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Abstract

This thesis is devoted to the study of evolution equations for the term structure of
forward variances, so-called variance curves. As done before in [I5], it will be shown
that under the assumption of no arbitrage and some mild regularity conditions, these
processes can be understood as the (mild) solutions of certain stochastic partial differ-
ential equations satisfying the HJM drift condition, which for these models means the
absence of a drift. In this generality, such solutions are infinite dimensional Markov
processes and not very tractable for applications such as simulation or pricing. Starting
from those equations, the aim of the thesis is twofold:

First, utilizing the Frobenius theory introduced in [40)], conditions on the diffusion
vector fields will be formulated such that the solutions can be parameterized by a finite
dimensional diffusion process. In this case the solution is said to admit a (generic)
finite dimensional realization. The analysis will be restricted to Markovian systems
comprised of forward variance models with stochastic volatility of forward variance.
Within this class of models, diffusion vector fields will be considered that correspond
to affine and exponentially affine realizations. This part is similar to [40] and [12],
where a similar analysis is done for forward interest rate processes and to [15], where
for variance curve models (without stochastic volatility of forward variance) the same
problem was investigated but from the perspective of consistent factor models, in which
given a parameterization and a finite dimensional diffusion process conditions were
derived such that these correspond to a finite dimensional realization. Thus, this part
can be seen as an extension and completion of the corresponding part in [I5]. At the
end of this part, the relation to the recently introduced fractional Bergomi model (cf.
[5]) will be highlighted and a finite dimensional approximation scheme suggested.

Second, motivated by the recent trend of looking at term structure models that
do not admit (generic) finite dimensional realizations but are inherently infinte dimen-
sional, a weak approximation scheme based on a Malliavin-Taylor expansion introduced
in [68] will be applied to variance curve models. This expansion rests on iterative appli-
cations of Malliavin’s integration by parts formula and as such requires the smoothness
of the underlying density. For finite dimensional diffusion processes this can be checked
with the well-known Hérmander condition (cf. [63]). For infinite dimensional evolu-
tion equations this however is essentially an open problem (cf. [47] for conditions for
evolution equations with additive noise and [4] for conditions on the existence (but not
necessarily smoothness) of a density that is absolutely continuous with respect to the
Lebesgue measure of the projected solutions of more general equations). A class of
equations will be identified that correspond to generalized versions of those that admit
generic finite dimensional realizations, for which precise conditions can be given for the
smoothness of the density of the process projected to a finite dimensional subspace.
Furthermore we conjecture that this property holds as well, for a class of processes that
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are inherently infinite dimensional. This class of processes are very similar to the Con-
sistent Re-Calibration (CRC) processes introduced in [66] for forward interest rates and
thus the name will be adopted. Given the existence of this expansion, the correspond-
ing variance-optimal Malliavin weights will be derived in some cases by perturbation of
the Kolmogorov PDE as was done in finite dimensions in [70] and in infinite dimensions
in [9] albeit without the proof of existence of the expansion. With the representation
of the wvariance-optimal Malliavin weights two applications will be considered, namely
the pricing of put options on the log-price (which has now stochastic forward variance
and stochastic volatility of forward variance) and options on the volatility swap rate
(which correspond to options on the VIX).



Kurzfassung

Das Thema dieser Dissertation sind Evolutionsgleichungen fiir die Terminstruktur von
Termin Varianzen, sogenannten Varianzkurven. Wie zuvor in [15], wird gezeigt das
unter der Annahme von Arbitragefreiheit und einigen milden Regularitatsbedingungen,
diese Prozesse als (milde) Losungen von gewissen stochastischen partiellen Differential-
gleichungen verstanden werden kénnen, welche die HJM Drift Bedingung erfiillen, also
vorliegend die Abwesenheit eines Driftes. In dieser Allgemeinheit sind Losungen solcher
Gleichungen unendlichdimensionale Markov Prozesse und damit nicht sehr nititzlich fur
Anwendungen wie Simulationen oder Bewertungen. Ausgehend von diesen Gleichun-
gen, werden in dieser Dissertation zwei Ziele verfolgt.

Als erstes werden unter Benutzung der in [40] eingefiihrten Frobenius Theorie Be-
dingungen on die Diffusionsvektorfelder formuliert, so dass die zugehérigen Losungen
duch einen endlichdimensionalen Diffusionsprozess parametrisiert werden kénnen. In
solchen Fallen wird gesagt, dass die Losung eine (generische) endlichdimensionale Re-
alisierung zulédsst. Die Analyse wird beschrankt auf Markovsche Systeme bestehend
aus einem Termin Varianz modell mit stochastischer Volatilitat der Termin Varianz.
Innerhalb dieser Modell- klasse werden solche Diffusionsvektorfelder betrachtet, die zu
affinen und exponentiell-affinen Realisierungen gehdren. Dieser Teil ist vergleichbar
zu [40] und [12], in welchen &hnliche Analysen fiir Termin Zinssitze gemacht werden
und zu [I5], wo fir Varianzkurven (ohne stochastischer Volatilitét) dasselbe Problem
untersucht wird, allerdings aus dem Blickwinkel der konsistenten Faktormodelle. Hier-
bei werden fiir eine gegebene Parametrisierung und endlichdimensionalen Diffusions-
prozess Bedingungen formuliert so dass diese einer endlichdimensionalen Realisierung
entsprechen. Dieser Teil kann also als eine Erweiterung und Vervollstindigung des
entsprechenden Teils in [I5] angesehen werden. Dieser Teil endet mit der Darstellung
der Verbindung dieser Modelle zu dem kiirzlich eingefiihrten fractional Bergomi Mod-
ells (cf. [5]) und der Einfithrung eines endlichdimensionalen Approximationsschemas.

Als zweites, motiviert von dem gegenwartigen Trend der Betrachtung von Termin-
struktur Modellen die keine endlichdimensionalen Realisierungen zulassen und inharent
unendlichdimensional sind, wird ein schwaches Approximationsschema, dass auf einer
Malliavin-Taylor Expansion basiert und in [68] vorgestellt wurde, untersucht und auf
Varianzkurven angewendet. Diese Expansion basiert auf Malliavins Partiellen Integra-
tionsformel und benétigt daher die Glattheit der zugehorigen Dichte. Bei endlichdi-
mensionalen Diffusionsprozessen lasst sich dies mit der bekannten Hérmander Bedin-
gung iiberpriifen (cf. [63]). Fiir unendlichdimensionale Evolutionsgleichungen ist dies
allerdings im wesentlichen ein offenes Problem (cf. [47] fiir Bedingungen fiir Evo-
lutionsgleichungen mit additivem Rauschen und fiir allgemeinere Gleichungen [4] fiir
Bedingungen fiir die Existenz (aber nicht notwendigerweise Glattheit) einer Dichte
der endlichdimensional projizierten Losung, die absolutstetig beziiglich des Lebesgue
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Masses ist). Es wird eine Klasse von Prozessen identifiziert die verallgemeinerten Ver-
sionen von Prozessen entprechen, welche endlichdimensionale Realisierungen zulassen.
Fiir diese Prozesse werden prézise Bedingungen fiir die Existenz einer glatten Dichte
(des endlichdimensional projiezierten Prozesses) formuliert.Dartiberhinaus wird eine
Vermutung formuliert fiir eine Klasse von Prozessen die inherent unendlich dimensional
sind. Diese Prozesse sind sehr &hnlich zu den in [66] fiir Termin Zinssétze eingefithrten
Consistent Re-Calibration (CRC) Prozessen und daher wird dieser Name iibernommen.
Unter der Annahme der Existenz dieser Expansion, werden die zugehorigen varianzopti-
malen Malliavin Gewichte in einigen Fallen mittels Perturbation der Kolmogorov PDG
gewonnen. Dies ist vergleichbar zu [70], in welchem endlichdimensionale Diffusionen
betrachtet wurden, und zu [9], in welchem auch undendlichdimensionale Diffusionen
betrachtet wurden, aller- dings ohne einen Beweis der Existenz der Expansion. Mit der
gewonnen Darstellung der varianzoptimalen Malliavin Gewichte werden zwei Anwen-
dungen betrachtet, ndmlich die Bewertung von Put Optionen auf den log-Preis (der
in diesem Fall stochastische Termin Varianz und stochastische Volatilitdt der Termin
Varianz hat) und Optionen auf den Volatilitdts-Swapsatz (dies entspricht einer Option
auf den VIX).
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Chapter 1

Introduction

The assumption of constant (instantaneous) volatility in the celebrated Black & Scholes
model (see [14]) was soon rejected as it is not consistent with the observed wolatility
smile in the markets of plain vanilla options. This was the advent of so-called stochastic
volatility models (as given for example by the Heston model [52]) on the one hand and
volatility derivatives (see for example [20] for an overview) on the other hand. Among
the simplest volatility derivatives written on a stock-index is the variance swap. It pays
at maturity the variance notional times the difference between the realized variance of
that stock-index and the fixed variance swap rate. Its popularity for investors stems
from the possibility to have a direct exposure to realized variance (see also [3, Part
3]) and for dealers from the fact that it can be replicated in an essentially model free
way using traded plain vanilla options (see for example [22] and [2I]). In May 2014
the newly issued variance swaps on the S&P 500 had a vega notional (see Section [I1.1)
of 85.2 million USD ([6I, Table 1]) and the total gross outstanding vega notional was
1.512 billion USD (61}, Table 2]). Although these contracts are traded over the counter
(OTC) its specifications are highly standardized. Major dealers publish on a daily basis
indicative variance swap rates for a fixed tenor of time-to-maturities ranging (usually)
from one month to five years. This gives rise to a daily observed term structure of
variance swap rates and due to the relationship to the plain vanilla options through
the replication formula this term structure can be seen also on a much finer time grid.
Typically for long maturities this term structure is pretty stable while the shorter
end is strongly related to the asset’s instantaneous variance and accordingly the term
structure is upward sloping in low volatility regimes and downward sloping in high
volatility regimes. The prime theme of this thesis will be to discuss models for the
evolution of this term structure that are both, analytically tractable and rich in the
sense that empirically observed static and dynamic features of this term structure are
well reflected.

Consistent Variance Curve Models

Instead of modeling the term structure of the variance swap rates directly, we will
look at models for the evolution of the term structure of forward variances, which
corresponds to the instantaneous variance swap rates (see Definition . The term
structure of the forward variances will be called wvariance curve. Looking at forward
variances instead of variance swap rates is standard and adopted for example in [7],
[15] in the context of HIM models (that will be discussed in the following) and in [36],
[2], [31] in the context of models for the market price of variance risk. The short-end of
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this curve corresponds to the (instantaneous) variance (henceforth spot-variance) of the
underlying asset’s returns. On the other hand, under the martingale measure, the entire
variance curve is determined from the spot-variance process. Using this relationship,
we will see that the variance curves implied from popular stochastic volatility models
can take only very limited shapes and in particular will (generally) not fit the variance
curves observed in the markets. Therefore we will adopt the HJIM Musiela framework
for variance curves introduced in [I5] in which the variance curve is modeled directly,
as opposed to the case where it is derived from the asset’s stochastic volatility process.
At each instant of time, the variance curve is understood as a function mapping the
time-to-maturity to the corresponding forward variance and the variance curve will be
assumed to be given as the mild solution of a stochastic partial differential equation
(SPDE), that is subject to the HJM-drift condition (see Proposition[[I.4.4), in a suitable
(usually infinite dimensional) Hilbert space H of variance curves. That is, the variance
curve at time ¢, denoted by u;, will be given as the solution of

(0.1)

duy = Lugdt+ 0 Si(uy) dB]
o € H,

where the operator % generates the strongly continuous shift-semigroup {S; |t > 0},

¥1,...,5q are smooth vector fields and S, ..., 3% are independent standard Brownian
motions, all defined on a suitable filtered probability space. Such solutions will gener-
ally correspond to infinite dimensional Markov processes in the spirit of [26] and the
spot-variance process will be derived from the short-end condition. This specification
is obviously very general but lack the analytic tractability required for real-life ap-
plications. Therefore, as a compromise between one dimensional diffusion models for
the spot-variance and infinite dimensional diffusion models for the variance curves, the
main focus in [I5] (see also [32] for the corresponding situation in interest rates) was in
the construction of finite dimensional factor models. The investigated problem was the
following: given a variance curve model u as the solution of , an m-dimensional
diffusion process Z (with m € N) and a smooth map G : R™ — H, what are the
conditions such that vy = G(Z;), t > 0, holds true? This problem is (completely)
solved (see also [37] for a more general version) and under its conditions the resulting
variance curve process is now completely determined by a finite dimensional diffusion
process. In this situation (subject to some mild regularity conditions), the solution u
stays in the submanifold M := G(R™) of H.

Generic Finite Dimensional Realizations

In the consistent variance curve models problem, the parameterization G of M must
be given a-priori. Also, the possible set of initial curves lies necessarily in the finite
dimensional submanifold M as well. By employing the Frobenius theory introduced in
[40], we look at the following problem. Given (u,Y’) as the solution of

duy = dydt + 30, Ei(ut,Yt).dﬂg
dy,  =a(V)dt+ YL, bi(Yy) dp (0.2)
(uo,Yo) € H xR™,

under which conditions on X1, ..., 24, a,b1, ..., by, can we find for every ug € U, where
U is some open subset of H, a parameterization GG, and a finite dimensional factor



process Z such that
(ut, V) = Guo(Z), t>0, (0.3)

holds true? Notice that in this case ug can take values in an open subset of H, whereas
with the consistent factor-models the initial curve must lie in the a-priori chosen sub-
manifold M (in [71] conditions for the existence of affine factor models are investigated
that share this latter property and can thus be seen as lying conceptually in between
both approaches).

We will look here at two kinds of models. The first kind will represent a straight for-
ward generalization of (affine) spot-variance models in which the vector fields ¥, ..., ¥4
will be of the constant direction type (see [10]). The second kind will correspond to a
generalization of Bergomi’s model (see [7]) in that the vector fields ¥, ..., X4 will be
linear in the first argument. These models too will after a simple transformation be of
the first kind. We will find that these two kinds will correspond to (generic versions) of
affine and exponentially affine parameterizations. We will also look at combinations of
both models and discuss the connection of the latter models to the recently introduced
fractional Bergomi model (see [44]).

Weak Taylor Expansions

Regarding the usefulness of consistent factor models in the context of variance curve
models, Hans Biihler writes in [15, Page 11] (which was in December 2008):

The use of consistent models is justified if the market is not very liquid
and a mathematically sound interpolation scheme plus consistent dynamics
is required for risk management. However, by now variance swap quotes
on major indices are so deep that this approach is no longer justified: the
priority must now be to fit the market quotes of variance swaps first and
then superimpose them with consistent dynamics.

Accordingly he proposes in [I5, Chapter 4] to extend a spot-variance process given by
a finite dimensional diffusion process by taking the entire observed forward variance
curve as an additional parameter to arrive at an exact fit (this situation is comparable
to Hull-White extensions to be discussed in Section . Indeed, given a real-valued
process §~ as a functional of a (possibly time-inhomogeneous) diffusion process and the
observed variance curve Uy he proposes to consider the fitted spot-variance model given
by

=m(t ~, m(t) := ﬁo(f)
& )&, m(t) E[E)
as in this case the model provides a perfect fit to the observed term structure of variance
swap rates. He further shows that in certain examples the model remains analytically
tractable. A problem with such models is that the spot-variance process now depends
implicitly on the inception date of the variance swap contract. For variance swap
contracts with overlapping life-times this might lead to inconsistencies. Further it is
not clear how to simulate time-series of the variance curves.

In a very similar context (but for interest rates) in [66] and [50] a solution to this
problem is provided which leads to the consistent re-calibration (CRC) models. Such
models usually do not admit generic finite dimensional realizations but are inherently
infinite-dimensional (from the Markovian perspective) and allow for the re-calibration
of variance curves that can be chosen from an open subset of an infinite dimensional
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Hilbert space. A key property of this models is that they correspond infinitesimally
to models that admit generic (affine) finite dimensional realizations. By a suitable
discretization, which corresponds to an exponential splitting scheme (see [48]), the
model allows for a very tractable simulation algorithm that utilizes the infinitesimally
(affine) finite dimensional structure.

Unfortunately, with this discretization scheme the order of weak convergence is quite
low and it is in general not possible to utilize possibly existing closed form solutions
for derivatives prices. In this thesis we will in the context of variance curve models
provide a small-diffusion (or small-parameter) expansion of arbitrary order of weak
convergence such that in many interesting cases this will be possible or at least will
allow for an efficient Monte-Carlo pricing scheme. In particular, this expansions will
allow to essentially compute expected values of functions of the variance curves in
terms of the corresponding quantities of a variance curve model that admits generic
finite dimensional realizations. We will look at parameterized systems of the form
AX{ = (AXf+ V(e, X§))dt + X0, Vi(e, X£) dBi 0.4

Xo € H, '

where for each € € R, V(e,-),Vi(e,+),..., Vy(e, ) are sufficiently regular vector-fields
on H and assume that X admits a generic finite dimensional realization. Than for
suitable linear functionals [ : H — R™, we will look at conditions such that

Elsoexn] -

1=0

" [f(l ° X%)} ‘ =o(c"), ase—0, (0.5)

for functions f : R™ — R” n > 1, that are bounded and measurable. The vehicle
to achieve this will be the weak Taylor expansion introduced in [68] in the context of
finite dimensional stochastic differential equations. This expansions rests on iterative
applications of Malliavin’s integration by parts formula and a crucial requirement is the
existence of a smooth density of the finite dimensional random variable [ o X, which is
usually called Hypoellipticity in infinite dimensions (cf. [47, Question 1] and [4]). We
will recapture the necessary tools from Malliavin calculus required in the context of
SPDEs and show that for the system , if it admits a finite dimensional realization,
under suitable conditions on the parameter process Y, this expansion will be possible
with weak convergence of arbitrary order. Here the unperturbed system (i.e. € =0 in
(0.4)) will correspond to the case where Y is deterministic and constant. The situation
where admits a generic finite dimensional realization only for the case where Y
is deterministic and constant will correspond to the CRC models. We shall conjecture
conditions such that the expansion holds.

Having this conjectured conditions such that holds, we still need to compute
the Malliavin weights m;, i = 1,...,n, that satisfy

9
O€t

_B[ftox5)] =E[fo XPm]. i=1.m

This weights can be computed in terms of Skohorod integrals (using iteratively Malli-
avin’s integration by parts) and the corresponding representations can significantly
reduce the complexity of the given problem. In particular the terms IE{ flo X%)m]

can be computed with plain vanilla Monte-Carlo integration using the (Markovian)



finite-dimensional structure of X%, whereas X for € > 0 is in general a strictly infinite-
dimensional Markov process where standard Monte-Carlo techniques can not be em-
ployed.

However, in general this weights will not be variance optimal (cf. [42]) in the sense
that 7; # E[m;|f(l o X2)]. Inspired by [70] and using a certain martingality conditions
given in [9] we will in some cases be able to derive explicit formulas for the terms
&
solution of the corresponding Kolmogorov PDE (which is justified if holds, but
also under weaker conditions). If this martingality condition does not hold, this PDE

2| _E[foxg)| which
are nice but would require nested Monte-Carlo simulations and are thus less tractable

when compared to the representations given by the Malliavin weights.

OIE [ fllo X%)} and to compute the variance optimal weights by expanding the
e=

perturbation approach leads to recursive PDEs for the terms

Applications

We will look at the system

dX§ = —5u;(0) dt + /uj(0) dp}

duf = Lusdt + e S oi(us, Y¢) dp;
AYy = oY) dt + € S0 ei(Yy) di,
(X5, uh, Ye) = (2,u,y) €R x H x R™,

(0.6)

where X€, u¢ and Y€ correspond to the processes for the log-price, the forward vari-
ance and the stochastic volatility of forward variance and apply the weak Taylor PDE
expansion on the log-price and functionals of the forward variance. In both cases we
will derive explicit formulas that can be used for pricing options on the log-price and
functionals of the forward variance (a functional of the forward variance is given for ex-
ample by the VIX). In the first case, the formula consists of sums of products of partial
derivatives of the Black & Scholes price with deterministic functions and in the second
case of sums of products of derivatives of the payoff with deterministic functions. The
first expansion is very similar to the situation considered in [69] where (finite dimen-
sional) stochastic volatility models are considered and [9] where a very similar variance
curve setting is considered, although in a parameterization, where the variance curves
are given as solutions to infinite dimensional stochastic differential equations with a
time-varying state-space.

Outline of the Thesis

The remainder of this thesis can be divided into three parts. In the first part, consisting
of Chapters [[T and [[TT, we recapture the notion of variance curves in the context of
idealized variance swaps and give necessary and sufficient conditions for the existence
of generic finite dimensional realizations for certain variance curve models. In the
second part, consisting of Chapters [[V] and [V} we formulate conditions such that the
weak Taylor expansion can be applied to functionals of variance curves. For this we
recapture the necessary Malliavin calculus for Hilbert space valued stochastic processes
and derive conditions related to Hypoellipticity in infinite dimensions. In the second
part, we look at Consistent Re-calibration Models for variance curves and conjecture
sufficient conditions for the applicability of the weak Taylor expansion. The final part
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is given in Chapter [VI] where Applications of the weak Taylor PDE expansion are
discussed.

Notations

For the notation we refer to the Appendix [A]



Chapter 11

HJM Models for forward
variances

1 Variance Swaps

Let S denote the price process of a traded stock and by X := log(.S) the corresponding
log-price process. A variance swap with variance strike K? initiated at time ¢t = 0 with
maturity time 7' > 0 pays out the variance notional N4, times the difference between
the annualized discrete quadratic variation of the log-price X over pre-defined business
days 0 =ty < ... < t, = T and the strike K?2. Formally the payoff at time 7', denoted
by VSk(T,T), is

VSk(T,T) := Nyar (% > (X - X)) - KQ), (1.1)
=1

where d is chosen such that d/n ~ 1/T. If the logarithmic returns (X, — Xy, ,),
i = 1,...,n, are assumed to have a zero mean, then the payoff is just the difference
between the annualized realized variance of the logarithmic returns and the strike K?2.
As practitioners like to think in volatility terms usually the payoff is specified in terms
of vega-notional N4, instead of the variance notional Ny, in which case the payoff is
given by

¢ Zﬁ:I(Xti B ti71)2 - K2>. (1‘2)

VSK(T, T) = Nyega ( n =

While the variance notional corresponds to the cash profit/loss if at maturity the annu-
alized realized variance exceeds the variance strike by 1 variance unit, the vega notional
corresponds to the average of the (absolute values) of the payoffs if the difference is one
volatility unit and is justified by the relationship

((K+3:)2—K2> B ((K—x)z—K2

= > . .
e 7 ) xz, forallz>0 (1.3)

In the following we denote the price of the variance swap at time ¢, with 0 <t < T, by
VSK(t,T) and if K = 0 we just write V. S(¢,T). We will mostly assume that Nyq, = 1,
K = 0 and skip the annualization.
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2 Idealized Variance Swaps

It has been proven to be fruitful to assume that the payoff of a variance swap is given by
the quadratic variation [X, X| of the log-price process X accumulated from inception
to maturity. For this we assume that we are given a complete filtered probability space
(Q, F, (Ft)ier,,P), satisfying the usual assumptions, such that on this space the log-
price process X satisfies the following conditions. Recall the notion of semimartingale
characteristics given in [53), Definition 2.6] and the notion of differential characteristics,
that is, semimartingale characteristics that are absolutely continuous (with respect to
the Lebesgue measure) given in [55, Section 2].

Assumption 2.1. The log-price X satisfies both,
e il is a real-valued, locally square integrable semimartingale, and

e its semimartingale characteristics are absolutely continuous with respect to the
Lebesgue measure.

Remark 2.2. In this case the predictable quadratic variation (X, X) is absolutely con-
tinuous and there is a predictable process 0;(X, X) that is unique up to a dP ® dt-null
set such that

t
<X,X>t:/ 8t<X,X>8d8, VtZO
0

Moreover, [X, X] — (X, X) is a local martingale and a true martingale whenever X is
square integrable.

Proof. This follows from [55 Section 2] and [53, Proposition 4.5]. O

This class covers almost all continuous time models that are considered in mathe-
matical finance. We denote again by V S(¢,T) the price of a variance swap at time ¢
issued at time 0 with maturity at 7. We also consider another related (but artificial)
product, namely the predictable variance swap which differs from the usual variance
swap in that it pays out the predictable quadratic variation with price at time ¢ denoted
by V.S (t,T). This is summarized in the following Definition.

Definition 2.3. The payoff of the idealized (predictable) variance swap at maturity is
given by the (predictable) quadratic variation at T, that is, for T > 0 fized but arbitrary,
we have

VS(T,T) = [X, Xy, and VSP(T,T):=(X,X)r.

For each fized maturity T, the price-process of the Variance swap is given by the process
0,T] 5t~ VS(t,T)
and at each time t, the term structure of Variance swap prices is given by the curve
[t,00) 2T +— VS(t,T).
The terminology is also applied for predictable variance swaps.

Remark 2.4. To assume that the variance swap pays out the quadratic variation instead
of the discrete quadratic variation as in is standard (see for example [15] and [54]
for discussions of this aspect) and motivated by the higher tractability in continuous
time models.
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As the predictable variance swap is an artifical instrument, we are free to define its
price process. The following will be very convenient.

Definition 2.5. The price process of the predictable variance swap is given by
VSEt, T):=VSt,T)+ (X, X) — [X,X];, tel0,T]. (2.1)
In accordance with Remark [2.2] we arrive at the following Proposition.

Proposition 2.6. The variance swap price process is a (local) martingale, if and only
if, the predictable variance swap is a (local) martingale.

This Proposition will be very convenient in the following, as it will be crucial for
the HJM-Musiela Theory to assume that the term structure of variance swap prices,
that is, 7'+ V S(t,T) is absolutely continuous with respect to the Lebesgue measure,
which would immediately rule out any non-continuous log-price processes X. But as it is
sufficient to consider the predictable variance swap price processes a much larger class of
log-price processes X is possible, namely those satisfying the conditions of Assumption
Now assuming that P is a martingale measure for the market of variance swaps,
that is, the price processes of the variance swaps (and due to Proposition also the
predictable variance swaps) are martingales under P. In this case it follows from [28]
and Remark [2.2| that for ¢ € [0, T

VS(t,T) = E[[X, X]p|F] = E[(X, X)p|F] + [X, X], — (X, X), (2.2)
and together with that
vstt,T) = E[(X,X)r|F] = (X,X) +E[(X, X)r — (X, X);|F]
- /O C0uX, X)eds + /t " B0, (X, X)| ) ds. (2.3)

Finally we introduce the predictable variance swap rate V¥ (t,T) defined as the second

term in , that is,
T
VP, T) = E[(X, X)p — (X, X )| F] = / E[0s(X, X)s|F] ds, (2.4)
t

which corresponds to the price of a zero strike predictable variance swap at inception
time ¢ and maturity at time 7. Let V(¢,T) denote the corresponding variance swap
rate.

Proposition 2.7. We have V(t,T) = VP (t,T) for all t,T with 0 <t <T.
Proof. This again follows from Remark as
V(t,T) = B[[X, X]z — [X, X]|F] = E[(X, X)1 — (X, X)|F] = VP (£, T).
O]

Thus we see that the variance swap rate is actually the same for the variance swap
and the predictable variance swap and at each time ¢ prior to maturity 7" we have the
well-known additive decompositions of the prices given by

VS, T) = (X, X)¢+V(t,T), VStT) =X, X+ V(tT),
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such that the price of the (predictable) variance swap at time ¢ is the sum of the (pre-
dictable) quadratic variation up to time ¢ and the variance swap rate V(t,T), explaining
why variance swaps are usually quoted by the variance swap rate. As the term struc-
ture of variance swap rates given by is absolutely continuous we can introduce
the spot-variance process and the forward-variance process (see also Remark as
follows.

Definition 2.8. The spot-variance process is given by & := 0,(X, X)¢, for t > 0, and
the forward variance process (v(t,T))icpo,1] by

U(t, T):= 8TV<LL, T) = E[fT‘./—"t], t e [0, T]. (2.5)

Notice the similarity of these quantities to the short rate and forward rate in the
interest rates theory (see for example [34]). In particular the short-end condition holds
true, that is,

& =v(t,t), Vt>D0. (2.6)

Finally we arrive at the representation of the predictable variance swaps and variance
swap rates in terms of the spot variance process and the forward variance process given

by

¢ T
P —
Vst(t,T) = /Ofsds—i—/t v(t, s)ds, (2.7)
T

V(t,T) = / u(t, s) ds. (2.8)

3 Stochastic Volatility Models

From Representations and we see that the prices of predictable variance
swaps are fully determined by the spot variance process £ corresponding to the log-price
process X. If the spot variance process is assumed to be a non-negative semimartingale,
the pair (X, +/€) is usually called stochastic volatility model.

Definition 3.1. Given a log-price X as in Assumption |2.1, a stochastic volatility
model is called any pair (X,n) such that n is a locally square integrable semimartingale
satisfying O(X, X))y = n?_ for all t > 0. In this case, the process n is called the
stochastic volatility process corresponding to X.

We need also the following definition, which corresponds to the case where only
the spot-variance process is explicitly given. Here a corresponding log-price can be
constructed, which in general will not be uniquely determined but has to satisfy a
certain compatibility condition.

Definition 3.2. Given a locally square integrable semimartingale n, a semimartingale
X will be called compatible log-price model for the stochastic volatility n, if (X,n) is
a stochastic volatility model in the sense of Definition [3.1]

Remark 3.3. Note that as any semimartingale defined as in [53, Definition 4.21] is
adapted and cadlag, the process t — n,— is adapted and caglad and in particular
predictable (see [53, Proposition 2.6]). Accordingly it qualifies as local characteristic,
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see Remark Moreover, as the processes (7:);>0 and (7:—)¢>0 only disagree on a
Lebesgue null-set, we have

t t
/ nst—/ Ns—ds, Vt>0
0 0

and so it is only a minor abuse of notation to set 9;(X, X); = n? for all ¢t > 0. This is
justified by the fact that we are ultimately interested in the price process of predictable
variance swaps as given in where only the integrated versions of the spot-variance
and forward variance are used.

In the following we will assume that 7 is in fact square integrable. In this case
the spot-variance process ¢ := n? has the canonical decomposition (see [53, Definition
1.4.22]) given by

E=8%+ M+ A, (3.1)

such that M is a martingale and A is a predictable process of finite variation that is P
integrable. Then the forward variance is given by (see Definition [2.8))

v(t,T) = E[ép|F] = & + E[Ar — Ay F], t€][0,T] (3.2)

and we see that for each fixed time ¢, with 0 < ¢ < T, the shape of the term-structure of
the forward variance T'+— v(t,T") depends basically only on the finite-variation process

A.

3.1 Spot-Variance Processes with Affine Drift

Now we will consider the important case where the finite variation part A is of the (Hull-
White extended) affine form, which includes the popular class of (time-inhomogeneous)
affine processes (see [30] and [33] respectively).

Definition 3.4. A spot-variance process £ is said to have an affine drift, if the process
A in the canonical decomposition (3.1)) satisfies

t
At:ozt—i—m/ Esds, t>0,
0

where o and Kk are real constant. If o is a continuous deterministic function, such that
the process A satisfies

t
A = / (s + 1€ ds, >0, (3.3)
0
the spot-variance £ is said to have an Hull-White extended affine drift.

