)

for all ¢ > 0, for all bounded and continuous functions f : [¢,r7] — R, and for all finite
stopping times p. On the event {p > 7.}, the equality holds trivially as X gets absorbed
in £ and 7. On the event {p < 7.}, observe that

Eq, (f(Xp4e)|Fp) = C}E}}f Eq, (f(X;it”]:p)
= lim B, (F(X7)IXI) = Eo, (F(Xpse)|X,),

a—r—
where the second equality follows from the generalized Bayes’ formula in Proposition C.2
in [CFR12] and the Markov property of X" under P,. Therefore, X is strongly Marko-
vian under ),. Since X is also time-homogeneous under any of the measures @, we
have shown that X is a diffusion under {Qx}¢(er)-

As for the regularity, fix a € (¢,z) and b € (z,r). Observe that @), is equivalent to P, on
Fronm,- This fact in conjunction with the regularity of X under P and Proposition VII.3.2
in [RY99] yields that Q(7, < 00) > 0 as well as Q(7, < 00) > 0.

Denote now the extended infinitesimal generator of X under {Qu}qecey by G, let
¢ € dom(G) with localizing sequence (pp)nen, and fix x € (£,r). Fix two sequences
(an)nen and (by,)pen with a,, — ¢4 and b, — r— asn — co. We may assume, without loss
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2. Conditioned martingales

of generality, that p, < 74, A 7p,,. By definition of the extended infinitesimal generator,

“Apn
p(x) = @) = [ Go(xas

is a Q,—martingale. Since ¢(-) and Gy(-) are bounded on [ay,, by] this fact, in conjunction
with Fubini’s theorem, yields that

1 ( '/\pn
— XPm)s(XPr) — xsa:—/
o (P — plas(o) - [
is a P,—martingale. Since (py,)nen converges P,—almost surely to 7, A 7, for all z € (¢,7)
this implies that ¢s € dom(L) and L[s¢]|(x) = Go(x)s(z). The other inclusion can be
shown in the same manner, which completes the proof. O

ggo<x5">s<X5n>du)

The following observation is a direct consequence of Lemma 2.2.5 and the fact that X
is a regular diffusion under the probability measures {Qu },er:

Lemma 2.3.3 (Scale function for h-transform). Under {Qq}yepr, the function 3(-) =
—1/s(-) s, with the appropriate definition of 1/0, a scale function for X with 5(¢) = —oo,
5(r) € R under Assumption L and with 5(r) = oo, $(¢) € R under Assumption R.

2.3.2. Conditioned diffusions

We now are ready to formulate and prove a version of the statements of Section 2.2 for
diffusions.

Corollary 2.3.4 (Conditioning of diffusions). Fiz x € (¢,r) and make Assumption L.

1. Suppose that P,(ty = T) = 0, which is equivalent to s(r) = oo. Then the fam-
ily of probability measures {Py(:|7a < 7¢)|F,, }o<a<r is consistent and thus has an
extension QQ; on F. Moreover, the extension satisfies Q. = Q..

2. Suppose that Py(te = T) > 0, which is equivalent to s(r) < oo, and define Q. =
P,(:|7e =%). Then Q, satisfies Qz = Q.

Furthermore, provided that s(r) = oo, the family {Q(:|7s < 7.)|F,, }e<a<z of probabil-
ity measures is consistent. Its unique extension is P,.

Under Assumption R, all statements still hold with r replaced with £ and, implicitly,
r < a<r replaced with £ < a < x.

Proof. We only consider the case of Assumption L, as Assumption R requires the same
arguments. We write M = s(X)/s(x). The hitting times o, of M are defined as in (2.1).
Since s is strictly increasing, we have that, for all x < a <7,

{Ta < TZ} = {Us(a)/s(z) < 00}'
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2.3. Diffusions

Since M is a nonnegative local martingale with P,(My = 1) = 1, the statements in
1. and 2. follow immediately from Theorem 2.2.2 and Lemma 2.3.1, which shows that
$(X)oo takes exactly two values. The remaining assertions follow from Lemma 2.3.3 and
Theorem 2.2.7. O

It is clear that the measure Q under Assumption L corresponds to the upward con-
ditioned diffusion X, while under Assumption R it corresponds to the downward condi-
tioned diffusion.

After finishing this work, we learned about Kardaras [KarlOb]. Therein, by similar
techniques it is shown that X under @ tends to infinity if s(r) = oo; see Section 6.2 in
[Kar10Ob]. In Section 5 therein, a similar probability measure is constructed for a Lévy
process X that drifts to —oo. After a change of measure of the form s(X) for a harmonic
function s, the process X under the new measure drifts to infinity.

2.3.3. Explicit generators

Here we formally derive the dynamics of upward conditioned and downward conditioned
diffusions. For this purpose suppose that X is a diffusion with extended infinitesimal
generator £, such that dom(£) D C2, where C? denotes the space of twice continuously
differentiable functions on (¢,r), and

1
Lop(x) = b(a)¢ (@) + ga(@)¢" (@), @€ C?
for some locally bounded, measurable functions b and a such that a(x) > 0 for all
x e (lr).
Finding the scale function then at least formally corresponds to solving the linear
ordinary differential equation

1
b(z)s'(z) + §a(m)s"(:ﬂ) =0. (2.4)
This is for example done in Section 5.5.B of Karatzas and Shreve [KS88|. From now on,
we continue under either Assumption L or Assumption R, with s being either nonnegative
or nonpositive. We plug s into the definition of £°. Towards this end, let ¢ € C?. Then
we have
1 1

£pla) = 2= L0s0)(0) = o= (Ma)(se) 0) + a0 50" @)

7 (B @)e(w) + 5(0)¢' (@)
+ sa(@) (5" (2)p(@) + 25 (2)¢ (2) + s(2)¢" (@) )

= (b) + ) ) 1 Jale)e (@),
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2. Conditioned martingales

since s” = —2(b/a)s’ due to (2.4). Therefore, the upward or downward conditioned pro-
cess has an additional drift of (as’)/s. This drift is always positive (or always negative),
as is to be expected.

Now, under Assumption L (upward conditioning) with ¢ = 0, if b = 0, then s(z) =
x; therefore the additional drift of the upward conditioned diffusion is a(x)/z. Under
Assumption R (downward conditioning) with ¢ = 0 and r = oo, if b(z) = a(z)/z,
then (2.4) yields s(z) = —1 and thus an additional drift of —a(z)/z = —b(z). These
observations lead to the following well-known fact.

Corollary 2.3.5 ((Geometric) Brownian motion). A Brownian motion conditioned on
hitting oo before hitting 0 is a three dimensional Bessel process. Vice versa, a three
dimensional Bessel process conditioned to hit 0 is a Brownian motion. Moreover, a
geometric Brownian motion conditioned on hitting oo before hitting 0 is a geometric
Brownian motion with unit drift.
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3. Pathwise integration in model free
finance

Here we use Vovk’s [Vov12]| pathwise, hedging based approach to finance to describe
“typical price paths”. Roughly speaking, a property (P) holds for typical price paths if
it is possible to make an arbitrarily large profit by investing in those paths where (P)
is violated, without ever risking to lose much. This can be interpreted as a model free
version of the (NA1) property. Just as we can dismiss stochastic models that violate
(NA1) because they always lead to infinite utility, we can dismiss sets of paths that allow
an investor to make too much profit. We show that for typical price paths it is possible
to define a pathwise Itd type integral. We also indicate that typical price paths can be
used as integrators in Lyons’s theory of rough paths.

3.1. Motivation

We saw in Chapter 1 that (NA1) (see Definition 1.1.1) is a natural condition to impose
on an asset price model, because it is equivalent to the existence of a non-degenerate
utility maximization problem (see Proposition 1.2.2). We also saw that (NA1) is rather
robust under changes in the information structure (see Section 1.5). It is also preserved
when switching to an equivalent probability measure. However, (NA1) may be violated
after passing to an absolutely continuous measure, see Example 1.4.14. Another example
is So = 1 and P(S; = 0) = P(S1 = 2) = 1/2: the process S is a martingale, and
d@ = S1dP is absolutely continuous with respect to P. But S violates both (NA) and
(NA1) under Q. Since (NA1) may already fail when passing to an absolutely continuous
probability measure, there is no hope to show that (NA1) is preserved when passing to
a singular measure Q).

Of course in practice the probability measure P that describes the statistical behavior
of the asset price process is usually not known with absolute certainty. Therefore, in
recent years there has been a lot of interest in mathematical finance under model uncer-
tainty, where one has to argue simultaneously for uncountably many mutually singular
probability measures, and in model free finance, where one does not assume any statis-
tical knowledge about the asset price process. A model free formulation of the (NA1)
property, that we will work with below, was given by Vovk [Vov12].

Maybe the simplest example of model uncertainty is given by the Black-Scholes model
under volatility uncertainty. Here it is assumed that the (discounted) price process of a
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3. Pathwise integration in model free finance

given asset is described by a geometric Brownian motion with drift,
dSy = S7 (cdW, + bdt),

where W is a one dimensional standard Brownian motion, and where ¢ > 0 and b € R.
In contrast to the classical theory, here it is not assumed that the volatility o is known.
Rather it is assumed that o lies in some interval [a, ¢] for 0 < a < ¢. Note that if P? is a
probability measure on C([0,7],R) for which the coordinate process has the distribution
of 7, then P?! and P2 are mutually singular for oy # o2. The reason for only keeping
track of o lies in the fact that the prices for European options on S¢ are independent of
b, because the martingale measure for S does not depend on b.

One of the basic problems in mathematical finance is to calculate “fair” prices for
financial derivatives of the underlying asset price process S. The minimal superhedging
price of a derivative (i.e. a random variable) F' is defined as

T
p(F) :—inf{)\ER:EIHGH)\:)\—I—/ HstSZFa.s.}, (3.1)
0

where we denote by H) the A-admissible strategies, i.e. all H for which the stochastic
integral H - S exists and satisfies (H - S); > —\ for all t € [0,T]. It can be shown that
under suitable conditions

p(F) = sup{Eq(F) : Q is an equivalent local martingale measure for S}.

In order to obtain a similar result under volatility uncertainty, we first have to define
superhedging prices in this context. It would be natural to replace the “a.s.” assumption
in (3.1) by “a.s under every P?, o € [a,c]”. But then the stochastic integral (H - S)p
has to be constructed simultaneously under all the measures P?. First results in this
direction have been obtained by [ALP95] and [Lyo95]. In recent years, such problems
have been tackled with the help of “quasi-sure analysis”, see for example [DMO06].

The mutual singularity of the measure P? for different values of ¢ requires new tech-
niques to handle the stochastic integrals against general (not necessarily simple) inte-
grands. Such integrals are needed to develop a sufficiently strong theory of mathematical
finance under model uncertainty. But in the model uncertainty context we can essentially
still rely on Itd’s integration techniques, because while we have to deal with many proba-
bility measures at once, the price process is a semimartingale under every given measure.
Model free mathematical finance no longer assumes any model structure. Instead it is
assumed that some basic facts about the financial market are known (for example some
European call and put prices), and the aim is to calculate all prices for a given derivative
that are compatible with these known facts.

In [BHLP11] it is assumed that S = (S¢)¢=0,... 7 is a discrete time process, and that
the prices for all European call options with payoff (S; — K)™ for 0 <t < T and K € R
are known. This determines the marginal distribution p; of Sy for 0 < ¢ < T under
every compatible pricing measure, but not the joint distribution (Sg, S1,...,S7). The
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aim in [BHLP11] is to calculate the arbitrage free prices of a path-dependent derivative
©(So,...,S7), where ¢ : RT*!1 — R is a given function. A real number p is called
subhedging price for ¢ if there exists a strategy with initial capital p that invests in S
and in European call options on Sy, t = 1,...,T, such that the payoff generated by this
strategy if (So,...,S7) = (s0,...,57) € R+ is bounded from above by ¢(so, ..., sT).
This has to hold for all (sq,...,sr) € RTH! in contrast to the classical theory, where
such an inequality has to be satisfied only almost surely. Their main result, shown by
using techniques from optimal transport, is that the maximal subhedging price for ¢ is
equal to the minimal martingale expectation of ¢, i.e. to infg Eq(¢(So,...,S7)), where
@ runs through all probability measures on R7T! with marginals lawg(S;) = p, that
make S a martingale.

Since S is a discrete time process, here the stochastic integrals do not pose any problem
and can be defined pathwise. In continuous time however, it is not a priori clear how
to define stochastic integrals without a probability measure. In [DS12] this problem is
resolved by only considering strategies that are of bounded variation, so that the integrals
can be defined in a pathwise sense, for example by formally applying integration by parts.
In [DORI13], Follmer’s pathwise It6 calculus [F6179] is used to define pathwise stochastic
integrals.

Follmer assumes that S is a continuous real-valued path, and that the quadratic vari-

ation of S exists along a given sequence of partitions 7" = {t7,...,t} } of [0,7], i.e.
that
Np—1
2
[S, Sla(t) = (Steatn,, — Staen)
k=0

converges for every ¢t € [0,7] to a limit [S, S](t) as n — oco. Of course the mesh size of
the partition, maxj—1,. n, |1§ZJrl — t2|, should converge to zero as n tends to co. Follmer
shows that under these assumptions, if F' € C!(R, R), then the non-anticipating Riemann
sums

Nn
> F(Si)(Sep, . ne — Senne)
k=1

converge to a limit that we denote by [J F(Ss)dSs. This is an analytical result, and the
obtained integral satisfies [t6’s formula. It is possible to generalize Follmer’s result into
various directions. For example, continuity is not actually necessary. It suffices that S
is cadlag. In [DOR13] it is shown, building on the unpublished diploma thesis [Wue80],
that it is possible to take F' only weakly differentiable, with a derivative in L2([0, T).
This requires a notion of pathwise local time. It is also possible to take a path-dependent
functional F', see [CF10]. However, a basic limitation of Follmer’s pathwise integral
is that it can essentially only handle one dimensional integrators. It is also possible to
consider integrators with values in R?, but in that case F must be a gradient, i.e. F = Vo
for some ¢ : R4 — R.
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3. Pathwise integration in model free finance

Lyons’ theory of rough paths [Lyo98] is somewhat similar in spirit to F6llmer’s pathwise
It6 calculus, but it reaches far beyond that, and also works in the multi dimensional
case. Lyons does not assume that the quadratic variation of S exists, but rather that the

iterated integrals
t )
([5)
0 1<i,j<d

can be constructed, and that S and its integrals are sufficiently regular. Since
o . L . . t
S 871(t) = Sisf - sish - [ siasi- [ siasi, (3.2)
0 0

this is a more restrictive assumption than the one made by Follmer. Lyons [Lyo98|
and Gubinelli [Gub04] are then able to construct integrals of the type f[j GsdSs if G
is controlled by S. For further details see Section 4.2.2 below, but let us remark here
that for example G = F(S.) is controlled by S if F € C?*(R% R?). Lyons [Lyo98] also
shows that the It6-Lyons map, which maps a path S to the solution to an SDE of the
form dX; = F(X;)dS;, depends continuously on S and its iterated integrals in a suitable
topology, and that it is impossible to find a topology on a path space (without equipping
paths with their iterated integrals), such that the space contains typical sample paths
of Brownian motion, and such that the It6-Lyons map is continuous. Moreover, while
Follmer’s approach can only handle the “semimartingale setting”, where S has finite
(2 + e)—variation for every £ > 0, Lyons’ approach allows S to have arbitrarily low
regularity (finite p—variation for some p < o), provided that sufficiently many iterated
integrals of S are given.

Let us also remark that (3.2) shows that the symmetric part of ( f(f S1dS)1<ij<a can
be recovered from S; and [S, S]|(¢). If now F' is a smooth function and n € N*, then

(1)t

/F )dS, _Z/ " F(S,)dS,

_ (k+1)f
Z/ ( F(S) +Za F(Su)(S] ~ S )) ds,
i=1
<k+1)t . . .
Z ( Skt S(Ic+1)t _Skt )+ Z 8931FJ Skt)/ ! (St — L)dsg) . (3.3)

,]1 n

Rough path theory is essentially built on this heuristic argument. We see that the
second term in the last line depends on the iterated integrals of S. However, if F' = Vo
for some smooth ¢, then the derivative of F' is the Hessian of ¢, and therefore it is
symmetric, i.e. 8, F/ = 8;,F". So in that case the last addend in (3.3) only depends
on the symmetric part of the iterated integrals of S, which, as we argued above, can
be reconstructed from S and its quadratic variation. Therefore, it is not surprising that
Follmer can integrate gradients given only the quadratic variation of the integrator, but
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3.2. Superhedging and typical price paths

not its iterated integrals.

To summarize, Lyons’ theory of rough paths allows to extend Follmer’s pathwise 1t
integral to the multidimensional case, and it gives pathwise continuity results for the
solutions to SDEs.

In a recent series of papers, Vovk [Vovll, Vov12] has introduced a model free, hedging
based approach to mathematical finance that uses arbitrage considerations to examine
which properties are satisfied by “typical price paths”. One of the most important results
is that typical price paths are either constant, or they possess a nontrivial quadratic
variation. This gives an axiomatic justification for the use of Follmer’s pathwise 1t
calculus in model free finance. Here we construct the iterated integrals of typical prices
paths, giving the first steps towards an axiomatic justification for the use of rough path
integrals in model free finance. To complete the argument, it is still necessary to show
that the iterated integrals are sufficiently regular, which will be done in the upcoming
work [PP13].

In Section 3.2 we define an outer content and introduce the notion of “typical price
paths”. In Section 3.3 we construct an Itd type integral that converges for typical price
paths. We also indicate that typical price paths can be taken as integrators for the rough
path integral.

3.2. Superhedging and typical price paths

Vovk’s hedging based, model free approach to finance [Vov12| is based on a notion of
outer content, which is given by the cheapest superhedging price.

Let T > 0 and let 2 = C([0,T],R?) be the space of d-dimensional continuous paths.
The filtration (F¢);c(o,7) is defined as F; := o(Xs : s < t), where X(w) = w(s) denotes
the coordinate process, and we set F := Fp. Stopping times 7 and the associated o—
algebras F, are defined as usually. A process H : Q x [0,7] — R? is called a simple
strategy if there exist stopping times 0 = 79 < 7 < ..., such that for every w € 2 we
have 7, (w) = oo for all but finitely many n, and bounded functions F, : Q@ — R%, n € N,
such that F, is F,,—measurable for every n, for which

Hi(w) = Fu(w)(r (@) mmia )] (B)-
n=0

In that case the integral

[e.e]

(H-w)e = Fu(w) (@t Apar (@) = w(t A ()
n=0

is well defined for every w € Q and every t € [0,7]. Here Fy,(w)(w(t A Tpt1(w)) —w(t A
Ta(w))) denotes the usual inner product on RY.

Let A > 0. A simple strategy H is called A—admissible if (H - w); > —X for all w € Q
and all ¢ € [0,T]. The set of A-admissible simple strategies is denoted by H s.
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3. Pathwise integration in model free finance

Definition 3.2.1. The outer content of A C ) is defined as the cheapest superhedging
price,

P(A) = inf{)\ >0:3F(H")pen € Hys s.t.

liminf(A+ (H™ - w)7) > 1a(w) Voo € Q}

n—oo

A set of paths A C  is called a null set if it has outer content zero.

Remark 3.2.2. By definition, every Itd stochastic integral is the limit of stochastic in-
tegrals against simple functions. Therefore, our definition of a superhedging price is
essentially the same as in the classical setting, see (3.1). However, there is one important
difference: Here we require superhedging with respect to all w € €2, and not just almost
surely.

Remark 3.2.3. Our definition is not quite the same as Vovk’s. See Section 3.2.1 below
for a discussion.

Remark 3.2.4 ([Vov12], p. 564). An equivalent definition of P would be
P(A) := inf{)\ >0:3(H")nen € Hips s.t.

liminf sup (A4 (H" - w);) > 14(w) Vw € Q}

=0 telo,T)

Clearly P < P. To sce the opposite inequality, let P(A) < A. Let (H™)pen C Hys be
a sequence of simple strategies such that lim inf, e supsejo (A + (H™ - w)i) > 1a(w),
and let € > 0. Define 7, (w) :=inf{¢t € [0,T] : A+ e+ (H" -w); > 1}. Then the stopped
strategy G} (w) := Hi' (W) 10,5, () (1), t € 10,77, is in Hy s € Hxrte,s, and

Hmmf(A +e + (G" - w)r) 2 Iminf Liyxyepsup,epp r(Hnw)e21y (W) 2 1a(w).

Therefore, P(A) < X\ + ¢, and since € > 0 was arbitrary, we conclude that P < P and

therefore P = P.

Lemma 3.2.5. The outer content P is countably subadditive. That is, if (An)nen 45 a
sequence of subsets of Q, then P(U,, An) <>, P(4y).

Proof. Write p,, := P(A,) for n € N. Let € > 0 and let (H™™),,en be a sequence
of (pn + €27 ™)—admissible simple strategies such that liminf,, oo (pn, + 27" + (H™™ -
w)r) > 1y, (w) for all w € A,,. Define for m € N the 1-admissible simple strategy
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3.2. Superhedging and typical price paths

G =3 " gH™". Let k € N. Then by Fatou’s lemma

lim inf <an+2€+(G ~w)T>:an+2€+l;’%ioréfr;)(H’ W)

m—00
n=0 n=0
k
> Zo(pn +e27" + lim inf(H™™ - w)r)
n=

> 1U::0 An(w).
Since the left hand side does not depend on k, we can replace 1Uk A by IU a4, and
the proof is complete. " O

Maybe the most important property of P is that there exists an arbitrage interpretation
for sets with outer content zero:

Lemma 3.2.6. A set A C Q is a null set if and only if there exists a sequence of
1-admissible simple strategies (H"), C H1,s, such that
liminf(1 4 (H" - S)r) > 00 - 14(w), (3.4)

n—o0

where we set oo -0 = 0.

Proof. If such a sequence exists, then we can scale it down by an arbitrary factor € > 0
to obtain a sequence of strategies in H. s that superhedge A. Therefore, P(A) = 0.

If conversely P(A) = 0, then for every n € N there exists a sequence of simple strategies
(H™™)men C Ha-n-1 ¢ such that 277! + liminf, oo (H™™ - w) 7 > 14(w) for all w € €.
For m € N we define G™ := 3" H™™, so that G™ € H; 5. For k € N we obtain

m—00 m—0o0

liminf(1 + (G™ - w)r) > liminf > (27" + (H™™ - w)7)
n=0

k
> @7+ iminf(H™™ - w)r) 2 kla(w).
n=0

Since the left hand side does not depend on k, the sequence (G™) satisfies (3.4). O

Remark 3.2.7. We interpret (3.4) as a model free version of the (NA1) property. More
precisely, we interpret a set of paths A C Q where (3.4) is satisfied as a model free
arbitrage opportunity of the first kind.

We say that a property (P) holds for typical price paths if the set A where (P) is violated
is a null set. In other words, if (P) holds for typical price paths, then it is possible to make
an arbitrarily large profit by investing in paths that violate (P), without ever risking to
lose more than the initial capital 1.

We can relate this model free notion of (NA1) to the classical (NA1) property. Every
set of paths with outer content zero is in fact a “universal null set” that has measure zero
under every probability measure for which the coordinate process satisfies (NA1).
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3. Pathwise integration in model free finance

Proposition 3.2.8. Let A € F be a null set, and let P be a probability measure on
(Q, F) such that the coordinate process satisfies (NA1). Then P(A) = 0.

Proof. Let (H™)nen be a sequence of 1-admissible simple strategies such that for all
w € A we have lim,,_,o(H" - w)p = 00. For every ¢ > 0 we obtain

P(A) = P (AN {w: liminf(H" - w)r > c})

SP(AQ (U ﬂ{w:(Hk-w)T>c}>)

n>0 k>n
= lim P (Aﬂ (ﬂ{w H(HY - w)r >C}))
k>n
< sup P({w:(H -w)r >c}).
HeHy s

By assumption, the right hand side converges to 0 as ¢ — oo, and therefore P(A4) = 0. [

Remark 3.2.9. The proof shows that the measurability assumption on A can be relaxed:
if P(A) = 0, then A is contained in a measurable set of the form {w : lim, o (H" -w)r =
oo}, and this set has P—measure zero for every P under which the coordinate process
satisfies (NA1). Therefore, A is contained in the P—completion of F, and gets assigned
mass 0 by the unique extension of P to the completion.

Corollary 3.2.10. Let A € F be a null set, and let P be a probability measure on (Q, F)
such that the coordinate process is a P-local martingale. Then P(A) = 0.

If under P the coordinate process satisfies only (NA) but not (NA1), then we do not
expect that P(A) = 0 for every A € F with P(A4) = 0.

3.2.1. Relation to Vovk’s outer content

Our definition of the outer content P is not exactly the same as Vovk’s [Vov12]. We
find the definition given above more intuitive, but since we rely on some of the results
established by Vovk, let us compare the two notions.

For A > 0 we define the set of processes

S)\ = {ZHkaEH)\kvs’)\k>O’Z>\k:)\}
k=0 k=0

For every G'= 3 1 HF € Sy, every w € Q, and every t € [0,T], the integral

(G-w) = Z(Hk-w)t = Z()\k + (H* - w)y) — A

k>0 k>0
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3.2. Superhedging and typical price paths

is well defined and takes values in [—\, 00]. Vovk then defines for A C € the cheapest
superhedging price as

Q(A):=inf{A>0:3G €8\ s.t. A+ (G- w)r > 14(w)Vw € Q}.
It is easy to see that P is dominated by Q:

Lemma 3.2.11. Let A C Q. Then P(A) < Q(A).

Proof. Let G =Y, H*, with H* € H,,s, and > A = A, and assume that A+ (G-w)r >
1a(w). Then (3-p_o H ) nen defines a sequence of simple strategies in H A,s» such that

lim inf (A + ((éH’“) -w)T> = A+ (G- w)p > 1a(w).

So if Q(A) < A, then also P(A) < ), and therefore P(A) < Q(A). O

Remark 3.2.12. At least it is not easy to show that P = Q. Therefore it seems like we

obtain a weaker result in Section 3.3, when we prove that a set A satisfies P(A) = 0,

compared to showing that it satisfies QQ(A) = 0. But actually we will (implicitly) work
with a third notion of outer content, R, defined as

R(A) = inf{i S(An): AC
n=0

UJ 4,
where
S(A) :=inf{A\>0:3H € Hyss.t. A+ (H -w)p > 1a(w)},

and we will show R(A) = 0. Since P and @ are countably subadditive, it is easy to see
that they are both controlled by R.

Recall that for p > 1 the p-variation ||-||,_var of a path f:[0,7] — R? is defined as

n 1/p
|1£|lp—var := sup { (Z |f(tr) — f(tk_1>|p> 0=tg<---<th=T,ne N} .
k=1

Corollary 3.2.13. For every p > 2, the set A, := {w € Q : |w||p—var = 00} has outer
content zero, i.e. P(Ap) =0.

Proof. 1t is shown in Theorem 1 of Vovk [Vov08] that Q(A,) = 0, so the result follows
from Lemma 3.2.11. [l

It is a remarkable result of [Vov12] that if Q = C(]0,00),R) (i.e. if the asset price
process is one dimensional), and if A C Q is “invariant under time changes” and such
that w(0) = 0 for all w € A, then A € F, and Q(A) = u(A), where p denotes the Wiener
measure. This can be interpreted as a pathwise Dambis / Dubins-Schwarz theorem.

7



3. Pathwise integration in model free finance

3.3. A pathwise It6 integral for typical price paths

Here we give a pathwise construction of an It6 type integral for typical price paths in
C([0,T],R%). The integral is in the spirit of Karandikar [Kar95]. If H is a suitable
process, then we define a sequence of stopping times (7]'), xen, such that {7} : k € N} C
{rf*1 . k € N} for all n € N, and such that the mesh size supjey [T (W) — 7 (W)
converges to zero for every w € (), except possibly on intervals where w is constant. We
will then construct a sequence of simple 1-admissible strategies (G™), such that for every

w € Q either the Riemann sums

[e.9]

Y Hep (W) (@(rly A) = w(Tl A))
k=0

converge uniformly, or (G" - w)p diverges to co. This proves that for typical price paths
the integral (H - w) can be defined as a continuous function.

Definition 3.3.1. A process H : Q x [0,7] — R? is called cddldg if t — Hy(w) is cadlag
for every w € Q. The process is called adapted if w — Hy(w) is F;—measurable for every
t €10, T]. For p > 11t is called p—variation preserving if t — H;(w) has finite p—variation
for every w with finite p—variation.

Recall that if H is cadlag and adapted, and if 7 is a stopping time, then H:1 <7y is
Fr—measurable; see for example [JS03], Proposition 1.1.21.

Let now H be a cadlag and adapted process and let n € N. We define a sequence of
stopping times (7')xen by 73 := 0, and for k € N

Ty o= inf{t € [7, ) |Hi(w) — Ha(w)] + [w(t) — w(7)] > 27},

Since t — Hy(w) and t — w(t) are cadlag, we obtain for every w € § that 7}'(w) = oo for
all but finitely many k € N. Write 7}, := {7}’ : k € N}. To obtain an increasing sequence
of partitions, we take the union of the (7%). More precisely, for n € N we define 7 := 0
and then for £k € N

T 1(w) := min {T(w) iTE U 7, T(w) > ’7']?(60)} .
m=0

If we set 7y = {7} : k € N}, then (7} )nen is an increasing sequence of partitions. It
is not necessarily true that the mesh size of this sequence of partitions converges to 0,
because H and w may be constant on some intervals. But for every 0 < s < ¢t < T and
every w € () that is not constant on [s,¢] there exist n,k € N such that 7/(w) € [s, ].

We define N{*(w) := max{k € N : 7'(w) < t}, so that for every w € § there are
N{*(w) + 1 stopping times in 7%, with values in [0,¢]. We have the following estimate for
N (w):

Lemma 3.3.2. Let p > 1. There exists a constant C > 0 such that for every w € § and
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3.3. A pathwise It6 integral for typical price paths

everyn € N
N (w) = max{k € N: 77! (w) < 00} < C2 (||w[[}_ar + [ H (@) ][5 -var ) -
Proof. By definition, for every k € N there exist m < n and ¢ € N, such that 7//(w) =

77 (w). Fix m < n and write N (w) := max{¢ € N : 7*(w) € [0,T]}. The definition of
7,1 and the right-continuity of H and w imply that

N (w)—1

Fr@ s Y 2 (Hay, ) = Hap(o)| + () - o))

=0
Nm -1

< amne, z (1Hy, ) = Hap @ + (7T0) = oGP

< gmpop(uwup var + I @)1 _var) -

The result now follows by noting that

NE(w) < 37 N () < 202G, ([w])var + 1 H @)} -var )
so that we can set C' := 2PC),. ]

The idea of relating the number of upcrossings to the p—variation goes at least back to
Bruneau [Bru79], and Lemma 3.3.2 can be seen as a crude adaption of Bruneau’s result.

In Lemma D.1 in the Appendix we present a pathwise version of the Hoeffding inequal-
ity that is due to Vovk. This will be needed in the proof below.

At this point we are ready to state and prove the main result of this section. The fol-
lowing construction is inspired by Karandikar [Kar95], whereas the proof follows [Vov12],
Lemma 8.1.

Theorem 3.3.3. Let H be a cadlag, adapted process that is p—variation preserving for
some p € (2,3). Define for n € N the partition ©f; = {7’ : k € N} as above. Then for
typical price paths, the non-anticipating Riemann sums

n(H, dw)( ZH W(Tpp At) —w(Ti AL))

converge uniformly to a limit that we denote by [; Hsdws.

Proof. For every n € N we define the process

= Z HT;L (W) 1[7-]?77-}2:_1) (t) .
k=0
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3. Pathwise integration in model free finance

Since H is right-continuous, we have sup;c(o ) |[H: — H;'| < 27", and thus supyc(o ) [ H' —
Hf_l\ < 27*2 for all n € N. Moreover, 77?1_1 C mfy for all n > 1, which leads to

In(H7 dW)(t) - I’n—l(H7 dUJ)(t)
=> (H:]:L_l(w) — H%_}l (w)) (W At) —w(Tf A L)) .
k=0
By definition of the stopping times (7}}), we have

sup
t€[0,T]

(anl(w) - H’:Z_,ll (w)) (W A t) —w(Tf A t))’

k

< 2777,4’22777, — 27277,4»2

Hence, the pathwise Hoeffding inequality, Lemma D.1 in Appendix D, implies for every
) € R the existence of a 1-admissible simple strategy G* € H1,s, such that

1+ (G*-w); > exp (A(In(H, dw)(t) — In—1(H,dw)(t)) — A;Nt"(w)Q“l”“)
= &) (3.5)

for all w € Q and all t € [0,T]. If @ > 0, then the strategies G*" /(2"a) and G=%" /(2"a)
are both in Hy-n /4 5, and therefore we can apply Remark 3.2.4 in conjunction with (3.5)
to obtain that

P( sup 2_"53n’”(w) + sup 2_”5;2n’"(w) > 261)

te[0,T] t€[0,T]
o 52",n - —2"n 9—n+1
<P| sup ti(u))21 + P | sup MZl < . (3.6)
tejo,r]  2"a tejo, 7] 2"a a
Summing (3.6) over n and letting a tend to oo, we see that
P lsup| sup 2_”5,52n’n(w) + sup 2_"5;2n’"(w) =00 | =0. (3.7)
neN \t€[0,7T t€[0,T]

Hence, for typical price paths w € Q, there exists ng(w) such that for all n > ng(w) we
have sup¢(o 1] EX""(w) < 2"n. Note that N7*(w) is increasing in ¢, and therefore we can
take the logarithm to see that this implies

2n

tes[lé%“] 2"(I,(H,dw)(t) — In—1(H,dw)(t)) < %N%(w)2_4"+4 + nlog(2) + log(n). (3.8)

If supyepo, 7] 5;2n’n(w) < 2"n, then we obtain the same inequality as in (3.8), only that
the sign of the left hand side is reversed. So if both sup;cjo 7 EX"M(w) < 2'n and

80



3.3. A pathwise It6 integral for typical price paths

SUDPie[0,T] gt_gn’n(w) < 2™n, then

sup | I, (H, dw)(t) — In_1 (H, dw)(t)] < N3 (w)27>"+3 + 27" (nlog(2) + log(n))
te[0,7

< C (Il + [ H@)Bne) 27704 4 27 log(2) + log(n), (3.9)
where the last step follows from Lemma 3.3.2.
Since p < 3, we can combine (3.7) and (3.9) to obtain

P (i sup |y (H, dw)(t) — L1 (H, dw)(t)] = oo>
n=1t€[0,T]

S P(H("Jug—var + HH<w)H§—V&r = OO) = ?(”(’UHP—VM - OO) = 07
where the second to last step uses that H is p—variation preserving, and the last step is
Corollary 3.2.13, which can be applied because p > 2. O

Remark 3.3.4. While the integral [; H¢dws converges for all typical price paths, the
strategies that we constructed in the proof depend on H. Therefore, also the null set
where [; Hsdws does not exist depends on H. Since there are uncountably many processes
H, it is a priori not clear whether a “universal null set” exists, outside of which all integrals
can be constructed. It is possible to obtain such a universal null set by using an analytic
construction of the integral, such as Follmer’s or Lyons’ constructions.

