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Abstract

This thesis examines two distinct lines of research motivated by volatility modeling. The
first part presents a characterization result for finite-dimensional self-similar Gaussian
Markov processes, supported by our development of a theory on real matrix semigroups.
The second part focuses on the existence of martingale measures with restricted support.
The theory developed therein is then applied to formulate no-arbitrage conditions in
volatility modeling.

Self-similar Gaussian Markov processes

We characterize all multi-dimensional real self-similar Gaussian Markov processes. Three
types of covariance matrix functions occur: white-noise type functions, covariances that
can be expressed by continuous matrix semigroups, and covariances based on discontinu-
ous solutions of Cauchy’s functional equation. Characterizing the latter requires us to
develop some results on the representation theory of non-continuous matrix semigroups,
satisfying a mild boundedness assumption, without assuming continuity. In addition
to the continuous solutions of the semigroup functional equation, we give a description
of solutions arising from non-measurable solutions of Cauchy’s functional equation. In
dimension one, besides white noise, the self-similar Gaussian Markov processes reduce to
a two-parameter family of time-changed Brownian motions. This observation simplifies
several proofs of non-Markovianity found in the literature.

Martingales with restricted support

In discrete time financial markets, a sufficient condition for the absence of arbitrage is
the existence of a martingale pricing measure that satisfies market-imposed constraints.
From a model-free perspective, this leads to investigating the existence of martingale
couplings with restricted domains. However, conventional convex ordering requirements
on marginal distributions are insufficient to guarantee their existence. To address this,
we reformulate Strassen’s theorem, moving away from the convex envelope approach
to one that aligns with the geometry of the prescribed domain. This new formulation
gives rise to duality results applicable to robust pricing with fixed marginal constraints.
In particular we apply these results to investigate the existence of martingale measures
compatible with call options and VIX futures.






Kurzfassung

Diese Dissertation untersucht zwei unterschiedliche Forschungsanséitze, die durch die
Volatilitdtsmodellierung motiviert sind. Der erste Teil présentiert ein Charakterisierung-
sergebnis fir endlich-dimensionale selbstédhnliche gauftsche Markov-Prozesse, unterstiitzt
durch unsere Entwicklung einer Theorie iiber reelle Matrixhalbgruppen. Der zweite Teil
untersucht die Existenz von Martingalmafen mit eingeschranktem Tréager. Die daraus
entwickelten Resultate werden dann verwendet, um Bedingungen fiir Arbitragefreiheit in
der Volatilitdtsmodellierung zu formulieren.

Selbstidhnliche gaufische Markov-Prozesse

Wir charakterisieren alle mehrdimensionalen, reellwertigen selbstdhnlichen gaufsschen
Markov-Prozesse. Es treten drei Arten von Kovarianzmatrixfunktionen auf: Weifses-
Rauschen-Typ-Funktionen, Kovarianzen, die durch stetige Matrixhalbgruppen ausgedriickt
werden kénnen, und Kovarianzen, die auf unstetigen Lésungen der Cauchy-Funktional-
gleichung basieren. Zur Charakterisierung der letzteren ist es notwendig, einige Res-
ultate zur Darstellungstheorie unstetiger Matrixhalbgruppen zu entwickeln, die eine
milde Beschrianktheitsannahme erfiillen. Neben den stetigen Losungen der Halbgrup-
pengleichung beschreiben wir auch Loésungen, die auf nicht-messbaren Lésungen der
Cauchy-Funktionalgleichung basieren. Im eindimensionalen Fall reduzieren sich die
selbstdhnlichen gauftschen Markov-Prozesse, abgesehen vom weifsen Rauschen, auf eine
zweiparametrige Familie von zeitverdnderten Brownschen Bewegungen. Diese Beobachtung
vereinfacht mehrere in der Literatur gefundene Beweise fiir das Fehlen der Markovei-
genschaft.

Martingale mit eingeschranktem Trager

In zeitdiskreten Finanzmérkten ist eine hinreichende Bedingung fiir Arbitragefreiheit
die Existenz eines Martingalmafses, welches vom Markt vorgegebene Randbedingungen
erfiillt. Aus einer modellfreien Perspektive fithrt dies zur Untersuchung der Existenz von
Martingalkopplungen mit eingeschrinktem Trager. Konventionelle Anforderungen an die
konvexe Ordnung von Randverteilungen reichen jedoch nicht aus, um die Existenz solcher
Martingalbriicken zu garantieren. Um dies zu l6sen, formulieren wir Strassens Theorem
neu, mit einem Ansatz, der sich an der Geometrie des vorgeschriebenen Trégers orientiert.
Diese Formulierung fiihrt zu Dualitdtresultaten, die auf robuste Bepreisung mit festen
Randverteilungen anwendbar sind. Insbesondere wenden wir diese Ergebnisse an, um die
Existenz von Martingalmafen zu untersuchen, die mit Kaufoptionen und VIX-Futures
kompatibel sind.
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Introduction

This thesis explores two main lines of research. The first part focuses on a characterization
result for self-similar Gaussian Markov processes, motivated by the application of some
of theses processes in rough volatility modeling. The second part studies martingale
measures with restricted support which allows us to formulate a condition, analogous to
Strassen’s theorem, that ensures the absence of arbitrage in a discrete market model with
volatility derivatives.

Self-similar Gaussian Markov processes

In the paper "Volatility is Rough," by Gatheral et al. [39], it has been demonstrated
that modeling the driving process of volatility as fractional Brownian motion can improve
capturing certain stylized facts.

This in turn has catalyzed the development of rough volatility models, where the volatility
is described as the solution to a rough Volterra stochastic differential equation. For an
overview on rough volatility models see [12]. One significant challenge with these models
is that traditional pricing methods, which rely on Markov theory and its associated
partial differential equation framework, are no longer readily applicable. This is due to
the fact that fractional Brownian motion, which drives these models, is not inherently
a (one-dimensional) Markov process. To overcome this difficulty, Markovian lifts have
been introduced, where higher-dimensional auxiliary processes are constructed to recover
the Markov property and facilitate the use of classical methods for pricing and hedging
options in rough volatility settings [26].

Additionally, recent research has examined the asymptotic behavior of rough volatility,
leading to approximation techniques for pricing options [37], [38].

Fractional Brownian motion (fBm) is given by

1 t
H _ O NH-1/2 NH-1/2
W 7F(H 1/9) /Oo(t s) (—s) Iis<0ydBy

where B is a standard symmetric Brownian motion and H € [0, 1], see for example
[58]. Some key properties of fBm are that it is a Gaussian process, meaning that its
finite-dimensional distributions are multivariate Gaussian, and it exhibits self-similarity
and dependent increments for H # 1/2. A continuous time process X is self-similar with
self-similarity coefficient H if (X )¢>0 and (a® Xt)e>0 have the same law for any a > 0
and we say that it is centered if E[X;] = 0 for all ¢ > 0. These properties make fBm
particularly suitable for modeling phenomena with memory. For a proof focused solely on
the non-Markovianity of fractional Brownian motion, we refer to [45].
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A natural extension of the question regarding the Markovian nature of fractional Brownian
motion (fBm) is to explore the Markovianity of self-similar centered Gaussian processes
which we treat in Chapter 1. An essential tool in the study of Gaussian processes is the
associated covariance function, defined as

R(s,t) = E[(Xs — ps) (Xe — )],

where

pe = E[Xi]

is the mean of X at time ¢t € R>g. The covariance function together with the mean
uniquely defines the law of the process. A classical result by Doob [32, Theorem V.8.1]
states that a Gaussian process is Markovian if and only if its covariance function satisfies
the following identity: for all 0 < s <t < u we have

R(s,u)R(t,t) = R(s,t)R(t,u). (0.0.1)

Therefore, demonstrating that fractional Brownian motion lacks the Markov property
reduces to showing that the covariance kernel of fractional Brownian motion given by

1
Rim(s,t) = 3 2 2H

does not satisfy (0.0.1). A crucial observation in this context is that if we additionally
assume that R(1,1) # 0, i.e. that the process is not white noise, then the function

_ R(e™",1)
must satisfy the functional equation
9(@)g(y) = g(z +y). (0.0.2)

The most prominent solution to this equation is the exponential function, and it is
well known that any measurable solution to this functional equation must indeed be
an exponential function. This result primarily stems from the theory on solutions to
Cauchy’s functional equation. Algebraically, the solution set can be identified with the
set of all group homomorphisms from (R, +) into (R4, x) and it heavily relies on the
axiom of choice, as any discontinuous solution is also non-measurable. Given that these
discontinuous solutions are highly irregular, one can argue that the solutions arising
from covariance functions must be continuous. Consequently, g must be an exponential
function, which allows for a complete characterization of the covariance functions of
self-similar Gaussian Markov processes on R. This analysis yields the family of processes

thiyc = t2H+CW(t—2H—QC)



which together with the limiting case ¢ — oo exhaust the family of centered self-similar
Gaussian Markov processes up to a constant multiple. This characterization is useful as
it provides a clear and concise description of the structure of these processes, promoting
further analysis and applications as proposed in [33]| as a model for anomalous diffusions.
Moreover, this result can be applied to obtain a concise proof of the non-Markovian
nature of the Riemann-Liouville fractional Brownian motion, a process that has been
widely studied in various fields due to its unique properties and applications. Another
immediate application is that we also obtain the non Markovianity of the volatility in the
rough Bergomi model introduced in [10].

Multi-dimensional case

In Chapter 2 we extend the investigation of the Markov property to multi-dimensional
centered self-similar Gaussian processes. A similar line of reasoning as in Chapter 1 can be
employed to completely characterize the covariance functions of such processes. However,
the analysis becomes considerably more intricate due to the potential appearance of
non-measurable covariance functions. In this multi-dimensional setting, the covariance
function of a centered Gaussian process X is represented by a unique linear operator
R(s,t), defined by the relation.

<U7 R(Sv t)u> = E[<X57 U) <Xt7 u)]

where s < t and u,v are vectors in the underlying vector space. This generalizes the
scalar case to a framework where the covariance function is now an operator acting on
the vector space. Assuming the Markovian property, the covariance operator R can be
further reduced to a one-parameter matrix semigroup satisfying (0.0.2). By choosing an
appropriate basis of the underlying vector space this facilitates the reduction

g(x) = R(eia 1)

such that g forms a semigroup of matrices, i.e. matrices which satisfy (0.0.2). This matrix
semigroup captures the evolution of the long range dependence of the process over time.
As in the one dimensional case it has been shown in [51] that any measurable matrix one
parameter semigroup must be continuous, however it turns out that we do not necessarily
have continuity of g. An essential property of (g(x)).>0 stems from the Gaussian and
self-similar nature of the underlying process, namely that it must satisfy the boundedness
condition

llgllop < e 7" (0.0.1)

where H denotes the self-similarity coefficient and || - ||op, denotes the operatornorm. We
study semigroups satisfying this boundedness condition in Chapter 3. It is well known that
any one parameter semigroup on a Banach space which is uniformly continuous can be given
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as the exponential of its infinitesimal generator. The boundedness condition (0.0.1) allows
us to obtain an explicit representation of solutions to the functional equation, analogous
to the exponential representation of uniformly continuous semigroups. Specifically, any
such solution can by Theorem 3.2.6 be expressed in the form

9(x) = Q(x) exp(Mx)

where M is a matrix that plays a role similar to that of the infinitesimal generator in
the uniformly continuous case and Q(z) is a semigroup in SO(n), the special orthogonal
group on R™, whose representation depends on discontinuous (and hence non-measurable)
solutions of Cauchy’s functional equation. In particular (Q(x))z>0 are rotation matrices
where the angle of rotation 7(z) solves

n(x +y) =n(x) +ny).

This then leads to an explicit representation of the covariance functions of centered Gaus-
sian self-similar Markov processes formulated in Theorem 2.2.15. Due to the measurability
challenges, only self-similar Gaussian Markov processes with continuous covariance kernels
can be effectively simulated. A Volterra representation of a process X is a representation
of the form

t
X, = / K (s, £)dV,
0

where K : R>og X R>g — R%*4 is measurable such that

T ot
/ / K(s,t)%dsdt < oo
0 0

for all T' > 0, and W denotes the standard Brownian motion. A key result in this context
is that a Gaussian self-similar Markov process X with self-similarity coefficient H admits
a Volterra representation if and only if the following condition holds:

‘ ‘ R(s,t)
(st)

This is shown in Theorem 2.5.5. Condition (0.0.2) arises from the fact that a process
possesses a Volterra representation if and only if it is purely non-deterministic, see [24],
[49]. In other words, if F7* denotes the filtration generated by the process X at time ¢ > 0,
then the intersection of these filtrations over all ¢ > 0, denoted by Ng~oF3, is trivial. This
implies that the process has no deterministic component and that its future values cannot
be exactly predicted from its past. Conversely if there exists a single pair s,t € R+ with
s # t such that the normalized covariance ratio R(s,t)/(st) is an isometry, then it turns
out the process X is purely deterministic, see Section 2.5. In this case, for any 0 < s < ¢,
the sigma-algebra FX generated by the process up to time s coincides with F;%, meaning
that the entire future evolution of the process is fully determined by its history up to
time s.

H <1 (0.0.2)



In Chapter 4 we present a new proof of the inequality

n n+1 n
T T
2(1 — o8 — 1) Za% < Z(ak —ap_1)? < 2(1 + cos — 1) Za%. (0.0.3)
k=1 k=1 k=1
for real ay,...,a, and a9 = ap+1 = 0, originally due to [36] and [56]. We relate this

inequality to the dissipativity (see 4.2.1) of a Jordan block and further provide an extension
via the Lumer-Phillips theorem 4.3.1. Additionally, we obtain a slight generalization of
the Lumer-Phillips theorem in finite dimensions, which is then applied in the construction
of the Volterra representation in Theorem 2.4.3.

Martingales with restricted support

A fundamental result in martingale theory is Strassen’s theorem, which provides a criterion
for the existence of a martingale coupling between two given probability distributions.
Specifically, if & and v are two probability measures on R?, then a martingale coupling
exists between these measures if and only if, for all non-negative convex functions
f:R% = R, the following inequality holds:

EX[f] < E"[f].

Now, consider the problem of determining when there exists an n-step martingale with
a given initial distribution g and a final marginal distribution v. If the conditions of
Strassen’s theorem are satisfied, such a martingale can indeed be constructed. The
construction process involves selecting a one-step martingale coupling that satisfies the
given distributions, followed by employing the pairwise identity coupling for the remaining
steps. This method constructs a Markov martingale with marginals u, v, ..., v. However,
the situation becomes more intricate when we impose restrictions on the paths that
the martingale can take. Specifically, if the domain of permissible paths is restricted,
the existence of a martingale coupling in the multi-step problem requires more careful
consideration, as the identity coupling might no longer be feasible. In this context,
restricting the path space means that there exists a set of allowed paths P such that we
are interested only in martingale measures Q satisfying Q(P) = 1. To formulate a Strassen-
type theorem for the existence of such martingale measures under path restrictions, we
turn to a variation of Strassen’s original theorem that involves the concept of the convex
envelope of a function. For any function f : R — R let £(f) denote the largest lower
semi-continuous convex function dominated by f, see Definition 5.A.5. Strassen’s theorem
can then be reinterpreted as stating that the following condition is equivalent to the
existence of a martingale coupling:

EFILF] < E”[f]
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for all real-valued non negative continuous functions f. Our contribution is the construc-
tion of an operator
Sp:(f:R* - R) = (Spf: R = R)

depending on P such that there exists a martingale measure along P with initial distribu-
tion p and terminal distribution v if and only if

E*[Spf] < B[] (0.0.1)

holds for a suitable class of test functions. In the two step case the operator Sp can be
obtained from weak optimal transport (for an overview see [9]). Let R = R U {—o00, 00}
denote the extended reals and denote by P!(R?) the set of probability measures on R?
with finite first moment. Given a closed set P C R? x R? we set P, = {y: (x,y) € P}.
Defining the cost function ¢ : R x P1(RY) — R by

0 if supp(p) C P, and barycenter(p) =z
el p) = oo else

The optimization problem,

inf / oz, ma)pdz),

V=Tg*

where 7, * 1 denotes the convolution, is 0 if and only if there exists a martingale measure
Q with marginal u,v and Q(P) = 1. The weak optimal transport duality in [8] then
yields that there exists a desired martingale coupling if and only if

sup Et[g] —E"[f]=0 (0.0.2)
geL (). f

where the supremum is taken over all linearly bounded continuous functions f and
functions g € L(p) satisfying

g9(x) —EP[f] < c(x, p) (0.0.3)
for all (z,p) € R? x PL(R?). This is equivalent to
g(x) <EP[f] for supp(p) C P, and barycenter(p) = x.
Since this needs to hold for all such p we must have

g(x) < inf  E7[f].
p, supp(p)C Pr
barycenter(p)=x

Setting
Spf(x) = inf E?[f]

p, supp(p)C Py
barycenter(p)=x



and assuming the integrability and measurability of Spf it follows from (0.0.2) that if for
all linearly bounded functions f we have the inequality

E¥[Spf] < E"[f]

then there exists a martingale measure with marginal ¢ and v which is supported on P.
It turns out that the above inequality condition is also necessary and hence this result
mirrors the structure of Strassen’s theorem. There is also a dual representation for the
operator Sp, namely

Spf(z) ;= sup{g(z)| g : RY = R convex and g(y) < f(y) for y € P,}.

In the multi step setting it becomes more difficult to employ the theory of weak optimal
transport. Theorem 5.2.9 shows that condition (0.0.1) is also sufficient in the multistep
case for Sp introduced in Definition 5.2.4. Additionally we obtain duality results on the
marginals of such martingale couplings leading to robust pricing bounds even without
path restrictions, see Theorem 5.2.9, Theorem 5.2.14 and Remark 5.2.15.

Martingale couplings compatible with call options and VIX
futures

The operator Sp can be leveraged to derive a Strassen-type existence result for martingale
measures that are compatible with both call option prices on the SPX and the VIX [1].
The reason to focus on call options stems from the classical fact that their prices completely
determine the marginals of the pricing measure (provided that they are available for all
strikes). From a theoretical viewpoint the VIX is given as

2 S,
VIXZ2 = —EF [10 < >‘}‘]
b 30 & St+30 !

where [P denotes the pricing measure, St, S¢130 the prices of the SPX at time ¢ and ¢ + 30,
and F; denotes the available information up to time ¢. It is a measure for the markets
expectation of volatility for the coming 30 days.

A longstanding problem, which has seen significant recent progress (see [40], [25], [60]), is
the development of market models that calibrate to both SPX and VIX smiles. Assuming
that there are no arbitrage opportunities in the SPX and VIX, by [42] any market model
calibrated to the SPX and VIX yields for any ¢ a discrete measure p on (S, S¢y30, VIX?)
such that

2
E“[St+30|5t,VIXt] =5; and VIXtQ = %E“ |:10g (SSt3O> ’ St,VIXt:| .
t+

Conversely the existence of such a measure is equivalent to the absence of arbitrage with
respect to semi-static trading strategies. In [42] this resulting two-step model is studied
in more detail. In discrete markets, the absence of arbitrage has been extensively studied
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in the context of robust pricing; see for example [2] and [14]. For the continuous case, we
refer to [3], [13], [22] and [31]. In this thesis we present a condition akin to Strassen’s
theorem guaranteeing the existence of such a pricing measure. Denote by 1, o and ug
the pricing measures of S, VIX? and S;130 respectively. In Theorem 5.3.7, by setting

P :={((s1,¢),(s2,2/3010og(s1/52)))| 51,52 € Rsg,c € R}

and applying the operator Sp adapted to the current setup, we find that an arbitrage-free
pricing measure exists if and only if for all non negative continuous functions f and
bounded continuous functions ¢1, g2 satisfying ¢1 ® ¢o < Spf we have

E# 1] + EF2[go] < EFO[f].

Structure of the thesis

The first part is dedicated to our work on self-similar Gaussian Markov processes. In
Chapter 1, we focus on the characterization of these processes in the one-dimensional
case, while Chapter 2 extends this analysis to the multi-dimensional case. Chapter 3
presents the proof of the representation result for bounded semigroups, which is central
to the proof of the main result in Chapter 2. In Chapter 4, we prove (0.0.3) and explore
its applications to self-similar Gaussian Markov processes. The second part of the thesis,
consisting solely of Chapter 5, focuses on martingales with restricted support and their
financial applications.
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Part I.

Self-similar Gaussian Markov
processes
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1. Self-similar Gaussian Markov processes
in one dimension

1.1. Introduction

Fractional Brownian motion with Hurst parameter H is among the best-known examples
of H-self-similar Gaussian stochastic processes. It is not Markovian for % #H e (0,1),
which can be proven using the functional equation that the covariance function of any
Gaussian Markov process must satisfy (see [46] and [58, Theorem 2.3]). Many authors have
considered self-similar Gaussian processes that are variants and extensions of fractional
Brownian motion [18, 65, 66, 67, 78|, and for some, the natural question of Markovianity
has been studied. In dimension one, it is known that all Gaussian Markov processes
are time-changed Brownian motions [6, p. 4]. Our contribution in dimension one is that
we explicitly determine this time change for self-similar processes; it depends on the
self-similarity parameter and an additional parameter (Theorem 2.6.1). It is usually a
very simple matter to compare the resulting explicit covariance function with a given
covariance function, yielding easy non-Markovianity proofs for many self-similar Gaussian
processes that have been considered in the literature. Moreover the two-parameter family
of Gaussian processes we just mentioned has been analyzed in detail in [33], where it is
proposed as a model for anomalous diffusion.