Proposition 3.5. If the spot-variance process & has an affine drift, then for each fired
time t the term structure of the forward variance is (time-homogeneous) affine in the
spot-variance with representation given by

v(t,T) = ®(T —t) + U(T —t)& t e [0,T], (3.4)

where ®(x) := (V(z) — 1) and ¥(x) := " for all x > 0. If & has an Hull-White
extended affine drift, the term structure of the forward variances have at each time t a

(time-inhomogeneous) affine representation given by

v(t, T) =&, T)+ (T —t)& tel0,T], (3.5)
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where ®(t,T) ft T — s)as ds.
Moreover, the pmcess a can be used to match any differentiable initial forward
variance curve vy by choosing & = vo(0) to satisfy the short-end condition (2.6) and

by setting
d
= avo(t) — Kkvp(t), Vt>0. (3.6)

In this case the forward variance can be represented by
v(t,T) = vo(T) + U(T — t)(& — vo(t)), ¢ €[0,T). (3.7)
Proof. The Representation (3.5)) follows from (3.2)) applied to (3.3 which gives

T
Elér|F] =& + / (as + KE[G|F) ds, T >,

and accordingly for each fixed ¢, the term structure 7" — v(¢,T') is a solution of the
semi-linear ODE

s fr=rkfr+ar, T >t

ft = étu

which is solved by and for constant « this reduces to . For the second claim,
Comparing Representations (3 ) and (3.5} . we see that the clalm follows if for the choice
a as in we have ®(t,T) = vo(T) U(T —t)vp(t), but this follows from integration
by parts, as

T
o, T) = /t e”(T_s)(%vo(s)—m)g(s))ds:vo(T)—e”(T_t)vo(t).

In particular, by choosing &y = vg(0) we see that v(0,7) = vo(T) for all T > 0 and
hence the claim. O

Now assume that the spot-variance process ¢ has an Hull-White extended affine
drift with representation given by (3.3). Then it follows from the Representation (/3.5
and Ité’s product rule that

o(t,T) = v(0,T)+®(t,T) - (0,T) + (T — t)& — U(T)&
- /\Il —sAst—i-/t\I/(T—S)dfs (3.8)
0
= 0(0,T)+ /0 (T — 5) dMs. (3.9)

Note that the Representation (3.9)) is independent of the drift term A and in particular
the same irrespective whether ¢ has a plain affine drift or an Hull-White extended affine
drift. However, the difference is in the initial curve v(0,-). From the Representations

(3.4) and (3.5)) we see that the initial curve is given by

T
v(0,T) :/ " T~ g ds + U(T)&,
0

that is, for constant « it is necessarily an element of the parameterized family of curves
given by
IpYe e
{R+9$i—)6 (E+§0)7E‘a,ﬁ,§0€R}, (3.10)
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where we considered &y also as a parameter, whereas if « is assumed to be a continuous
curve that can be used as a parameter, then any continuously differentiable initial curve
is possible by choosing « as in (3.6)).

Ezample 3.6 (Heston Model). Consider the Hull-White extended Heston model (see
[52]) given as the solution of

dX; = —%ft dt + \/{td,@tl
d& =k (0 — &) dt + py/E dB?
XO =, 50 = £a

where k and p are positive constants and 6 is a continuous deterministic process satis-
fying 2k60; > p? for all t > 0 and B! and B? are possibly correlated Brownian motions
with correlation ¢ € [—1,1]. Then according to Proposition the forward variances
have the representation

T
v(t,T) = / e Tk, ds + e T g,
t

and given any continuously differentiable initial curve vy we can set 6 such that xf; =
%vo(t) + kvp(t) holds for all ¢ > 0. Then if also {y = vo(0) we have v(0,T") = vo(T") for
all 7> 0 and

o(t,T) = v(0,T) +e "I (& — (1))

T
= o0.1)+ [T, (3.11)
0

where v(0,T") = vo(T).

The Representation is the first example of a (classic) HIM-model (see [51]), in
that for each fixed but arbitrary T' > 0, the forward variance v(¢,T') can be represented
by an Ito-process. In particular it can start at an arbitrary (continuously differentiable)
initial curve vo(7"). Note that the Representations and are included in more
general, semimartingale driven HJM models as considered for example in [56]. If we
choose M; = f(f osdfs we are in the considered (classic) HIM setting, as the forward
variances then have the representation

t
v(t,T) = v(0,T) + / T d,. (3.12)
0

In the next section we will look at general (classic) HJM models.

4 HJM Theory

In the previous sections we defined the (idealized) payoff of a (predictable) variance
swap by the (predictable) quadratic variation of the log-price. Under the Assumption
mwe saw that the price of a predictable variance swap as given in Representation
is determined by the spot-variance, given as the weak time derivative of the predictable
quadratic variation. The forward variances are given by the term-structure equation,
see Definition [2.8] This setting is very tractable, in particular for spot-variance models
with affine drift (see Definition [3.4), but as for short-rate models for the market of
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zero-coupon bonds, lacks the flexibility to model realistic market movements and in
particular to start at an arbitrary initial curve. In the following we will take the HJM
perspective (see [51]) by starting with a general model for the forward variances v.
Given a model for the forward variances v, the spot-variance £ is then determined by
the short-end condition (see (2.6)) & := v(¢,t), t > 0, which is well-defined under some
mild conditions on the forward variance process. Then we can define (as in ) for
each T' > 0 the variance swap rate and predictable variance swap price processes for
each fixed T' > 0 by

V(t,T) = /Tv(t,s)ds, t<T (4.1)
Vst ) = /tgsds+V(t,T), t<T. (4.2)
0

Remark 4.1. Equation very closely resembles the corresponding situation in the
HJM theory for interest rates as introduced in [51]. In fact, if we assume that v is a
model for the forward (interest) rate, then the first term corresponds to the logarithm
of the bank account process and the second term to the logarithm of the zero coupon
bond price process multiplied by —1.

For the definition of the variance swap price process we need the concept of a
compatible log-price (generalizing the Deﬁnition cf. also [35]).

Definition 4.2. Let £ be a predictable process modeling the spot-variance. Then a
semimartingale X satisfying the conditions of Assumption|2.1]is said to be a compatible
log-price process for the spot-variance &, if Oy(X,X) = & for all t > 0 (see Remark

.

If X is a compatible log-price process X we arrive via (2.1)) at the representation
for the variance swap price process by defining

VS(t,T):=[X,X]); — (X,X); + VST, T), t<T. (4.3)

For the case of a continuous log-price process X, this is basically the same setup as in
[15]. Finally, following [28] and using the Representation (4.3) (cf. Remark [2.2)), we
can make the following Definition regarding the absence of arbitrage.

Definition 4.3. The market of variance swaps is free of arbitrage, if and only if, there
exists a probability measure Q equivalent to P, such that the predictable variance swap
price processes t — V.SE(t,T), t € [0,T], T >0, is a (local) martingales. The measure
Q is then called an equivalent (local) martingale measure (E(L)MM ). If under P the
variance swap price processes is a (local) martingales, it will be called (local) martingale
measure ((L)YMM ).

4.1 Term Structure Movements and Drift Condition

In this subsection we closely follow [34, Chapter 6] and [32, Chapter 4]. We denote
by (2, F, (Fi)ier, . P) a given complete filtered probability space satisfying the usual
conditions and such that § is a d-dimensional (F;)-Brownian motion, for some d € N
and P some given probability measure which not necessarily is a LMM. We assume
further that we are given an initial term structure v(0,-) and mappings o and o that
satisfy the following conditions (see Appendix [Al for the notation).
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(HJM1) « is a measurable mapping from (A x Q,B(A) ® F) into (R, B(R)) and
o is a measurable mapping from (A x Q,B(A) ® F) into (R?, B(R?)), where
A:={(tT)eR?|0<t<T}.

(HIM2) For each T > 0, o(-,T) € LY(R) and a(-,T) is predictable and Lebesgue
integrable.

(HIM3) As functions of T, v(t,T),a(t,T) and o(t,T) are a.s. continuous.

Then, for each fixed but arbitrary T" > 0, we assume that the forward variance process
evolves according to the It6 process given by

t d rt '
v(t,T) =v(0,T) +/0 a(s, T)ds + Z/o ol(s,T)dpl, te]0,T]. (4.4)
j=1

Now we can immediately formulate the well-known HJM-drift condition for forward
variance models.

Proposition 4.4. P is an LMM in the sense of Definition[].3, if and only if,
a(t,T)=0, foralT, dP® dt-a.s. (4.5)

In this case the predictable variance swap price process evolves according to
VSP(t,T) = V.SP(0,T) +Z/ &7 (s,T)dpl,
— Jo

where V.SP(0,T) fo v(0, 8)ds and 57(t,T) ft ol (t,u) du for allt < T. If further
o(-,T) € £2( ) then P is a martingale measure.

Proof. As this is a well-known result, we only sketch the proof. Conditions (HJM1)-
(HJM3) enable us to use the ordinary and stochastic Fubini Theorem, see for example
[34, Theorem 2.3.2]. By denoting the spot variance process & := v(t,t), t > 0, we get

T T t d_pt A
/t v(t,u)du = /0 U(O,u)du+/0a(s,T)—§Sds+j;/o (s, T)dp?,

Where a( t T) ft a(t,u) du and 67 (¢,T) = [, " 63 (t,u) du for t < T and accordingly
from we arrive at the representation

T d
VSP(t,T):/O u(o,u)du+/Otd(s,:r)ds+;/Ot5f(s,:r)dﬁg.

Thus P is a LMM, if and only if, for all T" > 0, fo a(s,T)ds is indistinguishable from
zero, which is equivalent to &(t,7) = 0 for all T > 0, dP ® dt-a.s. Thus (4.5]) follows
from differentiation. O

In this generality HIM models are not very useful for applications. It should rather
be seen as a general framework to formulate the drift-condition for forward variance
models. In the following we will discuss a very popular class of H/M models.
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4.2 Linear Models
In the following we assume that P is a MM (recall Definition . A very tractable

choice for the forward variances is then given by so-called linear models, which are mod-
els that for each fixed but arbitrary 7" are solutions to the linear stochastic differential
equation given by

o(t,T) = v(0,T) —i—/otv(s,T) dM,(T), t€[0,T], (4.6)

where for each T, t — M (T) is a continuous local martingale with representation

d t 4
M. = 3 dp’
(T) Z / (5, T) dB,

for X1, ..., 3, satisfying the conditions (HJM1)-(HJM3). Solutions to such models
can be represented by (see [65, Proposition IX.2.3])

o(t,T) = v(0,T)&(M(T)) (4.7)

d t ) d t
= v(O,T)eXp(JZ:;/O Ej(s,T)dﬁg—;;/o E?(s,T)ds).

The situation is particularly tractable if
2t T)=0j(T—-1t), j=1,...4d, (4.8)

for smooth deterministic functions oy, ..., 04, since in this case the corresponding for-
ward variance process in Musiela’s parameteriaton (to be introduced in the next section)
given by ¢t — v(t,t + ) becomes a time-homogeneous Markov process.

Ezample 4.5 (Constant Diffusion). The simplest (non-trivial) choice is d = 1 and o
being a constant. In this case the forward variance process and the variance swap rate
can be represented as

o(t,T) = v(0, T)E(0B), V(t,T)=V(0,T)E(0f), Y0<t<T.

The spot-variance process & := v(t,t) = v(0,t)E(05) can be represented for a strictly
positive and differentiable initial curve v(0,t) by

& = v(0,0) exp </0t (U(O17 3 %U(O, 5) — %OJ) ds + /Otadﬁs>.

In particular, if v(0,T) := ae’T, then the spot-variance process reduces to the solution
of

d& = b&p dt + o0& dBy, &0 = a, (4.9)
and accordingly follows a geometric Brownian motion and in particular has an affine
drift in the sense of Section [3.1] Hence Proposition [3.5] applies and we have the inter-
esting special case in which a linear forward variance model admits an affine drift. We
can show this also by a direct computation as,

o(t,T) = v(0,7T) +/O ov(s,T)dpBs =v(0,T)E (o)

= aexp(bT)exp ( - /Ot %O’z ds + /Ot o dﬁs) = exp(b(T —t))&.

We summarize this in the following Proposition.
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Proposition 4.6. Let v be the solution of the linear SDE given in (4.6) with d = 1
and X(t,T) = o. If the initial curve v(0,t) is of the form v(0,t) = aexp(bt) then the
forward variance model v admits an affine realization.

Ezample 4.7 (The Bergomi model). In the Bergomi model (see [7]) the diffusion coef-
ficients o1, ..., 04 are given by o;(x) = we™ " for > 0 and for all i = 1,...,d. In this
case we have

d t d )
=% / we 19 4g7 = 3" e~r (=0 7], (4.10)
j=1"" j=1

where each Z7 is a solution to
7] = —k;Zl dt + dBl, Zy=0 (4.11)

and accordingly (independent) Ornstein-Uhlenbeck processes. From (4.7)) the forward
variances in the Bergomi model have the representation

d

2
SR - (S -y e —cmn)

j=1
d
= exp (Z e (T
j=1

where the second equation corresponds to representation used in [7].

L TIE(ZIR),  (413)

M&

Jj=1

Remark 4.8. Note the contrast to HJM models for forward interest rates in which
models with linear diffusion coefficients generally do not exist. That is, by denoting
the forward rare at time ¢ for time-of-maturity 7" by f(¢,7), it can be shown (see [34,
Section 6.4.1] and the references therein) that the equation corresponding to with
My(T) = o, for some o > 0, given by

T
df (t,T) = (af(t,T)/t o f(t,u) du) dt + o f(t,T)dBs,

can not admit a finite valued solution. This apparently lead to the development of the
LIBOR market model, see again [34, Section 6.4.1] for a discussion of this aspect.

5 HJM Musiela Theory

From now on we will assume that P is a LMM (see Definition [4.3). In this case, if

(HIM1) — (HIMS3) hold true, it follows from Proposition that for each fixed but
arbitrary T > 0, the forward variance process v(-,T") can be represented as

d
v(t,T) = v(0,T) + Z/ ol(s,T)dB2, telo,T). (5.1)
j=1"0
Now we will switch to the HIM Musiela perspective by considering the forward variance
process in Musiela’s parametrization (see [62])
u(t,z) =v(t,t+z), VY(t,z)e Ry xRy

and state conditions (following [40)], Section 4]) such that the process u; := u(t, -) takes
values in a Hilbert space H that satisfies the conditions (H1) and (H2) in [40], namely
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(H1) H is a separable Hilbert space continuously embedded in C'(R4,R) (that is, for
every x € Ry, the pointwise evaluation ev, : u — wu(x) is a continuous linear
functional on H) and 1 € H (the constant function 1).

(H2) The family {S |t € R4} of right-shifts Syu = u(t+-) forms a strongly continuous
semi-group S in H with infinitesimal generator denoted by %.

Remark 5.1. Unless otherwise stated, we shall think of the Hilbert space H that was
introduced in [32, Chapter 5], which consists of absolutely continuous functions h on
R, equipped with the norm

Ihll% = \h(0)|2+/ |7 ()| *w () de, (5.2)
Ry

where w : Ry — [1,00) is a non-decreasing weighting function. Notice that we do not
need an integrability condition on the weighting function as in [32, Condition (5.1)] as
the additional condition (H3) necessary for the regularity of the HJM-drift for forward
interest rates is not required here (cf. [32, Remark 5.1.1]). Hence, possible choices
include the constant function w(z) =1 for all z € Ry and w(z) = e** for some a > 0.
According to [32, Theorem 5.1.1] and [32, Corollary 5.1.1.] the space satisfies (H1)
and (H2), the elements are bounded and it holds that

D(d/dz) = {h € H|I € H}.

If the weighting function w needs to be emphasized, we will write H,,.

In the following we will consider a slightly more general situation than necessary, by
looking at models given by

t d t ,
f(t,T):f(O,T)+/0 a(s,T)ds—FZ/O ol(s,T)dpl, tel0,T). (5.3)
=1

Lemma 5.2. If 1* := f(0,"), ay(w) := a(t,w, - +1t) and 0} (w) := oJ(t,w, - +1), j =
1,...,d, satisfy the conditions

(C1) r* € H, and
(C2) aand o?, j =1,...,d are H-valued predictable processes satisfying

t
]P’[/ el ds < oo] =1, vi >0,
0

and o’ € LI°°(H), for j =1,...,d.
Then for each t >0, ry := f(t,t +-) can be represented as

t d rt
rt:S(t)r*—i-/ S(t—s)as ds—i—Z/ S(t — s)od dp?,
0 =0

and is a mild solution in H of

dry = (fri+ op) dt + 39, o dp]
ro =1r*.

If also 0 € L2(H), j =1,...,d, then the mild solution can be chosen to be continuous.
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Proof. This is [32, Section 4.2] and |26, Poposition 7.3]. O

Thus, if v* := v(0,) and o4(w) = o(t,w,- + t) satisfy the conditions (C1) and
(C2), then for each ¢ > 0, u satisfies

d  rt
=S+ / S(t — 8)07 df (5.4)
j=1""9
and accordingly is a mild solution of

(5.5)

ug = u*.

{dut = Lupdt+ Y4 o] df]
Proposition 5.3. Fiz someT > 0. Ifo; € L%(H), j =1,...,d, 0; € D(d/dz) dP @ dt-
almost surely on Q@ x [0,T] and Lo; € L2(H), j = 1,...,d, then for any u* € D(d/dx),
(5.4) is also a strong solution of (5.5)).

Proof. The existence of a continuous mild solution follows from the above and that this
is also a strong solution follows from [26, Proposition 6.4]. O

5.1 Spot-Variance Models with Affine Drift

We continue the discussion of spot-variance models with affine drift as given in Section
The following proposition follows immediately from Lemma We consider the
Hilbert Space H given in Remark with weighting function w(z) = e** for some
fixed o > 0.

Proposition 5.4. Let u; := v(t,t+-) and u* := v(0,-), where v is given by (3.12) with
o € L1(R). Ifv(0,-) € H and 2k < —a, then u is a mild solution of

(5.6)

*

duy = %ut dt + ore™ dfy
Uup =u .

If u* € D(d/dz) and o € L*(R) the solution is also a strong solution.

Proof. 1t follows from (5.2), that e® € D((d/dz)") C H for n = 0 (and then also for
all n > 0) if and only if 2k < —a. In this case the process & := (0" )y> is in L1°¢(H)
as 0 € L£°(R) which gives Condition (C2) and thus according to Lemma the first
claim. For the second claim, note that & is in £2(H) whenever o € £2(R) and that
in this case also L& = x5 € £2(H). Hence the second claim follows from Proposition

B3l O

Let the conditions of Proposition 5.4 be satisfied and denote by u the strong solution
of (5.6) for up = u* € D(d/dx). Also consider the representation given in (3.7)) which
in Musiela’s parametrization 4 := v(t,t + ) corresponds to

ﬂt = Stu* + GH’ (ét - ’LL* (t)), (57)

where @y := u* and & = @,(0) is the spot-variance. Notice that this representation
consists of the sum of an deterministic process in H given by ¢t — Syu*, where at
each time t, x — Swu*(z) = u*(t + ) and a process given by t — e (& — u*(t))
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where € is a constant element in H and ¢t — (& — u*(t)) is a real-valued stochastic
process. Accordingly at each time ¢, e (§ — u*(t)) takes values in the linear one-
dimensional space given by the span of e® and consequently u; given by stays in
the 2-dimensional submanifold with boundary of H given by

My = {Su* + € z|(t,z) € Ry x R} C D(d/dzx).

Proposition 5.5. Let u* € D(d/dx) and o € L%(R), such that £ is a strong solution
to

d& = (o + k&) dt + o dBy,  &o = u*(0),

with a given by (3.6). Then u given by (5.7) is a strong solution to (5.6) and accordingly
U = u by uniqueness of strong solutions.

Proof. From the Definition of o given in (3.6) and Itd’s product rule, it follows that
& =& — u*(t) is a strong solution to

dgt = Hgt dt + oy dfy, E() =0 (58)

and accordingly from the definition of the semi-flow S;, the linearity of the (stochastic)
integral and the boundedness of % on M-, we get

t
~ d ~
ﬂt = Stu* +6H.§t = ’LL* +/ d—Ssu* d8+€H.§t
0 X
dx
* ! d * d K ¢ ! K-
= u —|—/O (%Ssu —i—%e 55) ds+/0 o€ dfs

t d t
= u*—l—/ ﬂsds—i—/ ose™ df,,
o dz 0

which gives the claim. O

t d t - t
= u"+ / —Ssu*ds + / ke € ds + / ose™ dfs
0 0 0

Thus, the SPDE admits for every ug € D(d/dx) a generic finite dimensional
realization (see next chapter). Such models are also called generic affine realizations
as for initial curves from the set (which corresponds to an affine submanifold of
H) the term structure of the model given by is affine in the spot-variance.

5.2 Linear models

We continue the discussion of linear models started in Section 4.2l We assume that in
(4.6) the diffusion coefficients are of the form (4.8)), that is, we look at forward variance
processes with representation

d .t
v(t, T) = v(0,T) + Z/ v(s, T)o;(T — s) dfB2. (5.9)
j=1"0

As in the last subsection, we want to derive conditions such that this equation can
be represented in Musiela’s parametrization u; := v(t,t + -) as a stochastic partial
differential equation in the Hilbert space H, for some weighting function w. Before we
proceed we introduce the pointwise multiplication operator m which acts on two given
functions f, g : Ry — R by pointwise multiplication, that is,

m(f,9) : Ry =R, 2= m(f,9)(x) = f(z)g(z). (5.10)
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Lemma 5.6. Let o be absolutely continuous. Then the multiplication operator given
by (5.10) satisfies m(o,h) € H for all h € H if and only if o € H. In this case for any
fized o € H we have m(o,-) € L(H, H).

Proof. Necessity of the first claim follows from m(o,1) = o. For the sufficiency, first
note that the product of absolutely continuous functions is again absolutely continuous.
Further, we have from (/5.2))

2
o(2) h(z) + o(x)h’(a;)‘ w(z) dz

Im(o, )lI7 = |o(0)h(0)” +/

R4

IA

i + ‘U(m)h’(x)r)w(x) dx

OO +2 [ (Jola)hia)

= |o(0)h(0)|? + I + I,

L = 2/
R4

< 4/R (‘J($)’h(0)‘2+’0(x)'/R h’(x)dx>’2>w(x)dx

where

U(x)’(h(O) + /Off B (y) dy) ‘Qw(a:) dx

= A(BOP + W,y [ 1) uls) do

R4

= 4(RO) + K12z, )03 — 10(0)2) < oo,

as Hh’Hil(R” < C1||h||%, where Cy is a constant that depends only on w according to
[32, Equation (5.3)]. Similarly, for Iy we have

L = (1o () + 0"l g, )R — A0)) < oo,

which gives the first claim. Now fix ¢ € H with ||o||% =: M, then we see from the
above that
lm(o, m)I[F < (M + 8C1M)|hl,

whence the second claim. ]

Remark 5.7. For a different proof of Lemma [5.6|see [71, Lemma 4.2].

Now assume that u* := v(0, -) satisfies Condition (C1). Then it is easy to see that
the Equation (5.9) corresponds formally in Musiela’s parametrization to

(5.11)

ug = u*,

{dut =Ly dt + Z?:l m(o?, uy) dBy
but unlike to the models considered in Section 5.1 we can not apply Lemma[5.2]directly,
as the forward variance processes in are given by solutions to SDEs and not by
Ito-processes as in Section [5l In particular, we can not check Condition (C2) without
knowing the process u. Therefore we proceed here by showing first that admits
a unique continuous mild solution. In a second step we will then show that condition
(C2) is satisfied and apply Lemma
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Lemma 5.8. Let 0; € H, j = 1,...,d. Then for any u* € H, (5.11) has a unique
continuous weak solution u such that for any T > 0 there exists a positive constant
C:=C(T) and

E[ sup lull3] < C(1+ [lu*(fF). (5.12)
t€[0,T]
Proof. The follows immediately from Proposition and Lemma O

Corollary 5.9. If u* := v(0,-) satisfies Condition (C1), then u; := v(t,-), where
v(t,T) denotes the solution of (5.9), is a continuous mild solution of (5.11]).

Proof. By setting v(t,T) := u(t,T — t) where u denotes the mild solution of (5.11)) we
get

d .t
v(t,T) = S (T—t)+) / Si—sm(oj,us)(T —t)dpl
i=1"0
d t '
= Wi +Y [ i = sy = ) as
= 0D+ Y | i st 1y as

which is (5.9). Now in the notation of Lemma we have pointwise
ol (w)(z) = o (x)v(t,w, t + ) = m(aj, u(w))(x)

and using (5.12) it follows that u € £2.(H) and hence also m(oj,u) € £2(H) which is
(C2). Hence the claim follows from Lemma O

Thus we have shown that the solution v of (5.9) is in Musiela’s parametrization a
continuous mild solution of (5.11)). On the other hand, we know from (4.7)) that ([5.9)
is solved by

wﬂ:m@ OT+Z/@ ﬂML»Z/ ﬂ@

Now if we define J(t, T) := log(v(t, T)) then it follows from the first part of Lemma

that for each J* := log(v(0,t +-)) € H, J; := J(t,t 4 -) is a mild solution of
Jo = J*, '

as m(oj,0;) and o; satisfy Condition (C2), on each bounded interval [0,7] and each
j=1,...,d. The process J can be decomposed as follows.

Lemma 5.10. Let J? be the mild solution to the deterministic Cauchy problem
dJ = (T2 = 330 m(oj, o)) dt
) (5.14)
Then J' := J — J?, is a mild solution to

dJf = Lgldt+ Y0 o5dp] (5.15)
JE =0,
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Proof. This follows from [26, Proposition A.4]. O
For the second part of Lemma [5.2] we have the following Condition.

Lemma 5.11. If 01, ...,04 satisfies

/OT 1S, dt < 00, j=1,....d,
then the mild solution J of and J* of can be chosen to be continuous on
[0,T].
Proof. This is [26, Theorem 5.2]. O
For h € H we consider the pointwise exponential map on H given by
x +— exp(h)(z) := exp(h(z)). (5.16)

By construction it seems to be obvious that the process ¢ — exp(J;) agrees with ¢ — ;.
However, as the process J (given as the mild solution of ) is not an Ito-process,
we can not apply the It6 formula. We will show that the result still holds true by an
application of [74, Theorem 2.2], but need first the following Lemmas.

Lemma 5.12. Let w be an arbitrary weighting function. Then exp(H) C H.

Proof. For h € H arbitrary we have

2
leh2, = =M@ 4 /R W (2)e"@| "w(z) dx
+

x 2
< |eh(0)|2—|—/ h'(m)(eh(o) —I—/ (eh(y))'dy)) w(z) dx
Ry 0

2 @ 2

< |eh(0)|2+2/ (h/(:c)eh(o)‘ + h/(x)/ (eh(y))'dy‘ )w(x) dx
Ry 0
x 2
< yeh<0>|2(1+2yh”%1)+2/ h'(x)/ (eh(w)'dy) w(x) dz
Ry 0

<

T 2

O+ 2nl) + 2] [0 ] i
0

< [MOPL+ 20 AllE) + 201(OY 171 g IR

Thus the claims follows upon showing that ||(e"()Y|| Li(R,) < 00, but this follows from
the boundedness of h € H, as

1O @) = /R (@Y d = / @) | () da
+

Ry

= / eh(x)h'($)dm—/ " n (z) dx
R4 Nh'>0 R Nh’<0

= / eydy—/ e’ dy < 0.
h(R4Nh'>0) h(R4Nh <0)
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Lemma 5.13. Let w be an arbitrary weighting function. Then for oll f,g € H we have

exp(f + g) = m(exp(f), exp(g)).

Proof. From Lemmas and we know that both sides of the equation are well-
defined elements in H. Hence, as the claim holds pointwise, we get immediately that

lexp(f + g) — m(exp(f),exp(g))||} = 0 and thus the claim. O

Lemma 5.14. The exponential map exp : H — H,, where Hy := exp(H), is a
diffeomorphism.

Proof. We show first that for every hg the Frechet derivative D exp(hg) exists and is
given by m(exp(ho),-). It suffices to show this for hg = 0. We have

H exp(eh) — 1 —eh ‘2 ’exp(eh(O)) —1—¢€h(0)2

€ H:
“
Ry

(exp(eh(z)) — 1 — eh(x))
€
By Taylor’s Theorem, the first term [y vanishes as ¢ — 0 for all h € By, where By
denotes the unit-sphere in H. For the second term, it holds true that

L - /R
- /R (1 (2))(exp(eh()) — 1)%w(z) dz
< ([ t@pue ) (esteho) + [ esplentn) du—1)’

R, dy

€
2
w(x)de =: I + Is.

exp(eh(x))eh/(x) — eh'(z

€

) ‘2w(x) dz

= (bl ~ b)) (expleno) + [ ep(aydz—1)" 0,

Eh(R+)
as € — 0, again uniformly for all h € By and hence the first claim holds. Next, for
any hg € H, the derivative D exp(hg) = m(exp(hg),-) is an isomorphism, with inverse
given by

[D exp(ho)] ™" = m(exp(~ho), -),

hence it follows from the Inverse Mapping Theorem (see for example [62, 2.5.2 Inverse
Mapping Theorem]|) that exp : H — H™ is a diffeomorphism. It is obvious that the
inverse is given by the pointwise logarithm log : Ht — H, log(h)(z) := log(h(z)) with
derivative given according to the Inverse Mapping Theorem by

Dlog(hg) = | D exp(log(hg)) - = m(exp(—log(ho),-) = m(i ),

for every hg € H. O

Now we can finally show the desired result.

Proposition 5.15. Let u denote the unique continuous mild solution of (5.11) and let
@ be the process given by t v 1y := e’t. Then u =@ on [0,T].
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Proof. We know from Lemma that exp: H — H™T is diffeomorphism and we have
that exp(D(d/dz)) = H* N D(d/dz) as %exp(h) = m(exp(h), dzh) € H by Lemma

whenever h € D(d/dz). Also we have exp*(%) = % (where exp*( —) denotes the
push forward of d%:’ see [74]) as
d d d
exp, () () = Dexp(log(h»% log(h) = m(h, - log(h))
1 d d

Hence the conditions of [74, Theorem 2.2] are satisfied and we have that @ = ¢’ is a

continuous mild solution to
diiy = (fkits — 5 37— exp.m(y, 0,) (i) + x (i) dt + 35, (exp, o) (@) dB]
’&O = eXp(Jo),

where exp, 0j(h) = m(oj, h) and

d
1
= §ZD2 exp(log Uz,az = Zexp* U]7Jj)(h)'
j=1

Thus @ satisfies (5.11]) and the claim follows from uniqueness. O

Ezample 5.16 (The Bergomi model revisited). In the Bergomi model (see Example
in Musiela’s parametrization the diffusion coefficients are given by o; = we™" for
j=1,...,d where k > 0 and accordingly the corresponding equation (5.15) is given by

{thl = Lybdt+ Y0 we i dp]

5.17
o (5.17)

which corresponds to the type of equation given in (5.6). It follows from Proposition
[5.4] that whenever e™*" € H, (5.17) admits a strong solution on [0, 7] for each T > 0.