Remark 3.3.5. At some points our analysis was rather crude, and therefore we did not
obtain optimal results. For example, it is not actually necessary to assume that H is
p—variation preserving. Also, here we just considered one fixed sequence of partitions
(7 )nen. It is possible to show that the Riemann sums over any sequence of partitions
converge to the same limit, as long as the mesh size of the partition converges rapidly
enough to 0 (in a way that depends on H, uniformly in w). Furthermore, one can show
that for p > 2 the “area”

R 2y} —— 7 J T J )
vuale) = (950) = ([ @000 @0 )
satisfies

HCDHP/?—VM ‘= sup {Z ‘q)tkf1,tk‘p/2 0=ty < - <tp=T,n¢€ N} <00

k=1

for typical price paths w. This condition is required to use w as an integrator for Lyons’
rough path integral. The rough path integral is for example defined for F € C? as
uniform limit of the Riemann sums

n—1
Jim 57 (@)@ A = @ AD) + DF@E) Pgagy, ne) - (3:10)
k=0
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3. Pathwise integration in model free finance

where 0 =t < --- <ty =T, n €N, is an arbitrary sequence of partitions with mesh size
converging to 0. Here we see that there is a small problem with the use of the rough path
integral in finance: the term DF(w(tZ))@tZ/\mzH/\t in (3.10) is not an increment of w, and
therefore it is technically not possible to interpret the integral process as capital obtained
by investing in w. But this can be resolved, because we can show that if (7}), ken is a
double sequence of stopping times such that
. o
/0 w(s)dw(s) = lim > () (Tl A-) = (Tl A ),

n—00
k=0

then under some additional conditions also the rough path integral [; F(w(s))dw(s) is

given by

n—oo

| Pes)dnts) = lim 3 Fr)w(rin A-) = w( A
k=0

These and other results will be presented in the upcoming work [PP13].
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4. A Fourier approach to pathwise
stochastic integration

Here we use the decomposition of continuous functions in terms of the Schauder functions,
f@) = > ,m fom@pm(t), to give a pathwise definition of the integral I3 f(s)dg(s) as

[ 16005) = X5 i [ o))

pm qn

If f is a—Hélder continuous and g is f—Hdélder continuous and o+ 8 > 1, then we recover
Young’s integral. For a4+ 5 < 1 we define a rough path integral in terms of the Schauder
decomposition.

This new approach to rough paths is quite elementary, and it becomes obvious why
paths have to be enhanced with their Lévy area if we want to obtain a pathwise continuous
stochastic integral. It also leads to simple recursive algorithms for the calculation of
stochastic integrals.

In the setting of It6 integration, we show that under suitable conditions, the Itd rough
path integral can be obtained as limit of nonanticipating Riemann sums involving only
the integrator and not its iterated integrals.

4.1. Introduction

It is a classical result of Ciesielski [Cie60] that C := C([0, 1], R?), the space of a-Hélder
continuous functions on [0, 1] with values in R?, is isomorphic to £>°(R?), the space of
bounded sequences with values in R?. The isomorphism gives a Fourier decomposition
of a Holder-continuous function f as

f = Z<Hpmv df>Gpm
p,m

where (Hpy,) are the Haar functions and (Gp,) are the Schauder functions. Ciesielski
proved that a continuous function f is in C%([0,1],R%) if and only if the coefficients
((Hpm, Af))pan satisty sup, ., 22~V [(Hp,,, df)] < oc.

Since then this isomorphism has been extended to many other Fourier and wavelet
bases, where one can show the same type of results: classical function spaces, such as
the space of Holder continuous functions, or the space of functions with a certain Besov
regularity, are in one-to-one correspondence with those functions for which the coefficients
in a fixed basis have the correct decay. See for example Triebel [Tri06].
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4. A Fourier approach to pathwise stochastic integration

The isomorphism based on Schauder functions still plays a special role in stochastic
analysis, because the coefficients in the Schauder basis have the pleasant property that
they are just rescaled second order increments of f. So if f is a stochastic process with
known distribution, then also the distribution of its coefficients in the Schauder basis
is known explicitly. This makes the Schauder functions a very useful tool in stochastic
analysis. For example, one of the most elegant constructions of Brownian motion, the
Lévy-Ciesielski construction, is based on them. Ciesielski’s isomorphism can also be used
to give a simple proof of Kolmogorov’s continuity criterion. An incomplete list with
applications of Schauder functions in stochastic analysis will be given below.

Another convenient property of the Schauder functions is that they are piecewise linear,
and therefore their iterated integrals [; Gpm(s)dGgn(s), can be easily calculated. This
makes them an ideal tool for our purpose of studying pathwise stochastic integrals.

If we are given two Holder-continuous functions f and g on [0,1] with values in
L(R4,R™) and R? respectively, then we formally define

[ F6)0(6) = 3 3 Hpm, A7) o ) [ Gom (510G 5,

p?m q?n

provided the limit exists. Our first observation, which is of course well known, is that
the integral introduces a bounded operator from C([0,1], L(R4 R™)) x C#([0, 1], R%) to
CA([0,1],R") if and only if & + 8 > 1. In this case we recover Young’s integral. In the
derivation of the Young integral, we identify different components of the integral that
exhibit different behavior: we have

/ " F(s)dg(s) = S(f.9)(t) + m<(F.9)(0) + L(f ) ),

where S is the symmetric part, 7 is the paraproduct, and L(f,g) is the Lévy area. The
operators S and 7w~ are defined for arbitrary o and (3, and it is only the Lévy area that
requires o + 3 > 1. We are therefore looking for a pathwise way of defining L(f, g) for
suitable g. Considering the regularity of the three operators, we have S(f,g) € C**9
and 7 (f,g) € CP and L(f,g) € C*T8, whenever the latter is defined. Therefore, in the
Young regime [ f(s)dg(s) — m<(f,g) € C*"P. Similarly we can show that for smooth
functions F' we have F(f) € C® but F(f) — mr-(DF(f), f) € C?*. In both cases the
“rough component” is given by .. This inspires us to call a function f € C? controlled
by g if there exists a function f9 € C? such that f — 7-(f9,g) € C?5. Our aim is then
to construct the Lévy area L(f,g) for f < 1/2 and f controlled by g. If 5 > 1/3, then
the term L(f — 7<(f9,9),g) is well defined, and it suffices to make sense of the term
L(n<(f9,g),g). This is achieved with the following commutator estimate:

< [11sllglisllglls-
38

Hukw,g),g) - [ #(s)dL(g. )9

Therefore, the integral [, f(s)dg(s) can be constructed for all f that are controlled by g,
provided that L(g, g) can be constructed. In other words, we have found an alternative
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formulation of Lyons’ [Lyo98| rough path integral, at least for Holder continuous functions
of Holder exponent larger than 1/3.

Since we approximate f and g by functions of bounded variation, our integral is of
Stratonovich type, i.e. it satisfies the usual integration by parts rule. We also consider
a non-anticipating It6 type integral, that can essentially be reduced to the Stratonovich
case with the help of the quadratic variation.

The last remaining problem is then to construct the Lévy area L(g,g) for suitable
stochastic processes g. We construct the Lévy area for certain hypercontractive processes.
For continuous martingales that possess sufficiently many moments we give a construction
of the It6 iterated integrals that allows us to use them as integrators for our pathwise It
integral.

Below we give some references to the use of Schauder functions in stochastic analysis,
and to rough paths. In Section 4.2 we recall some details on Ciesielski’s isomorphism,
and we give a short overview on rough paths and Young integration. In Section 4.3 we
develop a paradifferential calculus in terms of Schauder functions, and we examine the
different components of Young’s integral. In Section 4.4 we construct the rough path
integral based on Schauder functions. Section 4.5 develops the pathwise Itd integral.
And in Section 4.6 we construct the Lévy area for suitable stochastic processes.

Relevant literature

Starting with the Lévy-Ciesielski construction of Brownian motion, Schauder functions
have been a very popular tool in stochastic analysis. They can be used to prove in a
comparatively easy way that stochastic processes belong to Besov spaces; see for ex-
ample Ciesielski, Kerkyacharian, and Roynette [CKR93|, Roynette [Roy93], and Rosen-
baum [Ros09]. Baldi and Roynette [BR92] have used Schauder functions to extend the
large deviation principle for Brownian motion, Schilder’s theorem, from the uniform
to the Holder topology; see also Ben Arous and Ledoux [BL94] for the extension to
diffusions, Eddahbi, N’zi, and Ouknine [ENO99] for the large deviation principle for dif-
fusions in Besov spaces, and Andresen, Imkeller, and Perkowski [AIP13] for the large
deviation principle for a Hilbert space valued Wiener process in Hélder topology. Ben
Arous, Gradinaru, and Ledoux [BGL94] use Schauder functions to extend the Stroock-
Varadhan support theorem for diffusions from the uniform to the Hélder topology. Lyons
and Zeitouni [LZ99] use Schauder functions to prove exponential moment bounds for
Stratonovich iterated integrals of a Brownian motion if the Brownian motion is condi-
tioned to stay in a small ball. Gantert [Gan94] uses Schauder functions to associate to
every sample path of the Brownian bridge a sequence of probability measures on path
space, and continues to show that for almost all sample paths these measures converge to
the distribution of the Brownian bridge. This shows that the law of the Brownian bridge
can be reconstructed from a single “typical sample path”.

Concerning integrals based on Schauder functions, there are three important refer-
ences: Roynette [Roy93] constructs a version of Young’s integral on Besov spaces and
shows that in the one dimensional case the Stratonovich integral [; F/(Wy)dW, where W
is a Brownian motion, and F € C?, can be defined in a deterministic manner with the
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4. A Fourier approach to pathwise stochastic integration

help of Schauder functions. Roynette also constructs more general Stratonovich integrals
with the help of Schauder functions, but in that case only almost sure convergence is
established, where the null set depends on the integrand, and the integral is not a de-
terministic operator. Ciesielski, Kerkyacharian, and Roynette [CKR93] slightly extend
the Young integral of [Roy93], and simplify the proof by developing the integrand in the
Haar basis and not in the Schauder basis. They also construct pathwise solutions to SDEs
driven by fractional Brownian motions with Hurst index H > 1/2. Kamont [Kam94] ex-
tends the approach of [CKR93| to define a multiparameter Young integral for functions
in anisotropic Besov spaces.

Rough paths have been introduced by Lyons [Lyo98], see also [Lyo95, LQ96, LQ97| for
previous results. Lyons observed that solution flows to SDEs (or more generally ordinary
differential equations (ODEs) driven by rough signals) can be defined in a pathwise,
continuous way, if paths are equipped with sufficiently many iterated integrals. More
precisely, if a path has finite p—variation for some p > 1, then one needs to associate
|p| iterated integrals to it to obtain an object which can be taken as the driving signal
in an ODE, such that the solution to the ODE depends continuously on the signal.
Gubinelli [Gub04, Gub10] simplified the theory of rough paths by introducing the concept
of controlled paths, on which we will strongly rely in what follows. Roughly speaking, a
path f is controlled by the reference path g if the small scale fluctuations of f “look like
those of ¢”. Good monographs on rough paths are [LQ02, LCL07, FV10b], and Friz and
Hairer [FH13|, which is currently in preparation.

4.2. Preliminaries

4.2.1. Ciesielski’s isomorphism

Here we present Ciesielski’s isomorphism between C%([0, 1], R?) and ¢>°(R9).
The Haar functions (Hpp,p € N,;1 < m < 2P) are defined as

V2P, te [mel 2{3—;11) ,
Hpm(t) =NV 21)’ te 22727;117 2%) )
0, otherwise.

If completed by Hgy = 1, the Haar functions are an orthonormal basis of L?([0, 1], dt).
We also define Hyp = 0 for p > 1, which will allow us to write expressions such as
2op>0 2 o Hpm. The primitives of the Haar functions are called Schauder functions,
and they are given by Gpm(t) := [o Hpyn(s)ds for t € [0,1], p € N, 0 < m < 2P. More
explicitly Goo(t) =t and for p e N, 1 <m < 2P

217/2 (t - Tn2;1) , te %;17 22724—_11> )
Gom(t) = =22 (t—m) | te |zl 2@,,) ,
0, otherwise.
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4.2. Preliminaries

Since every Gp, satisfies Gy, (0) = 0, we are only able to expand functions f with
f(0) = 0 in terms of this family (Gpy,). Therefore, we complete (G,y,) once more, by
defining G_10(t) := 1 for all t € [0,1].

To abbreviate notation, we define the times ¢!, i =0, 1,2, by setting

pm»
0 ‘_m—l 1 '_2m—1 o . m
tpm = op 5 tpm = W, pm 27,

for p € Nand 1 < m < 2P. For (p,m) = (—1,0) and (p,m) = (0,0) we set t°,, := 0,
tlig:=0,t20:=1and t), := 0, t}, := 1, t], := 1. The definition of #* ;, and t}, for
i # 1 is rather arbitrary, but the definition for ¢ = 1 simplifies for example the statement
of Lemma 4.2.1 below. It is also convenient to define t;;() ==0forp>1andi=0,1,2.

If f is a continuous function on [0, 1] with values in R?, then we define for p € N and
1 < 'm < 2P by formally applying integration by parts

2 (£ (th) = £ (2)) = (£ (20) = £ (t10))]
28 27 (th) = (tpm) = 1 (12m)]

and (Hoo,df) := f(1) — f(0) as well as (H_j9,df) := f(0). Note that we only de-
fined G_19 and not H_jp, and that the definition of (H_j0,df) is to be understood as
convention.

(Hpm, df) :

Lemma 4.2.1. The function

kooor
fr = (H 10,df)G 10+ (Hoo,df)Goo + Y > (Hpm, df)Gpm

p=0m=1

k 2P
= Z Z<Hpmadf>Gpm

p=—1m=0

18 the linear interpolation of f between the points tﬂm,t[l)o,tzl,m, 0<p<k1<m<<2P,
So if f is continuous, then fi, converges uniformly to f as k — oo.

Proof. The statement follows easily by induction. O

Ciesielski [Cie60] observed that if f is Holder-continuous, then the series fi converges
absolutely, and the speed of convergence of fr to f can be estimated in terms of the
Hélder norm of f. The norms |||« and ||-[|ce are defined respectively as

fst
[flloo :== sup [f(t)]  and  [[fllce :==|flle + sup ik |a’
t€[0,1] 0<s<t<1 [t — 8|

where we write fs; := f(t) — f(s).
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4. A Fourier approach to pathwise stochastic integration

Lemma 4.2.2 ([Cie60]). Let o € (0,1). A continuous function f : [0,1] — R? is in O
if and only if sup,, ,,, 2p(a_1/2)|<Hpm,df>| < 00. In this case

sup 2p(a_1/2)|<Hpm,df>| ~ |||l and (4.1)
p,m
oo 2P
1f = fn—lloo = [ D2 D7 KHpm, dN)Gpml|| S 1flla27 Y.
p=N m=0 00

Before we continue, we slightly adapt the notation. We want to get rid of the factor
2-P/2 in (4.1), and therefore we define for p € N and 0 < m < 2P the rescaled functions

b D
Xpm = 2§Hpm and ©pm = 22 Gpm,

as well as p_10:= G_190 = 1. Note that forpe Nand 1 <m <27

1

tom 2m — 1 2m — 2 1
_ 1 . D P P __op m _ - —
trél[g,}li] | pm ()| = pm (tpm) = 22 /t 22ds =2 < 2rtl 20+l > 2

0
pm

so that |[¢pm|lcc < 1 for all p,m. The expansion of f in terms of (¢pm) is given by

fie = Ypmo Xineo fym@pm, where f_1o := f(1), and foo == f(1) = f(0) = fo1 and for
peENand m>1

Fom = 27" (pm, AF) = 2f (th) = F (89) = F (B2 = Finon = Foroio
We also write (Xpm,df) := 2 fpm, for all values of (p,m), also for (p,m) = (—1,0), despite
not having defined x_1o.

We will mainly measure the regularity of functions by the size of their coefficients in
the Schauder series expansion:

Definition 4.2.3. For a > 0 and continuous f : [0,1] — R the norm |-||, is defined as
[ fllo := SUPpy, 2P| fpm|- We then define the space

C% .= C"(Rd) = {f :[0,1] — RY f is continuous and || f|o < oo}.

It is easy to see that C® is isomorphic to £>°(R%). In particular, C® is a Banach space.

For o € (0, 1), Ciesielski’s isomorphism, Lemma 4.2.2, implies that C* = C([0, 1], R%).
For o = 1 it can be shown that C' is the Zygmund space of continuous functions f
satisfying |2f(z) — f(x + h) — f(z — h)| < h. But for ¢ > 0, there is no reasonable
identification of C!'™ with a classical function space. The space C'*([0,1],R%) consists
of all continuously differentiable functions f with e-Holder continuous derivative D f.
But since the tent shaped functions ¢, are not continuously differentiable, even an f
with a finite expansion in terms of (¢pm,) is generally not in C1*¢, despite being in C*
for all a > 0.

One might ask if the a priori requirement of f being continuous could be relaxed. It
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4.2. Preliminaries

can, but not much. To obtain continuity of f from its coeflicients (fy,) is only possible
if f is uniquely determined by the values (f(t},,))ipm- This is the case if f is right- or
left-continuous, but in general it is false, because we may always choose a point ty that

is not dyadic and define f(t) := f(t) for all ¢ # ¢y, and f(t9) := f(to) + 1. Since the set
(t;m)z‘,p,m is countable, it is not even true that the coefficients of f determine the function
Lebesgue-almost everywhere.

Littlewood-Paley notation. We will employ the notation from Littlewood-Paley theory.
For p > —1 and f € C([0,1]) we define

2P
Apf = fomepm and  Spf:=) A,f.

m=0 q<p

We will occasionally refer to (A, f) as the Schauder blocks of f. Note that C* consists
exactly of those f =3, A, f for which

1271 Ap flloolleee < 00

4.2.2. Young integration and rough paths

Here we present the main concepts of Young integration and of rough path theory. The
results presented in this section will not be applied in the remainder of this chapter, but
we feel that it could be useful for the reader to be familiar with the basic concepts of
rough paths, since it is the main inspiration for the constructions developed below.

Young’s integral [You36] allows to define [ fdg for f € C%, g € C? and a + 3 > 1.
More precisely, let f € C* and g € C? be given, let ¢t € [0,1], and let 7 = {to,...,tn}
be a partition of [0,¢], i.e. 0 =ty < t; < --- < ty = t. Then it can be shown that the
Riemann sums

N-1

> FR)(g(tern) — g(tr)) := > Flte)(9(ter1) — g(te))

tpem k=0

converge as the mesh size maxy—o . nN—1|tg+1 — tx| tends to zero, and that the limit
does not depend on the approximating sequence of partitions. We denote the limit by

fy f(s)dg(s), and we define [ f(r)dg(r) := [y f(r)dg(r) — J5 f(r)dg(r). The function
t— fg f(s)dg(s) is uniquely characterized by the fact that

[ F000) = 561010~ ()| £ It =71l

for all s,t € [0,1]. The condition o + > 1 is sharp, in the sense that there exist
f,g € C'Y/2 and a sequence of partitions (m,)nen with mesh size going to zero, for which
the Riemann sums >, . f(tx)(g(tri1) — g(tr)) do not converge as n tends to oo.

The condition o + 3 > 1 excludes one of the most important examples: we would like
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4. A Fourier approach to pathwise stochastic integration

to take g as a sample path of Brownian motion, and f = F(g). Lyons’ theory of rough
paths [Lyo98] overcomes this restriction by stipulating the “existence” of basic integrals
and by defining a large class of related integrals as their functionals. Here we present the
approach of Gubinelli [Gub04].

Let o € (1/3,1) and assume that we are given two functions v,w € C%, as well as an
associated “Riemann integral” I} = f ) that satisfies the estimate

@ | = |I§,’Z” —v(s)wse| S [t = s[**. (4.2)

The remainder ®"" is often (incorrectly) called the area of v and w. This name has
its origin in the fact that its antisymmetric part 1/2(®{}" — ®{") corresponds to the
algebraic area spanned by the curve ((v(r),w(r)) : r € [s,t]) in the plane R2.

If @« < 1/2, then the integral I"" cannot be constructed using Young’s theory of
integration, and also I"* is not uniquely characterized by (4.2). But let us assume
nonetheless that we are given such an integral 1" satisfying (4.2). A function f € C¢
is controlled by v € C* if there exists f¥ € C, such that for all s,¢ € [0,1]

Fat = Flvael S 1t — s (4.3)

Proposition 4.2.4 ([Gub04], Theorem 1). Let a > 1/3, let v,w € C%, and let I""
satisfy (4.2). Let f and g be controlled by v and w respectz'vely, with derivatives fv

and g*. Then there exists a unique function I(f,g) = [, f( ) that satisfies for all
s,t € 0,1]

1(£,9)se = f(5)gss — [U(5)9" (5)01" | S It — s>

If () is a sequence of partitions of [0,t], with mesh size going to zero, then

I(fvg)(t) = lim Z (f(tk)gtk,tIHJ + ftkgtk Z‘,}ku;kﬂ) :

n—o00 tecn

The integral I(f, g) coincides with the Riemann-Stieltjes integral and with the Young
integral, whenever these are defined. Moreover, the integral map is self-consistent, in
the sense that if we consider v and w as controlled by themselves, with derivatives
vV =w" =1, then I(v,w) = V™.

The only remaining problem is the construction of the integral I¥'*’. This is usually
achieved with probabilistic arguments. If v and w are Brownian motions, then we can
for example use It6 or Stratonovich integration to define I". Already in this simple
example we see that the integral I*" is not unique if v and w are outside of the Young
regime.

It is possible to go beyond o > 1/3 by stipulating the existence of higher order iterated
integrals. For details see [Gubl10] or any book on rough paths, such as [LQ02, LCLO7,
FV10b].

Note that the rough path integral is similar in spirit to Féllmer’s pathwise It6 calculus,
see Chapter 3, that stipulates the existence of the quadratic variation and uses this to
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4.3. Paradifferential calculus and Young integration

give a pathwise construction of stochastic integrals.

4.3. Paradifferential calculus and Young integration

In this section we develop the basic tools that will be required for the rough path in-
tegral in terms of Schauder functions, and we study Young’s integral and its different
components.

4.3.1. Paradifferential calculus with Schauder functions

Here we introduce a “paradifferential calculus” in terms of Schauder functions. Parad-
ifferential calculus is usually formulated in terms of Littlewood-Paley blocks, and was
initiated by Bony [Bon81]. For details see Bahouri, Chemin, and Danchin [BCD11], or
Chapter 5 below.

We will need to study the regularity of }_, ., upmppm, where u,m are functions and
not constant coefficients. For this purpose we define the following space of sequences of
functions.

Definition 4.3.1. If (upm)p>—1,0<m<or is a family of affine functions of the form wu,, :

[0 t2m] = RY, where tpm (s) = apm + (s — 19,,,)bpm, then we define for o > 0

H(upm)HAﬂ ‘= sup 2pa”“pm”0<>a

p7m
where it is understood that ||upm|/cc = maXye(0 12 | |upm (t)|. The space A% is then
defined as
AY = Aa(Rd>

= {(upm)pz_l,ogmggp L Upm € C([tgm,tf,m],Rd) is affine and ||(upm)|| 4o < oo} )
In Appendix E we prove the following regularity estimate:

Lemma 4.3.2. Let a € (0,2) and let (upn) € A*. Then 3, Upmppm € C*, and
|32 womom | S latpm)llae-
p?m

Before we get to paraproducts and paralinearization in terms of Schauder functions,
let us show that C* is stable under the application of smooth functions.

Lemma 4.3.3. Let a € (0,2) and let v € C*(RY). Let F € CLTY(RYR). Then
F(v) € C®, and

@)l S NE o (1 + lolla) !, (4.4)
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Proof. We have to estimate the coefficients (F'(v))pm = 27P(xpm,dF(v)). For (p,m) =
(—1,0) and (p,m) = (0,0) we estimate

[(F(0))pm| S F(0)]loo < [[Foo-

For all other values of (p,m) we have (F(v))pm = (F(v))w s — (F(©)g o - If

pmotpm

a € (0,1), then we apply a first order Taylor expansion with integral remainder, to
obtain

1
(F@ig iz, = FODiz, = 3 [ 0F (0lth) + 0,0, (v, 03,70
[n|=1
1 1
_ 7] n
|7YZ:1/() 8 F (U(tpm) +7"Ut11)m’t12)m> (Ut};m’t;%m) dT'

According to Lemma 4.2.2 we have [|v]|ce =~ [|v]la, and therefore |vg 1 | < [[v]a2777,
which yields (4.4).
For a € [1,2) we apply a second order Taylor expansion, which implies that

(F(U))tgm,t;m - (F(U))t;,m,tgm (4.5)
= Z anF(U(t:})m))(vtgm,t},m)n + R;m - Z 877F(U(t11)m))(vt},m,t%m)n - R?)mv
Inl=1 [nl=1

where we use C® C C17¢ = C''~¢ to obtain that

| Ryl + 1Bl S IFllcz(lvsg,, e, P + oy, a1, 1) S I F |z llollF 272709

pm>pm pm> tpm
for all € > 0. Choose € > 0 small enough so that 2 — 2¢ > «. Then

((F(0))ig, a1, = (F@)i, sz 1< D2 0 F (0(tm)) (0pm)"| + [ Ry + R}

pm>pm pmotpm
nl=1
S 277 Fllezllvlla(t + [[vlla)-
O

Remark 4.3.4. Since v has compact support, it actually suffices if F' € Clet1) without

assuming that F' and its partial derivatives are bounded. Of course then the estimate
la+1]
b .

(4.4) would have to be adapted. For simplicity we only consider the case F' € C
Let us define a paraproduct in terms of Schauder functions.
Lemma 4.3.5. Let 8 € (0,2), let v € C([0,1], L(R% R™)), and w € CP(R?). Then

Te(v,w) =Y Spo1wAyw € CORY) and  [w<(v,w)llp < [[0]]oolwl]- (4.6)
p=0
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Proof. We have

]wpm.

T< (’U, w) = Z upm@pm Wlth upm == (Sp—].v)“tgm,tgm
p7m

For every (p,m), the function (Sp,lv)“tgm’t%m} is the linear interpolation of v between

t9,, and 2. As H(Sp_lv)htgm,tgm]wpmﬂoo < 27P8||v||oo||w] g, the statement follows from

Lemma 4.3.2. O

Remark 4.3.6. If v € C® and w € CP, then we can decompose the product vw into three
components, vw = w< (v, w) + 7 (v, w) + 7o (v, w), where

ms(vw) =) ApuSprw,  |lms(v,w)]la S [ollallwlle,  and
P
mo(v,w) = Y ApuAyw,  mo(v,w)|lats S [vllallwlls.
P
The estimate for 7, only holds for a + < 2, and it is easy to show. Since we will not
use it, we omit the proof.

The paralinearization theorem in terms of Schauder functions is as follows.

Proposition 4.3.7. Let a € (0,1), let v € C*(RY), and F € CZ(R%,R). Define
7<(DF(v),v) := Z < (0"F (v),v").
In[=1
Then F(v) — n<(DF(v),v) € C?*, and
IF (v) = 7<(DF(v),0) |20 S [[Fllc2 (1 + [[v]la)*. (4.7)

Proof. First note that ||F(v)||co < ||F||oc, which implies the estimate required for (4.7) if
(p,m) = (—1,0) or (p,m) = (0,0). For all other values of (p, m) we apply a second order
Taylor expansion to obtain

(F))pm = Y "F(0(tpn))(0pm)" + Rpm = DF (0(tp))0pm + Ry,
Inl=1

where |Rpm| < ||F|\Cb22_2pa\|v||3. Therefore, F(v) =3, DF(v(tp,))pm@pm + R, with
R €C? and ||R|2a < HFHCgHvHi Subtracting 7« (DF(v),v) gives

F(v) = 1<(DF(v),v) = Y _[DF(v(tpy,)) = (Sp-1DF(0))l,, 2, )]0pmepm + R.

pm>tpm
pm

(Sp—1DF(v))]yo, 12,1 is the linear interpolation of DF(v) between t9,, and 2, so ac-

pm>
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4. A Fourier approach to pathwise stochastic integration

cording to Lemma 4.3.2 it suffices to note that
IDE((t) = (Sp1DF@)is, 2. Jopmlloo S 277 [DF() a2 0]
S 27 Fllez (1 + [[olla) 19]las
where we used the estimate [|[DF(v)|ca =~ [[DF(v)|o and Lemma 4.3.3. O

Remark 4.3.8. The same proof shows that if f is controlled by v in the sense of Sec-
tion 4.2.1, i.e. fsr = fU(s)vss + Rsy with fV € C* and |Rs¢| < ||R||2a]t — s/**, then
f—7m<(f°v) € C?.

4.3.2. Young’s integral and its different components

In this section we construct Young’s integral using the Schauder expansion. If v € C¢
and w € CP, then we formally define

/O.U(S)dw(s) = ZZUpqun /0. ©pm(8)dpgn(s) Z/ Apv(s)dAgw(s).

p?m q?n

We show that this definition makes sense provided that o+ § > 1, and we identify three
components of the integral that all have a different behavior. This will be our starting
point towards a definition of controlled paths in our setting, and towards an extension of
the integral beyond the Young regime.

In a first step, let us calculate the iterated integrals of Schauder functions.

Lemma 4.3.9. Let p > q > 0. Then
! 2 0
| o (@dguns) = 277 xan(th) (48)

for all m,n. If p=q, then f01 ©pm(8)dppn(s) =0, except if p=q =0, in which case the
integral is bounded by 1. If 0 < p < q, then for all (m,n) we have

1
/0 Opm(8)depgn(s) = _Q_Q_QXP’” (tgn) : (4.9)
If p = —1, then the integral is bounded by 1.

Proof. The cases p = q and p = —1 are easy, so let p > ¢ > 0. Since xgn = an(tgm) on
the support of ¢, we have

1 1
| eom(©d0un(5) = xan(th) [ o (9)ds = g (thn)2 2,
If 0 < p < g, then integration by parts and (4.8) yield (4.9). O

Next we estimate the coefficients of iterated integrals in the Schauder basis.
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4.3. Paradifferential calculus and Young integration
Lemma 4.3.10. Leti,p>—-1,¢>0,0<57< 20.0<m<2P,0<n<29 Then

‘<ij, d (/ @pqunds>>’ < 2*2(1‘\/}7\/Q)+i+p+q’ (4.10)
0

except if p < q = 1. In this case we only have the worse estimate

‘<Xija d (/0 SOmeqndS)>‘ <2 (4.11)

Proof. We have (x_10,d(fy ¢pmXqnds)) = 0 for all (p,m) and (¢,n). So let i > 0. If
i < pV g, then x;; is constant on the support of @, Xgn, and therefore

07 EomXan)| < 2| (ppms x| < 272D gm2ivpvaiptat

where we used Lemma 4.3.9.

Now let i > g. Then xg4, is constant on the support of x;;, and therefore another
application of Lemma 4.3.9 implies that

|(Xij> LpmXqn)| < 949=2(pVi)+p+i _ 9—2(iVpVg)+ptq+i
The only remaining case is i = ¢ > p. If p =1 = q, then

1 . .
|<Xij7 @meqn>| < 22p/0 ‘Ppm(s)ds < 22P7P = 9= 2(WVPVO)Fptati,

Otherwise, if ¢ = ¢ > p, then

2

. ti' . .
|{Xijs Pomxgn)| < 2% /to " opm (5)ds < 2'|@pmllco < 2°.

ij

We use this result to estimate the iterated integrals of Schauder blocks.

Corollary 4.3.11. Let i,p > —1 and ¢ > 0. Let v € C([0,1],L(R% R")) and w €
C([0,1],R%). Then

18:([ apraau)| s rorotraa sl @12
0 00
except if i = q > p. In this case we only have the worse estimate

8 ([ aeasgu) | < 18wl gl (4.13)
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4. A Fourier approach to pathwise stochastic integration

Proof. The case ¢ = —1 is again easy, so let ¢ > 0. We have

A, ( /0 Apv(S)quw($)> = > UpmWgn (2" Xij, ComXqn) Pij-

Jym,n

For fixed j, there are at most 2("VPY9)~i non-vanishing terms in the double sum. Fur-
thermore, we have |vpm| S ||Apv]|e and similarly for |wg,|. Hence, we obtain from
Lemma 4.3.10 that

Z Upqun@_iXijv ‘Pmeqn><Pij S 2(ivpVe)—i HAPUHOO HAqw“ooz_iQ_Q(iVPVQ)+i+p+q

m,n

o0
= 2= (VPVD =P Ay o | Agw]| oo,

except if i = ¢ > p. In that case Lemma 4.3.10 yields
S 2%1”APUHOOHAquooziiQi

e}

= [[Apvlloo | Aqw]co-

Z VpmWen <27iXij7 QOmeqn>SOij

m,n

O

Corollary 4.3.12. Let i,p,q > —1. Let v € C([0,1], L(R?, R")) and w € C([0,1],RY).
Then for pV q < i we have

18 (ApvAgw) ||, S 27 CPVD=HPH A pf| oo [ A gl oo, (4.14)
except if i = q > p or i =p > q, in which case we only have the worse estimate
[1Ai(AprAqw) o S A0l Aqwlloc- (4.15)
If p>1i orq>i, then Aj(ApvAqw) = 0.