1.2. Characterization in the one dimensional case

For H > 0 and ¢ < —H, the process
X[he = ey 220y ¢ >, (1.2.1)

where W(+) is a Brownian motion, is clearly a Gaussian Markov process. By Brownian
scaling, it is easy to check that X is H-self-similar. The main result of the present
chapter is that this family of processes, augmented by the limiting case ¢ — —o0, is not
just a subset but equal to the class of self-similar centered Gaussian Markov processes
(up to multiplication by constants). For the notion of self-similarity, we use the same
definition as [34] (pp. 1-3).

Definition 1.2.1. A stochastic process (Xt)e>0 is H-self-similar with exponent H > 0,

if it is stochastically continuous at zero, and for any a > 0 the process (Xqt)i>0 has the
same law as (af X;)i>0.
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Self-similarity implies that Xy = 0 (see p. 2 in [34]). In particular, the covariance
function of a self-similar process satisfies R(s,t) =0 for s At = 0.

Definition 1.2.2. A symmetric function R :[0,00)% — R is positive definite if

d
akalR(tk,tl) > 0 (1.2.2)
k=1

foralld>1,ty,...,tq >0 and ay,...,aq € R.

It is well known that positive definite functions are exactly the functions that occur
as covariance functions of centered Gaussian processes (X¢);>0. The covariance function
of Xt is

(sVvi)2Hre(sAt)™¢ sAt >0,
Ry (s,t) := 1.2.3
(5 1) {O sAt=0. ( )
The pointwise limit
R o= lim Ry sn—=10  *="h (1.2.4
Hoools D)= Mm Rue(s,t) =4, 2.4)

is positive definite as well, and defines a centered Gaussian process X2 which is
obviously also self-similar and Markov. Note that putting H = £ and ¢ = —1 in (1.2.3)
yields the covariance function s At of Brownian motion, the prime example of a self-similar
Gaussian Markov process. We can now state our main result.

Theorem 1.2.3. Let H > 0 and X = (X¢)i>0 be a one-dimensional, centered H -self-
similar Gaussian Markov process. Then the covariance function of X is of the form

R(s,t) = R(1,1)Rpc(s,t), s,t>0, (1.2.5)
where ¢ € [—oo, —H] and R(1,1) > 0. Thus, X equals R(1,1)/2XH < in distribution.

Since comparing a given covariance function with the simple explicit function Ry .
is typically very easy, it seems that Theorem 1.2.3 essentially settles the problem of
deciding whether a self-similar Gaussian process defined by an explicit covariance function
is Markovian.

It is well known that a centered real Gaussian process (X;)¢>o is Markov if and only if
its covariance function R(s,t) = E[XX| satisfies

R(s,u)R(t,t) = R(s,t)R(t,u), 0<s<t<u. (1.2.6)

This is due to Doob; we refer to [55] for details and references. To prove Theorem 1.2.3,
we use some facts about additive functions. For a proof of the following classical result,
and further references, we refer to [16] (Theorem 1.1.7).
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1.2. Characterization in the one dimensional case

Theorem 1.2.4 (Ostrowski 1929). Suppose that f : R — R satisfies Cauchy’s functional
equation
flety)=flz)+fly), zyeR

Then either f(z) = cx for some constant c, or else f is unbounded above and below on
any set of positive measure.

We will also need the following continuation result.

Lemma 1.2.5. Suppose that f : [0,00) — R satisfies Cauchy’s functional equation

flz+y)=f(x)+ fly), z,y>0.

Then f has an extension to R that satisfies the equation, too.
Proof. We define f for x < 0 by

f(z) = flz+y)— f(y),

where y > |z| is arbitrary. This is well-defined, because for y; > y2 > |x| we have

flx+y2) = fly2) = fl@+y2) + fFlyr —y2) — (f(y2) + Fy1 — v2))
= flx+y1) — f(y1).

By definition, this extension solves the equation for x < 0 and y > |z|. Now let z < 0
and y < |z|. Fix 21 and 23 with z; > |z| and 22 > |y|. Then we compute

flx+y)=fx+y+2+2)- fla+2)
=flx+2)+ fly+22) — (f(z1) + f(22))
= f(x+21) — f(21) + fly + 22) — f(22) = f(z) + f(y). O

We can now prove Theorem 1.2.3. The proof is an extension of the proof that fractional
Brownian motion is not a Markov process, which is found in [46] and [58] (Theorem 2.3).

Proof of Theorem 1.2.3. By self-similarity and symmetry of R(-,-), it suffices to determine
R(-,1) on (0, 1]. Using (1.2.6) (with v = 1) and self-similarity, we obtain

R(s,1)R(1,1) = R(s/t,1)R(t,1), 0<s<t<I. (1.2.7)
Putting s = ¢2, it follows that
R(t*,1)R(1,1) = R(t,1)*, 0<t<1. (1.2.8)

If R(1,1) = 0, then this equation implies that R(-,1) vanishes, hence X is identically
zero. If R(1,1) # 0, then (1.2.8) implies that R(-,1) is either non-negative or non-positive
on [0,1]. In the latter case, by putting ax; = 1 in (1.2.2), we see that R(-,1) = 0. We
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conclude that R(-,1) is non-negative, and may assume from now on that R(1,1) > 0.

Define
R(e™™®,1)

R(1,1)

Writing s = e 7Y and t = e ¥, we see from (1.2.7) that g solves the functional equation

g(z) = x> 0.

9(x +y) =g(x)g9(y), =z,y=>0. (1.2.9)

In particular,
9(z) = 9(2/2)%, z>0. (1.2.10)

Clearly, g(0) =1 > 0. By (1.2.9), if xq is a zero of g, then g vanishes on [z(, c0). Suppose
that there is no interval [0,¢) with € > 0 on which g is positive. Then, g(z) = 0 for z > 0,
and thus R = R(1,1)Rpy,— o, the white-noise-type covariance function defined in (1.2.4).
If, on the other hand, there is such an interval [0, ¢), then (1.2.10) yields

9(z) = g(z/2"?, keN,

and by taking k sufficiently large we get g(z) > 0 for any z > 0. Therefore, ¢ :=logg is
well-defined on [0, 00), and satisfies Cauchy’s functional equation

plr+y)=w()+ey), z>y=>0.

By symmetry of the equation, it clearly holds for 0 < z < y as well. By Lemma 1.2.5, we
can extend the solution ¢ to the whole real line, which makes Theorem 1.2.4 applicable.
Suppose for contradiction that ¢ is unbounded above and below on any set of positive
measure. This would imply

sup { R(t1/t2,1) : 1 <ty <ty <2} = 0.
We can thus pick 1 < t; < to < 2 such that
R(t1/ta,1) > 221 R(1,1).
Then positive definiteness is violated for a1 = 1,a9 = —1:

a%R(tl, tl) + 2a1a2R(t1, tg) + a%R(tQ, tg) =
2HR(1,1) — 237 R(t1 /2, 1) + 27 R(1, 1)
<22 R(1,1) — 22HHIR(1,1) + 2257 R(1,1) < 0.
We deduce that the other possibility stated in Theorem 1.2.4 must hold, i.e. that there is

a constant ¢ such that
o(x) =cx, xR
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1.A. Three additional proofs

By the definition of ¢, we obtain
R(t,1)=R(1,1)t ¢ 0<t<1,

and, by self-similarity,

SAt
R(s,t) = (s \/t)QHR(svt, 1)

=R(1,1)(s Vt)2Hte(s At)¢, s, > 0.

For ¢ > —H, it is straightforward to check that (s V t)277¢(s A )¢ does not satisfy the
Cauchy-Schwarz inequality, hence it cannot be a covariance function. We conclude that

¢ < —H, and that R = Ry . ]

1.A. Three additional proofs

In this section we give a variant of the proof of Theorem 1.2.3, show by a non-probabilistic
argument that Ry . is positive definite, and discuss the Volterra representation of X Hye,

A wvariant of the proof of Theorem 1.2.5. After settling the case ¢ = —o0, we may assume
that R is positive, except for s At = 0. There is an alternative argument to finish the
proof in this case. Gaussian Markov covariance functions that have no zeros are always of
the form

R(s,t) =G(s Nt)F(sVt); (1.A.1)

see [19] and p. 11 in [52]. This result is not immediately applicable, because our covariance
function vanishes on the axes. But it suffices to define H(0) = 0 in the proof on the first
page of [19] (H is our F') to see that (1.A.1) holds, with G(0) = F(0) =0, G, H > 0 on
(0,00), and G/H non-decreasing on (0, 00). Self-similarity yields
G(zs)F(xt) = 2?2 G(s)F(t), 0<s<t, z>0. (1.A.2)
Define A(y) :=log G(e¥) and B(y) := log F(e¥), y € R. Then (1.A.2) implies
A(ly+u)+ By +v) =2Hy+ A(u) + B(v), u<wv, yeR (1.A.3)

The function A — B is non-decreasing and hence almost everywhere differentiable. Setting
v =y + u we obtain

Aly+u) — B(y+u) =2Hy + A(u) — B2y +u), uweR, y>0,

which shows that B, and hence also A, is almost everywhere differentiable. For n € N
choose v, > n such that B is differentiable at each v,,. From (1.A.3) we have

A(y +u) — A(u) = 2Hy — (B(y + vs) — B(vn))
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for u < v,. This implies
A'(u) = 2H — B'(vy),

and hence A has constant derivative for u < v,. As this holds for all n € N, the function A
has constant derivative on the whole real line. Thus, A is linear, and hence G is a power
function on (0, 00), say G(x) = G(1)x~¢ with ¢ € R. Since

G(x)F(z) = 2> F(1)G(1),

F(x) = F(1)z*1%¢ is a power function on (0, 00) as well, and we obtain R = R(1,1)Ry..
O

The following theorem is a special case of the main theorem in [53]. For background
on lattices and Mobius functions (which we do not require here), we refer to chapter 3
in [70].

Theorem 1.A.1 (Lindstrom 1969). Let {x1,...,xq} be a set of real numbers in increasing
order, r1 < x3 < --- < x4. For functions f; defined on {x1,...,2;}, i = 1,...,d, the
identity
d d
det (fz(fl,‘l A xj))i,j:l,...,d = H Z fi(IL‘j)[L(ZL‘j, :L'l) (1.A.4)
i=1j=1
holds, where p is the Mobius function of the chain {x1,..., x4}, i.e.
1=y,
plrj,z) =< -1 i=j+1, (1.A.5)
0 otherwise.

Another proof that Ry . is positive definite. We show that the function

(VO* At >0
(s,8) s § GADT° ’ (1.A.6)
0 sANt=0,

is positive definite if and only if o+ 5 < 0. Let 0 < t1 < t9 < --- <ty and define

ar _ (V)"

fi(tj) = (ti/tj) (t; /\tj)ﬁtq’
¢ J

J <
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1.A. Three additional proofs

We then compute

(s v ;) a- 2t v t;)
det (W) = (tl td) B det <(t Yy )51504) (1A7)

d d

= (t1--ta)* PTD_ filtyu(ty t)
i=1j=1

a+6
L)
a+,6’ _ taJrB

:td /BH ’L-‘rl’

where we have used (1.A.4) and (1.A.5). The statement about (1.A.6) now follows from
the fact that a matrix is positive semidefinite if and only if all its principal minors have
non-negative determinant.

As noted above, it is clear that the limiting covariance function Ry o is also positive
definite. This can be easily checked directly as well: Let {s1,...,sm} = {t1,...,tq},
where t,...,t5 > 0, and the s; are distinct. Then (1.2.2) holds, since

d 4
Z ara Ry —oo(ty, t)) = Z Z apays?t!

k=1 i=1 kil=1

tk=t;=s;
d 2
-3 ) 2o :
i=1 k=1
tk=si;

where B is a Brownian motion, and

Kie(s,t) = /—2(c+ H)tH2(s/t)=c"H-12 pg<s<t.

Indeed, it is easily checked that this kernel satisfies

Ry (s, t) = / Kpo(u, ) K c(u,t)du, s,t>0.
0

Proposition 1.A.2. Let H > 0 and ¢ = —H. There is no function F € L*(R,) such
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that

_ d
(XY s = <
0

t
/ tH_l/zF(u/t)dBu> .
t>0

Proof. This result follows from applying Theorem 2.1 and Remark 2.2 in [73] to the
degenerate process Xg{ —H —H W (1), but can be easily proved directly as well: Suppose
there is such a function F. By Ito’s isometry, we have

(st)" = Ry _p(s,t) = / tH=12 012 Py [ F(u)s)du, s <t,
0

and thus

! 1
/0 F(v)F(zv)dv = 7 x> 0.

For x = 1, we obtain fol F(v)?dv = 1. From this and the Cauchy-Schwarz inequality, we

get
%: ( /O 1F(v)F(a:v)dv>2
< /O ' Flav)de /0 ' Pw)do = /O ' Fao)do.

Substituting u = xv yields
x
/ F(u)?du>1, z€(0,1],
0

and so fol F(u)Ql{u>z}du = 0. By monotone convergence,
1 1
0 = lim F(u)21{u>x}du = / F(u)*du,
210 Jo 0

which contradicts fol F(v)2dv = 1. O
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2. Self-similar Gaussian Markov processes

We characterize all multi-dimensional real self-similar Gaussian Markov processes. Three
types of covariance matrix functions occur: white-noise type functions, covariances that can
be expressed by continuous matrix semigroups, and covariances based on non-continuous
solutions of Cauchy’s functional equation. Characterizing the latter requires us to develop
some results on the representation theory of non-continuous matrix semigroups, which
are presented in chapter 3. The results in this chapter applied to the one dimensional
case yields again the two-parameter family of time-changed Brownian motions discussed
in chapter 1. This observation simplifies several proofs of non-Markovianity found in the
literature.

2.1. Introduction

Our main contribution in this chapter is that we determine all multi-dimensional self-
similar Gaussian Markov processes. By self-similarity, the bivariate covariance function
can be reduced to a function of a single argument, and the functional equation mentioned
above shows that this function must satisfy the semigroup property g(x + y) = g(x)g(y).
We identify a contractivity estimate involving the self-similarity parameter, which must
be satisfied for self-similar Gaussian Markov processes with continuous semigroup. Under
mild assumptions, all matrix solutions of the equation g(x + y) = g(x)g(y), including
non-measurable ones, are determined in chapter 3. While the self-similar Gaussian
Markov processes resulting from these non-measurable semigroups are not likely to occur
in applications, they have to be studied to obtain a full classification.

This chapter is organized as follows. In Section 2.2, we define the class of stochastic
processes we wish to consider, and state our main characterization results. They are
proven in Section 2.3, which includes a new criterion for checking positive definiteness in
the multi-dimensional case. Section 2.4 presents Volterra representations for self-similar
Gaussian Markov processes, assuming that the associated semigroup is continuous, and
that the contractivity estimate mentioned above is strict. In Section 2.6 we show that
the multidimensional characterization implies the statements in chapter 1. Section 2.7
returns to our initial motivation, by giving straightforward proofs that some self-similar
Gaussian processes from the literature are not Markovian.

2.2. Preliminaries and main results

Throughout this section and the following one, V' denotes a real d-dimensional vector
space equipped with an inner product (-,-). We write L(V') for the set of linear maps
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from V to itself. The inner product (-, -) x associated with a V-valued Gaussian process X
will be defined in Proposition 2.2.5, and we will write || - || x for the corresponding operator
norm on L(V'). The adjoint of a linear map will be denoted by *, where the inner product
will be clear from the context, or explicitly stated otherwise.

Definition 2.2.1. A stochastic process (X¢)i>0 with values in 'V is called Gaussian if,
for any finite set S C R>g, the VI8l -valued random variable (Xs)ses is Gaussian.

It is well known that a Gaussian process X with values in V' is uniquely characterized
in law by the two mappings ¢t — E[X;] and (s,t) — R(s,t) € L(V) given by

(v, R(s,t)uy = E[(Xg, v) (X, u)].

The mapping R is called the covariance kernel of X. We also write Ry, if X might not
be clear from the context.

Definition 2.2.2. For H > 0 we call X H-self-similar if (Xat)t>0 ~ (a Xi)i>0 (equality
in distribution) for any a > 0, and refer to H as the self-similarity parameter.

It is clear, and well-known, that H-self-similarity of a Gaussian process can be charac-
terized via the covariance kernel.

Theorem 2.2.3. Let X be a centered Gaussian process. Then X is H-self-similar if and
only if R satisfies
R(as,at) = a®*" R(s, 1)

for any a,s,t > 0.

Corollary 2.2.4. Let X be an H-self-similar centered Gaussian process on V. Then
supp(X;) = ker(R(1,1))* for all t > 0.

Proof. By self-similarity, we have ker(R(1,1)) = ker(R(¢,t)) for any ¢ > 0. Denote by
p: V — V the orthogonal projection onto ker(R(1,1)) and set Y; := pX;. Clearly, Y is

again Gaussian since the orthogonal projection is linear. Denote by Ry the covariance
kernel of Y. We have

(v1, Ry (s,t)v2) = E[{v1, pX;s)(va, pX¢)], vi,v2 € V.
Since orthogonal projections are self-adjoint, we obtain
E[(v1, pXs)(v2, pX1)] = E[(pv1, X) (pva, Xi)] = (v1, pR(s, t)pva),

where R is the covariance kernel of X. Since pvy € ker(R(1,1)), we obtain Ry (¢,t) =0
for any ¢t > 0. This easily implies that Y is the zero process. O

If R(t,t) = t*" R(1,1), t > 0, is not invertible, then the corollary shows that we are
dealing with a self-similar Gaussian process of lower dimension, and V' can be replaced by
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2.2. Preliminaries and main results

ker(R(1,1))*. Thus, it suffices to characterize processes with full support. In this case,
we can define the inner product

(v,uyx = (v, R(1,1) " w), (2.2.1)

where (-, -) is the original inner product on V. This is well-defined, since R(1,1)~ € L(V)
is symmetric and positive definite.

Proposition 2.2.5. Let X be a V-valued centered Gaussian process with R(1, 1) invertible.
Then the inner product {-,-)x = (-, R(1,1)~1) is independent of the choice of (-,-).

Proof. Let (-,-) be an inner product on V. For any other inner product on V' there exists

a symmetric positive map A such that it is given by (-, A-) =: (-,-) 4. Calculating the
covariance kernel with respect to (-,-) 4, we obtain

E[(Av, Xs)(Au, X¢)] = (Av, R(s, t)Au)
= (v, AR(s,t)Au) = (v, R(s,t)Au) 4, u,v € V.

Hence the covariance kernel with respect to (-,-)4 is R(s,t)A. We calculate
(v, (R, DA u)a = (v, AT R(1,1) M u) 4 = (v, R(1,1) " ).
Hence the definition of (-, -) x does not depend on our choice of (-, -). O

In the notation of the preceding proof, the inner product (2.2.1) induced by X is an
abbreviation for (-,-)r (1,1)-1-

Lemma 2.2.6. Let X be as in Proposition 2.2.5. Under (-,-)x, the covariance kernel
of X is R(s,t)R(1,1)7%.

Proof. Put A = R(1,1)~! in the proof of the preceding proposition. O

Definition 2.2.7. For H > 0, we call a V -valued process X an H-SSGM process, or just
SSGM process, if

(i) it is a centered H-self-similar Gaussian Markov process, and
(i1) it has full support, i.e., R(1,1) is invertible.

For such a process, it is understood that the finite-dimensional vector space V is equipped
with the inner product (-,-)x and the corresponding operator norm. We write R, or
sometimes Rx, for the covariance kernel w.r.t. (-,-)x, so that R(1,1) = id by Lemma 2.2.6.

The following well-known characterization of the Markov property for Gaussian processes
is due to Doob [32, Theorem V.8.1|. The proof is usually presented for one-dimensional
processes, but as the multivariate case is virtually the same, we omit it.
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Lemma 2.2.8. Let X be a centered V-valued Gaussian process such that R(t,t) is
inwvertible for all t > 0. The process X satisfies the Markov property if and only if R
satisfies the functional equation

R(s,t)R(t,t) ' R(t,u) = R(s,u), 0<s<t<u. (2.2.2)

If X is an SSGM process, then Lemma 2.2.6 implies that R(t,t) = t*7 id (recall the
notation R from Definition 2.2.7). Applying this to (2.2.2), we obtain

t2HR(s,t)R(t,u) = R(s,u),
and so ) 3 3
R(s/t,1)R(t/u,1) = R(s/u,1).
Substituting z := log(t/s) and y := log(u/t) and setting g(x) := R(e~%,1) yields

9(x)g(y) = g9(z +y), =z,y>0, (2.2.3)

and hence g is a one-parameter semigroup.

Definition 2.2.9. A map g : R>g — L(V) is a semigroup if g(0) = id and g(x +y) =
9(z)g(y) for all z,y > 0.
Definition 2.2.10. For any SSGM process X, we call the one-parameter semigroup

(9x(x))z>0, where gx(x) := R(exp(—x),1), its associated semigroup. If there is no
ambiguity, we just write g instead of gx.

We stress that our notion of associated semigroup, defined by the scaled covariance
function, is not the transition semigroup of the Markov process, which will not be used
here. The following theorem, proven in Section 2.3, is our first main result.