Moreover, by setting as in (5.7) and (5.8]),

d
Jpe=Y ez (5.18)
j=1
with each Z7, j = 1, ..., d being strong solutions of
dzi .= —K;jzf' dt+wd5§', (5.19)

it follows just as in Proposmlonn 5.5 that ( is a strong solution of (5.17)) and hence
J' = J' on [0,7]. And finally we get from Lemmas 5.1 L 13| and Proposition
that

d
ur = mlexp(J), exp(J})) = m(exp(J2), exp(> " e~ Z0)). (5.20)
j=1
Now it is easy to see, that

(m(el?, eXi=1¢""7 %) |(t, 21, .., 2) € Ry X Rd} c D(d/dzx)

and that accordingly w is in thls case a strong solution to whenever v* € D(d/dx).
Note that in this case admits a generic finite dzmenswnal realization to be
introduced in the next Chapter. For reasons that are similar to those given at the end
of Section such models will be called exponential affine realizations.
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Chapter 111

Finite dimensional Realizations

At the end of the last chapter we saw that the SPDEs and (with
the diffusion coefficients given as in Example admit generic finite dimensional
realizations in that the solutions for any initial curve within an open set of H could be
represented by a smooth parametrization of finite dimensional It6 processes as given in
and respectively. In this chapter we will look at more general versions
of the SPDEs and and investigate the conditions on the diffusion
coeflicients such that the SPDEs admit generic finite dimensional realizations, that is,
finite dimensional realizations for every initial curve in some open set of H. Answers
to this question for the HIM-Musiela equation for forward (interest) rate models were
first found by Tomas Bjork and co-workers in a series of papers including [11] and [13]
and later on completely solved by Damir Filipovi¢ and Josef Teichmann in a series of
papers including [38] and [40]. For applications to forward variances see also [15] where
the invariance conditions (see (2.2) and (2.3))) with respect to a given finite dimensional
submanifold were cited. In the following the main reference will be [40]. In particular
we will recapture the existence of affine realizations which is very closely related to
the situation for the forward interest rates. We shall also systematically consider the
existence of finite dimensional realizations for linear SPDEs, which are generalizations
of , beyond the simple case that corresponds to Bergomi’s variance curve model
(see [7]). The main tool in both cases will be a version of the Frobenius Theorem which
was introduced in [3§]. For this we will restrict ourselves to Markovian models albeit
with stochastic volatility (i.e. forward variance models that have local and stochastic
volatility).

1 Markovian HIMM Models

From the preceding results we see that basically every HIM model given by an infinite
system (one for each time-to-maturity T') of forward variance equations as in
can be transferred into a single equation as in in an infinite dimensional Hilbert
space. For our following considerations the specification of the diffusion coefficient o as
given in the equation is too general and not very useful for applications. Also
so far we have only considered an equation for one given initial curve. On the other
hand we do not want to restrict ourselves to the purely time-homogeneous case by
sacrificing the possibility of considering a stochastic diffusion coefficient. A reasonable
compromise is given by the class of forward variance models with stochastic volatility
evolving in the state space H := H x R™ for some m € N, where H satisfies the
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Assumptions (H1) and (H2) given above (we adopted this setting from [40]). On this
space H and under the standing assumption that P is a (local) martingale measure for
the market of variance swaps, we consider the (general) stochastic equation given by

{dht = (Al + a(he)) dt + 325, 3 (he) dB],

(1.1)
ho €U :=U x R™,

where U is some open convex set in H, A is a linear operator on H with domain D(A)
generating a strongly continuous semigroup S and «, X1, ..., ¥4 are smooth vector fields
on H. If we understand (l.1) as a model for the forward variances with stochastic

volatility, we will set
A= dci 0 a(h) = 0 (1.2)
—\0 0)’ “\a(h))’ '

for some smooth map a : H — R™, such that the drift-condition (see Proposition
is satisfied. In this case, the first H-valued coordinate process u of the solutions
h = (u,Y’) will be interpreted as the forward variance process and the R™-valued second
coordinate Y as the (stochastic) volatility of the forward variance. Note that as d/dx
generates the shift-semigroup {S;|t € Ry} by (H2), A given in ([1.2) generates the
strongly continuous semigroup {S; |t € Ry}, with ¢t — Si(u,Y) = (Siu,Y) on H and
D(A) = D(d/dx) x R™. Thus, setting (o, ) := (X%, %), for i = 1, ...,d, we arrive at
the coordinate representation of equation given by

dup = fhugdt + 329 07 (w, V) dp],
dY; = a(uy, Yy) dt + 30, o (uy, Y1) dB, (1.3)
(uo,Yo) €U :=U x R™.

2 The Frobenius Theorem

In this section we give a short summary of the results of [40] (where everything can be
found in full detail) that will be used in the following. The central result will be the
Frobenius Theorem (see Theorem that will ultimately yield equivalent conditions
for the existence of generic finite dimensional realizations for the (general) SPDE ([1.1)).
The analysis will be carried out in the Frechet space D(A>) as A will generally be
unbounded on #H, but a bounded linear operator on D(A*°), which is a necessary
prerequisite for this Frobenius Theorem.

If admits such a generic finite dimensional realization, there will be in partic-
ular (see [40, Definition 2.5]) for any hg € U N D(A>°) an open neighborhood V around
ho, an open set V in R’ and a C*°-map I' : V. xV — U N D(A*°), that is an immersion
for each fixed h € V, such that for any h* € V there exists a V-valued diffusion process
Z and a strictly positive stopping time 7 such that

hine = T(Zipr, ), forall t >0, (2.1)

is the unique local solution of with hg = h*. The existence of a generic finite
dimensional realization around any hy € UND(A>) is basically equivalent (see Theorem
to the existence of a (weak) foliation of finite dimensional submanifolds (Mp)ney
with boundary of H such that for any h* € V the solution of the stochastic equation

(1.1) with initial value h* satisfies
hipnr € My, forall t > 0.
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In fact, in this case each leaf My can be defined by the parametrization I'(-, *), which
gives necessity. Sufficiency follows under some mild conditions from the Frobenius
Theorem, which is cited in Theorem

For a given finite dimensional submanifold M C Y N'D(A) with boundary of H and
an initial curve h* € M, necessary and sufficient conditions for the invariance of M
with respect to the (weak) solution of with initial value h* € M, are given by the
well-known consistency conditions formulated for the drift and diffusion coefficient of
in the Stratonovich representation

d

2(h) = Ah—l—a(h)—%ZDX}j(h)Ej(h)EThM, (2.2)
j=1

2i(h) € TwM, j=1,..4d, (2.3)

for all h € M, where for the boundary elements h € OM, Z(h) is inward pointing
and the 3;, j = 1,...,d are parallel to the boundary, see [40, Theorem 1.2] and the
references therein.

Notice that (2.2) and are purely geometric conditions on the Stratonovich
coeflicients of and we have

Dy, := (E(h), Z1(h), .., Za(h)) € ThM, Vh e M.

Accordingly, in the language of classical Frobenius Theory, D := (Dp)ren is a tangent
distribution of M and if there exists an integral manifold N C M of the distribution
D, then the conditions and will be satisfied for every h € N and accordingly
N will be left invariant by for any hg € N. Thus, at least formally, it is clear
how to proceed if there is a-priori no candidate foliation (Mpy)ney of submanifolds with
boundary of H and the question is, whether the stochastic equation admits a
finite dimensional realization.

If the operator A is bounded in H the classical Frobenius Theorem can be used as
in [13]. However this poses some strong restrictions on the considered Hilbert space
and hence on the diffusion coefficients of . Damir Filipovi¢ and Josef Teichmann
(see [38, Theorem 3.9]) solved this problem by introducing a Frobenius Theorem on
the Frechet space D(A®) by using the boundedness of A on D(A*°). By doing so,
the problem of finding a generic finite dimensional realization is shifted to the Frechet
space D(A>), which however under some mild conditions means no loss of generality
(see [39, Theorem 3.2]). Before citing this version of the Frobenius Theorem we need
some concepts regarding the analysis on Frechet spaces, which we summarize in the
following Definition (which is [40, Definition 3.11], a full account can be found in [38],
Section 2] and references therein).

Definition 2.1. Let E be a Fréchet space, U an open subset. A distribution on U is a
collection of vector subspaces D = {Dy} ey of E. A vector field X on U is said to take
values in D if X(f) € D(f) for f € U. A distribution D on U is said to be involutive
if, for any two locally given vector fields X, Y with values in D, the Lie bracket [X,Y],
given by

(X, Y](f) = DX(NY(f) - DY (HX(f), [feU

takes values in D.
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Theorem 2.2. Let X1,..., X,, be smooth vectorfields that are pointwise linearly inde-
pendent on an open subset U of D(A), such that X1, ..., Xp—1 admit local flows and
Xy a local semiflow and let D be the distribution on U generated by Xq, ..., Xy.
If
<E(f)721(f)772d(f)> C D(f)7 Vf Eua (24)
then admits a generic finite dimensional realization around any h* € U if D is
tnwvolutive. In this case the map in s given by

V x V3 (u,h*) = D(u,h*) := FI5t o o FIxX(h*), (2.5)
where V' and V are open sets in R} and D(A>) respectively.

Proof. This follows from [40, Theorem 3.14]. O

If the conditions of the last Theorem are satisfied, then for every initial curve h* € U
the underlying coordinate diffusion process Z can be found as in [34] Section 6.4] where
the invariant submanifold with boundary My« of H is given by the parametrization
(-, h*).

Definition 2.3. In the setting of Theorem we say that (L.1)) admits a minimal

finite dimensional realization, if the (constant) dimension of the distribution D agrees
on U with the dimension of the distribution ((Z(h),X1(h), ..., Xq(h)))nheu-

In the following we will investigate the existence of generic finite dimensional real-
izations for generalized versions of the SPDEs given in ([1.5.6)) and ([1.5.11]) which are
both of the form (|1.1)).

3 Affine realizations

In Section [[I.5.] we have looked at some forward variance models implied by spot-
variance models with Hull-White extended affine drift. If the spot-variance process &
is a Hull-White extended diffusion with representation

t

t
ft = 50 +/0 (045 + Hfs) ds +/0 U(fs) dﬁs,

where o is a smooth map (this is a special case of the models we considered in Section
11.5.1{ and corresponds to the case where o, = 0(&;)) , the forward variance process u
is a solution to the SPDE (II.5.6) with oy replaced by o(u:(0)), that is,

duy = %Ut dt + O'(Ut(O))eﬂ' dpB: (3 1)
Uy = h, .
and will be solved for any initial curve h € D(d/dx) by
up = Spug + €%, (32)

where & = & — h(t) is a strong solution to
dé = k& dt + o (& + h(t)) dBy, & =0.

Note that the diffusion coefficient ¥(u) := o(u(0))e™ is sensitive with respect to the
forward curve only trough the linear evaluation map evy(u) = u(0). We will now look

at generalizations of this situation by considering the Equation (1.1) and assuming that
[40, (A1)-(A3)] are satisfied:
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(A1) The diffusion coefficients X1, ..., ¥4 are pointwise linearly independent and of the
form

Yi(u, V) =¢i(l(u),Y), 1<i<d, (3.3)
where | € L(H,RP), for some p € N, ¢; : RPT™ — D(A>), for i = 1,...,d, are
smooth and pointwise linearly independent maps. Moreover,

a(u,Y) = ¢o(l(u),Y), (3.4)
where ¢g : RPT™ — R™ is smooth.

(A2) For every ¢ > 0, the map

(l,lo (%),...,z ° (%)ﬁ ; D((%)) . gela+D)

is open.
(A3) A is unbounded on H.

Remark 3.1. Tt follows from Assumption (A1) that basically every weak solution of
(1.1) is also a strong solution, which follows from [26, Proposition 6.4]

Lemma 3.2. Given Assumptions (A1)-(A3), the vector fields ¥1,...,3q, [E,%;], j =
1,...,d, as well as all multiple Lie Brackets on U are Banach maps and in particular
admit local flows. Z is not a Banach map but generates a local semi-flow.

Proof. This is [40, Lemma 3.17, Lemma 3.20 and Theorem 3.19] O

Under these assumptions, Damir Filipovi¢ and Josef Teichmann found in [40] the strik-
ing result, that if the SPDE (1.1)) with m = 0 admits a generic finite dimensional
realization, then it is necessarily affine:

Theorem 3.3. Let O be an open subset of UND(A™) such that on O the conditions of
Theorem are satisfied, then there exist pointwise linearly independent vector fields
Ay s AN =1 € C(O, D(A%)) such that

Dra(u,Y) = Ew,Y),MY), ..., AN ,-1(Y))

and
Yi(w,Y) e (MY), .. AN 1Y), forall (u,Y) € O. (3.5)

Proof. This follows from [40, Theorem 4.5]. O

In particular if m = 0, then the vector fields Ay, ..., An, ,—1 are necessarily constant
and thus lead by Theorem to an affine realization. In the following we will assume
that holds for constant vector fields Aq, ..., A4 as in the case of a minimal realization
(i.e., Npa = d+1, see Definition . In the next chapters we will look at more general
models.

(A4) There are linearly independent vectors Ay, ..., Ay € D(A>) such that the diffusion
coefficients X1, ..., 34 satisfy

Yi(u,Y) € (Nj), forall (u,Y)eUND(A®), j=1,...4d. (3.6)
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Combined with (A1) this implies that the diffusion coefficients satisfy
E]'(U, Y) = (b](l(u)a Y)Aja V(u, Y) eV, j=1,..4, (37)

where [ is as in (A1) and each ¢; is a scalar field on R™P. Under these assumptions
we arrive at the following coordinate representation corresponding to (|1.3))

duy = %ut dt + Z;-lzl ol (ug, Yy) B,
dYy = alug, V) dt + Y0, I (w, Vy) dp], (3.8)
(UO,}/O) el .=UxR™,
where ) .
. (YY) Aj .
Yi(u,Y) = <cj(u,Y)> =¢i(l(u),Y) <)\§ , j=1,..d (3.9)

and a as defined in (3.4). Now, in order to apply Theorem to the distribution
generated by the vector fields =, A1, ..., Ay on an open subset V of U N D(A>®) we
have to ensure that the vector fields are pointwise linearly independent and that the
distribution is involutive. We have the following lemma (cf. [40, Remark 5.4]) that
ensures that we can replace = with 7 := A 4+ «, where A and « were defined in .

Lemma 3.4. We have
EW,Y), A, Ag) = (m(u,Y), A1, .., Ag),  for all (uw,Y) eUdND(A®), (3.10)

where
Ti=A+ . (3.11)

Proof. The claim follows upon showing that
d
_ 1
2(u,Y) —w(u,Y) =~ > D%(u,Y)Zj(1,Y) € (A1, .y Ag).
j=1

But this follows from the form of the diffusion coefficients specified in as
DY(u,Y)3(uw,Y) = (i(u,Y)A,
where (j(u,Y) € R is given by
G, Y) = Dutj(U(w),Y) - () + Dy (1(u), ) - (1w, V).

Hence we have a candidate distribution D4 given by
Dra(h):=(n(h),%1,...,3q), heUnD(A®), (3.12)

satisfying (2.4)) in Theorem If the remaining conditions of Theorem are satisfied
then it follows from ([2.5) that the solution of (3.8)) for every h* € U stays in the
submanifold with boundary of H given by the parametrization

d
T(z,h*) = FLo(h*)" + ) zi\i.
=1

We will now use Lemma in accordance with (2.2]) to derive necessary conditions on
the drift a in (3.8) and the vector fields Aq, ..., A\g in (3.9)) such that the distribution
Dy 4 is involutive.
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Lemma 3.5. The distribution Dpa(h) = (w(h), A1, ..., \q) on some open subset V of
U N D(A™®) is involutive if and only if the following two conditions are satisfied:

1. The drift coefficient a : H x R™ — R™ in s constant in the first argument
and affine in the second, i.e. there is a linear map k € L(H x R™ R™) and

a € R™ such that
a(h) = a + kh. (3.13)

2. There is a matriz B € R¥™¢ such that
d
/\1> ( 0 > y .
dzi ) 4 =>"BYN, i=1,..d (3.14)
( 0 H)\i =

Proof. Recalling Definition[2.1] it follows that Dy 4 is involutive if and only if [r, A;](h) €
(m(h), A1,..., \q) for all h € V and i = 1,...,d. This is equivalent to the existence of
d + 1 coordinate mappings B, ..., B" such that

[, Ail(h) = (ij??z;lA > = B(h) (i%;;) + i BY(h) (i;) : (3.15)

Jj=1

Now, as this has to hold on the open set V, we can conclude from Assumption (A3)
as in [40, Lemma 4.2] that B (h) = 0 for all h € V as otherwise this would imply that
% is a Banach map (which it is not by Assumption (A3) and [40, Lemma 3.2]). Thus
by looking at the first coordinate of the Equation

4= ZB”

we conclude that BY are in fact constants. Which in turn gives that

d
hAi = BY)]
j=1

and hence a is necessarily an affine map. This gives the first claim. The second claim

follows now from (3.15) applied to a given by (3.13) and recalling that B(h) = 0 for
all h € V and that BY are constants. O

Remark 3.6. If the conditions of Lemma are satisfied, )\%, ...,)\é are necessarily
quasi-exponentials, that is,
A =P AL 0), (3.16)

where B is the matrix given in and A! := (Al,...,A\}) (understood as a column
vector). The importance of quasi-exponentials for finite dimensional realizations is well-
known for forward-interest rate models and first recognized in [13], see for example [13),
Remark 5.1, Proposition 6.1].

To apply Theorem the dimension of the distribution must be (finite and) con-
stant on V. If we assume that (3.14]) holds, then this is equivalent to 7 being pointwise
linearly independent of A1, ..., A\q on V. Hence we have the following Lemma.
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Lemma 3.7. Assuming that the conditions of Lemma[3.9 hold, the dimension of the
distribution Dpa on 'V is constant if and only if V does not intersect with the singular
set G given by

S = AN (A1, ) — 211((2)). (3.17)
In particular, & = () if and only if
d —1
—1= o0 _ m
K a¢{(sz(A >>ﬂ<dx ({0}) x R )} (3.18)
Here A is the linear vector field on'V given by
- . 0
Ah = (A+/~<;>h — Ah + <Kh>, (3.19)

with A and K given in (1.2) and (3.13) respectively.

Proof. As argued above the claim is equivalent to
wh & (A,...,Aq) forall heV.
Accordingly the singular set is given by
S={heUnNDA®)|n(h) € (A1,...., \a)}, (3.20)

which by recalling (3.11]) gives (3.17). The second claim follows from Lemma as it
shows that

My Ad) € AT (A s M)

and accordingly & = () if and only if fll(<2>) = (). Thus the claim follows from
noting that

A%(Z)) = {heLlﬂD(Aoo)\%hlzo and kh = a}.

O]

Lemma 3.8. If & # (), then for all h € &, My := h + (A1,...,\q) satisfies the
invariance conditions of (2.2)) and (2.3)).

Proof. Let h € &. Then M;, C & since it follows from Lemma that (A1, ..., Aq) C

A7Y((A1, ..., A)). Further, by Lemmal[3.4/and (3-7) the validity of (2.2) and (2-3) follows
if for all f € My, we have 7f € (A1,..., \y) but this is just the defining condition of &

given in (3.20)). O

Theorem 3.9. If V =U N D(A®)\ & and the conditions of Lemma are satisfied
then Equation with diffusion vector fields given by admits a genmeric finite
dimensional realizations around any h* € V. In particular, there is a R%-valued time-
imhomogeneous diffusion process Z such that

d
he =T((t, Zy), k") = FIF(R*) + Y Z]);, (3.21)
j=1
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is the unique continuous local solution to (3.8) with hg = h*. The process Z satisfies

d
dZ, = BT Zydt + > pj(t, Zi)e; dB],  Zo =0,
j=1

where B was given in (3.14), e1, ...,eq are the standard basis vectors of R? and

pi(t,2) = ¢;(LTH((t,2), ")), T%((t, 2), b)), j=1,...d.
If V = G, the solution hy given in (3.21) can be represented by

d
he =T(Z, k") = h* + > ZIN;, (3.22)
j=1

where Z is a R%-valued time-homogeneous diffusion process satisfying

d
dZ; = (BT Z + TU(h*)) dt + ) pj(Zi)e; dB],  Zo =0,
j=1

where II(h*) is the column vector comprised of the coordinates of w(h*) with respect to
the basis Aq, ..., \q and

ﬁ](z) = ¢j(l(rl(z7h*))7rz(zvh*))7 J=1..d.

Proof. We consider first the case V = U N D(A*) \ 6. Then from the Assumptions
(A1)-(A4) and Lemma and it follows that the conditions of Theorem are
satisfied. As for we proceed as in [40, Theorem 5.3] and [34], Section 6.4]. For
h* € V we can construct a submanifold M by the parametrization I'(-, h*) (cf. .
given by

I(z,h*) = FIT (h") —i—ZzZ i 2= (20,...,2q) €[0,€) X V,

for some € > 0 and some open neighborhood V of zero in R<, Now, for this initial
curve h* we are in the setting of [34] as conditions and ( are satisfied and
accordingly can proceed as in [34, Section 6.4] to construct the coordlnate process /.
There are mappings b and 5 from R into R4 and REX4+L | respectively, that are
uniquely determined through

m(D(z,h*)) D.T(z,h*) - b(z), (3.23)
Y ([(z,h%) = D.T(z,h")-p(2), j=1,..,4d, (3.24)

for all z € [0,€) x V. Here (3.23) is equivalent to
m(FIZ (h")) —1—22“4/\ = D, FIZ, (W) (= +Zb%

where A is given in (3.19). Thus using the Representation (3.14) gives

d
W(z)=1, V(2)=) zBY9, z€l0,exV j=1,..d
=1
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In the same way, by considering the Representation (3.7), we get from (3.24]) that

PO2) =0, §(2) = 0o (UL (2,h%)), T2 (2,0%)), i,j =1,....d,

where §;; = 1 if i = j and else zero. We claim that the V C R?-valued diffusion Z is
given by Zg =0 and

where the mappings b from R? into R? and p from R**! into R? are defined by

d
V(z) = Bj(z):ZziBji, (3.25)

=1
pj(t,z) = :ajj(taz) - ¢j(l(rl(<t7 Z)7h*)>7r2((tv Z)vh*))

for (¢,z) € [0,€)xV and j = 1, ..., d is such that (3.21]) is a local solution to . Indeed,
by linearity of (stochastic) integrals setting I’y := F((t Zy),h*) = Fl“(h*)—i—z Z])\],
we have,

Iy

FIT(h*) + /Zb’ /\st+2/ 0 (s, Z)\; dB?
— h*+/ (W(Fzg(h*))JrAZZ;'M) ds+Z/0 o (I(T'L), T2\, df’

0
- h*+/0t<A( O+ ds+2/ 5) g

and thus the first claim follows from uniqueness of strong solutions to SPDEs. The
second claim follows from (local) uniqueness by using the Lemma and applylng the
same analysis as above for the parametrization F((zl, vy 2d), hF) = h* + E 1 2jAj and
recalling that for h* € & we have 7(h*) € &. O

Remark 3.10. The Representation given in (3.21)) is called generic affine realization
as by the second part of Theorem it can be seen as a generalization of the affine
realizations given in (3.22)) that occur for initial curves h* that lie in the singular set

S.
The coordinate representation of (3.21)) for h* = (u*,Y™) is given by

ug = (FIF)' (u*) + Z;'l:1 Zj)‘l
Yo = (FIP?(u,Y*) + 25 1Z]/\2

t g

(3.26)

where .
FIT)H(u*) Syu*
Fir(ur,ys) = (0 = :
Fh YY) <(Flf)2(u*,Y*) JY(RFIT (w*, Y*) + @) ds
Accordingly we have in particular constructed simultaneously generic finite dimensional
realizations for u; and Y; such that both have the same d-dimensional coordinate process

Z, which was possible due to the special compatibility condition of the drift coefficient
Y; and the choice of the A1, ..., A; given in Lemma3.5|by the conditions (3.13)) and (3.14)
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respectively. These conditions can be considerably relaxed when the forward variance
process u and the parameter process Y are assumed to be driven by independent
Brownian motions. Compare this situation to forward interest rate models with a
stochastic volatility as discussed in [12], in which the stochastic volatility process Y
is assumed to be an autonomous process. We see that under the given Assumptions
(A1)-(A4) we have strengthened [I2], Proposition 5.2]) into two directions. First, the
stochastic volatility process Y can have drift and diffusion coefficients that depend on
the state of the forward variance, and second, the requirement that the vectors Ay, ..., Ag
are quasi-exponentials is not only sufficient but also necessary.

However, we saw in Lemma [3.5| that in the present case the diffusion coefficient a of
Y is necessarily of the affine form given in . In the next section we will see that
this condition can be relaxed when considering an independent parameter process.

3.1 Independent Parameter process

In the previous subsection we have constructed a generic finite dimensional realization
for the joint process hy = (u, Y:) given in such that the drift coefficient a of Y;
and the vectors Ay, ..., A\gy satisfied the conditions of Lemma Under the conditions
of Theorem we arrived at the coordinate Representations for u; and Y;. In
particular, we see that the m-dimensional process Y; could be represented by

d
Y = (FIF)? (', Y") + > ZIX3
j=1
and thus leaves the set MY (u*,Y*) given by
d .
MY (u*,Y*) = {(Flf)Z(u*,Y*) +3 22 ] teRy,z € Rd}
j=1

invariant. This restriction on the parameter process is a result of the assumption
that both process are driven by the same Brownian motions and of the choice of the
diffusion coefficients given in (3.7)). Having this in mind, we will in the following look
at the system
J .

dup = g dt + 325 ¢l (ug), V) A} dﬁg,'

dYy = a(ug, Yr) dt + 3557 ¢ (ug, Yy) dB, (3.27)

(up,Yp) eU :=U x R™.
We will now repeat the analysis of the previous subsection for the candidate distribution
Dy 4 given by

Dra(h) = (2(h), (AO%) <A0;> , <601> (e(;) ). heunDA>),  (328)

where eq, ..., e, are the standard basis vectors of R™. It is evident that Dy 4 satisfies
(2.4). We have the following result corresponding to Lemma Recall the definition
of the linear map A given in ([1.2)).

Lemma 3.11. We have

Dpa(h) = <Ah, <Ao%> <A05> : <€01> <e?n> > heUnD(A®).  (3.29)
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Proof. Tt follows immediately as in Lemma [3.4] that

Dpa(h) = <7r(h), (ﬁ) (A@ , <£1> <e(;> > h € U N D(A®),

with 7 given as in (3.11)) by

0
w(h) = Ah + (a(h)>
and thus the claim follows from a(h) € R™ for all h € U N D(A™). O

Thus we are now in a setting where we can look at the processes u; and Y; separately.
It follows in particular, that we can write (3.29)) as

Dra(h) = <%h1,xi,...,xg> xR™, helUnDA®), (3.30)

confirming the intuition that now the system (3.27)) admits a generic finite dimensional
realization if and only if the forward variance process does so for each fixed value of
Y; = y (this corresponds to the parametrized model considered in [12], Definition 2.3]).

Lemma 3.12. The distribution on Dra on U N D(A>) given by (3.29)) is involutive if
and only if D} 4 is involutive on U N D((d/dz)>), where

d

which in turn is equivalent to the existence of a matriz B € R¥™9 such that
d d
1 iyl
A= Y BN, i=1,..d. (3.32)
j=1

Proof. As in Lemma/3.5|the equivalent condition for Dy, 4 being involutive on N D(A>)
is given by

d 1 d 1 1 1
<0 A; L\ A A 0 0
dz i — [ dx" 1 d
()01 = () < C(5) - () -(2) ()
from which immediately the first claim follows and the second claim follows just as

(3.15) in Lemma |3.5 O

Regarding the singular set & it follows immediately from Lemma (cf. Lemma
that

& = {neunp=)|ane( <AO%> <A05> , (2) <e(7)n> )}

d
= {heUnDA®)|—ht € (A, A}
= {heUnDA®) Rt € (1,\],..., \])} (3.33)
as %_1(0\%, . Al)) is a d + 1 dimensional linear subspace of D((d/dx)>) since the

kernel of % consists of the 1 dimensional subspace given by the constant functions and
includes by Lemma (A )\}l>. The following can be shown just as in Lemma
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Lemma 3.13. Forallh e &,

(3o (9)() ()

satisfies the invariance conditions of (2.2)) and (2.3)).

Finally we can conclude from Lemma [3.11] [3.12] and [3.13] the following special case
of Theorem [3.9] which we formulate as a corollary.

Corollary 3.14. In the setting of Theorem for h* € U N D(A®) \ & the (local)
solution of (3.27)) can be represented by

d m
he =T((t, Zen, Zeo), ) = FINDY) + > 2 <0]) +Y 7, (e) ; (3.34)
j=1 J

Jj=1

where the process Z;1 and Z; o satisfies

d
dZt’l = BTZt’ldt—i-ij(t,ZtJ,Zt,Q)ejdﬁg, Z()JZO,
j=1
d+m '
AZiy = a(D((t, Zea, Zuo), W) dt+ Y o (D((t, Zua, Zo2), h)) dBL,  Zoa =0,
j=d+1

with B given in (3.32), e1, ..., eq are the standard basis vectors of R% and
pj(t, 21, Z2) = qu(l(l“l((t, 21, ZQ), ]’L*)), F2((t, 21, 22), h*)), ] = 1, ceey d

If h* € & then (3.34]) can be represented by

he = P((Zer, Zuas h) = Zi:g(Al)+]Zm;ng<‘)]) (3.35)

where the process Zy satisfies
~ ~ d ~ . ~
le,t = (H(h*) + BTZLt) dt + Z pj(Zm, Zt72)6j dﬂg, ZO,l =0,
j=1

where TI(Rh*) is the column vector comprised of the coordinates of %h* with respect to
the basis i, ...,)\Cll and

ﬁj(21,22) = ¢j(l(f1((zlv22)7h*))7f2((21722)’h*))7 J=1..d

Proof We arrive at the Representations (3.34 and - just as we arrived at (| -
and (3.22)) in Theorem |3 . We just show that is indeed a solution of - Let

(u*, Y*) := h* and recalling that
* Sru*
Fie) = (3
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if follows that h} satisfies (recall (3.25) and (3.32))

d
hi = S+ ZA
j=1

— u*+/0 (dxsu +ZZZZ BﬂA ds+Z/ p;i(8, Zs1, Zs )\ dpl

jlll

. d . i 31 Lap?
= [ (s @zm)ds@ [ it Zun. 220
- +/ hlds+2/ ¢;j(1(hg), h3)A; B

and as it is evident that h? = Y; the claim is proved. O

Ezample 3.15 (The generic double mean reverting model). A particularly popular model
that is included in the current setup it the double mean reverting model, which was in-
troduced (to the best of our knowledge) for forward variance models in [I5, Example
3.5]. A specific form of this model, called double CEV dynamics is then further inves-
tigated in [43]. In its general form it is given in terms of a paramterization by

(e —e™), ifn#c

Zm(ld(-),e_"“'), if k=c (3.36)

[(z) =235+ (21 — 23)e " + (20 — 23) {

where the consistent (consistent refers here to the validity of the drift-condition) pa-
rameter process Z is given by (for notational simplicity we assume a special form of
the volatility coefficients, whilst in [I5, Example 3.5] the specification is slightly more
general)

dZ} = k(Z? - Z})dt+o1(Zy)dBt,

dz} = o(Z} — Z})dt + o2(Zy) dBE,
dz} = o3(Z)dp;.

We look first at the case k # c. By defining A\; := ™", Xy 1= A-(e7° — A1) and
Az := 1 — Ay — \g it follows that
> d
[(z) = N, —TD(2) = k(22 = 2HA 5 — 2% 3.37
(=30 e =wE = DAkl = (337

Thus u; := I'(Z;) satisfies (from the linearity of (stochastic) integrals)

3
Uy = uUg+ Z(ZZ — Z[Z)))\l
i=1

t 3.t
= o +/ (g(zg — Z)M + (2] — ZSQ))\Q) ds + Z/ 0i(Zs)Ai dB}
0 =10



3 Affine realizations 41
and using ((3.37)) we get
td 3.t '
u :u0+/0 St ds+;/0 0i(Zs) ;i dBL. (3.38)

We see that u; = I'(Z;) satisfies the drift condition (cf. (IL5.5)) which confirms the
above mentioned consistency. Practically and conceptionally this models have two
drawbacks. The practical drawback comes from the fact that the possible initial curves
must lie in the set

3
{Zzi)\i |21 > 0,22, 2%, Kk, e > 0},
i=1

where k and c denote the parameters of the directions Ai,...,A3. The conceptional
drawback is that u is not a Markov process in its own filtration. In the following we
will generalize this model to overcome both drawbacks. To overcome the second one,
we consider now the model

td 3 t .
w = ug + /0 dwusds+; /0 i (Li(us)) A dBL, (3.39)

where [1, ...,l3 are linear maps as given in Assumption (A1l). But now we are in the
situation of Corollary with

—-x K 0
m=0, BI=|0 -c¢ ¢
0 0 O

Accordingly for every u* in some open subset of D((d/dx)*>°) we can have
d ~ .
ue = FU "+ 3" Z0, (3.40)
where
dZ} = w(Z2—Zhdt+ o (zl(sz/ 13 ﬂgAj)) dgl,
A7} = o Z} - Z2)dt+ o (la(F w3 Z1N)) dB},
azi = os(Is(F "+ Z1N)) dB,

with Z3, 73, Z3 = 0.