Proof. The case p = —1 or ¢ = —1 is easy. Otherwise we apply integration by parts and
note that the estimates (4.12) and (4.13) are symmetric in p and q.

If for example p > ¢, then Ap(v)(tfj) = 0 for all &, j, which implies that A;(ApvAqw) =
0. O

The estimates (4.12) and (4.13) allow us to identify different components of the integral
Jov(s)dw(s). More precisely, (4.13) indicates that the series >°,_, [o Apv(s)dAgw(s) is
rougher than the remainder 3° -, [y Apv(s)dAgw(s). If we apply integration by parts to
Jo Apv(s)dAgw(s), then we obtain

Z/ APU qu’U)( )—7T< v, ’Ll) szpqun/ (Pqn d(Ppm )

p<q p<gm,n

96



4.3. Paradifferential calculus and Young integration
This motivates us to decompose the integral into three components, namely
Z/ Apv(s)dAgw(s) = L(v,w) + S(v,w) + 7 (v, w).

Here L is defined as the antisymmetric “Lévy area” (we will justify the name below by
showing that L is closely related to the Lévy area of certain dyadic martingales)

ZZ VpmWgn — UYgnWpm /Sopmd@qn

p>qm,n
=) </ ApvdSy_jw —/ d(Splv)pr> .
> \Jo 0

The symmetric part S is defined as

S(U, ’UJ Z UOmwOn/ SOOmdSOOn + Z Z VpmWpm / @pmd@pm

m,n<1 p>l m
Z UOmWOn/ womdeon + 5 Z ApUpr
m,n<1 p>1

and 7 is the paraproduct, as defined in (4.6). As we observed in Lemma 4.3.5, 7 (v, w)
is always well defined, and it inherits the regularity of w. Let us examine under which
conditions S and L are defined, and how regular they are.

Lemma 4.3.13. Let o, 8 € (0,1) be such that o+ 3 > 1, and let v € C* and w € C.
Then L(v,w) is well defined and in C**P3, and moreover

I1L(v; 0)llats Sats [[Vllallwls-

Proof. We only argue for -, [; AyvdS,_1w, because the term — — [5d(Sp—1v)Apw can
be treated with the same arguments. Corollary 4.3.11 (more precisely (4.12)) implies

that
i (/ ApvdSp_1w> ‘
0

<33 [a </O'Apvquw>H +3°% A

(/ Apvquw> H
p<i q<p p>i q<p 0 o0

< (Z > 27RO o027 wllp + D 2”“2_”“HvllaTqﬁHwHﬁ)

p<i q<p p>i q<p

i(a+8) H,U

Sa+s 27 lallwlis,

where we used 1 — a < 0 and 1 — 3 < 0 for both series, and for the second series we also
used that a+ 3 > 1. O]

97



4. A Fourier approach to pathwise stochastic integration

Unlike the Lévy area L, the symmetric part S is always well defined. It is also smooth.

Lemma 4.3.14. Let o, 3 € (0,1), and let v € C* and w € CP. Then S(v,w) € C*5,
and

15 (0, w)llats S [[vllallwls-
Proof. This is shown using the same arguments as in the proof of Lemma 4.3.13. O
In conclusion, the integral consists of three components. The Lévy area L(v,w) is only
defined if a+ 8 > 1, but then it is smooth. The symmetric part S(v,w) is always defined

and smooth. And the paraproduct 7~ (v, w) is always defined, but it is rougher than the
other components. To summarize:

Theorem 4.3.15 (Young’s integral). Let o, € (0,1) be such that « + > 1, and let
veC* and w € CP. Then

I(v,dw) := Z /0‘ ApvdAgw = L(v,w) + S(v,w) + 7 (v, w) € C°
P

satisfies ||I(v,dw)|s < [[v]lallwls and

(v, dw) = < (v, w)lla+s S |v]lallw]s- (4.16)

Lévy area and dyadic martingales

Here we show that the Lévy area L(v,w)(1) can be expressed in terms of the Lévy area
of suitable dyadic martingales. To simplify notation, we assume that v(0) = w(0) = 0,
so that we do not have to bother with the components v_15 and w_1g.

We define the filtration (Fy),>0 on [0, 1] by setting
fn:U(XmeOS]?STL,OSm§2p),

we set F =\/,, Fn, and we consider the Lebesgue measure on ([0, 1], F). On this space,
the process M,, = ZZ:O 235:0 Xpm, 7 € N, is a martingale. For any continuous function
v :[0,1] — R with v(0) = 0, the process

n 2P n 2P
M;L] = Z Z <2_pXva dU>XPm = Z Z Upm Xpm >
p=0m=0 p=0m=0

n € N, is a martingale transform of M, and therefore a martingale as well. Since it will
be convenient later, we also define F_; = {0, [0, 1]} and M", = 0 for every v.
Assume now that v and w are continuous real-valued functions with v(0) = w(0) = 0,
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4.3. Paradifferential calculus and Young integration

and that the Lévy area L(v,w)(1) exists. Then it is given by

oo p—1

1
L(v,w)(1) = Z Z Z(Upqun - anwpm)/o @pm(S)an(s)ds
p=0g=0m,n

oo p—1 1

= Z Z Z(vpqun - anwpm)an(tgm)/ @pm(s)ds
p=0g=0m,n 0

= Z Z Z(“pqun - anwpm)2p/0 an(s)l[tgm,tgm)(3)d3<90pm7 1)
p=04g¢=0m,n
oo p—1 1

= Z Z Z(”pqun - anwpm)Qip/o an(S)Xz%m(S)dﬁfpfz
p=0g=0m,n
[ele] p*l 1

- Z Z 2_2p_2/0 Z Z(vpqun — VgnWpm) Xqn (8) Xpm (8)Xpm (s)ds,
p=0¢=0 m,n m/

where in the fourth line we used that (¢pm,1) = 27772 for all p > 1, and in the last
step we used that xpm and X, have disjoint support for m # m’. Recall that the p-th
Rademacher function (or “square wave”) is defined for p > 1 as

op
rp(t) = Z 27Pxpm ().
m/=1

The martingale associated to the Rademacher functions is given by Ry := 0 and R, :=
Sh_yri for p > 1. Let us write AMy = My — M, ; and similarly for M* and R
and all other discrete time processes that arise. This notation somewhat clashes with
the expression A,v for the dyadic blocks of v, but we will only use it in the following
lines, where we do not directly work with dyadic blocks. The quadratic covariation of
two dyadic martingales is defined as [M, N],, := > 1_o AMiANy, and the discrete time
stochastic integral is defined as (M - N), = >.7_o Mp_1AN;. Writing E(-) for the
integral [ -ds, we obtain

oo p—1

L(v,w)(1) = 30327726 (AMJAM'AR, — AMJAMYAR,)
p=0 q=0

- Zoz—HE (M AMy — Mp_ AM) AR,)
p:
o0
=> 272 (A[MY - MY~ MY M",R],).
p=0
Hence, L(v,w)(1) is closely related to the Lévy area 1/2(M®™ - MY — M" - M"™) of the

dyadic martingale (MY, M").
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4. A Fourier approach to pathwise stochastic integration

4.4. Controlled paths and pathwise integration beyond Young

In this section we construct a rough path integral in terms of Schauder functions.

4.4.1. Controlled paths

We observed in Section 4.3 that for 8 € (0,1), for w € C?, and for F € C% we have
F(w) — 1< (DF(w),w) € C?**. In Section 4.3.2 we observed that if moreover v € C%,
where a + 3 > 1, then the Young integral I(v, dw) satisfies (v, dw) — 7 (v,w) € C**P.
Hence, in both cases the function under consideration can be written as w(f"“,w) for
suitable f%, plus a smooth remainder. We make this our definition of controlled paths:

Definition 4.4.1. Let a > 0 and v € C*(R?). We define
Dy = DI(R")
= {f €COR"): 3fY € CUL(RE,RY) st f* = f—7o(f"0) € C(RM)}.

If f € DY, then f is called controlled by v. The function fv is called the derivative of f
with respect to v. We equip DY with the norm

1 loa = 1flla + 17l + 1120

Remark 4.4.2. In general the derivative fV is not uniquely determined by f and v. For
example, if v € C?¥, then 0 € D2, and every fU € C* can be taken as its derivative. So
the correct definition would be (f, f*) € DY, and ||(f, ) lv.a = I flla + 1fNa + 1% |20
But usually there will be no confusion about the derivative that we have in mind, and
therefore we will continue writing f € D and || f]|v,qa-

Ezample 4.4.3. Let o € (0,1) and v € C*. Then F(v) € DY for every F € CZ, with
derivative DF(v). This follows from Proposition 4.3.7.

Ezxample 4.4.4. Let a € (1/2,1) and v,w € C*. Then the Young integral I(v,dw) is in
D&, with derivative v. This follows from (4.16).

The following lemma relates our notion of controlled paths to the classical one. This
will allow us to simplify some of the proofs below.

Lemma 4.4.5. If a € (0,1/2) and f,v € C*, then
< (f,0)(t) = m<(£,0)(5) = f(8)(v(t) = v(s))] S Iflallvllalt — s>
As a consequence, f € DS if and only if for all0 < s <t <1
Jot = fU(8)vst + Rst

for some f' € C“ and R that satisfies |Rst| S |t — s|?*. In other words, f € DY if and
only if f is controlled by v in the sense of Gubinelli [Gub04] (see Section 4.2.2).
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4.4. Controlled paths and pathwise integration beyond Young

Proof. Let s,t € [0,1] and let i be such that 27¢ < |t — s| < 27%"L. Note that

(Apf)sel = max | fom|2°]t — 5| < 2707t — 5| f o

for all p > —1 and f € C'*. This implies for p <4

|(Sp71prU)s,t - f(s)(ApU)s,t < ‘(Spflf)s,tApU(t)‘ + |(Spflf(5) - f(S))(ApU)S,t
S Al Apvlloe + [1Sp-1f = fllool (Apv) sl
q<p
SO 2907 0 — )| flla2 7P v ]la + 277 fla2P0 7|t = s|[[v]la
q<p
< [t = 522029 £l o]l a-

For p > i we obtain

|(Sp71pr'U)s,t - f(s)(Apv)s,t|

p—1
Y 1A Datl1Aploo + 3 18 FlloollApvlioe + [1Sp-1f = Flloo | Apvlloc
q<i g=i1+1
p—1
< (z pall=e|y _ glope 37 z—qaz—ma—?m) 1fllallvlla
q<i g=itl

(20t — 5277 4 2790277 1 272 | fla vl
(It = 5277 + 272 || fla]lv]la,

S

where we used that |t — s| ~ 27¢. We combine the two estimates to obtain

[ (f;0)(E) = m<(f,0)(s) = f(s)(v(E) —v(s))]
< Z ’(Sp—lpr'U)s,t - f(S)(ApU)s,t| + Z ’(Sp—lpr'U)s,t - f(S)(Ap'U)s,t|

p<i p>i
S 1= 512202 fllallolla + (1t = 81277 + 272%) || flla|v]l
p<i p>i

St = sl fllallvlla,

where we used that 1 — 2a > 0, and also that 27% ~ |t — s|. This implies that every
f € DY is controlled in the sense of Gubinelli [Gub04]. The opposite inclusion is the
content of Remark 4.3.8. 0

This connection between DY and the controlled paths of [Gub04] allows us to easily
obtain several useful properties of DS

Corollary 4.4.6. Let o € (0,1/2) and let f € D with derivative f. Let F € CZ. Then
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4. A Fourier approach to pathwise stochastic integration

F(f) € DS with derivative DF(f)f¥, and

IF(H)llva S IF ez + olla) (X + [ £loa)*.

Proof. We have

[E(N)llo.a = 1F(f)lla + IDF()f o + [1F(f) = 7<(DEF)F7,0)l2a-

The first term on the right hand side can be estimated with Lemma 4.3.3. For the second
and third term we use that ||-[|o ~ ||:||ce, i.e. we work with the classical Holder norm.
We apply a Taylor expansion to DF(f) to obtain

IDE(F)f llee S IDF[lcr (1 + [[fllea) £ llce-

For the remainder we have

IE(f) = m<DEF) S 0)lloo S F oo + Im<DE)S0)lloo S NF e (1411 ollv]la),

where we applied Lemma 4.3.5 to the second term. Moreover, for 0 < s < t < 1, a first
order Taylor expansion yields

[(F(f))st = DE(f(s))f*(s)vs el S [DF(f(s)) foe = DF(f(5))f"(s)vs.cl
+lIF N call fllalt — s>
SIDF (ool for — (< (f¥,0))s ¢
F [IDF oo (m< (f*,v))s,e = 7 (5)vs,t)
+IFcall fllalt — s>
S IDF ool fllo,a (1 + l[vlla) [t = s[>
+IF ezl fllalt — s,

where we applied Lemma 4.4.5 in the last step. This shows that F(f) is controlled in
the sense of [Gub04]. The claim now follows by another application of Lemma 4.4.5. [

The space of controlled paths is an algebra:

Corollary 4.4.7. Let o € (0,1/2), let v € C*(R?), and f,g € DY(R), with derivatives
U and gV respectively. Then fg € DY(R), with derivative f’q + fg*, and || fgllv.a S
[ £llo.allgllo,a(l + llv)la)-

Proof. We only concentrate on (fg)?. For this term it suffices to note that
[(F9)s = 7 (5)g(8)vs — f(5)g" (s)vse| < 1g(s)(fsr = F(5)vs,r)]
+ 1£(8)(gs,t — " (5)vs,t) + fs,t9s.tl
S lgllooll flload + Iolla)lt — s>
+ 1 flloollglloa(® + vlla)lt = s,
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4.4. Controlled paths and pathwise integration beyond Young

where we applied Lemma 4.4.5 in the second step. Another application of Lemma 4.4.5
now completes the argument. O

Controlled paths satisfy the following transitivity condition.

Corollary 4.4.8. Let a € (0,1/2). Let w € C*(R™), let v € DL(R™) with derivative
VW € CYL(R™,R™)), and let f € DY(RY) with derivative f* € C*(L(R™,RY)). Then
f € D, with derivative f* = f'v* € C¥(L(R™,R?)), and

w
[ fllwa S 1flloa + 1 lallvllw,a(l + lwlla)-
Proof. Again we only argue for the remainder term. It suffices to note that
[fspg = [U(8)0  (S)ws ] < |fsp = fU(8)vse] 4+ [F7(5)(vse — v (s)ws )|
and to apply Lemma 4.4.5. OJ

Remark 4.4.9. Corollaries 4.4.6 — 4.4.8 hold in fact for @ € (0,1), and can be shown
using our definition of controlled paths rather than the equivalent characterization of
Lemma 4.4.5. But then the proofs are longer. Since we will only need these results for
a < 1/2, we decided to give the short proofs based on Lemma 4.4.5.

We will need that if f is controlled by v, then Sy f is controlled by Sywv.

Lemma 4.4.10. Let o € (0,1), let v € C%, and let f € DS with derivative f¥. Let
N € N. Then Sy f € D§,,, with derivative f, and for all € € [0, o) we have

1SN = fllae + (SN = fHll2a—e S 27V flloa(l + |[0]la)-
In particular, ||SNfHSNv,a < ||f||v,a(1 +[[vlla)-

Proof. The estimate for ||[Syf — fl|la—e is straightforward, so let us concentrate on
||(5Nf)ti - fﬁ||2a75- We have

||(SNf)ﬁ - fﬁ||2af€ < ||SN(fﬁ) - fﬁ||2af€ + < (f, Snv) = Sn(m<(f*,v))ll2a—e-

It is easy to see that [|Sn(f*) — f¥l2ae S 27V £¥]|24, and therefore it only remains to
estimate the second addend. Recall that A;(A,f"Aqv) = 0 for ¢ > ¢ or p > i, which
leads to

m<(fY, Snv) — Sn(m<(f",v))
N N

00 N q—1 q—1
ST S ansan- S Y S s

i=—1qg=—1p=-—1 i=—1g=—1p=-—1

00 N qg—1
= 3 2 Y AdA A,

i=N+1g=—1p=-1
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4. A Fourier approach to pathwise stochastic integration

Now let n € N. Then we obtain from Corollary 4.3.12 that

|An[r<(f7, Sno) = Sn(m< (7, 0))]l|
N g—1
Slinsroo)(n) Y Y 27 2mptmartal=al) poy ||,

qg=—1p=-1
~ 1N 41,00 (W27 2VC2OY 0 0lla < Ui 00) ()27 lal[0]]a

where we used that 2 — 2a > 0, and from where the claimed estimate follows. O

4.4.2. A basic commutator estimate

Here we prove a basic commutator estimate, which will be the main ingredient needed
for constructing the integral I(f,dg), where f is controlled by v, and ¢ is controlled by
w, and where we assume that the integral I(v,dw) exists.

Proposition 4.4.11. Let o, 3,7 € (0,1), and assume that « + 3+ v > 1. We also
assume that f+~v # 1 and a4+ +~v # 2. Let f € C*, v € CP, and w € C7. Then the
“commutator”

R(f,v,w) := L(n<(f,v),w) — I(f,dL(v,w)) (4.17)
= lim [L(Sn(7<(f,v)), Snw) — I(f, dL(Snv, Syw))]

— lim Z Z V Ay (< (f,0))(s)dAgw(s) /d (<, 0)))(5) Ay (s)

N—o0
~ (| 188w = [ s pw(s))]

p=—1qg=-1
converges in CATAHY=¢ for all e > 0. Moreover
[R(f, v, w)latpy S I f lallvllsllwll-

Proof. We only argue for the difference of the positive terms in (4.17), i.e. for

ZZ[/A (m<(f,v))(s)dAgu(s /f (s)dAgw(s)|.  (4.18)

p=—1qg=-1

The difference of the negative terms in (4.17) can be handled with the same arguments.
First we prove that Xy converges uniformly, then we show that || Xx|/a454y stays uni-
formly bounded. This will imply the desired result, because it is easy to see that bounded
sets in C*TATY are relatively compact in C*t8+77¢ for all € > 0.
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4.4. Controlled paths and pathwise integration beyond Young

To prove uniform convergence, note that

Xy — Xyt = Ni [ /0 A (r<(f,0))(s)dAguw(s) — /0 | f(s)ANv(s)quw(s)]

—1
z\f—l N J-1 .

-y [Z 3 / An(AifA)(s)dAgu(s)
g=1Lj=—1i=—1"0

o i
-2 2 /0 Aj(AifANU)(S)quw(S)l, (4.19)

j=Ni=—1

where for the second term it is possible to take the infinite sum over j outside of the
integral, because }_; Ajg converges uniformly to g for every continuous function g, and
because Ajw is a finite variation path. The restrictions of the range of summation are
justified because An(A;fA;v) =0 fori > N or j > N.

Only very few terms in (4.19) actually cancel. Nonetheless the cancellations are crucial,
because they eliminate most terms for which we only have the worse estimate (4.15) in
Corollary 4.3.12. We obtain

N-1 N-1 j-1

Xy-Xy1=3 3 3 /O AN(AFA)(s)dAgw(s)

g=—1j=—1i=-1

N-—1 .
-y /0 An(An fANV)(s)dAquw(s)

g=-1

N-1 0o J—1 .
-y T % /O A (A fAN©)(s)dAgw(s)

g=—1j=N+1i=—1

N-1 00 .
=D D SN VNN IBIEE) (4.20)

g=—14j=N+1

Note that ||0;Ajw|lec S 29]|Aqw]|so. Hence, an application of Corollary 4.3.12, where we
use (4.14) for the first three terms and (4.15) for the fourth term, yields

N—-1 N-1 j-1

Z Z Z 9—2N+i+jg—iag—jBoq(1—y)

g=—1j=—1i=—1

XN = Xn-1lleo S [[fllallvlisllwl]ly

N-1 N-1 oo j-1
+ Z Q_N(OH‘B)Q‘Z(I_'Y) + Z Z Z 2—2j+i+N2—iOé2—N52Q(1—”/)
g=——1 g=—1j=N+1i=—1
N-—1 o)
+ Z Z 2—j02—N52Q(1—’Y)]_
g=—1j=N+1
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4. A Fourier approach to pathwise stochastic integration

Now we use that «, 8,7 < 1, to conclude that

1Xn = Xn-tlloo S Ifllallvllglwll,2~ VoD, (4.21)

~

Since a +  + 7 > 1, this is summable in N, and therefore (Xx) converges uniformly.

Next we need to show that || Xn||atpsy S || fllallvllgllw]ly for all N. Similarly to (4.20)
we obtain for n € N that

AXy =3 YA, [z S [ A ) )b u(s) = [ ApAnfA)(s)dAu(s)

p<N q<p J<pi<j
Yy / A(A prv)(s)quw(s)],
j>pi<j’?

and therefore by Corollary 4.3.11

1A XNl S DD [Z > 27 (VPTG AL (A FAj0) oo | Aqwlloc

P q<plj<pi<j
27 (VPP A (AL FAL) ool A gt ]l s

+ 30> 2 DT A (A f Apo) oo | Ao |
J>pisy

We apply Corollary 4.3.12, where for the last addend we distinguish the cases i < j and
i = j. Moreover, we use that 1 — v > 0. This leads to

1A X Nloo S [ Fllallvliglwlly D270 |37 2= (V) mntpg=2pgi(i=a)pili=h)
p J<pi<j
+ 9= (nVp)—ntpg—pag—pps
+ 303 2 (i) mnig 2t —e)tp(-5)
J>pi<lj
+ Z 2—(an)—n+j2—ja—pB] )
Jj>p

Now a straightforward calculation, using o, 8 < 1, yields

1AL X Nloo S £ llallvllsllw]l, > |27 (VPImropEma=i=) 4 g=(nVp)=ngp(2=a=f=)
p

+ 9= (nVp)—ngp(2—a=F—) 4 2p(157)2n2a(nvz’)] _
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4.4. Controlled paths and pathwise integration beyond Young

Hence, we have
n

HAnXNHoo g HfHaHUHM\va Z {2—2n2p(2—a—,3—7) + 217(1—/3—’7)2—71(1-%04)]
p=—1

00
+ Z 9—nop(l—a—F—7)
p=n+1

Now we distinguish the cases o+ +v <2and a++~v > 2,as wellas S+ v < 1 and
B+~ >1, and we use that 1 —a — 5 — v < 0, to conclude that

1AW XN loo S 11 llallvllg]lw]],2 @68+,

which completes the proof. O

Remark 4.4.12. If B 4+~ or aw + 8 + v happen to be integers, then we can apply Propo-
sition 4.4.11 with 3 — € to obtain that R(f,v,w) € C**F+7=¢ for every sufficiently small
e > 0.

For later reference, we collect the following result from the proof of Proposition 4.4.11:

Lemma 4.4.13. Let o, 3,7, f,v,w be as in Proposition 4.4.11. Then

||R(f,’U,’LU) - L(SN(T(<(f7U))> SNW) - I(fa dL(SNU7 SNw))HOO
S 27N flallolglwlly-

Proof. This follows by summing up (4.21) over N. O

Corollary 4.4.14. Let a, 3,7y € (0,1), and assume that o+ 5+~ > 1. We also assume
that B+~ # 1 and a+ B+~ # 2. Let f € C*(L(R%,R)), g € C*(L(R™,R)), v € CO(RY),
and w € CY(R™). Then

‘é(fvgavaw) = L(7T<(f,v),7r<(g,w)) - I(fgudL(/va))

[L<7T< (fk7 Uk)? T< (g£7 wé)) - I(fkg£7 dL(Uk7 w@))]

I
M=~
M=

i
I
T
0

li
M&
\E

lim [L(Sn(m<(f*v%)), Sn(r<(g",w"))) — I(f*g", dL(Snv", Syw'))]

N—oo

>
Il

17

Il
—

converges in C*tBHY=¢ for all e > 0. Moreover

IR(f; 9, v, ) llatsy S 1 llallgllallvlisllwlly-
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4. A Fourier approach to pathwise stochastic integration

Proof. For fixed k, ¢ we have, for R as in Proposition 4.4.11,

Jim [L(Sx(m<(£7,0%)), Sn (< (g, wh))) = I(f*g", dL(Snv", Syu))]
= R(f* 0", m<(g" ") + Jim [I(f*, dL(Snv", Sn(m< (9", w))))
— I(f*,dI(g", dL(Snv", Syw")))]
= R(f*v" me(g",0") = Jim [1(f*,dL(Sn(m<(g",w")), Swvt))
— I(f*,dI(g", dL(Snw', Syv*)))]
= R(f*, ", me (g, w")) — I(f*, dR(g", w", v")),

where we used that L is antisymmetric. The claimed estimate now follows from Propo-
sition 4.4.11 and from Theorem 4.3.15. O

4.4.3. Pathwise integration for rough paths

In this section we apply our commutator estimates Proposition 4.4.11 respectively Corol-
lary 4.4.14 to show that if v,w € C® for « > 1/3, and if I(v,dw) € C® is given and
satisfies I(v,dw) — m<(v,w) € C?¥, then we can construct the pathwise integral I(f,dg)
for all f € Dy and g € Dy,

Theorem 4.4.15. Let a € (1/3,1), a # 1/2, a # 2/3. Let v € C*(R%) and w € CP(R"),

and assume that the Lévy area

L(v,w) := lim (L(Syv*, Syw’))

Nooo 1<k<d,1<0<n

converges uniformly, such that supy|L(Syv, SNw)|l2a < co. Let f € DY(L(R™,R®))
and g € DL(R™). Then

I(Sxf.asng) = 35 Y [ Auf(s)da9(s)

P<N g<N
converges in C~¢ for all e > 0. We denote the limit by I(f,dg). Then
I7(f,dg)lla S [1flo.allgllwa(l+ [vlla + wla + [vllalwla + [L(v, w)[2q)-

Moreover, 1(f,dg) € DS, with derivative fg* and

I1(f,dg)]

w,o < Hf”v,a(l + ||9‘

wa) (14 vl + lwlla + [Vllallwlla + 1 L(v, w)ll2q)-
Proof. We have

I(Snf,dSng) = S(Sn f,Sng) + m<(Snf,Sng) + L(SN f, Sng), (4.22)
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4.4. Controlled paths and pathwise integration beyond Young

where S and m. are bounded bilinear operators, with

IS(f, Dll2a + lm<(f, 9)lla S I fllallgllas (4.23)

see Lemma 4.3.5 and Lemma 4.3.14. Therefore, the result follows once we show that
L(Snf,Sng) converges in C?*~¢ as N — oo, and that the limit L(f,g) is in C?*. But
since f € Dy and g € D;;, we obtain

L(Sn f,Sng) = L(Sx f*, Sng) + L(Snm<(f",v), Sng*)
+ L(Snm<(f",v), SnT< (g%, w)). (4.24)

Now f% g* € C2* and 3a > 1. Hence, we can apply Lemma 4.3.13 to obtain the conver-
gence of L(Sxf%, Syg) + L(Snm<(f¥,v), Sng?) in C3@~¢, as well as the estimate

IL(f5 9liza + IL(r<(£°,0), 6 30 S £ ll2allglla + < (£, 0) lallg |20
S L+ vlla)lf lo.allgllw.q- (4.25)

Only the term L(Sy7m<(f",v), SN7T<(g",w)) remains to be treated. But for this term we
obtain from Corollary 4.4.14 that

lim L(SNT‘—<(.]M}7,U)7 SN7T<(gw7w)> = R(fvvgw7vvw) + ]\}gnoo I(fvngdL(SNva SNw))

N—o0

By assumption, L(Syv, Syw) converges in C?*~¢ to L(v,w). The continuity of the Young
integral, see Theorem 4.3.15, therefore implies the convergence in C?*~¢ of L(Syf, Sng)
to L(f,g), as well as the estimate

IL(m< (7, 0), m<(g" w))llza S IR(Y, 9", 0, w)ll3a + 11(F°g", dL(v,w)) 12
S Nallg“Nalvllallwla + (v, w)2q)- (4.26)

Combining (4.22)—(4.26), we obtain I(f,dg) € Dy with derivative f, and

I(f,dg)lla S 1 llv.allgllwa @+ l[olla + lwlla + lolalwlla + [ L(v, w)]2a)

as well as

H(f,d9)llg.a S N f 1oL+ [[gllwa) (1 + [Wla +lvllallwla + [1L(0, w)l|2a)-

Now we only need to apply Corollary 4.4.8 to obtain that I(f,dg) € DS, and the estimate

11(f,dg)]

wa S [ fllo.a(l+1lgllwe) T+ [0lla + lwla + lvlalwla + L0, w)2a)-
O

The integral I is a bounded bilinear operator, and therefore it is continuous. The
difference of two integrals can be estimated:
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4. A Fourier approach to pathwise stochastic integration

Corollary 4.4.16. Let a,v,w, f,g be as described in Theorem 4.4.15. Let © € C*(R%)
and w € C*(R"), and assume that the Lévy area L(SN¥, SNW) converges uniformly and
with uniformly bounded C** norm to L(¥,Ww). Let f € DZ(L(R™,R®)) and § € DE(R™).
Then

11(f,dg) = I(F,di)lla S (If = Flla + 17" = Flla + 15 = Foll2a) [9llw.a
X (1+ [vlla + [vllallwlla + |L(v, w)]l2q)
+ (lg = dlla + 19 = §°lla + l9* = F*ll2a) 1 Fllo.0
< (14 [Jvlla + [vllallwlla + [[L(v, w)]|2a)
+ (o = 0lla + lw = @la + | L(v,w) = L(®,@)|20) | fll5.0/7]
X (1+[|9]la + lwla)-

w,o

Proof. We decompose I(f,dg) —I(f,dj) in the same way as I(f, dg) was decomposed in
the proof of Theorem 4.4.15. The claimed estimate then follows from multilinearity and
boundedness of the involved operators. O

We can apply Corollary 4.4.16 to estimate ||I(Syf,dSng) — I(f,dg)||o. But usually
we are more interested how close I(Sy f,dSng) and I(f,dg) are in uniform distance.

Corollary 4.4.17. Let o € (1/3,1/2) and let v,w, f, g be as described in Theorem 4.4.15.
Then we have for all € € (0,3a — 1) that

H(Snf,dSng) = 1(f,d9)lloe Se 27N floallgluwa (L + [olla + [[vllallw]a)
+ [1flallgllal L(Snv, Syw) = L(v, w)]|2a-

Proof. We decompose I(Sy f,dSng) as described in the proof of Theorem 4.4.15. This
gives us for example the term

S(Snf,Sng) = S(f,9) = S(Snf — f.Sng) +S(f, Sng = 9).
Let 6 > 0 be such that a < (1—6)/2. We have ||-||co < [|]|a+s, and therefore Lemma 4.3.14

implies that

1S(Sn 1, Sng) = S(f, Dlla+s S IS8 = fllslSnglla + [ FllallSng = glls
S 2V fllallgla

By choice of § we have a—d > 3a—1, and therefore 2~ N(@=0) < 9-N@Ba-1) o 9-N(Ba-1-¢)
Let us treat one of the critical terms, say L(Syff, Syg). Since 3a — e > 1, we can
apply Lemma 4.3.13 to obtain

IL(SN %, Sng) — L(f* 9)lloo S INL(SNF* = F%,Sng) le + IL(f*, Sng — 9) |14

Se IS8 f* = Follise-allglla + 1/ 12allSvg = gll1+e-2a
S 27 Nl £l lglla + 27 MO OF2) 50l g]lo
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4.4. Controlled paths and pathwise integration beyond Young

S 27N £l lg o

By rewriting R in terms of R as in the proof of Corollary 4.4.14 and then applying
Lemma 4.4.13, we see that

IL(SnT<(f,0), SvT<(g:0)) oo S 27V fllallgllallvllallw]la
+ |1 I(fg,dL(Snv, Syw)) — I(fg,dL(v,w))| 0o-

For the second term on the right hand side we use the continuity of the Young integral
to obtain

11(fg,dL(Snv, Syw)) — I(fg,dL(v,w))llec S [ (fg, dL(Snv, Snw) — dL(v, w))]|2a
S I llallgllall L(Snv, Syw) — L(v, w)]|2a-

The other terms are treated with similar arguments, and the claimed estimate follows. [

Remark 4.4.18. In Lemma 4.4.13 we saw that the rate of convergence of

L(Snm<(f*,v), Snm< (9", w)) — I(fg,dL(Snv, Syw))
- (L<7T<(fvv ’U), 7r<(gw7 w)) - I(fgv dL(”? w)))

is in fact 27VG2=1) when measured in uniform distance, and not just 2~ VGe—1=¢) T ig
possible to show that this optimal rate is attained by the other terms as well, so that

IT(Sn £,dSng) = 1(f,dg)lloe S 27NV flluallgllw.a (L + [vlla + [o]allw]la)
+ [ fllallgllall L(Snv, SNyw) = L(v, w)||l2a—e-

Since this requires a rather lengthy calculation, we decided not to include the arguments
here.

Since we approximate f and g by the piecewise smooth functions Sy f and Syg when
defining the integral I(f,dg), it is not surprising that we obtain a Stratonovich type
integral.

Proposition 4.4.19. Let o € (1/3,1) and v € C*(RY). Let F € C3(R%,R). Then
F(v(t)) — F(v(0)) = I(DF(v),dv)(t) := ]\}gnOOI(SNDF(U)deNU)(t)

for all t € ]0,1].

Proof. The function Syv is Lipschitz continuous for all N € N. Therefore, we can apply
integration by parts to obtain

F(Snu(t)) — F(Sxv(0)) = I(DF(Syv), dSyv)(t).