Theorem 2.2.11. Let H > 0, let (g(x))z>0 be a semigroup in L(V'), and (-,-) an inner
product on V. There exists an SSGM process X with associated semigroup g = gx and
inner product (-,-) = (-,-)x if and only if the contractivity estimate

lg(@)lop < e 2 x>0, (2.2.4)
holds, where || - ||op denotes the operator norm of (-,-). Furthermore, X is determined
uniquely in law by gx and (-, ) x.

Definition 2.2.12. We call an SSGM process white noise if its associated semigroup
satisfies g(x) = 0 for all z > 0.

By definition of g, the covariance kernel of a white noise process satisfies R(s, t)=0
for 0 < s < t.

Definition 2.2.13. Let X be an SSGM process on V. We say that X is irreducible if for
any decomposition X = X' + X? such that X' and X? are independent SSGM processes
supported on Vi and Vo respectively with Vi L Va, the spaces Vi and Vo are trivial, i.e.
either the entire space or {0}. The orthogonality of the subspaces is with respect to (-,)x.

24



2.2. Preliminaries and main results

Remark 2.2.14. As (-,-)x depends on X only through its law, so does the condition that
the joint law of (X', X?) must satisfy in the preceding definition. Therefore, assuming
only equality in distribution, X ~ X' + X2, yields an equivalent definition.

We proceed to characterize all semigroups associated with centered self-similar Gaussian
Markov processes. Consider Cauchy’s functional equation

f@)+fly)=flz+y), [:R=R (2.2.5)

Define the rotation matrix

~( cos() sin(0)
@) = (— sin(0) 008(9)> , OeR,

and, for even k, the block-diagonal matrix
Qv(z)) 0
Qk(z) := (2.2.6)
0 Qv(z))

kxk

consisting of k/2 rotation matrices evaluated at some solution v of (2.2.5). Now we
state our second main theorem, which gives representations for the covariance kernels
of all irreducible H-self-similar Markov processes. Recall the notation defined in (2.2.1),
Definition 2.2.10, and (2.2.6).

Theorem 2.2.15. Let X be an irreducible SSGM process with values in V. Then there
exists an orthonormal basis with respect to (-,-)x such that with respect to this basis one
of the following holds (we identify linear maps and matrices if the chosen basis is clear
from the context; see Remark 2.2.16 for details):

(1) gx(x) =0 for x >0 and V is one-dimensional (white noise case),
(ii) gx(x) = exp(Mz), x >0, for some matriz M (the generator), or

1i) The dimension d is even, and gx(xr) = QY(x)exp(Mz), x > 0, with v a non-
d
continuous solution to Cauchy’s functional equation (2.2.5) and M commuting with
every QY(x).

In the second and third case we have the contractivity condition || exp(Mz)||x < e 17,
x >0, where || - ||x is the operator norm on L(V') induced by (-,-)x.

The theorem is proven at the end of Section 2.3.

Remark 2.2.16. LetT': V — R? be an isomorphism that maps vectors to their coordinates
w.r.t. to the orthonormal basis from the preceding theorem. If A denotes the matrix of
the inner product (-,-)x in these coordinates, i.e. (I 'w, I 12)x = wTAz, w,z € RY,

25



then the identification of linear maps and representation matrices we used in the theorem
means that || exp(Mz)||x = || exp(Mx)| 3, where || - || 3 is the operator norm induced by

the inner product (w, z) — wT Az on R?. Similarly, in the following remark the expression
on the left hand side of (2.2.7) is an abbreviation for (T'v)T(M + Hid)T AT'v.

Remark 2.2.17. The contractivity condition || exp(Mz)||x < e 1% x>0, is equivalent
to the dissipativity of the (in general non-symmetric) matrix M + Hid, i.e.,

(M + Hid)v,v)x <0, velV. (2.2.7)

This follows from the Lumer—Phillips theorem [27, p. 52|, which characterizes contractive
semigroups. In the special case where A = id and the matriz M consists of a single Jordan
block, this condition can be simplified further. See chapter 4 for details, where we also
point out a relation to a classical inequality due to Fan—Taussky—Todd [36].

Using Theorem 2.2.15, we can give the associated semigroup of any SSGM process X.
By the definition of irreducibility, there exists an orthogonal decomposition V = @@;", V;
and independent irreducible SSGM processes X* supported on V; respectively such that
X =" X"and gx = @}, gx:- By Theorem 2.2.15, each gx: has one of the forms
given in Theorem 2.2.15 and satisfies the contractivity condition ||gy:(z)|x: < e~ 2.
Conversely, given semigroups ¢i, ..., gy on finite-dimensional vector spaces Vi,...,V,
such that each g; is of the form given in Theorem 2.2.15 and satisfies the contractivity
condition, then by Theorem 2.2.11, for any inner product (-,-) on €., V; such that
the V; are orthogonal, there exists a unique in law SSGM process X with associated

semigroup ;" ; gi.

2.3. Proofs

As in Section 2.2, V denotes a real d-dimensional vector space with inner product (-, ).
For one-dimensional Gaussian processes, the following result is standard. The proof in
dimension d is a straightforward extension; see [21, Theorem 2|.

Theorem 2.3.1. Let R : R>og x R>g — L(V'). Then there exists a centered Gaussian
process with covariance kernel R iff

(i) R(s,t) = R(t,s)* for s,t >0, where the adjoint is taken with respect to (-,-),

(1) {gr all n > 0 we have 377,y (vi, R(ti tj)vs) > 0 forvi,...,vn, €V andty, ... t, €
>0-

This process is unique in law.

The following characterization of (ii) in Theorem 2.3.1 seems to be new.
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2.3. Proofs

Lemma 2.3.2. Let R : R>g x R>g — L(V) be a kernel which satisfies (2.2.2), R(t,t)
being symmetric and positive definite for all t > 0 and R(s,t)* = R(t,s) for all s,t > 0.
Then R satisfying condition (ii) in Theorem 2.3.1 is equivalent to

R(s,s) — R(s,t)R(t,t) "' R(t, s)
being positive semidefinite for all s,t € R>.

Proof. We first show necessity. Clearly it suffices to consider the problem in R" equipped
with the standard inner product, by applying the isomorphism I' from Remark 2.2.16.
Notice that condition (ii) in Theorem 2.3.1 is equivalent to

R(t1,t1) ... R(ti,ty)
R" = : (2.3.1)
R(ty,t1) R(ty,tn)
being positive semi-definite for all ¢1,...,¢, > 0 and n > 0. For every s,t > 0 denote by

As¢ a solution of
AsTiAS’t = R(t,t) — R(t,s)R(s,s) " R(s,t).

Let M™(L(V)) the algebra of n x n matrices over the space L(V'). Clearly we have
R™ € M™. Notice that each M € M"™(L(V)) defines a linear map on V™. Denote by
M?T € M™(L(V)) the transpose of the operator M on V™. We show by induction that
the covariance operator (2.3.1) is a positive semidefinite operator on V" for any n € N
and any increasing sequence t1,...,%, € R>g. By assumption, R! is positive semidefinite.
Assume that R"™ is positive semidefinite. We define

R 0OF
n,n+l . n
et (00 )

where 0,, = (0,...,0) with 0 : V — V mapping everything to zero. It follows that R™"*+!
is positive semidefinite on R+ Let

id vl
Byt = < On Ath ) ;

tn+1
where id,, is the identity in M™(L(V)) and
Uns1 = (0,...,0, R(tn, tn) " R(tn, tn1)) € L(V)1*™

Then we have
T n,n+1 _ pn+l
B, R Bpy1=R".

This shows that R"*! is positive semidefinite, finishing the induction step. Conversely,
by using condition (ii) in Theorem 2.3.1 for n = 2, we have

(v1, R(s, s)v1) — 2(v1, R(s, t)va) + (ve, R(t,t)va) > 0.
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Setting ve = R(t,t) ' R(t, s)vy yields
(v, R(s, s)vr — R(s,t)R(t,t) ' R(t, s)vr) 2 0,

which shows that R(s,s) — R(s,t)R(t,t) 1 R(t, s) is positive semidefinite. O

Combining Theorem 2.3.1, Lemma 2.2.8 and Lemma 2.3.2 yields the following result.
The new aspect of Theorem 2.3.3 is that (iii), together with the other conditions, implies
that R is a covariance kernel.

Theorem 2.3.3. Let R : R>g x R>g — L(V) be such that R(t,t) is invertible for all
t > 0. Then there exists a centered Gaussian Markov process with covariance kernel R if
and only if

(i) R(t,t) is positive definite for all t > 0,

(i) R(s,t) = R(t,s)* for any s,t > 0, where the adjoint is taken with respect to (-,-),
(iii) R(s,s) — R(s,t)R(t,t) 1 R(t,s) is positive semidefinite for all s,t > 0,
(iv) R(s,t)R(t,t)" *R(t,u) = R(s,u) for all 0 < s <t <wu (Markov property).

The following theorem motivates Definition 2.2.13, as it tells us that the associated
semigroup of any reducible SSGM process is itself reducible in an appropriate sense.

Theorem 2.3.4. An SSGM process is irreducible if and only if there does not exist a
nontrivial subspace W C V' such that gx ()W =W and gx(x)W+ = W+ for all x > 0.

Proof. Assume first that X is not irreducible, i.e. X = X'+ X2 and V = W @ W+, with
X1 supported on W and X2 supported on W+. By assumption X' is independent of X?2.
Denote by p; the orthogonal projection onto W and py the orthogonal projection onto W,
Since Ryi(1,1) = p;Rx(1,1)p; = p; which is the identity on W and W respectively, we
have that (-,-)x1 and (-,-) x2 are just the restrictions of (-,-)x to W x W and W+ x W+
respectively. Denote by gxi(x) : W — W and gx2(z) : Wt — W+ the associated
semigroups of X' and X? respectively. We show that gx(x) = gx1(x)p1 + gx2(x)p2.

Clearly, for any v € V' we have v = p1v + pov and hence also p; X = X*. Furthermore
p] = p1 and p5 = pa. For any v,u € V' we obtain

(v, gx (z)u)x = (v, Rx(e™*, Du) x = E[(v, Xo—s) x (u, X1)x]
=E[(v, X, + X2 .)x(u, X{ + X{)x].

Since X! is independent of X? we have

EKU? X51*1>X<uﬂ X12>X] = E[<U, XeQ*I>X<u7 X11>X] =0,
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2.3. Proofs

and hence

E[{o, X\ + X2 (X, + X3 x] = B[(0, X1, XD + (0, X2, X3)x]
=E[(pv, X} o) x (p1u, X1) x + (pav, X2 ) x (pou, X7) x|
= (p1v, gx1 (T)p1u) x + (p2v, gx2 (T)pau) x
= (v, (gx1(2)p1 + gx2(T)p2)u) x .-

Conversely, assume that there exists a nontrivial subspace W such that W and W+
are invariant under gx (x). We show that X' := p; X and X2 := po X are independent
SSGM processes. Clearly, X = X!+ X2, and since p1, ps are both linear, X' and X? are
H-self-similar Gaussian. It remains to show that they are independent and Markovian.
For Gaussian processes it is enough to show pointwise independence. For 0 < s <t and
v,u € V we have

E[(v, X{) x (u, X7) x] = E[(p1v, X,) x (p2u, X¢) x]
= (p1v, Rx (s, t)pau) x = t*H{(p1v, gx (log(t/s))pau)x =0,

where the last equality follows from pjv € W and gy (log(t/s))pau € W+. In the same
manner we obtain independence for s > t. For any v,u € V we have

E[(v, X} o) x (u, X])x] = E[(p1v, Xe—=) x (pru, X1) x] = (v, prgx (x)pru) x.

Hence gxi(z) = pigx(z)p1. Analogously, we get gx2(x) = pagx(z)p2. It follows that
gx1(z) and gy2(x) are semigroups, and hence X' and X? satisfy condition (iv) in
Theorem 2.3.3. 0

We can now prove our main results.

Proof of Theorem 2.2.11. Sufficiency: Define
R(s,t) = t*Tg(log(t/s)), 0<s<t,

and set R(s,t) = R(t,s)* for s > t, where the adjoint is with respect to (-,-). We
now apply Theorem 2.3.3 to R, where V is equipped with the inner product () ).
Assumption (i) follows from Definition 2.2.9, as does (iv), using also the calculation
above (2.2.3). Assumption (ii) is clear by definition of R, and (iii) easily reduces to

lg(@)llop < e7H*, x> 0. (2.3.2)

Hence there exists a Gaussian Markov process X with covariance kernel R. The resulting
process X is self-similar by Theorem 2.2.3. The uniqueness assertion follows from
Theorem 2.3.1.

Necessity: Let R be the covariance kernel of X w.r.t. (-,-). As in Definition 2.2.10, we

put gx(z) = R(e™*,1). It is easy to see that part (iii) of Theorem 2.3.3 shows that (2.2.4)
holds for (-,-)x = (-, R(1,1)71.). O
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The following characterization of locally bounded matrix semigroups is proven in chapter
3. It holds for V' as at the beginning of Section 2.2, with an arbitrary inner product
(+,+), and we write || - || for the corresponding operator norm. Below, the theorem will be
apphed to <'a > = <'7 '>X-
Theorem 2.3.5. Let (¢(z))z>0 be a semigroup in L(V') such that ||g(x)|| < f(z) for all
x > 0 with f being locally bounded and right-continuous at 0 with f(0) = 1. Then there
exists an orthogonal decomposition V.= @, V; such that each V; is invariant under g(x)
and either g(x) is elementary on Vi, or g(z)|y, =0 for x > 0. Here, elementary means
that the semigroup is of the form (ii) or (iii) in Theorem 2.2.15.

Proof of Theorem 2.2.15. Let X be an irreducible SSGM process. By Theorem 2.3.4, V'
does not have a decomposition into nontrivial orthogonal subspaces which are invariant
under gx. By Theorem 2.2.11, we have ||gx(z)||x < e %, and hence we can apply
Theorem 2.3.5. Because of the irreducibility this decomposition has to be trivial, and
hence either gx(z) is elementary on V or gx(z) = 0. If gx(x) =0 for x > 0 then X is
white noise. In this case, for any decomposition V' = W @ W+ the projections py (X)
and py,1 (X) are again H-self-similar white noise. Since they are white noise they are
also Markovian. In order for X to be irreducible any such decomposition has to be trivial
and hence V' must be one-dimensional. O

2.4. Volterra representation

We now assume V = R¢, equipped with the standard inner product, and our goal is to
give a Volterra representation of a continuous centered SSGM process X with semigroup
(exp(Mz))y>0 satisfying

|ef® exp(Mz)||x <1, z>0. (2.4.1)

Thus, we consider the non-degenerate case (ii) of Theorem 2.2.15, and the bound at the
end of that theorem is assumed to be strict. We will show that there is a (deterministic)
kernel K (s,t) such that X equals [j K (s, )dW; in distribution, where W is a Brownian
motion; this is commonly referred to as a Volterra representation of the process. Under
the standard inner product, the covariance kernel of X takes the form

R(s,t) = t* exp(M log(t/s))A™", 0<s<t, (2.4.2)
where A := R(1,1)7! is a positive definite real matrix satisfying

(u,v)x = uTAv, wu,v e R

Lemma 2.4.1. Under the above assumptions, the matric MT A+ AM + 2H A is negative
definite.

Proof. By the Lumer—Phillips theorem (see Remark 2.2.17), the bound | exp((M +
Hid)x)||x <1 shows that (M + Hid)v,v)x < 0. By Theorem 4.4.1 in chapter 4, the
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2.4. Volterra representation

strict bound (2.4.1) implies the stronger assertion
(M + Hid)v,v)x <0, 0#wveR%

(While the standard inner product is considered in chapter 4, the proof of the theorem
we have just used easily extends to an arbitrary inner product on R%) We have, by
symmetry of the inner product,

2(M + Hid)v,v)x = (M + Hid)v,v)x + (v, (M + Hid)v)x
= o (MTA+ AM +2HA)v. O

Lemma 2.4.2. Given a d x d matriz Q with lim,_,~ exp(Qx) =0 and a d X d matrix
P, we have, in the sense of the Cauchy principal value,

P=- /OO exp(QT2)(QT P + PQ) exp(Qx)dz.
0

Proof. We have % exp(QTz)Pexp(Qz) = exp(QT2)(QT P + PQ) exp(Qz), and hence

t
/ exp(QTz)(QT P + PQ) exp(Qx)dx = exp(QTt)Pexp(Qt) — P.
0
We conclude by taking the limit ¢ — co. O

The following theorem is the main result of this section.

Theorem 2.4.3. Let X, H, M, and A be as at the beginning of this section. In particular,
(2.4.1) holds. Define

K(s,t) = t"124 Y exp(Slog(t/s))U, 0<s<t,

where U is a positive definite solution to U?> = —(MTA + AM + 2HA), and S =
M?T + (H +1/2)id. Then the centered Gaussian process defined by

t
th/ K(s,t)dW,, t>0,
0

where (Wy)¢>0 ts a standard d-dimensional Brownian motion, has covariance kernel (2.4.2).
Therefore, it equals X in distribution.

Proof. Note that U is well-defined by Lemma 2.4.1. We assume 0 < s <t throughout
the proof. Clearly, we have

Ri(s,1) = E[X(X,)T] = /0 " K(u, 8)K (u, ) Tdlu,

where the second equality follows from Ito’s isometry. From K (s,t) = t"=1/2K(s/t, 1)
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we obtain
/O " K (u, 5)K (u, £) T du = (st)11/2 /0 " K (u/s, DK (u/t, 1) du,
and substituting u = sr yields
(st)H—1/2 /O ) K(u/s, DK (u/t,1) du = sT+1/2¢H=1/2 /0 1 K(r, 1)K (rs/t,1)"dr.
Now

K(r,1)K(rs/t,1)t = A7  exp(Slog(1/r))U? exp(ST log(1/7)) exp(ST log(t/s))A™L.

Hence

1
gH+1/24H—1/2 / K(r,1)K(rs/t,1)"dr
0

1
:sH+1/2tH_1/2A_1/ exp(Slog(1/r))U? exp(ST log(1/r))dr exp(ST log(t/s))A™"
0

=A"! [/ exp(MT + Hid)z)U? exp((M + Hid)z)dz| t* exp(M log(t/s))A™?
0
where we made the substitution r = e™*. It suffices to calculate the integral
/ exp((M™ + Hid)z)U? exp((M + Hid)z)dz.
0

Since || exp((H id+M)z)||x < 1 for x > 0 by (2.4.1), we have the bound
lexp((H id+M)z)|[x < ([|exp((H id+M))]x)", (2.4.3)

where n = |z]. Clearly this converges to 0 as n — oo. Setting Q := M + H id and
P := A in Lemma 2.4.2, we obtain

/Oo exp((M"* 4+ Hid)z)U? exp((M + Hid)z)dz = A. (2.4.4)
0

Note that the integral exists, not just as a Cauchy principal value, by the estimate (2.4.3).
Rewriting (2.4.4) yields

/S K(u,s)K (u,t)Tdu = t*H exp(M log(t/s)) A~ O
0
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2.5. Impossibility of Volterra representations

2.5. Impossibility of Volterra representations

In this Section we expand on section 2.4 to discuss under what condition it is impossible
to give a Volterra representation. Let X be a continuous irreducible centered SSGM
process with self similarity coefficient H. The covariance kernel is of the form

R(s,t) = t*H exp(M log(t/s))

for ¢ > s under the intrinsic inner product (-,-)x. The space Wy = {v| Vz > 0 :
||exp(Mz)v|| = e~#* } and its orthogonal complement are invariant under the semi
group action of exp(Mx) (see Lemma 4.4.4) and hence invariant under the covariance
kernel. Since X is irreducible either Wy, or WAJ;[ is the entire space.

The ability to give a Volterra representation of a self similar process is equivalent
to the right limit of its filtration at time 0 being trivial, i.e. NM;>oF;% as shown in [43].
Equivalently by defining the set of random variables

Hx(t) := span{(Xs,v)|s <t, veE V} (2.5.1)

where the closure is taken in L?(PP) with P being the measure induced by X, we have the
following theorem, which is Theorem 2.1 in [74]:

Theorem 2.5.1. The centered self similar Gaussian process X admits a Volterra repres-
entation if and only if (V,-o Hx (t) is the L?(P) subspace spanned by constant functions.

Processes satisfying (2.5.1) are called purely non-deterministic. In contrast any process
for which the sets Hx (t) remain constant for ¢ > 0 or equivalently the filtration remains
constant for ¢ > 0 is called deterministic.

Lemma 2.5.2. Let X be an irreducible continuous centered SSGM process with self
similarity coefficient H. If ||ﬁR(s,zﬁ)||Op =1 for some fizred 0 < s < t and thus for any
t>s>0, then X is deterministic.

Proof. We have R(s,t) = t*H exp(M log(t/s)) for 0 < s < t. In order to show that X is
deterministic we show that Hx(t) = Hx(s) for all 0 < s < ¢. Since H(tS%R(Svt)HOp =1
we have that W) is the entire space and thus exp([M + H id]z) is an isometry, i.e. for
any w there exists v such that exp(M log(t/s))w = e~ H#108(t/%)y and ||w|| = ||v||. This is

equivalent to R(s,t)w = (st)"v. We have

<<£)H1}, (é)HR(s, s)v> + <w7 R(t, t)w> -2 <(£>HU, R(s, t)w> = 0.