The case k = ¢ can be treated in just the same way by considering the directions
A1 = e % Ay = km(Id,e ") and A3 := 1 — Ay — A\y. Notice that the distribution
generated by d%? A1, A2, Az is involutive as %)\2 = KAl — KA\9.
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4 Exponentially-Affine Realizations

We repeat now the analysis of the previous section by looking at linear models (i.e.
linear in the first component) that are generalizations of (I1.5.11)), and given by

dug = hugdt + 35 m(oj(Vi), u) A
dY; = a(ug, Yp) dt + 35 ¢ (uy, V) dBy, (4.1)
(up,Yp) €U :=U x R™,

where U is an open convex set in HT C H (cf. Lemma . Here for each
Jj=1,...,d, 0; is assumed to be a smooth map from R™ into H. From Section it
follows that such models correspond in the time-of-maturity parametrization v(t,T) :=
u (T — t) to solutions of

dv(t,T) = Y0, 0;(Y)(T = t)o(s, T) dﬂ,{
dY; = aug, Yp) dt + 37— ¢ (wy, Vi) dBy, (4.2)
(v(0,-),Y0) €U :=U x R™,

and as such can be represented by

d t 1 d t
= ex o:(Y, —8)dpl — = o2(Ys —s)ds),
www«w>M;AJWM M@Q;AJWM )ds)

which motivates the following slight generalization of Proposition Consider the
System

Ay = (4T - 520 m(aj(ﬁ),?j(ﬁ)) dt+ 325, 05(Vi) dp}
dY; = a( t,Yt) dt +3°0_, & (J, Yy) dp, (4.3)
(Jo, Yo) e Ul .= U x R™,

where a(J,Y) := a(exp(J),Y), &(J,Y) := c(exp(J),Y) for j = 1,....,d and U' :=
log(U), which is well-defined as U € H* (cf. Lemma [[1.5.14]).

Corollary 4.1. Denote by (Jy, f/}) the mild solution of (4.3) with initial values given by
(log(u*),y). Then the process (exp(Ji),Yz) is a mild solution of (4.1)) for initial values

(u*,y). In particular, (4.1) admits a generic finite dimensional realization around any
(u*,Y*) € U if and only if {.3) does so around any (J*,Y*) € U'.

Proof. This first claim follows immediately from Proposition by noting that the
map (exp, [dgm) : H — HT is a diffeomorphism, where H* := H™ x R™ and that

(recall (1.2))
exp B

The second claim is obvious. O

Thus without loss of generality we can in the sequel look at the somewhat simpler
system given in , which corresponds to models that were considered in the previous
section but with the addition of a non-vanishing drift. If we assume that a and ¢ depend
on J only through some linear map [ : H — RP for p € N then the system already
satisfies and and accordingly it is only a minor loss of generality to assume
that (A1)-(A3) holds, which we will do from here on.
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Lemma 4.2. If Assumptions (A1)-(A3) hold for ([£.3) then &, for j = 1,....d, is
necessarily constant in the first argument.

Proof. As the conditions of Theorem are satisfied it follows from (3.5 that neces-
sarily

(1Y) = (;g}%) € (V) os a(Y)), (4.4)

for some pointwise linearly independent vector fields Ay, ..., A\q on some open subset V
of U' N D(A>). Thus the claim follows as () is constant in J. O

As in the previous section we assume that the vector fields Aq,..., Ay are in fact
constant linearly independent vectors in V and for notational convenience we assume

also that (A4) holds, that is
: 3\
507 = (547) =om (33) . 5=t (45)

where ¢1, ..., ¢4 are scalar fields in R™.

Remark 4.3. Notice that we have so far only assumed that A1, ..., Ay are linearly inde-
pendent but left unspecified whether A}, ..., )\Cll or A2, ..., )\3 share this property.

We know from Example [I1.5.16| (which corresponds to the Bergomi Model) that for
the choice m = 0 (i.e. in the absence of stochastic volatility process Y) and o; = e™"",
where k; is a positive constant, (4.1) admits around any v* € UND((d/dx)*) a generic

finite dimensional realization given by (cf. (11.5.20))

d
ur = D((t, Z0),u*) = m(exp(FI" (log(u*)), exp(>_ e ™ Z})), (4.6)
j=1

where J? and Zg, j=1,...,d were given in ([1.5.14]) and (I1.5.19) respectively. We look

now to the more general case in which the diffusion vector fields are allowed to be of
the form (4.5) and consider the following candidate distribution
Dra(h) = (E(h),\1,..., \a), heEV,

where V is some open subset of U' N D(A>). We can conclude as in Lemma that
in this case we have

Dra(h) = (m(h), A1, Aa), hEV, (4.7)
where
_1s~d m(t. 2!
mw(h) := Ah+ «a(h), «(h):= ( 2 Zjldq(bzg?z;) ()\717)\]1)> ; (4.8)

where the superscript in qﬁ? indicates the exponent while in the remaining cases it
indicates the coordinates.

Proposition 4.4. Let A, ..., \} be linearly independent and p € {0, ...,d} be such that

1 41 1 1 | =
{ m()\]7A]) E <A17 "'7)\d>7 for‘] - 17 ”.’p7 (4.9)

m(AjA)) ¢ (AL, Ag), forj=p+1,..d,
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where the cases p =0 and p = d are understood as either j =1,...porj=p+1,....d
being the empty set. Let M € RP*? be such that

m(A}, A}) ZMﬂAl, forj=1,..,p. (4.10)
Further let V =: V1 x V2 C (U x R™) N D(A®) and ¢;; : V2 = R for (i, j) € {1, ...,d}?
be the map given by

Gijg) = ¢;( )Do;j(g) - A7. (4.11)
Then the distribution Dy 4 given in is involutive on V if and only if each of the
following holds true:
1 There is a 771}1157“2'35(~ € R=r=1) gych that for (i,5) € {1,....d} x {p +1,...,d}

C’L'j (hQ) = C’L'j forallh e V.

2 There is a matriz B € R4 such that

d

d .

%Al > B - E: Gim(ALAD), i=1,..,d. (4.12)
Jj=1 Jj=p+1

3 There is a map a : V?> — R™ such that the drift coefficient a in ([4.8) satisfies
a(h) = a(h?) for allh € V and

d P
Da(h?) -3 =Y (BZ‘J‘ +3 gl(hZ)Mlj)A; (4.13)

j=1 =1
foralli=1,...d and h € V.

Proof. Dr4 is involutive on V if and only if [m, \;](h) € (A\1,...,Aq) for all i = 1,....d
and h € V (cf. Lemma[3.5). As we have (cf. (4.8))

Ayl d 2y (AL 2L
) = () + (B Glms ), (1.14)

where (;; is given by (4.11)), this is equivalent to the existence of a coordinate mapping
B : H — R%? such that

d
h) =Y B9 (h)A (4.15)
j=1

foralli =1,...,d and h € V. As the first coordinate of is constant in the first
argument h' of h = (h', h?) the same must be true for the map B which in turn yields
by looking at the second coordinate of - the same condition for a. Thus there is
a mapping @ : V2 — R™ such that necessarily a(h?) := a(h!, h?) and

d
Da(h?)- X} =) BI(h*)\} (4.16)
j=1

for all h € V. Using (4.10)) we can write

d p
z@] MmO = 3 (2 aynm )t + Z<w RmOg )
1 =
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Now using this representation in the first coordinate of (4.14) we see that a necessary
condition for (4.15]) to hold is that

%)\1 i(gzl h2) — (ZCU B2 Mﬂ)))\z B Z GmOALAY) (@17

=1 Jj=p+1
foralli =1,...,d and h € V and thus again by (4.9) it follows that necessarily (B”(hQ) —

(ZL gz-j(h2)Mﬂ)) for (i,1) € {1, ..., d}2 and i;(h?) for (i,5) € {1, ..., d}x{p+1, .., d}
is constant in h2. Thus letting

Bl (B” h?) — (ZQ] h? Mﬂ>), for (i,1) € {1, ..., d}? (4.18)

7j=1
and fij := (i (h?) for (i,7) € {1,...,d} x {p+1, ..., d} shows necessity of the claims 1 and
2 and by plugging this into (4.17]) gives also necessity of claim 3. On the other hand,
applying conditions 1-3 on (4.14]) yields (4.15)) and thus sufficiency holds as well. [

Remark 4.5. An example where we will have the situation (4.9) for p € {1,...,d — 1} is
for A1 = e, Ay = €2, ... for distinct ai, as,... such that at least one pair a;,a; exists
such that a; = 2a;.

Remark 4.6. Condition 1 in the last proposition states that ¢,11, ..., ¢4 given in (4.5
necessarily satisfy the ODEs

—¢iD¢j - N2 = (i, forall (i,5) € {1,...,d} x {p+1,...,d}. (4.19)
Solutions ¢; : V2 — R for suitable V2 C R™ can be constructed as follows. For each
je€{p+1,..,d}let v; € R and l; € L(R™, R) with [;(V?) C [~;,00) such that for
i =1,...,d, l; satisfies
1 -
- 553'()\22) = Gij- (4.20)
Then it is easy to see that

¢ VP =R, ¢i(y) == 1/7 + 1) (4.21)

satisfies (4.19). It is also evident that any solution can be represented as in (4.21f). In
particular, if p = 0 then it follows from 3 that & is a linear map on V2. Regarding con-
dition —11,(\2) = (;; recall from Remark [4.3 that we have not assumed that A7, ..., A2
are hnearly mdependent neither have we made any statement whether m > d or m < d.

Lemma 4.7. Let h* € V and set
d

D(z,h*) = FIZ (h*) + > ziki. (4.22)
i=1
Then under the conditions of Proposition [{.4] and recalling Remark [£.6, the following
representation holds true

a(l(z,h")) = a(FIZ (h7))

da p
= S (B ) — FEE0)) M
=1 j=1

(z?pﬂz?m@] (AJ,AJ>>+< P )
0 i1 2j=1 %iBYA;
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Proof. From we get
a(l'(z,h")) — a(FI7, (h7))
_ (—5 Sy (93022 1)) = G3PIE2 () )m(AL, A;>> |
a(T*(z,h*)) - a(FlZ)Q(h*))

The first coordinate equals, using and Remark -

d p

—% >3 (¢§(r2(z, h*)) — G2(FIZ2(h)) )MﬂA, + Z Zzlc” (AL AL,
=1 j=1 j=p+1i=1

For the second coordinate, letting &(¢) := FI%>+t Zle z:A? and using 2 in Proposition

A4 we get

a(I?(z,h*)) — a(FIZ2(h*)) / ) ds = / Da(¢ ZlAz)d
d 1 d
_ Zzl/ Z(B”+ZC; M”))?ds
i=1 70 j=1
d d
— ZZzzB”)\z—i—ZZM”/\Q/ Zzlgl
i=1 j=1 Jj=11=1

Now for the integral using (4.11)) we get form integration by parts

/ Z%l ds = - / sz $)Dan(€(s)) - N2 ds

- /0 BE()) - r(E(s)) ds = — 5 (G2, 1) — G (FIZ(H)))
which gives the claim. O

Remark 4.8. Condition 2 in the last proposition states that AP := (A1, ...,)\11,) and

A+ .= ()\}D 1 )\Cll), both understood as column vectors, satisfy the following linear
and Riccati ODE respectively

d
@)\11) — Blp)\lp + Op()\l(p+1))
d
szAl(pH) = BipinpM T 4 By ym(N P NEH) 4 (A1),

where
mA PV NI =m0, M), m(AG D)
By = (Bij)i,jzl,---J)

d
.
Cp = Z BYXj - Z CZJ J’ J Loop
Jj=p+1 Jj=p+1

By (p+1) = (Bij)',j:pﬂ,...,d

= (—¢
p ..
Cpy1 = Z Ji=p+1,....d-
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In this case A\'? can be represented by using variation of constants as
AP = B\ (0) + ePrr / Cpe B dn.
0

In particular, we see from 2 that AL, ..., AL are quasi-exponentials (cf. [13, Corollary
5.1)) if ¢;; = 0 for (i,4) € {1,...,d} x {p+1,...,d}. In this case we are in the setting of
Remark and @1, ..., pg must satisfy (4.19) which hold by choosing them as in (4.21)).

Theorem 4.9. If the dimension of D 4 is constant on YV and the conditions of Propo-
sition are satisfied, then the system (4.3|) has the representation

dJy = (e — 3 Y51 G (Y)Im(AL A} dt + 305 6;(Yo) A} dp]
dYy = a(Yr)dt + 371 ¢;(Y)A2dB, (4.23)
(J07)~/0) € Z/{l = Ul x R™,

and around any h* € V admits a generic finite dimensional realization given by
d
D(t, Zy, b*) = FIF(h*) + Y ZiN, (4.24)
=1

where Z is the R%-valued time-inhomogeneous diffusion process given as the solution of

d
i=1
with
a1 2 )
bt Z) = Y 2B = 57 (32 Zes ) = G(FIT? () ) MY, L= 1,0, d (4.26)
i=1 j=1

with B and M given in 2 and (&.10) of Proposition and
pu(t, Zy) = gu(T2(t, Zi, h*)), 1=1,...d.

Furthermore, recalling the notation V = V' x V2 C (U x R™)ND(A>) (cf. Proposition
, in this case also

dup = ALupdt + 37 ¢;(Y)m(AL, w) gl
dYy = a(Yr)dt + 39, ¢7 (V) A2 dp, (4.27)
(up,Yp) €U :=U x R™,

admits a generic finite dimensional realization around any h* = (u*,Y*) € exp(V!) xV?
and is given by

~ exp(I'! +, (log(u*), Y*
200 = (" et v ) )
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Proof. We first show (4.24) and proceed as in the proof of Theorem [3.9] Using (]3.23))
and (3.24) with 7 given in (4.8) we will determine the coordinate process Z. For
condition ([3.23)), notice that

d
n([(z,h*)) = n(FI,(h")) + Z 2z ANi + a(I'(z,h")) — a(FI7 (b))
=1

and accordingly from 2 in Proposition [£.4] and Lemma [£.7] we get
m(L(z, k%)) = w(FIZ (h7))
d d - 1 p '
£ [0 wBt LS (B ) — G )) A (429
=1 =1 j=1

Thus it follows from (3.23)) that

d p
h(z) =S zB" - % 3 (¢§(r2(z, h*) — ¢§(Fl§(;2(h*)))Mﬂ, [=1,...d

i=1 j=1
Similarly, using (3.24) it follows that
pi(z) = q(T%(z, k%)), 1=1,...d.

Then by defining the coordinate process as in (4.25) and using (4.29) we see that

d
FIT(h*) + > Zin
=1

t d ‘
— h*+/0 W(F<3;Z57h*))d8—|—;/(; u(T2(s, Zs, "))\ dB

and thus the first claim. The second claim and the Representation (4.28)) follow from
Corollary O

In particular we see that, if Al, ..., )\Cll are quasi-exponentials it follows from Remark
that necessarily ¢1, ..., ¢4 are of the form such that M\, ..., )‘?l lie in the kernel
of the corresponding linear maps [y, ...,l;. In this case the drift coefficient in
(4.25)) reduces to

d

.. 1< .
bi(z0,2) = » B - 5 S Mt l=1,..,d
i=1 j=1

as for 7 = 1,...,p it holds true that

d

33 (T (20, 2, h) = GF(FILE(RY)) = 5 + (D z:AF) =5
i=1

By comparing this result to [12] Proposition 5.2] we see that the condition that Aq, ..., Ay
are quasi-exponentials is (basically) sufficient for the existence of a generic finite di-
mensional realization but not necessary. We saw also that in the considered case where
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u and Y are driven by the same Brownian motions we necessarily arrived at a situation
where Y is the solution of an autonomous SDE and hence the ad hoc chosen restriction
in [I2] of considering only autonomous stochastic parameter processes Y appears in
this setting to be justified. This was not the case in the previously investigated models
that lead to generic affine realizations given in . In the next subsection we will see
that this restriction is not necessary as well in the case where both processes are driven
by independent Brownian motions (cf. orthogonal noise models in [12] Section 4]).

4.1 Independent parameter process

We repeat the analysis of the previous subsection right before Lemma [4.2] by looking
at a version of the reduced model (4.3) where the Assumptions (A1)-(A3) hold true
but the parameter process Y is driven by independent Brownian motions, i.e. we look
at

ATy = (e — § oy mloj (Vo) o5 (V) dt + Y5, 0j(V2) d]
dY; = a(l(J ) Yt) dt+ Y5500 @ (). o) dB, (4.30)
(J(]vyb) eU = =U'x R™,
where again a(l(J),Y) = a(l(exp(J)),Y), &@((J),Y) = (l(exp(J)),Y) for j =
1,...d and U’ := log(U), which is well-defined as U ¢ H*. Then it follows as in

Lemma [42] from Theorem [3.3] that necessarily there are smooth vector fields Ay, ..., \g
such that

o;i(Y
<6j(lfo),)Y)> e M), M(Y), Mg 1 (V) oy A (V)

where now ¢;(Y) and & (I(J),Y) can have different coordinate mappings and hence ¢
must not be constant in the first argument. As in Section we assume that

) M) At (), o (V) = ( (ﬁ) ()(\)}i> , <601) <e?n> )

and that A4 holds, that is, there are scalar fields on R" denoted by ¢1, ..., ¢4 and on
U x R™ denoted by ¢d+1, -y Pd+1+m such that

o;(Y) = ¢;(V)A;, j=1,..4 (4.31)
dFAT),Y) = ¢;(J,Y)ejq, j=d+1,...d+m. (4.32)

Letting V be an open subset of ! N D(A>) we consider the following candidate distri-

bution (cf. (4.7)))

Dpa(h) = <7T(h), (ﬁ) (A()é) , <€01> (6(;) > hev, (4.33)

LIS 4232 AL
w(h) = Ah+a(h), a(h) = ( 2 Za‘él(lfﬂh(l’; 22)(AJ’AJ1)> . (4.34)

where

We arrive at the following version of Proposition [£.4] Notice that in the current setting
AL, ..., A} are necessarily linearly independent.
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Proposition 4.10. Under the conditions of PTopositions with G5 in (4.11) replaced
by

CZJ( ) = _¢]( )D¢](9) =z (273) S {17 7m} X {17 7d} (435)
the distribution Dp 4 on'V given in (4.33|) is involutive, if and only if, the following two
conditions hold true

1 There is a matriz B in R such that

d

d y

£A1 § BN, i=1,..4d, (4.36)
7j=1

2 Pptis ..o, Pq in (4.31)) are constant maps.

Proof. We proceed as in the proof of Proposition 4.4 By noticing that for all h € V
[m, Ai](h) € (A1, ..., Amta) if and only if ([7, \; ](h)) <)\ 1, AL) it suffices to look at
the first coordinate. We have

dAl fori=1,..,d,
(r M) =9 & AN -
ijl Gi(h )m(A;, A7), fori=d+1,..,d+m,

77

(4.37)

which immediately gives the first claim. For the second, by using (4.10) we can again
write

d p
ZCU hQ J’ J Z(ZQJ h2 MJZ)AI Z Gij h2 J’ J)

J:]_ _p+1

and conclude from ([{37) and (£.9) that ([, \i](h))' € (A, ..., AL) holds for i = d +
L,...,d+m if and only if (;; = 0 for (4,j) € {1,...,m} x {p+1,...,d} from which via
the condition (4.20) (with ¢;; = 0) in Remark {4.6| the second claim follows. O

Interestingly we see that if the distribution Dy 4 is involutive on V then the second
condition of the previous Proposition states that the (logarithm of the) forward variance
process J in can have a stochastic volatility component only if the corresponding
direction /\1 is such that m()\zl, /\11) lies in the span of A, ..., >‘¢11- This result is stronger as
in the previous section as here ey, ..., e, spans R™ as opposed to A\?, ..., )\3 (cf. Remark
. On the other hand, we see that in the present case, there are no restrictions

posed on the stochastic volatility process Y. Thus we can state the following version

of Theorem [4.9| for the system (4.30]).

Corollary 4.11. If the dimension of Dpa is constant on V and the conditions of
Proposition are satisfied, then the system (4.30) has the representation

Ay = (g5l = 3 32520 6 (V)mA] A} di + 35 ¢ (Vi) df]
dY, = a(l(J ) mdt+zj+:ﬁ1 &5 (Ji, Yo N2 dB, (4.38)
(Jo, Yo) e U' := U x R™,

and around any h* € V admits a generic finite dimensional realization given by

d+m
(t, Zy, h*) := FIT(h*) + Y Zihi,
=1
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where Z is the R%-valued time-inhomogeneous diffusion process given as the solution of

d+m
dZ{ =b(t, Z)dt+ Y pilt, Ze) B}, Zp=0, 1=1,...d, (4.39)
=1
with
T .
bt Z2) ==Y 2B = 53 (GH 0 2, b)) — AU (W) ) M,
i=1 j=1

forl=1,...,d and
bl(t7 Zt) = dl(l(r‘l(t7 Zt7 h*))?FQ(tv Zt7 h*)) - dl(l(Fl?l(h*))a Fl:g(h*))a

forl=d+1,...,d+m, with @ denoting the coordinate of @ with respect e; and B and
M were given in 1 and (4.10) of Proposition and respectively, and

&(T2(t, Z, h*)), 1=1,...d,

4.40
o (D(t, Z,h)), l=d+1,..,d+m. (4.40)

pl(t, Zt) = {

Furthermore, recalling the notation V = V! x V2 C (U' x R™)ND(A>) (cf. Proposition
, in this case also

dYy = a(l(uy), Yy) dt + X571 s (ug, Y)N2 dBY,
(0, o) €U == U x B,

admits a generic finite dimensional realization around any h* = (u*,Y*) € exp(V!) x V?
and is given by

i v e (exp(T(E Z, (log(u®), Y*)))
L, 2, (0, Y7)) o= <€Wt&ﬂ%émYW )

Proof. We omit the proof as it is essentially the same as in Theorem and only note
that the representation corresponding to (4.29)) is now given by

m(I(z,h%)) = w(FIZ (h"))

¢ [San Ly (g - ey (V)
=1 i=1 Jj=1
d+m 0

Y (@ e - dtuetoo, o) ().
l=d+1

O]

We see that as in the case of an independent parameter process for generic affine
realizations discussed in Section[3.1]there are no additional restrictions on the parameter
process, which brings us to a more general setup when compared to the situation
investigated [12], where only autonomous parameter processes were considered. On
the other hand, as opposed to the case where the forward variance and the parameter
process are driven by the same Brownian motions, we see that the condition that
M )\}1 are quasi-exponentials are not only sufficient by also necessary due to reasons
that were already discussed above after the proof of the Proposition
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Ezample 4.12 (Constant Diffusion). We revisit the Example [[1.4.5| from Musiela’s per-
spective, by looking at the model (4.1) with m = 0 and d = 1 given by

(4.41)

dut = %ut dt + m(a, Ut) dﬂt
ug € U.

We know from Corollary that (essentially) this model admits a generic finite dimen-
sional realization if and only if ¢ is a quasi exponential. In this case we can represent
the solution by

ur = exp(FI (log(uo)) + Z) = m(exp(FIF (log(uo))), exp(Zeo), (4.42)
where m = % — %m(a, o) and by letting %a = bo, Z is given as the solution of
dZy = bZy dt + dps. (4.43)

We assume now that ¢ is a constant vector given by o := cl where c is a real number
and 1 is the constant vector that satisfies m(1,u) = u for all w € H. Then necessarily

b=0and
T 1 ! 2 1 2
FI] (log(up)) = log(Srup) — 3 Si—sc*m(1,1) ds = log(Syug) — 3¢ t1 (4.44)
0

and accordingly

1
up = Spug exp((—iczt + cB)1). (4.45)

Thus for any initial curve ug of the form ae® it follows that the short-variance & := u;(0)
follows a geometric Brownian motion given by

t t
&e=a+ /0 bls ds + /0 c€s dfs (4.46)

for which we know that the forward variance can be represented as u; = €&, which
(again) gives an example of an exponentially affine realization that has also an affine
realization.

Ezample 4.13 (Bergomi Model). From Proposition we see that the basic Bergomi
model considered in Example corresponds to the case where m = 0 and B being
a diagonal matrix.

5 Mixed Models

So far we saw that forward variance models that have diffusion coefficients that are
given by the constant direction type ¢(u)\ or of multiplication type m(A, u) can lead
to generic finite dimensional realizations. In this section we will briefly look at mixtures
of these types, namely additive and (in some sense) multiplicative mixtures. In both
cases we restrict our self to autonomous equations, that is, without stochastic volatility.
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5.1 Additive Mixtures
We look here at forward variance processes that are given as solutions of

(5.1)

du; = %Ut dt + gb(ut))\l d,Btl + m()\27 Ut) d6t2
up € U C D((d/dxz)>).

The candidate distribution is given by D(h) = (Z(h), A1, m(A2, h)), for h € U, where

=(h) = %h - %Dé(h)/\l (G(M)A1) — %m(m()\g, No), ).

As the second term lies in (A1) it is enough to replace = with m where

d 1
m(h) == %h - im(m()\g, A2),h)
Thus we are looking at
D(h) = (m(h), A1, m(A2, k), heU. (5.2)

The following proposition gives equivalent conditions for the distribution D to be invo-
lutive which correspond to necessary conditions for a minimal generic finite dimensional
distribution, see Remark Recall that we denote by 1 the element in H such that
m(1,h) =h for all h € H.

Proposition 5.1. The distribution D is involutive on U if and only if there are real
numbers a,b, ¢ such that Ao = ¢l and \; = ae®.

Proof. The distribution is involutive if and only if the following three conditions are
satisfied for all h € U

[m(A2,-), \](h) € D(h),  [x, \1](h) € D(h), [m,m(A2,-)l(h) € D(h). (5-3)

Assume that Ay is not constant. We show first that in this case A1 can not be con-
stant neither. The first condition in is equivalent to m(\2, A1) = BY(h)A\; +
m(Ag, B2(h)h) for all h € U, where B! and B? are the coordinate maps. Now if A\
is constant, say z1 for some real number z, then this amounts to z\s = BY(h)z1 +
B2(h)m(\g,h) for all h € U. As there is an open subset U C U on which 1 and
m(\g, h) are linearly independent for all h € U it follows that necessarily B'(h)
and m(\g, B2(h)h) are constant in h. Accordingly it must hold that z\y = Blz1 +
B2(h)m()Ag, h) for all h € U which is impossible and hence A; can not be constant in
this case. But then we can find again an open subset U C U on which A\; and m(Ag, h)
are linearly independent for all h € U and thus it must hold both for all h € U,
m(Az, \1) = B*A\1 +m(A2, B2(h)h) and m()\2, B?(h)h) being constant in h which again
is impossible and hence we conclude by contradiction the claim regarding Ay. For the
claim on A; we use the second condition in , which is (recall that we just showed

A2 = cl) equivalent to %)\1 — %02)\1 = (A1, ch) which gives the claim on A\; and hence
necessity. Showing sufficiency is straight forward. O

We will now show that this result regarding the condition on Ay corresponded
already to the most general situation. Indeed, by considering the Lie-Algebra Dy 4 on
U that is generated by the vector fields m, \; and m(Az2, h) (i.e. this is the distribution
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that is spanned by this vector fields and all multiple Lie brackets). Now we look for
more general conditions such that admits a generic finite dimensional realization.
It follows from Theorem that a necessary condition is that the dimension of the
Lie Algebra Dy 4 is finite (i.e. the dimension of the distribution Dy 4(h) is bounded in
helU).

Proposition 5.2. If the dimension of Dpa is finite then necessarily Ao is a quasi-

exponential, that is,
dim<{jx—nnA2 ‘ n e N}> < 00

Proof. By defining recursively [r, m(\a,-)]" := [, [r, m()g, )] 1] for n > 2 with initial
condition [, m(Ag,-)]! := [r,m()e, )] it follows by construction that [, m(Xa,-)]"(h) €
Dra(h) for alln > 1 and h € U. Now by a straight forward calculation it follows that

dn
[r,m(, )" (h) = m(Z—de,h), n=1, heU.

Now if the pointwise dimension of Dy 4 is bounded in U by m > 1 then necessarily
(notice that the case n = 0 is included as m(\a, h) € Dra(h))

dim ({m(dd—n)\g, h)|n>0}) <m, forall helU.

In this case we can find a natural number k > 1 (cf. [71, Lemma 3.6]) such that

dk
)\27 Zaz )\27 h)a

where ag, ..., ap_1 denote the coordinate functions. As the left hand-side is linear in A
it follows that the coordinate functions are necessarily constants and accordingly, again
by linearity, we have that necessarily

de Zaz /\2, ) =0,

for all h € U and hence the claim. O

In fact, if we assume that Ay # 0 we can show that Ao must in fact be a constant
element of H. To simplify the notation, we introduce the pointwise powers for elements
h of H by h" := m(h"~ ' h) for n > 2 and h' := h.

Proposition 5.3. If the dimension of D4 is finite and A1 # 0 then necessarily Ao is
a constant, i.e. Ay = cl where c is a real constant and 1 is the neutral element in H
with respect to pointwise multiplication.

Proof. As above we define recursively [m(A2,-), A1]" := [m()g,-), [m(Xa, ), A1]" 1] for
n > 2 and [m(Ag,-), ]! = [m(Xa,-), \1]. Then we have [m()\z,-), \]"(h) € Dpa(h)
foralln > 1 and h € U. Now as

[m()‘% ')7)‘1]n(h) = m( 7217)‘1)7 n=>1,
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by the same reasoning as in the proof of Proposition [5.2] we can find a k > 1 such that

necessarily
k—1
X .
A= aiNh
i=1
for real numbers a1, ...,ar_1 which gives the claim. O

Thus we can look at the distribution given in (/5.2]) which now reduces to

d

D(h) = <%h, A, h), helU, (5.4)

as 7 is now given by 7(h) = %h — %62}1. Also note that, by denoting Id the linear map
on H given by Id(h) = h, we have

Fif“(h) = e"h:=>"

n=0

o0

tIdn "
h= 2} —Td(h) = eth. (5.5)
n—

n!

Proposition 5.4. If the conditions of Proposition [5.1] hold true and the dimension of
the distribution (5.4)) is constant on U, then (5.1) admits a generic finite dimensional
realization around any u* € U such that the solution can be represented by

T((Zi,t),u*) = 20\ + % Sou*, (5.6)

where Z; is the time-inhomogeneous diffusion with values in R? given by
dz? = bZ)dt + ¢(T((Zs,t),u*)) dBt + cZ22dp2, 78 =0 (5.7)
z} = —%c“’ dt+cdp?, Zj =0, (5.8)

where b, ¢ are the real constants given in Proposition [5.1].
Proof. By ([2.5) we have (cf. (5.5))
d
[(z,u*) = Fli‘o1 o Flifl o Fl&Zu™ = 2o\ + €1S,,u’.