The left hand side converges to F(v(t)) — F(v(0)) as N tends to oco. To complete the
proof it therefore suffices to show that I(SyDF(v) — DF(Snv),dSnv) converges to zero

111



4. A Fourier approach to pathwise stochastic integration

as N — oo. By continuity of the Young integral, Theorem 4.3.15, it suffices to show that
there exists a sufficiently small £ > 0 such that limy_,o||SNDF (v) — DF(Snyv)||2a—e = 0.
Recall that Syuv is the linear interpolation of v between the points (tzl,m) for p < N and
0 < m < 2P, and therefore A, DF(Syv) = A,DF(v) = A,SyDF(v) for all p < N. For
p> N and 1 < m < 2P we apply a first order Taylor expansion to both terms to see that

[SNDF(v) = DF(Sn0)]pm| < Cr27%[Snv]as

where Cr > 0 is a constant such that F' and its partial derivatives up to order 3 are
bounded by Cp on the support of v (and thus of Syv). Therefore, we have for all
e € [0,2a) that

|SYDF(v) = DE(Sx0) 202 < C27Ju]la,

which completes the proof. O

Remark 4.4.20. Note that here we did not need any assumption on the convergence of
the area L(v,v). The reason are cancellations that arise due to the symmetric structure
of the derivative of DF', i.e. of the Hessian of F. It is possible to show directly for the
Lévy area L(SyDF(v), Syv) that it converges, and in this approach the importance of
the symmetry of DF becomes very obvious: After a first order Taylor expansion, the
fact that L is antisymmetric implies, in conjunction with the symmetry of the Hessian of
F, that all terms cancel except the remainder, which is smooth enough to be accessible
with Young integration. However, the disadvantage of this approach is that then it is
not trivial to identify the limit as F'(v(¢)) — F'(v(0)). That is why we chose the approach
presented above.

Proposition 4.4.19 was previously obtained by Roynette [Roy93], Proposition 1, except

that Roynette assumed that v is one dimensional and in the Besov space Bll/ci

4.5. Pathwise It6 integration

In the previous section we saw that our pathwise integral I(f,dg) is of Stratonovich
type, i.e. it satisfies the usual integration by parts rule. But in applications it may be
interesting to have an Itd integral. Here we show that a slight modification of I(f,dg)
allows us to treat non-anticipating It6-type integrals.

In our dyadic context, a natural approximation of a non-anticipating integral is given
for k € N by

2k
LO(f.dg)(®) =Y F@) (g A t) — g(tRe A D))
=0

ok
= Z Z Z fpmgqn‘:opm(tgé)(@qn(tiz At) — Soqn(tgé A1)).

(=0 p,g m,n
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4.5. Pathwise Ito6 integration

Let us assume for the moment that ¢ = m2~* for some 0 < m < 2F. In that case we
obtain for p > k or ¢ > k that ©pm (t%) (¢gn(ti, At) — @gn(t, At)) = 0. For p, ¢ < k, both
©pm and gy, are affine functions on [t, At,t3, At]. And for affine v and w and s < ¢ it
is not hard to see that

o) (t) = wis) = [ o(r)dulr) = Jfot) ~ v(s)wlt) ~ wls),
Hence, we conclude that for ¢ = m2~—% we have

IE°(f,dg)(t) = I(Sk—1f.dSk_19)(t) — =[f. gl (1), (4.27)

1
2
where [f, g]x is the k—th dyadic approximation of the quadratic covariation [f, g, i.e.

ok

£, 9l (t) = D _[f(the A1) — ftRe A9 (e A 1) — g(tRe AT)].
=0

For the moment let us continue by studying the right-hand side of (4.27). Later we will
show how to return from there to I}*°(f,dg)(t) for general ¢, not necessarily of the form
t=m27F.

We write [w,w] := ([w',w])1<i j<q and L(w,w) = (L(w’,w?))1<; j<q, and similarly
for all expressions of the same type.
Theorem 4.5.1. Let a € (1/3,1/2) and let w € C*(R?) and f,g € DE(R). Assume that
(L(Spw, Sgw)) converges uniformly, with uniformly bounded C** norm. Also assume
that (Jw,w]i) converges uniformly. Then I(Sk—1f,dSk—19)(t) — 1/2[f, glx(t) converges
uniformly to a limit I"°(f,dg) that satisfies

1 (f,dg)lloo < 1 fllw.allgllwa(l + lwlZ + [1L(w, w)l|2a + [|[w, w]]ls)-

The quadratic variation of I"°(f,dg) is given by

[f.9l= > /0 9 (s)g™ (s)d[w', w’](s). (4.28)

ij=1

Moreover, for e € (0,3a — 1) the speed of convergence can be estimated by

1°(f,dg) — (1(S-1f.dSi-19) = 517l

Se 2756 flluallgllwa (L + wlla + llwl2)
+ [1f lallgllal L(Sk-1w, Se-19) = L(w, y)|l2a
1 Noollg® lloo e, wli = [w; w]loo-

o0

Proof. Let us first treat the quadratic variation. Recall from Lemma 4.4.5 that f €
D2 (R) if and only if there exists R/ : [0,1]?> — R, such that ]R£7t| < |t — s/?>*, and such
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4. A Fourier approach to pathwise stochastic integration

that for all 0 < s <t <1 we have fo; = f*“(s)ws: + Rf;t. An analogous statement holds
for g. Hence

§ :fto N N N

ke

_ w (40 g
Z Rtoz/\t 12, eIt AR N + Z fO e A t)wtgw,tiwRtglm,tgzm

w,e 0 w,j J
+ ZZf (te (the)w} tO A2 AR A2 At

It is easy to see that there exists C > 0 such that the first two terms on the right
hand side are uniformly bounded by C2~* For the third term, let
us fix ¢ and J- Then this is just the mtegral of f“” wsj Wlth respect to the measure
w’
= w? We can decompose the measure p; into a positive and
Mt 220 100 W0, A2 At VRO At 22 At P ’ut P

negative part as

1 ; ; b+ k,—
= 1 lz 5tgz[(wz +w )to At,ti[At - Z&tgz[(w’ —w )tO /\t,tie/\t]Q =My Ty
)4 14
Hence, we can estimate
[ 56 b as) - / F ()9 (5) ()
< Hf“”gw’ﬂHm (et + e =t ]+t el — ot =l )
S|t sl = fw, w] o,
o0
where we write [u] := [u,u] and similarly for [u]x. By assumption, the right hand side

converges to zero, from where we get the uniform convergence of [f, gx to [f, g]. Moreover,
we have the explicit representation

=2 /Ot F(s)g™ (s)d[w', w?)(s),

and therefore ||[f, 9]llco < 1% ool g® ||ool|[w, w]||co, Where we use the decomposition of
[w’, w’] into the difference of two nondecreasing processes, [w’, w’/] = 1/4([w’ + w’] —
[w® — wI]).

Now let us come to the integral I(Sg_1f,dSk—19). Here we only need to apply Theo-
rem 4.4.15, to obtain convergence to a limit I(f,dg) that satisfies

1(f,d9) e S I f lwallgllwall + wl + [ Lw, w)]l2a),

where we used that 1 + [|w||a + ||w]|2 < 1+ ||w||2. According to Corollary 4.4.17, the
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4.5. Pathwise Ito6 integration

speed of convergence can be estimated by

I1(£,dg) = I(Sp-1f,dSk-19)llse Se 27777 flluallglluwa (1 + wlla + lw]l3)
+ I lallgllall £(Sk-1w, Sp—1w) = L(w, w)]|2a-

O

Note that [w,w] is always a continuous function of bounded variation, but a priori it
is not clear whether it is in C2®. Under this additional assumption we have the following
stronger result.

Corollary 4.5.2. In addition to the conditions of Theorem 4.5.1, assume that also
[w,w] € C?*. Then I"°(f,dg) € DS with derivative fg*, and

17 (f,dg)llwa S I1f lwa (L + ]

wa) (14 [w]a + | L(w, w)l|2a + [I[w, w]]|2a)-

Let moreover w € C*(R?) with Lévy area L(Syw,Spw) that converges uniformly and
with uniformly bounded C** norm to L(w,w), and with quadratic variation [W,w]; that
converges uniformly to [, w] € C**. Let f,§ € DE(R). Then

17 (f,dg) = I"°(F,dg)lla S (If = Flla + 15 = F¥lla + 1L* = FFll2a) 19]lw.a
X (L [[wlf2 + 1L (w, )20 + [[fw, w]]|2q)
+ (Hg —glla+ 19" - nga + ||9ﬁ - gﬁ”Za)”JZHma
X (1 [[wlf3 + 1L (w, )20 + [|fw, w]||2q)
+ (llw = @l + [ L(w, w) = L(@, D) |20 + [[w, w] = [@, @]|]2q)
% || fllz.alldlloa(l + 1D]la + lwlla)-
Proof. This is a combination of Theorem 4.4.15 and Corollary 4.4.16, and the explicit

representation (4.28) for the quadratic variation. We also need continuity of the Young
integral, Theorem 4.3.15, for example to estimate ||[f, g]|2a- O

The term I(Sk—1f,dSk—_19) has the pleasant property that if we want to refine our
calculation by passing from k to k + 1, then we can build on our existing calculation and
only add the additional terms I(Sk_1 f, dArg)+I(Axf,dSkg). For the quadratic variation
[f, 9]k this is not exactly true. But note that [f, glx(m27%) = [Sk_1f, Sk_19]x(m27F) for
m =0,...,2F. And there is a recursive way of calculating [Sk_1f, Sk_19]x:

Lemma 4.5.3. Let f,g € C([0,1],R). Then we have for all k > 1 and all t € [0,1] that

[Skf, Skglrs1(t) = %[Sk—lfv Sk—19Jk(t) + [Sk—1.f, Arglr+1(t) + [Arf, Skglr+1(t) + Ri(t),
(4.29)
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where
Ry (t) == _§thkJ,t9Lth,t + thkJ,rtkH7/\t9Lth,rtk+ﬁ/\t + frtk+1Mt,t9rtk+1Mt,t
and LtFL = [t2F|27F and TtF7 = Ltk + 2= D In particular, we obtain fort = 1 that
[fa ]k-l—l( ) 2 + kamgkm = 2k+1 Z 22 fpmgpm (430)
p<k m

If moreover a € (0,1) and f,g € C%, then

1[1Sk=1f+ Sk=191k — [ glklloo < 272 fllallglla-

Proof. By subtracting [Sk—1f, Argle+1(t) + [Arf, Skglk+1(t) on both sides of (4.29), we
see that it suffices to show [Sk_1f, Sk—19]k+1 = 1/2[Sk—1f, Sk—19]r + Ry. Let us assume
that t = m2~*. In that case Ry(t) = 0, and for every £ < 2¥ we obtain

([Sk-11, Sk—lg]kﬂ)t(lge,ﬁ = ((Sk 1), o, (Sk— 19)t0 itk + (Sk— 1f)t1 2, (Sk-19) M,M)

k7 ke
(Sk 1f)w, 2, (Sk-19)0 5([51%1]”, Sk-19lk)10, 12,

ké’ ke kZ’
where we used that Sp_1f and Si_1g are linear on [t%é,tig], and that the two intervals
[t9,,t1,] and [t},, t2,] have the same length 27¥~1. The term Ry, is now chosen exactly so
that we also obtain the right expression for ¢ € [0,1] that is not of the form m27*.

The formula for [f, g]x+1(1) follows because [f, glk+1(1) = [Skf, Skglk+1(1), and be-
cause it is easy to see that [A,f, Agglr+1(1) = 0 unless p = ¢, and that [Agf, Apglp+1 =

The estimate for ||[Sk—1f, Sk—19]k — [f, 9]k |lcc holds because the two functions agree in
all dyadic points of the form m2~*, and because between two such points the quadratic
variation can pick up mass of at most 272 f||s |l - O

Remark 4.5.4. The Cesaro mean formula (4.30) makes the study of existence of the
quadratic variation accessible to ergodic theory. This was previously observed by Gan-
tert [Gan94]. See also Gantert’s thesis [Gan91], Beispiel 3.29, where it is shown that
ergodicity alone (of the distribution of w with respect to suitable transformations on
path space) is not sufficient to obtain convergence of ([w, w]x(1)) as k tends to oco.

Recall that we defined I1*°(f,dg)(t) = >, f(tk,z)gto A2 AL

ke

Remark 4.5.5. Let « € (0,1). If f € C([0,1]) and g € C%, then

|75, dg) ~ (1(Sk-1£,dSk19) — 151 Sk 198) | 27 gl

This holds because both functions agree in all dyadic points of the form m2~%, and
because between those points the integrals can pick up mass of at most || f|lco27%%(|g/la-
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4.5. Pathwise Ito6 integration

It follows from Remark 4.5.5 that our pathwise Itd type integral constructed in The-
orem 4.5.1 is the limit of non-anticipating Riemann sums. Therefore, it would be more
natural to assume that also for the controlling path w the non-anticipating Riemann
sums converge, rather than assuming that (L(Sxw, Syw))x and ([w,w];) converge. Be-
low we show that this is sufficient, as long as a uniform Hoélder estimate is satisfied by the
Riemann sums. In that case all the conditions of Theorem 4.5.1 and of Corollary 4.5.2
are satisfied.

We first show that the existence of the It0 iterated integrals implies the existence of
the quadratic variation.

Lemma 4.5.6. Let o € (0,1/2) and let w € C(R?). Assume that the non-anticipating
Riemann sums (I}*(w,dw)); converge uniformly to I'°(w,dw). Then also ([w,w]x)x
converges uniformly to a limit [w,w]. Moreover, for all 0 < s <t <1

|[w, w]i,(t) = [w, wli(s)] S M (w, dw)s s — w(s)ws] + |wse|*. (4.31)
If moreover

1180 (), dw) (€27 %) — T (w, dw) (£27F) — w(€27F) (w(£'27F) — w(2~"))|

sup  sup /
k 0<e<er<2k (0 — £)2-F|2
=C < o0,

then [w,w] € C**, and
lw, wlll2a S C + [lwl3 (4.32)

~

Proof. Let t € [0,1] and 1 < 4,5 < d. Then

K
w005 1) w0007 0) = 3 [ (6 1 0076, ) — (8 A ) 8 10
) =1
= Z‘: {wi(tge)wfgﬂmie/\t +w’ (tﬂe)wigmtiw + wigg/\t,tﬁe/\twz{ge/\t,tie/\t}
= I (w', dw?) (t) + I (w?, dw®)(t) 4 [w’, w’ ] (1), (4.33)

which implies the convergence of ([w, w]x)x as k tends to co. For 0 < s < ¢t < 1 we obtain
from (4.33) that

([, w/l)sa = (w'n),, = L', dwd)s; — L), dw')sy
= [wi(s)wl, — IO (wh, dw), | + [w (s, — IO (w?, dw’) | + wd gl

leading to (4.31). Given (4.31) it is now easy to estimate ||[w,w]||2o. We estimate the
classical Holder norm, not the C2* norm. Let 0 < s < t < 1. Using the continuity
of [w,w], we choose k large enough such that there exist s < s, = £,27% < t and
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4. A Fourier approach to pathwise stochastic integration

s < tp = 027% < t with

|[w, w]s, 5, | + |[w, w]eg el + | [w, w]i, = [w,w][loo < [JwlZ]E — s[>
Since
[[w, wse| < [[w, wls,s,| + |[w, wley, e + [[w, wli = [w, w]]|oo,
we obtain (4.32) as a consequence of (4.31) and the hypothesis. O

Let us show that convergence of (I1*(w, dw)) implies convergence of (L(Syw, Skw)):

Lemma 4.5.7. Let a € (0,1/2), and let w € C*(R?). Assume that the non-anticipating
integrals (I1%°(w, dw))y, converge uniformly, and that

1110 (w, dw) (£27F) — I1 (w, dw) (£27F) — w(£27F) (w(£'27F) — w(e2~F))|

sup  sup —
k 0<t<t'<2k (¢ = £)27Fk 2
=(C < .

Then L(Spw, Spw) converges uniformly as k — oo, and

~

s%pllL(Skw,Skw)IIQa < C+lwlf3.

Proof. Let k € N and 0 < ¢ < 2%, and write t = £27%. Then we obtain from (4.27) that

L(Skflw, Skfl'w)(t) (4.34)
= I(Skflw, dSk,lw)(t) — < (Skflw, Skflw)(t) - S(Skfl'w, Skfl’w)(t)

— 1% (w, dw) (t) + %[w, wli(t) = < (Sk-1w, Sp-1w) () = S(Sp-1w, S-1w) (1).

Let now s,t € [0,1]. We first assume that there exists ¢ such that t9, < s < t < t3,.
Then we use that ||0;A,w]ee < 2907 ||w]|4 to obtain

/t Apw(r)dAgqw(r) — /St dAqw(r)Apw(r) (4.35)

s

|L(Sk-1w, Sp1w)se| <Y D

p<k q<p

Sl —sf2 P2t w2 S e — 27D w2 < [t - s w2,
p<k q<p

where we used that 2a — 1 < 0, and also that |t — s| < 27% by assumption.

Combining (4.34) and (4.35), we obtain the uniform convergence of (L(Sg_1w, Sx—1w))
from Lemma 4.5.6 and from the continuity of 7. and S.

For s and ¢ that do not lie in the same dyadic interval of generation k, let "s¥7 = £,27%
and LtF 5 = £,27F be such that TsF 17— 27%F <« s < Tk and LtF, <t < LtF 4+ 27F In
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4.5. Pathwise Ito6 integration

particular, "s¥7 < _t* ;. Moreover
|L(Sk_1w, Sk—lw)s,t| S \L(Sk_lw, Sk_lw)s,rslm‘ + ]L(Sk_lw, Sk_17H)rsk17Lth|
+ [L(Sk—1w, Sg—1w),_th 4]

According to (4.35), the first and third term on the right hand side can be estimated by
(|77 — 5|2 4 |t — Lt* 12 |w||?2 < |t — s?¥||w||%. For the middle term we apply (4.34)
to obtain

|L(Skoaw, Sk1t)ege | < |1 (w, dw)e o i, — w(TsF ) (w (it ) — w(Ts4T)|

+ ’w(rskj)wrskﬂ,gh — T (Sk—1w, Sp—1W)r gk 4k

+ ‘S(Sk_lw, Sk_l’ll))rsk17Lth

1
+ 5 | wli)rgen,

S Icths =T P(C 4 wll2) < = s (C+ [lwl2),
where we used Lemma 4.4.5, Lemma 4.5.6, and Lemma 4.3.14. O

Combining Lemma 4.5.6 and Lemma 4.5.7 with Theorem 4.5.1, we see that uni-
form convergence of (I1°(w,dw))s to I'**(w,dw) implies the uniform convergence of
(I}*°(f,dg))k to I'*(f,dg) for f and g controlled by w:

Corollary 4.5.8. Let a € (1/3,1/2) and let w € C*(R?) and f,g € DE(R). Assume that
the non-anticipating Riemann sums (I1*°(w, dw))y converge uniformly to I'*®(w, dw), and
that furthermore

[ 150 (w, dw) (£27F) — I (w, dw) (£27F) — w(027F) (w(0'27F) — w(027%))|

sup  sup -
k 0<t<t/<2k (¢ — £)27k 2
=(C < 0.

Then the non-anticipating Riemann sums (I}*°(f,dg))x converge to a limit I'°(f,dg)
that satisfies

17*°(f,dg)lloo S 1/ lw.allgllw.a(l + wllf + C).

Remark 4.5.9. Observe that we calculate the pathwise It6 integral I™°(f, dg) as limit of
Riemann sums involving only f and g, and not the Lévy area of L(w,w) or the quadratic
variation [w,w]. The classical rough path integral, see Proposition 4.2.4, is obtained as
a “compensated Riemann sum” that involves f and g, but also their derivatives with
respect to w, as well as the iterated integrals of w. For applications in mathematical
finance, it is more convenient to have an integral that is the limit of Riemann sums
involving only f and g, because then this integral can be interpreted as capital process
obtained by investing in g.

It follows from the work of Follmer [F6179] that our pathwise Itd integral satisfies 1t6’s
formula:
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4. A Fourier approach to pathwise stochastic integration

Corollary 4.5.10. Let o € (1/3,1/2) and let w € C*(RY) and f,g € DX(R). Assume
that the non-anticipating Riemann sums (I} (w, dw))y converge uniformly to I'*®(w, dw),
and that furthermore

| 1240 (w, dw) (£'27F) — I (w, dw) (£27%) — w(£27F) (w(£'27F) — w(e2~))]

sup  sup -
k 0<t<t/<2k (¢ — £)27k 2
=(C < 0.

Let F € C2(RY,R). Then (I"O(DF(w),dw)); converges to a limit I'"*(DF(w),dw) that
satisfies for all t € [0,1]

; d
F(w(t)) — F(w(0)) ZIIm(DF(w),dw)(tH/O D 0,0, F(w(s))d[w, w(s).
ke t=1

Proof. This is Remarque 1 of Follmer [F6179] in combination with Lemma 4.5.6. O

Remark 4.5.11. Note that DF € C!, and therefore DF (w) is not controlled by w. Just
as in the Stratonovich case, see Remark 4.4.20, the symmetry of the derivative of DF
leads to crucial cancellations that allow to take DF’ less regular than in the non-gradient
case.

4.6. Construction of the Lévy area

To apply our theory, it remains to construct the Lévy area respectively the pathwise
1t6 iterated integrals for suitable stochastic processes. In Section 4.6.1 we construct the
Lévy area for hypercontractive stochastic processes whose covariance function satisfies a
certain “finite variation” property. In Section 4.6.2 we construct the pathwise Ito iterated
integrals for some continuous martingales.

4.6.1. Hypercontractive processes

Let X :[0,1] — R? be a centered continuous stochastic process, such that X* is indepen-
dent of X7 for i # j. We write R for its covariance function, i.e. R : [0, 1]2 — R4 and
R(s,t) := (E(X!X7]))1<i j<d- The increment of R over a rectangle [s,t] x [u,v] C [0,1]?
is defined as

R[s,t]x[u,v] = R(t7 U) + R(37 u) - R(S7 U) - R(tv u) = (E(X;,tXZ,,U))lSiJSd'

Let us make the following two assumptions.

(p—var) There exist p € [1,2) and C' > 0 such that for all 0 < s < ¢t < 1 and for every
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4.6. Construction of the Lévy area

partition s =ty < t; < --- <t =1 of [s,1]

n

Z ‘R[ti_l,ti]x[tj_l,tj]‘p S C’t - S“
2,J=1

(HC) The process X is hypercontractive, i.e. for every m,n € N and every p > 2 there
exists Cp m.n > 0 such that for every polynomial P : R" — R of degree m, for all
i1,...,0n € {1,...,d}, and for all ¢1,...,t, € [0, 1]

E(|P(X{}, . Xi0)[*P) < ComunE(IP(XSY, .. XTI P)P.

These conditions are taken from [FV10a], where under even more general assumptions
it is shown that it is possible to construct the iterated integrals I(X,dX), and that
I(X,dX) is the limit of (I(X™,dX"))nen under a wide range of smooth approximations
(X™),, that converge to X.

We first construct the Lévy area L(X, X) for X satisfying (p—var) and (HC). Then we
give some examples in which these conditions are satisfied.

Lemma 4.6.1. Assume that the stochastic process X : [0,1] — R satisfies (p—var). Then
we have for all p > —1 and for all M, N € N with M < N < 2P that

N
> E(Xpmy Xpmo) [P S (N — M +1)27P. (4.36)
mi1,mo=M

Proof. Let p > 1. It suffices to note that

E(Xpleme):E((Xto tl —th t2 )(Xto tl —th t2 ))

pmypmy pmqpmy pmorpmo pmo ' pmo
i1+1
= E (—1) 1 QRtil ptly in ity
A [pm1vpm1]><[p7n27pm2]
i1,i2=0,1

and that {t/,, :4=0,1,2,m = M,..., N} partitions the interval [(M —1)277, N277].
Now the cases p = —1 and p = 0 can be included by enlarging the (implicit) constant
on the right hand side of (4.36). O

Lemma 4.6.2. Let X,Y : [0,1] — R be independent, centered, continuous processes,
both satisfying (p—var) for some p € [1,2]. Then for all i,p > —1 and all ¢ < p, and for
all 0 < j <2

9p  9g
Z Z Xme]n<2_ZXijv Spmeqn>

m=0n=0

E

2
] < 9pVi)(1/p=4)9(qVi)(1-1/p)9g—iop(4=3/p)9a/p

Proof. Since p > ¢, for every m there exists exactly one n(m), such that ©pmXgn(m) 18
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op 94 2

not identically zero. Hence, we can apply the independence of X and Y to obtain
Z Z Xmeqn (2_iXija Qmean>
m=0n=0

E[
op

< Z ’E(Xpﬂ”u Xpmz )E(Y;]n(ml)yz]n(mg))<2_ixijv Ppmy an(m1)> <2_iXija @Pm2an(m2)> | .

m1,m2=0

Let us write M; := {m : 0 < m < 2P, (Xij, PpmXgn(m)) # 0}. We also write p’ for the
conjugate exponent of p, i.e. 1/p+1/p" = 1. Holder’s inequality and Lemma 4.3.10 imply

> EXpmy Xpma ) E(Ygnmn) Yan(ma) (2" Xijs ©pmi Xgn(mn)) (27 Xig» @pma Xgn(ms)) |

m1,m2€EM;

1/p 1/p
5( 2 |E<Xpm1Xpm2>\”> ( > |E<an<m1>an<m2>>|p> (27 2V HPray2,

my,ma€M; my,ma€M;

Write IV; for the set of n for which x;;jxgn is not identically zero. For given n € N; there
are 2P~% numbers m € M; for which n(m) = n. Hence

) 1/p
( > !E(%n(mn}’qn(m))!p)

m1,me€M;

/

1/p
) P =p
s<z2<p-q>>1/P(( max !Emqunz)\) 2 |E<quan2>!p> :

ni,n2€EN;
’ J n1,n2EN;

where we used that p € [1,2] and therefore p" — p > 0. Lemma 4.6.1 implies that
(|E(Yqn, Ygn)|” ") V¥ < 9=a(1/p=1/¢) Similarly we apply Lemma 4.6.1 to the sum over
n1,n2, and we obtain

, 1/p
/ o' =p
0 (s, Bl ) 5 (B i)

nl’n2€Nj n1,n2€Nj
< (22(1941))l/p’zfq(l/pfl/p/)(|Nj,27q)1/p/ — 9(qVvi)/p'9—i/p 92p/p" 9a(=2/p'~1/p)
= 2@V (1=1/p)9i(1/p=1)92p(1=1/p) 9a(1/p=2)

where we used that |N;| = 2(aVi)—i  Since |M;| = 2(PVi)=i  another application of
Lemma 4.6.1 yields

1/p
( Z ’E(Xplepmz)‘p> Sg(pvi)/pgfi/pzfp/p.

m1,me€M;
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The result now follows by combining these estimates:

2

2P 24
E[ Z Z Xmeqn (2_2Xija Smean>
m=0n=0
1/p / 1/p
. ( 2 B Xom,)| ) ( > |EYgngm) qn(mQ))\p> (272vDtpta)?
m1,ma2€M; m1,ma€M;

< (g(pvi)/pg—i/pg—p/p) (Q(q\/i)(l—l/p)gi(1/0—1)22p(1—1/p)gq(l/p—Q)) (2—4(pVi)+2p+2q)
— 9pVi)(1/p=4)9(aVi)(1=1/p)g—igp(4=3/p)9a/p

O

Theorem 4.6.3. Let X : [0,1] — R? be a continuous, centered stochastic process with
independent components, and assume that X satisfies (p—var) for some p € [1,2) and
(HC). Then for every a € (0,1/p) almost surely

> IL(SvX, Sy X) — L(Sn-1X, Sny—1X) |, < o0,
N2>0

and therefore the limit L(X, X ) = limy_ 00 L(SNX, Sy X) is almost surely an a—Holder
continuous process.

Proof. First note that L is antisymmetric, and in particular the diagonal of the matrix
L(Sy X, SyX) is constantly zero. For k,¢ € {1,...,d} with k # ¢ we have

|L(Sy X", Sy X*) — L(Sn—1X*, Sy_1X9)| o

N-1
> S (XK Xt = X Xhon) [ o (5)d0in(9)

g=—1m,n

N-1 ,
S [ kX [ om(s)dion(s)|

q—1mn

+ Z HZXNqun/ oNm(8)dpgn(s )H

g=—1 m,n

«

IN

«

Let us argue for the first addend on the right hand side, the arguments for the second
addend being identical. Let r > 1. Using the hypercontractivity condition (HC), we
obtain

oo 20 co N-1

Z Z Z Z P(’ZXNm (27 ija@Nqun>‘ > 2—i0¢2—N/(2T)2—q/(27~)>

i=—1j=0 N=—1¢=-1
21 oo N-1

i Z Z Z E(’ZXNm (2~ XzJ’Qmean>‘2r)2ia2r2N+q

i=—1j=0N=—1¢q¢=-1
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20 co N-1

io: Z Z Z E(’ZXNm 2 XuaSONqun>‘2>T2m2T2N+q.

i=—1j=0 N=—1qg=-1
Now we can apply Lemma 4.6.2 to bound this expression by

f: i f: Nzl (2N o) @Vi)(1-1/p) g i N(1=3/0)gul )T gio2rgN-+a
i=——1j=0 N=—1g¢=——1
00 7 N-1
S Z 9t Z Z 2ir(2a—4)2N7°(4—3/p+1/r)2qr(1/p+1/r)
i=—1 N—=——1g=—1
N i o i Z oir(2a—1/p)gNr(1/r—2/p) gar(1/p+1/7)
i=—1 N=itlq=——1
00 00 N-1
+ Z ot Z Z 217"(20171)2N7"(1/r72/p)2qr(1+1/r)

i=—1 N=it+1q=i+1

< Z 217‘(2a+3/r 2/p)_|_ Z Z 9ir 2a+2/'r’)2N'r’(1/'r 2/p)
i=—1 i=—1 N=i+1

+ Z i 2ir(2a+1/r—1)2Nr(1+2/r—2/p).
i=—1 N=i+1

Note that for all » > 1 we have 1/r —2/p < 0, because p < 2. Therefore, the sum over
N in the second addend on the right hand side converges. If now we choose r > 1 large
enough so that 14+3/r —2/p < 0 (and then also 2a+3/r —2/p < 0), then all three series
on the right hand side are finite. Hence, the Borel-Cantelli lemma implies the existence
of C'(w) > 0, such that for almost all w € Q and for all N,q,1,7

32 X ) X )2 o) | < Cl)2 2 Ml
From here it is straightforward to see that for these w we have

i |IL(SNX (w), SN X (w)) — L(Sn—1 X (w), Sy—1 X (w))]|,, < 0.
N=0

O

Ezample 4.6.4. Condition (HC) is satisfied by all Gaussian processes. More generally, it
is satisfied by every process “living in a fixed Gaussian chaos”. Slightly oversimplifying
things, this is the case if X is given by polynomials of fixed degree and iterated integrals
of fixed order with respect to a Gaussian reference process. For details about hyper-
contractivity for random variables living in a fixed Gaussian chaos, we refer to [FV10b],
Appendix D 4.

Prototypical examples of processes living in a fixed chaos are Hermite processes. They
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are defined for H € (1/2,1) and k € N, £ > 1 as

t k (1, 1-H
(/0 (sfyi)+(2+ . )ds> dBy, ...dBy,,
i=1

where (By)ycr is a standard Brownian motion, and C(H, k) is a normalization constant.
In particular, Z%# lives in the Wiener chaos of order k. The covariance of Z*H is

zF = C(H, k) /
RE

1
B(z8MzP) = 5 (£ 4+ 821 4 |t — s2)
Since ZLH is Gaussian, it is exactly the fractional Brownian motion with Hurst pa-
rameter H. For kK = 2 we obtain the Rosenblatt process. For further details about
Hermite processes see [PT11]. However, we should point out that it follows from Kol-
mogorov’s continuity criterion that Z*# is a~Holder continuous for every a < H. Since

H € (1/2,1), Hermite processes are amenable to Young integration, and it is trivial to
construct L(Z8H ZkH),

Ezample 4.6.5. Condition (p—var) is satisfied by Brownian motion with p = 1. More
generally it is satisfied by the fractional Brownian motion with Hurst index H > 1/4. In
that case we have p = 1/(2H). It is also satisfied by the fractional Brownian bridge with
Hurst index H > 1/4. A general criterion that implies condition (p—var) is the one of
Coutin and Qian [CQO02]: If E(|X!,|*) < |t — s[*' and |E(X;"s+th7t+h)| < |t —s|2H2p2
for i =1,...,d, then (p—var) is satisfied for p = 1/(2H). For proofs of these claims and
for further examples see [FV10b], Section 15.2.

4.6.2. Continuous martingales

Here we assume that (X;);c[o,1) is @ d-dimensional continuous martingale. Of course in
that case it is no problem to construct the It6 iterated integrals I'*°(X,dX) of X. But
in order to apply Corollary 4.5.8, we still need the pathwise convergence of I1*°(X,dX)
to I"°(X dX), and we need to prove the uniform Holder continuity along the dyadics
of the approximating integrals. We are not claiming the greatest generality and work
under rather restrictive conditions. The main example that we have in mind is Brownian
motion.

Recall that for a d-dimensional semimartingale X = (X*!,..., X d)7 the quadratic vari-
ation is defined as [X] = ([Xi,Xj])lgiJ‘Sd. We also write XsXs,t = (XgXit)lgi,de for
s, t €10, 1].

Theorem 4.6.6. Let X = (X!,..., X%) be a d-dimensional continuous martingale in-
dexed by [0,1]. Assume that there exists p > 2 and f > 1/3 4+ 1/p, such that pf > 7/2,
and such that

E(|[X]s4l?) < |t = s (4.37)

for all s,t € [0,1]. Then I1*(X,dX) almost surely converges uniformly to I'°(X,dX).
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4. A Fourier approach to pathwise stochastic integration

Furthermore, we have for all a € (0,5 — 1/p) that X € C* and that almost surely

|Il£;t6 (X? dX)ZZ*k,K’Z*k - XZQ*’“XZQ*’C,Z’Q*’“ |
sup sup

4.38
R @ — f2 e (4.38)

In particular, X almost surely satisfies all the conditions of Corollary 4.5.8.