~
—¢2H —¢2H —¢2H

The above expression is equivalent to
INH (2
B[((¥ew) = (% (5) 0)) | =0
S
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obtain Hx(t) C Hx(s) and thus Hx(t) = Hx(s). It follows that X is deterministic and
hence does not admit a Volterra representation. O

H
and hence we have <Xt, w> = <XS, (i) v> almost surely. Since w was arbitrary we

Remark 2.5.3. If one assumes X; = fg k(s,t)dWy for some L? integrable kernel then
we obtain Hx(t) C Hw(t) and hence X must satisfy the condition of Theorem 2.5.1.
Hence one can see that it is impossible for a deterministic process to have a Volterra
representation.

Corollary 2.5.4. Let X be an irreducible continuous centered SSGM process with self
similarity coefficient H > 0. If HﬁR(S,t)HOp <1 for anyt > s >0 then X is purely
non-deterministic.

Proof. Since H@R(s,tmop < 1 and X is irreducible we obtain

|| exp(Mz)v|| < e~ 1
for all v # 0 and = > 0. By Theorem 2.4.3 X admits a Volterra representation and hence
it is purely non-deterministic. O

Theorem 2.5.5. If X is an irreducible continuous centered SSGM process then it is
deterministic if e gx (x) is a semigroup of isometries and hence there does not exists a
Volterra representation. Otherwise there exists a Volterra representation and X is purely
non-deterministic.

Proof. This follows from Corollary 2.5.4 and Lemma 2.5.2 and the fact that due to
the irreduciblity of X either Wy, or its orthogonal complement is the entire space.
Theorem 2.5.1 implies the non existence of a Volterra representation in the deterministic
case. If X is non-deterministic, then by Lemma 2.5.1 the semigroup e*gx (z) satisfies
|lef%gx (x)]|op < 1 and thus by Theorem 2.4.3 there exists a Volterra representation and
thus X is purely non-deterministic. O

2.6. One-dimensional processes

Specializing our multi-dimensional characterization results, Theorem 2.2.11 and The-
orem 2.2.15, we easily easily recover Theorem 1.2.3:

Theorem 2.6.1. If X is an R-valued H-SSGM process which is not white noise (see
Definitions 2.2.7 and 2.2.12), then

(Xt)es0 ~ (at?HHMyy (¢=2H=2MY),

where M € R, a = R(1,1)/2 >0, H+ M <0 and (W(t))i>0 is a standard Brownian
motion. The covariance function of X is R(s,t) = a®t*1(t/s)M, 0 < s < t.
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2.7. Proving non-Markovianity of one-dimensional processes

Proof. Since X is one-dimensional, it has to be irreducible. As X is not white noise,
Theorem 2.2.15 yields gx (z) = eM? for some M € R. We obtain R(s,t) = t*(t/s)M for
t > s > 0; recall that R is the covariance kernel with respect to the inner product (-, )x.
By multiplying with R(1,1) =: a?, we obtain R(s,t) = a*t*"(t/s)M. It remains to check
the contractivity condition on gx. By Theorem 2.2.11 we must have ||gx (z)||x < e #2.
Since (z,y)x = a2zy, we obtain ||gx(z)|x = eM*. It follows that H + M < 0 (cf.
Remark 2.2.17). One can easily check that at?+M 1} (+=2H=2M) has the same covariance
kernel. O

The pointwise limit

22H
lim a2t (t/s)M = {a ! s=1
M——o0 0 s < t,

of the covariance function R(s,t) = a®t*#(t/s)M is positive definite as well, and defines a
white noise process (for a > 0), which is also self-similar and Markovian. This corresponds
to case (i) in Theorem 2.2.15, and we have thus characterized all one-dimensional SSGM
processes.

Remark 2.6.2. As for Volterra representations in dimension one (cf. Section 2./), note
that the borderline case H + M = 0 leads to the degenerate process Xy = at™W (1), with
R(s,t) = a®(st)™, which does not have a Volterra representation by Theorem 2.5.2. If
H + M < 0, which is (2.4.1) for d = 1, Theorem 2.4.3 shows that the processes from
Theorem 2.6.1 have a Volterra representation with kernels

K(s,t) = at"12(t)s)MHA+12 0 < 5 <,

where & = a\/—2(H + M).

2.7. Proving non-Markovianity of one-dimensional processes

As hinted at in the introduction, the initial goal was a unification and simplification of non-
Markovianity proofs found in the literature. The following corollary should be applicable to
virtually any self-similar non-Markovian Gaussian process with explicit covariance function.
For example, it easily shows that the processes defined in [18, 65, 66, 67, 78] are not
Markovian. Note that in [18] and [65] it is just stated that the standard condition (2.2.2)
for Markovianity of Gaussian processes is easy to refute for the processes they consider.
In [66, 67], the Markov property is not mentioned. In [78], (2.2.2) is used directly to
prove non-Markovianity.

Definition 2.7.1. Two real functions f and g are asymptotically equivalent at infinity,
denoted by f ~ g, if lim,_,o f(x)/g(x) = 1.

Corollary 2.7.2. Let X be a centered self-similar one-dimensional Gaussian process
with covariance R(s,t) = E[X,X;] and R(1,1) = 1. If the covariance R(t'/? t) has an
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asymptotic expansion at infinity which contains more than one power of t, or a term
that is not asymptotically equivalent to a power of t with coefficient 1, then X is not
Markovian.

Proof. If X is Markovian, then its covariance function satisfies R(t'/2,t) = t2H+M/2 1y
Theorem 2.6.1. This implies the assertion, by unigeness of asymptotic expansions (see
Section 1.5 in [28], or any other treatise on asymptotic expansions). O

Other functions of ¢ than ¢1/2 could be used, of course, but in all examples from the
literature we are aware of, putting s = #1/2 seems convenient.

Example 1. The Riemann-Liouville process X; = v2H fg (t — s)H=1/2dW,, where W is
a Brownian motion and H > 0, is H-self-similar. We have R(s,t) = s?H1((t — s)/s) for
0 < s <t, where (see, e.g., [69])

LHH12 <;—H,H+;‘ 1>
241 .

1
H-1/2
() /O (o)™ v = = H+3

U

Since the hypergeometric function oF} is analytic at zero and 2 F;(0) = 1, we have

4H
A2 4 (BH/2-1/4 ‘

By Corollary 2.7.2, the process can only be Markovian if 4H/(2H + 1) =1, i.e. H = %
We conclude that the Riemann-Liouville process is not Markovian for H € (0,00) \ {3}.
While this has been mentioned in the literature, we are not aware of any published
proof. Consequently, the volatility process in the rough Bergomi model [11] from financial
mathematics, which is defined as an exponential of the Riemann-Liouville process, is not
Markovian.

The generalized fractional Brownian motion of Pang and Taqqu [47, 61| is a centered
Gaussian process with two parameters v € [0,1) and o € (—% — %’y, % + %fy) Its covariance
function is

R(s,t) = ¢? /Os(t —u)*(s —u)u Tdu
+ /oo ((t+u)* —u)((s+uw)*—u)u"du
0
=: L (s,t) + Ia(s,t), 0<s<t, (2.7.1)

where ¢ > 0 is a normalization constant that can be expressed in terms of the gamma
and beta functions. This process is self-similar with exponent
1

H=a-14+-2.
“- 53

2

The special case ¥ = a = 0 is the standard Brownian motion. The Markov property has
not been considered yet for generalized fractional Brownian motion.
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2.7. Proving non-Markovianity of one-dimensional processes
Theorem 2.7.3. Unless v = a = 0, the generalized fractional Brownian motion defined

by the covariance function (2.7.1) is not a Markov process.

Proof. We use Corollary 2.7.2, which requires the expansion of R(v/t,t) as t T co. The
integral I; can be expressed by the hypergeometric function (see 15.6.1 in [30]),

_ T(a+ DI =) 30/2-/241/2 —a,1—v 1
L(Vit) = fas v 2F&2+a—7hﬁ) (2.7.2)

In the integral I, we substitute © = tv and split the integration range,

1—1/4

L(Vtt) = t2a7+1(/0 + /toj/4 ) (14 v)* —v%) ((t*l/2 +0)* —v*)v Vdv
=: t2a_7+1 (121(\/2, t) +I22(\/%, t)) (273)

For a > 0 and 0 < v < t~/%, we have (14+v)* —v* ~ 1, and thus

(—1/4

I (Vt,t) ~ / ((t71/2 +v)* —v*)v Vd,
0
which yields
1 _ _ —a,1—7x t—o/A+y/4-1/4
I (Vi t) ~ ——t~ /2414, p ’ ‘—tl/“ - (274
21(VE.1) 1—1 2 1( 22—~ ) a—v+1 (274)

If <0, then (14 v)* —v* ~ —v®, and we obtain

4—1/4
Ly (Vt,t) ~ / (v — (=12 4 v)*)v* Vdv
0

B t—o/2+v/4-1/4 - t—3a/44y/4-1/4 (—04, a—v+ 1‘ _ t1/4)
 2a—-v+1 a—7v+1 a—7+2 |

For t~Y/4 < v, we have v/t 1 0o, hence

-1 a—2
(Y2 f o) — o = %vafl + a(a%)v + O 3t73/2), (2.7.5)
and thus ~
I (Vt,t) ~ \% s (1+v)*— vo‘)va“’_ldv. (2.7.6)

If a > 7, this is acot™ /% + O(t=3/*), because the integral

co = / (1 +v)* —v*)v* " dy
0
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exists. If @ <+, then (2.7.6) implies

1/2
In(V, 1) ~ % L1000 - V@) dy (2.7.7)
t71 4
1/2
~ % .- vy (2.7.8)
—a/2+v/4 —a/d+v/4
vlog t4+O(1 .
T *=7

From these estimates and the well-known expansion of the hypergeometric function, it
is now a straightforward matter to check that the expansion of R(v/%,t) as t T oo has at
least two terms. A case distinction according to the values of a and -y is required, but
as all cases are easy and rather similar, we just make the case where @ > 0 and o > =y
explicit, and make this assumption throughout the rest of the proof. By (2.7.2) and
§15.12(i) of [30],

N+ 1IN(1 — /2
h(V,t) = (F(a —>fy<+ 2)7)t3 e

aly — D (a+ DIT(1 — ’Y)t3a/2—7/2(1 +0(1)). (2.7.9)

+
' —v+3)

Using §15.12(i) of [30] in (2.7.4) shows that the first term of the expansion of 3 F} cancels
with the power of ¢ at the end of (2.7.4), and the second term of the expansion of 9 F}
yields

I (V1) ~ _ Y a/dty/a-1)2
As noted after (2.7.6), Ino(V/1,t) = acot—/2+O(t~3/*). (Reasoning analogously to (2.7.8),
it is easy to see that the term resulting from the second term on the right hand side
of (2.7.5) is of lower order.) Since

a v 1 3
4 + 4 > 4’
we have
I (V) + Ia(VE, £) = acgt ™2 4+ —S—4=o/407/4=1/2(1 4 (1)), (2.7.10)
a—
Then, by

> 2y
we see from (2.7.3), (2.7.9) and (2.7.10) that I; does not contribute to the first two terms
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2.7. Proving non-Markovianity of one-dimensional processes

of the expansion of (2.7.1), and so

2
R(VE,1) :a6062t2a77+1/2+%t7a/4737/4+1/2(1+0(1))7 t1 co.

As both coefficients in this expansion are clearly non-zero, and « > - implies that the
two exponents are different, we can apply Corollary 2.7.2. O
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3. A characterization of real matrix
semigroups

We characterize all real matrix semigroups, indexed by the non-negative reals, which satify
a mild boundedness assumption, without assuming continuity. Besides the continuous
solutions of the semigroup functional equation, we give a description of solutions arising
from non-measurable solutions of Cauchy’s functional equation. To do so, we discuss the
primary decomposition and the Jordan—Chevalley decomposition of a matrix semigroup.
Our motivation stems from a characterization of all multi-dimensional self-similar Gaussian
Markov processes, which is given in a companion chapter 2.

3.1. Introduction

It is a classical fact that all continuous matrix-valued functions g : [0,00) — R™"*"
satisfying the semigroup property

9 +y) =g(x)g9(y), =z,y>0,
g(0) =1id, (3.1.2)

where id is the identity matrix, are given by the maps g(z) = exp(Mz), where M € R™*"™
is arbitrary. See, e.g., Problem 2.1 in [35] and the subsequent discussion. To the best of
our knowledge, few authors have considered non-continuous solutions of (3.1.1) in the
multidimensional case d > 1. Kuczma and Zajtz [51| determine all matrix semigroups
(9(x))zer where z — g(x) is measurable. Zajtz [75] characterizes the matrix semigroups
(9(x))zeq indexed by rational numbers. The one-dimensional case, which is equivalent to
Cauchy’s functional equation,

f@)+fy) =fle+y), [f:R=R, (3.1.3)

is well studied, on the other hand (see [4, 16]). Our motivation to investigate non-
continuous matrix semigroups stems from probability theory: In chapter 2, we develop
a characterization of all self-similar Gaussian Markov processes. By self-similarity, the
bivariate covariance function of such a multi-dimensional stochastic process can be
transformed to a matrix function of a single argument, which must satisfy (3.1.1). See
Section 3.2 for some more details. Our main result (Theorem 3.2.6) determines all solutions
of (3.1.1) which satisfy a mild boundedness assumption. In Section 3.3, we prepare the
proof by providing a decomposition of the vector space into invariant subspaces, and
establish some useful properties of the decomposition. The main proofs (in Section 3.5)
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are preceded by a discussion of the Jordan—Chevalley decomposition of a semigroup,
in Section 3.4. In Appendix 3.A, we give two auxiliary results on Cauchy’s functional
equation.

3.2. Preliminaries and main result

To state our main result, define the rotation matrix

~( cos(f) sin(0)
@) = <— sin(6) cos(9)> , O€R,

and, for even k and a function v : R — R, the block-diagonal matrix
Qv(z)) 0
Qr(z) == € RF*K (3.2.1)
0 Qv(x))

consisting of k/2 rotation matrices. In our statements, v will denote some non-measurable
(equivalently, non-continuous) solution of (3.1.3). The following assumption is in force
throughout the chapter.

Assumption 3.2.1. In the following, V' denotes a real d-dimensional vector space equipped
with an inner product (-, -).

Definition 3.2.2. We write L(V') for the set of linear maps from V' to itself. The operator
norm induced by the inner product (-,-) is denoted by || - ||op. If the basis is clear from the
context, we will identify elements of L(V') and d x d matrices.

Definition 3.2.3. We say that g : R>g — L(V) is a semigroup if g(0) = id and

g(x+y) = g(x)g(y)

for all z,y > 0. Semigroups acting on VC, the complexification of V, are defined by the
same property.

Definition 3.2.4. We say that a semigroup (g(x))z>0 in L(V) is elementary if there
exists an orthonormal basis such that

g() = exp(Ma), 220, or g(z) = Q4(a) exp(Ma), = > 0,

for some non-continuous v satisfying Cauchy’s equation (3.1.3) and some matriz M €
Rdxd.

Assumption 3.2.5. The semigroup g(x).>0 satisfies ||g(x)|lop < f(x) for x > 0, where
the function f :[0,00) — R is locally bounded, right-continuous at 0 and satisfies f(0) = 1.

We can now state our main theorem, which will be proven at the end of Section 3.5.
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3.3. Primary decomposition for semigroups

Theorem 3.2.6. Let (g(x))z>0 be a semigroup satisfying Assumption 3.2.5. Then there
exists an orthogonal decomposition V = @, V; such that each V; is invariant under g(z),
and either g(x) is elementary on V; or g(z)|v, =0 for x > 0.

We call g((z))z>0 degenerate if g(x) = 0 for x > 0.

Example 2. Let ¢ € R, and let f : R — R be a non-continuous solution of Cauchy’s
functional equation (3.1.3). Then the semigroup given by

_(eos(f(@) —sn(F@) o
9(@) = <sin<f<a:>> cos(f(x))> =20,

is an example of a semigroup covered by Theorem 3.2.6 (by putting d = 2 and M = cid
in Definition 3.2.4), but not the previous results mentioned at the beginning of the
introduction. It illustrates that, in contrast to dimension one, a two-dimensional locally
bounded semigroup need not be continuous.

3.3. Primary decomposition for semigroups

In this section, we discuss a decomposition of V' into subspaces which are invariant for
the given semigroup.

Definition 3.3.1. Let S be a linear operator on the vector space V. A subspace U CV
is called S-invariant if S maps U into U.

The primary decomposition theorem from linear algebra [59, Theorem 1.5.1] decomposes
a vector space into invariant subspaces for a given operator. On each subspace, the operator
has a single real eigenvalue or a pair of conjugate complex eigenvalues. Instead of a single
operator, we need the following version for semigroups.

Theorem 3.3.2 (Primary decomposition). For any semigroup (g(z))z>0 of linear maps
acting on V' there exists a decomposition V- = @;_, V; with dim(V;) > 1 such that each
Vi is g(x)-invariant for all x > 0, and for all i one of the following holds:

(1) For all x > 0, g(x) has one eigenvalue A(z) > 0 on V;,

(2) For all x > 0, g(x) has eigenvalues A\(z), \(z) € C on V;. They may coincide (and
thus be real) for some values of x, but not for all x > 0.

Proof. 1t is known that the primary decomposition extends to commuting sets of matrices.
Indeed, the decomposition V' = @, V; into invariant subspaces follows from Theorem 5
on p. 40 in [48], applied to the span of the semigroup (g(z))z>0. Thus, we only need to
argue why (1) or (2) follows from the semigroup property. Assume that each g(z) has
only one eigenvalue A\(z) € R on some V;. Since the g(x) commute, they share a common
eigenvector v;, and thus we have A\(z)A(y) = Az + y) for z,y > 0. Suppose A(zg) < 0
for some zg > 0. Then we have \(zg) = A(x/2)?, and hence A(wo/2) ¢ R, contradicting
A(z) € R for all x > 0. Hence \(x) € R>p for all x > 0. O
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Theorem 3.3.3. Consider a semigroup g = (g(x))so acting on VC, the complexification
of V.. Then there ezists a decomposition VC = @7_, Vi with diim(V;) > 1 such that, for
each i and all x > 0, the space V; is g(x)-invariant and g(x) has only one eigenvalue
AMz) € C on V.

Proof. This is an immediate consequence of Theorem 5 on p. 40 in [48] (cf. the preceding
proof). O

Definition 3.3.4. We call the decomposition from Theorem 3.3.2 simultaneous real
primary decomposition (SRPD) of V', omitting “w.r.t. g” if the semigroup is clear from
the context. The component V; is of first type in case (1), and of second type in case (2).
Similarly, the simultaneous primary decomposition (SPD) is the decomposition from
Theorem 5.5.5.

Lemma 3.3.5. Let g be a semigroup acting on 'V, and let V; CV be a subspace of first
type from the SRPD of V. Then there exists a common eigenvector v € V such that
g(x)v = X(z)v for all x > 0.

Proof. We present an algorithm which yields the subspace of common eigenvectors. If
V, =: V;(O) itself is this subspace, then we are done. Otherwise there exists xy > 0 such

(1)

that the eigenspace V;'"/ of g(xo) is a strict subspace of V;. For any y > 0 and any

v E Vi(l) we have

It follows that Vi(l) is g(x)-invariant for all x > 0. Now either V;(l) consists of common

eigenvectors, or we can again find z; > 0 such that the eigenspace Vi(2) @

of g(x1) in 'V
is a strict subspace of Vl-(l). Repeating this argument yields a sequence of nontrivial
subspaces V;(n) whose dimensions are strictly decreasing, hence it has to terminate.
Clearly, the final vector space in this sequence is the space of common eigenvectors of the

semigroup. ]

Lemma 3.3.6. Let g be a semigroup acting on V, and let V; be a subspace from the
SRPD of V' such that there exists xo > 0 with A\(xo) = 0. Then we have \(x) =0 for all
x > 0. Furthermore V; C ker(g(x)) for all z > 0.

Proof. By the previous lemma there exists a common eigenvector v € V;. (Since com-

muting matrices are simultaneously triangularizable it follows that they share a common
eigenvector v € VC.) We have

Mz +y)v =gz +y)v = g(x)g(y)v = Az)A(y)v.
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3.4. Multiplicative Jordan—Chevalley decomposition of semigroups

Hence A satisfies A(z)A(y) = Az +y). Since A(zg) = 0 we have A(zg/n) =0 for alln € N
since A(xg/n)™ = 0. Let y > 0, then there exists n € N such that xy/n < y. We obtain

Ay) = Mzo/n)A(y — zo/n) = 0.

Since A(y) = 0 for all y > 0 it follows that the characteristic polynomial of g(y) satisfies
Xg(y)(Z) = z4m(Vi) and hence, by the Cayley-Hamilton theorem, g(y)¥™ (V) = 0. For
v € V; we obtain

g9(y)v = g(y/dim(V;)) ™)y = 0. O

Corollary 3.3.7. Let g be a semigroup acting on 'V, with SRPDV = @;_, V;. For any
x> 0 we have ker(g(x)) = @, Vi, where

I ={i|V; of type 1 with A = 0}.

Proof. If V; C ker(g(x)), then 0 = A(x) € R for all # > 0 and hence V; is of type 1. By
the previous lemma we have
ker(g(x)) 2 D V.
el
If the inclusion was strict, then there would exist V; with j ¢ I such that ker(g(z))NV; # 0.
But since g(z) is invertible on V; this gives a contradiction, hence we have equality. [

Corollary 3.3.8. Let g be a semigroup acting on V. Then there exists a decomposition
V =V1 & Va, such that g(x)|y, is invertible for all x > 0 and g(z)|y, =0 for x > 0.