We find the coordinate processes in the usual way by following the steps in [34, Section
6.4]. We just show that (5.6)) indeed solves (5.1). Let Z} := eZi and notice that

dz}t = ezl dp?.

By using the linearity of (stochastic) integrals and Itd’s product formula, we get

t t
L((t, Ze),u") = Z?A1+ZQSW*=/ bZSAlds+/ (T ((Zs, 8),u*)) M dBg
t ’ t _ ’ t d
+ / cZo\ dB2 4+ u* + / Squ*dZ! + / Z' —S.u*ds
0 0 0 dx
t d _ t
= 0 [ BN 28y ds [ O((Zes) w0 d)
0 0

t
+ /c(ZgAlJrZ;SSu*)d/az
0

= u* ti s). u* S t s),u* !
_ wy / L (02050 ds + / O(D((Zs, 5),u")) 1 B!

v (2, s),u") 42

and hence the claim. O
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5.2 Multiplicative Mixtures

Now we look at multiplicative mixtures by considering the following equation

{dut = %ut dt + Z?Zl qgj(ut)m(ut, Aj) dﬁg

5.9
ug € U, ( )

where U is an open convex set in HT C H (cf. Lemmal|[[1.5.14)) and d~>1, e q@d are scalar

fields on U. It follows just as in Corollary that exp(Jy) is a mild solution of ([5.9)
for any Jy € U ! where J; is a mild solution of

d d j

{ dJy = (e = 5 351 O3 (T)m(A;, A) dt + 325 ()X, dB?

5.10
Jo € UL, (5-10)

where U! := log(U) (cf. Section {4 for the notation) and ¢;(h) = ¢;(exp(h)) for j =
1,...,d. In particular, admits a generic finite dimensional realization for every
u* € U if and only if does so for any J* € U'. Thus we are looking at conditions
such that admits a generic finite dimensional realization. As in Section it
suffices to look at the distribution D on U’ given by

D(R) := (x(h), A1, ..., \a), heU, (5.11)
where
d 1<
m(h) = b= 5 DG (Rm, ), (5.12)
7=1

We are now in a very similar situation as in Section [ and have a result that is analog
to that of Proposition

Proposition 5.5. Let Ay, ..., \q be linearly independent and p € {0, ...,d} be such that

{ m(Aj, Aj) € (M, ., Ag), forj=1,..p, (5.13)
m(Aj, Aj) & (M, ., Ag), forj=p+1,...4d,
and M € RP*? such that
d
m(Aj, Aj) = ZMjl)\l, forj=1,..,p. (5.14)
=1

Further let ;- UL — R for for (i,7) € {1,...,d}? be the map given by

Gij(h) := =¢;(h)Dd;j(h) - Ai. (5.15)

Then the distribution (5.11)) is involutive on U' if and only if the following two condi-
tions hold true:

1 There is a matriz ¢ e R&™==1) gych that for (i,7) € {1,...,d} x {p+1,...,d}
Cij(h) = Gij for for all h € U'.

2 There is a matriz B € R¥? sych that

—)\1 ZB”)\ — Z CiimA\, ), i=1,...d. (5.16)

Jj=p+1
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Proof. The distribution (5.11)) is involutive on U' if and only if [r, \i](h) € (A1, ..., Ag)
for all h € U'. Tt follows that this is equivalent to (cf. Proposition to the existence
of a coordinate map B : U' — R¥*9  such that

d p
=2 (B~ M) - S GulhmOng A,
=1 Jj=1

Jj=p+1

for i = 1,...,d and all h € U'. Now from (5.13), arguing as in Proposition and
setting

Bl .= Bil(h ZCU )M, (1) € {1, ...,d}?

gives the claim. O

Note that Remark applies here as well, that is, if the condition 1 of the last
proposition holds true, then ¢y, 1, ..., ¢4 satisfy the ODEs

—¢iDj - N\ = iy, for all(i,§) € {1,....d} x {p+1,...,d}.

Solutions are necessarily of the form
di(h) = /v +1i(h), j=p+1,...4d,

where each I; € L(U',R) with ;(U') C [—~;, 00) satisfying —31;(\;) = ¢;. However,
unlike the situation of Remark [4.6] the vectors Ay, ..., \g are now assumed to be linearly
independent. Hence, if for one j € {p + 1,...,d}, it is assumed that Clj, ...,(;lj are all
zero, then by the Rank Nullity Theorem this /; is necessarily constant and equaling
zero as well and accordingly ¢; must be constants. The case where fij = 0 for all
(1,7) € {1,...,d} x {p+1,...,d}, which corresponds by 2 to the case where Aj,..., \g
are quasi-exponentials, we have hence necessarily that ¢,11, ..., ¢4 are constants. Hence
if we assume that p = 0 in we end up in the situation where all ¢1, ..., ¢pq are
constants and the equation reduces to the equation with m = 0.

Proposition 5.6. If the conditions of Proposition and the dimension of the dis-
tribution (5.11)) is constant on U', then (5.10) admits a generic finite dimensional

realization around every J* € U' and solutions can be represented by
D(t, Z;, J*) = FIF (J*) + ZZZA, (5.17)

where Z is the R%-valued time-inhomogeneous diffusion process given as the solution of
Az} =by(t, Ze)dt + > pi(t, Z1)dBl, Zh=0, 1=1,..4d,
j=1
where

d p
=> zB" - % > (¢§(r(t,z, JY)) — ¢§(F53(J*)))Mﬂ, l=1,...d
i=1

j=1
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with B and M given in 2 and (5.14) and pj(t,z) = ¢;(T(t, 2, J*)), for j = 1,....,d. In
this case also (5.9)) admits a generic finite dimensional realization around any u* € U
with representation

L(t, Zy,u*) = exp (F(t,Zt,log(u*))>
- <Flt ), exp( ZZt)\l> (5.18)

where 7 is the vector field on U given by
#(h) = m(h, =(10g(h))) (5.19)

Proof. The claim follows again from T heorem Regarding the Representation (5.17))
we proceed as in the proof of Theorem and skip most details as it is essentially the
same reasoning. It follows from ([2.5) that

T(z,J%) = FIT (J") +sz (5.20)

By using the 1 and 2 in Proposition and the discussion preceding this Proposition,
it follows just as in (4.29)) in the proof of Theorem [4.9| that

m(T(z,J%)) = m(FIZ,(J7))

S [3 a1 (0 - e o))

=1 =1 ]_1

thus by choosing b and p as suggested the first claim follows. For the second claim,
it remains to show that the Representation (5.18]) holds true with 7 given in (/5.19).
Indeed, we have

[exp (Flt (log(u ) exp (Z Z,Qq)]

exp( t, Z, log(u

Thus by defining FIT (u*) := ( T (log(u ) the claim follows from

CZLth (u*) = m[Flf(u*),w(Flf(log(u*)))].

O]

Example 5.7. Consider the equation with d = 2 and A\ = exp(—b-) and Ay =
exp(—2b-). Then in the setting of Proposition we are in the situation where p = 1,
as m(exp(—b-),exp(—b-)) = exp(—2b-) with M =1 and M'? = 0. Further according
to 2 we have necessarily §~12 = 622 = 0 and by the discussion after the Proposition
we have that ¢ is necessarily a constant. Looking again at 2 we see that B is a diagonal
matrix with entries —b and —2b. Thus it follows from (and under the assumptions of)
the last Proposition that the equation

duy = Sy dt + 1 (ug)m(ug, exp(—b-)) dB} + dam(uy, exp(—2b-)) d3?
ug € U,
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is solved for any initial curve u* € U by

L(t, Z;) = m[Fl?(u*), exp (Ztle_b' + the_%'ﬂ,
where
(h) = m(h,m(log(h)))

and
m(h) = %h - %q}z(exp(h))m()\l, A1) — %é%m(h, A2).

The coordinate processes are given by

{dZt1 = [ -0z -3 (R O 2L 20 ogw)) - F(FE@) e

+1(0((t, 21, Z7),log(u*))) B}, Z§ =0

and 3
dZ} = —2bZ2 dt + ¢o dB?, 72 =0.

The situation becomes particularly tractable by choosing (cf. Remark

o1(h) = /(v +1(og(h))), ~veR, leL(U;R), (5.22)

such that [ satisfies [({e7,e72")) C [~7,00). In this case Z} reduces to

1 1
dz} = [— bz} - 5Z}1e™) - 5231(6—%')} dt

+ \/’y + I[(FIT (log(u*)) + Zle b + Z2e=2¥)) dB}, Zy =0

and 7 becomes an affine vector field. The time-of-maturity forward variance v(t,T) :=
ut(T — t) has the representation

w(t,T) = exp (Fzg(log(u*))(T — )+ Zhe VT 4 Zfe—%(T—t)).

Notice that this looks very much like the Bergomi model but here the first
coordinate Z} must not follow an Ornstein-Uhlenbeck process but can be chosen to be
of the form (5.21)). Also the Flow FIf(log(u*))(T — t) differs as Lemma does
not hold in the present case.

We see that both mixtures, additive and multiplicative, of the basic diffusion coef-
ficients given by ¢(-)A\1 and m(Ag, ), lead in some cases to generic finite dimensional
realization. While in the additive case the restrictions are quite strong, that is Ao must
be a constant element in H, the restrictions in the multiplicative case are very much
case comparable to the case of a stochastic parameter as considered in Section [

6 Relation to the Fractional Bergomi Model

This section is a short outlook to future research. In a series of recent papers, including
[5], Jim Gatheral and co-workers suggest that the logarithm of the spot-variance (under
the physical measure) should be modeled as a fractional Brownian motion which is
justified by the empirical evidence found in [44]. Starting from this assumption and
under a change of measure with a deterministic Girsanov density (see [5, Section 3])
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they arrive at the Rough Bergomi (rBergormi) model with spot-variance process (in
the special case of t = 0 , see [5, Section 4]) given by

u0) = wo(t) exp (w8t — LW?E[(B1))). (6.)
where w > 0 is a parameter and
H . t dﬁs
51‘, T /0 (t _ S)’y’ (62)

corresponds to a truncated version of the fractional Browian motion in the representa-
tion suggested by Mandelbrot and Van Ness (see [59]) with Hurst parameter H = %—'y,
which shares most properties with it (cf. [60, Section 3] and [24], Definition 1]). They
further note in [5, Page 11]

Specifically, this rBergomi model is non-Markovian in the instantaneous
variance ... but is Markovian in the (infinite-dimensional) state vector ...

ft (U) .

where in our notation & (u) corresponds to u;(u —t). In the following we will recapture
the Representation and show this last point from the point of view of under-
standing variance curve models u as mild solution of the SPDE in a suitable
Hilbert space H. Subsequently we will discuss a method to approximate this process
by linear-combinations of Bergomi-type processes.

6.1 The Markov property of the rBergomi Model

Under the conditions of Corollary mild solutions of can be represented as
up = exp(J¢) where J is the mild solution of (in both cases we assume here m = 0
and d = 1). We assume that this conditions are met for the choice o(z) = w=, for
some w > 0, on a suitable Hilbert space H. In this case we can write J (i.e. the

logarithm of the forward variance) as J = J* + J? (cf. Lemma [[1.5.10) where J' and

J? are given in the mild representations by

t
J' = w | S_s0dBs, and (6.3)

1
JP = StJ0—§w2 Si—sm(o,0) ds,

where J! is an infinite dimensional Ornstein-Uhlenbeck process (see [25]) and J2 is the
mild solution of a deterministic PDE. Hence J and also J' correspond under some mild
conditions (see [26, Chapter 9]) to an infinite dimensional Markov process in H. By

1
noting that JtT(O) corresponds to the (truncated) fractional Brownian motion given in
(6-2) (recall the choice o(z) = =), that is,

1

Wdﬂs = WﬂtHv

t t
JL0) = w / Sy so(0) dBs = w /
0 0

we find that the spot variance is given by
u(0) = m(exp(J;),exp(J7))(0) = exp(J; (0) + JF(0))

= uo(t) exp (wBtH - % /0 t wQ(t_lS)% ds), (6.4)
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where ug(t) := exp(Jo(t)) equals the Representation given in (6.1) (notice that the
integral converges for v < %, i.e. for positive Hurst parameters) with the property that
the forward variance curve is Markov with respect to the filtration generated by J*.

6.2 Approximation of the rBergomi Model

Finally we show (formally) how to approximate this processes with real valued Ornstein
Uhlenbeck processes by following the ideas given in [16] and [I7] (see also the recent
article [49]). By defining p(dn) := 77! dn and denoting by £,, the Laplace transform
with respect to the measure p, we can represent o(z) = x% by

o(2) = £,L; o) (x) = F(lw /R &~ u(d),

and by applying Fubini’s Theorem we accordingly get for (6.3))

Jl = @/Ot St_s(/ﬂh e_”'u(dn)) dBs = w/]R+ (/Ot St_se‘"'dﬁs) p(dn), (6.5)

where @ := ﬁ Notice that the expression in the brackets corresponds for each > 0

to the mild solution of

d
dX] = - X[dt+e " dB,, X =0,

for which we know (cf. Theorem that it can be represented by X, = Ze™"", where
Z" is the Ornstein-Uhlenbeck process satisfying

dZ) = —nz} dt +dBy, Zp=0. (6.6)
Thus we can formally write J! as
J=a / Z0e ™™ u(dn). (6.7)
R+
Using (6.7) we can represent (6.4)) as (letting uy = u)
I 1

u = Spuexp (d}/ Zle™ p(d —/ &127ds>. 6.8
t ¢ - t p(dn) 2 Jo (t — s)2 (6.8)

Remark 6.1. The Represetation was found in [16] for the fractional Brownian
motion which corresponds to the process J!(0), as in this case the expression in the
brackets of is given by f(f e~ 1=5) 4B, which can immediately be recognized as the
solution of . The underlying infinite dimensional Markov process is here given by
Vi = (Z;n > 0) (cf. [16, Proposition 1]).

Similarly, by starting with the representation of the mild solution of (4.1)) and with
the same reasoning as above we find

t
u = Stu+w/ St—sm(o,us) dfs
0

t
= “1ry](n)e™™ w —sM e T , Us B
= [ S ul(me ™ p(dn) + /0 Si_am( /R u(dn), us) df

R +

= /R (Stﬁ;l[u] (n)e™™ + /Ot Si—sm(we™ " ug) dfs >p(dn), (6.9)
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where for each 1 > 0 the expression in the brackets of corresponds to the mild
solution of

duf = Lo dt +m(@e ™, uy) dp
ug =L, [ul(n)e ™,

and hence according to Theorem admits a finite dimensional realization and we can

write

we = / exp (FIF" (log (£, [ul(n)e ™)) + Z)Ge™ ) u(dn),  (6.10)
R4

where Z;! agrees with the solution of and FIT" (£, [u](n)e™™) denotes the flow of
(cf. ([£39))

at log(ﬁgl[u] (m)e~™). If we now formally approximate the measure u(dn) by a sum
of Dirac measures 1V (dn) :== SN | ¢;64.(dn) as in [I7] (see also [16, Page 99] for the
approximation of fractional Brownian motion) for suitably chosen (¢1,d1), ..., (cn, dn)

we can approximate the process (6.7)) by &vaz 1 cithie*di' which plugged into
gives a process of Bergomi-type and hence admits a finite dimensional representation.

Similarly, we can approximate ((6.10|) by
N d
S crexp (FIF* (log (£, ul(dg)e™) + Zwe ),
i=1

which is just a linear combination of conventional Bergomi processes. The proof of
(weak) convergence of this approximation as N — oo is work in progress and will be
published soon.



Chapter 1V

Weak Taylor Expansions for
SPDEs

1 Introduction

Let H be a suitable Hilbert space and consider the following parameterized family of
SPDEs
{dX; — (AX{ 4+ V(e, X0)) dt + X0, Vi(e, X§) dBi 1)

Xo € H,

where for each € € R, V(e,-), Vi(e, ), ..., Va(e, -) are sufficiently regular vector-fields on
H. For | € L(H,R") for some N € N we will be interested in the weak approximation
of l o X7 as € — 0. This approximation will be particularly useful if X¢ admits a
finite dimensional realization only for ¢ = 0. In [68, Theorem 2.3] a weak Taylor
approximation is introduced that provides sufficient conditions for the process [ o X7,
such that this approximation converges at arbitrary order. The main conditions are
that [ o X7 is smooth in the Malliavin sense and that the corresponding Malliavin-
Covariance Matriz is invertible with a p-integrable inverse for every p > 1. As we are
here in an infinite dimensional setting, especially the latter condition is far from trivial.
As we could not find a suitable source for conditions on the vector fields of an SPDE
such that its solution is smooth in the Malliavin sense (for Malliavin differentiability
of mild solutions of SPDEs see for example [19] and [I8] (see here the Remark
and [67]) we recapture the corresponding notions. The theory is similar the finite
dimensional case (see [63], from which also most of the notation is adopted).

2 The Malliavin Derivative

We will mainly follow [58] which in turn is mainly based on [46]. For the finite-
dimensional case, all results can be found in [63]. Let 7" > 0 be some finite real
number and (Q, F, (Ft):e[o,7], P) a complete filtered probability space acommodating
a d-dimensional Brownian motion (W;).e(o,7) such that the filtration (F¢);c(0.7) is gen-
erated by the Brownian motion. For ¢ € L2([0,T];R?) we introduce the isonormal
Gaussian process

UOESY /0 61 (1) dW. (2.1)
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Let H be a separable Hilbert space. By S(H) we define the set of smooth cylindrical
H-valued random variables F

F = Z fJ(W(qsl)a ) W(¢m))h]7
j=1

where m,n € N, ¢; € L%([0,T];RY) for i = 1,...,m and W (¢;) is given by -1, h; € H,
fi € CP(R™), for j =1,...,n. We have S(H) C LP(Q; H) for all p > 1. The (Malliavin)
derivative of F' € S(H) is defined by

m

DiF =" " 0ifj(W(h1), ., W(bm))hy @ ¢i(t), t€[0,T],

j=1i=1

where h; ® ¢;(t) denotes the algebraic tensor product of h; € H and ¢(t) € RY, which
can be identified with an element of L3 := Ly(R% H), the space of Hilbert-Schmidt
operators, by

d
(hj ® ¢i(1))(x) = (@i(t)(@))hy = (D #i(t)a)hy € H, Vx € RY
=1

and in particular (h; ® ¢i(t))(e;) = ¢L(t)hj, where ey, ..., eq denote the standard basis
vectors of R?. This way we can, like in the finite dimensional case (i.e. H = R, cf.
[63]), introduce the partial derivatives DLF, defined by D!F := D;Fe;, | = 1,...,d, that

DiF = >0 fi(W (1), ... W(dm)hgi(t), t€[0,T]. (2:2)
j=11i=1

This way we identify H @ R? with H? and understand the derivative operator as the
map

D:S(H) C LP(Q; H) — LP(Q; L*([0,T); HY)),
that is, for each [ =1, ..., d, we consider the partial derivative operator
D':S(H) C LP(Q; H) — LP(Q; L*([0,T); H))

with D!F given by (2.2). Higher derivatives are defined by iterating this procedure,
that is, for F' € S(H) and k > 1 we define recursively

m
Dfl,...,th = Z 87;D1’f§1_,.:.l.,tk,1F ® ¢Z(tk)
=1

Remark 2.1. As higher derivatives are denoted by superscripts just as the partial deriva-
tives, we will use the letter k for higher derivatives and the letter [ for partial derivatives
to distinguish between this notions.

Proposition 2.2. For each k > 1 and p > 1, the operator D¥ : S(H) C LP(Q; H) —
LP(Q; L2([0,T1%; HY)) is closable. The domain of the (extended) derivative operator DF
is denoted by D*P(H) with norm

k

IFllokaen = (BUFIE) + 3 EUD P22 0y
j=1

S

(2.3)
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Proof. This is [58, page 92]. O

Remark 2.3. We can also take another perspective which will allow us in some cases
to directly generalize finite dimensional results (i.e. H = R), given for example in [63],
to the infinite dimensional case. As we have S(H) = S ® H, where S denotes the
set of real-valued smooth cylindrical random variables, we have for any decomposition
F:=F®hecS®H=S(H) given by

F=f(W(¢1),.... W(dm)) ® h,

with derivative given by

DF = D(F) ® h.

This way, we can in the setting of Proposition understand the operator D¥ as the
map
D*: S H C INQR) © H — 10 (0,71 RY) © H.

Lemma 2.4. Let ¢ : H — H be a Frechét-differentiable mapping, where H is an
arbitrary separable Hilbert space. Assume that there exists a ¢ > 0 and a constant
C > 0 such that

loMlz < CA+IIRIE™), 16/ Wl < CA+ (RN, for all h e H.

Then, for all p > 1 and F € DYHVP(H) it holds that ¢(F) € D'P(H) and
D¢(F) = ¢/'(F)DF.
In particular, if F € DY°(H) then ¢(F) € DV (H).
Proof. This is [58, Lemma 4.7]. O

Lemma 2.5. Letp > 1 and F,, be a sequence in DVP(H) such that F,, — F in LP(Q; H)
and there exists a constant C such that

sup || DFn || Lo ;22 (0, 7);4)) < C-
n
Then F € D'?(H) and IDF | to(or2(0,m;m4) < C. Moreover, there exists a subsequence
(ng)r>1 such that weakly DF,, — DF in LP(Q; L2([0,T); HY).
Proof. This is [64, Lemma 3.7]. O

The adjoint & : dom(8) C L?(%; L2([0, T); HY)) — L?(Q%; H) of the Malliavin deriva-
tive is called divergence operator. Its domain dom(d) consists of all

U e L2(Q; L*([0,T); HY))
such that there exists a constant C' = C'(¥) > 0 with
|E{DF, ) 12010 < CIF 2.y,  for all F e DY?(H).
In this case, for ¥ € dom(d) it is defined as the unique element &(¥) in L?(Q; H)

satisfying
E[(DF, %) 2o 7.00)] = E(F,6(¥))y], VF € DY?(H).
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Proposition 2.6. Let o € L*(Q; L2([0,T]; H?)) be a predictable stochastic process with
values in H. Then o € dom(6) and

o) = ;/o a'(s)dWe,

that is, §(a) € L2(Q; H) and it coincides with the stochastic It6-integral.
Proof. This is [58, Proposition 4.12]. O

For the following we introduce the space LY2(H?) := DV2(L2([0, T]; H%)) which is
isomorphic to L2([0, T]; D2(H?)) and accordingly we have the following characteriza-
tion which we state as a Lemma.

Lemma 2.7. We have a € LY2(H?) if and only if, o € L*([0,T] x s HY), oy €
DY2(H?) for almost all t € [0,T] and

d T T .
ZEUR/H&@@@ﬁ<m (2.4)
i=1 0 Jo
Proof. This follows from the isomorphy of LY“2(H?) to L?([0,T];D%2(H?)) and the
definition of || - [|p1.2(f) given in (2.3). O

Proposition 2.8. Let f € LY2(H) be a predictable process. Then we have

T
/ f(s)ds € DM (H)
0
and
T T
D} [ so)ds= [ Difs)ds
0 t
forl=1,...,d and almost all t € [0,T].
Proof. This is [58, Proposition 4.8]. O

Further we have LY2(H?) ¢ Dom(J) which follows from [58, Proposition 4.15] and
[46], Proposition 3.2]. Now we can state the desired result, which can be found in [58]
Proposition 4.16] if « is in D*2(L2(]0,T]; H?)) but is not necessarily predictable.

Proposition 2.9. If a € LY2(HY) is a predictable process then §(a) € DY2(H) and

d T d T
mZAM@M@WM+ZADW@mg
=1 =1

forl=1,....d and almost all t € [0,T].

Proof. The claim follows from [46, Proposition 3.4] in the same way as in the finite
dimensional case [63, Lemma 1.3.4] follows from [63] Proposition 1.3.8]. In fact, ac-
cording to [46], Proposition 3.4], the claim holds if for almost all ¢, (s +— Dlay) € dom(0)
and (t — 34, f(;‘FDiaédW;) € L*(Q x [0,T);H) for each | = 1,...,d. Now, as
(s = Dlag) € L2(Q x [0,T); H?) is predictable it follows from Proposition that
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s+ Dkag € dom(6) for almost all ¢ € [0,T]. For the second claim, it follows from the
It6 isometry and property (2.4) that

: T (T2 d T T A
Su[[ ][ vl a] =S B[ [ [ 10jediy dsar] <o
i=1 0 t H — o Jt

O]

Remark 2.10. The previous Proposition is stated in a stronger version in [19, Propo-
sition 5.4] and [I8, Proposition 4.7], where besides predictability, the equivalent con-
ditions of Lemma excluding the integrability condition are claimed to be
sufficient. Unfortunately no proof is provided. Also it seems to contradict [63, Lemma
1.3.4] which states that in the finite dimensional case, that is H = R, given the same
conditions as in [19, Proposition 5.4] and [I8, Proposition 4.7], the conditions of Propo-
sition [2.9| are not only sufficient but also necessary.

Proposition 2.11. Let F be a random variable in D**(H) with a > 1. If D'F €
LP(Q; L2([0,T)%; HY)) for i = 0,1, ...,k and for some p > «, then F € D*P(H).

Proof. This can be proved as in the finite dimensional case [63, Proposition 1.5.5] by
using the Remark O

The next result can be found in a similar version in [19, Lemma 5.3] (however, see
Remark [2.10) and [67, Theorem 3.1].

Lemma 2.12. Assume that § is deterministic and V, V1, ,...,Vy € C°(H; H) in .
Then the conditions of Theorem are satisfied. Then for any t € [0,T], the mild
solution Xy is in DV (H) and for | = 1,...,d, the derivative DX for fized s € [0,T)
satisfies the equation in H given by

DLXy =S sVi(Xs) + [ Si—udV (X,) DX, du 25)
+ 301y Si-udVi(Xo) DiX, AW |
for s <t and D'X; =0 for s > t. Fort > s it is a continuous mild solution of
qY: = (AV: + dV(X)Ye) di + X0, dVi(X,)Y; dW; 26
Y, =WV(X,). '
Finally we have for allp > 2 andl =1,...,d that
sup E[ sup ||DLX||%] < oc. (2.7)

rel0,T]  s€[r,T)]

Proof. We follow the proof of [63, Theorem 2.2.1]. Let p > 2 and ¢ € [0, T] be arbitrary.
By the stated conditions on the vector fields V, Vi, ..., V; the equation has a
unique continuous mild solution given as the limit of the Picard iterations in the
space HP. We will show by induction that for each k& > 0

XF e DYP(H), (2.8)
Yi(t) := sup JE{ sup || Dy X517 | < oo, (2.9)
0<r<t ‘se[nt]

t
B (t) < o1+ o3 /0 i (s) ds, (2.10)
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The statement is obviously true for k¥ = 0. Now assume it holds for some k& > 0. The
next iteration is given by

XFHt = S§+/St5 V(XF) ds+2/5t“ ) dW.

Applying Lemma [2.4] twice (with ¢ = 0) we find that S;_,U(X¥) € D"P(H) for almost
all s € [0,t] and
D.S;_U(XE) = Sy_sdU(X5)DLXE,

where U € {V,V1,...,V4}. To apply Propositions and we need to show that
[0,¢] > 5+ S;_sU(XF) € LY2(H). But this follows from Lemma [2.7]if both

t
E[/ ||St_sU(X§)H%, ds] < oo, and
0
t t
B[ [ 1Si-dU (XHDLXE G dsdr] < oc
0 Jr

are satisfied. The first condition immediately follows from the assumed linear growth
condition on U, that is, by letting M := supy¢jo 4 [|St—s |z, we have

/ 180 OCh) Iy s < ECRL+ sup BIIXE) <
se

as X*¥ € HP c H2. Similarly, the second condition follows from (2.9)), as U € Cy°(H),
we have

/ / 1S dU(X¥)DLXF||% ds dr] < M?C2 sup E[sup ||D'XF|%] < oo,

0<r<t 56[7‘ t]

where Co > 0 is given by sup,cpy [|dU(z)||5(z;) < C2. Hence the conditions of Lemma
are satisfied and it follows from Propositions and that XF™1 € DL2(H) and

+ 00 [ S dVi(XE)DLXE dW.