Proof. The Hélder continuity of X follows from Kolmogorov’s continuity criterion, be-
cause by the Burkholder-Davis-Gundy inequality and using (4.37) we have

d d
E(|Xs4l®) S D EUX0™) S0 B(XTsal?) S E([X]sP) S [t — 57
i=1 i=1
Kolmogorov’s continuity crlterlon now shows that X € C® for all @ € (0,5 —1/(2p)) and
in particular for all o € (0,8 — 1/p). Since we will need it below, let us also study the

regularity of the It6 integral I 16X dX): A similar application of the Burkholder-Davis-
Gundy inequality implies that

o t
E(I"(X,dX),; — X, Xoul") S B(| [ 1%, — X, Pd|[x]],|°
S

We apply Jensen’s inequality (here we need p > 2) to obtain

a|[x],
= (| 150l Xl

SE(/S X1 = XPalLx]l).

P
2

)

B(| [ 1~ xax)

where we set 0/0 = 0. Now Cauchy-Schwarz’s and then Burkholder-Davis-Gundy’s
inequalities yield

E(/:H X]IE 71X, — XX S E( sup |X, - X PIX12)

rE(s,t]

< \/E< sup (X, = X,[2)[E([X]

s,t)

rE[s,t]
S B(|[XsP) S 1t — 8P

The Kolmogorov criterion for rough paths, Theorem 3.1 of [FH13], then implies that
almost surely

II"(X,dX ) — X Xot| S|t — s> (4.39)

for all @ € (0,5 —1/p).
Let us continue with the proof of our claim. We need to show that I}*°(X,dX) almost
surely converges uniformly to I'**(X,dX), and that the uniform Hélder condition (4.38)
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4.6. Construction of the Lévy area

holds. Using similar arguments as before, we can show that

E(|I"(X,dX) g+ g+ — I°(X, dX) g g+ [F)
oo—k /=1
— E ‘/ L Z 1[m2—k’(m+1)2—k)(T)X
m=£{
pro—k £/—1
Z 1[m2 k (m+1)2—F ( )‘X
=/

2
SB(XIE o [

92—k

[X11s)-

Since the terms in the sum all have disjoint support, we can pull the exponent p/2 into
the sum, from where we conclude using once again Cauchy-Schwarz’s and Burkholder-
Davis-Gundy’s inequalities

po—k £/—1

21
E(IXNE ke [, 2 Lot men- () Xomae P11
m=£{

-1
g\E<sup ‘Z 1[m2 k (m+1)2—F ( N Xina- kr‘p‘ )\/E ’@ k pro— ©)

r€ls,t] ',

-1
S Z E(|[X] a2+ (m41)2-+[P) \/E Xlpok pro-k[P)

< \/ v — 2p6\/| 0)2—k[208 — (¢ — ¢)3+PBo—h2P,
Hence, we obtain for « € R that
P (11" (X, dX) gyt i — TE(X,dX ) gon gy > [(¢ = 0)27F2)

(0 — g)%erﬁQ—kaﬂ
~ (g/ _ €)2pa27k’2pa

= (' — )z PA—2pag—k2p(f—a)

If we set « = 8 —1/(2p) — ¢ for sufficiently small € > 0, then
1/24pB —2pa =3/2 — pfS — 2pe.
Now by assumption, p3 > 7/2, and therefore we can find a € (0,5 — 1/(2p)) such that
1/2 + pB — 2pa < —2. (4.40)
Estimating the double sum by a double integral, we easily see that

S5 @ sy

{=10=0(+1
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4. A Fourier approach to pathwise stochastic integration

for v < —2. Therefore, we have for a € (0, — 1/(2p)) satisfying (4.40)

2k ok
S P (X, dX) gk gk — IEO(X, dX) gyor ] > [(€ = £)27F2)
(=10=0+1

S 2k2—k2p(6—a) )

Since o < f—1/(2p), this is summable in k, and therefore Borel-Cantelli’s lemma implies
that almost surely

ulté(}(7 dX)Q*k ok — IIEECA)(X, dX)ggfk glgfk’
sup  sup ( | =

k 0<t<f'<2F (¢ = £)27k 2

(4.41)

We only proved this for « close enough to 8 —1/(2p), but of course then it also holds for
all o < a, since (' — £)27% < 1. The estimate (4.38) now follows by combining (4.39)
and (4.41). The uniform convergence of I}**(X,dX) to I"°(X,dX) follows from (4.41)
in combination with the Holder continuity of X. O

Example 4.6.7. The conditions of Theorem 4.6.6 are satisfied by the d—dimensional stan-
dard Brownian motion. Here we can take § = 1/2, and p can be taken arbitrarily
large. More generally, the conditions are satisfied by all It6 martingales of the form
X =Xo+ fg osdWs, as long as o satisfies

E ( sup |as|2p> < 00

s€[0,1]

for some p > 7. In that case we can take = 1/2.
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5. Paracontrolled distributions and
applications to SPDEs

Here we build on the ideas developed in Chapter 4, to develop an extension of rough
path theory that works for functions of a multi dimensional index variable. We apply
this to solve two nonlinear SPDEs, for which previously it was not well understood how
to make sense of the nonlinearity.

5.1. Introduction

One way of interpreting the rough path integral of Chapters 3 and 4, but also the Itd
and Stratonovich integral, is as a way of defining products of tempered distributions.
Conversely, if we are able to multiply suitable tempered distributions with each other,
then we can integrate the result in time to obtain a “stochastic” integral. Schwartz’s
theory of distributions gives a robust framework for defining linear operations on irregular
generalized functions. But when trying to handle nonlinear operations, we quickly run
into problems. For example, in Schwartz’ theory it is not possible to define the product
@(Wt)Wt, where ¢ is a smooth function, W is a Brownian motion, and W its derivative.
But using for example It0’s stochastic integral, the product can be defined as

. t
(W)W, 1= 0, /0 H(W,)dIW,.

The It6 integral requires an “arrow of time” (a filtration and adapted integrands), a
probability measure (it is defined as L?-limit), and L?-orthogonal increments of the
integrator (the integrator needs to be a (semi-) martingale). If one or several of these
assumptions are violated, then the rough path integral can be a useful alternative. For
example, we saw in Chapter 3 that the rough path integral can be applied in a model free
approach to finance, where no probability measure is given. In Chapter 4 we constructed
a pathwise integral for, among other processes, fractional Brownian motion, which is not
a semimartingale.

The “arrow of time” condition is typically violated if the index is a spatial variable
and not a temporal variable. It is a remarkable observation of Hairer [Haill], that in
such cases sometimes the rough path integral can be used to handle nonlinear operations.
In [Haill], Hairer studies the following Burgers type SPDE:

du(t, z) = Au(t, ) + G(u(t, ©))dpu(t, z) + W(t, z),
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5. Paracontrolled distributions and applications to SPDEs

where (t,z) € [0,T] x [—m, 7], and where W (t,z) is a space-time white noise. This
problem is motivated by insights from path sampling, where one can formally derive the
equation as an SPDE whose invariant measure describes the law of a certain conditioned
diffusion. For every fixed ¢ > 0, the solution v to

o(t,x) = Av(t, ) + W(t, )

is a—Holder continuous in space for every a < 1/2. We would expect u to have the
same regularity as v. But then the product G(u(t,z))0yu(t, z) is ill-defined: we expect
G(u) € C% and 9,u € C*L. Since a < 1/2, the sum of the regularities of G(u) and
Oyu is negative, and therefore their product cannot be defined using classical analytic
methods (see Section 5.2 below). Since x is a spatial variable, there is no natural filtration
associated to the problem, and the integral cannot be treated with Ito’s theory. But
Hairer showed that the rough path integral can be used to define the product, and that
with this definition, the SPDE has a unique solution. Furthermore, this solution is the
limit as ¢ — 0 of the solutions u, to

Opue(t, ) = Aue(t, z) + Gue(t, z))Opue(t, x) + We(t, x),

where W.(t,z) are suitable smooth approximations that converge to W (t,z).

Since x is a spatial variable, it is natural to ask about extensions of Hairer’s approach
to higher dimensions. In one dimension, all techniques presented above made use of
integrals to define products. In that setting, defining the product G(u)d,u is essentially
equivalent to defining the integral [ G(u)d,u, because in one dimension the integral is
an “antiderivative”, i.e. an inverse operation to differentiation. In the multidimensional
case, there usually exists no antiderivative, and therefore the link between integrals and
products is not so clear. In other words, for multidimensional index variables it is more
natural to work directly on the level of products, rather than working on the level of
integrals.

Here, we adapt the techniques of Chapter 4 to develop an extension of rough path the-
ory that operates on the level of products, and that works for arbitrary index dimensions.
More precisely, we use the Littlewood-Paley decomposition of tempered distributions,
and not the Schauder decomposition. We then combine Bony’s paraproduct, a concept
from functional analysis, with ideas from the theory of controlled rough paths, in order
to develop an algebraic theory for certain types of distributions that we call controlled.
This is similar to the construction of Chapter 4, but since we do not use any integrals
to define our products, the approach presented here works in any index dimension and
constitutes a flexible generalization of rough path theory that allows to handle problems
which were well out of reach with previously known methods.

To exemplify the applicability of our ideas, we will consider two SPDEs for which
previously it was not known how to describe solutions:

1. The first example is the generalization of Hairer’s Burgers type SPDE to a higher
dimensional spatial index variable. While this equation is maybe not very relevant
for applications, it is a perfect test bed for our techniques. We consider the following
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5.1. Introduction

equation on the d-dimensional torus T? := [—m, 7]? := (R/27Z)¢ with periodic
boundary conditions:

ouu(t,z) = —Au(t,z) + G(u(t, z))Dyu(t, z) + W(t, z).

Here u : R; x T? — R™ is a vector valued function, —A4 = —(—A)? is the fractional
Laplacian with o > 1 such that o > 1/3 4 d/2, the Gaussian noise W is white in
space and time with values in R", and D, denotes the spatial derivative. Moreover,
G :R" — L(L(T4,R™),R") is a smooth field of linear transformations.

2. The second example is a nonlinear version of the parabolic Anderson model,
Owu(t, x) = Au(t, ) + F(u(t, =))W (x),

where u : Ry x T2 — R, we consider a white noise potential W which does not
depend on time, and F' : R — R is a smooth function.

In both cases we will exhibit a space of controlled distribution where the equations are
well posed (in a suitable sense), and admit a local solution.

Below we give some references to other articles that apply rough path techniques to
SPDEs. In Section 5.2 we recall the main concepts of Littlewood-Paley theory and of
Bony’s paraproduct, and we present our basic ideas. Section 5.3 develops the paradif-
ferential calculus of controlled distributions. In Section 5.4 we solve Burgers equation
driven by white noise, and in Section 5.5 we solve a nonlinear version of the parabolic
Anderson model.

It may be helpful to go through Section 4.2.2 in Chapter 4 before continuing to read,
to get a basic overview on rough paths.

Relevant literature

Even if only implicitly, the relevance of paraproducts to rough paths has been remarked
before in the work of Unterberger on the renormalization of rough paths [Unt10a, Unt10b],
where it is referred to as “Fourier normal-ordering”, and in the related work of Nualart
and Tindel [NT11].

Before we developed the paraproduct approach, there were several other papers that
applied rough path ideas to treat SPDEs and more generic stochastic processes. But
they all relied on special features of the problem at hand in order to be able to apply the
integration theory provided by the rough path machinery:

Deya, Gubinelli, Lejay, and Tindel [GLT06, Gub12, DGT12] deal with SPDEs of the
form

Owu(t,x) = Au(t, z) + o(ult, z))n(t, z),

where x € [—m, 7], the noise 71 is a space-time Gaussian distribution (for example white
in time and colored in space), and o is some nonlinear coefficient. They interpret this
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5. Paracontrolled distributions and applications to SPDEs

as an evolution equation (in time), taking values in a space of functions (with respect to
the space variable). They extend the rough path machinery to handle the convolution
integrals that appear when applying the heat flow to the noise.

Friz, Caruana, Diehl, and Oberhauser [CF09, CFO11, FO11, DF12] deal with fully
nonlinear stochastic PDEs with a special structure. Among others, of the form

wu(t, z) = F(u, Opu, 02u) + o(t, z)0pu(t, z)n(t),

where the spatial index x can be multidimensional, but the noise 1 only depends on time.

Such an SPDE can be reinterpreted as a standard PDE with random coefficients via a

change of variables involving the flow of the stochastic characteristics associated to o.
Teichmann [Teill] studies semilinear SPDEs of the form

Owu(t,x) = Au(t, z) + o(u(t, z))n(t, x),

where A is a suitable linear operator, in general unbounded. The SPDE is transformed
into an SDE with bounded coefficients by applying a suitable transformation based on
the (semi-) group generated by A. This is called the method of the moving frame.

Bessaih, Gubinelli, and Russo [BGRO05] and Brzezniak, Gubinelli, and Neklyudov
[BGN10] consider a PDE motivated by the description of the motion of a vortex line
in an incompressible fluid. Rough path theory allows to make sense of this equation with
random irregular initial vortex configurations. Here, the irregularities appear along the
direction of the (one dimensional) variable parameterizing the vortex line.

Hairer, Maas, and Weber [Haill, HW13, Hail3b, HMW12] build on the insight of
Hairer that rough path theory allows to make sense of SPDEs that are ill-defined in
standard function spaces due to spatial irregularities. Hairer and Weber [HW13] extend
the Burgers type SPDE that we presented in the introduction to the case of multiplicative
noise. Hairer, Maas, and Weber [HMW12] study approximations to this equation, where
they discretize the spatial derivative as Oyu(t,z) ~ 1/e(u(t,z + ) — u(t,x)). They
show that in the limit ¢ — 0, this introduces a Stratonovich type corrector term to
the equation. Hairer [Hail3b| solves the KPZ equation, an SPDE of one spatial index
variable that describes the random growth of an interface. This equation was introduced
by Kardar, Parisi, and Zhang [KPZ86], and before Hairer’s work, it could only be solved
by applying a spatial transform (the Cole-Hopf transform) that linearizes the equation.

In all these works, the intrinsic one dimensional nature of rough path theory severely
limits possible improvements or applications to other contexts. To the best of our knowl-
edge, the first attempt to remove these limitations is the still unpublished work by
Chouk and Gubinelli, extending rough path theory to handle the Brownian sheet (a
two-parameter stochastic process akin to Brownian motion).

In the recent paper [Hail3a] however, Hairer has introduced a “theory of regularity
structures”, that fundamentally redefines the notion of regularity. Hairer’s theory is
also inspired by the theory of controlled rough paths, and also extends it to functions
of a multidimensional index variable. The crucial insight is that the regularity of the
solution to an equation driven by - say - Gaussian space time white noise should not
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be described in the classical way. Usually we say that a function is smooth if it can
be approximated around every point by a polynomial of a given degree (the Taylor
polynomial). In other words, smooth functions locally look like polynomials. Since the
solution to an SPDE does not look like a polynomial at all, this is not the correct way of
describing its regularity. We rather expect that the solution locally looks like the driving
noise (more precisely like the noise convoluted with the Green kernel of the linear part
of the equation; in the case of ODEs this is the time integral of the white noise, i.e. the
Brownian motion). Therefore, in Hairer’s theory a function is called smooth if it can
locally be well approximated by this convolution (and higher order terms depending on
the noise). This notion of smoothness induces a natural topology in which the solutions
to semilinear SPDEs depend continuously on the driving signal. Hairer’s approach is
very general, and allows to handle more complicated problems than the ones we treat
below. The merit of our approach is its relative simplicity, the fact that it seems to
be very adaptable so that it can be easily modified to treat problems with a different
structure, and that we make the connection between Fourier analysis and rough paths —
although Hairer also uses wavelets, to show that for every consistent “generalized Taylor
expansion” in terms of polynomials and the noise, there exists a tempered distribution
which has this expansion.

5.2. Preliminaries

Littlewood-Paley theory

Littlewood-Paley theory allows for an elegant way of characterizing the regularity of
functions and distributions. Compared to the characterization of regularity based on
increments, the Littlewood-Paley approach has the advantage that it also applies to
distributions that are not functions.

The space of real valued infinitely differentiable functions of compact support is denoted
by D(R?) or D. The space of Schwartz functions, which consists of the smooth functions
all of whose derivatives are rapidly decreasing, is denoted by S(R?) or S. Its dual,
the space of tempered distributions, is &'(R%) or S&'. If u is a vector of n tempered
distributions on R%, then we write u € S’(R?,R"). The Fourier transform is defined with
the normalization

Fu(&) :=u(§) := / e "8y (z)de,

Rd

so that the inverse Fourier transform is given by F~lu(¢) = (27) " Fu(—£). Recall that
for any u € 8’ and ¢ € S we have

FuFp = F(ux*p) and thus F Y FuFp) =uxq, (5.1)

see for example Proposition 1.24 of [BCD11].
An annulus is a set of the form A = {z € R?: a < |z| < b} for some 0 < a < b. A ball
is a set of the form B = {x € R? : || < b}.
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Definition 5.2.1. A pair (x,p) € D? of nonnegative radial functions is called dyadic
partition of unity if

1. the support of y is contained in a ball and the support of p is contained in an
annulus;

2. x(&) + 2550 p(277¢) =1 for all £ € RY,

3. supp(x) Nsupp(p(277-)) = 0 for j > 1 and supp(p(2~")) Nsupp(p(27/+)) = 0 for
li —j| > 1.

In that case we also write p_1 := x and p; := p(277-) for j > 0.

For the existence of dyadic partitions of unity see [BCD11], Proposition 2.10.

If ¢ is a smooth function, such that ¢ and all its derivatives are at most of polynomial
growth at infinity, then we define p(D)u := F~1(oFu) for any u € §'. More generally
we define ¢(D)u in this way whenever the right hand side makes sense. Operators of the
form ¢(D) are called Fourier multipliers. The Littlewood-Paley blocks are now defined
as

A_ju:=x(D)u = p_1(D)u and for j > 0: Aju = p;(D)u.

Then A_ju = hxu and for j > 0 we have Aju = hj*u, where h=Flyand hj=F 1p;.
In particular, Aju is an infinitely differentiable function for every j > —1. We also use
the notation

j<i-1

It is not hard to see that u = > ;5 4 Aju = lim; o Sju for every u € &', where the
convergence holds in the topology of S’.

For N € N we define the set Ay := {(i,j) € {—1,0,1,...}?:i < j+ N}. The notation
i < j then means that there exists N € N such that (i,j) € Ay for all values of 7 and j
under consideration. Similarly ¢ 2 j means j < i, and i ~ j means i < j and j < 4. This
notation will only be applied to index variables of Littlewood-Paley blocks.

For @ € R, the Holder-Besov space C® is given by C¢ := Bgom(Rd,R”), where for
p.q € [1,00] we define the norm ||-[| g, and the space By, as

q
BY, = BY (RLR") := {u € S'(RY,R") : ||ullpg, = ( > (2Ja||Aju||Lp)Q> < oo},

Jj=-1

with the usual interpretation as ¢*° norm in case ¢ = oo. The ||||z» norm is taken
with respect to Lebesgue measure on RY. While the norm ||-|| Bz, depends on the dyadic
partition of unity (x, p), the space By, does not, and any other dyadic partition of unity
corresponds to an equivalent norm. We will usually write ||-[|o instead of |- g, -
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If & € (0,00) \ N, then C“ is the space of |«] times differentiable functions, whose
partial derivatives up to order |«| are bounded, and whose partial derivatives of order
|a] are (o — | ] )-Holder continuous, see p. 99 of [BCD11]. For m € N, the Holder-Besov
space C'™ is strictly larger than C}", the space of m times continuously differentiable
functions, bounded with bounded derivatives.

We will use without comment that ||-|o < [|-||g for a < 3, that ||-[[z S [||la for
a > 0, and that ||-||o < |||lzee for @ < 0. For @ < 0 and u € C* we also use that
1S;ullze S 299 ulla-

The following Bernstein inequalities are for example useful for calculating the regularity
of derivatives.

Lemma 5.2.2 (Lemma 2.1 of [BCD11]). For k € N, foru e &', and for 1 <p <q¢< oo
we have

- 1 1
max  [|0"Ajulpe = max  [|A;0u) e < 275G Al
neN:|n|=k neNd:|n|=k

for all j > —1, and for all j > 0 we moreover have

2| Au < ma O"Aullre.
80l S _max_ 0"l

We will often use the following criterion to show that a function is in a certain Holder-
Besov space:

Lemma 5.2.3 (Lemma 2.69 and 2.84 of [BCD11]). Let A be an annulus and let B be a
ball.

1. Let o € R, and let (u;) be a sequence of smooth functions such that Fu; has its
support in 27 A, and such that ||uj||p~ S 277 Then

u= Y u; €C* and |lufla S sup {27*|u;lr=}.
> =t

2. Let a > 0, and let (uj) be a sequence of smooth functions such that Fu; has its
support in 278, and such that ||uj||p~ S 277 Then

u= Y u€C® and |ulla $ sup {27*(u;llz>}-
i==1 ==t

We should point out that everything above and all that follows can (and will) be ap-
plied to distributions on the torus. More precisely, define T := [—7,7]|¢ := (R/27Z)?
and let D'(T?) be the space of distributions on T?. Any u € D’(T¢) can be interpreted
as a tempered distribution on R? that is 27— periodic in every direction, with frequency
spectrum contained in Z? - and vice versa. For details see [ST87], Chapter 3.2. In par-
ticular, Aju is a 27—periodic smooth function, and therefore [|Ajul|pe = [[Ajull foo (1a)-
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5. Paracontrolled distributions and applications to SPDEs

In other words, we can define
C*(TY) := {u € C® : u is (27) — periodic}.

For p # oo however, this definition is not very useful, because no nontrivial periodic
function is in LP for p < oo. Therefore, the general Besov space By q(’]I‘d) is defined as

1
a
Biq(']l‘d) = {u € 'D’(']I‘d) : ||“”Bg,q(Td) = ( Z (2ja’AjUHLP(Td))q> < OO}

j>-1
Note that for u € D’ (’I[‘d), the Fourier transform is supported in Z%, and

u(z) = (2m)" Y a(k)e' ™ = FH (@) (2).

kezd

Apart from that, Aju = F *1(pj}" u) is defined exactly as in the non-periodic case.
Strictly speaking we will not work with BS(T?) for (p,q) # (00, 00). But we will need
the Besov embedding theorem on the torus:

Lemma 5.2.4. Let 1 < pi < po <o and1 < ¢ < q < o0, and let a« € R. Then

B, ., (T%) is continuously embedded in B;QquQ(l/plfl/pQ)(Td).

For the embedding theorem on R? see [BCD11], Proposition 2.71. The result on the
torus can be shown using the same arguments, see for example [CGO06]. In both cases,
the proof is based on the Bernstein inequalities, Lemma 5.2.2.

For further details concerning Littlewood-Paley theory, Besov spaces, and paraprod-
ucts, we refer to the nice book of Bahouri, Chemin, and Danchin [BCD11].

Bony’s paraproduct and Young integrals

In general, the product fg of two distributions f € C® and g € C? is not well defined
unless a4+ > 0. In terms of Littlewood-Paley blocks, a product can be (at least formally)
decomposed as

fa=Y > AifANjg=n(f9) +7=(f,9) + mo(f,9)-

Jj=—li>—1

Here n-(f,g) is the part of the double sum with i < j — 1, and 7~ (f,g) the part with
i > j+ 1, while 7o (f, g) is the “diagonal part” where |i — j| < 1:

j—2 i—2
7T<(fag) = Z Z AZfA]ga 7T>(f7g) = Z Z AZfAjg = 7T<(gaf)7 and

j>—1i=—1 i>—1j=—1

ﬂo(f,g) = Z AZfA]g

li—jI<1
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We also introduce the notation

7T§(fag) = 7T<(fag) +7T>(f,g).

This decomposition is referred to as paraproduct [Bon81], and it behaves nicely with
respect to Littlewood-Paley theory. Of course the decomposition depends on the dyadic
partition of unity used to define the blocks A;, and also on the particular choice of the
pairs (i, 7) in the diagonal part. Our choice of taking all (¢,7) with |i — j| < 1 into the
diagonal part corresponds to property 3 in the definition of dyadic partition of unity:
supp(p(27%)) Nsupp(p(277-)) = () for |i — j| > 1. In conjunction with (5.1), this property
implies that every term in the series

-2
T(f,9)= > > AifAjg= > Si1fAjg

j>—1li=-1 j>—1

has a Fourier transform that is supported in a suitable annulus, and of course the same
holds true for 7w~ (f, g). On the other side, the terms in the diagonal part have a Fourier
transform that is supported in a ball.

Bony’s crucial observation is that 7 (f, g) (and thus 7~ (f, g)) is always a well-defined
distribution. In particular, if & > 0 and g € R, then 7. is a bounded bilinear operator
from C* x C? to CP. Heuristically 7~ (f, g) behaves at large frequencies like ¢ (and thus
retains the same regularity), and f provides only a modulation of g at larger scales. The
only difficulty in defining fg for arbitrary distributions lies in handling the diagonal term
7o(f,g). A basic result about this bilinear operation is given by Bony’s paraproduct
estimates.

Lemma 5.2.5 (Theorem 2.82 and 2.85 of [BCD11]). 1. For any § € R, we have

Im< (£ 9)lls Sp I Fllz=llglls-

For a < 0, we have

[7<(fs9)lats Sas [ fllallglls-

2. For a+ >0, we have
7o (fs Plats Sas [1fllallglls-

We conclude that the product fg of two elements f € C* and g € C? is well defined
as soon as a + # > 0. The attentive reader will note immediately the analogy of this
statement with one of the possible incarnations of Young’s theory of integration, see
Chapter 4. For a, 8 > 0 and functions f € C%(R) and g € C?(R), the Young integral
I(f,dg)(t) = fgf(s)dg(s) is well defined as soon as a + 3 > 1. On the other side it is
clear from the paraproduct estimates that if o+ 3 > 1, then the distribution f0;g is well
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5. Paracontrolled distributions and applications to SPDEs

defined and belongs to C**t8~1. Another basic fact of Young integration is that

1(£,dg)(t) — I(f,dg)(s) — f(s)(g(t) — g(s))| S It = sI**7[Iflallglls. (5:2)

for all s,t € R, which means that the increments of the integral I behave locally (in
the parameter) like the increments of g, modulo a small remainder. Taking derivatives
in the sense of distributions, we have 0;I(f,dg) = fd;g. Moreover, Bony’s paraproduct
estimates allow us to see that

AI(f,dg) — < (f,8rg) = Tolf,Drg) + 7 (f, Dyg) € COTA7L,

This is an alternative form of the Young estimate (5.2). By now it should be clear
why we insist on distinguishing the two “symmetric” paraproducts 7~ and 7~. Indeed
in this application of paraproducts to Young integration, which will motivate all the
developments that follow, the two terms w-(f,0,g) and 7~ (f,d;g) play very different
roles. The first one, 7 (f, 0.g), is akin to the first-order approximation f(s)(g(t) — g(s))
of the integral I(f,dg)(t) — I(f,dg)(s), in the sense that the distribution 7 (f,d:g) is
always well defined and behaves “locally” (here meaning for high Fourier modes) like dg.
On the other side the term 7~ (f,d:g) belongs to C**#~1 and is therefore “smoother”
than the main contribution 7 (f, d;g), which only belongs to C5~1.

Controlled distributions and the Besov area

Recall from Chapter 4 that the theory of controlled paths is based on three basic building
blocks:

1. The integral I(v,dw) for reference paths v and w is assumed to exist.
2. If f is controlled by v and if F' is a smooth function, then F'(f) is controlled by v.
3. If g is controlled by w, then I(f,dg) is controlled by w.

The last two properties allow to consider the space of controlled paths as a Banach
algebra which is stable under nonlinear maps and integration. In particular the space of
paths controlled by a reference path w (which may take its values in a finite dimensional
vector space) is the natural setting where to solve rough differential equations of the form

) =so+ | o (f()du(s)

with fixed point methods. All that is needed is the existence of sufficiently regular iterated
integrals I(w, dw) for w.

Consider now the product of distributions foyw where f,w € C®. A priori this is
not well defined if & < 1/2. As we have already seen, Bony’s paraproduct induces the
decomposition

forw = - (f, Ow) + 7o (f, Opw) + m=(f, Opw),
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where the only problematic term is 7o (f, dyw). Assume now that the distribution f is
controlled by v € C® in the sense that there exists f¥ € C'*, such that

fr=f—m(f'v) €C®
Then (at least formally) we can decompose the problematic term as
7To(f, 6{[1)) = WO(W<(fva U)7 81511}) + ﬂ—O(fﬁa 8{(1]),

where 7o (f*, yw) € C3*~1 is well defined if we assume that 3a — 1 > 0. It turns out
(see Lemma 5.3.3 below) that, although mo(7<(f",v),0w) is a-priori not defined, the
“commutator”

R(f’, v, 00w) := mo(m<(f*,v), 0pw) — fmo(v, Opw)

can be defined and belongs to C3*~1. If we assume that 7 (v, dyw) € C?*~1 is given, then
the product Y7 (v, dyw) is well defined under the assumption 3 —1 > 0. In this way we
have reduced the problem of defining the product fo,w for f controlled by v essentially
to the problem of defining the product vo;w, exactly as in the theory of controlled rough
paths. Moreover, we get the expansion formula

fatw = T« (f7 f)tw) + 7> (f, 8tw) + Wo(fﬂ, 8tUJ) + R(fv, v, 8{10) + f”ﬂ'o(v, 8{11)) S Cail
and
foow — - (f, Qpw) € %71,

This shows that f is controlled by d;w (modulo a slight adaption of the definition of
controlled distributions).

We point out that the argumentation above works for general distributions that are
defined on R?, without assuming that one of them is a derivative: If 7, (v, w) is given,
smooth enough, and f and g are controlled by v and w respectively, then also 7,(f, g)
(and thus fg) can be defined in a sensible way.

5.3. Paracontrolled calculus

Motivated by the considerations of the previous section here we lay out some elements
of a calculus of controlled distributions. We start from the analysis of the commutator,
which allows to define the diagonal part of the product as a function of the diagonal part
for special reference distributions. Then we show that controlled distributions are stable
under nonlinear maps. At the end of this section, which can be skipped at first reading,
we gather further commutator estimates, we extend the definition of the product, and
we establish some continuity properties of the product.
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5. Paracontrolled distributions and applications to SPDEs

5.3.1. A basic commutator estimate

In this section we prove the basic commutator estimate for mo(7<(f,v),w) — fmo (v, w),
where f,v,w are suitable tempered distributions, that will allow us to extend the defini-
tion of the product by a continuity argument.

We will occasionally prove bounds for operators acting on functions with Fourier trans-
form of compact support, and then argue that the domain of the operator can be ex-
tended by approximation. This can be achieved in the following way. Let A : &' — &’
be an operator such that for all f with Fourier transform of compact support we have
lAflla S || fllg, where «, B € R. Then it is possible to extend A in a continuous way to

CP0 .= {f el :jlggozﬂ‘ﬁ\mjfum = o} :

S;f converges to f in CF for every f € CP0, and since || AS;f — AS; flla < |1Sif — S;flls,
we obtain that (AS;f); is a Cauchy sequence. It is clear that the definition of Af does
not depend on the specific sequence of smooth approximations (S;f);. If furthermore we
have the estimate ||Af||o S || f||p for some o/ < a and ' < 3, then we can also extend
A continuously to €8, because CP ¢ €50,

We will often need the following commutator estimate. Recall that we set p(D)u =
F~1(pFu) whenever the right hand side is defined.

Lemma 5.3.1 (Lemma 2.97 of [BCD11])). Let ¢ be a continuously differentiable function,
such that (14|-|)Fe € L*. Then for any Lipschitz continuous function u with Du € L,
any v € L*°, and any A > 0 we have

I, e(AD) |z S A eax 10" u| oo [|v]| oo,

where [u, p(AD)]v := u - (¢(AD)v) — p(AD)(u - v).

If we apply this for ¢ = p or ¢ = x, where (x, p) is our dyadic partition of unity, and
for A = 277, then we obtain the following corollary:

Corollary 5.3.2. Let u € C} and v € L*. Then for all j > —1 we have
Aj(uv) = ulAjv + Bj(u,v),
where

1B (1, 0)[loo 277 max 87wl ol|v]|co-
nENd:|n|=1

We are now in a position to prove our main commutator estimate.

Lemma 5.3.3. Let o € (0,1), a+ B+~ >0, but B+~ < 0. Then the remainder

R(f,v,w) = 7['0(7T<(f,'l))7 w) - fﬂ'o('l),'w)
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is well defined for all f € C*, v € CP, and w € C7, and belongs to C*TFT7. Moreover

IR(f, 0, ) latpiry S ([ fllallvllsllwl]ly-

Proof. As explained above, it suffices to argue for f, v, w with Fourier transform of com-
pact support, so that all sums are finite and exchanging the order of summation is
justified. Since the Fourier transform of Si_1 fAgv has its support in an annulus of the
form 2% A, there exists N > 0 such that

To(me(frv),w) =D [=1 k= D011 5(1i — G) 1=, ([§ — B A (Sk—1fArv) Ajw.
ik
Now Corollary 5.3.2 states that
Ai(Sk-1fARv) = Sk_1fAiAgv + Bi(Sk-1f, Agv).