3.4. Multiplicative Jordan—Chevalley decomposition of
semigroups

Due to Corollary 3.3.8, from now on we assume in most of our statements that g(z) is
invertible for all x > 0. A standard result from linear algebra, the Jordan—Chevalley
decomposition, asserts that any matrix A can be uniquely decomposed as A =D + N,
where D is diagonalizable, IV is nilpotent and D and N commute. If A is invertible, then
we can express it as A = D(id+D~'N) := DT with T unipotent and commuting with D.

Definition 3.4.1. For an invertible linear map A on K? with K € {R,C}, the multi-
plicative decomposition A = DT into commuting factors with D diagonalizable and T
unipotent, is called the multiplicative Jordan—Chevalley decomposition.

For background on the (multiplicative) Jordan—Chevalley decomposition, we refer to
Section 15.1 in [44]. We now analyze the structure of the multiplicative Jordan—Chevalley
decomposition of a semigroup.

Theorem 3.4.2. Let (9(x))z>0 be a semigroup of invertible linear maps acting on K< with
K e {R,C} and let g(x) = D(x)T'(x) be the multiplicative Jordan—Chevalley decomposition
of each g(x). Then ((D(x))z>0) and (T'(x))z>0 each form a semigroup, and the two families
commute with each other, i.e. T(x)D(y) = D(y)T(x) for all z,y > 0.
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Proof. We can w.l.o.g. assume that K = C, since by uniqueness of the Jordan—Chevalley
decomposition D(z) € R™*? and T(z) € R4 if g(z) € R¥9 for x > 0. Take the SPD
from Theorem 3.3.3, V = @le Vi, so that each g(z) has only one eigenvalue on V;.
Denote by g(x)|y, = D;i(z)T;(x) the multiplicative Jordan—Chevalley decomposition g(x)
restricted to V;. Denote by \;(x) the eigenvalue of g(x) on V;. Clearly, D;(z) = X\;(x)id.
Since the (g;(x))z>0 are a commuting family of matrices, they share a common eigenvector
v; € V;. We have

Ai(@)Ai(y)vi = gi(@)gi(y)vi = gi(x + y)vi = Mi(x + y)vi,
and hence (D;(x))z>0 is a semigroup. Since each D;(z) is a multiple of the identity, it
commutes with every linear map and hence

Ty(2)Ti(y) = —— ! (e +9) = Tz + )

- D) = —
which shows that (T;(z))z>0 is also a semigroup. The result then follows, since by
&

uniqueness (D D;(z)) ® (@ T;i(x)) is the multiplicative Jordan—Chevalley decomposition
of g(x). O

Theorem 3.4.3. Let (g())z>0 be a semigroup of invertible linear maps acting on V' and
let g(x) = D(z)T(x) be its multiplicative Jordan—Chevalley decomposition. Then there
exist commuting real diagonalizable linear maps J(x) and commuting real nilpotent linear
maps N(zx) satisfying

1 Jx)+ J(y) =J(xz+y)
2. N(z)+ N(y) = N(z +y)
3. J(z)N(y) = N(y)J(z) for all x,y >0

such that
D(z) = exp(J(z)), T(x)=exp(N(z))

and

g(z) = exp(J(@) + N(a)).

Proof. Let V.= @! ,V; be the SRPD and let g;(z) := g(x)|y,. Assume first that
V; is of first type and \;(x) is the single positive eigenvalue of g;(x). Then the mul-
tiplicative Jordan-Chevalley decomposition on V; is gi(z) = Ai(x)idT;(x). Define
Ji(z) :=log(\;(z))id. Since T;(x) — id is nilpotent, we have

QL

-1

Ni(z) :=log(Ti(x)) = Y +(id =T;(z))".

-
Il
x| =

1

Notice that since the logarithm converges for all unipotent matrices, the exponential map
between the Lie algebra of nilpotent matrices and the Lie group of unipotent matrices is
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3.4. Multiplicative Jordan—Chevalley decomposition of semigroups

bijective (see p. 35 in [41]). Since T;(z) is a semigroup we have
exp(Ni(x)) exp(Ni(y)) = exp(Ni(y)) exp(Ni(z)) = exp(Ni(z + y)).
Rewrite this as
exp(N;(y)) ™" exp(Ni()) exp(Ni(y)) = exp (exp(Ni(y)) ™ Ni(z) exp(Ni(y))) = exp(Ni(x)).
Since exp(N;(y)) "' N;(z) exp(N;(y)) is nilpotent and exp is bijective, we have
exp(Ni(y)) ' Ni(x) exp(Ni(y)) = Ni(x).
For any t € R set N!(z) := tid +N;(z), which is invertible for ¢ # 0. It is clear that
N () exp(Ni(y)) = exp(Ni(y)) N (x).
Applying the same idea again yields
exp(N} () "' Ni(y) N (x)) = exp(Ni(y)).
Again by uniqueness we obtain
N{(z)Ni(y) = Ni(y)N; («)

or equivalently

By commutativity we obtain

exp(Ni(z) + Ni(y)) = exp(Ni(z)) exp(Ni(y)) = exp(Ni(z +y))

and hence, again by uniqueness, we have N;(z) + N;(y) = N;(x +y). It follows that J;(x)
and N;(x) have the desired properties.

In the second case V; is of second type. By Theorem 3.3.3, and since g;(x) is real, V;
decomposes over C as V; = Uy @ Us, where g;(z) has only one eigenvalue on each U;
and Uj is isomorphic to Us with isomorphism given by u € U; — uw € U,. By taking
the principal branch of the logarithm, in the same manner as in the real case we obtain
commuting J, N on U; and J, N on Uj satisfying Cauchy’s equation such that

gi(z) = exp(J(z) + N(2)) @ exp(J(z) + N(x)).

Notice that J(x) = (u(z)+iv(x))id, where i = v/—1 and v(z) satisfies Cauchy’s functional
equation on R/[—m, 7). By Lemma 3.A.1, we can lift any solution on R/[—7,7) to a
solution on R such that linearity is preserved. From now on denote this lift by v(x).
Hence if we choose any basis of U; and its complex conjugate on Us we obtain that g;(z)
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is similar to

9i(x) ~ exp [(J(x) EN(x) J(2) J(:N(x))] '

Taking the similarity transform with the matrix

g L (i i
T2 \i-id id )’

where id = idgjm (), we obtain
J(z) + N(z) 0 _
ATV S L) A
[ Re(J(z)+ N(z)) Im(J(xz)+ N(z)) ‘
= <—Im(J(m) + N(x)) Re(J(x) + N@:))) € Lva).

Since matrix similarity over C is equivalent to matrix similarity over R for two real
matrices, there exists a real matrix B; on V; such that

o () D) (R )]

Setting

S
&
I
&
7N\
=
)
=
8
—
B
=
=
=
Sy
L
I

n (4 )

and

Re(N(z)) ~ Im(N(z ))) =
=5 (STNC) Re(viny
we see that J; and N; satisfy the desired conditions, with D;(z) = exp(J;(z)) and
T;(x) = exp(N;(z)) by uniqueness of the Jordan-Chevalley decomposition. The direct
sums @7, Ji(z) and ;" , N;(x) give the required matrices. Furthermore in the case
where there exists > 0 for which g¢;(x) has a complex eigenvalue \(z) = u(x) + iv(z)
we have

() — cos(v(z))id  sin(v(z))id - i N (B
gi(x) = Bi <—sm(1/( ))id cos(y(m))ld> BZ p(u(x)id +BiN (x)B;),

Ui(z)

where U;(z) € SO(dim(V;)). Recall the matrix defined in (3.2.1). By changing the
order of the basis, we have that U; is similar to the block diagonal matrix (recall the
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3.5. Proof of the main result

notation (3.2.1))

Qv(z))
Qv(z))
Hence B o
0:(@) = BiQfimvy (@) B; " explu(a) id +B,N (@) B ), (3.4.3)
where B is the composition of B; with some permutation matrix P. ]

3.5. Proof of the main result

After providing some final preparatory results, this section ends with the proof of The-
orem 3.2.6. Consider again the SRPD from Theorem 3.3.2. Now on each V;, g(z)
has either one positive eigenvalue \;(z) = eti(®) or two complex conjugate eigenvalues
Ni(z) = eti@Hi(@) and Nj(x) = et (@ =1(@) where it is possible that v;(x) = 7 for some
values of z. If V; is of first type, set v;(x) = 0. Each v; is a solution to Cauchy’s functional
equation (3.1.3). Consider then the set {f|f = v; or f = —v; for some 1 < i < n} and
partition it into equivalent solutions, according to Definition 3.A.2. This then gives a
partition of the index set {1,...,n} = Ule I; in the following manner: If v; ~ v; or
v; ~ —vj, then 4, j are in the same subset of the partition. This is well-defined, since if
f~gthen —f ~ —g. Set W, := D, Vi.

Definition 3.5.1. We call the decomposition V = @le W; the partitioned SRPD of V.

Furthermore associate with each W; one solution 7); of Cauchy’s equation such that
n; ~ v; with ¢ € I;. If n; is linear we always take 7; = 0. Notice that for i # j we
have n; % nj, hence there can be at most one W; with n; = 0, and furthermore this
is the only W; which can have odd dimension since it contains all V; of type 1 (recall
Definition 3.3.4).

Theorem 3.5.2. Let (g(z))z>0 be a semigroup of invertible linear maps acting on V,
and denote by V = @le W; its partitioned SRPD. Denote by n; the solution associated
with W;. If n; is non-continuous, then there exists a change of basis A; on W; such that

9(@)lw; = A4Q (x) A7 exp(Gi(2)),
where d; = dim(W;), and
A,Q0 (@) AT Gily) = Gi(y) AiQy (2) AT
for all x,y > 0. If n; =0, then

9(z)lw; = exp(Gi(z)).
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In both cases Gi(x) : W; — W, is a commuting family of matrices on W; satisfying
Cauchy’s functional equation. Furthermore, if v is a common eigenvector of (Gi(x))z>0
such that Gi(z)v = [p(x) + iv(z)]v, then v is linear in x.

Proof. Assume first that n;, the associated solution of Cauchy’s functional equation, is
non-continuous. For each W, we have the decomposition W; = @je I, V; where V; are
subspaces from the SRPD. Since 7; is non-continuous, each V; in the direct sum has to
be of second type, hence by (3.4.3) on each V; we have

P =1 : _
gj(x) = BJ’QZﬁm(VJ-)(x)Bj exp (p(x)id +B;N(z)B; ).
By definition of n; we have 7; ~ v; and hence there exists ¢; € R such that v;(x) =

ni(z) + cjx. Let
L

Cy:::Qj

0 1
r=(2 o).

where Cj is of dimension dim(V}) x dim(V}). Then we have

with

=1
gj(x) = Bj lem (@) B; exp (pj(z)id+B;Nj(z)B; )
= B, lem (x) eXp(ij)B; exp (,u,j(a:) id —l—Bij(a:)Bj_l)
-1 = -1 : _
= B; 1 Qv (@) B; " exp (BjCjzB; " + pj(x)id+B;N;(x)B; ).
Set Gj(z) := BjijBj_l + pj(x)id +Bij(33)BJ71. Then
A =@PB; and Gi(z) =P G;(= (3.5.1)
Jj€el; Jj€El;

satisfy
2)lw, = @ gi(x) = 4iQf (2) A exp(Gi(w)).

JEI;

By construction the common eigenvalues of exp(G;(x)) satisfy A(z) = ets(@FHe  If
n; = 0, then by Theorem 3.4.3 there exists G;(x) such that g(z)|w, = exp(Gi(x)). By the
definition of W;, it follows that the imaginary parts of the eigenvalues of G;(x) have to
be equivalent to 7; = 0, hence they have to be linear. O

Theorem 3.5.3. Let g be a non-degenerate semigroup acting on V which satisfies
Assumption 3.2.5. Then there exists a matriz M and a semigroup S(x) € SO(d), where
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3.5. Proof of the main result

SO(d) is the set of special orthogonal matrices, such that
g(x) = S(x)exp(Mz), x>0,

with M commuting with S(z).

Proof. Consider the SRPD V = @', V; from Theorem 3.3.2, and define g;(x) := g(x)|y;.
Clearly, ||gi(%)|lop < lg(x)|lop < f(x). For each eigenvalue \;(z) = et @+ on V; we
have

Ai(@)] < llgi(@)llop < f(2).

Since A;(x)Ai(y) = Ni(z + y), we have |A;(z)||\i(y)| = |Ni(z + y)|. Moreover, p;(x) =
log(|Ai(z)]), and so pi(z) <log(f(x)) for x > 0 and p(x) + pi(y) = pi(z +y). It follows
that p; is locally bounded and hence that u;(z) = a;z for some a; > 0. As in the proof of
Theorem 3.4.3, on V; we have g;(x) = exp(J;(x))T;(x) where J;(x) is diagonalizable with
eigenvalues a;x + iv;(z), and thus

1Ti(@)[lop < f(z)e™ "
As in Theorem 3.4.3, set

d—1

Ni(z) = log(T; (id =Ti(z

??'\P—‘

k=1

Then, since [|id —=Tj(z)|lop < 1+ f(z)e™*", we obtain

|V (x |yop<zfuld ~Ty(x)|k, < Z% 1+ f(z)e )" = F(x), (3.5.2)

where F(x) is again locally bounded. Since the operator norm in finite dimensions is
equivalent to the L*°-norm, it follows that each entry of N;(x) is locally bounded and
satisfies Cauchy’s functional equation. Thus, there exists a nilpotent linear map P;
such that N;(x) = Pix. Let V = @le Wi be the partitioned SRPD of V. Assume
first that the solution associated with W; is n; = 0. Since W, = @je I V; we have
9(z)|lw, = Bjcy, exp(Jj(z) + Pjz). The real part of the eigenvalues of J;(z) is linear in
x and by Theorem 3.5.2 also the complex parts have to be linear since v; = 0. Since
Jj(x) is diagonalizable and all its elgenvalues are continuous in z, J;(x) is continuous
in # and hence Jj(x) = Mjz. Setting M; ®]EL;(M + Pj) and S( ) = id yields
g(x)|w, = Si(x) exp(M;x). By Theorem 3.5 2 and (3.5.1), we have for W; with n; non-

continuous

9(@)lw, = AiQy (2) A7 exp(Gi())
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with
= ~—1 . _
Gi(z) = P (B;CjaB;  + pj(x)id +B;N;(x)B; ")
J€El;
= @ (BJC]BJ_I + a; id +BijBj_1>$.
JEIL;
Hence, setting M; := @je[i(BjCij_l +a;id —I—BjIDjB;l), we have G;(x) = M;x. Thus
9(@)lw, = AiQj; (2) A7 exp(Myz).

Next we show that S;(x) := AiQZi (ac)Ai_1 is an isometry on W;. Since ||g(x)/op < f(2),
we have

1
f(z)?

for any v € V. Hence, for v € W; we have

<U7U> -

(9(x)v, g(x)v) =0 (3.5.3)

(v,v) — f(;)2< exp(M;z)S;(x)v, exp(M;z)S;(z)v) > 0.

Fix an arbitrary xo > 0, and set 0y := n;(xg). The graph of n; is dense in R x R (see
Appendix 3.A), and so there is a sequence of positive reals z;,, with lim,_,~ =, = 0 such
that limn;(z,) = 6y. Then, for v € W; we obtain

0 <lim ((v,v> ! 5 ¢ exp(Mia:n)Si(mn)v,exp(Mia:n)Si(xn)w)

f(xn)
= (v,v) = (Si(xo)v, Si(wo)v),

where lim % = 1 since f is right-continuous at 0. Choose (&, ) such that limz, = 0
and lim7;(Z,,) = —0y. Then, since S(z)v € W;, we obtain

b
f(&n)?
= <Si(fL‘0)U, Sl($0)v> - <U7U>a

since Qq,(—60)Qq, (6p) = id. Hence we obtain

(v,v) = (S(xo)v, S(z0)v),

0 < lim ((S(xo)v, S(0)0) — <exp(Miiﬁn)Si(ﬁvn)Si(:co)v,exp(Mi.%n)Si(in)Si(xo)@)

which implies that S(x¢) is an isometry on W;. Next we show that all W; are pairwise
orthogonal. Let v € W; and uw € W; for ¢ # j. By Lemma 3.A.3, w.lo.g. there is a
sequence & such that lim &,, = 0, limn;(Z,) = 7 and limn;(&,) = 0 € (—m, 7). Hence
lim S(&,)|w, = —id and lim S(2,)|w,; = A;Qq; (0)A;1 with 6 € (—m, 7). We have the
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3.5. Proof of the main result

identity Qq;(¢) + Qua,;(—¢) = 2cos(¢) id. Applying this to ¢ := 6/2 we obtain
id +Qa, (0) = 2cos(0/2)Qq, (0/2).

Hence we have (id +Qq, (0)) ™ = (2c0s(0/2)) "' Qq,(—0/2). Set @ := Aj_l(id +Qq;(0)) T Aju.
Then @ € W, and applying (3.5.3) to v + @ and taking the limit along Z,, yields
0<(v+a,v+a) — UmS(Z,)(v+a),imS(Z,)(v+ a))

= |lo||* + [|a]|® = || lim S(&n)v||* — || Hm S(&,)al|* + 2(v, @) — 2(lim S(&,)v, im S(&,) @)

= 2(v, @) — 2(im S(Zy,)v, im S (&, ) ),

where the last equality follows from the fact that each S(Z,,) is an isometry on W; and
W;. Since the inequality above also holds for v — %, we obtain the equality

0 =(v, ) — (lim S(Zp)v, lim S(&,,)u)

(0,7) + (v, A;jQa; () A 0) = (v, A;(id+Qq, () A} ') = (v, u).

Since v, u were arbitrary, this shows orthogonality. Hence the decomposition V = @le W;
is orthogonal, and since S;(x) is an isometry on W;, it follows that S(x) := @le Si(x) is
in SO(d). Setting M = @le M;, we obtain

g(x) = S(x)exp(Mz). O

Corollary 3.5.4. Assume that S(z) = AQY(z)A™" is a semigroup with A being an
invertible matriz such that S(x) is an isometry for each x > 0. Then there exists an
orthogonal matriz U such that

S(z) =UQ4(x)U™.

Proof. One can easily verify the identities S(z) 4+ S(z)T = 2 cos(v(x))id and

sin(v(y))S(x) — sin(v(x))S(y) = sin(v(x) — v(y))id.

Choose x > 0 such that sin(v(x)) # 0. Such an x clearly exists since v is linear on Qz.
Choose any v € V of unit length and set

S(x)v — cos(v(z))v
sin(v(z))

The definition of w is invariant under the choice of z as long as sin(v(x)) # 0. This can

U=
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be seen by noticing that

sin(v(y))8(x) — sin(v(2))S(y) = sin(v(z) — v(y))id
S(z)v — cos(v(x))v _ S(y)v — cos(v(y))v
sin(v(z)) sin(v(y)) '

Hence we obtain S(z)v = cos(v(x))v + sin(v(x))u. We have

<~

1 1

m(S(m)v — cos(v(x))v,v) = m((b’(x)v?w — cos(v(x))) =0,

<u’ v> =

where the last equality follows from
2(S(z)v,v) = (S(x)v,v) + (S(z) v, v) = (S(z)v + S(z)Tv,v) = 2cos(v(x)).

Similarly we can show that w is also of unit length. Set H := span(u,v). Clearly, H is
invariant under (S(z)), and hence so is H+ since each S(x) € SO(d). In this manner we
can construct an orthonormal basis, and we denote by U the matrix associated with this
change of basis. Then we have

Ug(x)UT = UAS(2) AU exp(UMUTz) = QY(x) exp(UMU ). O

Lemma 3.5.5. Suppose that the semigroup g, acting on V, satisfies Assumption 3.2.5.
Let V- = Vi & V3 be the decomposition of Corollary 3.3.8 such that g|v, is invertible. Then,
for any v € V1 we have

- le@yel

=0 ||v]|

Proof. By Theorem 3.5.3, we have g(z)|y, = S(z)exp(M=z). Since S(z) € SO(V1), we
obtain
(9(z)v, g(z)v) = (exp(Mz)v,exp(Mzx)), v €V,

which is continuous in z. Hence
lim T = lim ||exp(M=x = . O
1;1 0”9( o] xl OHe p( Jol| = [v]]

Corollary 3.5.6. Suppose that the semigroup g, acting on V', satisfies Assumption 3.2.5.
Then the decomposition from Corollary 3.3.8 is orthogonal.

Proof. Let V = Vi @ V, with g(x)|y; being non-degenerate and g(z)|y, = 0. Assume V}
is not orthogonal to V2. Then there exists v € V} such that py,(v) # 0, where py, denotes
the orthogonal projection onto V5. By Lemma 3.5.5, we have

o lg@yel _

=0 ||v]|
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3.A. Cauchy’s functional equation

Calculating the same limit for v — py, (v) we obtain

o lg@@ =) _ . llg@el el el
w0 u-pu@l es0 ol o —pru@)] o —pr)]
Since [[vl|? = [lv = pra (0) 12 + [pv3 (v)|1? and [lpys (v)]| # 0, we have —Loloe > 1. Hence
o L@@ =P @)
20 v pra ()]
but this contradicts ||g(z)|lop < f(z). Hence V; L V5. O

Proof of Theorem 3.2.6. By Corollary 3.5.6, we have the orthogonal decomposition V' =
V1i® Vo with g(sn)\(/2 = 0 and g(z)|y;, non-degenerate. Applying Theorem 3.5.3 to
g()|y, yields the result. O

3.A. Cauchy’s functional equation

It is classical that all continuous solutions of the equation (3.1.3), f(z) + f(y) = f(z +y),
are linear, and that the non-linear solutions are not continuous, even not Lebesgue
measurable, and have dense graphs. For this, and further references, we refer to [16,
Section 1.1]. In this section, we provide two auxiliary results on Cauchy’s equation. They
concern lifting solutions from an interval to the real line, resp. the joint behavior of two
solutions that differ by a non-linear function.