Next we show that (| and ( - ) hold for £ + 1 and conclude from Proposition m
that X k1l e DLP(H (H ) From an application of Holder’s inequality we get

I yk+1
D" X} HLP Q;L2([0,T);H)) (212)
_ H|D1Xk+1HL2 (0.7 H / HDle+1H2 d7’> ]
t
< t”j/ E[| DLXFHY2 ] dr < 7" sup E[J|DLXFH)
0 rel0,t]
< 1 sup E[sup [DLXF ). (2.13)

rel0,t]  s€lrt]
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By using (2.11]) we get
E[ sup [ DLXE 4] < B[ sup |, Vi(X})[
s€[r,t] s€[r,t]

+ E sup H/ S, udV(X’“)D’X’“duH }

s€(r,t]

d
+ ZIE sup H/ Sy_udVi(XF1\DLXF awi }:: I+ I+ Is.

i—1 s€r,t]

Let M := sup;cioq |Stll L(m;m)- For the first term, using the linear growth condition
on V', we deduce

I < MPE[|VIXFHI] < MPCY(1+ E[|| X)) < oo,

as X* € HP. By denoting My := sup,cpy 1dV ()|l (&, ), Wwhich by assumption is finite,
we get for the second term by another application of Holder’s inequality that

t t
o <E[( [ 18-V (e DX du) | < Mragg(e - L [ |DLXEI, dul

For the third term, using [26, Lemma 7.2] and proceeding as with the second term, by
denoting M; := sup,e g |dVi(2)| L(mmy, @ = 1, ..., d, we get

I3

IN

=1

< MPM(t—r)PE[ / ||Dixb||%du},
T
where M := Oy 2?21 M?. Putting the terms together and taking the supremum we get

t
Gpn(t) = sup E[sup [DLXEFE] < C(rk,p) + M / E[|D!XE (2, du
0<r<t  sefrpt] r
t
< C(rk,p)+M [ sup E[sup | D XF|P]du
0 0<r<u  s€[ru]

— C(r k) + T /O () du (2.14)

where C(r,k,p) := MPCY(1 + supy<, <, E[| X}[|};]) < oo as X* € HP and M =
P MP(M + M) Note that by the second induction hypothesis (2.9) we have p41(t) <
00. Hence we have shown and - As for , note that it follows from

Y11 (t) < oo and ( -, that
||D1Xk+1HLp Q:L2(]0,T); H)) 711/1k+1(t) < o0,
for I = 1,...,d and hence as X*+! € D2(H) as shown above we conclude from Proposi-

tion[2.11{that X**! € DLP(H). Hence we have completed the induction and (2.8)- (2.10)
hold for all & > 0. We know that X* — X in H? and thus in particular that th — X
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in LP(Q; H). Thus it follows from Lemma that we have X, € DYP(H) if there is
some finite C' > 0 such that

Sup ID'XE | o2 o200 < C, (2.15)

for I =1,...,d. As (2.14)) holds for all k£ (as was proved with induction) we can apply
Gronwall’s Lemma and get

Vi1 (t) < O(r, k, p)et (2.16)

and since sup;, C(r, k,p) = MPCY(1 + supy, supogrgtE[HXfH%]) < C < oo as X¥ con-

verges in HP, we have that supy ¥, 1(t) < CeM! which in particular gives
and hence we have X; € DVP(H) for all t € [0,7] and p > 2 and hence we have
X; € DM°(H). The Representation follows from the application of the derivative
operator D! to X;. Note that D.X; is a mild solution to but at this point there
is not necessarily a continuous version. We show first (2.7). By proceeding as above

we get just as in (2.14]) that

T
sup E[ sup HD,{XSH’;{] <C(r,p)+ M sup E[ sup HD,{XSHZ;I] du,
0<r<T  s€[r,T) 0 0<r<u s€[ra]

with C(r,p) := MPCT (1 + supg<,<; E[| X, |[};]) < oo as X € HP. Hence we can again
apply Gronwall’s Lemma to arrive at

sup E[ sup [D}X|}] < C(r,p)eM" < oo,
0<r<T  s€[r,T)

which gives (2.7)). Finally, the existence of a continuous version of this mild solution
follows from [26], Proposition 7.3|, as it follows now from (2.7 that for any p > 2

T
E[/ dVi(Xu)DLX |12 du| < CPT sup E[HDgXuH%] < 0,
0 u€[0,7]

which completes the proof. O

In the following we will understand the map dV : H — L(H; H) asdV : HxH — H.
Then dV is bounded in the first argument, linear in the second and dV : C*°(H x H; H).
As in [I) Proposition 2.4.11] we will consider the partial derivatives of an W € C*°(H x
H; H) defined as (we use d for derivatives of functions in C*(H x H; H) and d for the
derivatives of functions C*°(H; H) to avoid confusion)

G W (f,g)(er) == dW(f,g)(e1,0),  d2W (f,g)(e2) := AW (f,9)(0, e2)
and it holds true that
AW (f,g)(ex, e2) = diW (f, g)(e1) + daW (f,g)(ea).
Applied to dV : O (H x H; H) this gives
ddv (f.g)(e1, e2) = d*V(f)(g, ex) + AV (f)(e2). (2.17)

We will also need the following notion. We have F = (F!, F?) € DY*°(H x H) if and
only if F; € DL°(H) and F? € DY*°(H). In this case it follows from the properties of
the tensor-product that DF = (DF*',0) + (0, DF?). By iterating this arguments (and
notions) we arrive at the following Lemma.
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Lemma 2.13. V € C{°(H; H). With the above notations, d"V : H"" — H satisfies
the conditions of Lemmaforq = 1 and accordingly for (X1, ..., Xp+1) € DLO(H )
we have DAV (X1, ..., X,,) € DV°(H) and

DAV (X1, ..., Xp41) = ddV (X1, ..., Xni1)(DX1, .., DX pi1)

= d""V(X1)(DX1, X2, ..., Xpt1) (2.18)

+ 30 AV (X)) (Xay ooy Xim1, DXy Xigs ooy Xn1)-

A~ ~—

Proof. 1t is enough to show this for n = 1 as the proof for n > 2 is just the same. Let

sup [|dV ()| ey < Cr < oo, and  sup [|d*V () (arxm;ey < Ca < 0.
feH feH

The first condition is satisfied for ¢ = 0, as

1V (f,9)lle = ldV(fglla < Cillglla
for all (f,g) € H x H and for the second condition, using (2.17) we have that

H(idv(fag”’L(HXH,H) - sup chdv<fvg)(€17€2)HH

ll(e1,e2) |l x =1

< s (IVIAg el +llav(Heln)
ll(e1,e2)ll s =1
< s (Collglulenl) + Crlleslln)
ll(e1.e2)ll s =1
< Cllglla),
where C' := max(C1, C3). Hence we can apply the Lemma and the Representation
(2.18) follows from ([2.17]). O

For the next Lemma we introduce the following notation. Let 1 < m < n be
natural numbers, [ = {l1, ..., 1, } a set with n elements. Denote by P(l) the power set of
[ excluding the empty set. Then we denote by P,,(I) C (P(l))™ the set with elements
of the form p = {p1,...,pm} with each p; € P(l), i = 1,...,m, such that each I; € [,
i =1,...,n, is contained in exactly one p;, j = 1,...,m. That is,

Punll) = {{p1, .. pm} € (P(l))m’W €{l,on} 3 € {L.om} st L €p; ). (2.19)

For example Pi(l) = {p1} with p1 = {l1,...,ln}, Pu(l) = {p1,...,pn} with p; = I,
i=1,..,n and Pp_y(l) = {{{zl,zg},zs, N SO A {zn_l,zn}}}.

Lemma 2.14. Let X be a predictable process with Xy € D™*°(H) for all t € [0,T]. If
V e Cp°(H), then we have V(X;) € D™*°(H) for allt € [0,T] and for any (l1,...,ln) €
{1,...,d}" and (s1,...,8n) € [0,T]™ we have the representation

D V(Xe) = alyrnle (8) +dV (Xe) Dt X (2.20)
forallt € [s1V...Vs,, T] and Dlsll’;'_‘.’fgan(Xt) =0ift€[0,s1V...Vsy), where o/;llgn (t)
s given by

allle (1) = d"V (X;) (D4 Xy, ..., Dl Xy)

+ 2 paera sy A VI(X) (DG Xy, -, Dgii Xe) (2.21)

+Z(p,q)€P2(LS) sz(Xt)(Dnganth),



72 IV Weak Taylor Expansions for SPDEs

where 1t is understood that alsl1 (t) = 0. Furthermore, for each p > 1 there is a finite
constant C, such that

E[ sup Hagg I ()] < Cy Z > ZE sup DXy ||B, (2.22)

srsts i=1 (pq)eP;(LS) i=1 %"

where 5" == s1V ... V s, and LS = {(I1, 1), ..., (Iln, sn)}. Also, ol ’lg (t) € DYP(H)
and

Dltaliely (1) = ol (1) — V(X (Dl X, Dl X, (2.23)

Sn+1 517 S1,--58n+1 Sn+1

Proof. By using Lemma 4land Lemma [2.13|it can be easily shown by using induction
that, with the notation introduced above, we have

Diole V(X)) = d"V(Xy)(DL Xy, ..., D X))

+ > d" WV (X;)(DP1 X, ..., DP =1 Xy)
(p.q)€Pn—1(LS)

+ > d?V (X;)(DPL Xy, DP2X,)
(p,a)€P2(LS)
+ AV (X)Dg, X,
whenever t € [s1 V...V s,,T] and Déll’7'_',"’7l§1nV(Xt) =0ift€[0,51 V...V sy). From this
all of the claims directly follow. O

Lemma 2.15. Let X be a predictable process with X; € D™ (H) for all t € [0,T] and
Vi, Vg € Cp°(H; H). Then for any (li,....1n) € {1,...,d}" and s" := (s1,...,8,) €
[0,T]", 8" := max(s1,...,sp) and t € [0,T]
l i—1,l
ﬁ( ) = St S”B —St S"ZDSI{, 7781 1178J;17 78nv( )1{31—8”}7 (2'24)

s a well—deﬁned 5"-measurable random variable in DV°(H) and

= St gntl Zz 1 D51177 77511 1177«191317 7;::—1‘/ ( 51)1{51-:?“"1}'
Proof. This follows from Lemma O

Lemma 2.16. If S Si—sVi(Xs) AW € D°(H), then
Dloln N / Si_oVi(Xs) dW! = B(5") / Dl g Vi(X) dWE (2.26)

Theorem 2.17. In the setting of Lemma[2.13 and with the notation from Lemma
and [2.15, for every t € [0,T), the mild solution Xy of (L.3.2) is in D*(H) and for
any n > 1, 1" := (l1,...,1ly) € {1,...,d}" and s" := (s1,...,8,) € [0,T]", the process
Y, = DlSZXt is a continuous mild solution of the equation in H fort> 3" given by
dY; = (AY; +aln(t) +dV(X,)Yy) dt + S0 (ol (t) + dVi(X,)Yr) dWf
Yo =36
and Yy =0 fort < 3"

(2.27)
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Proof. We will show by induction that for all n > 1, we have
I1 X, e D"P(H) for all ¢t € [0, T,

12 DY, X, is for t > 5" a continuous mild solution of (2.27)), and
13 supsne[QT]nE SUPgn<i< HDéZXtH’;I} < 00.

We know from Lemma 2.12] that all three claims are satisfied for n = 1. So assume it
holds for some n > 1. Then Y; := D " X; has the representation

Vi =S5 B) + [ S0l () + AV (X,)Y, ) du

+Zz 1f5n Si— u( an( )+dV(X )Yu) quj (2.28)

We show first that Y; € D*°(H) by a very similar method as in Lemma however,
we can not apply Theorem directly to as the condition SI2 is not evident.
Indeed, let U € {V,V1,...,Va}, Cu = supey |[dU ()| L(a;my and v € {a, a1, ....aq}
then we have

Iy (8, w) + dU (Xe(w)) (@) 77 < In (8 @) 177 + CE 12l

n J
< Oy ZI DEXy(w)F + CllelF

so unless || D X¢(w)||% is uniformly bounded in (w,t) it is not evident that this condi-
tion holds. We proceed similarly to [63, Lemma 2.2.2]. Let

(5", t) := Sy_gn3(5 / Si—wal (u) du + Z/ Si_ual” n u) dW (2.29)
and consider the sequence for k£ > 0 defined by

YY) i=asht) (2.30)
YA = a3 ) + [l Si—udV (X)) YE du+ S0 [2 S dVi(X)YEdW.

As in the proof of Lemma we show with induction that Y;* satisfies the corre-
sponding conditions given in ([2.8)-(2.10) and additionally the condition

sup E[ sup [[VF|}] < oo, (2.31)
0<sn<T 57 <t<T

however, we skip some details as the proof is very similar. Let £ = 0. We start with
showing condition (2.31]). By proceeding as above we see that

~ T
B sup_[¥2Il) < M(T.p) (BUG"IG] + [ Ellafh @) du

sn<t<

+ Z/ ol ()] ) =t M(T.p) (1 + I + I) (2.32)
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For the first term, using and ( we get

l FRERE) i ) 7l
I = mpZEIIDsll, SR VL () I =y

IN

l EAARR} 9 9 )l l ,...,l'_ ,l' ,...,l
W%EZEH;w;fﬁﬁhzx>+dVQwD;w@LgLngmg

IN

I1,eeey , sl
%mAEZEn;H;uﬁh@xm%
bsesliztslipnsess
+—%MW$@;$M@&MD<w

uniformly in s" € [0,7]" as both terms consist of Malliavin derivatives up to order

— 2 (cf. ) and n — 1 respectively, this follows from the induction hypothesis 13.
The same applies to the terms I and Ig by using again (2.21)) and (2.22]). Hence we
have shown ([2.31]) for £ = 0. Next, for , we see that from @[} and the induction
hypothesis and Lemmalt follows that St (5 ") € DYP(H). Let v € {a, a1, ....aq}.
We claim that ¢ + L, (t) € LY2(H). Indeed, the equivalent conditions of Lemma
directly follow from and and the induction hypothesis. Hence Propositions
and [2.9| apply and Y,? € DY2(H) for almost all ¢ € [0, 7] which gives for k=0
and it holds that

(2.33)

DST::LllYt = 82111575 5"5 +fn+1 St— uDsrf:rﬁ aln (u) du
In
+5t- 5n+la§ (3n+1)+zi:1 gn+1 St—uDsni zs"( )sz

n+1 ,Sn

with Déflfl Sy_sn3(3") and Ds’jlfl 0% o given in and ([2.23)), respectively. For (2.9)

we need to show that

Jo(t) == sup E[sup [ DI¥2I] < oo. (234)
0<r<t  se[rt]

First note that, using (2.25)) and (2.20) we get

n+1 =N
n+1 ( )
n
. liyenlic ity slng 117 slim1liv1yenlnt
- E :<a51:-~~7Si—175i+1’~~-75n+1( )+dVl( ) S15058i—158i415- ,8n+1XSi 1{51:5”'*‘1}-
i=1

and accordingly from the induction hypothesis I3, (2.22) and the boundedness of
dV;,(Xs,) it follows that E[||DéﬁjﬁSt_§nB(§”)H%] < oo and again from (2.22) we get
E[||S¢— 3n+1a§n (sn+1)||H] < oo. The remaining terms in ( can be handled just

1, 8"
as in Lemma [2.12| and thus ) follows. Thus for k£ = 0, it remains to show ,
that is, that

wﬁy—$mEmwuﬂyw’<q+@/¢o (2.35)
0<r<t  se[rpt]

holds true. First we have to show that Y;! € DV>°(H) for almost all ¢ € [0, T], which
follows if, for U € {V, V4, ..., V4}, we have u — (dU(X,)Y,0) € LY2(H), but this evident
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from Lemma @7 Lemma @ and induction hypothesis. Then from Lemma [2.14] 2.15]
and Propositions [2.8] and [2.9] we have

Sn41 Sn+1 Sn+1

Dyl = ply0 / Si D1 dV (X,)Y.0 du

+ SimsnidVi o (Xsin) sn+1+z Sy D1 dVi(X, ) Y. dWE

S
sn+l ntl

Accordingly (2.35) follows from (2.31]) for £ = 0, the induction hypothesis and from

(cf. Lemma [2.13))

D1 dU(X,)Y, = d°U(X,) (D! X, Y.0) + dU(X,) Dt Y2 (2.36)

Sn+1 Sn+1 Sn4+17U?

where again U € {V, V1, ..., V3}. Accordingly we have shown the induction hypothesis
to be true for k = 0. Assuming (2.8)-(2.10) and (2.31) hold for some k > 0 it can be
shown in literally the same way that the claim holds for k£ 4+ 1. Hence the claim holds
for all k > 0. Next we use Lemma [2.5 to conclude that Y; € DY?(H) for all ¢ € [0, T].
We show first that Y* converges in #P. Note that we know from that Y* € HP
for all £k > 0. We have by standard arguments that for k£ > 1

YR — Y| < o(T,p) Y5 = Y |0, (2.37)

which by the usual procedure of choosing 7' small enough leads to ¢(7,p) < 1 and
accordingly to an unique fixpoint which evidently is Y and showing also that Y € HP.
The final step in applying Lemma is to show that

i;gE[(/otllDiY}kll?{ dr)p/z} < . (2.38)

We have

t /2 t
B( [ IDLar)™] <o %[ [ IDbE G dr] <7t sup B[ DLEp)
0 0 r€(0,t]

and

sup E[|[DLYF] < sup B[ sup [|DLYFIP] = (o)
rel0,t] rel0,t] telr,T)

Hence from the shown induction hypothesis we can apply Gronwalls Lemma and
the claim follows, that is, from Lemmawe deduce that Y; € D'P(H) and accordingly
X; € D"FLP(H) for all t € [0,7] proving the first induction hypothesis I1. Now let
Jy = DiZle DlnHXt For the second hypothesis I2 we need to show that Z;
satisfies ) for n 4+ 1 and has a continuous version. By noting that

Dl (ol (u) + AV (X,)Ya) = ol (u) + dV(Xy) Zu, (2.39)

Sna1
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which follows from ([2.20)) in Lemma and that
d t '
D+t (5(5n) +> / St (@ gn (1) + dVi(X,)Ya) dW§>
i=175"

d t ‘
= b (86 + Y [ Dbk s i) a)
i=175"

+1

d t
= BE"TH+D / Dltolnit Sy Vi(X,) dW!
i=1"5"

ln+1

d ¢
A4y / (ol (u) + dVi(X) Z,) AW,
i1 Jet

where the first and third equality follows from (2.20|) and the second from Lemma
Thus Z; is a mild solution of (2.27)) for n + 1. As in the proof of Lemma we show
first condition I3 before showing that Z has a continuous version. We have to show
that

sup E[ sup ||Di’:l++111/t]|%]<oo. (2.40)
sntlelo,T|nt1l  sntl<i<T

By proceeding as above, we get

E[ sup [Dbviln] < MuT R[]
<T

sn+1 St

+ (T ) (B[ [ T o (Wl du] + iE[ / T o () fylu] )

5 i=1
T
+ MTPE[ [ IDldi] = Bt Bt
sn

where M, (T, p), Ma(T, p), M3(T,p) are constants depending on 7" and p. The terms Iy
and I3 can be shown to be finite, uniformly in s™ € [0, T]", in the same way as in (2.32)).
Thus we have

l p
sip E| sup [ Dhvill|
sntlelo, 7]+t gntl<t<T

T
<C@p)+MTp) [ sw B[ sup [Dhvill]d
0

s"+1€[0,t]"+1 gn+1 <u<t

and I3 follows from Gronwall’s Lemma. Finally we show that the mild solution Z; of
(2.27) for n 4+ 1 has a continuous version. This follows from [26] Proposition] upon
showing that for some p > 2

[/

but this follows now immediately from ([2.22)) and the just shown induction hypothesis
I3 by noting that Z, = Dﬁ:les and thus completing the proof. O

i,ln+1

Qnir (8) +dVi(Xs)Zs

p
Hds] < o, (2.41)
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3 Asymptotic Expansions

The next result is based on Malliavin’s Integration by Parts Formula. For F € DV2(RY)
the Malliavin Covariance Matriz v(F') is defined as

’y(F) = ((DFZ, DFj)L%[(),T];]Rd))i,jzl,...,N- (3_1)

Let G be another RY-valued random variable. If we now assume that v(F) is invertible
and (DF)Ty=Y(F)G € dom(d), then for any continuously differentiable function f :
RY — R we have (see [63, Proposition 6.2.1])

E[f'(F)G] = E[f(F)6((DF)"~~(F)G)] = E[f(F)x], (3.2)
where 7 is called the Malliavin Weight and is given by the Skohorod-Integral
7= 6((DF)'~ 1 (F)@). (3.3)

By iterating this procedure and generalizing it to functions f that are only bounded
and measurable in [68] Definition 2.2] the weak Taylor approzimation is introduced and
in [68, Theorem 2.3] sufficient conditions for the convergence are given. We summarize
both in the following Theorem.

Theorem 3.1. Let € — F. be a random RN -valued curve and U C R be a neighborhood
around 0 such that both conditions are satisfied:

WTA 1 the curve € — F. is smooth from U into D*®(RYN) and

WTA 2 the Malliavin Covariance Matrixz v(F,) is invertible with det(y(F.)) ™t € LP(12)
for every p > 1 for every e € U.

Then for each bounded, measurable f : RN — R and n > 1, there is a weak Taylor
approximation W(f, F,) of order n, that is,
Wen(fa F€) = Z EE[f(FO)ﬂ-Z]v

=0

such that
|E[f(F.) — WI(f, Fo)]| = o(e"), ase— 0.

Proof. This is [68, Theorem 2.3]. O

Recalling the discussion at the beginning of this Chapter, we see that in order to
apply this Theorem for F, = [ o X, where | € (H, RY) and X% denotes the mild
solution of , we need to check WTA 1 and WTA 2. From Theorem and
Lemma we already know sufficient conditions on the vector fields of such that
lo X5 € D*®(RY). The condition that is most hard to check is the second part of WTA
2, that is, the p-integrability of v~ (I o X§) whereas for the invertibility a generalized
Hormander condition can be used that is given in [4] which in many applications is
easy to check. We assume the following special situation and conjecture the general
one below.

Theorem 3.2. If both conditions
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SWTA 1 the coefficients V,Vi,..., Vg in (L.1)) are in Cy°(U x H; H) and

SWTA 2 there are finite dimensional submanifolds M€ being left invariant by the
solution of starting at Xo for each € € U, whose tangent spaces are generated
by Lie-bracketing from the given vector fields of fore £0. At e =0 only
a lower dimensional space is generated locally around Xo. Furthermore assume
that I maps the lower dimensional space of directions at Xg, a finite dimensional
subspace of H, onto RV .

hold true. Then for every n > 1, the solutions | o X% admits a weak Taylor expansion
up to order n.

Proof. First note that under the conditions of SWTA 1 we immediately get WTA 1
just as in [26, Theorem 9.4]. The proof that SWTA 2 together with SWTA 1 gives
also WTA 2 in Theorem follows the lines of the classical proof of p-integrability
of the Maliavin covariance matrix’ inverse: first notice that for any ¢ # 0 we are
locally in a situation where the classical proof can be applied on the finite dimensional
submanifold M€, with respect to which the process is stochastically invariant, and on
which the law is locally absolutely continuous with respect Lebesgue measure, by the
generation property. Of course also the projection by [ satisfies the p-integrability of
the inverse. For ¢ = 0 on the other hand we have a finite dimensional realization and
again by the generation property for the factor process, a smooth density exists. Hence
WTA 2 is satisfied. This can be compared to a finite dimensional situation, where, of
course, the p-integrability of the inverse of the covariance matrix is an open condition,
i.e., if the Hormander condition holds for vector fields V, Vi,..., V4 at a point in state
space, then it also holds for small perturbations of those vector fields at this point,
see, e.g., the Norris lemma (see [63, Lemma 2.3.3]). The twist here is somehow that
for ¢ = 0 the generated dimension can be considerably lower if we only look at certain
projections by [. ]

Conjecture 3.3. The statement of the Theorem[3.4 remains true, if instead of condi-
tion SWTA 2, we have that the inverse Malliavin covariance matriz is invertible for
all e € U and is p-integrable for all p > 1 for e =0, given some reqularity conditions.

The proof of this conjecture is work in progress and will be similar to the proof of
Theorem [3.2]



Chapter V

Consistent Recalibration Models

1 Introduction

So far we looked at generalizations of two popular models for forward variances given
by the spot-variance realizations and the Bergomi model and found necessary and
sufficient conditions for the existence of generic finite dimensional realizations. The
findings extend those in [I5] into two directions. First, as the term generic suggests,
the resulting finite dimensional realizations can take initial curves from an open subset
in an infinite dimensional Hilbert space, whereas these are restricted in [I5] to some
finite dimensional submanifold. Second, we included a stochastic volatility process
into both forward variance models and found conditions such that the joint system
admit generic finite dimensional realizations. Nevertheless, in both cases the resulting
forward variances evolve (after choosing the initial curve from an open set) in a fixed
finite dimensional submanifold with boundary and hence the set of curves that can be
attained by such models is limited.

In some recent research it is suggested that for some applications this is too restric-
tive. One set of examples arise from noting that the short-end of the forward variance
process determines the spot-variance process and hence determines the volatility sur-
face. Here it is suggested in a series of papers from Jim Gatheral and coworkers,
including [6], to formally extend the Bergomi model such that the resulting model ad-
mits no finite dimensional realization and hence is inherently infinite dimensional from
the point of view of Markov processes (see Section for a discussion of this model).
This extension is motivated by a superior reflection of some (empirically observed)
stylized facts. A second example includes the so-called consistent recalibration models
introduced for forward interest rates in discrete time in [66] and reconsidered in con-
tinuous time in [50]. This models build on the observed necessity to recalibrate certain
parameters of an affine realization in order to maintain a decent fit to the observed
data, which implies that the model specifications are too narrow. They suggest to
extend the model by replacing (some of) the model parameters by a finite dimensional
diffusion processes. By doing so, consistent recalibration becomes possible and hence
justifying the name. A defining characteristic of such models is the possibility to reach
any curve within an open subset of an infinite dimensional Hilbert space of curves. Or,
loosely speaking, to not admit a finite dimensional realization. The common feature of
both examples is that certain models that admit generic finite dimensional realizations
(exponentially affine in the first case and affine in the second) are extended in a way
such that the model becomes inherently infinite dimensional. However, in both cases
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(to some extent) the models can utilize the corresponding finite dimensional models.
In the first example by using an finite dimensional representation with respect to a
fractional Brownian motion and in the second case by suitably discretizing the model.

In the following we will extend the models found in the previous chapter in the
spirit of consistent recalibration models and hence adopt the name. In [50] it is shown
that the models can be approximated for small times by concatenations of models that
admit (generic) affine realizations. This allows for consistent recalibration on a discrete
grid of recalibration times such that in between this times the process can be assumed
to admit an affine realization. This is very well-suited for the simulation of curves
and for calibration (against time-series of curves) as the affine structure can be used.
However, this discretization can not be used to utilize possibly existing closed form
solutions of the finite dimensional representation for certain derivatives. This will be
possible with the weak Taylor expansion for SPDEs introduced in the last chapter.

We will see that consistent recalibration models are tailor-made for this expansions
in that we will show that from the perspective of the parameterized system this
models can be chosen such that the conditions of Conjecture are satisfied. In the
next chapter we will see that the weak expansion will consist of polynomials of partial
derivatives (i.e. so-called Greeks) of the price of the unperturbed state (i.e. e = 0),
which in the case of consistent recalibration models are expected values of functions of
the model that admits generic finite dimensional realizations.

Before introducing the type of models that we will consider, we give in the following
a short (formal) summary of the ideas and models used in [50] from the perspective
of forward variance models. In general they consider the case where the short-rate is
given by an affine function of an affine processes but consider as prime examples (i.e.
the Hull-White extended Vasi¢ek and CIR model) short-rates which are itself given by
real-valued affine processes. Thus we restrict this summary for notational convenience
to this case. Thus, we assume that the spot-variance process £ is given by a real-valued
(time-inhomogeneous) affine process

d& = (0(t) + by&y) dt + /ay + ay & dfy,  &o =&,

where 6 is understood as the Hull-White extension (cf. Section [I1.3.1)) and —by, ay, ay
are non-negative real-numbers depending on the parameter y € W with W being some
subset of R™. For a sufficiently regular curve u we can choose (cf. (IL.3.6))

o(t) = %u(t) — byu(t)

and the forward variance process then satisfies

d
dut = Iut dt + ¢(Ut, y)eby' d/Bt7 upg = u, (11)
X

where ¢(u,y) := y/ay + ayu(0). As the solution can be represented by (cf. (11.3.7)))
up = Spu+ (& — u(t))e™

we see that for each fixed parameter value y € W, the forward variance curve u; can
only attain values in

{Seu + () |t € R }. (1.2)

In particular, as is by now well-known, besides the initial curve u, this set of attainable
curve depends only on the mean-reversion speed b, and is independent of the diffusion



1 Introduction 81

parameters a, and o,. Thus, if we want the forward variance process to be able to
reach any curve within some open subset with positive probability we see that, at least
formally, a necessary condition is that the parameter y has to be chosen as a state
process such that the mean-reversion speed b, can attain infinitely many values. To
simplify notation we assume that a, = a and o, = « are constants and choose m =1
and let b, = y. Then, if we replace the parameter y by a stochastic process Y; it is
evident by construction (we will also rigorously show this later on, compare this also
to |50, Lemma 4.5]) that in general the joint process

A (1.3)
dYy =c(Y)dt+cai(Ye)dB, Yo=uy,

{dut = %ut dt + ¢(ug)e¥t dBy, g = u,
for B being a real-valued Brownian motion independent of 3, will not admit a generic
finite dimensional realization, which in the current context is a desirable feature. Thus
by replacing the parameter y with a stochastic process we arrived at a forward variance
process (as we will show later) that is able to reach any curve in some open subset
with positive probability. However, in this generality the analytic tractability is di-
minished. Inspired from real-world applications where such models are recalibrated at
some discrete points in time (e.g. daily) in [50] it is suggested to look at the case where
the process Y; is piece-wise constant. That is, given a fixed grid of recalibration times
{0=ty <t <..<t,<..}and setting V; := > neNg Yin L[tn,tns) (t) We see that for-
mally admits on each of this intervals [t,, t,+1) on the set {(u,,Y:,) = (Un,yn)}
for (un,yn) € U x W, where U is some open subset of D(d/dz), a finite dimensional
realization, as

= Up, (1.4)

n

d
duy = Iut dt + ¢(ug)e¥ dBy, t > ty, U
x

is of the form (1.1]) and accordingly the solution can again be represented (cf. (II.3.7))
by
up = Sy, Un + (& —un(t —tp))e?™, t € [tn, tnt1), (1.5)

where the spot-variance process for this interval is given as the solution of

d&i = (0"(t) + ynli') dt + ¢(&') By, & = un(0) (1.6)

and the n-th Hull-White extension is

iun(t —tn) — Ynun(t — tp). (1.7)

0" (1) = =

By repeating this steps we arrive at the suggested simulation algorithm [50], Definition
3.1], that is, starting with an initial forward variance curve ug and initial parameter
value 3y we can construct the initial Hull-White extension 6° according to . Then
we can determine the solution of the initial spot-variance process & given in
and simulate the next forward variance u; := wu, by . By simulating Y;, =: 1
we get the simulated output (u1,y1). By regarding this tupel as the input for the
next simulation interval [t1,t2) we arrive in the same fashion by using (L.7)), and
at (u2,y2) and more generally at (un,y,). Thus we have constructed a discrete
forward variance process that can change direction at every recalibration date and in
particular is not stuck to the set . This becomes more evident by reparameterizing
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the forward variance realization . Indeed, notice that the algorithm is based on
iteratively updating the Hull-White extension operator 6" such that the next forward
variance curve starts where the previous one ended. Thereby the effective algorithm
consists of constructing a sequence of spot-variance processes and to retrieve the
corresponding forward variance curve from the short-end condition as in Proposition
An equivalent formulation consists in constructing a sequence of the SPDEs
and using the Frobenius Theory of Chapter [[1I| to retrieve the finite dimensional
realizations . In this case we get a reparamaterized representation of that is

given by (cf. Theorem
up = Syt up + 2, €t € [tn, tht1),
where the coordinate process Z" is given as the solution of
dZ{' =y Z) dt + ¢(Si—v, un + Z{'e¥")dBy,  Zy, = 0.

The resulting forward variance process in discrete time has the desired feature that it
can change the direction (given by e¥»", n € Np) at every recalibration step. Indeed,
looking at the Representation we see that the initial curve uw can be chosen freely
within U and for each n > 1 the forward curve u;, satisfies

U, € {Stn—tn—lutn—l + <eyn_l'>} = {Stnu + Z<Stn—ti€yi71.>}-
i=1

We end this summary by noting that this simulation algorithm, appropriately formu-
lated, corresponds to an exponential Euler splitting scheme for the continuous-time
consistent recalibration model given in (|1.3)) as discussed in [50, Section 3.1.2]. Given
sufficient regularity of the vector fields in (1.3, it can be shown using [29] and [48] that
this splitting scheme converges weakly as the mesh-size tends to zero. In [50), Theorem
4.4] this is shown for the consistent recalibration version of the Vasi¢ek model. As the
logarithm of the Bergomi forward variance model corresponds to a slightly friendlier
version of the Vasi¢ek model essentially the same proof can be used to show weak
convergence. Also when aiming for affine realizations for forward interest rates the
short-rate process (or more generally the state processes) necessarily (see [72]) belong
to the class of affine processes which gives for the short-rate basically the choice be-
tween the processes of Vasicek or CIR type. Hence the possible choices of the diffusion
coeflicients is quite limited. On the other hand, when considering affine realizations for
forward variance processes the corresponding class of processes is given by the affine
drift models (cf. Definition and hence the choice of the diffusion coefficients
is arbitrary (within the obvious regularity requirements). In particular these can be
chosen arbitrarily regular to meet the conditions of [48] to show weak convergence.
However, we do not pursue this further but introduce in the following the continuous-
time forward variance consistent recalibration (henceforth CRC) models and show that
these meet the conditions of Conjecture [[V.3.3] which will allow us to look at the weak
Taylor approximations.