Hence

770(7r<(f7 'U)vw) - fﬂ-o(vvw)

= > Ay (Ol = DL (i = k) = 1og (i — D) Arf A AgvAjw
1,5,k
+ ) Ly (i = 5D = nw (i = EDBi(Sk—1f, Agv) Ajw. (5.3)
4,7,k

Let us consider the first series in (5.3). We have A;Agv = 0 for |[i — k| > 1, and therefore
the series can be rewritten as

> gy Ol (li — iD= nag (i = k) = 1oq (i — 1) Arf AsAgvAjw

ikl
= - Z (Uk—1,00) (O 1,118 = GD 1,17 — K])AefAiAgvAjw
ikl
=-> (Z(l[—1,£+1](k)l[—1,1](|i — D=1y = k|))A£fAiAkvAjw) .
¢ \ijk

Every term of this series in ¢ has a Fourier transform that is supported in a suitable ball
2/B. By Lemma 5.2.3 it suffices to control its L> norm, which can be estimated by

D ey By (i = 3D =1y (1 = kD) Aef AiApvdjw
1,5,k

o0

< S 27 f a2 ol p2 7R |y S 27K £l allvll g0l

~

k<t+1

where in the last step we used that 3+~ < 0, which implies >, </, 2=k(B+7) ~ o—ta+h)
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Since o + 8+ v > 0, Lemma 5.2.3 now yields

>, (Z(l[—uﬂ](k)l[—l,l](\i — Dyl — k\))AefAiAk”AﬂU)

£ \igk

at+B+y
S I fllallolisllwll-

It remains to estimate the second series in (5.3), i.e.

> (i =D, m (i = kD) Bi(Sk—1.f, Apv) Ajw
1,5,k

=) (Z Loy = 3D = w8 = k) Bi(Sk-1f, Akv)Ajw> : (5.4)
k 2,7

Recall that by definition of B;(Sk_1f, Axv) we have
Bi(Sk—1f, Axv) = Ai(Sk—1fArv) — Sp_1 fAARv = Ai(Sk—1fArv) — Sp—1 fARAw,

and thus for every i,k > —1 the Fourier transform of B;(Sk_1f, Agv) has its sup-
port in an annulus of the form 2¥A. Hence, for i ~ j ~ k, the Fourier transform of
Bi(Sk_1f, Apv)Ajw is supported in a ball 2°B. Since a+ 3+~ > 0, Lemma 5.2.3 implies
that it suffices to control the L>-norm of the terms of the series (5.4). But we obtain
from Corollary 5.3.2 that

Z Z Bi(Sk—1f, Agv)Ajw

i~k gyt

<27* max 10" Sk—1.f[ oo | Agv]| oo || Agw]| oo
LOC
< 27R R 11027 o] | g2 ]|, = 27D £l ol gl lw ]l

where we used that 1 — a > 0, and therefore 3,_j_; 2007 ~ 2k(1-a), O

Remark 5.3.4. The restriction 8+ v < 0 is not problematic. If 5+~ > 0, then for every
€ > 0 we have 3+~ < 0, where v/ = —f8 — ¢, and therefore

1B(f, v, w)lla—e S [ fllallvlisllwll-p- < I fllallolisllwl-

Since the full product fw will not be in C**t5+7 but much rougher than that, this loss
of regularity does not bother us.

The restriction a < 1 is a real one, unless 1 + 5 + v > 0. Here, this will not affect us,
because we will deal with distributions that are rougher than C!. But if we are given a
relatively smooth v, say v € C3/2, and a smooth function F, and we want to multiply
F(v) with a derivative of a high order, say D*v, then our current commutator estimate
cannot be applied. Even if we assume that 7.(v,D%) € C~! is given, and despite the
fact that 3/2 — 1 > 0, the restriction o < 1 prevents us from defining F(v)D*v using
Lemma 5.3.3.

142



5.3. Paracontrolled calculus

It is possible to overcome this restriction by introducing higher order Littlewood-Paley
blocks, in terms of which one can define higher order correctors. But to simplify the pre-
sentation, and since we are not dealing with problems where the higher order Littlewood-
Paley blocks would be helpful, we decided to not present these results here.

Lemma 5.3.3 allows us to define the product fw for f controlled by v, under the
assumption that we already constructed vw. The next result will allow us to define the
product fg for f controlled by v, for g controlled by w, and under the assumption that
vw is given.

Corollary 5.3.5. Let o € (0,1), a+ B+~ >0, but B+ <0. Letv = (vl,...,0o™) €
CPRER™), w = (wh,...,w") € CVRLRY), f = (f',...,f™) € C¥R? L(R™,R)),
and g = (g%,...,g") € C*(R?, L(R™,R)). Then

E(.ﬂga v, 'l,U) = 7-‘-0(7T<(fv’U)77T<(.g7 'LU)) - fg?TO(U,QU)

= i Zn: (770(”<(fkv V), me (gt wh)) = frgtme (v, wg))

e
Il
—
~
Il
—

is well defined and in CMPY | and
IR(f, 9,0, 0)[latpy S N fllallglallvllsllw],-
Proof. Lemma 5.3.3 implies that for fixed 1 < k <m and 1 < /¢ < n we have

ﬂ-o(ﬂ-<(fk>vk),7r<(ge,w€)) =R y T< gzv ¢ +fkﬁ0(vk’7r<(gé’w£))

(f*, oF, e ( )
(fF, 0% me (g 0)) + frao(me (g, wb), oF)
(f*,0F, e ( )
(f*,0F e ( )

~
J?r
<

<

, TT< g£7 + fkR(g£7 wf’ /Uk) + fkggﬂ-o (w€’ Uk)

<\g

~
L=
<

Kh

\.?r‘
S
3

The result now follows from Lemma 5.3.3 and from the paraproduct estimates. O

5.3.2. Product of controlled distributions

In this section we define the product of two controlled distributions, and we prove con-
tinuity properties of the product operator. For simplicity we restrict our attention to
one dimensional controlled distributions. The controlling distributions can be multi di-
mensional. The general (finite dimensional) case can then be treated by considering each
component separately.

Definition 5.3.6. Let o € R and § > 0. A distribution f € C*(R%,R) is controlled by
v € C*(R? R™) if there exists f¥ € C/(R?, L(R™,R)), such that

fr=f—m(f'v) € CFP.
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We write f € DYP := D¥P(R) and define

£l = Iflla + 17 + 1 ¥ lacr -

Remark 5.3.7. In general, f¥ is not uniquely determined by f and v. For example, if
a=p8>0and v € C?, then 0 € DX%, and every f € C can be taken as its derivative.
So the correct definition would be (f, f¥) € D3#. We use f € D as an abbreviation,
because usually it will be clear from the context which derivative we have in mind.

Example 5.3.8. If « is the regularity of a first order derivative, say o = v — 1 for some
v € (0,1), then we will usually take 8 = v, so that a + 8 = 2y — 1.

Remark 5.3.9. If (X, p) is another dyadic partition of unity, and if 7~ (f",v) is the para-
product based on (X, p), then |7 (f”,v) =7T<(f", ) |la+s S |17l gllv]la, see Lemma F.1 in
the appendix. Therefore, only the norm ||-||,.,g depends on the specific dyadic partition
of unity, but not the space D&#. Since v is fixed, every other dyadic partition of unity
corresponds to an equivalent norm.

To fix ideas, we first define the product fw for given m,(v,w) and f controlled by v,
where v has positive regularity and w has negative regularity. The problem of defining
fg for g controlled by w can then be treated using similar arguments, as we will show
below.

Let v = (v,...,v™) € CP and w = (w',...,w") € C7. If 0 < —y < 3, then Bony’s
paraproduct estimates imply that vw = (vkwg)lgkgmjlggn € C7, but vw — 7« (v,w) =
(vFw® — o (v*, W) € CPTY. This motivates our standing assumption, which is that

we are given a distribution vw € C7, such that
vw — T (v,w) € CPTY (5.5)

for one (and then according to Lemma F.1 for every) dyadic partition of unity. Note
that if 8+~ < 0, then this is an assumption on the existence of vw, which cannot be
constructed using Bony’s arguments.

Definition 5.3.10. Let v < 0 < 3, and let v € C?(R%, R™) and w € C7(R%,R™). A
distribution vw € C7(R?, R™*") is called Besov area for v and w if it satisfies (5.5). In
that case we define

To(v,w) = vw — < (v, w) — 7= (v, w).

Theorem 5.3.11. Let v < 0 < 8 and let « € (0,1) be such that a« + 5+ ~v > 0
and o > B+ . Let v € CA(RLR™), w € OV (R4 R"), with associated Besov area
vw = (VFwh)1<pem 1<o<n € CY(RE,R™ ). For f € DI(R) we define

foyw:= (fow)icicn = m<(f,w) + 7o (f%,w) + R(f, v,w) + fomo (v, w).
Then f o, w € DA (R™) with derivative f, and

1f o0 wllwn,s S 1 fllv.p.a (L + wlly + [ollgllwlly + lImo (0, w)ll544) -

144



5.3. Paracontrolled calculus

If there exist sequences of smooth functions (v;)jen and (w;)jen, such that (vj) converges
tov in CP, (wj) converges to w in CP*7, and (mo(vj, w;)) converges to mo (v, w) in CP*7,
then the definition of f o, w does not depend on the dyadic partition of unity used to
define the paraproduct and the commutator R.

Proof. Since o, 5 > 0 and v < 0, the paraproduct estimates, Lemma 5.2.5, imply

lr<(f,w) + 7o (£, w0)lly S [ fllzoe wlly + 7 (F, 04y + 170 (£, w0) [ g0
S flslwlly + 1 ls+allwly,

where we used that 8 + a + v > 0 to estimate 7o(f%,w). Let ¢ > 0 be such that
a—¢€ > f+~. Lemma 5.3.3 and Remark 5.3.4 imply that

IR v, w)lly < RIS 0, 0l (a-e)n@+s4+y) S 1 lallvlisllwlly-

Since o + 8+ v > 0 and B + v < «, another application of the paraproduct estimates
yields

1f°mo (0, )l < 70 (v, W)l g1y S 17 lallmo (0, w) | g1

Note that for all terms we could estimate at least the |[|-||54+,—norm, except for 7 (f, w),
which is only in C7. Hence, we have

1f o0 wlly +[1f 00 w = m<(f, W) llyis S I fllo.palllwlly + [ollsllwlly + 7o (v, w)lg44)-

The estimate for the derivative (f o, w)"¥ = f is trivial.

Let now (v;)jen and (w;)jen be sequences of smooth functions, such that (v;) converges
to v in C?, (w;) converges to w in C/*7, and (7o (v,w;)) converges to mo(v,w) in CA*7.
Let (X, p) be another dyadic partition of unity, and let 7o, <, 7>, and fo,w be the
operators defined in terms of this partition. We define

Pl(fa fU,U,’Uj,’U}j) :7T§(f,11}]) +7T0(f - 7r<(f”,v),wj) + R(fvavjij) + fvﬂ—o(v]ﬁwj)

= fwj + o (m<(f*, vj — v), wj),

where fw; denotes the classical product, defined for example using Bony’s arguments.
By continuity of the operators involved, P;(f, f”,v,vj, w;) converges to fo,w as j tends
to oco. Similarly we define Po(f, f*,v,vj,w;) = fwj + To(7<(f¥,v; — v),w;), which
converges to fo,w as j tends to oo, because by Lemma F.1 also (7,(v;, w;)) converges to
To(v,w). For the difference P, — P», Lemma F.1 and a straightforward calculation imply
that

[PL(fs 20,05, w5) — Pa(fs f75 v, v5,w5) [l g4y
rg Hﬂ-o(ﬂ-<(fv7vj - U) - 7~T<(fvavj - U)7w]')||5+"/
+ Hﬂ-o(%<(fv7vj - v)ij) - 7’.‘20(%<(fv’vj - v)7wj)||5+7

S I Nallvg = vlisllwslly,
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which converges to zero by assumption. O

Corollary 5.3.12. Let a, 3,7 and f,v,w be as in Theorem 5.3.11. Let furthermore
v e CP and @ € C7 with associated Besov area 7w, and let f € D»?’Oé, Then

I1f op w — f o5 @l (5.6)
S U= Fla+ 1= Folla + 15 = Fllasa) (wlly + [0llgllwlly + 7o (v, w)]] p1)
+ (Jlw = Blly + [Jo = Bllg + |70 (v, w) — 7o(T, @)l g | Fll5 g0 (L + 0llg + lJwlly)-

Proof. The multilinearity of the involved operators leads to the decomposition

fopw— foxw =m<(f — f,w) + m<(fyw — @) + mo(f* — f*,w) + 70 (FF,w — @)
+ R(f* = Y, 0,w) + R(F*, 0 — 5, w) + R(J*, 5, w — @)
+ (Y = FO)mo(v, w) + F(70(v,w) — 70 (B, @)).

The estimate now follows from the paraproduct estimates and from Lemma 5.3.3. O

Remark 5.3.13. To lighten the notation, we will write fv instead of f o, w from now on,
unless we want to stress that the product of controlled distributions is considered.

Note that the definition of fv depends on the special choice of vw. From the the-
ory of rough paths it is known that there is no canonical definition of vw beyond the
Young/Bony setting, and in fact there are infinitely many possible choices.

Next we define the product fg for f controlled by v and g controlled by w. For this
purpose we need the following commutator estimate, that is due to Bony:

Lemma 5.3.14 (Theorem 2.3 of [Bon81]). Let « > 0 and g € R. Let f,v € C“ and
w € CP. Then

[7r<(f; < (v, w)) = m<(fv,w0)llarp S [l fllallvllallwls.

Let us now define the product f o, g for f controlled by v and g controlled by w. We
restrict our attention to f € D8 and g € D}P. The situation f € D5 and g € D)*
can be treated analogously, at the price of distinguishing the cases o < g and a > S.

Theorem 5.3.15. Let vy < 0 and 3 € (0,1) be such that v+28 > 0. Letv € C?(R% R™),
w € CV(RY,R"), with associated Besov area vw = (vFw’)i<p<m 1<o<n € CY(RE,R™M).
For f € DZA(R) and g € DYP(R) we define

f Ov,w g = 7T§(fa g) + Wo(fﬁa g) + WO(T‘-<(fU7 ’U)mgﬁ) + R(fv’ ng v, ’U)) + fvgwﬂ-o(vﬂ w)

Then foywg € Dz;ﬁ with derivative fg%, and

1f 00w gllwry,8 S (1 fllos.8l19llwr8(L+ 0lls + l[wlly + [0llsllwlly + 170 (v, w)llg4+)-
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If there exist sequences of smooth functions (v;)jen and (w;)jen, such that (vj) converges
tov in CP, (wj) converges to w in CP*7, and (mo(vj, w;)) converges to mo (v, w) in CP*7,
then the definition of f oy g does not depend on the dyadic partition of unity used to
define the paraproduct and the commutator R.

If furthermore v € CP, W € C7, mo(v,w) € CP17, and f € Dg’ﬁ, ge D%’B, then

1f ovw g — Fozzdlly S UIF = Flg + 15— Fllg + 155 — F¥llzg) (5.7)
% 1gllwy,5 (1 + 0llg + lollgllwlly + 7o (v, w)l|54+)
+ (g —glly + 119” = 3N + g% — GFlly5)
<1 Fllz 5,5 + [0l + lollgllwlly + 170 (v, w) ] p4-)
+ (lw = @lly + [0 = Bl + |17 (v, w) — 70(T, D)l| 1)
< | Fllz 5,51805 .51 + T0lls + lwll)-

Proof. By the same arguments as in the proof of Theorem 5.3.11, using Corollary 5.3.5
instead of Lemma 5.3.3, we obtain that f o, ., g is controlled by g, with derivative f, and

If Ov,w g”’y +11f Ov,w g — <(f, 9)”7%—/3
S llv.8190wq,8(1 + [Jvllg + [[v]igllwlly + 7o (v, w)lg1+),

and that the definition of the product does not depend on the dyadic partition of unity if
To(v, w) is given as limit of (7, (vj,w;)) for sequences of smooth functions (v;) and (w;)
that converge to v and w respectively.

Let us show that f o, , g is controlled by w, with derivative fg*. Note that

1f ovw g = 7<(f9",W)|lya5 <N f ovw g — T<(f9)ly1s + Im<(fr 9 — < (9", w))|ly45
+ Im<(f, m< (9", w)) — m<(fg", w)|ly+5
S NS llv,g,8019llw,q,8 (L 4 Nvllg + lollsllwlly + 17 (v, w) [ 544)
+ 1 £z g v + I 1819 lsllwlly

where we applied Lemma 5.3.14 to the third term. The estimate for the derivative fg"
is easily derived, and therefore

1f 20w llwry.8 S (1 fllos.8l19llw 8L+ 0llg + [[wlly + [0llsllwlly + 170 (v, w)[g44)-

The estimate for || f 0y, g — fo’ﬁ@ gll~ is derived in the same way as Corollary 5.3.12. [

5.3.3. Stability under nonlinear maps

Here we establish the stability of controlled distributions under nonlinear maps, and
we show that the space of controlled distributions is an algebra. We still assume the
controlled distributions to be one dimensional, whereas the controlling distributions can
take their values in R™ for arbitrary n.
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5. Paracontrolled distributions and applications to SPDEs

In the appendix we prove a simple version of the paralinearization theorem for u € C'¢
with o € (0,1/2), that is F(u) — 7<(DF(u),u) € C?* for any F € CZ. In fact we
slightly generalize this statement, and allow for smooth (meaning C?®) perturbations of
u. The crucial point is that the norm of the smooth perturbation appears only linearly
in the estimate. This will be needed later to obtain global solutions for Burgers type
SPDEs. Our paralinearization theorem is also a generalization of the classical result
in the sense that we only require F € Cf and not F € C*, and our estimate for
|F(u) — m<(DF(u),u)||2q is more precise than the estimates that we could find in the
literature. On the other side we restrict our attention to « € (0,1/2).

Lemma 5.3.16 (Lemma G.3 in Appendix G). Let a € (0,1/2), let f € CY(R%4 R"),
u € C?(RYR"), and F € CE(R™,R). Then
IF(f +u) = m<(DF(f +u), f)ll2a S 1Fllcz (1 + Jull2a) (1 + | flla)*-

In the appendix we also examine the Holder-Besov regularity of F'(u) for u € C*.

Lemma 5.3.17 (Lemma G.2 in Appendix G). Let a € (0,1). If f € C*(R% R") and
F € C}(R™,R), then

IEPlla S IDF[ oo [ flla + [EO) S [1Fllcp [ flla-

In fact Lemma 5.3.16 and Lemma 5.3.17 hold for general o > 0, but the estimates get
worse (polynomial rather than linear / quadratic) as « increases.

Now we are in a position to prove the first main result of this section, about the
stability of controlled distributions under nonlinear maps.

Lemma 5.3.18. Let a € (0,1/2), let v e C%, and let f € DY, with derivative f. Let
u € C** and F € C}. Then F(f +u) € DX with derivative DF(f +u)f?, and

1E(f +u)

loaa S IFllc2 (1 + olla) (1 + llull2a) (X + [1fllo,a)*:

Proof. The estimates for ||F(f + u)|lo and ||DF(u + v)fY||o are straightforward, using
Lemma 5.3.17 and the paraproduct estimates. For the remainder we have

F(f +u) —=m<(DF(f +u)f*,v) = F(f +u) = 7<(DF(f + u), f) (5-8)
—|—7T<(DF(f—|-u),f—7T<(fv,U))
+7<(DF(f +u), 7<(f*,0)) = 7<(DE(f + ) f*, v).

According to Lemma 5.3.16, the first term on the right hand side can be estimated by
IF(f +u) = 7« (DE(f +u), fllza S [Fllcz(t+ ullaa) (L + [ flla)*
The paraproduct estimates imply for the second term on the right hand side of (5.8) that

[m<DF(f +u), f = 7<(f* 0)l|2a S [IDFl|zellf = 7<(f*, 0)ll2a < | Fllzeell fllo.00-
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5.3. Paracontrolled calculus

Finally Lemma 5.3.14 yields that the third term on the right hand side of (5.8) can be
estimated by

[r<DE(f +u), m<(f",0)) = 7<(DF(f + u) ", 0) |20 S [DF(f + w)llallflallv]a
S IF ez lla + lulla) [ lallvlla;

where we applied Lemma 5.3.17 in the last step. O

Next we prove the second main result of this section: If o € (0, 1), then the space of
controlled distributions is an algebra.

Lemma 5.3.19. Let a € (0,1), v € C*(R4R™), and f,g € DYY(R), with derivatives
1Y, g" respectively. Then fg € Dy™ with derivative f'g+ fg*, and

Ifg

’g”v,a,a(l +[vla)-

vasa S [ llv.oa

Proof. The estimates for || fg|lo and || f'g + f¢"|lo are straightforward. The remainder
can be decomposed as

fg - 7T<(f,7r<(gv,’l))) —|—7T>(7T<(fv,?}>,g) +T7

where

I7ll2a = [Im<(f. g%) +7o(f: 9) + 75 (f%, 9)ll2a S I llv.aallg

v,0,00

Therefore, it suffices to control |7« (f, 7<(g",v))+ 7= (7« (f*,v),9) —7<(fY9+ f9", V)| 20
Lemma 5.3.14 implies that

< (f,m<(9" 0)) = 7<(f9°, V)ll2a S I flallg”[allvlla < 1£lv.0allgllv.aallvlla:

Since f and g are both one dimensional, another application of Lemma 5.3.14 yields

[ (m<(f7,0),9) = 7<(£g, V)20 = [[7<(g, 7<(f*,v)) = 7< (9", v)[]2a
S llgllallflallvlla S 1f1lv.a.allgllo.a.a

]|a

which completes the proof. O

5.3.4. Heat flow, paraproducts, and Fourier multipliers

In this section, which can be skipped at first reading, we examine how Fourier multipli-
ers interact with the paraproduct. This will allow us to obtain commutator estimates
between heat flow and paraproduct. We also quantify the smoothing effect of certain
Fourier multipliers.

Lemma 5.3.20. Let a < 1 and B € R. Let p € S, let u € C%, and v € CP. Then for
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5. Paracontrolled distributions and applications to SPDEs

every € > 0 and every 6 > —1 we have

lo(eD)m< (u, v) = 7 (u, 9(eD)0)latprs S € °llullallvlls:

Proof. We have

e(EeD)r<(u,v) — 1< (u, p(eD)v) = Z (p(eD)(Sj—1uljv) — Sj_1uljp(eD)v),
j>-1

and every term of this series has a Fourier transform with support in an annulus of the
form 27 A. Lemma 5.2.3 implies that it suffices to control the L> norm of each term. Let
1 € D with support in an annulus be such that v» = 1 on A. We have

©(eD)(Sj—1uAjv) — Sj_1uAjp(eD)v
= (Y277 )p(e))(D)(Sjm1uldjv) = Sj—1u(® (277 )p(e)) (D) Ajv
= [(®(277)p(e))(D), Sj-1u]Ajv,
where [(¢(277-)p(e))(D), S;—1u] denotes the commutator. In the proof of Lemma 2.97
in [BCD11] (our Lemma 5.3.1), it is shown that writing the Fourier multiplier as a convo-

lution operator and applying a first order Taylor expansion and then Young’s inequality
yields

I[(¥ (277 )p(e))(D), Sj-1ul Ajv| Lo
SO " F @)l 1078 1ul Lo [ Al oo (5.9)
neNd:|n|=1

Now F~1(f(279)g(e)) = 279F~1(fg(e27-))(27-) for every f, g, and thus we have for every
multi-index 7 of order one

2" F (277 )p(e) | 1
< 27| FH@) (277 (e )l + ellFH@(277) 00 () |
= 279 F((8™))p(e27-)) || 1 + €| FH (07p(£27-)) || 11
S2770(+ ] DPFT@") (€27 ) e +ell(1+ |- )2F (90" p(e27-)) || oo
= 27| FH (1 = A)N((0")p(e2 )| oo + el FH(1 = &) (0" (e27-)) || o
S 27701 = A) (") p(e27)) [l pe + el (1 = A)H($d"p(e27-))|| o, (5.10)

where the last step follows because 1 has compact support. For j satisfying €2/ > 1 we
obtain

2" F (e NN S (e +279)(€2)* D> [10%0(e27 )|l oo (suppiyys  (5-11)
n:|n|<2d+1

where we used that ¢ and all its partial derivatives are bounded, and where L*°(supp(¢))
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5.3. Paracontrolled calculus

means that the supremum is taken over the values of 97p(£27.) restricted to supp(v).
Now ¢ is a Schwartz function, and therefore it decays faster than any polynomial. Hence,
there exists a ball Bs such that for all x ¢ Bs and all || < 2d 4+ 1 we have

|07 p()] < Ja 7210 (5.12)

Let jo € N be minimal such that 2904 N Bs = () and €270 > 1. Then the combination of
(5.9), (5.11), and (5.12) shows for all j > jo that

(¥ (277) (e ) (D), Sj—rulAjv] L

SE+27)E2) > 1070)(€27 )| 1 supp(e 27 lulla2 P |lvll5
n:n|<2d+1

(6 +277)(e27)2(29) 241093 (1= B |y || || | 5

<
iN—1\ .—65—j 5
S (1 + (e27) 12279ty o v 5.

Here we used that a < 1 in order to obtain [|07S;_1ul|pe < 27(=)|ju|| L. Since e27 > 1,
we have shown the desired estimate for j > jo. On the other side Lemma 5.3.1 implies
for every j > —1 that

l[e(eD), Sj—1u]Ajv|| e < Eneél%ﬁ(lﬂ 10"S;_1ul|pee [| A Lee S 62j(1—a—5)HuHaHv||ﬁ.

Hence, we obtain for j < jo, i.e. for j satisfying 2/¢ < 1, that
N1+ —0—j 6 —00—j 6
llp(eD), Sj—1u] Aol < (€27) e =027 CHB o |Jo]g < e279 D luflq o],
where we used that § > —1. This completes the proof. O
The same arguments allow us to quantify the smoothing properties of Fourier mul-
tipliers that behave like Schwartz functions for large |z|. In particular, we will be able

quantify the smoothing properties of the semigroup generated by the fractional Laplacian.
Of course these are well known, but at this point we can give a short proof.

Corollary 5.3.21. Let a € R. Let ¢ be a continuous function, such that ¢ is smooth
outside of a ball centered at 0, and such that ¢ and all its partial derivatives decay faster
than any polynomial at infinity. Assume also that Fp € L'. Then for allu € C®, € > 0,
and 6§ > 0 we have

le(eD)ullars < e flulla-

Proof. Let ¢ € D with support in an annulus be such that ¥p = p, where (x, p) is our
dyadic partition of unity. For j > 0 we have

p(eD)Aju = F~H(p(e)(277)) * Aju,
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5. Paracontrolled distributions and applications to SPDEs

and therefore Young’s inequality implies that
le(eD)Ajullz= S [IFHple) (277 )27 [ulla-

Hence, it suffices to prove ||F~ (¢(e)(277 )| < €7°2799. For j large enough so
that 27¢ > 1 and [07p(2)| < |2[7297179 for all n € N? with |n| < 2d and for all = €
supp(¢(27e-)), this is shown exactly as in the proof of Lemma 5.3.20: just omit the
factor 2" in the derivation of (5.10). But for €2/ < 1 we have

le(eD)Ajullz < IF~e(eNlnlldullee S IF el 277 ulla
S 27 fulla = (2)°e 0277 lullq S 7027 fullq,

where in the last step we used that 6 > 0. O

5.4. Rough Burgers type equation
A first example on which to test our theory is the Burgers type SPDE
Owu(t, z) = —Au(t, z) + G(u(t, z))Dyu(t, z) + W(t, x), (5.13)

where —A = —(—A)? is the fractional Laplacian for a sufficiently large o, the Gaussian
noise W is white in space and time and takes its values in R™, and the spatial derivative is
denoted by D,. Moreover, G : R* — L£(£(T¢,R"),R") is a smooth map. We consider this
equation on the d-dimensional torus T? = [—, 7]¢ with periodic boundary conditions.
Recall from Section 5.2 that our results on R¢ carry over to this setting without problem.
Note that if n > 1, then in general there exists no function I'" : R™ — R” such that

G(u(t,z))Dgu(t,z) = Dy(T'(u(t, x))).

This prevents a direct definition of the term G(u(t,z))D,u(t, z) as a distribution. More-
over, we will see that the natural regularity of u is too low to define G(u(t,z))Dyu(t, x)
using Bony’s paraproduct.

In the case of a one dimensional spatial index set, Hairer [Haill] uses a flow decompo-
sition to make sense of (5.13): Consider the stationary solution ) to

op(t,x) = (—A = Np(t, ) + W (t, x)

for a correction term A > 0 (needed for the existence of stationary solutions). If we set
v :=u — 1, then v formally solves

(t,x) = —Av(t,z) + Gu(t,z) + P(t, 2))Da(v(t, ) + ¥ (t, ) + Mp(t, ).
The main problem then consists of making sense of the term

G(U(Sv ) + 1/}(37 ‘))Dx(v(‘S? ) + w(sv ))
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5.4. Rough Burgers type equation

Hairer’s key insight is that for d = 1, the theory of controlled rough paths can be applied
to make sense of the product. An extension of this approach to higher dimensions is
naturally provided by the theory of paracontrolled distributions. As we will show, we can
make sense of the product G(v(s, -)+(s,))Dz(v(s, )+ (s,-)) by devising a suitable area
distribution for 1. We then combine the continuity properties of our product operator
with smoothing properties of the heat flow to prove the existence and uniqueness of
solutions to (5.13).

5.4.1. Construction of the Besov area
The first step is to analyze the stationary solution 3 to
opb(t,x) = (—A = N(t,z) + W(t, z). (5.14)

For the existence of ¢, we suppose that the space-time white noise W is defined on
R x T¢. Recall that W is a space-time white noise if it is a mean zero Gaussian process
with values in &'(R x T¢), such that

B, )W) =030 [ gt ot a)dtda

RxTd

for all test function ¢, € L?*(R x T%). Formally we write E(WJ(t,z)W(t' z')) =
8;06(t—t')6(x — '), where § denotes the Dirac delta but d;, denotes the Kronecker delta.
In this setting, the stationary solution v is given as

vlt) = [ (RLIGs,) @)s,

where (P)i>0 = (e*At(e*tH%)(D))tZO is the semigroup generated by —A— \. The reason
for considering the stationary solution is that its Fourier transform has a particularly
simple covariance structure, which is convenient in the following calculations.

Lemma 5.4.1. Let QZ be the spatial Fourier transform of i, i.e.

~

W(t, k) = / e "R (t, 2)da for k e Z2
Td

Then ¥ is a complex-valued stationary Gaussian process with zero mean and covariance

20
o= It —t k)

B (8, k)Y*(t' K)) = (2m)"0;¢0(-1)—

Etearo 19

forj,t=1,...,n, k,k' € Z% and t,t' € R.

Proof. We give a formal derivation, which can be rendered rigorous by considering the
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5. Paracontrolled distributions and applications to SPDEs

action on test functions. For the spatial Fourier transform I//T\/ of W we obtain
E(WJ(t KW, K) /d /d ko) o—ulk2) By (4, 2)WHE, 7)) da' dw
Td JT
- jga<t_.t>t/’ etk =l ) g
Td
= (27T)dfsjg5(t — t/)ék(fk’)'
Hence, the covariance of 1Z is given by
E@7 (¢, k)P (¢, k)
t e =
:/ /(ﬂwmw%fwwWWqumww%www@

_ (ovds. ) AHIRZ) (¢ — ) (A Ik[2)
= (27m)%0500p(—k) e e ds

2(tA) (A+k|?7)
— (91)95. - —(t+t") A+ [K[*)
(27T) 5j£5k(—k) 2()\+ |k’2‘7) e

oIt A+ R[27)

= (2145 n————————.
(27) %000k (— k1) SONT HE)

Our first concern is to study the Hoélder-Besov regularity of the process .

Lemma 5.4.2. The process 1) is almost surely in C([0,T], CY(T¢,R"™)) for any o <
o—dj2.

Proof. Let s,t € [0,T] and ¢ > —1. Recall that fs; := f(t) — f(s), for any f defined on
[0,T]. Writing A, as a convolution operator, we see that Ay, is a Gaussian process
indexed by T¢, with values in R”. Using Gaussian hypercontractivity we obtain for p > 1
that

E (180t Foinay) Sp IB(As @) P g ay: (5.16)
where we denote || f(x )||Lp (T4) = Jra | f(x)[Pdz for any f € L'(T9). By definition we have
Appsy(m "N ks (ke
kezd

and therefore
E(|Ars () (2m) 2" pe(k)pe(K e E T E (1 o (k) bs o (K)).

kK

Since py has compact support we are considering finite sums, and therefore exchanging
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5.4. Rough Burgers type equation

expectation and summation is justified. Now (5.15) implies for 1 < j < n and indepen-
dently of z € T¢ that

EA ()2 — (91 S~ g2y L €A
18 (@) = o)™ 5 A0

For any € € (0,1] we have 1 — e™® < 2°, and therefore

o)t 3 2(k)1—ef|tfs\<x+|k|%> S 1
Q Pe % Slt—s 20\ 1—
kezd A+ |k’ kesupp(pe) ()\ + ’k‘ ) :
S |t . 8’526(d720(175)).

Hence, we obtain from (5.16) that

B (6t~ 6% | ) & X 298 (180l
’ >—1
< Z 2€a2p (‘t o S|E2Z(d—20(1—s))>p
>—1

for any o € R and any p > 1. For a < 0 —d/2 there exists € € (0, 1] small enough so that
the series converges. Since we can choose p arbitrarily large, Kolmogorov’s continuity
criterion for Banach space valued processes, Theorem 1.2.1 of [RY99], implies that ¢ has
a continuous version such that ¢» € C([0,T], §‘p72p(Td)) for all @ < 0 —d/2. Now we
use again that p can be chosen arbitrarily large, so that the Besov embedding theorem,
Lemma 5.2.4, shows that this continuous version takes its values in C([0, 7], C%(T¢)) for
all a < o —d/2. O

Contrary to the one dimensional case, in higher dimensions the Laplacian does not
sufficiently smoothen the white noise. In fact Lemma 5.4.2 shows that if 0 = 1, then
already for d = 2 we only have a distribution valued solution ¢ € C([0,7],C~¢) for
any € > 0. Hence, in that case it is not even clear how to define G(¢(t,-)), let alone
G(¥(t,-))Dgt(t,+). So in higher dimensions we need to consider the fractional Laplacian
of a sufficiently high order.