Lemma 3.A.1. Let f : R — R/[~a,a) be a solution to Cauchy’s functional equa-
tion (3.1.3) on R/[—a,a) with a > 0. Then there exists a solution f :R — R of (3.1.3)
such that f(z) = f(xz) mod [—a,a). The solution f is linear if and only if f is linear.

Proof. Take a Hamel basis (r;);er of R such that r; € [—a, a) for every ¢ € I. This is clearly
possible by rescaling every basis element if necessary. For any = € R there exists a finite
subset I, C I and ¢; € Q such that = ,.; ¢, The function f(z) = > ier, Cif(ri)
satisfies f(z) = f(z) mod [—a,a). If f is linear, then clearly f is linear as well. If f is
not linear then there exist two basis elements r1 and ry such that f(r1) — L f(r2) # 0,

and hence f is also not linear. O

Definition 3.A.2. We say that two solutions v and n of Cauchy’s functional equation
are equivalent if v —n is linear.

Lemma 3.A.3. Let f,g: R — R be two non-equivalent solutions of Cauchy’s functional
equation. Then there ezists a sequence (Tyn)n>0 1 R>q, converging to 0, such that either
lim,, f(z,) = 7 and lim, g(z,) = 0 with |0| < 7 or vice versa.

Proof. Choose x,y € Ry such that the two vectors v; = (z, f(z),g(x)) and vy =

(z) f) glx) gy
— Yy e T

(y, f(y),g(y)) are linearly independent and fT =, This is possible,
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since

for all x,y > 0 would imply that f — g is linear. Assume w.l.o.g. that ‘@ — %‘ >
9(@) _ 9ly)
z y
independent, there exist sequences g, € Q and r, € Q such that g,x —r,y > 0 for every n,
lim g,z — rpy = 0 and lim, f(g,z — ry) = limy, ¢ f(x) — rnf(y) = 7. We show that

Tn = @nx — Ty has the desired property. Clearly lim Z—Z = % and

‘. Since f and g are both linear on Qx and Qy and v; and vy are linearly

7= limanf(2) — raf6) = tma, (£0) = 2 10)) = (£~ 210) ) i,
Hence

[l g (z) — rag(y)] = ] (st2) -
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4. The Fan—Taussky—Todd inequalities
and the Lumer—Phillips theorem

We argue that a classical inequality due to Fan, Taussky and Todd (1955) is equivalent
to the dissipativity of a Jordan block. As the latter can be characterised via the zeros
of Chebyshev polynomials, we obtain a short new proof of the inequality. Three other
related inequalities are reproven similarly. By the Lumer—Phillips theorem, the semigroup
defined by the Jordan block is contractive. This yields new extensions of the classical
Fan—Taussky—Todd inequalities. As applications, we give an estimate for the partial
sums of a Bessel function, and a contribution to the classification of self-similar Gaussian
Markov processes.

4.1. Introduction

In 1955, Fan, Taussky and Todd proved the following two theorems (use the identity
cos20 = 1 — 2sin” f to get the precise form stated in [36]):

Theorem 4.1.1. [36, Theorem 9] For real numbers ay, ..., an, with ag := ap41 := 0, we
have
n+1 - n
> (ar — ag-1)? 22(1—cosn+1)za§. (4.1.1)
k=1 k=1
Theorem 4.1.2. [36, Theorem 8] For real numbers ay, ..., a,, with ay := 0, we have
n T n
~ag 2>2(1— ) 2. 412
;(ak ax—1)° > CoS 1 ;ak ( )

The following converse inequalitites are special cases of results by Milovanovié¢ and
Milovanovié¢ [56].

Theorem 4.1.3. For real numbers ay,...,an, with ag := apy1 := 0, we have

n+1 ) . n )

;(ak—akl) < 2(1+cosn+1);ak. (4.1.3)
Theorem 4.1.4. For real numbers aq, ..., a,, with ag := 0, we have

- 2 2m S 2

;(ak —ap_1)° < 2(1—cos 2n—|—1> ;ak. (4.1.4)
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Alzer [7] gave short proofs of Theorems 4.1.3 and 4.1.4. In this note we give new short
proofs of Theorems 4.1.1 and 4.1.3, and analogous proofs of Theorems 4.1.2 and 4.1.4.
There are several proofs in the literature [54, 62, 77]. Our approach is symmetric in
the sense that our proofs of Theorems 4.1.1 and 4.1.3 are trivial modifications of each
other, and the same holds for Theorems 4.1.2 and 4.1.4. The proofs are based on the
dissipativity of Jordan blocks. Besides reproving inequalities which are already known
(Section 4.2), we note in Section 4.3 that dissipativity characterizes contractiveness of
the matrix semigroup generated by the Jordan block, by the Lumer—Phillips theorem.
This leads to new generalizations of Theorems 4.1.1 and 4.1.2. These generalizations are
then applied to estimate partial sums of the modified Bessel function of the first kind of
order zero. In Section 4.4, we prove strict versions of the new inequalities. Section 4.5
presents an application of dissipativity of Jordan blocks to the classification of self-similar
Gaussian Markov processes.

4.2. Proofs

Define the Jordan block

z 1 0
Jn(x) == vl eER™™, zeR
n T .. 1 ) .
0 T

We denote the standard scalar product on R™ by (-, -), and use the following terminology
from operator theory:

Definition 4.2.1. (see [27, p. 52]) A matriz A € R™*™, not necessarily symmetric, is
dissipative, if (Aa,a) <0 for all a € R™.

Since
n n
<Jn(a)a7a> :aza%—i_zakak—b a= (alv"'aan)T eRna
k=1 k=2

it is clear that (4.1.1) and (4.1.3) are immediate consequences of the following lemma.

Lemma 4.2.2. Let o € R.
(i) Jn(@) is dissipative if and only if « < — cos(w/(n + 1)).
(i1) —Jn () is dissipative if and only if a > cos(m/(n +1)).

Proof. Since 2aTJ,(a)a = a¥J,(a)Ya + aTJ,(a)a, a € R™, the first condition in (i) is
equivalent to By (a) := J,(a)T + J,,(a) being negative semidefinite, i.e. all its eigenvalues
being non-positive. It is well-known [23, pp. 25-26| that det B,,(z) = U,(z), = € R, where
U, (z) is the nth Chebyshev polynomial of the second kind. Thus, any eigenvalue p
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4.2. Proofs
of By (a) must satisfy

0 = det(By(a) — pulI) = det By (a — 2p) = Up(ar — Sp).

Now note that all such p are < 0 if and only if

. nm
o < min cos = coSs =
1<k<n n+1 n—+1

T
— oS ——,
n+1

where cos(km/(n + 1)) are the zeros of U,. The proof of (ii) is analogous; now « must

satisfy
km 7'('

Q> max cos = COS

. ]
1<k<n n 4+ n+1

To prove Theorems 4.1.2 and 4.1.4, define

Lemma 4.2.3. For x € R and n € N, we have the determinant evaluation
det(Jp(2)Y 4+ Jp(z)) = Up(z) — Up—1 ().
As above, Uy, (x) denotes the nth Chebyshev polynomial of the second kind.

Proof. By a classical result on tridiagonal matrices |57, Chapter XIII|, this determinant
is b, = by (), where the sequence (bg)_1<k<p is defined by b_; =0, by = 1, and

b =2xbp_1 —bp_9, 1<k <n,
by = (22 — 1)by_1 — by_s.

For k < n, this is the recurrence for the Chebyshev polynomials of the second kind, and
so b = Uy, for k < n. Finally,

bn == (217 — 1)Un71 — Unfg = Un — Unfl. ]

Lemma 4.2.4. Forn € N, the zeros of Uy (x) — Up—_1(z) are (—1)**!cos(kn/(2n + 1)),
1<k <n.

Proof. Let k € {1,...,n} be even. We have

km B < kr )
Sont1” U T 1)

99



The assertion now follows from the representation

sin((n + 1))

Up(cosf) = g 0 € R,
because
( km )_( ﬁ—i-l) 2n—k+1)m
T o) T\ 2" n+2
( +1)< km ) ( k+1) +(2n—k+1)7r
n — =(n—=+4= = v
"ot 2 " 2)" dn+2
The proof for odd k is analogous. O
Since . 5
min (—1)**! cos T o T
1<k<n 2n+1 2n +1
and L
k41 T _ m
e (ST s o S s g

Lemmas 4.2.3 and 4.2.4 show that the following result can be proven analogously to
Lemma 4.2.2.

Lemma 4.2.5. Let o € R.
(i) Jn(a) is dissipative if and only if o < —cos(2mw/(2n + 1).

(ii) —Jn () is dissipative if and only if o > cos(m/(2n 4 1).

For a € R", we have

n a2 n
alJn(a)a = az a2 — ?” + Zakak_l.
k=1 k=2

Now (4.1.2) and (4.1.4) easily follow, by applying Lemma 4.2.5 (i), (ii) with the respective
optimal values of .

4.3. A generalization
In what follows, we consider the Fuclidean norm on R", and write

Aa
[Allop = sup I 4a
0#£a€R™ HaH

for the operator norm of an n x n matrix A. The contractivity of matrix semigroups w.r.t.
this norm is characterized by the Lumer—Phillips theorem [27, p. 52]. In our setting, i.e.
for semigroups on R”, it is the following statement.

Theorem 4.3.1. For any real n x n matriz Q, the following are equivalent:
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4.3. A generalization

(Z) H eXp(Qx)Hop < 1 fOT‘ all © > 0,
(i1) Q is dissipative.

This yields a generalization of Theorem 4.1.1, involving an extra parameter x > 0.

Theorem 4.3.2. For real numbers aq,...,a, and x > 0, we have
n—1
Z (Z 2 ]Jrk) < exp <2$ cos ( )) Za (4.3.1)
j=0 Nk=0

Proof. By Lemma 4.2.2; .J,,(«) satisfies condition (ii) of Theorem 4.3.1 for &« = — cos(m/(n+
1), and so
| exp(Jn(a)z)al?® < [lal?, >0, a € R™. (4.3.2)

By calculating the matrix exponential of a nilpotent matrix (see |35, p. 9]),

mQ zn— 1
0 =z 0 Lz 5 (n !
0 = 1
exp((Ju(1) — 1)) = exp | = ! W ser
0 0 1
we find
1,2 ;Unfl
A (n—1J!
1 B
exp(Jp(a)z) = exp(z(Jp(1) — I) + axl) = e** v =21 (4.3.3)
1

Using this in (4.3.2) yields (4.3.1), because

) ) n n l’k_m 2
Jesp(nfa)ealf = 2 57 ( 2 =

S & ) R )

=0 “k=n—j

As (4.3.1) is obviously sharp for = | 0, the inequality must hold after taking the
derivative w.r.t. = at zero on both sides. An easy calculation shows that this yields (4.1.1),
and so Theorem 4.3.2 can be viewed as a generalization of Theorem 4.1.1. Another special
case might be worth mentioning: Putting a = (0,...,0,1) in (4.3.1) yields

i 1‘72 <e (2:1: cos (#)), neN, x>0. (4.3.4)

:0
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This inequality for the partial sums of the modified Bessel function of the first kind
L0

Ip(2z) = 3 32, % seems to be new. Analogously to Theorem 4.3.2, we can generalize

Theorem 4.1.2 as follows.

Theorem 4.3.3. For real numbers ay,...,a, and x > 0, we have
n—1 J ok 2 n
x _ 2w
Z <Z k'an_j+k) +e :Eai < exp <2x cos <2n n 1)) a?.
j=1 “k=0 j=1

Proof. The proof is very similar to that of Theorem 4.3.2. Use Lemma 4.2.5, with
a = —cos(2r/(2n + 1), and calculate || exp(J,(a)z)al/? in order to apply Theorem 4.3.1
O

Taking the derivative of (4.3.1) at zero yields (4.1.2) (cf. the remark after Theorem 4.3.2).
For a = (0,...,0,1), as above, (4.3.1) yields

2
2n+1

<l—e%+exp <2xcos( >>, neN, z>0. (4.3.5)

For fixed n, the estimate (4.3.5) is sharper than (4.3.4) for large . We conjecture that
there is a threshold zp = xo(n) > 0 such that (4.3.4) gives a better bound for 0 < z < .

4.4, Strict inequalities

We were not able the find the following strict version of the Lumer—Phillips theorem in
the literature:

Theorem 4.4.1. For any real n x n matriz Q, the following are equivalent:

(1) |lexp(Qx)|lop < 1 for all x >0,
(ii) (Qa,a) < 0 for all a € R™\ {0}.

Analogously to Theorem 4.3.2, Theorem 4.4.1 implies the following statement, and an
analogous strict variant of Theorem 4.3.3.

Theorem 4.4.2. For real numbers ay, . .., an, not all zero, x > 0 and o > cos(w/(n+1)),
we have

n—1 J o 2 n

> (X G ) <X

j=0 “k=0 j=1

It remains to prove Theorem 4.4.1.

Lemma 4.4.3. Let Q) be a real n x n matriz satisfying || exp(Qx)|lop < 1 for all x > 0.
Assume there exists xg > 0 such that || exp(Qzo)|lop = 1. Then || exp(Qz)|lop = 1 for all
xz > 0.
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4.5. Application to Gaussian Processes

Proof. Choose a € R™ with unit length such that ||exp(Qzo)al| = 1. Clearly we must
have || exp(Qz)al| = 1 for all x € [0, x|, since otherwise, by submultiplicativity,

| exp(Qo)all = || exp(Q(z0 — x)) exp(Qz)al
< | exp(Q(eo — @))|| | exp(Qe)a] < 1.
<1 <1

Now (exp(Qz)a,exp(Qz)a) — 1 is analytic in = and vanishes on [0, zg]. Hence it must
vanish everywhere, and we have || exp(Qx)al| = 1 for all z. O

Lemma 4.4.4. Let Q be a real n x n matriz satisfying || exp(Qx)||op < 1 for all x > 0.
The set of vectors a € R™ satisfying || exp(Qx)a| = ||a|| for all x > 0 is a subspace. Denote
this subspace by Wq. Then Wg and Wé are invariant under exp(Qx).

Proof. For a € R™ and = > 0, we have

lexp(Qz)all = [lall <= ((id—exp(Q"z)exp(Qz))a, a) = 0.

Our assumption implies that id — exp(QTx) exp(Qz) is positive semidefinite, and thus
the condition || exp(Qx)al| = ||a|| is equivalent to a € ker(id — exp(QTx) exp(Qz)). By
Lemma 4.4.3, this kernel is the same for every x > 0. Let u € Wé‘ Then, for any w € Wy
we have

(exp(Q)u, w) = (u, exp(Qw) w) = (u, exp(~Qz)w) = 0,

since exp(—Qz)w € Wy. Hence Wé is invariant under exp(Qz). Invariance of Wy is
clear. O

Proof of Theorem /.4.1. If (ii) holds, then | exp(Qz)|lop < 1, x > 0, by Theorem 4.3.1.
Assume for the sake of contradiction that ||exp(Qx)|lop = 1 for some z > 0. By
Lemmas 4.4.3 and 4.4.4, there exists 0 # a € R” such that (exp(Qz)a,exp(Qz)a) is
constant in z. Hence the derivative at x = 0 has to be zero, and hence (Qa,a) = 0,
contradicting our assumption. Conversely, assume there exists a # 0 with (Qa,a) = 0.
Then we have a € ker(Q+Q7), since Q+Q7 is negative semidefinite. Hence exp(QTx)a =
exp(—Qx)a, and we have

(exp(Qx)a, exp(Qz)a) = (a,exp(Q" ) exp(Qz)a)
= (a, exp(—Qz) exp(Qz)a) = (a, a).

Therefore, ||exp(Qz)|lop =1 for all z > 0. O
4.5. Application to Gaussian Processes

In chapter 2, all centered H-self-similar Gaussian Markov (SSGM) processes with values
in R™ are characterized. In particular, we have shown that the matrix-valued covariance
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function
R(s,t) = t* exp (M log(t/s)), H >0, M e R™™" 0<s<t,

yields such a process, in the sense of Definition 2.2.7 in chapter 2, if and only if the matrix
semigroup (exp(Mz)),>0 satisfies the contractivity condition

| exp(Mz)|lop < e H%, 2 >0. (4.5.1)

By Theorem 4.3.1, this is equivalent to the dissipativity of M + Hid. In the special
case where the matrix M = J,()\) consists of a single Jordan block, we can thus apply
Lemma 4.2.2 with a = A + H to conclude:

Proposition 4.5.1. The covariance function
R(s,t) = t*T exp (J, (M) log(t/s)), H >0, NeR, 0<s<t, (4.5.2)

defines an R™-valued SSGM process if and only if

A+ H < —cos il )
n+1

Of course, the matrix exponential in (4.5.2) can be evaluated by (4.3.3).
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5. Martingales with restricted support

We consider martingales with given initial and final marginal distribution whose paths
are restricted to a subset of the entire path space. Our main result is the formulation of
necessary and sufficient condition guaranteeing the existence of such a measure akin to
the convex ordering condition of Strassen [71]. We then apply these conditions to obtain
no joint arbitrage conditions in discrete time.

5.1. Introduction

A classical result in martingale theory is Strassen’s theorem which clarifies the existence of
martingale couplings with marginal constraints. Given two probability distributions u, v
on R?, there exists a martingale coupling if and only if E*[f] < E¥[f] for all non negative
convex functions f : R? = R, i.e., 4 < v in convexr order. In this chapter we study the
existence of martingale couplings, such that given some subset P C (R%)" for n > 2, P
has probability one under the coupling. Our main contribution is the introduction of a
superlinear operator Sp depending on P and acting on all functions f : R* — R such
that there exists a martingale coupling Q with marginals p, v if and only if

E*[Spf] < E"[f]

for a suitable class of test functions f. In the case when P is the entire space, Sp maps
any function to its convex envelope and we recover Strassen’s original result.

In the context of mathematical finance we apply this result and consider a price process
(51, S2) taking values in R ) and some contract with payoff L(Sy, S3) € R at time t = 2
and price C at time t = 1. We further assume that interest rates are zero. Let the risk
free marginal distributions S7 ~ p1, S ~ o and C' ~ pc be fixed. Given the availability
of trading strategies involving static positions in vanilla options on Sy, Sy and C, as well
as dynamic trading in the price process S and the contract, the absence of arbitrage (see
[42]) implies the existence of a martingale measure Q on R x R*! with the given
marginals, such that

E%[Ss|o(S1,C)] = S1,  EQ[L(S1, S2)|0(S1,C)] = C.

Notice that any such measure Q must assign full mass to the set P = {((s1, ¢), (s2, L(s1, 82))) :
51,50 € R, c e R} C R % R4, This observation allows us to apply our developed
theory to clarify the existence of such couplings and hence the absence of arbitrage via
a Strassen-type result. The motivating result for this problem is the absence of joint
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arbitrage in a two-step market with the contract being the VIX as discussed by Guyon
in [42]. We extend Guyons’s result on no joint arbitrage when considering the VIX and
develop related results for a larger class of claims.

The chapter is organized as follows, in Section 5.2 we introduce the necessary notation
and state the main results. Section 5.3 presents the application of the theory to the
mathematical finance setting. In Section 5.4 most of the theory is developed and in
Section 5.5 the proofs for the main results can be found. Section 5.6 presents the proofs
of Section 5.3 on the applications to mathematical finance.

5.2. Preliminaries and main results

Throughout this chapter X denotes a d-dimensional vector space unless otherwise specified
and
N —

n

the n-fold product of X where n € N. By R we denote the extended real numbers
R U {—00, 00}.
For the proofs of the theorems stated in this section we refer to Section 5.4.

Definition 5.2.1. Denote by C(X) the set of real valued continuous functions on X and
by Cy(X) the set of bounded continuous real valued functions. For any v € Cyp(X) with
¥ >0 set

Cy(X) :={f e C(X): fyeCp(X)}

and

Ci(X)={feC(X): IKeR: f> K},
the set of continuous function with a lower bound. Set
Fp(X):={f: X = R: f upper semi-continuous and 3g € Cy(X): f < g}.

Denote by M(X) the set of all finite signed Borel measures on X and by M'(X) the
subset of probability measures (and similarly M(Z), M'(Z)). Set

My(X) = {u € M(X): E* m < ol

and set Mdl)(X) = My(X) N MY(X) the subset of probability measures.

Definition 5.2.2. For 1 < ¢ < n denote p; : Z — X the projection onto the i-th
component. For P C Z set P; = (p1,...,pi)(P) C X"

Definition 5.2.3. Let f: X — R. We say that f is convex if its epigraph

epi(f) ={(z,t) e X xR: t > f(x)}

1S a conver set.

68



5.2. Preliminaries and main results

Next we define the operator needed to formulate a Strassen-type result for martingales
with restricted support.