2 CRC Forward Variance Models

In the following we will look at the continuous time CRC models corresponding to
the affine and exponentially affine models from Sections and respectively.
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When looking in the latter case at the logarithm of the forward variance process then
we have in both cases models that lead to affine realizations under the conditions
stated in Chapter We extend this models by turning certain parameters into state
variables by replacing them with finite dimensional diffusion processes. For the small-
parameter expansion we have in mind, we look for extensions that satisfy an infinite
dimensional version of Héormander’s theorem on a very regular space of forward curves,
i.e. on a space on which the operator % generates a strongly continuous group (and
not only a strongly continuous semigroup). Examples of such spaces that also satisfy
the conditions (H1) and (H2) of Section [IL5| are given by [4, Example 3] and [4]
Example 4], where (basically) the latter corresponds to the Hilbert space given in
Remark (which was introduced in [32, Chapter 5]) extended to the whole real
line which accordingly is too narrow to accommodate the function x — e®® where b is
a strictly negative real number. As this vector will play a crucial role in the following,
we will consider the Hilbert space of [4, Example 3] which was introduced by Tomas
Bjork and Lars Svensson in [I3] Definition 4.1]. A major drawback of this space in
the context of forward interest models is that it does not accommodate the invariant
submanifold generated by a short-rate model that is given by the (Hull-White) extended
CIR process (for more details on this, see [38, Page 3]). This lack ultimately lead to a
series of papers by Damir Filipovi¢ and Josef Teichmann including [38] and [40] that
utilized a Frobenius Theorem on Frechet spaces using convenient calculus (cf. also to
[73]). However, when it comes to forward variance models this problem is much less
severe. In particular, all finite dimensional realizations including the short-variance
realisations corresponding to the (Hull-White extended) Heston model (i.e. the short-
variance follows a CIR process) are accommodated by this space and thus, for our
applications, the utilization of this space means no (major) loss of generality. For fixed
real numbers 8 > 1 and v > 0 this Hilbert space Hpg , is given by the space of infinitely
differentiable functions h on R satisfying the norm condition ||h[/g,, < oo, where the
norm is defined as

- —-n > d" 2 —yx
bl =30 | (i) e e (21)

Remark 2.1. Notice that with the choice of the Hilbert space Hg , the condition (A3)
in Section is not satisfied anymore, however, this condition was needed only to
prove necessity in certain representations, such as in the proof of Theorem [[II.3.3] For
the sufficient conditions on the existence of generic finite dimensional realizations as
given for example in Theorem [[I1.3.9] and [[TT.4.9] that condition is not required.

According to [I3], Proposition 4.2] this space consists of entire analytic functions and
satisfies the conditions (H1) and (H2) of Section [[L5| with the additional property that
the operator % is bounded on Hg,. As already mentioned, it will be crucial in the
following that the function  — e’ belongs to this space.

Lemma 2.2. We have e* € Hg . if and only if b € (—/B,3).

Proof. This follows immediately from the definition of the norm (2.1)), as

. > b2\n [ B Y
118, = 3 () | eea,

and hence the claim. O
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It holds also true that for every polynomial p, the pointwise product m(p,e”) be-
longs to Hg,, (see [L3, Page 218]), for a suitable parameter combination 3,v. In the
next Lemma we show that the conditions of Lemma are sufficient for this, that
is, a sufficient set of parameters (3,7 can be found such that m(p,e>) € H 8, for all
polynomials p (i.e. the parameters depend only on b).

Lemma 2.3. Letb € (—/B,%). Then m(p,e”) € Hg., for every polynomial p.

Proof. Let p be a polynomial of degree m. Then we have for n > m by the Leibniz rule

n

dn € n n— €T T - n n—
dxinp(x)eb :Z <k> p( k)($)bk€b :eb Z <k> p( k)(.%‘)bk

k=0 k=n—m
and by denoting p(z) := max(p? (), ..., p"™ (z)) , Cy := I° er=1232(z) dx and Cy =
n 2
S0 B o ((%—np(a:)eb””) e % dr we get

‘ - —n > -z ~ - n 2
e, < G o [T e (3 (7)) e

n=m-+1 k=n—m
oo

- eant $ G5 ()0

and for n > 2m we get

0o b2 n /n )
b-y12 2 2;-2m
Im(p,e)|3, < Ca+ Cim(m+1)%72" Y (?) <m>
n=2m+1
© b2 Qm% n
< Gyt Cmi(m+ 1% (mh)? Y (%))
n=2m+1

and as (an)% — 1 for n — oo the result follows from dominated convergence as soon
as % < 1 which gives the claim. O

In the following we will consider the product space Hg := Hg, x R™ associated
with the norm [|(h,y)|l3, = \/||h||%37 + [|y||2. For normed spaces X and Y we

denote by C;°(X;Y’) the space of mappings from X into Y such that each higher
derivative exists and is bounded.

Lemma 2.4. Let ¢ : Hg, — R be a bounded function that is in C;°(Hg;R). Further
let b be a bounded function in Cp° (]Rd; R) such that there are positive real numbers by, by

and b(R?) = [=by,bs] C (—/B,3). Then the vector field V : Hg, — Mg~ given by

V(h,y) := <¢(h)0€b(y)'> (2.2)

is bounded and belongs to Cy°(Hga,y).

Proof. First it follows from Lemma[2.3|that V() C Hg,. For the second claim, we
need to show that each higher derivative exists and is bounded, that is,

sup HDlV(h,y)HQLl(HB )< C(l) < oo,
(hy)EMp ’
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for [ > 0 where C(l) is some positive real number depending only on [. It is evident
that it is sufficient to show that V! € Cy°(Ha,y; Hp), where as usual V1 denotes the
first coordinate. For [ = 0 we have

lo(m)e" @ I3, . = [o(h) Pl |IF, | < CooCho = C(0) < o0,

where Cy0 := Suppep, [9(R)]* and Cho = sup,egm ||eb(y)'||%{ﬁ’7 = ||(3l’2‘||%,ﬁ’7 (recall
that it follows from Lemmathat b |le ||%{B s increasing). For [ > 1 it is straight
forward to show that ’

l

DlV(h, y) = Zpl,j(}%y)[d(')jeb(y).v (23)
j=0

where Id(-)) € Hpg_, is the monomial z +— 27 and p;; : Hp — L(’H/lg -»R) are bounded
mappings, that are continuously differentiable, e.g.

pri(hyy) (b, y1)-- (R ) := d(R)Dyb(y) (y1) - - - Dyb(y) (1) (2.4)

As it follows from Lemma [2.3] that under the conditions on the map b, we have
Id()e?W) € Hg., for all j > 0 we see that V € C®(Hg,). Now, letting Cp; :=

SUP ()., 1PLi (T, y)H%l(HM) the boundedness follows immediately as

l
sup ”DlV(h,y)H%l(Hﬁ o=+ z:Ol,j||IdJ(.)eb2.Hgm7 =: O(l) < o0,
(hy)eM s, ' §=0

which is the claim. O

We can now introduce the CRC versions of the models that admit affine and ex-
ponentially affine realizations and show that these satisfy the conditions of Conjecture

V.3.3

2.1 Affine CRC Models

The affine CRC models that we will consider in the following are generalized versions
of the processes considered in the introduction (cf. (1.3))) and given by

du = %ut dt + Z;l:l qu(ut)ebﬂ'(yf)' d,Bg
dY; = e(Yy) dt + Y570 ¢;(Vy) d] (2.5)
(U/O, }/0) € Hﬁv’Y’

where b1, ...,bq and ¢1, ..., ¢4 are as in Lemma and ¢, ¢441, ..., Cd+m are in Cp°(R™).
Then it follows from Lemma [2.2]that the joint process h = (u,Y’) taking values in Hg.,
is given as the strong solution of

(2.6)

dhy = (Ahy + V (he)) dt + S50 Vi(hy) dp}
ho € /H/Bﬁ,

as the vector fields V, Vi, ...,V on Hg,, are each in Cy°(Hp ). As we will assume in the
weak Taylor expansion that the vector fields depend linearly on the expansion parameter

e it follows that the solution h of (2.6 satisfy Condition SWTA 1 of Theorem [[V.3.2
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Notice that in ([2.6) we have not chosen the most general configuration possible in
that we could have chosen ¢ in to depend on the stochastic parameter process Y
as well. However, as discussed in the introduction, this would not have changed the set
of attainable curves of the corresponding model where b1, ..., by are constants. For this
reason and also for notational convenience we are choosing this setting. It follows from
Theorem (recall also Remark that for a constant parameter process Y; =y
(which will correspond to the case € = 0 in the expansion) and each bi(y), ..., bq(y)
taking distinct values, the corresponding parameterized equation

{ duy = %ut dt + Z;?ZI b (ug)els ¥ dﬁg (2.7)

ug € Hgﬁ

admits a generic finite dimensional realization around each ug = u in Hg , given by (cf.

([1.3.22) with m = 0)

d
ug = Syu + Z ZiehiW) (2.8)
=1
with
47, = tht—i—Z(b,( tu—l—z ALY )eidﬂf, Zo =0, (2.9)

where B(y) is the diagonal matrix with entries b1(y),...,b4(y). Thus we arrived at
a very regular extension of forward variance processes that admit affine realizations.
In particular, as the vector-fields in are in Cf°, it can easily be shown that the
corresponding simulation algorithm indicated in the introductorey Section [1| converges
weakly with formal order one using the setting of [29] and [48].

2.2 Exponentially Affine CRC Models

The CRC versions of forward variance models that admit exponentially affine realiza-
tions, as investigated in [[II.4] are formally given by

dut 'U,t dt + Z] 1 ¢] ( ut) dﬁt
dn—dnwu+zﬁ$nwnmm (2.10)
(0, Y0) € Hp.r)-

However, it immediately follows from Lemma [2.2] that the multiplication operator can
not be defined on the full space Hg . Indeed, letting b € (7, %) we would have e € H By
but m(e¥,e?) = e? ¢ H 3,y Also, even if the multiplication operator were defined on
the full space Hg, (or on some open subset that is left invariant by the solutions of
(2.10)) for the conditions of Theorem to be satisfied, we need to have forward
variance equations that have vector fields in Cp°(as we have in (2.6)) and it is evident
due to product structure in that this will not be the case. Therefore we restrict
our analysis to the logarithm of the forward variances (cf.) as in this case we
arrive at the sufficiently regular representation, which is given by

dJy = (e = § S5, S22 0D ) dt + Y25 et dp]
dn=d>w+zﬁ$mm®wi (2.11)
(J07 }/0) € %ﬁ,"{a
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where the coefficients are as in ([2.5) with the difference that now 2b;(R™) C (—+/5, 3)
for j = 1,...,d (cf. Lemma and ¢q, ..., ¢4 are real numbers. It is obvious that,
with the same reasoning as in (2.6)), the joint process h = (J,Y) is given by the strong
solution of

: (2.12)

dhy = (Ahy + V (he)) dt + X520 Vi (he) dB]
hg € HBJY

and hence as above satisfies the Condition SWTA 1 of Theorem [[V.3.2] The parame-
terized version given by

{ Ay = (e — 3 Xy 7€) dt + 35 djei @) dp] (2.13)

Jo € Hpy,

admits a generic finite dimensional realization around any .Jy € Hg, and is given by

(cf. (I11.4.24) with m =0 and p = 0)

d
Jo=FI7(Jo)+ ) _ Z]ebiv) (2.14)
j=1

where Z is the R%valued time-inhomogeneous diffusion process given as the solution
of

d
dZ, = B(y)Zvdt + Y ¢je;dB,  Zo =0, (2.15)
j=1

where B(y) is the diagonal matrix with entries by(y),...,bq(y). Thus we arrive at a
similar situation as in Section but now only for the logarithm of the forward vari-
ance process. We will see that this will restrict the range (and usefulness) of possible
applications.

3 Hypoellipticity

We have shown that both models and satisfy the condition SWTA 1 of
Theorem In this section we show that both models satisfy conditions of the
Conjecture as well. We will divide this problem into two parts. In the first
part we will show that for a linear map | € L(Hg,;RY) the projected model I o hy
admits a density with respect to the Lebesgue measure on RY and in particular has
an Malliavin-Covariance matrix (see (IV.3.1])) that is invertible. In [4, Theorem 1]
a sufficient condition for this is given, which corresponds to an infinite dimensional
version of the Hormander’s Theorem (cf. [63, Theorem 2.3.3] for the finite dimensional
case). Note that due to the boundedness of the operator A (given in and (2.12))
we do not have to perform the analysis on the Frechét space dom(A>) but can work
on Hg.. The same is true for [4, Proposition 2|, where again we can restrict the
analysis to Hg  as we have strong solutions (again for and ) for every initial
curve in Hg . According to [4, Theorem 1], a sufficient condition for the invertibility
of the Malliavin-Covariance Matriz (and than also for the absolute-continuity of the
probability distribution of I o h; with respect to the Lebesgue measure on RY) is given
by the following version of Hérmander’s condition:

(H) Dy, is dense is Hpg,
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where for hg € Hg., Dp, denotes the distribution generated by Vi,..., Vi, and all
multiple Lie brackets of Z, Vi, ..., Vi1 at hg, (where Z denotes the Strato- novich drift

(see (I11.2.2)) of hy), that is,
Dy, := (Vi(ho), .-, Vagm(ho), [Vi, Vjl(ho), ..., [E, Vi](ho), ...). (3.1)

Before investigating this condition separately for (2.6]) and (2.12)), we make the following
condition on the parameter process Y appearing as the autonomous process in the
second coordinate of h.

(HY) The parameter process Y satisfies the finite dimensional Hérmander condition
for every y € R™.

3.1 Affine CRC Models
The vector-fields in (2.6 are given by

V)= (i) v = (M) v = ().

fori=1,...,dand j =d+1,...,d + m. Accordingly the Stratonovich drift = is

d+m
1
=(u,Y) = A, Y) + V(w,¥) ~ 3 3 DVi(u,Y)V;(,Y)
j=1

- () () A5 0) 1 )

j=d+1
where the bounded scalar-fields (; on Hg . for j =1,...,d are given by
Gi(u,Y) := (Dudj(u) - 65 (w)e’ ). (3.2)
We have for i =1, ...,d that
5 Vil(u,Y)

<p% (u, V)b O — 15701 p2i(u, Y)ebs ) + gy (w)pf (u, Y)Id(-)e“(Y))
0 b

with smooth bounded scalar-fields pl-l, p?j and pg’ given by

pi(w,Y) = ¢i(wbhi(Y) — Dudi(u) - E'(u,Y),
p?j(u,Y) = Dqu(u,Y)-‘/;l(u,Y),
p2(u,Y) = Dybi(Y) Z2(u,Y).

Thus if ¢;(u) # 0 and pP(u,Y) # 0 for i = 1,...,d we have
[E,W](U,Y) ¢ <‘/1(U?Y)a 7Vd(u7 Y)>

for i = 1,...,d. By iterating this procedure we see that the distribution generated by
Vi, ..., Vg and iterated Lie brackets of V1, ..., Vg with = at (u, Y') contains the distribution

DY(w,Y) = <{V1(u,Y),...,Vd(u,Y), (Id(')n;ebj(y)) ‘j: 1,....d, meN}>

_ <{ <Id(.)n;ebj<y>.> ’j Cld me No}>- (3.3)
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Also, due to Condition (HY) we have that
D*(u,Y) = (V(u,Y), Vay1 (4, Y), oo, Ve (uw, V), [V}, Vil (0, V), ...) = R™. (3.4)

As (D'(u,Y) x D*(u,Y)) is dense in Hg,, it follows from (D'(u,Y) x D?*(u,Y)) C
D(u,Y) that the same is true for D(u,Y). In particular we have in this case that
DY(u,Y) is dense in Hg .

Proposition 3.1. For every l € L(Hfm;Rk), the (probability) distribution of | o hy,
where hy is the solution of (2.6, is absolutely continuous with respect to the Lebesque
measure. In particular, the Malliavin-Covariance Matriz of | o hy is invertible.

Proof. This follows from [4, Theorem 1] as Condition (H) is satisfied. O

Thus we have shown the first part of the Conjecture For the second part,
namely the integrability of the inverse Malliavin matrix at e = 0 we can utilize the pa-
rameterized model and the finite dimensional representation of the solution given
by with coordinate process . Thus by choosing a linear map L(H, 5,7;RN )
(which we understand as a map on Hg ) we can represent [ o hy =10 u; as

d
Louy =1(Spu) + Y ZjI(e"W)). (3.5)
=1

We show first that the inverse of the Malliavin matrix of the coordinate process Z exists
and its determinant is in LP(Q) for all p > 1. As Z is a time-inhomogeneous diffusion
we can use a slightly modified version of the classic Hormander’s Theorem given in [23]
(1.10)] (see also [41]). For u € H,~ we set

d
Uj(t, h) = gZ5j (Stu + Zhiebi(y)'>ej, j = 1, ...,d,

i=1

and

U(t,h) :==B zd: ( tu+Zhe ) ( tu+ZheZ(y )e],

=1

giving the diffusion vector fields on R? and Stratonovich drift of . In the following
we understand the mappings as vector fields on R%! by adding a 0-th coordinate
consisting of zeros. Then it is apparent (recall that u € Hg, and hence t — Su is
in C*) that for every T' > 0 the extended vector fields U, Uy, ..., Uy (we use the same
notation) are in Cg°([0, 7] x RY) and hence we can apply the (extended) Hérmander’s
condition from [23], (1.10)] given by

(Uo(0,h), U1 (0, h), ..., Ug(0, b), [Us, U;](0, h), ...) = R, (3.6)

where Uy := eg+U and eg denotes the zeroth basis vector. If we assume that ¢1, ..., pqg >
0 then Uy (0, h),...,U4(0, h) evidently are linearly independent and hence span 0 x R,
Thus the claim follows as Up(0, h) has a non zero zeroth component (given by 1). We
summarize this in the following Lemma.
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Lemma 3.2. For every T' > 0, the coordinate process Z; (see (2.9)), for t € [0,T],
has a smooth density that is absolutely continuous with respect to the Lebesgue measure

on Re. In particular, the Malliavin-covariance matriz v,(Z), for t € [0,T] is invertible
and (det v(Z;))~t € LP(Q) for all p > 1.

Proof. This follows from condition [23], (1.10)]. O
Now we look at the Malliavin-Covariance matrix of (3.5)). Recalling (IV.3.1]), we

see that for | € L(Hg; RN) with coordinate maps I, ..., we have
Yl oug) = ((D(I" o ug), D(I © ur)) p2 (o 7y:ra) )irj=1,...N- (3.7)

Thus from the chain-rule given in Lemma [IV.2.4] and the Representation (3.5) we get
(notice that the Malliavin derivative of [ o Syu is zero, see Section [[V.2)

Yo us) =7 Edj Zii(e)).
i=1

If we set L(y) := (lij(y))izl,m,NJ:L._,’d with 1% (y) := li(ebj(y)') then we can represent

Y(louy) = L(y)y(Z)L" (y) (3.8)

and accordingly we arrive at the following proposition.

Proposition 3.3. Let B denote the dimension of V(y) := ("W). eba®)) . If Z; has
a Malliavin Covariance matrixz that is invertible with p-integrable inverse for all p > 1
then the same is true for y(lows) if and only if N < B < d and the map | : V(y) — RY
satisfies (1(eP* @), . 1(eb4®))) = RN,

Proof. From (3.8) it is evident the claim follows if L(y) has rank N but this is equivalent
to the stated condition on . O

Thus for affine CRC models we have shown that, subject to the conditions of the
last proposition, the conditions of Conjecture are satisfied.

3.2 Exponentially Affine CRC Models

The situation is very similar when looking at the model (2.12)). The vector fields are
given by

d ] .
V(U7Y) = <_5 ij%{f?emb(y) ) |

wen= (") = (o),

fori=1,..,dand j =d+1,...,d + m. Accordingly the Stratonovich drift = is given
by

d+m
1
2w, Y) = A(w,Y) +V(w,Y) - 5 Y DVj(u,Y)Vj(u,Y)
j=1

- () ()3 32 (brh-o)

j=d+1
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Similar to above we find that for : =1, ...,d

1 bi(Y) _ o3 Debi(v)-
O s A |

where
pi(Y) = ¢bi(Y) p}(u,Y) := Dybi(y)=*(u,Y).

Thus with the same reasoning as above we can state the following corollary to Proposi-
tion Also when looking at ([2.14]) and (2.15]) it is evident that the claims of Lemma
and Proposition [3.3] also hold.

Corollary 3.4. The claims of Proposition[3.1], Lemma[3.3 and Proposition remain
true for hy given as the solution of (2.12) and Z; given as the solution of (2.15)).

Thus the Conjecture [IV.3.3| are satisfied for the process given in (2.12) as well.
However, for the exponentially affine CRC models the conditions are only true for the
logarithm of the forward variances.
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Chapter VI

Weak Taylor PDE Expansions

1 Introduction

So far we have introduced the Weak Taylor Expansions for SPDEs in Chapter [[V] and
found with the CRC models in Chapter [V] a class of processes satisfying the conditions
of Conjecture From this we get the existence and the construction of the Weak
Taylor approximation. The construction consists in computing the iterative Malliavin
weights mg, 71, ... in terms of the Skohorod integrals, cf. for m;. However,
from it is apparent that the Representation of the Malliavin weights is not
unique. Indeed, we see in the notation of that 7 := E[r | F] satisfies the same
Representation . Moreover, 7 corresponds in this situation to the variance-
minimal Malliavin weight (see [42]) which is most suited for Monte-Carlo Simulations.
More importantly, we will see in the following that the wvariance-minimal Malliavin
weight lead in some cases to particularly nice representations that are most suited in
situations where for the case ¢ = 0 closed from expressions are available. Unfortunately,
the construction via Skohorod integrals leads in general not to the variance-minimal
weights. In the finite dimensional setting, in [69] the concept of push-down weights
is introduced which provides a mean of explicit calculation of the variance minimal
weights. We do not pursue this approach here, but look at a different but related
expansion based on the Kolmogorov PDE. If we denote by X the (mild) solution of
and let f € Cp°(H;R), then under the condition SWTA 1 of Theorem [[V.3.2)
it follows that for every n > 0 we have the Taylor approximation of n-th order

Ny
E[f(X7) | X{ =a] = Zﬁ@

=0

GZOE[JC<X%) | X{ =z]+o0(") ase—0. (1.1)

By denoting v°(t,z) = E[f(X5)| Xf = 2] and vi(t, z) := + 25| E[f(X$)| Xf = 2]

il De? -0
for ¢ > 0 we can state this expansion as ‘
n
vé(t,z) = Zezvi(t, z)+o(e"), ase—0. (1.2)
i=0

This expansion formally agrees with the weak Taylor expansion from Theorem
but requires only the smoothness of € — v¢(¢, x), which follows for example from con-
dition SWTA 1 of Theorem The hypoellipticity condition WTA 2 that is
required for Malliavin’s integration by parts formula is in this generality not necessary



94 VI Weak Taylor PDE Expansions

as the terms v;(t,z) are not expressed in terms of Malliavin weights. However, if the
condition WTA 2 is satisfied as well, then both expansions agree and we can use this
PDE expansion to derive representations of the Malliavin weights. We will utilize here a
similar expansion as in [70], where a PDE expansion for finite dimensional diffusions is
considered. However, as opposed to [70] where again the concept of push-down weights
are used to determine this coefficients, we employ a technique (formally) suggested by
[8] for a direct calculation of the coefficients.

In the following we will look at two applications of this approach. The first case is
motivated by [8] and correspond to a generalization of well-known small noise expan-
sion for diffusive stochastic volatility models (cf. [69]) where the case € = 0 corresponds
to the situation of an Black & Scholes model with time dependent but deterministic
volatility. Here the expansion occurs around the partial derivatives (i.e. the so-called
Greeks) of the Black & Scholes price. In the second application we will look at represen-
tations of the forward variance processes that depend on a finite-dimensional stochastic
parameter process such that the unperturbed state e = 0 corresponds to the case where
the parameter process becomes a constant. This is most suited for the CRC models
introduced in Chapter [V] as the unperturbed state admits in this case a generic finite
dimensional realization.

2 Implied Volatility Expansion

We consider the following generalized stochastic volatility model, where X denotes the
log-price, u the forward variance and Y a stochastic parameter.

dXf = —5uf(0) dt + /uf(0) dp}

duf = ZLugdt+ e Y 0i(uf, V) dB;
dYf = @ co(Y) dt + e S0, ei(YE) dB,
(XG, ug, Yg) = (2, u,y) € R X H X R™,

(2.1)

where we understand that the square-root in the log-price process Xy is approximated
by a smooth function (see [69] for a discussion of this) such that the joint system
Z¢ = (Xu5Y) on H := R x H x R™ satisfies the condition SWTA 1 of Theorem
for the linear map ¢ € L(H,R) that is given by the projection onto the first
coordinate, that is, ¢(x,u,y) = x for every z = (z,u,y) € H. In this case we have for
every function f : R — R in Cy° that the expansion holds true with f € C;°(H;R)
given by f := f o{. The expansion that we consider is conceptually very similar to the
expansion suggested in [8] where the forward variances v are parametrized in time-of-
maturity, that is, vf(t + =) = u§(z) for all ¢,z > 0. They consider the curve-valued
process T — vf(T), where T" > t, in which case the state-space moves with time.
Indeed, let for each ¢ > 0, B; be some space of functions from R>; — R. Then it
follows that vf € By for each t > 0. Thus, they consider the following system

dXf =—gui(t,t)dt+ /o (L0 df}, X§=z€Ry, (2.2)
v =eXL o't vf)dBi,  v4(0,) = v € By, '

where
o' Ry x By — By,  (t,05) = Ry 3T v o'(t,T,0f)) € By.
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The state-space can be fixed to By, when we consider the process in Musiela’s paramet-
rization by setting t — u§(7T) := vf(T — t) which then leads formally to the SPDE
formulation (I.1)) (under some mild conditions, see [32]).

2.1 Expansion of Price

Under the condition SWTA 1 of Theorem|[V.3.2]the joint process Z¢ = (X, u, Y) on
H satisfies the conditions of [26, Theorem 9.17] and accordingly for every f € Cp°(R)
and for all € € U the Kolmogorov equation with boundary condition f := fo/

B (t, (2, u,y)) — LD,0e(t, (2,4, ) (u(0)) + Dyv (¢, (2, u, ) ()
+LD20%(t, (2, u, ) (u(0)) + €D (¢, (x,u, y)) (01 (u, ), /u(0

+E Dy (t, (w, u,y))eo(y) + €25 351 Djve(t, (2, u, ) (y)

+e 100 D20e(t, (2, u,y)) (05 (u, ), 05 (u, y))

+e2 0 D2 vt (t, (2w, ) (03(u, y), ci(y)) = 0

V(T (2, u,y) = f(2),

has a unique strict solution (see [26], (9.43)]) given by
Ue(tv (1‘, u, y)) = ]E[f(X%N(XtGa ug, thE) = (z,u, 3/)] (2'4)
That is v : Ry x H — R satisfies

ve € CPP((0,T) x H)

ve(t,-) € Cp°(H) forallt >0,

ve € CL([0,T] x R x D(d/dx) x R™)

Equation holds for any v € D(d/dx), t € [0,T].

(2.5)

In fact, by noting that it follows from the condition SWTA 1 of Theorem that
e — ve(t, (z,u,y)) is smooth it is easy to see that the following holds true.

Lemma 2.1. We have
v e CH°([0,T] x R x D(d/dx) x R™ x U). (2.6)

Proof. This can be shown as in the proof of [26, Theorem 9.17]. O

By aggregating the operators in (2.3) we can write

{(@+L%ﬂu@wy»:0
Ue(Tv (xvuv y)) = f(x),

where

L= L%+ eL! + 2172
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such that for any v € CZ(H) and letting z = (z,u,y)

Lov(z) = %(D;%U(Z) — Dgv(2))(u(0)) + Duv(z)(%u) (2.8)
L'v(z) = D2 v( )(o1(u,y), v/u(0)) (2.9)
L20(z) = ZD2 )05, )75, ) + Dyo(=)eo(w)

+ ZD v(z)(oj(u,y), ZDZ (2.10)

87’L

Lemma 2.2. Let v, := 55 v, then for each n > 0, v, is the solution of

(0 + L)%, +nL's,_1 +n(n —1)L%5,_2 =0

(T (eu,) = 2] ) =

Proof. 1t follows from Lemma that for each n > 0 we can apply the operator 86%; .
€=
to (2.3). Hence we have for t < T (setting v¢ := ve(t, (z,u,y))
an

% 5:0(8t + I/e)'l)6 = O (212)
and as the mixed partial derivatives commute
an
5o (O + L0+ el + EL%)"
o am
_ 09 O t1.e, 9 272
= (8t+L)8nv +8n6Lv +8€n6L

where after performing the necessary calculations we get

" 1 8”_1 L o
@61‘/ 6 = L 8671 + EL @'U
and
9" 919 " "l e 220"
P L7v :n(n—l)aen_2L v +2n686n_1L v+ €“L Fen
Evaluating this terms at € = 0 and plugging them into (2.12)) gives the claim. O

The functions in ([1.2)) satisfy v, = %% and accordingly by dividing in (2.11]) by n!
we see that the functions v, satisfy the PDEs given by

@+ L% = 0, (T, (z,u,9)) = f() (2.13)
(at + LO)Ul + LlUO = 07 Ul(Ta (l’, u, y)) =0 (214)
(O + L%v, + L'y + L?vp s = 0, (T, (z,u,9)) =0, n>2. (2.15)

From (2.1)) we see that vy is (functionally) independent of y and satisfies
w(ts (z,u) = E[f(XP) | (XP,u)) = (z,u)]

- E[f(a:—;/tTu2<0>ds+/Ot¢Mdﬂ;)]
T t
- E[f(a:—;/t u(s—t)ds+/0 w/u(s—t)dﬂslﬂ, (2.16)
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where we used in the last equation that ug = S,;_;u for s > t is the solution to

d
du? = %ug, ud = u, (2.17)

for every u € D(%). For the functions v, with n > 1 we can conclude from the
representations ([2.14))-(2.15)) and the Feynman-Kac formula that

T
Un(t7 (x,u,y)) - / E[Hn(s7 (Xg,ug,y)) ‘ (X;)vu?) - (m,u)] ds, (2'18)
t
holds true, where

{ Hy(t, (z,u,y)) := L'vug(t, (x,u,y))

Ho(t, (z,u,y)) = L'op_1(t, (x,u,y)) + L2vn_a(t, (x,u,y)), n > 2. (2.19)

The following lemma will be crucial in the following as it will allow us to find explicit
solutions to and under the conditions of the next subsection to find the variance-
minimal Malliavin weights. It can be found in [§] in a very similar form. Again, we
notice that in [8] the system is considered and that accordingly the differential
operators (2.8 - ) differ. Therefore we provide a proof.

Lemma 2.3. For alln >1 and s >t it holds true that
E[D}vo(s, (X9, ul)) | (X7, uf) = (z,u)] = Dyvo(t, (z,u)).

Proof. We see that DIvy(t, (z,u)) satisfies the PDE (2.13) with boundary condition
D} f(x) (i.e. due to Lemma [2.6( we can apply D7 to (2.13])) and hence satisfies

Dyvo(t, (z,u)) = E[Dy f(X7) | (X7, u}) = (2, u)].
Accordingly
Dio(s, (X¢,uQ)) = E[D f(X7) | (X{,uQ)]
and
E[E[D} f(X7) | (X, ud] | (X7, up) = (2,u)]
= E[Dyf(XP) (XY, ul) = (2, Ss—¢u)] = E[DF f(X7) [ (X, 4) = (,u)]
which gives the claim. O

The following lemma corresponds to the vega-gamma relationship for the log-price of
the Black & Scholes model. It will allow us in the following to replace partial derivatives
with respect to u by partial derivatives with respect to .

Lemma 2.4. vy(t,(x,u)) satisfies the following vega-gamma relationship

{ Dyvo(t, (z,u))h = 5(D% — D,) (x,u) ft (s—t)d

vo(t, (2,0)) = f(z). (2.20)

for every h € H.

Proof. This is straight forward upon noting that on (Xt 7Ut) = (z,u), X% is normally

distributed with mean and variance given by = — 5 ft t)ds and ft (s —t)ds
respectively, from which the claim follows upon dlfferentlatlng the normal density. [
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In the following we will write Eb®4[.] := E[- | (X?,u?) = (2, u)]. For the computation
of the prices v;(t, (x,u,y)) the following Lemma will be useful.