If o —d/2 € (0,1/2), then G(¢)) makes sense, but the product G(¢))Dg1 cannot be
defined using classical analytical arguments. This is why prior to [Haill] it was not
known how to describe solutions to (5.13). Hairer solved the case d = 1, and in the
following we show how to use our paracontrolled calculus in order to solve (5.13) for
d > 1. For this purpose we need to construct the area process of ¥(t, -).

Lemma 5.4.3. Let ¢ be the stationary solution to (5.14). If 1 +d/2 — 20 < 0, then for
any a < o —d/2 almost surely

7o (1), Dath) = (7o (', Datp?))1<i j<n € C([0, TT; C**7H(THR™™)).
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Proof. Without loss of generality we can argue for 7ro(1/11 x¢2) The case 7o (¢!, Dytpt)
is easy, because Leibniz’s rule implies that 7, (!, Dyypt) = 1D, (7o (1, 41)).

Note that if 7 is smaller than £ — N for sufficiently large N, and if |i — j| < 1, then
Ap(AifAjg) = 0 for all f,g € S'. Hence, the projection of m, (), D,4)?) onto the ¢-~th
dyadic Fourier block is given by

Ao (', Det®) = D Ap(Aip' AjDLY?) = D L Ap(Apt AjDLY?),

li—jI<1 li—j|<1

Therefore, we can apply Gaussian hypercontractivity (see [FV10b], Appendix D.4) to
obtain

p

E||[Ag7ro(¢1,Dm¢2)]s,t||igp(1rd HE(( Z Lo<i[A(Ap" AjDy%) ()]s, )2>

li—j|<1

LB(Td).
(5.17)

Let us start by estimating

E(( Z| LA (A, ->Aijw§,t><x>)2) (5.18)

Yo Lisilico E(Ae(Aip (8, ) A D2 ) (2) Ap( A (£, ) Ay Dt ) ().

i—j|<1]i'—5'|<1
J J

Taking the infinite sums outside of the expectation can be justified a posteriori, because
for every finite partial sum we will obtain a bound on the L?> norm below, which does
not depend on the number of terms that we sum up. The Gaussian hypercontractivity
(5.17) then provides a uniform LP-bound for any p > 2, which implies that the squares
of the partial sums are uniformly integrable, and thus allows us to exchange summation
and expectation.

Let us write F for the spatial Fourier transform. Recall that F(F~ luFtv)(k) =
2m) " w(kv(k — k'), and F(D,u)(k) = 1kF(u)(k), and therefore

Ap(Aipt (¢, ) ADLYE ) (w S pe(k F(Ai' (¢, ) AjDL3 ) (k)
kezd
S pe(k)e B pi (R F (M) (8, K)oy (k — B Yk — KN F (%)s0(k — K).
k,k'€zd

Using the explicit covariance (5.15) and the independence of ¢! and 1?2, we thus obtain

b << > LA A (t, ')AJDwit)(m)) 2)

li—jl<1

o> Lsilese Y, pi(k+E)pi(k)pi (k) pi(K)pj (K

li—g|<1 &' —5"|<1 k,k' €2
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L1 — e lmsIOHRET)
)\+|k’|2‘7 2()\+|k|2‘7)
L1 — e lt=sIOHR?)
BTN

x K|

Y L > P2k + KK

li—j]<1 kesupp(p;),k' €supp(p;)

For any € € (0,1] we can estimate the right hand side by

t — S|‘€()\+ |k/|2a)e
1y<i k+k k’2|
Z £t Z ( + KK 2(\ + [K/[27)2

li—jl<1 kesupp(p;),k’ €supp(p;)
’t 8’ (2120 .
Z 2d12dg QZ 2— 2d€ Z 221(1+d/2—20’(1—6))|t o S|€
5 .
>4 (22 J) izl

So if 1 4+ d/2 — 20 < 0, then we obtain for sufficiently small € > 0 that
2
BT et B :98,0,02)()) ) £ 220D,
li—jl<1
and by the same arguments
2
B((( T LatBal D5, )(@)) ) 5 200Dy,
li—jl<1
Since
Aﬂ/’l(tv )AJDx¢2(t7 ) - Al¢1<87 )AJDI¢2(S7 )
= At (t, ) A Dot + Ay A Dyt (s, ),
we get for sufficiently small € > 0 and for arbitrarily large p > 1 that

E|| Ao (¥}, Dpth?) — Apmo (¥}, st)Hsz (14) < < 9t(1+d—20(1—¢)) 2|¢ — s|eP.

Now we use the same arguments as in the proof of Lemma 5.4.2 to conclude that
7o (Y1, Dy1p?) has a version that almost surely belongs to C([0,T],C?*~1) for all a <
o—d/2. O

Remark 5.4.4. We constructed the Besov area /D, using one fixed partition of unity.
But if (X, p) is another dyadic partition of unity, with dyadic blocks (A;);>_1, and if
oDz is constructed using that partition, then 1D, v and ¥oD,1 almost surely coincide.
This can be seen by considering the difference

ST AWAD — > AppAyDyth,

ij<N i"j'<N
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and by showing that it converges to 0 as N tends to co.

More generally, we expect that for a wide range of smooth approximations (¢;);en to
1, the product (m(1j, Dz10;)) almost surely converges to mo(1, Dy1p). In the setting of
Gaussian rough paths, such results have been obtained by Friz and Victoir [FV10a]. See
also [FGGRI12] for the case of SPDEs with a one dimensional spatial index variable, and
Chapter 10 of [Hail3a| for some general results in the multidimensional case.

5.4.2. Picard iteration

Having constructed the Besov area of the driving noise, we can now solve the fractional
Burgers type equation. For this purpose, we first have to define what we mean by a
solution.

For t > 0 and o € R we define the space C% := C([0,T],C%(T¢,R")) with norm

lullcg == sup_||usla,
s€l0,T

where we write ug := u(s,-).

Definition 5.4.5. Let d € N, o —d/2 > 1/3,e > 0,and a € (1/3,0—d/2). Let up € C*.
A function u € C§ is called mild solution to

dwu(t, z) = —Au(t, z) + G(u(t, z))Dyu(t, x) + W(t, x), (5.19)

with initial condition ug, if v := u — 1 is in C’%ﬁg, and

v(t,-) = P(ug — o) (z) + /0lt P_s[G(v(s, ) + (s, -))Dg(v(s,-) + ¢(s,))]ds
+A /0 "B (s, )ds,

where the product G(v(s, ) +1(s,-))Dz(v(s, )+ (s,-)) is as in Section 5.3: Since v(s, ) €
C'*=, we have v(s,-) +1(s,-) € Dy, and Dy (v(s,-) + (s, ) € Dg;};o‘.

Remark 5.4.6. A priori this definition depends on the constant A > 0 that we intro-
duced to obtain a stationary splution to the linear part of the equation. But if @ZJ solves
Op(t,z) = —(A+NY(t,x) + W (t,z), and ¢ solves Opp(t, z) = —(A+NY(t, x) + W (t, z),
then

8t(¢ - J)(ta 33‘) = —AW - i)(t $) + ;‘i(tv '7;) - )‘w(tv 1‘),

and from here it is easy to see that ¥ — & is smooth. Therefore, any w € Dz’a is also in
D%’O‘, which implies that the definition of the product P,—sG(v(s,-) + (s, -))Da(v(s, ) +
(s, -)) does not depend on the special choice of A.
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5.4. Rough Burgers type equation

We also could have taken

Jt) = [ (P (s, s

as reference distribution, and not the stationary solution . While it is harder to derive
the regularity of QZ directly, it is easy to show that the difference ) — 1?[3 is smooth.

We could also define weak solutions. It should be no problem to show that mild and
weak solutions coincide.

For further details on these questions see [HW13], Definition 3.1 and the following
discussion.

Before proving the existence of a unique solution to (5.19), we establish some a priori
estimates. To lighten the notation, we introduce a “rough path norm”.

Definition 5.4.7. Let a > 1/3 and w € C*(T¢,R") with associated Besov area wD,w €
C?~ (T4, R" @ £L(T,R")). In that case we write w := (w, wD,w) € €%, and we define
the “norm”

[wllge := [[Dsw|a—1 + [[wllalDewlla—1 + [17e(w, Daw)|[2a—1-
For ¢ > 0 we also introduce the space ¢ := C([0, t], €“) with “norm”

[Wlga := sup [[W(s,)[lge.

s€|0,t

We first recall the smoothing properties of the semigroup generated by the fractional
Laplacian.

Lemma 5.4.8. Let 0 > 1/2 if d is odd, and o > 1 if d is even. Let A = —(—A)% with
periodic boundary conditions on T¢ and let (Pt)t>0 be the semigroup generated by A. Let
a€R,andletue C t>0,5>0. Then

_s
[Prullats S 27 [|ulla-

Fora<1l,ucC*', veC® ande > 0 we obtain

_ 24e— _14e—
1Prfie S 772 Jlufamt and  [[Polie St [[v]la

~ ~

Proof. The semigroup is given by P, = ¢(t!/(29)D), ¢t > 0, where p(z) = el Hence, it
suffices to show that ¢ satisfies the assumptions of Corollary 5.3.21. Outside of every ball
that contains the singularity 0 (where ¢ is not infinitely differentiable), ¢ behaves like a
Schwartz function. Let us show that Fop € L'. Let m be the smallest even integer that
is strictly larger than d. Since ||Fo||re S [|@llr1, it suffices to show that |-|"Fy € L.
But

2| Fo(z)| = |FA™20) (@) S IA™ 20 S > (1070 1.
neNd:[n|<m
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5. Paracontrolled distributions and applications to SPDEs

If d is odd, then 20 —m > 1 — (d+ 1) = —d, and therefore the right hand side is finite.
The argument for even d is similar, and therefore the proof is complete. O

Remark 5.4.9. We only used the lower bounds on ¢ to prove that Fo € L'. This holds
for every o > 0, in fact it is well known that |Fo(x)| < |2|79727. But eventually we are
only interested in o —d/2 > 1/3, so the lower bounds in Lemma 5.4.8 do not impose any
additional restrictions. On the other side they simplify the proof.

Based on these estimates, we can establish an a priori estimate for the action of the
fractional heat kernel on the nonlinear part.

Lemma 5.4.10. Let a € (1/3,1) and w = (w,wD,w) € €. Lete > 0 and let v € C1*¢
and G € C¢. Then for all t € [0,T] we have

24e—a

_24e—a _lie
PG (v + w)Da(v + w)lllive Saw ™2 (14 [vll2a) + 7727 [|v]l14e.

Proof. Since v + w is controlled by w, and D, (v + w) is controlled by D,w, it would be
possible to directly apply Theorem 5.3.15 to define G(v+w)D,(v+w). But this would only
give us a quadratic estimate in v, which would lead to problems when trying to construct
global solutions. Therefore, we consider the terms G(v + w)Dzv and G(v + w)Dyw
separately.
The semigroup estimate Lemma 5.4.8 implies for the smooth term
|G + w)Dyvllle S ¢ 3 G (o + w)Dyvllo S 75 | Gv +w)Dgvl| e

~

_1l4e _14e
St 27 |Gl e |Davlle S 27 (|G e ][0fl14e- (5.20)

Theorem 5.3.11 applied with 8 = a and v = a — 1 lets us estimate the rough term by

|G (v + w)Dewlla—1 < |G(v + w)Daw|p,wa-10 S G0+ w)[lwaall +[[w]ge).
(5.21)
Since G € CZ, Lemma 5.3.18 yields
IG (v + w)llwaa Se (14 wlla) (1 + [[0]l2a) (1 + [[w]|w,a0)? (5.22)

We combine (5.21) and (5.22) with the semigroup estimate Lemma 5.4.8 (where we take
0 =2+ ¢ — a), and obtain

_ 24e—a

[1P:(G(v + w)Dow)|14e Sew t7 2 (14 [[v]l2q)- (5.23)
The proof is completed by combining (5.20) and (5.23) and noting that o < 1 implies
2+4+¢e—a>1+4 ¢, so that we can replace e by ¢~ = O

Next we establish a contraction property for the semigroup acting on the nonlinear
part.
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5.4. Rough Burgers type equation

Lemma 5.4.11. Let a € (1/3,1) and w € €. Let € > 0 and let v1,vo € C'T¢ and
G € C}. Then for allt € [0,T] we have

| Pt[G(v1 + w)Dy(v1 + w)] — P[G(v2 + w)Dy(v2 + w)]|l142
_ 24e—a _1+e
Sewt™ 2 (14 [[vill2a + [[v2ll2a) lvr — vall2a + 720 (1 + [[vr][14e) [[v1 — v2[[14e-

Proof. We decompose
G(v1 + w)Dy(v1 +w) — G(v2 + w)Dy(v2 +w) = g1 + g2 + g3,
where

g1 := (G(v1 + w) — G(v2 + w))Dw, g2 = (G(v1 + w) — G(v2 + w))Dyv1,
93 := G(vy + w)Dy(v1 — v2).

Using Theorem 5.3.11 with § = o and v = a — 1, the term ¢g; can be estimated by
[91lla—1 = [(G(v1 + w) = G(v2 + w))Dawlla—1 Sw [|G(v1 + w) — G(v2 + W) [|w,a,a-

We apply a Taylor expansion in the first step, Lemma 5.3.19 in the second step, and
Lemma 5.3.18 in the third step, to obtain

|G (01 + w) = G2 + W) [[w,aa

/01(8”6‘)(1)2 + w4 (o1 — v2)) (01 — va)"dr

T]EN”Z|77|:1 w,o,o
1
Su X [ @G w2 +w-+ 101 = w)llwaallr = valleadr
In|=1

Sew (14 [Jv1]l2a + [Jva]l2a) [v1 — val|2a-

Hence

lg1lla—1 Sew (1 + llvill2a + llv2]l2a)l[v1 — v2]|2a-
We apply a Taylor expansion to g2 and obtain
g2l + llgsllze S [(G(v1 +w) — G(v2 + w))Dyv1| e + [|G(v2 + w)Da(v1 — v2)][ Lo
Sew l[vr — vallpee ||lv1|l14e + [lo1 — vall14e-

The statement now follows from the semigroup estimate Lemma 5.4.8, which we apply
with § = 2+ € — « to estimate P;g1, and with § = 1 + € to estimate P,go and P.g3. For
the last two terms we also need that ||-||o < |||/ zee- O

We are now ready to prove the main result of this section.
Theorem 5.4.12. Let T > 0, d € N, let 0 > 1 be such that o — d/2 > 1/3, and let
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5. Paracontrolled distributions and applications to SPDEs

a € (1/3,(c —d/2) A1). Let ug € C% and G € Cy. Then there exists a unique mild
solution u € C$ to equation (5.19).

Proof. Inspired by [Haill], we subtract the contribution of the initial condition and solve
for vy = ug — P — Pr(uo — to).

We set up a Picard iteration in C'*¢ for some small € > 0, to be specified below. We
define v° := 0, and

t
U?—H = /0 Pt—s[G(U? + Y5 + Ps(uo - ¢0))Dm(02 + s + PS(UO - wo))]ds

t
+A / P_thsds.
0

In Lemma 5.4.2 and Lemma 5.4.3 we showed that (¢, ¢¥Dgv) € €5. For Lemma 5.4.3 we
needed that 1+ d/2 — 20 < 0. But since 0 — d/2 > 1/3, this is satisfied.

Let 8 € (1/3,«) and t € [0,7]. We apply the a priori estimate Lemma 5.4.10 with g
in the place of «, to obtain

t
[0 e < 1P [GO0E + s+ Paloto = o) Du(vf + s+ Palto = o)) ds
t
+A /0 P stbl1ods

24+e—f

t
S [ (6= 875 (L4 2 + Paluo = o) |a5)ds

t e,
4 [ =975 o+ Puliio = o) e + NPt ] .

Now the semigroup estimate Lemma 5.4.8, applied with § =20 —aand § =1+¢ — «
respectively, yields

n+1 < t n _24e=p 1 n _26—a . d
vt Hﬁfwaw(ﬁt s)” 2o (L4 |[vdllite +57 25 [Juo — ¢olla)ds

l4e—a l4e—a

t 1+4e¢
+ /0 (6= 5)7 5 (ol + 5737 luo — Wolla) + At = 5)7 27 [[9s]la] ds.

For a,b > 0 the integral [J(t — s)~%s’ds converges to zero as t tends to 0 if and only if
a+b < 1. So if we choose € > 0 small enough, then there exists 77 € (0,7, independent
of ug, such that

[uolla +1

5 (5.24)

0"l cye <

for all n € N.
Let us write Uy := Ps(ug — ¢g). The contraction estimate Lemma 5.4.11, applied with
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5.4. Rough Burgers type equation
S in the place of a, implies for all ¢ € [0, 7] that
ot = e < [ [ PioalG2 + v+ DL 5+ U
~ PG 4 s+ UDa(0f +i + U] ds
X /Dt(f —s)”

t _lie _
+ [ = s o + Uil = 0 e

24e—p3
20

(1+ ll08 + Usllag + loa™" + Usllzg)lvy — 5 ™" l2pds

Now the same arguments as before, in combination with (5.24), prove the contraction
property on [0, T»] for a suitable T > 0. Hence, there exists a unique solution on [0, T5].

It remains to show the existence of a global solution. Let Ti.x € (0,7] be the
maximum time for which there exists a solution v on [0,Thax). First assume that
limy 7. ||v]| gite < 00 Then we can iterate the construction of a local solution on
small intervals of length T3, where T3 > 0 is fixed, because the initial condition in each
iteration will be bounded by sup;, HvHCtHs < oo. Hence, Typax = T. On the other

side limy_,7, .. HvHCtHE = oo is impossible, because (5.24) yields
ol egre < FoTTes T (fluglla) < oo,

where F(x) := (x 4+ 1)/2, and F°™ is the m—fold iterative application of F. O

Remark 5.4.13. The continuity of all operators involved in the Picard iteration enables us
to show that solutions to (5.19) depend continuously on the reference path ¢: If (¢7)jen
converges to 1, such that (mo(¢7, Dy1p7)) converges to (1), D41b), then the solutions v’
to

vl (t,) = Pi(uo — ) (x) + /Ot Py s[G(07(s,) + 97 (s,))Da(v? (s, ) + 47 (s,))]ds
+ )\/Ot P (s, -)ds

converge to v. This can be seen by similar arguments as the ones used in the proof of
Proposition 8 in [Gub04].

As explained in Remark 5.4.4, we expect that if we approximate W by suitable se-
quences (W7) of smooth functions, then (7, (37, D7) converges to mo (1, Dy1b). This
indicates that our solution u is the limit of the classical solutions u’ to

ol (t, ) = —Aud (t,2) + G(W! (t, 2))Dyud (¢, 2) + W(t, z).
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5. Paracontrolled distributions and applications to SPDEs

5.5. Non-linear parabolic Anderson model

In this section we study the following nonlinear version of the heat equation
duu(t, z) = Au(t, z) + F(u(t,z))W (z), (5.25)

where W is a spatial white noise on T? without time dependence, F': R — R is a smooth
function, and u : [0,T] x T? — R. This is a nonlinear generalization of the parabolic
Anderson model, for which F(u) = u. See for example [CM94] for a comprehensive
treatment of the spatially discrete parabolic Anderson model. There is not much work
on the spatially continuous case in dimension 2 or higher, at least not for a white noise
potential. Most papers that deal with this problem use Wick products to make sense of
the product ulW, see for example [LR09]. To the best of our knowledge, the only other
work on the nonlinear version (5.25) is the recent paper by Hairer [Hail3a] on regularity
structures, in which, among many other problems, a slightly more general version of the
equation is solved.

The regularity of the spatial white noise is W € C~%2~ meaning that W € C~%/2-¢
for every e > 0. So for d = 2 we have W € C~!~ and the regularization provided by the
Laplacian would be sufficient to have v € C'~. Heuristically we gain (almost) 2 degrees
of spatial regularity. Then the product F(u)W is not defined, because the regularities of
F(u) and W sum up to a negative value. The mild solution reads

u(t,x) = Prug(z) + /0 P[P () W] (2)ds,

where (P;)¢>0 is the heat kernel and where us := u(s,-). Now

F(US)W =< (F(us), W) + 7o (F(us), W) + > (F(us), W)
and the critical diagonal part can be further decomposed as

7o (F(ug), W) = 7o (< (F' (), us), W) + 7o (15, W)
= F'(us)mo(us, W) + R(F'(us), us, W) + 7o (75, W),

where the paralinearization theorem implies that rs = F'(us) — m< (F'(us), us) is smooth.
Again the difficult term is 7o (m< (F”(us), us), W), and R is as in Lemma 5.3.3. Since the
commutator between semigroup and paraproduct is smooth (see Lemma 5.5.7 below), we

have

¢ ¢
u; = Prug —i—/o P,_s(F(ugs)W)ds ~ Pug —i—/o P g(m<(F(us), W))ds

t
~ Poug + / 7o (F(us), Pr_sT)ds,
0

where we write f ~ ¢ if f — g is smooth. Therefore, u is called controlled by W if there
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5.5. Non-linear parabolic Anderson model

exists u), such that
t .
uy ~ Pug +/ < (ul, P_sW)ds.
0

In this case (and if for the moment we ignore the initial condition), we get

. t . . t . .
Wo(ut,W)f:wo</ 7r<(u’8,Pt_sW)ds,W> :/ oo (Pr W, W)ds.
0 0

So here m,(P,W, W) takes the role of the area. Of course for every ¢t > 0 this is a well
defined smooth function, but we need an estimate as t — 0.

5.5.1. Regularity of the Besov area and renormalized products

Motivated by this heuristic discussion, let us now study the regularity of the Besov
area mo(P;W, W) and construct the product F(us)W. It will turn out that we have
to renormalize the product by “subtracting an infinite constant” in order to obtain a
well-defined object.

Recall that W is a spatial white noise if it is a mean zero Gaussian process with values
in §'(T?), such that

E((W,o)(W,9)) = |, p(@)0(@)dz

for all test function o, € L?*(T?). Formally we write E(W (z)W (') = 6(z — '),
z,x € R

Note that for £ > 0 the function PtW is smooth, and therefore the Besov area PtWW
is a well-defined smooth function. We have to study how its regularity depends on t.

Lemma 5.5.1. For any x € T? and t > 0 we have
. .. B 1
g = E(ne(PW,W)(2)) = B(A_1 (o (BW,W))(2)) = Y e I ~ -
kez?
In particular, g: does not depend on the dyadic partition of unity under consideration.
Proof. Let z € T?, ¢t > 0, and m > —1. Then
E(An(mo(PBW,W))(2)) = Y B(An(Ai(BW)A;W)(x)),
li—g|<1

where exchanging summation and expectation is justified because it can be easily verified
that the partial sums of A, (7w (P,W,W))(z) are uniformly LP—bounded for any p > 1.

Similarly as in the proof of Lemma 5.4.1 we can show that (W (k))ez2 is a complex

valued centered Gaussian process with covariance E(W (k)W (k")) = (27)26)(—r)- Recall
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5. Paracontrolled distributions and applications to SPDEs

that P, = e~tI1”(D). Therefore

E(Am(A((PW)AW)(2))
= (2%)*2 Z eZ(kJrk’,:Jc)pm(k + k/)Pi(k)efﬂk'ij(k')E(W(k)ﬁ\/(k'))
k,k'eZ?
= 3 pm(O)pitk)e M pi (k) = diym 3 pilh)ps()e .
kez? kez?

For |i — j| > 1 we have p;(k)p;(k) = 0. This implies, independently of = € T?, that

. 1
9 = B(mo(BW. W)(@) = 30 Y- pik)p;(k)e M = 37 e = [ eielap = -,
kez? ij kez? R
while E(mo(PW, W)(z) — A_1 (7o (P,W, W))(x)) = 0 for every z € T2 O

The factor 1/t leads to a diverging time integral. This motivates us to study the
renormalized product mo(P,W, W) — g;.

Lemma 5.5.2. Fort > 0 we define
Ei(x) := 1o (PW,W)(2) — g;.

Then for all e € (0,1) and for all t > 0 we have E(||Z||_c) <t~ 5. In particular

T
E( / ||zt||5dt) < oo

for all T e > 0.

Proof. We use similar arguments as in the proofs of Lemma 5.4.2 and Lemma 5.4.3. Let
t > 0. By Gaussian hypercontractivity we obtain for p > 1 and m > —1 that

) = P
E|AmZ 022y Sp [E(AZ(@)P)

. 2
Lz(T?) (5.26)

Lemma 5.5.1 implies that A,,g; = 0 = E(Am(ﬂ'o(PtW, W))(:r)) for m > 0, and therefore
E(|AnEi(2)*) = E(|Am(mo(PW, W) (2)?) = Var(Ap(mo(BW, W))(z)),  (5.27)

where Var(X ) denotes the variance of X. Lemma 5.5.1 also gives A_jgy = ¢4 =
E(A_(mo(PW,W))(z)), leading to

E(A1Z4()?) = B(A_ (ma(PW, 1)) (@) — gu?) = Var(A_i (re (PIV, W>><:c>(>. |
5.28
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5.5. Non-linear parabolic Anderson model

Therefore, it suffices to control Var(A, (mo(P,W, W))(z)). We have
Flma (P, W) (k 2SN ol — K RV (- 1)y ()W (K),
k'ez? |i—j|<1

implying for all m > —1 and = € T? that

A (mo(PW, W) () = (27) 7> D7 €%y () F (o (P, W) (k)
kez?

o~

Z Z w(k14k2,T) pm(k1 + kZ)pi(kl)eftlm\ZW(h)pj(kg)W(kz).
ki1,k2€72 |i—j|<1

Hence

Var(Ay, (1o (PW, W))(z))

_ 2
S OS TS et ke )
k1,ko€Z? k1 kLeZ? |i—j|<1 | —5/|<1

x e M) o (g + k) pa(k e pj (k) cov (W (k)W (ka), W (RG) T (K5),

where exchanging summation and expectation can again be justified a posteriori by the
uniform LP-boundedness of the partial sums, and where cov(X,Y") denotes the covariance
of X and Y.

—

Now (W (k))ezz is a centered Gaussian process, and therefore Wick’s theorem ([Jan97],
Theorem 1.28) yields

cov (T (k)W (), W (4 )W (k) = B(W (ke )V (o)W (K} (k)
— BOW ()W (ko)) B (W (k)W (K})

= cov(W (K1), W(k ) cov (W (), W (k) + cov(W (ky), W (k) cov(W (ka), W (k}))
D,

— — —

W (kb)) cov (W (ka), W (k})) — cov (W (k), W (ka)) cov (W (k}), W (k)))
= (27) (S, (—k0) Orea (k2 + O (k) ko (=)

+ cov(W (k

This implies that

Var (A, (7o (P,W, W))(z))
= D > > lLngilmzopm(kr + k2)pi(k1)pj(k2)pir (k1) p; o (kg 2tk

k1,ko€Z? |i—j|<1|i'—5'|<1

+ 3 > Lmsilmzaph Ui 4 ko) piCkn)pj (ko) pi (ko) pyr (ke 1P =tlkel,
k1,ke€Z? |i—j|<1|i'—j5'|<1

There exists ¢ > 0 such that e 2** < e=%2* for all k € supp(p;) and for all i > —1. In
the remainder of the proof the value of this strictly positive ¢ may change from line to

167



5. Paracontrolled distributions and applications to SPDEs

—tlk]? < o—tc2*
~Y

line. If |i — j| <1, then we also have e for all k£ € supp(p;). Thus

Var(Ap, (7o (PW, W))(z))
902t
S Z LingiLinjmit gt Z Lsupp(pm) (F1 + F2)Lsupp(p) (F1) Lsupp(p,) (K2)e e

4,545 k1,ko€Z?
) 2m . 2m
< Z 22i22m —tc22 < 2 Z —tc22 < 2 —tc22m (5 29)
~Y e ~Y t e ~y t e ) *
izm iZm

where we used that 22" < t(¢=¢)2* for any ¢ < .

Now let € € (0,1). We apply Jensen’s inequality and combine (5.26), (5.27), (5.28),
and (5.29) to obtain

1
B(I=lssz, ) 5 (3 2B (1A= )
m>—1
1

1
g t1/2< Z 2€m2p22mpetcp22m> °» ~ t*1/2 (/00(233)210(1E)edp(2z)2dx> v .
1

m>—1

The change of variables y = /12 then yields

1
—_ — — — o0 —e)— — 2 %
E(H:t”B;pE’Qp) S t 1/2 (t p(1 s)/o y2p(1 €) 1e cpy dy) '

Since € < 1, the integral is finite, and therefore finally

—_ —14E
B(|Ei 5,2, ) So 72

Since p can be chosen arbitrarily large, the result now follows from the Besov embedding
theorem, Lemma 5.2.4. O

Remark 5.5.3. The renormalized product Z; has the natural regularity of mo(P,W,W):
Since P,W € C'~ and W € C~'~, we would expect 7o(P;W, W) to be in C°~.

Lemma 5.5.2 suggests that we should really consider 7o (u¢, W)—u}Gy in the definition of
the product, where Gy := fg gi—sds is formally defined as an infinite constant. Motivated
by this discussion we now give a meaning to the product in an appropriate space of
controlled distributions.

For o > 0 and 8 € R we define C%’ﬁ .= C%([0,T], CB(T2,R)) as the space of o Holder
continuous functions taking their values in C?, equipped with the norm

lue — usls

U|| ~a,p = SUP ||Ut||g + sup
Jullgges = sup Il +sup =

)
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5.5. Non-linear parabolic Anderson model
Definition 5.5.4. Let o, 5 > 0. We say that u € C’;’UHB is controlled by W if
t .
ult) = [ me(ul(s,1), P W)ds + (. )
0

for all ¢t € [0,T], where v’ € C;’l/%ﬂ and uf € C([0,7],C**#). In this case we write
u € D;‘i}ﬁ T and define the norm

. - / #
lullyy a0 = Il gar/zes + 0l gansass + Ul gres.

In Section 5.3.3 we formulated the paralinearization theorem for @ € (0,1/2). Here,
we need the case a € (1/2,1), for which we can give a very simple proof.

Lemma 5.5.5. Let a € (1/2,1). Ifu € C* and F € CZ, then

1 () = e (F (w), ) [l20 S (1 F Nl o2 (1 + [lulla)?.

Proof. Since 2a € (1,2), we have ||ul|2a =~ ||u|/z~ + [|[Du|2a—1, see Example 2 on p. 99
of [BCD11]. The estimate for the L>-norm is straightforward, so let us estimate the
derivative. The chain rule together with the paraproduct decomposition implies that

D(F(u)) = n<(F'(u),Du) + 7s (F'(u), Du) + 7o (F'(u), Du).

The first term on the right hand side is the critical one, and it follows from the Leibniz
rule that it is cancelled by one of the terms of D7« (F'(u),u). So we end up with

ID(F(u) = 7 (F'(u),u))ll2a-1 < [lms (F'(w), Du)ll2a-1 + [|7o(F" (1), Du) 201
+ < (D (u)), u)l2a-1
SIF @lallula S NNzt + [lulle) e,

where we used Lemma 5.3.17 in the last step. Ul

The paralinearization theorem will bp needed in the followipg lemma, where we im-
plicitly use that F'(u) is controlled by W if w is controlled by W.

For € > 0 we define G¢ := f(f Jt—sieds.

Lemma 5.5.6. Let o > 0, 5 € (0,1/2), and assume that u € D‘O;-[}'B’T and F € C¢. Then
the renormalized product

F(uy) - P.W = F(ut)PEW — F'(uy)u, G5

converges as € — 0 to a well defined distribution which we denote by F(uy) - W. For any
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5. Paracontrolled distributions and applications to SPDEs

dyadic partition of unity we have the explicit representation
F(ug) - W = o (F(ug), W) + 7 (F(ug), W) + 70 (F(ug) — m< (F' (), ug), W)

. t . . t
+ ROF (wg), e, W) + F'(ue) / R(ul, P W, W)ds + F'(ug) / WEds
0 0
t .
() [ (= u)ge-ods + F'(ue)ma(uf, W),
0

where each of these terms is well defined. Moreover, we have for v € (0, ) that

1B (ue) - Wl i+ I1F () - W= e (F(e), W)l /25 (5.30)

i . T _
S @+ T3 Fllop(L+ by 0020+ 1112 (14 [ 120 ods).

Proof. We will perform a formal expansion of the quantity F(u;)W, which can be ren-
dered rigorous by considering the regularized product. The subtraction then eliminates
the only term which diverges in the limit. According to the discussion above, the only
non-trivial term in F(u;)- W is F’(u;)mo(us, W). Since F'(u;) € C1/2+8 | this term is well
defined as long as 7, (uz, W) is well defined and in C~¢ for some ¢ < 1/2 + . But we
have

o 11y, W) = /O o (u, Po VW), W)+ o, W)
= /Ot R(ul, P_ W, W)ds + /Ot u'STro(Pt_SW, W)ds + Wo(ug, W)
= /Ot R(ul, P W, W)ds + /Ot ulZyods + /Ot ulgi—ods + mo(ul, W)
= /Ot R(ul, P_ W, W)ds + /Ot L= sds + /Ot(u’s — uy)gi—sds + u;Gy + Wo(ug, W)

The contribution F’(u;)u;Gy is exactly canceled by the correction term in the definition
of the product. Putting all together we obtain the claimed result. The term

t
| i = g sds

is well defined because Lemma 5.5.1 implies g;_s ~ (¢t — s)~! and we have u’ € C;’I/QJFB,

and therefore [[uy — willi—s < [t — s|*||ull je1/2+6. The estimate (5.30) is shown by a
T

somewhat lengthy but elementary calculation based on the paraproduct estimates and

Lemma 5.3.3. O
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5.5. Non-linear parabolic Anderson model

5.5.2. Picard iteration

Now that we constructed the area and made sense of the product on a space of suitable
controlled distributions, we can start studying the SPDE under consideration. Before
we get to the existence and uniqueness of solutions, let us first establish some a priori
estimates. Our first result is a commutator estimate between heat flow and paraproduct

Lemma 5.5.7. Leta <1, BE€R, andt > 0. Then for all § > 0 we have
_9
[1P(m< (u, 0)) = 7 (, Pv)latprs St 2 |ullalv]ls.