Definition 5.2.4. Let PC Z = X" = X" ! x X and set forh: X" ' x X - R

Up(h) :=
{g: X = R:g convex and g(z) < h(y,z) for all x € X with (y,z) € P andy € X" 1}.

For h: X" 1 x X — R define SEh: X" 1 - R by

(Sph)(y) == sup g(Pn-1(y)).
geUp(h)

For f: X — R set
SpfiX R, @i [(Sh, 000 SE 0 SB)(f o )| (2) = (SB, (S, (- S(fopn))) (@),
Remark 5.2.5. For any function h: X"~ ! x X — R we have g € Up(h) if and only if

g € UY(hp), where

h(y,x) (y,z) € P,
00 else

hp(y,.%') = {

with y € X" and x € X. Hence SBh = S%hp. It is clear from Definition 5.2./ with P
replaced by the entire space Z that SThp is just the convex envelope relative to X (see
Definition 5./.2) of the function

x — hp(y, )

evaluated at © = pp_1(y).

Example 3. Suppose that n = 2 and Z = X?, then for any function f: X — R
we have

Spf(x) = Sp,(f opa)(x)
= sup{g(z) : ¢ convex and g(y) < (f o p2)(z,y) for all y with (z,y) € P}

which is equivalent to
Spf(z) =sup{g(x): g convex and g(y) < f(y) for all y with (z,y) € P}.

If P=Z, then Spf is the convex envelope of f and if P = A := {(x,z) : z € X} then
Spf=1.

Definition 5.2.6. Let P C Z and denote by M(P) C M(Z) the set of martingale
probability measures on Z such that for all Q € M(P) it holds that Q(P) = 1. Set
My(P) = My, (Z) N M(P). For p,v e Mi(X) set

yMy(P) ={Q € My(P): (p1)+Q = pi}
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and
‘My(P) ={Q e My(P): (pn)«Q = v}
where (-), denotes the pushforward. Set

My (P) = (My(P) N My(P).

We are now ready to state the main result of this chapter.

Theorem 5.2.7. Let P C Z be closed and p,v € M (X) have finite first moments. Then
for all f € C(X), Spf is Borel measurable. Moreover there exists Q € M(P) with initial
marginal distribution p and final marginal distribution v if and only if for all f € C(X)
with f > 0 we have

E*[Sp f] < E”[f].

Remark 5.2.8. Theorem 5.2.7 does not hold in general if P is open. Indeed, set X = R,
n=2and P:=R>\ A ={(x,y): z#y}. Forany f € C(X) with f >0 we have

Spf(x) =sup{g(z): g conver and g(y) < f(y) for all y with y # x}.

Since each g in the above set satisfies g < co, we either have g = —o0 or g s real valued.
In the latter case since g is convex, it is continuous and thus g(y) < f(y) holds for all y.
Hence Spf = Lf (see Definition 5.A.5). For any probability measure p on R with finite
first moment, the identity coupling Q, = (x — (x,x)).(p) is supported on A and hence
not in My(P). Let Q be an arbitrary martingale coupling of (., ) and denote by dnodp
its disintegration. Then we have by Jensen’s inequality

E*[V/1 + 27 :/WQ(da;,dy)
_ / V1t yPng(x, dy)p(de)
Z/mu(dx) = E*V1+ 27).

Since V1 + 22 is strictly convex and we must have equality, we obtain ng(x, dy) = 0, and
thus Q must be the identity coupling. But clearly for any f € C(R) with f > 0 we have

E[Spf] = EF[Lf] < B*[f]

since we have Lf < f. Hence choosing i = v we obtain that p satisfies the conditions of
Theorem 5.2.7 but there is no martingale coupling of p with p supported on P.

For the rest of the section set ¢ : X — R, @+ 1 with ¢ > 1. The set My(X) is

1[][*
the set of measures which integrate i Hence for ¢(z) = My (X) is the set of all
measures on X with finite ¢~th moments.

The following theorem analytically characterizes the range of possible final distributions

for a martingale with a fixed initial distribution p € Mi(X ) and whose support lies

1
T[] [*
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5.2. Preliminaries and main results

within a closed set P.

Theorem 5.2.9. Let yu € MJJ(X) and P C Z be closed. For all f € Fy(X), Spf is Borel
measurable and if ,My(P) # 0

inf EQ ] = EX*[Sp f].
@eﬁw(p) [f o pn [Spf]

From a financial perspective, this result provides the lowest arbitrage-free price of a
payoff f in a robust sense, given the initial risk-free marginal distribution and the range
P of possible evolutions for the price process.

Remark 5.2.10. In general the duality in Theorem 5.2.9 does not hold if ,My(P) = 0.

To see this let X =R, n =2 and P = {(z,y) : |y| > € }. Assume p to be the standard
normal distribution, i.e.

—_

wu(dz) = e " 2dx,

Ver

Let f(z) := |x|. Observe that for any (x,y1) € P and (x,y2) € P such that ay; + by = x
for non negative a,b with a +b =1 we have for any convex g which satisfies g(y) < f(y)

for (x,y) € P that by convewity g(x) < af(y1) +bf(y2). Thus Spf(x) < af(y1) +bf(y2)-
Hence, since (x,e*") and (z,—e"") are both in P and by the above observation,

2

Spf(x) < af(=e”) +bf(e”) = ¢,
where a and b are nonnegative and satisfy a(—e“Q) +bet” = (b— a)e"’“"2 =z anda+b=1.

Furthermore , ,
eyl <e”
9(y) = {

ly| else

is convex and satisfies g(y) < f(y) for (z,y) € P. Since g(z) = e we obtain Spf(z) =
e . Tt follows that EX[Spf] = co and hence Theorem 5.2.7 can never be satisfied. Thus
there does not exist a martingale measure on P with initial distribution p. We have
Sp0 = 0, where 0(x) =0 and hence

EA[Sp0] =0 <oo= inf E2[0opy]
Q€, My (P)

since , My (P) is empty.
Definition 5.2.11. Define for f : X — R
Splfi={g€C(X): Spg> f}.

Assumption 5.2.12. For P C Z we have for all f € Cy(X) that Spf : X — R is lower
SEMI-cONtINUOUS.

A sufficient condition for Assumption 5.2.12 is given by the following proposition.
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Proposition 5.2.13. Assumption 5.2.12 holds if P is compact or P = Z.

Under Assumption 5.2.12 we can in a similar fashion as in Theorem 5.2.9 characterize
the range of initial marginal distributions of a martingale with given path space P and
final distribution v € MT}) (X).

Theorem 5.2.14. Let v € Ml})(X) and P C Z be closed and satisfy Assumption 5.2.12.
Assume Y My,(P) # 0. Then for all f € Fy(X) we have

sup  EQfopy] = inf E"[g].
QEY M, (P) geSHf

Remark 5.2.15. This theorem is an extension of Theorem 1 in [29] to all sets satisfying
Assumption 5.2.12. In particular for X =R, P=R¢xR%, v € M&)(Rd) and g € Cy(R?)
we have Spg = Lg, where Lg denotes the lower semi-continuous convez envelope of g (see
Definition 5.A.5). We obtain

supEX[f] = inf E¥
sup [f] At [g]
g€C(RY)

forall f € fw(Rd). For any g € C)(RY) satisfying Lg > f it follows that f < Lg < g and
hence Lg is real valued. Together with Lg being convexr we obtain that Lg is continuous
and in particular by Baire’s Theorem for lower semi-continuous functions applied to
g—Lg >0 (see [72] pg. 79) this implies that there exists a pointwise decreasing sequence
(gn)n with g, € C{(RY) with

Jim_ g, (2) = Lg(x)
pointwise for all x € RY. Since g, > Lg we have Lg, > Lg > f. Thus by monotone

convergence
lim E”[g,] = E"[Lg].
n—oo
Since we can construct such a sequence for all g € C;(R?) this implies
inf E"[¢g] < inf E"[Lg]

Lg>f Lg>f
geC(RY) geC(RY)

and the reverse inequality is obvious since Lg < g. Since for any convex function g € C(X)
we have Lg = g we obtain

sup E¢[f] = inf E”[g].
VL g9>f
gEC(R?Y) and convex

For functions f; : R — R with 1 <4 < d denote by

d

d
@f@ : (X > (.’L‘l,...,l'n)) —> Zfl(xz)
=1

=1
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5.3. Applications to mathematical finance and no joint arbitrage

Let 7 : R — R be given by y(z) = %Ix\t In the same way that we provided an existence
result for martingale measures with fixed initial and final distributions and a specified path
space, we can, under Assumption 5.4.18, establish an analogous result for the existence
of a martingale measure with a fixed path space, where the one-dimensional marginal
distributions of the initial and final marginal distributions are fixed.

Theorem 5.2.16. Let P C Z be closed and satisfy Assumption 5.2.12 and let p;, v; €
M,% (R), 1 < i < d be probability measures on R. Then there exists a martingale measure
Q € My (P) with initial and final marginal p and v whose respective marginals are p; and

v; if and only if for all f; € C(R) with f; > 0 and ¢; € Cp(R) with @? ¢i < Sp(@? fi)
we have

D EH] <Y B[Sl
In the case that such a Q exists we have the following duality for all f; € C(R)

sup EFi[g;] = inf E¥ [ f;].
eaqsissp(eamzi: . ”EMILWI’---M»P)Z .
b €L (1s)

i

where MZ(/“, oy bdy P) © My (P) is the set of all martingale measures Q supported on
P such that their initial marginal p has marginals p1, . . ., pq.

5.3. Applications to mathematical finance and no joint
arbitrage

Assume we have a Rio valued price process S. Denote by S; and Ss the price at some
fixed times 0 < t; < to respectively. We also assume that there is a contract with payoff
L(S1,52) at ty and price C at t; where L : Rio X Rio — R. Assume we are given the
risk neutral distributions of S7 ~ p1, C' ~ pe and Se ~ po from market data and assume
we have no interest rate.

Definition 5.3.1. We call a semi-static trading strategy in (S1, S2,C) any strategy of the
form

u1(51) + UQ(SQ) + UC(C) + hl(SQ — 51) + hz(L(S1, SQ) — C)

where u1 € LY(p1),u2 € LY(pu2),uc € L*(uc) and with the deltas hy, he being bounded
and o(S1, C)-measurable.

For the next definition, see Definition 5 in [42].

Definition 5.3.2 (joint arbitrage). We say that there exists (S, S2, C')-joint arbitrage if
there is a semi-static trading strategy (uy,ua, uc, h1, ha) with payoff

ul(Sl) + UQ(SQ) + Uc(C) + hl(SQ — Sl) + hQ(L(Sl, Sz) — C) Z 0

and price
E [ul] + E#2 [UQ] + ErC [UC] < 0.

73



Note that this definition differs from the standard ’existence of an equivalent martingale
measure’ concept of arbitrage, which typically requires a reference or market measure.
This alternative notion of no-arbitrage is commonly explored in the context of robust
finance; see, for example, [14]. In order to exclude joint arbitrage, by [42| and
[14], there must exist a martingale measure Q such that the process

(51,C) — (S2, L(S1, 52))
is a martingale.

Definition 5.3.3. Let L : Rio X R‘io — R be continuous. Let Pr(p1, uc, p2) denote the
set of probability measures u on Rio x R x Rio such that

Sy~ pr, Cr~po, Sor~pz, EF[SS1,Cl= 81, EX[L(S1,S52)[5,C]=C.

We set P := {((s1,¢), (s2, L(s1,82))) : s1,82 € RS, ¢ € R} € RIFL x R gnd for
f € C(RY) by a slight abuse of notation set Spf := Spf where f € C(RYTY) satisfies

~

f(s1,¢) = f(s1)-

Remark 5.3.4. We equip the space Rio x R x Rio with the subspace topology induced
by R24+1. Notice that R‘io with its induced topology is Polish.

The fact that these spaces are Polish, allows us to apply Strassen’s original theorem,
theorem 7 in [71]. To work with arbitrary marginal distributions, we require some
boundedness on the payoff of the contract to ensure the existence of expectations.

Assumption 5.3.5. Assume for L : Rio X Rio — R there exists ¥ : Rio — R such that

for allx,yE]R‘iO we have
1 1
Lz, y)| < R|——+— ).
26 < 7 55+ 57

for some constant R > 0.

Note that we here allow for general 1) not necessarily W as in the previous section.

Assumption 5.3.6. Fiz ¢ such that Assumption 5.3.5 is satisfied. Then, we assume
that P = {((s1,c¢), (s2, L(s1,52))) : s1,52 € RL,, ¢ € R} C RIFL x R has the property
that Spf is lower semi-continuous for all f € CMR%O).

The next Theorem provides equivalent conditions for the existence of no arbitrage in
the sense of Definition 5.3.2.

Theorem 5.3.7. Assume L satisfies Assumption 5.53.5 with some fixed . Set P =
{((s1,¢), (s2,L(51,82))) : 81,80 € R%;, c € R} € R x R and assume that P is
closed and satisfies Assumption 5.3.6. Let 1, s € Mw(Rio) and assume that py, po, po
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5.3. Applications to mathematical finance and no joint arbitrage

have finite first moments. Then Pr(u1, i, pi2) # O if and only if for all f € Cyp(RY)
with f >0, ¢1 € C’b(R‘iO) and pc € Cp(R) with Spf > ¢1 ® pc we have

B[] + B[] < BP2(f). (5.3.1)

This allows us to extend Theorem 6 in [42]. Let

2
L(s1,82) = - log(sa/s1).

Then the price of the contract C'is given by VIX? at time t1. Set P = {((s1, ), (s2, L(s1, 52))) :
51,52 € Rsg, ¢ € R} € R? x R? and set
1
()

Definition 5.3.8. For f € Cy(R) set

=1+ |z| + | log(z)|.

~ 2
f(c) =sup{a+bc+d: a,b,deR, ar—b-—log(z)+d< f(x) for z > 0}.
T

Lemma 5.3.9. For f € Cy(R) we have f(0) = f(1) and for ¢ < 0 we have f(0) = cc.

The function fcan be interpreted as follows: If S; =1 and c is the price of the contract
with payoff —% log(S2) at time ¢t = 1 then f(c) is the maximal subhedging price of a
derivative with payoff f at time ¢ = 2. Any subhedging strategy where we buy the asset
a-times with S; = 1, the claim b-times at price ¢ € R and holding d in the bank account,
must satisfy aSe — b% log(S2) + d < f(S2) and has cost a + be + d. Taking the supremum
over all such strategies yields f(c) N
The primary reason for considering the mapping f — f lies in its relationship with the
operator Sp. By examining this relationship, we can show that P and L must satisfy
Assumption 5.3.5. This yields the following Theorem:

Theorem 5.3.10. Let pu1, o and piyrx2 have a finite first moment and let EF[| log(x)|] <
0o. Then L and P satisfy Assumptions 5.5.5 and 5.5.6 and we have for f € Cy(R).

~ 2
Spf(s,) = e — = log(s).
The following are equivalent:

1. The market is free of joint (Sy, Sa, VIX?) arbitrage.

2. Prp, pyix2s p2) # 0.
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3. For all f € Cy(R) with f > 0 and p1 € Cp(RL,) and oyx2 € Cp(R) with Spf >
©1 D pyrx2 we have

EF 1] + EFVIX? [0y 1y2] < EF2[f].

Fiz p, pyrxz- If we have Pr(pr, pyxe, f2) # O for some po then we have the following
duality for all f € C¢(Rd)

sup EX 1] + EFvIX2 [y 2] = inf Er2[f]
P1BPyx2<Spf #2
mgﬁ (;1) Pr (ﬂ17ﬂv1x27ﬂ2)7é®
Pyix2 €L (Byrx2)

Consider all contracts on S and VIX with payoffs 1 (S1) and ¢y x2 (VIX?) at time t = #;
such that their joint payoff is less than the maximal subreplication price Spf(Sy, VIX?)
of f(S2). The duality result above states that the supremum of the joint price over all
such contracts is precisely the minimal arbitrage free cost of the contract with payoff f(.S2).

5.4. Theoretical results

5.4.1. Discrete representation of Sp

We derive a dual formulation of the operator Sp. The arguments presented are purely
combinatorial and do not rely on topological considerations. Given the focus of this thesis,
we frame everything in the terminology of probability theory, although all results can
be interpreted as outcomes concerning finite convex combinations in finite-dimensional
vector spaces.

Definition 5.4.1. Let A C X and set
IT4 := {\| A\ probability measure on X with barycenter and AM(A) = 1}

and denote by () the barycenter of A.

Definition 5.4.2 (Relative lower convex envelope). For f : X — R and any A C X set
for every x € X:

fa(x) :=sup{g(x)| g: X = R conver and Vy € A : g(y) < f(y)}.

Proposition 5.4.3. For any A C X and f : X — R the function f 4(x) is convex. We
have

falz)= /\eg}cf(f) E/\[f]

where

EA(f)={ ella: n(\) =z andsupp(N) is finite and f(y) < oo for y € supp(A)}
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5.4. Theoretical results

Proof. For any function f set epi(f):={(z,t) e X xR: t> f(x)}. Set M ={g: X —
R : g is convex and g < f on A}. Then we have

epi(f4) = () epilg)

geEM

and since the intersection of convex sets is convex it follows that epi(f4) is convex and

hence f 4 is convex. Set
H(z):= inf EMf].
(z) AEEZ (f) i

Choose (z,t), (y,s) € epi(H). It follows that

t> inf E
TAEEL(f) [f]

and

s> inf E*
REAT) i

and hence for any € > 0 there exists . € Z%(f) and v, € E%(f) such that ¢ + e > Et<[f]
and s + € > E¥[f]. For any «, 8 > 0 with o + 8 = 1 we have

at + Bs + € > B tPe[ ],

Letting € — 0 and noticing that apc+ B, € ijJrﬁy(f) we obtain a(z, t)+5(y, s) € epi(H).
It follows that H is convex and since for any z € A

) = int B <EM) = ()

fa(z). Set Ay = An{f < oo}. For (z;)", in A we have for all
> i@ t;) € epi(f4) with a; > 0 and Y, ; = 1 and hence that

Z gty > ?A(Z ;).
Since this holds for all t; > f 4(x;) we obtain
Z o f (i) = 7,4(2 ;i T;).

We now show that epi(H) C epi(f,4) from which it follows that H(z) > f4(x). Assume
(x,t) € epi(H), then by the above argument for any € > 0 there exists pe € Z%(f)
such that ¢ + e > E#<[f]. Since p. is of finite support, there exist (x;); in A such that

we have H(z) <
ti > f4(z;) that
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fe =Y ; 00y, Hence we have

t+e>EFe[f ZO‘J (z4) >Za,fA (2) > f Zazl’z =

\/

Since € was arbitrary we obtain (z,t) € epi(f4). O

Lemma 5.4.4. For f < g and A D B we have

fa<9s
Proof. We have by Proposition 5.4.3 for any z € X

Fx)= inf EMfl< inf E> inf E* ga(x).
Fa@)= inf B int EMfI< inf EMg)=ga(e)

O
The next Lemma shows that in order to calculate the infimum over all measures in

=% (f) it sufficies to consider those, whose support consists of less than or equal to d + 1
points. Recall here that A ¢ X = R%.

Lemma 5.4.5. Set Z5(f,n) :={\ € 24(f) : |supp(\)| < n}. Then for any f: X - R
we have

inf IE)‘)‘ = inf E

EL () ] E%(f.d+1) ]
Proof. Clearly

inf EA f inf E fl.

=50 < E4(f,d+1) i

Set Ay = AN{f < oo} and fix x € conv(Ay). Assume for the sake of contradiction that
there is a minimal n > d + 1 such that there exists a measure p with |supp(p)| = n with

EXfl < inf E
Lf] = () [f]

Since p € E%(f,n), there exist z1,...,z, € Ay and a1,..., o, > 0 with } «o; = 1 such
that =), cya; and p = ) @0y, Con51der the set conv(Af) x {1} ¢ R!. We have
that (z,1) is in the linear hull of {(xl, 1): 1 <i<n}. Since n > d+ 1 these vectors are
linearly dependent and hence there exist 1, ..., 3, not all zero such that > 8;(x;, 1) = 0.
Since in particular this implies ) ; = 0 there must exist k, j with 8; > 0 and §j < 0.
Set v :=sup{t: a; —t5; > 0} >0 and n :=sup{t: o; +t5; > 0} > 0. Set

H1 = Z(az - 761)5x

H2 = Z(ai +1Bi)ds

and
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5.4. Theoretical results

Since there exist 4, j such that o; —v6; = 0 and a; + nf; = 0 we have |supp(u1)| < n
and | supp(u2)| < n. By construction of p1, s we obtain the identity
n Y

= w1+ Ha.
Y+ v+n

I
It follows that

EX[f] = min{E*[f], E*2[f]}.
But this contradicts the minimality of n and hence such an n cannot exist. O

Let Y be a finite dimensional real vector space.

Definition 5.4.6. For ease of notation define for PCY x X and f: Y x X — R the
map Hpf : Y x X — R by

Hpf(y,z) = f(y, ')Py (@).
It follows by Proposition 5.4.3 that Hpf(y,-) is convex.
Lemma 5.4.7. For f,g: Y x X - R withg< f and P, C P, CY x X. Then

HPlf > HPzg-

Proof. We have

< fly, )(Pl)y(x) = lef(y,x)

where we have applied Lemma 5.4.4. O

Lemma 5.4.8. Let (P,), be an increasing sequence of subsets of Y x X with UP, = P
and (fn)n a pointwise decreasing sequence of extended real functions on'Y x X converging
pointwise to f. Then we have

nh—>nolo Hpnfn(y,l“) = HPf(ya .%')

pointwise for all (y,z) €Y x X.