Lemma 2.5. Let C € Cp°(Ry x Hy x R™) and n > 0. Then

ST B L Dt (5, X0, ud ) C s, ud ) ds (221)
= D;L(Di - DQ%)UO(t7 x, U)Cl(t, u, y) + DngUO(ta z, U)CZ(ty u, y) ‘
and
= D*(D? — D,)? vo(t, T, u)Cg(t, u,y) (2.22)
+D;(D§ - Dx)v()(tv x, U)C4(t7 u, y) + ngﬂ(ta Z, U)C5(t> u, y)
with

T T

Ci(t,u,y) = ;/t /tEt’“[Sr_Sal(ug,y)(O)C’(s,ug,y)\/ug(O)]dsdr
T

Cultrug) = [ EVABODLC(s. 0 (o (2. 9))) ds

t

CS(ta u)?/) = Z/ Etu / Sr SU] svy dT’

2
Cs,us,y

C4(t7u7y) = Z/ Etu / S’f SU] s7y dT)DuC S7us7y ( (s]7y))] dS
1 tu 0
+ 52 | B ([ a0, 5)(0)) dr) DyClo, il ) s ()] ds
j=1 s
1< [T
Cs(t,u,y) := 22/ E"“D2C(s, ud, y) (o (ud, ), 05 (ud, y))] ds
j=17"

d 7
+ g_; / E““[Dy Dy C (s, ul, y) (o3 (6, 1), ¢; ()] ds

T
1
+ [ GO ) + Dl o)) s

Proof. By recalling the Definition of L! in (2.9)), we see that

Lngvo(s Xg, S)C(s,ug,y)
= DT;DLU[DUUO(S XS? s)(al(u87y))]c(87u87y) 0(0)
+ DID,uo(s Xg, ug)y/u2(0)D,C( s,us,y )(o1(us,y))

and recalling (2.20)

T
/DuvosXs,us)(al(us,y)) (D —Dy) sXs,us/ Syr—so1(u S,y)(O)d
t
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and finally with Lemma [2.3] and Fubini’s Theorem

T
/ ESU[ L Do (s, X2, u)CO (s, ul, y)] ds
= DM(D2 - D?)uy(t,z,u) / / EHS,_so1(u?, )(0) C(s,u2, y)\/ul(0)] ds dr

+ DgD:L“UO(tvl"u)/t Et’U[V ug(O)DuC(s,ug,y)(al(us,y))] dS,

which gives the first claim. Similarly

LZD;‘IUO(S XS? s)C(Sa ’U,g, y)

d
1 n
= 521%175”0 (5, X, ud)C(s,ud,y) (05 (ul, y), o5 (ul, y)) (2.23)
=1
d
+ Y DpDyDyvo(s, X9, ud)Cs,ud, y)(05(ul, ), ¢;(y)) (2.24)
j=1
1

+ §D;LU0(S XS? s)D2C(87ug7y)C?(y> +UO(8 Xs7us>D C(Svusvy)c()(y)

and ([2.23) satisfies

d

1
5 > DiDiu(s, X, ud)C (s, ul, y) (o (ul, ), 0 (ul, y)
j=1

\]

—_
U

= 5 DiDivo(s, XJ,ud)(0(ul, y), 05(ud, y))C (s, ud, )
7j=1
d

+ Z uUO § Xs7us)(aj(ug7y))DuC(S’ug’y)(o-j(u(s)ay))

[\3

=1
d
1
+ 52 UO S ng s)D2C(37ug?y)<gj(u(s)ay)70j(u2ay))
1 d
= gz (5 stus)

(] sesostutnn >dr)20<s,u2,y>
1
2

s

d
Z vo(s, XJ, ug)

/ i s,y><o>dr)Duc@,uS,y)(aj(uS,y))

s

(

d
=1
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and for (2.24)

d
> DyD,Divo(s, X{,u)C(s,ul, y) (o (ud, y), ¢j(y))
j=1

d
— %ZDQ(D?E — Dy)vo(s Xs,us / Sr—s0j(u S,y)( ) dr)DyC(s,ug,y)(cj(y))
j=1

d
3 Dol X2,40) Dy DuC (s, s ) (02, ), (1)
j=1

and finally putting all together and using Lemma

T
/Et"”’“[L o(s, X¢,u0)C(s,ud,y)] ds
t

d T T
1 2
— D;(Dg—DI)QUO(t,x,u)§§ / Et,u[</ Sp—s0j(u?, y)(0) dr) C(s,ul,y)] ds
j=1 t s

+ D™(D? - D,)vo(t, x,u)

T
d

;; /tT Et,u[(/sT ST_SUj(ug,y)(O) dr) DuC(s,ugjy)(aj(ug,y))] ds

d T
1
+ DQUO(t7$7U)§§ / Et’u[DZC(Sau&y)(O—j(ugay)70j(u2ay))] ds
- t
]:

+ D™(D? - D,)uo(t,z,u)

;i [ ([ o000 ) Do s ) s

d T
+ Dpwolt,z,u) ) / E"“[Dy Dy C(s,u),y)(0j(ul, y), ¢j(y))] ds

T
1
+ Dt [ E(GDAC(s p)H) + D,Clo e )eo(w)] ds
t

gives the second claim. O

From (2.18]) the price at first order is given by

T
ot (@) = [ B (s, X0 s,
t
and hence from Lemma 2.5 with n = 0 and C = 1 we see that
U1 (t, (x’ u, y)) = (Di - Di)vo(t, x, u)clyl(t’ (u7 y))v (2'25)

with C1,1(t,u,y) := C1(t,u,y) and C1(t,u, y) as in the Lemma [2.5for C = 1. We notice
that

Cia(t, (wy) = / /E“‘ s (12, 4)(0)/u0(0))] ds dr
= 2/15 ES[(a%(0), X°), — (a°(0), X°),] dr, (2.26)
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with @ = %’ Oui. For the price at second order we have according to ([2.18))
€=

T
va(t, @, u,y) :/ E'U [ Loy (s, X2, ul,y) + L2vo(s, X2, ul)] ds
t

and thus from (2.25) we can again apply Lemma (2.5) on each term, i.e. for the first
term it is n = 3 and n = 2 and C' = C}; while for the second it is n = 0 and C = 1.
This gives

{ oa(t, (2,u,9)) = (D3 — D2)uo(t, ,w)Ca (¢, (u,y) (2.27)

+(D§ - Dg)UO(ta z, U)CQ,Q(tv u, y) + (Da% - DI)QUO(ta z, u)02,3(t7 u, y)

where Cy 1 and C5 5 corresponds to C; and C given in Lemma for C' = C1,1 and
Cy3 to C3 with C' = 1. More generally, we can show the following.

Proposition 2.6. The function vy, (t, (x,u,y)), for n >0, satisfies

m(n)
on(t, (z,u,y)) = Z Diwvo(t, z,u)Ci(t, u,y),
=0

where n — m(n) is an increasing sequence of natural numbers and C; are smooth,
deterministic functions.

Proof. This can be shown by induction in n. As shown in (2.25) and (2.27) the claim
holds for n = 0,1,2. Assuming it holds for some n > 3, it follows from (2.19)), (2.18),
and the fact that L' and L? commute with D, that it is sufficient to show that

Lkvo (t7 z, U)C(t7 (ua y)) = Z 8;”0 (t7 €T, u)ék,l (ta u, y)
1=0

for £ = 1,2, some natural number m and smooth, deterministic functions C_'k’,-, 1=
0,...,m. But this follows immediately from (2.20) and the definitions of L' and L2

given in (2.9) and (2.10)). O

Remark 2.7. We comment here on the functions Cj1,C22 and Cz3. The function
C1,1(0, (u,y)) given in (2.26]) satisfies after an application of the Fubini Theorem

T pr
C1,1(0,u,y) = /0 /0 o1(Ssu,y)(r — s)\/u(s) dsdr.

0

By noting that the process u; := % uy satisfies

‘6:

d t :
fbg = Z/O St,SO'j(SSU,y) dﬁga
j=1

we find that

T
C11(0,u,y) = /0 (X9, 4°0)), dr (2.28)
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and hence is the integrated quadratic covariation between the log-price process X€ and
@°(0). Similarly

02,3 (Oa u, y)

1 d T T pmin(ri,re)
= 3 Z/ / / 0 (Ssu,y)(r1 — s)o;(Ssu,y)(re — s) dsdry dra
=70 JooJo

d T pr T
1 2 1
= 3 Z/ / / Sr1—s05(Sst, ¥)(0) Sy, —s0(Ssu, y)(r2 — r1) dsdry dro
- o Jo Jo

= / / u (rog —r1))p, dridry

corresponds to the integrated auto-covariation of @°. This quantities agree with the
corresponding quantities in [§].

2.2 Malliavin Weights

We assume now that the Conjecture is satisfied as well, and accordingly in this
case (2.1)) admits a weak Taylor expansion. Hence each term of the expansion (|1.2)
satisfies

(0,2, u,y) = E[f (Xp)ms] = E[f (X7)E[m, | X7]], (2.29)

where 7, and E[r, | X}] denote the n-th Malliavin weight and n-th variance-minimal
Malliavin weight, respectively. Thus using Lemma [2.2) and Proposition [2.6] for f € Cp°

as above
m(n)

E7[f(XP)E™ [y | XP)) = 0! Y O4vo(0,2,u)C5(0, u, y).
=0

If we now denote the density of X2 for (X{,ud) = (x,u) by p(-;z,u) we see that
o0
/ J)E [ | X3 = 2] plz: 2, u) d

m(n
= [T (L B 0,z b

(zxu)

and hence have shown the following proposition.

Proposition 2.8. For every bounded and measurable function f and n > 1, the push-
down Malliavin weight satisfies

m(n)

- dL p(z;
P, | X0 = o] = 3

Z;T,u)
« p(ziz,u)

62(07 u, y)

1=

Proof. For f € Cp° the claim follows from the above and for general f bounded and
measurable from a monotone class argument. O
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2.3 Expansion of Implied Volatilities

As noticed above (cf. Lemma, the function at first order vy (¢, x,u) corresponds to
the Black & Scholes price in terms of the log-price. In fact, recalling that on (Xto, uf) =
(z,u), X% is normally distributed with mean and variance given by z — & ft (s—t)ds
and ftT u(s — t) ds respectively, we can switch to the usual Black & Scholes parame-
terization vps(z,\/V (t,u)) in terms of the initial log-price = and volatility +/V (¢,u)
where

1 T
T _ ¢
We will now consider an implied Volatlhty expansion for by proceeding similarly
to [69] where this was done for finite dimensional diffusions. We take f to be the payoff
of a call option with strike K (the call-option payoff is not bounded but the put payoff
is so we can proceed with the put-call parity) and recall that the implied volatility
o€ :=0°(T, K) is defined by the condition

V(t,u) = u(s —t)ds.

vps(z,0¢) = v(0, (z,u,y)). (2.30)
Lemma 2.9. If V(t,u) > 0, then the mapping € — o€ is smooth.

Proof. Let ¢(c) := vpg(x,0). It is known that o — (o) is smooth and that ¢'(c) >
0 (i.e. the vega of an call-option is strictly positive). Hence 1 has a continuously
differentiable inverse. Moreover, it follows from (2.30)) that e — 1 (o¢) is smooth. Hence
D (e
e — 0 =Yt o(c€) is continuously differentiable with representation %06 = "’qz,dzc(i))
from which the higher order differentiability follows. U

Hence for any n > 0 we have

n
Z €o;+o(e"), ase—0,
i=0

where o0; := 71!(% o¢. On the other hand, it follows from (2.30) and Proposition
that

81’
Del
for ¢ > 0. Thus by using the Faa di Bruno formula and matching terms explicit
representations for o;, i > 0, can be found. We illustrate this for first three terms. It

vps(z,0%) = v;(0, (z,u,y))

e=0

iS eVident that og = V(O’u) and fI'OI]_'l % UBS(SU; 0.6) — 8U/UBS($,O'O)O'1 and
e=0
9?2 9
e2 EZOUBS(mv o) = O5vps(x,00)01 + OsvBs (T, 00)02
we find that
0 0 _ 82
o= 2Oz uwy) w0 wy) - Ouss( co)or (2.31)

dsvBs(x,00) dsvps(x,00)

where v and v are given in ([2.25)) and (2.27)) respectively. We give now a more explicit
representation for 0. Recalling the Black & Scholes formula in terms of the log-price

'UBS(x7UO) = exN(dl('va)) - KN(dQ(x>O—))>
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where N(z) = [*_ n(r)dr, n(r) := e~ 2 and

NeZS
dy(z,0) = IOg(E\jéK) —1—%0\/?, di(z,0) = logi\jiK) %U\/T,

we see that Dyvpg(x,0) = e®v/Tn(di(z,0)) and
DUUBS(ma U)dl ($, U)

VT

Letting '} ; (0, (u,y)) € H such that C1 1( fo 1100, (u,9))(s) ds (see (2.26))
we can apply - ) to - to arrive at
U1 (07 T, u, y) = DJ»’DUUBS(:E7 V V(07 u))Ci,l(Oa ('LL, y))

V(0,01 4(0, (u,y)))
200 ’

D;D,vps(z,0) = Dyvps(z,0) —

= D,D,vps(z,/V(0,u))

Putting all together and plugging into (2.31]) gives
1 (D3 — DF)vps(x,00)C1,1(0, (u,y))

o1 =

2 DU’UBS(:E70—0>
1 log(e®/K)\ V(0,01 1(0, (u,
_ (7_ og(eZ/ )) (0,1 1(0,( 3/)))7 (2.32)
2 o5 T 200
where as above 09 = \/V (0, u).

2.4 Termstructure of ATM volatility skew

According to [5] the termstructure of at-the-money volatility skew defined as
nel2
Y(T) B o T

where k = log(e”/K), is a feature of the volatility surface that really does distinguish
between (stochastic volatility) models. They found empirically (cf. [5, Figure 1.2]) that
T — (T should be proportional to 1/77 with vy € (0,1/2) (see Section for more
on this topic). Recalling the representation of o; in we see that at first order

B(T) = V(O,Ch( (u,9))) ) ‘fo s 01( (s—1t),y)(r—s mdsdr‘
S 2T (f u(s) ds)*/?

For a flat initial curve u(x) = ¢ for all > 0 we accordingly have

bl

‘fo . o1(c,y)(r—s)drds
2T2c
Notice that in the rBergomi model (see Section [[IL.6) we have o1 (u,Y)(r) = u-t and

hence (formally, as we do not know whether this expansion holds for the rBergomi
model) for u = ¢

T

T s 1
drds
erergoml = ) fO

1
2T2 ) ‘2(2—7)(1—7)

agreeing with the empirically observed form.
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2.5 Example I: CRC Affine Realizations

In the case of the affine CRC models given in (V.2.5) we have o1 (u,y) = ¢1(u)e*®)
and accordingly

b1(y)
2T2¢

W(T—s) _1
Jo ple) =L ds
Vaicre(T) = ‘ ‘ :

2.6 Example 1I: CRC Exponentially Affine Realizations
For the exponentially affine CRC models given in (V.2.10) we have

o1(u,Y) =m(u, ebl(y)'),

which gives for the constant initial curve v = ¢ essentially the same ATM volatility
skew as for the affine CRC models, the only difference is that here ¢(c) = c.

3 Term Structure Expansion

We saw in the last section that with the combination of (condition SWTA 1 of)
Theorem and the Kolmogorov equation we could find an asymptotic expansion
around the unperturbed (i.e. € = 0) state. This is very convenient since in the un-
perturbed state the first two coordinates of the joint system Z = (X, u,Y) admitted a
particular simple kind of a finite dimensional realization in the sense that the forward
variance reduced to the solution of the deterministic transport equation. Accordingly
the log-price process X reduced to a 1-dimensional (time-inhomogeneous) Markov pro-
cess that in particular corresponded to the time-dependent Black & Scholes model for
which closed-form solutions for many derivatives on the log-pice exist. In this section
we will continue with this example by looking at derivatives of the forward variance
curve u (instead of the log-price X) by looking at the second and third coordinate of
(2.1). By doing so, we can use the same system for pricing and calibration (using this
asymptotic expansion) of derivatives on the log-price X (like plain vanilla call options)
and on the forward variance u (like call options on the VIX).

3.1 Expansion of Price

We look at the parameterized forward variance model with stochastic volatility (which
includes the CRC processes) given by
duf = %uidt—i—erzl ol(u§, V) dpE, u§=u€ H, (3.1)
dYF = co(Ye)dt + e X0, ci(Ye)dfj, Y5 =yeR™, '

and assume that the joint process (u,Y) in ‘H := H x R™ satisfies the conditions of
Theorem for a certain linear map [ € L(H,R) satisfying I(u,Y) = I(u) for some
linear map in L(H,R). Then as above for a smooth function fe Cp°(R;R) we consider
the composite map f := f ol. Finally we assume that for ¢ = 0 and each y € R™
the first coordinate of admits a strong solution for every ug € D(d/dx) which
is for example satisfied for the CRC processes. Then under the condition SWTA 1
of Theorem the joint process Z¢ = (u,Y¢) on H satisfies for each ¢ € U the
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conditions of [26], Theorem 9.17] and accordingly the Kolmogorov equation

Ao (t, (u,y)) + Dyve(t, (u,9)) (g u)

+62Dyv€( (u,9))eco(y) + €3 S0, D2e(t, (u, y))c3(y)

+e? 5 250 Dive(t, (u,9)) (05 (u, ), 0 (u, y)) (3.2)
+f2§L:11%g ve(t, (u,y)) (0i(u,y), ci(y)) = 0

[ 0(T, (u,9) = f(uw),

has a unique strict solution for each € € U given by

vt (u,y)) = Elf (ug) | (ug, Y5) = (u, )],

satisfying the corresponding properties of (2.5) and Lemma By aggregating as
above the operators in (3.2)) we can write

{ 0y + LE)ve(t, (u,y)) = 0
v (T, (u,y)) = f(u),

where L€ := L% 4+ ¢2L? are such that for any v € CZ(H) and letting 2z = (u,y)

L%(z) = Duv(z)(%u) (3.3)
d
Lo() = Dyulzeoly) + 5 > Din()d ) (3.4)
7=1
1 d d
+ 3 2 Do )03 (us0)) + 3 DL r(a) ) )
j=1 =1

And from the corresponding version of Lemma we see that the functions in ([1.2)
satisfy the PDEs given by

@+ LYo = 0, wo(T,(u,9)) = f(u) (3.5)
(0 + L% v, + L*vy9 = 0, vu(T,(u,y)) =0, n>2. (3.6)

The price at order 0 is given by

vo(t,u) = f(ST—u), (3.7)

as for € = 0 and u) = u, u% corresponds to the solution at time 7' of

= dz s>
0
U = U.

{ du d0 s>t

The price at 1-st order is defined as

9
Oe
0

E[f(up) [ (ut, Yi) = (u, y)]

e=0

d T
LBl ey [ sy ag)]
i=1

vi(t,u,y) =

O¢€le=
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and be recalling that f := f ol we see that

9
0¢€le=0

E [f(ST—tU + € zd: /tT Sr—soi(ug, Yy) dﬁi)}
i=1

= f/(l(ST—tU))zd:E[ / TZ(ST_SUZ-(Ss_tu,y)) dﬁ;} =
i=1 t

due to the properties of the stochastic integral. Hence we have shown that
vi(t,u,y) = 0. (3.8)

For the prices at higher order, we have as in (2.18]|) that

T
Un(t,u,y):/ szn_g(s,Ss_tu,y)ds, (3.9)
t

which follows now from the fundamental theorem of calculus and . ) upon noting
that for a smooth v we have dyv(t, uY) = dy(t,ud) + Dyv(t, ut) Luf where on the left
hand side of the equation d; acts on t — v(t,uY) and on the right- hand side on the first
argument, i.e. ¢ — v(t,u). We also recall from the above that u = Ss_;u and that
accordingly

vo(s,ug, y) = f(Sr—sug) = f(ST—sSs—tu) = f(Sr—su), (3.10)

which is a property reminiscent to the martingality property stated in Lemma[2.3] Now
using and we can compute the higher order prices. We see from that
the price at every odd order is zero. In the following we compute the prices at second
and fourth order. At second order we have

T
altiy) = [ P, Z/ D2 (57— ) (054, y). 05 (ul, ) ds
- 1 d -
= FUSr-w)3 Y / U(Sr—s0j(Sarn, ) ds =: [ (U(ST—u))C1(t, . )
j=1"7t
and similarly at fourth order
v4(t,u,y) = /T L2U2(Sau27y) ds
t
_ T 1
= f'USr-u)) /t (DyCals, w8, y)eoly) + 5 D DiC1 (5,48, 9)3(y) ) ds
j=1
" 72 / D2 (U(Sr—uD)C(s.u) ) (75 (4. ). 75 (0. ) dis

4 / Dy P (1S eu))Cr (5, 4, 1) (0310, 1), () dis
1

e f~ ( (ST—tu))CQ(tv U,y) +I+Ila
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where [ satisfies

I = Z/ D2 ST sUg ))Cl(s7usvy))( ( 27y)70j(u8’y))d8

= S [ (PRS00, )
1

J=
d

Yy (D Uy 02.)) (DuCos. ) (0.1) ) s
1Yt

j=

1 - g i 0 2 0 0 0
+ 2; /t F'(USr-sul)) (D2C1 (5,2, y) (05 (2, ), 73 () ) ds

~ 1 (T
= f(4)(l(STtU))QZ/ U(ST—s05(Ss—1u, y))*C1(s,ul, y) ds
=1 t

d
+ ST tu Z/ ST s U] 37y))<DuCI(s7u87y)Uj(ugvy)) ds
1 d
£ FUSr_) 22_;/ (DEC1 (s ) (05 (08, ), oy w) ) s

= fOUST-u)Cs(t,u,y) + [ (U(Sr—u))Calt, u,y) + F'(U(ST—w))Cs(t, u, y)

and for I1 we have

d

T ~
1= 3 [ D (P a)Crs 1)) il ), i) s

) Z/tT (Duf”(l(STfsug))Ui(US’y)> (DyC1(S,ugay)cz'(y)) ds

=1

T
+ Z/t f//(l(STfsug))Du,ycl (87 Ug, y)(o-l(ugay)v cl(y)) ds
Z~:1 ; .
_ f”/(l(STftU)) Z/ Z(ST,SO'Z'(US,y))Dycl(SaU(s]vy)Ci(y) ds
=17t

ST Y / DuyCa (5,0, ) (05(u, ), ci(y) ds
i=1 7t

= [ (U(Sr—))Co(t,u,y) + ' (U(Sr—1w))Cr(t u, y)

and hence putting all together

U4(t, U, y) = .}i//(l(ST*tu))(OZ(tv u, y) + 05(t7 u, y) + C7~(t7 u, y))
fm(l(ST—tu))(C4 (tv u, Z/) + Cs (t7 u, y)) + f(4) (Z(ST—tu))C3 (tv u, y)

More generally we can show as in Proposition [2.6] the following.
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Proposition 3.1. The function v, (t, (u,y)), for every odd numbern > 1, v, (t, (u,y)) =
0 and for every even number n > 2

m(n)

on(t, (usy) = > FOUST—w)Cilt, u, y),

1=0

where n — m(n) is an increasing sequence of natural numbers and C; are smooth,
deterministic functions.

Proof. The claim holds as shown above for n = 1,2, 3,4 and the general case follows
from induction. O

3.2 VIX Options

As an example of derivatives on the forward variance we can consider options on the
VIX, which is given for time T by

1 x
VIX7 := x/ uG(2) dz, (3.11)
0

where x denotes time-to-maturity and is about 20 business days. Hence for a smooth
payoff functions f we consider the pricing function

~ ~

E[f(VIX7)] = E[f (u7)] = E[f (((u7))], (3.12)

where f, f and [ correspond to the notations used above, i.e. [ is the linear mapping in
L(H;(R)) given by I(h) = 1 Jo h(z)dz and f is the real-valued function on R, given
by f (z) := f (vz) and f := fol. Now under the conditions of the previous subsection
the expansion given in Proposition [3.1| can be used.
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Appendix A

Stochastic Processes in Hilbert
Spaces

We give a short overview on stochastic partial differential equations. The main refer-
ence here is [26], but also results from [27], [25], [32] and [45] are used. Throughout
we let (Q,F,(Ft)ier, ,P) denote a complete filtered probability space satisfying the
usual conditions, that is, F is P-complete, F( contains all P-nullsets, and the filtration
(F)ier, is right continuous. We also assume that we are given a d-dimensional Brow-
nian motion § = (B, ..., 4%) relative to the probability space. Also we denote by H a
separable Hilbert space and by B(H) the Borel o-field on H. Further we denote by P
the predictable o-field on Ry x  and by Pr its restriction to [0,7] x © (cf. [26, page
76]).

1 The It6 Integral

We follow the construction given in [26, Chapter 4] and [32], Chapter 2] for the stochastic
integral wit values in H, however as we consider finite dimensional driving noise (given
by the d-dimensional Brownian motion ) the procedure is very similar to the well-
known case of the stochastic integral taking values in R", see for example [57]. Let
T € R4 be arbitrary but fixed. A H-valued (local) martingale is defined exactly as in
the real-valued case (see [26]) such that also the following property holds.

Proposition 1.1. The space M%(H) of H-valued continuous martingales M on [0,T]
with the norm

M|)? =FE| sup ||M(t)|?
1Ml )= B sup 1M1

is a Hilbert space. The closed subspace M%2(H) consists of those martingales M €
MZ(H) with My = 0.

Proof. This is [26, Proposition 3.9]. O

Definition 1.2. We call L%(H) the Hilbert space of equivalence classes of H-valued
predictable processes ® with norm

T
2 L 2
19123 )= E[ | 193 ]
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Now denote by Er(H) the subset of £L%(H) consisting of elementary processes @,
i.e. there exists a sequence 0 = ty < t1 < ... < t = T and a sequence of random
variables ®¢, ®1, ..., ®x_; such that &, is F;,, measurable and

() = @y,  for t € (tmytmir], m=0,1,...k— 1.

For ® € Ep(H) the stochastic integral with respect to a real-valued Brownian motion
Bt is defined by

1

(CI) ' /Bl)t = Z q)m(ﬁgm+1At - Btlm/\t)a te [Oa T]'

k—
m=0

Proposition 1.3. The subset of elementary processes Er(H) is dense in L3(H), and
the map from Ep(H) into M%Q(H) given by ® — & - Bl is an isometry.

Proof. This [26, Proposition 4.5 and 4.7] O

Definition 1.4. The unique extension of the isometry to the map from L%(H) into

M%2(H) will be called the stochastic integral of ® with respect to B'. It will also be
denoted by

t
(@ ), —/0 B, dp.

Definition 1.5. We call Eé,?c(H) the space of equivalence classes of H-valued pre-
dictable processes ® such that

IP’[/OTH(I%]%{dt < oo} ~1

Proposition 1.6. Let ® € LI¢°(H). Then there exists a unique H-valued continuous
local martingale M on [0,T] that is characterized by

Mt/\T = ((‘bl[o,‘r]) . Bl)t

whenever @1y ;1 € E%(H) Again, M is called the stochastic integral of ® with respect
to BY and it is written

t
M; =:(®- 54 = / ®, dp!.
0
Proof. This is [32, Proposition 2.2.3]. O

Finally we can consider the spaces £2(H) := L2 (H) and £!°¢ := Nrer, Lle¢ in the
obvious way, see [32, page 19].

2 Itd’s Formula

An H-valued continuous adapted process X is called an It6 process if it is of the form

t d t
Xt:XO—|—/ MHZ/ d' dpt, (2.1)
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where ®' € Ll°¢(H), for i = 1,...,d and b is an H-valued predictable process such that

]P’[/OT |43 dt < oo] =1

and Xy is Fp measurable.

Proposition 2.1. Let X be an Ité process as in (2.1) and let F € C’;’z([O,T} x H; E)
where E is another Hilbert space. Then t — F(t, X;) is an E-valued Ité process with
representation

d .t
F(t,X) = F(0,Xp)+Y /0 D, F(s, X,)(®') dp:
=1

¢ 1 o
n / (DSF(S, X,) + DoF(s, Xs)(bs) + 5 3 DuuF(s, X,) (P, @g)) ds
0 25

Proof. This follows from [26, Theorem 4.17] and [32, Theorem 2.3.1]. O

3 Stochastic Equations

Here we will look to the stochastic equation in H given by

{dxt = (AX,+ F(, X)) dt + S, B(t, X, df] (31)
X() = h07 |

where A is the infinitesimal generator of a strongly continuous semigroup {S: |t € R, }
and F, B, j = 1,...,d are mappings from (R x Q x H,P ® B(H)) into (H,B(H)).
In the following we will follow the exposition given in [32, Section 2.4] for the different
solution concepts.

Definition 3.1. Suppose that X is an H-valued predictable process and ™ > 0 a stop-
ping time satisfying

tAT d ‘
P| /0 (Xl + 1 (s, Xl + D 1B (5, X)) ds < o0] =1,
Jj=1

forallt e Ry. We call X
e a local mild solution to (3.1)), if the following holds

tAT

Xt = St/\Th(] + S(t/\T)—SF(S7 XS) ds
0

d tAT
+ Z/ Sinry—sB (s, Xs)dpl, P —a.s.,VteRy.
j=1"0

e a local weak solution to (3.1), if for arbitrary ¢ € D(A*)

€ xom = (o + | A X+ (G (s X)) d

d tAT ) )
= 3 [ B Xl P s e R,
j=1"9
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e a local strong solution to (3.1), if X € D(A), dt ® dP-a.s.
tAT
P[/ |AX, || ds < oo} =1, VteR,
0

and the integral version of (13.1))

tAT

tAT
Xt:X0+/ (AX, + F(s, X,) ds—i—Z/ Bl (s, X,)dpl
0

holds P-a.s. Vt € R

We call T the lifetime of X, if T = oo the solutions are just called mild, weak and strong
respectively.

As the names suggest, a (local) strong solution is also a (local) weak solution which
in turn is also a (local) mild solution. On the other hand, it follows from [26, Theorem
6.5] that if B® € L2(H), for i = 1,...,d, then a (local) mild solution is also a (local)
weak solution.

Theorem 3.2. Let r € [0,T] and assume that the mappings F, By...,Bg : [r,T] x Q X
H — H satisfy the conditions

SI1 The mappings F, By, ...,Bq : [r,T]xQx H — H are measurable from ((2x [r,T]) x
H,Pr x B(H)) into (H,B(H))

SI2 There exists a constant C > 0 such that

1E (¢, w; ) = F(twiy)lln + S |1 Bilt,wix) = Bi(t,wiy)|ln
<Clz—=yllg, foralzx,yecHte[rT],we,

1P (t,ws )3 + 3oy 1Bty ws ) |3 < C2(1+ [l|3),
forallx € H,t € [r,T],w € Q.

Then the equation fort > r

{dXt — AX; + F(t, X;) dt + 3L, Bi(t, X;) dBi (52)

X, =¢

with & being F, measurable has a unique continuous mild solution

t d ot
X =S¢ +/ Si—sF(s,Xs)ds + Z/ Si—sBi(s, X;) dBL,
T i=1 T

that satisfies for p > 2,

sup E[[|X:([] < Cpr(1 + E[[IE]I7))-
te[r,T]

and for p > 2

E[ sup || X¢lfy] < Cpr(1 + E[lIEI15])-
telr,T]
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The solution is the limit of the Picard Iteration scheme, defined recursively by

Xto = St—?"f (3 3)
XF =86+ [P S F(s, XF)ds + 0, [T Si—sBi(s, XF)dpi, k>1,

in the Banach space H,, p > 2, of H-valued predictable processes Y defined on the time

interval [r,T| such that

1/p
¥lhe, = (s BUNilE) ™ < oo

Proof. This is [26, Theorem 7.4]. O

In [32, Corollary 2.4.1] there is also a corresponding version of this Theorem with
local conditions yielding a local weak solution.
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