Proof. The semigroup is given by P; = ¢(+/t), where p(z) = e~ 1? * is a Schwartz function.
The estimate is therefore a special case of Lemma 5.3.20. O

The next result will allow us to examine the Holder continuity of ¢ — fot P;_suds.
Lemma 5.5.8. Let a € [0,1] and 8 € R. Then we have for any u € CP that
(Pt — id)ul|g—2a S [|ul|s-

~

Proof. We only sketch the proof. Following the proof of Lemma 2.4 in [BCD11] it is
possible to show that

18, (P —id)ul o S 27| Ajul p
for any j > —1, so that in particular
(P —id)ullg—2 < tllulls

for any § € R. On the other side P, — id is clearly bounded on C?, and therefore the
interpolation inequalities, Theorem 2.80 of [BCD11], imply that

|(Py = id)ull—2a = | (P = id)ullags—2)+(1 a3
< (P = id)ull3y | (P — id)ully < £ Jullg-

O

Corollary 5.5.9. Let § € (0,2) and v € R. Then for all T > 0, for every integrable
u:[0,T] — C7, and for all o € (0,1 — §/2) we have

P_susds < su / t— )" 27 us||,ds. 5.31
|| P e 200 | =015l (5.31)

Proof. Let s,t € [0,T] with s < ¢. By the semigroup property of (P,),>o we have

t s t s
/ P_,u,dr — / P,_,udr = / Pi_yupdr + (P — id) / P,_,u,dr.
0 0 s 0
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5. Paracontrolled distributions and applications to SPDEs

Therefore, Lemma 5.4.8 and Lemma 5.5.8 imply for é,« > 0 that

t s t 5
H/ Ptfrurdr_/ Ps,rurdrH 5/ (t—r)_illur\lwdr
0 0 y+6 s
S
=97 [ (5= 1)7E urldr
0
t
=9 s [ (=
t€[0,T) /0

O

Since we will solve again for u — Pug, we need to allow for smooth perturbations in
the following a priori estimate.

Lemma 5.5.10. Let 5 € (0,1/4) and o € (0,3/4). Let u € D%}B’T and w € C%Ha N
C’;’l/2+6. Let F € C? and define

t .
vy 1= / Pr_s(F(us 4+ ws) - W)ds.
0
Then v € D;}ﬁ’T with derivative v; = F(u; +wy). For T € [0, 1] we have

e /0 7 (F g + ), P W)ds| (5.32)

1+
Cr

t _3 _
Sz (L Nl o) sup [ ¢ =) D01 g 1y.5)%ds
t€[0,7] /0

and
, 2
H’U ‘|C’;’1/2+B = ||F(’LL + w)||0;,1/2+,8 SF (1 + ||’LL||C;,1/2+,B + ||w||c,¥,1/2+ﬁ> . (5.33)

Proof. For fixed s we can consider t — u; +ws as controlled path, with derivative v/, and
controlled path norm |[ullyy, , 57 + [[ws|1+5. Lemma 5.5.6 applied with v = 3/2 shows

that F(us + ws) - W € C717F/2 and that
; B
1F (e +ws) - Wllor-sr2 Spyire (1+ D51+ ullyy g 0 + lwslles)™

for ¢t € [0,T]. Next we apply Corollary 5.5.9 with v = —1 — /2 and § = 3/2(1 + j3) to
get for T' € [0, 1] that

t .
||U||C;71/2+B — H/O Ptfs(F(’UJs +w5) . W)ds‘

a,1/2+3
CT

t .
S sup [ (o= ) A Py ) Wy ads
t€[0,7] /0
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5.5. Non-linear parabolic Anderson model

t _3 _
Sz (L Tl ) sup [ (¢ =) D014 g p)dr
te[0,7]/0

Since < 1/4 and « < /4, the right hand side is finite. Furthermore, we clearly have

- /0 P (F (s 4 w,), W)ds| gais o - /O P e (F(us + wy), W)ds|

a,1428
CT

The estimate (5.32) for this remainder now follows from Lemma 5.5.6 and Corollary 5.5.9

in the same manner as the estimate for ||v[| ja.1-5, using that F'(us +ws) - W —m< (F'(us +
. T

wy), W) € CP=1D/2 and that for § = 3/2(1+ ) as defined above we have (8 —1)/2+6 =

1+ 28. But of course we did not subtract the right corrector, and therefore we need

to consider the commutator between heat flow and paraproduct. Lemma 5.5.7 with
d=3/2+ /2 gives

t . t .
H / P e (Fus + ws), W)ds — / e (Flug + wy), PrsW)ds
0 0

1+8

t _3_8 ;
< /0 (t = 5) 747 TP (us + ws) 1248l W | -1- 525

t 3.8
S (Ll garaes) sup [ (6= 5) 83 (14 ).
T te[0,T] /0

_3_8
474

Of course we increase the right hand side by replacing (¢ — s) (1 + |lws|l1/248) With
(t — s)_%(l‘w)_o‘(l + [Jws|l14+5)?, and therefore estimate (5.32) follows.
It remains to control v = F(u + w). But using a first order Taylor expansion, it is

easy to see that
1 (w4 w)ll ganavn S N Fllop (L4 llull gar/zes + HwIIC;,l/zw)Q'

O

The estimate (5.33) for the derivative of v cannot be controlled by choosing 7" small.
We will solve this problem by going back one step further in the Picard iteration.

Theorem 5.5.11. Let 3 € (0,1/12) and o € (0,/4). Let F € C} and up € C'~. Then

there exists a o(W) V o(ug)-measurable random time T > 0, such that equation (5.25)
has a unique mild solution u € C*([0,7), C1~5).

Proof. We solve for vy := u; — Pyug. Since ug € C'~ we have in particular that ug € -8,
Let T € (0,1] to be specified below. We define the map

t .
Ty DT DI by Ty(v) = /O P,_o(F(vs + Pug) - W)ds.
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5. Paracontrolled distributions and applications to SPDEs

Lemma 5.5.10 implies that

IPr @)l vaes + [Cr(v) = /O 7 (F vy + Paug), P—1W)ds

CLte
t 3
Srwe (T+ ||U||W,a,ﬂ,T)2ts[%pT]/o (t — )" 3071+ || Pyug|14.5)*dr.
€0,

Now Lemma 5.4.8 yields || Psuo|l1+5 < 57 ||uoll1—p, and the assumptions on 3 and « are
chosen exactly so that 3/4(1 4 ) + a + 28 < 1. Thus, we have

t
sup [ (= 57 HHI (1t | Pagll4)dr S G+ uoll-p)?
t€[0,7] /0

for some continuous function G with G(0) = 0. In particular, there exists a constant
C(f,W,Z) > 0 such that

IPr (@)l o2 + [Pr(o) - /0 T (F(vs + Powo), P-sW)ds| ., (5.34)
T

< C(f, W, E)GT)A + [[uolli-p)* (1 + [[llyyr o 5.7)*

Moreover, Lemma 5.5.10 yields for the derivative (I'r(v))’ that
1Tz () [l gorzes = |1 F (0 + Puo)ll garzes Sp (L [[0ll parjoes + [ Paioll ja1/245)?
T T T T
SF (1 + ”UHCQ,1/2+5)2(1 + HPU()‘|CQ,1/2+5)2.
T T

Now Lemma 5.5.8 implies for every s < t € [0, 7] that

1/4—

|1 Peuo — Psuoll1 /215 = || Ps(Pies — id)uoll1—p—_201/a—p) S (t — ) * P |lug]l1—s.

Since o < /4 and § < 1/12, we have a < 1/4 — 3, and therefore |[Puol|o1/245 <
T
|luoll1—5. We conclude that there exists a constant C'(F') > 0 for which

”(FT(U)),HC;J/?H% <CF)(1+ HU||C;,1/2+,3)2(1 + [luollgr-s)?. (5.35)

Now choose M > 1 such that (C(F,W,Z) + C(F))(1+ |luol1_p)? < M. We start the
Picard iteration with v° = 0. Then (5.34) and (5.35) imply for v! := T'p(v°) that

L [0 i 5.0 < 1+ G(T)M + M.
Since M > 1, there exists T' > 0 for which the right hand side is smaller than 2M. Let
now n > 1, and suppose 1 + ||Ui‘|W,a,B,T < 2M for i = n,n — 1. Define v"*! := I'p(v").

Then (5.34) gives

[0 gm0 gaes < G2V,
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5.5. Non-linear parabolic Anderson model

Moreover, (5.35) and then (5.34) imply for the derivative

||(Un+1)/||ca,l/2+ﬁ < M(1+ HU”HCa,1/2+B)2 < M(1+ G(T)2M3)2.
T T

It is now clear that there exists 7' > 0, only depending on M, so that the Picard iteration
sequence (v")nen satisfies sup, (1 + [[v"[y; , 5.7) < 2M.

It remains to show the contraction property, but given the estimate on (v™), this is
now easy and follows by standard arguments.

Therefore, we obtain the existence of a unique solution u on [0, 7] for suitably small
T > 0. We controlled only the C’;’l/ 5 norm of u, but from Lemma 5.5.10 it is clear that
we actually have u € C%’l_a for any € > 0. In particular, we have ur € C'~, and thus
we can continue the construction on the next small time interval. Since we only have a
quadratic a priori estimate, we are not able to prove the existence of global solutions. But
we obtain the existence of a unique solution up to a random explosion time 7 > 0. [

Remark 5.5.12. The assumption F' € Cg’ of course excludes the most interesting case
when F'(x) = x. That case can be included by a simple refinement of the analysis. For
example, in Lemma 5.5.6 it is not strictly necessary to impose boundedness assumptions
on F. The image of any u € D?Jﬁ is a compact subset of R, so for F € C? we could
consider a C7 function that coincides with F on the image of u. In this way we would
be able to obtain the existence of unique local solutions under the assumption F € C3.
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Appendix

A. Incomplete filtrations

Here we collect some classical observations that allow us to transfer results which were
obtained under complete filtrations to a probability space with an incomplete filtration.

It is an established tradition in probability theory to only work with filtrations satisfy-
ing the usual conditions. The most important reasons to consider complete filtrations are
that the cross-section theorem ([DM78], I11I-44) only holds in complete o—algebras, and
as a consequence entrance times into Borel sets are generally only stopping times with
respect to complete filtrations, and that supermartingales only have cadlag modifications
in complete filtrations.

But there are at least two classical monographs on stochastic analysis that avoid using
complete filtrations as far as possible: Jacod [Jac79] (see the discussion on p. 8), and
Jacod and Shiryaev [JS03] (see Definition 1.1.2). We follow [JS03] in presenting results
that allow us to pass from complete filtrations to incomplete filtrations.

Let (2, F, (Ft)t>0, P) be a filtered probability space with a right-continuous filtration
(F;). Write F' for the P—completion of F, and N'F for the P-null sets of F¥'. Then
FF = F, v N? is the o-algebra generated by F; and NP and (F7) satisfies the usual
conditions. We call (Q, FF, (FF), P) the completion of (Q, F, (F;), P).

Recall that the optional o-algebra over (F:) is the o-algebra on © x [0,00) that is
generated by all processes of the form X;(w) = 1a(w)1,.4)(t) for some 0 < r < s < 00
and A € F,. The predictable o—algebra over (F;) is the o—algebra on Q x [0,00) that
is generated by all processes of the form X;(w) = 1a(w)1lf0)(t) + 1p(w)1(, 4 (t) for some
0<r<s<oofor A€ Fy, and B € F,. Similarly we define the predictable and optional
o-algebra over (FF).

The first result is not a precise mathematical statement, and is intended to reassure
the reader in this critical point:

Lemma A.1 ([JS03], Section I.4.d and Section II1.6). Stochastic integration does not
require a complete filtration.

Next we relate stopping times under (F;) and under (Ff).

Lemma A.2 (Lemma 1.1.19 of [JS03]). Any stopping time on the completion (0, (FF))
is almost surely equal to a stopping time on (Q, (F)).

Most entrance times that are practically relevant are (F;)-stopping times:
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B. Convex compactness and Tychonoff’s theorem

Lemma A.3. If S is a right-continuous adapted process with values in a metric space
(X,d), and if A is an open or closed set, then the entrance time

To:=inf{t >0:5, € A}
is a (Fy)—stopping time.
The proof is easy and therefore omitted.

Lemma A.4. Any predictable (respectively optional) R%—valued process on the comple-
tion (2, (.EP)) is indistinguishable from a predictable (respectively optional) process on
(€2, (F1)).-

Proof. The predictable case is Lemma 1.2.17 of [JS03]. The proof of the optional case
works exactly in the same way: the claim is trivial for the generating processes described
above, and we can use the monotone class theorem to pass to indicator functions of
general optional sets. Then we use monotone convergence to pass to general optional
processes. O

As a consequence, we obtain a similar result for cadlag processes.

Lemma A.5. Let S be an R -valued, (F})-adapted process that it almost surely cadldg.
Then S is indistinguishable from a (F;)-adapted process S.

The process S can be chosen such that t — gt(w) is right-continuous for every w € €,
and has left limits everywhere except at T(w), where T is a stopping time with P(T =
o0) = 1.

Proof. Since (F[) is complete, S admits an indistinguishable version S that is (F/)-
adapted and cadlag for every w € Q. This S is optional, so the existence of an indistin-
guishable version S’ that is (F;)—adapted follows from Lemma A.4. Using S’, the version
S with the desired properties can now be constructed in the same way as in the proof of
Theorem 1.3.1. O

B. Convex compactness and Tychonoff’s theorem

Here we prove Tychonoff’s theorem for countable products of convexly compact spaces.
Recall the following definitions.

Definition B.1. 1. A set A is called directed if it is partially ordered and if for all
a, B € A there exists v € A such that « <~ and g <~.

2. Let X be a topological space. A net in X is a map from some directed set A to X.

3. A net {zs}aca in X converges to a point x € X if for every open neighborhood U
of x there exists a € A, such that z, € U for every o/ > a.

Ezxample B.2. If A =N, then a net in X is just a sequence with values in X.
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Zitkovié¢ [Z10] introduces the notation Fin(A), which denotes all non-empty finite sub-
sets of a given set A. If X is a subset of a vector space, then conv(X) denotes the convex
hull of X. Zitkovié then gives the following definition.

Definition B.3. Let {z,}.ca be a net in a topological vector space X. A net {yg}sep is
called a subnet of conver combinations of {xq}aca if there exists a map D : B — Fin(A),
such that

1. for every 8 € B we have yz € conv{z, : o« € D(5)}, and
2. for every a € A there exists § € B such that o/ > a for all o € Uz~ D(B).

Lemma B.4. Let {yg}gep be a subnet of convexr combinations of {xa}taca, and let
{zy}yec be a subnet of convex combinations of {yg}tsep. Then {zy} cc is a subnet of
convex combinations of {xa}tacA-

Proof. Let Dp : B — Fin(A) and D¢ : C — Fin(B) be two maps as described in
Definition B.3, Dp for {ys}gep and D¢ for {2} ec. Define

D:C —Fin(4), D(y):= |J Ds().
BeDc(7)
Then we have for all v € C that
zy € conv{yg : B € Dc(v)} C conv{xa T € U DB(B)} = conv{z, : @ € D(v)},
BEDc(v)

and therefore condition 1. of Definition B.3 is satisfied. As for condition 2., let o € A.
Then there exists 8 € B, such that o/ > « for all o/ € Uz~ Dp(f'). For this 3, there
exists v € C, such that 8 > 3 for all 8’ € U,/>,, Dc(7'). Hence, o' > a for all

e Jp)=U U Dbs@)c U Ds(8).

>y Y2y B'€Dc(v') B'>B

One of the main results in [Z10] is the following Lemma.

Lemma B.5. A closed and convex subset Y of a topological vector space X is converly
compact if and only if for any net {xo}taca in Y there exists a subnet of convex combi-
nations {yg}gen, such that {ys}scp converges to some y € Y.

We will use this insight to prove a weak version of Tychonoft’s theorem for convexly
compact sets.

Proposition B.6. Forn € N let Y,, be a convexly compact subset of the metric vector
space X,,. Then [],enYn is a convexly compact subset of [[,enXn, equipped with the
product topology.
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Proof. Let {zq : o € A} = {(za(n))nen : @ € A} be a net in [[,cny Yy, Then {z4(0) :
a € A} is a net in Yo. By Lemma B.5 there exists a subnet of convex combinations
{yg : B € By} of {x : a € A}, such that {yg(O) : B € By} converges to some y(0) € Y.
We can now inductively construct for every £ > 1 a subnet of convex combinations
{yg : B € By} of {yg_l : B € Bg_1}, such that {yg(k) : B € By} converges to some
y(k) € Yi. According to Lemma B.4, every {ylﬁ€ : € By} is a subnet of convex
combinations of {z, : @« € A}. We denote the corresponding maps from By to Fin(A)
by Dj. Note that by construction {yg(ﬁ) : B € By} converges to y(¢) for all 0 < ¢ < k.
Now consider the directed set N x A with the partial order (k,«) < (K',a/) if &k < K/
and o < /. Write dy for the distance on Y,. We define for (k,«) € N x A the set of
“admissible indices” as

Ck,a) = {5 €Bp:ad >aforald e Dk(ﬁ),dg(yg(ﬂ),y(f)) < —forl=1,..., k:} .

| =

The condition on Dy(3) guarantees that the subnet of convex combinations that we
are about to construct satisfies condition 2. of Definition B.3. By construction of the
{yg : B € By}, every C(k,a) is non-empty. For every (k,a) € N x A choose 8(k,«) €
C(k,a). Note that here we explicitly apply the Axiom of Choice! Set z( o) := ylg(kva)
and D((k,a)) := Di(B(k,a)). Then {2q) : (k,a) € N x A} is a subnet of convex
combinations of {z, : @ € A}, which converges to (y(n))nen € [l,en Yrn in the product
topology. Now Lemma B.5 implies that [],, Y,, is convexly compact. O

Remark B.7. The proof is surprisingly technical considering that we are dealing with a
countable product of metric spaces. In this case compactness is equivalent to sequential
compactness, and therefore the proof of Tychonoff’s theorem follows from a diagonal
sequence argument. But so far there seems to be no characterization of convex compact-
ness in terms of sequential compactness, and therefore we had to work with nets rather
than with sequences.

C. Conditioning on null sets

In Chapter 2 we constructed a probability measure @ by conditioning P on the null set
{To = T} = Naefo,00)1Za < To} using an extension theorem. It is important to point out
that the choice of the approximating sequence of events, necessary for this construction,
is highly relevant. Consider for example 2 = [0, 1], equipped with the Lebesgue measure
P, and let us assume that we want to condition P on {0,1}. Then for any p € [0, 1]
the sequence of sets ([0, (1 — p)/n] U [1 — p/n,1]),en has {0,1} as its intersection, and
P(-|A;,) converges to (1 — p)dy + pd1, where dp and 0; denote the Dirac masses in 0 and
1 respectively. In this case there is of course a “canonical candidate” for the conditioned
measure: For p = 1/2 we obtain 1/2§p + 1/26; in the limit.

Below we give an example that is more relevant to the situation studied in Chapter 2.
We remark that Knight [Kni69] illustrates the same point with another example, which,
in our opinion, is slightly more involved than the one presented in the following.
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Consider the continuous martingale X , defined as

- 1 X;
Xp =X+ (X — 1)1{T3/4Zt} + (8 B 2) 1{73/4<t§7'1/4}'

The process X moves twice as much as X until X hits 3 /4, then it moves half as much
as X until X catches up, which occurs when X hits 1/4. With this understanding, it
is clear that X hits zero exactly when X does. Therefore, we have that {ry = T} =
Nacfo,00)17a < To}, where 7, is defined exactly as 7, with X replaced by X in (2.1).

Now, it is easy to see that P(-|T, < 79) defines a consistent family of probability mea-
sures on the filtration (.7:T0 /\;a)a>1; namely the one defined through the Radon-Nikodym
derivatives X, . Since P(X,, # X, ) > 0 for a > 1/4, the induced measure differs from
the one in Theorem 2.2.2. Therefore, although in the limit we condition on the same
event, the induced probability measures strongly depend on the approximating sequence
of events.

D. Pathwise Hoeffding inequality

In the construction of the pathwise It0 integral for typical price processes we needed
the following result, a pathwise formulation of the Hoeffding inequality. This is a slight
adaptation of [Vov12], Theorem A.1.

Lemma D.1 ([Vov12], Theorem A.1). Let (7,)nen be a strictly increasing sequence of
stopping times with T9 = 0, such that for every w € Q we have 1,(w) = oo for all but
finitely many n € N. Let for n € N the function hy, : Q — R? be F,, ~measurable, and
suppose that there exists a Fr, —measurable bounded function by, : @ = R, such that

sup |hn(W)(W(Tht1 At) —w(Tm A L))] < by (w) (36)
te[0,7

for all w € Q. Then for any A € R there exists a simple strategqy H € H1, such that

2 Ne(w)

1+ (H)‘ ‘W) > exp ()\ Z hon (W) (w(Tpt1 At) —w(Ty AL)) — % Z bi(”))
n=0 n=0

for allw € Q and all t € [0, T], where Ny(w) := max{n € N: 7, (w) < t}.

Proof. Let A € R. The proof is based on the following deterministic inequality: if (36) is
satisfied, then for all w € Q and all ¢ € [0,T] we have that

AQ
exp (Ahn(w)(w(TnH At) —w(Ty A)) — 2b%(w)> -1

A2 2 A (@) _ o= Abn(w) ,
< Ty p—
< exp 5 (W) 2om () n (W) (W(Tna1 At) —w(Th A L))
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= f(W) (@ (Tt At) = w(Tn A1), (37)

where we set 0/0 = 0. This inequality is shown in (A.1) in [Vov12]. We define
Ht/\(w) = Z Fn(w)l(rn,rn+1](t)7
n=0

with F,, that have to be specified. We choose Fy(w) := fo(w), which is bounded and
Fr,—measurable, and on [0, 71] we obtain from (37) that

1+ (H" w); > exp <)\h0(w)(w(ﬁ At) —w(To At)) — fb%(w)) .

Observe also that 1 + (H* - w);, = 1 4+ fo(w)(w(m1) — w(70)) is bounded, because by
assumption ho(w)(w(71) —w(7)) is bounded by the bounded random variable bg(w).

Assume now that F} has been defined for £k =0,...,m — 1, that

2 Ne(w)

> A
|4 (B - w), > exp (A;)hn(w)(w(mﬂ A = wlra A )~ nz:jo b,%(w))
for all ¢ € [0,7,,], and that 1 4+ (H* - w),,, is bounded. We define F,(w) := (1 +
(H» - W)5,,) fm(w), which is F,, -measurable and bounded. From (37) we obtain for

t € [T, Tm+1] that

L+ (H - w)e =1+ (H  w)p, + L+ (H )5, ) fin (@) (@ (Tm1 A ) = w(Tim A 1))

2
> (14 (H - w)r,) exp (Ahmww(rmH AE) — ol A1) ;b%xw))
00 2 Ni(w)
> exp (A X ha@)(@(rn A) — e A) = 5 3 B(w)).
n=0 n=0

where the last step follows from the induction hypothesis. From the first line of the last
equation we also obtain that 1+ (H*-w),,, is bounded, because f,,(w)(w(Tm+1) —w(7m))
is bounded for the same reason for which fy(w)(w(m1) — w(719)) is bounded. O

E. Regularity for Schauder expansions with affine coefficients

Here we study the regularity of series of Schauder functions that have affine functions as
coefficients. First let us establish an auxiliary result.

Lemma E.1. Let s < t and let f : [s,t] = L(RLR") and g : [s,t] — R? be affine
functions, f(r) = a1 + (r — s)b1, and g(r) = ag + (r — $)ba. Then for all v € (s,t) and
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for all h > 0 with r — h € [s,t] and r + h € [s,t] we have
(f@)r—nyr = (f)rrenl S [t = sI72h% fllocllglloo- (38)
Proof. We have

\(fDr=ny = (fDrpsnl = 12f(r)g(r) = f(r = h)g(r — h) = f(r + h)g(r + h)|
= | — h2b1by|.

Now fst = bi(t — s), and therefore |by| < [t — 8|71 f|loo, and similarly for bo. O
Now we are in a position to prove the regularity estimate.
Lemma E.2. Let a € (0,2) and let (upm) € A*. Then 3, ) Upm@pm € C*, and

|32 wompom|, S 1) Lo
p,m

Proof. We need to examine the coefficients 279 (xgn, d(32,, Upm®Ppm)). First let us treat
the case (p,m) = (—1,0) and (p,m) = (0,0). Here it suffices to estimate the uniform
norm of 3> UpmPpm- For fixed p, the (ppm)m have disjoint support, and therefore

< > max|lupmllos < D277 (upm) e S Nl (upm)l|ao-
p p

Now let ¢ > 0 and 1 < n < 29 be given. If p > ¢, then gopm(tén) =0 fori=0,1,2 and
for all m. Hence

<an7 (Z Upm@pm) > =271 Z Z<an7 d(”pm@pm»'

p<g m

Now if p < g, then there is at most one m with (Xgn, d(upmepm)) # 0. For this m, the

support of xgn is contained in [t ., t1 ] or in [t},,,t2 ], and wpm, and @pm are affine on

these intervals. Therefore, we can apply (38) to obtain

Z 1277 (X gn> A(UpmPpm))| = Z| (Upm Ppm )10 t0,,tL, — (UpmPpm )11 qn,tgn’

S 22”2 2 ftpmllooll@pmlloo S 2PE 02| (tppn) | e

For p = ¢ we have @gn(t0,) = @qn(ts,) = 0 and ¢gp(t,) = 1/2, and thus

Z |27 (Xqn> A(UgmPgm)) Nl = ‘ (UgnPqn )0 t0,,.t — (UgnPan)er 2

gqnivgn

[utgn)] S 27 (tpm)llac = 2P 72| (upr ) || g
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We combine the estimates for p < ¢ and p = ¢, and obtain

0t (St )

where we used that a < 2 and therefore 3, oP(2=0) ~ 94(2-a) O

S 2 2777 ) e = 27 () L,
P<q

F. Different partitions of unity

Here we show that if (, p) and (X, p) are two dyadic partitions of unity, with paraproduct
operators m<, s, Mo, and <, s, T, respectively, then mo — 7., 7~ — 7>, and 7, — 7o
are bounded bilinear operators from C* x C? to C**# — regardless whether o+ 3 > 0
or not.

Lemma F.1. Let o,3 € R. Let (x,p) and (X,p) be two dyadic partitions of unity.
Let (Aj)i>—1 be the Littlewood-Paley blocks corresponding to (x,p), and (A;);>—1 those
corresponding to (X, p). Let

= Z Ajul v and T<(u,v) := Z Aiuﬁjv,

i<j— 1<j—N2

7o (u,v) 1= Z Ajuljv and To(u,v) = Z Aiugjv,
li—j|< Ny |i—j|<N2

Z Ajuljv and T (u,v) == Z Aiuﬁjv,
j<i—Ni Jj<i—N2

where Ny is large enough so that A;A; =0 for |t — j| > Ny, and similarly for No. Then
e — e, To — o, and T — T~ are bounded bilinear operators from C* x CP? to C*P,
such that for allu € C*, v € CP

[7< (u,0) = T (u, 0)lats S llullallvlls,
1700 (u, ) = o (w, V)5 S Mullallvls,

17> (u, v) = 7> (w, 0) ot Sllullalo]ls-

Proof. The statement for 7. — 7 (and thus for 7~ — 7~) is shown in Bony [Bon81],
Theorem 2.1. Let us prove the statement for 7, — 7o:

Let u € C* and v € C? both have Fourier transforms of compact support. As we
argued before, it suffices to show the statement for such smooth u, v, and to extend the
operator m, — 7, by a continuity argument. We have

To(u, v) — To(u,v) = (v — < (u,v) — 7> (u,v)) — (v — T<(u,v) — 7= (u,v))
= (T<(u,v) = 7<(u,v)) + (7> (u,v) = 7> (u,v)).

Hence, the estimate for 7, — 7, follows from the estimates for 7. — 7« and 7~ — 7~. [
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G. Paralinearization theorem

Here we prove the slightly modified version of the paralinearization theorem which was
used in the proof of Lemma 5.3.18.

The following Lemma allows us to estimate the Holder-Besov norm of a series of func-
tions >, uj, where the Fourier transform of u; is not necessarily of compact support.

Lemma G.1 (Lemma 2.88 of [BCD11]). Let o > 0 and let (uj)jen be a sequence of
smooth functions such that

( sup /(@D ||6nt||LOO> e l*(N).
Inle{0,la]+1} jEN

Then v =3}, u; € C%, and

[ullce Sa

( sup 93 (e—[nl) IIQ"UJ'HLOQ>
In|€{0,[a]+1}

jeNllgeo(N)

The following lemma about the action of a smooth function on v € C' is of course
well known.

Lemma G.2. Let a € (0,1). Ifu € C*(R%L,R") and F € CL(R™,R), then

IEW)lla S IEF ey llulla-

Proof. Since C®(R%,R™) is the space of bounded a~Hoélder continuous functions, see p.
99 of [BCD11], the result is easily obtained by a first order Taylor expansion. O

Now we are in a position to prove the paralinearization theorem.

Lemma G.3. Let a € (0,1/2). Ifu € C*(R4,R"), v € C**(R4, R"), and F € CZ(R",R)
with F(0) =0, then

IF (u +v) = 7<(DF(u +v),u) 20 S (1F |z + [D*Fllze ) (lufla + [[vll2a) (1 + [lulla)-
In particular, we have for general F' € C’g, not necessarily satisfying F'(0) = 0, that
1F (u 4 v) = 7 (F(u+ ), u)ll2a S [ Fllez (14 [0ll20) (1 + [[ulla)*.
Proof. We will apply Lemma G.1 to the series

Flu+v)—n<(DF(u+v),u) = ZFj,

where

Fj = (F(Sjt1(u+v)) — F(Sj(u+v))) — Sj—1DF(u + v)Aju. (39)
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We apply a Taylor expansion up to second order to the first term of F; and obtain

F(Sjt1(u+v)) — F(Sj(u+v)) = / D, F(Sj(u+v) 4+ rAj(u+v))drA;(u + o)

! 82 14 ¢ k
+ Z /0 (1—r) F(Sj(u+v)+rAj(u+v))drA;(u” +v°)Aju

+ / DF(S;(u + v) + A (u +v)Ajvdr. (40)
0
Combining (39) and (40), we see that
[l S IDF(Sj(u+v)) = SjaDF(u+v))Ajul| o

4 H/ DE(S;(u+v) + 7, (u + v))Ajvdr

Lo

_ . . w4 14 .k
Z/ 1—r &UeaxkF(S](u—i—v)+rAj(u+v))drA](u +v°)Aju

kt=1 Loo
S N(DE(S;(u+v)) = DF(u + )| 277 ulq
+[|(DF(u +v) = Sj—1DF(u + v))|[ 1277 |[ula
+[IDF | L2772 [0]| 20 + [ID2F || o 2772 (ufla + [[0]]a) [[ulla- (41)

Now a Taylor expansion with integral remainder applied to DF(S;(u 4 v)) — DF(u +v)
yields

IDE(Sj(u+v)) = DF(u+v)l|z S ID*Fllzee Y [Ar(u + v)l|ze
k>j

SID?Flze277(lulla + l|vlla)- (42)
Similarly, we have

|IDF(u+v) — Sj—1DF(u+v)||r=~ < Z |AKDF (u+v)||pee <27 jaHDF(u + )|l
k>j—1

S 27(IDF [z + ID*F o) (lulla + Ilvlla),  (43)
where we used Lemma G.2 in the last step. Combining (41), (42), and (43), we obtain

1Fjl|ze < 27#*(IDF |l + [ID*Fll o) (fulla + [lvll2a) (1 + Julla)-

For the derivatives we do not take advantage of any cancellations, but just estimate every
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term on its own. We have for all € N? with || = 1 that

0"F; = 0"F(Sj+1(u+v)) — F(Sj(u+v)) —Sj—1DF(u+ v)Ajul
=DF(Sj11(u+v))0"Sj11(u+v) — DF(S;(u+v))0"S(u+v)
- 8”[5]‘_1DF(U + v)]Aju — Sj_lDF(u + v)c‘)”Aju
:aj—l—bj—i-Cj—i-dj,

where

a; = [DF(Sj41(u+v)) —DF(S;(u+v))]0"Sj+1u,

bj :==DF(Sjt1(u+v))0"Sj41v — DF(Sj(u + v))0"S;v,
¢j = [DF(S;(u+v)) — Sj—1DF(u+v)]0"Aju, and

dj == —0"(Sj—1DF(u+v))Aju.

Using first a Taylor expansion for a;, and then that 1 — a > 0, we obtain

1
lajllzee < /0 ID?F(Sj(u + ) + 18 (u+v))l| Loodrl| A (u + )| oo 1S 10ul L

S ID?Fllzee 27 (Julla + [0]l0)2 =10 ulla-1
S POV D2 F| o (Julla + olla) fula- (44)

Since 1 — 2« > 0, the next term b; can be easily estimated by
161z S IDF |2 (10781 10]| o0 + [IDF || oo 07Sj0]| 1o S 27072 [DF| e [[0]|20- (45)
Estimates (42) and (43) imply that

lejllz S 2770 (IDF||zoe + ID*F ) (lulla + [[olla)2/ = fullq (46)
= 2072 (|DF| = + | D*Fl|z=) (fulla + [v]la) [ulla- (47)

Finally, we have for the last term

ldjllze < [155-1(8"DF (u+ )| 2= l|Azull e S 27U ODEF (u + ) la-1277[ulla
S PUDE (u + 0)a|ulla,

so that another application of Lemma G.2 yields
Idjl e S 27O (IDF| oo + [ID*F | zoe) ([[ulla + [[v]la) 2o (48)
Combining (44)—(48), we see that
10" Fjllpee S 2702 (DF| oo + DF|z00) ([l + [[0]]20) (1 + [Ju]la).

The proof is completed by applying Lemma G.1 to >_; Fj. O
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