Proof. By Proposition 5.4.3 for any € > 0 and (y,z) € Y x X there exists a measure
A € Ep (f(y,-)) such that

EMNf(y, )] < Hpf(y,z) +e.

Since f, converges pointwise to f, UP, = P and A has finite support, there exists ng
such that for all n > ng we have A € Efp | (f(y,-)) and for all z € supp(A) we have

fn(y,2) — f(y,z) <e. This hold since | supp(A)| < oo and hence there must exists an ng
such that supp(A\) C (Pp,)y. Thus for n > ng

HPnfn(y7 x) < E/\[fn(:% )] < E)\[f(:% )] te< HPf(ya :C) + 2e.
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Letting ¢ — 0 we obtain
lim Hp fn(y, 2) < Hpf(y,z).

Conversely since H is monotone in both it arguments P and f by Lemma 5.4.7 the reverse
inequality is clear. O

Definition 5.4.9. Let h: X" — R. Consider h as a function on X™ ' x X, then define
S%h: X"t - R by
Sph(y) = Hph(y, pn-1(y))

where y € X" 1 and pp_1 : X" ' — X the projection onto the last component. Set
Py = (p1,...,p1)(P) and for f: X — R define

Spf =S, 00 8g L o SE(f opa).
and for h: Z — R set _
Sph=Sp, 0085 0 Sp(h)

Remark 5.4.10. This definition for Sp is equivalent to Definition 5.2.4. This can be
seen from

Hph(z, pu-i(x)) = h(@, ) p, (p1(x))
— sup{g(pn_1(z)) : g convex and g(y) < h(z,y) fory € Py},

Definition 5.4.11. Define for h: X™ — R and p € M*(X) with finite support the set
Dp(f) =
{A € M(X™") : X\ martingale measure with supp(A) < 0o, (p1)«(A) =p and N(PN{f <oo0})=1}.

The next duality result will be the crucial ingredient to prove most of the existence
results on martingales with restricted support.

Proposition 5.4.12. Let P C X", f: X" = R and DI(f) as in Definition 5.4.11. We
have

inf  EMh] = Sph(zo). (5.4.1)
AEDYTO (h)

for xg € X. In particular for f: X — R we obtain

inf EMf o pa] = Spf(x0). (5.4.2)
AEDPZO (fOpn)

Proof. We first assume n = 2. For h : X2 — R, set h, := h(z,-). By Proposition 5.4.3
we have

inf E)‘[h] = Iinf EA[hmo] = th(.%'o,.%'()> = gph(.%’o).
)\ED?O (h) )‘EEP?UO (hag)
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5.4. Theoretical results

For n > 2 we apply induction. Consider X" = X" ! x X and for h: X" ! x X - R
again set hy, = h(y, ) with y € X"71. Any A € foo (h) has a disintegration \(dy, dx) =
n(y, dz) * p(dy) over X"t x X with y € X" ! and x € X, where = (p1,...,Pn_1)sA
is a martingale measure and 7 is a Markov kernel with finite support because A has finite
support. Set p := (p1,...,pn_1) the projection onto X"~!. We obtain

inf EMhl= inf > Ay if  E"[Ry]
Sxq) Sz —Pn—1(y)
AeDp Y (h) AeDp (h)y€supp(p*)\) ne=p, (hy)
= inf 3 M{yHHPAY, ()
AeDE (h) yesupp(p.\)
= inf EPA[SBA).
AEDYTO (h)

It remains to show that p*D%O (h) = D(spio_l(SI@h). Assume D%O (h) # 0. Clearly for

any A € Dfﬁ”o (h), p«A is a martingale measure on P,_; with finite support. Write
Mdy,dz) = n(y,dz)psA(dy). Since M({h < oo}) = 1 for a(lsl y € supp(p«A) we have
n(y, -)56 E%Z‘l(y)(hy). Thus Sph(y) < oo and hence pA € Dp° (Sph). Conversely for
p € Dp° (Sph) we have for any y € supp(p) that Sph < co and hence by Proposition
5.4.3

Sph(y)=  if  E'h)

—Pn—1()
Wezz}j)y e (hy)

and thus the set E?};fl(y)(hy) # (). Choose a transition kernel n such that for y € supp(u)

we have n(y,-) € Ep7" Y (hy). It follows that A(dy,d) := n(y,dz)u(dy) is in Dy° (h)
and satisfies p,\ = u. Hence

inf  EP-A[SRh] = inf  EASPA].
AEDYTO (R) DO (Sph)

This combined with the induction hypothesis yields

Jinf  EMSBh] = Sp,_,(Sph)(z) = Sp, 0 0 Sp ! 0 Sph(x) = Sph(x).
XD (SBh)

Applying (5.4.1) to h = fop, for f: X — R yields (5.4.2). O

Corollary 5.4.13. Denote by Dis(f,d+ 1) C Dis(f) the set of martingale measures such
that each transition probability measure is supported on at most d + 1 points, i.e. for any
Q € Di(f,d + 1) we have that Q(dx;|x1,. .., xi—1) is supported on at most d + 1 distinct
points. Then

inf  EMf] = Spf(x).
AEDY (f,d+1)

Proposition 5.4.12 and Corollary 5.4.13 provide a numerical way to calculate Spf

81



by taking the infimum over discrete finite support martingales, where in each step the
martingale can only move to at most d + 1 points from a given point. Clearly by Lemma
5.4.5 we obtain the following corollary.

5.4.2. A Strassen-type result on martingales with restricted support

In this subsection, we first demonstrate that Sp is the appropriate operator for studying
martingales supported on P. This analysis will reveal why the conditions in Theorem
5.2.7 are necessary. To establish sufficiency, we then use a functional analytic approach
to show that understanding discrete martingales supported on P suffices to charaterize
all martingales supported on P.

Definition 5.4.14. Let ) be a measurable space and f : Q — [—o00,00] be measurable.
We say that f is Q-integrable for some probability measure Q if f{f>0} fdQ < .

We introduce this notion of integrability to mainly avoid issues when f is not integrable
in the classical sense.
By Theorem 5.B.8 and Theorem 5.B.9 for o-compact P C Z for h € Cy,(Z) and
[ € Cy(X) the functions Hph and Spf are Borel measurable. Thus given suitable
integrability conditions on Hph and Spf their integral with respect to a finite Borel
measure is well defined. For the remainder of this section, we will assume this measurability
without further mention.
The next Theorem shows a Jensen type inequality that any martingale supported on P
must satisfy.

Theorem 5.4.15. Let P C X" be o-compact and let Q € M(P), i.e. a martingale
measure with Q(P) = 1. Let f : X™ — R be o-lower semi-continuous. If f is Q-integrable
then (Spf) o (p1,--.,pn—1) is Q-integrable and

E(f] > E2[(Spf) o (b1, pu-1)]
This further implies that for f : X — R, Spf is p-integrable and
EY(f o pa] > B*[Sp/]
where = (p1)+(Q).
Proof. Consider X" = X"~ ! x X and let
Q(dy, dz) = n(y, dx)v(dy)

be the disintegration of Q, where y € X" ! and z € X. Set g = Lisn >0y © (P1y---sDn—1)
and A := {S%f > 0}. Hence

oo > E9gf] z/lA(y)/f(y,x)n(y, dx)v(dy)
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5.4. Theoretical results
since gflirso1 < fliysoy and f is Q-integrable. We obtain

/f(yyﬂf)n(ya dCL‘) > /HPf(ya l‘)n(yv dﬂ?) > HP(Z/J(U(% ))) = HPf(yapnfl(y)) = S}%f(y)

v-almost surely, where 7(n(y,-)) denotes the barycenter of n(y,-). Indeed, the first
inequality above follows from the fact that f(y,z) > Hpf(y,x) n(y, -)-almost surely since
n(y, Py) = 1 and the second from Jensen’s inequality as stated in Lemma 5.C.3. Hence
we calculate

0> E%gf] = [ 140) [ F(w0hnly. dow(ay
> [ LawSEA0)(ds) = E(Lspr0)SET) @ (1, p-)]

This shows that (SBf) o (p1,...,pn—1) is Q-integrable. Repeating the same calculation
without ¢ yields

EQ[] = / / £y 2)n(y, dzy(dy) > / SF (w)v(dy) = EQ((SEF) 0 (p1, - o).

Applying this inequality successively yields the second statement. O

Lemma 5.4.16. Let P CY x X, then Hp is superlinear (see Definition 5.A.8) on the
space of functions f:Y x X — R.

Proof. Let f,g:Y x X — R, then

Hp(f+9)(y,2) = (f +9) () p, (2)
= sup{h(x) : h convex and h(z) < f(y,z) + g(y,z), (y,x) € P}
> sup{a(z) + b(x) : a,b convex and a(z) < f(y,z) and b(z) < g(y,z), (y,x) € P}

= 7y )p, (2) + 905, )p, (¥) = Hpf (v, 2) + Hpg(y, ).

The positive homogeneity is obvious since the positive multiple of a convex function is
convex as well. ]

Lemma 5.4.17. Consider X" = X" ' x X and let g : X" ' x X — R be convex.
Assume f > g, then for all y € X" we have SEf(y) > g(y, pn—1(y)). In particular for
f,g: X = R with f > g and g convex we have

Spf(z) = g(x)
forallxz e X.

Proof. Clearly g(y,-) is convex and ¢(y,z) < f(y,z) for all y,x and hence in particular
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for (y,x) € P. Thus

Spf(y) = Hpf(y, pn-1(y))
= sup{h(pn-1(y)) : h convex and h(z) < f(y,z) for (y,2) € P} = g(y, pn-1(y))-
59(y,)

For the second statement apply the above successively to f o p, and g o p,. 0

Assumption 5.4.18. Set i(z) = Tl\mllt forx € X andt > 1 and for Z = X™ define

Yz Z — R via
1 _z”: 1
Yz izl?ﬂopi'

For the next lemma recall the notations introduced in Definition 5.2.6.

Lemma 5.4.19. For every closed P C Z and v € MZ})(X) the sets My (P) and ¥ My (P)
of martingale measures are convex and closed in the weak-x-topology induced by Cy,(Z).

Proof. Q is a martingale measure in Z with Q(P) = 1 if and only if for all 1 < i < n and
for all f € Cy(X~1) we have

E2[(f o pri1)(pi — pi-1)] =0,
and for all g € Cy,(Z) with P C g71({0}) we have
E%g] = 0.

Hence the set of martingale measure My (P) is closed and convex since the functions
(f Op17i_1)(pi —pi—1) and g are in Cyy (Z). Set

A:={Q € My, (2)|Vh € Cy(X) : E%h o p,] — E[h] = 0}.
Since hopy, € Cy,(Z), A is closed and convex and thus
YMy(P) = AN My(P)
is closed and convex. O

Lemma 5.4.20. For v € MQ}J(X) the set Y My (Z) is weak-x-compact with respect to
CU)Z(Z)'

Proof. By Lemma 5.4.19 YMy(Z) is closed and hence we only need to show that it is
relatively compact. The map ¢z : My, (Z) — M(Z) given by ¢(Q)(E) = E@[]leiZ] for
Borel measurable sets F C Z, is a homemorphism, where M (Z) is equipped with the
usual weak convergence. Hence it is enough to show that the set ¢z (" My(Z)) is tight
and hence compact in M(Z). For Q € "My (Z) set ¢m = (pm)«(Q) where 1 < m < n.
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5.4. Theoretical results

By definition of My, (Z) we have ¢, € My(X).

For k£ > 1 set
0 ifre B4
ri(x) = P
1+ ||z||" — k" else

where By:(0) C X is the Ball at 0 with radius k' and ¢ is the exponent in 1. Clearly
ri(z) € Cy(X) since |rpp| < 1. We have (1 + [[z[[)Ix\p,,, () < 2ry(z) since for
x € X \ Boyt_1 we have
t t
el %,
T+ el —F = &
Since 7y, is convex and (g, )m are in convex order we obtain from Jensen’s inequality for
all ¢,

]' 1%
Eqm[ﬁlxw%t,l] =E"[(1+ [|z]])1x\s,,,_, (#)] < 2B [rg] < 2E%[r] = 2E"[ry].
Set Ay = Z \ Bagpt_1 X -+ X Bgyi_1, then we have
Q 1 o L g 1
¢2(Q)(Ar) = E¥La, -] = Y E [La opi] < SE (Lx\Bye_i ;) 0P
=1 =1

(5.4.3)

1
—] — 0.

kt—1 P k—oo

n
. 1
< ZE%[RX\BM_@] < 2nE"[ry] < 2nE’[1x\p
=1
Since Bogt_1 X -+ X Bggt_q is compact and Q € Y M,,(Z) was arbitrary it follows that
"My (Z) is weak-*- compact. N

Theorem 5.4.21. Let A be a non empty closed convex subset of My(Z) of martingale
measures and let u,v be a probability measures in Mv}b(X), then there exists Q € A with

(pn)+Q = v and (p1):Q = p if and only if for any f,g € Cy(X) we have

E”[f] +E"[g] = inf EA[f o pn + g o pi] (5.4.4)
SN

Proof. We first show that the inequality condition (5.4.4) implies the existence of a
martingale measure Q in A with final marginal v. The map ¢ : My(X) — M (X) given
by

jes (6(u) : B s EﬂmE;D

for Borel measurable sets E, is a homeomorphism and for any p € MJJ(X), o(p) is a
positive finite Borel measure. By Theorem 8.3.2 in [17] it follows that the set ¢(Mi(X )
equipped with the weak convergence is metrizable. Hence MJJ (X) is metrizable in the

weak-*- topology induced by Cy,(X). The same argument applied to Z shows that M, éz (Z)
is metrizable in the weak-* topology induced by Cy,(Z). Equip My (X) x My(X) with
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the product topology. Set

F = {(p1)e, () )(@)IQ € A} € ML(X) x MY(X).

Clearly F is convex because A is convex. Denote by cl(F') the closure of F. If (p, v) & cl(F)
then by the Hahn-Banach separation theorem there exists some f, g € Cy(X) such that

/fdy+/ gdp < inf/[fOpn+9°p1]d)‘-

Hence we have (u,v) € cl(F') and thus there exists a sequence (p;,v;); in F' such that
(pi,vi) = (p,v) in the weak-+- topology induced by Cy(X) x Cy(X). In particular
v; — v in the weak-*- topology induced by Cy(X). It follows that the family (v;); is
weak-*-compact and hence (¢(1;)); is tight, i.e.,

. L 1
lim supE Z[ILX\B%LlJ] =0

k—oo

where Byy:_q is the closed ball with radius 2k' — 1 and center 0. Since each (ju;,v;) € F
there exists Q; such that (p,)«(Q;) = 4. By (5.4.3)

1
lim sup B[

14, —]=0
k—oo 4 Aka]

and hence the family (Q;); is weak-x-compact in My, (Z). Let Q be a cluster point
of (Q;);, then Q € A since A is closed, (p1)«(Q) = p and (pn)«(Q) = v since for any
[ €Cy(X), fopr and fop, arein Cy,(Z). Conversely if there exists such a martingale
measure Q € A then the inequality is trivially satisfied. O

Corollary 5.4.22. Let P C Z be closed. The sets " My (P) and ;My(P) are weak-x-
compact with respect to Cy,(Z).

Proof. We have
My (P) = "My(Z) N7 My(P)

and thus by Lemma 5.4.19 and Lemma 5.4.20 is closed and compact. Denote by I(u) C
My, (Z) the subset of finite signed measures with initial distribution p. I(u) is closed
since it is the intersection of kernels of the continuous functionals given by

A= E)‘[f o p1]
where f € Cy(X). We have
7 My(Z) = 1(p) N7 My (P)

and thus it is closed and compact. O
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Theorem 5.4.23. Let p and v be probability measures in My (X) and let P C Z be closed.
Then there exists a martingale measure Q € ; My (P) if and only if for all f € Cy(X),
Spf is u-integrable in the sense of Definition 5.4.14 and we have

EY[f] = E*[Spf]. (5.4.5)

Proof. We first show that the inequality (5.4.5) being satisfied for all f € Cy(X) im-
plies the non emptyness of ;M (P) and the p-integrability of Spf. In order to apply
Theorem 5.4.21 for

A :={Q: Q martingale measure and Q(P) = 1} = My (P)

we need to show that it is non empty and closed. Since P is closed, by Lemma 5.4.19 A
is closed. Suppose by contradiction that it is empty, then D% (f) (see Definition 5.4.11)
is empty for every f € Cy(X) and hence Spf = oo by Proposition 5.4.12. But this
contradicts Spf being p-integrable. Hence A is non empty and by Lemma 5.4.19 it is
closed. For f,g € Cy(X) we have

B'[f] + B'[g) > BP[Spf + ] > inf Spf(x) +g(e) = inf_Spf(a)+g(x) (5.46)
reX x€p1(P)

where the first inequality follows from (5.4.5) and the last equality follows from Spf(x) =
oo if & & p1(P) by Proposition 5.4.12. We have by Proposition 5.4.12

- )EA[f opn] = Spf (). (5.4.7)
p (JOPn

Hence combining (5.4.6) and (5.4.7) we obtain

inf E2[f o n+go < inf inf EMf o nl + g(x

dnfl [f opn +gopi] s (P) AeD omm) [f o pn] + g(z)
= inf Spf(z)+g(x) <E"[f] + E'[g],
zep1(P)

which is exactly the condition of Theorem 5.4.21, implying the existence of Q € A with
(p1)«(Q) = p and (pn)«(Q) = v. Conversely since every closed set P C Z is o-compact by
Theorem 5.4.15 we have

EF[Spf] < BY[f].

5.4.3. Duality results

From a functional analytic point of view Theorem 5.4.23 hints at a deeper relation between
Sp and the final distributions of martingale measures supported on P. Specifically that
f = E#[Spf] acts as the support function for the set of final distributions of measures
in , My(P). In order to formalize this relationship, we need to define the appropriate
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topology on My (X).
Definition 5.4.24.

e Denote by 8 the strict topology on Cy(X) generated by the seminorms sup | f¢| where
¢ in Cy(X), the space of continuous real functions vanishing at infinity.

o Consider the bijective map ¥ : Cy(X) — Cp(X) : f — fi, where Cy(X) is
equipped with the strict topology B. Let 3y, be the topology on Cy(X) making ¥ a
homeomorphism, i.e. the initial topology induced by V.

Remark 5.4.25. By [20] the dual space of (Cy(X), ) is the space M(X) of all finite
stgned Borel measures on X.

Proposition 5.4.26. The dual space of (Cy(X), By) is given by My(X).

Proof. Since ¥ : Cy(X) = Cy(X) : f — f1p is a vector space homeomorphism, its dual
map

U*: Cp(X)" = Cp(X)" = (f = U(f) = (f = Lo W (f) = 1(fv))
is a bijection between Cy(X)* and Cy(X)*. This induces a bijection d\ — tdA for

A€ M(X). Hence ¢d\ € My(X) and Cy(X)* = My(X). O
Lemma 5.4.27. For any v € Mi(X) there exists ¢ € Co(X) such that ﬁ is conver and
1
E" | —| < o0
)

Proof. Since the class of functions with the single element i is uniformly integrable,

by the Vallée Poussin Theorem there exists a non-negative increasing convex function
® : R — Ryq such that @(i) is integrable and

P
lim 7(1/) =
lyl—oo [yl
Since i is convex the composition QD(%) is convex. Set ¢ = %. Clearly ¢ € Cp(X)
and ﬁ = @(i) O

Theorem 5.4.28. Let u € MI})(X), P C Z be closed and assume that ,My(P) # 0.
Set Nu(P) = (pn)« ,My(P), t.e. the set of final marginal distribution of martingale
measures in , My (P). Then for any f € Cy(X) we have the following strong duality

B = 551)

Proof. Choose v € N,(P). By Lemma 5.4.27 there exists ¢ € Cp(X) such that ﬁ has
finite expectation under v. We first show that the map f — E#[Spf] for f € Cy(X) is
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upper semi-continuous with respect to the topology 3,. In order to show upper semi-
continuity we need to show that for any f € Cy(X) and r € R with E#[Spf] < r there
exists an open neighbourhood U of f in 3y such that

sup E#[Spg] < r.
geu

Set Ue := {g € Cy(X) : |f — g|vv¢ < €}. For every ¢, Ue is open in the 3y topology.
Clearly for every g in U, we have the bound

Y(@)g(x)’

By the choice of ¢ we have that f + ﬁ is v-integrable and hence by Theorem 5.4.15
Sp(f+ ﬁ) is p-integrable for all € > 0. Since Sp is order preserving (see Lemma 5.4.7
together with Definition 5.4.9) we have that Sp(f 4 ;) is a decreasing sequence of
functions as € decreases. Hence by monotone convergence and Lemma 5.4.8 we obtain

g9(x) < fz) +

i EX[Sp(f + )] = B[l Sp(f + )] = B*[Spf] <
Thus there exists ¢g > 0 such that for all € < €, it holds that E*[Sp(f + )] < r
and this implies that U, is the desired open set. Hence, the map f — EH[Spf] is
upper semi-continuous and by Lemma 5.A.8 also superlinear. Moreover, E#[Sp f] < oo
since Spf is p-integrable. It follows by Fenchel-Moreau (see Theorem 5.A.9) that
E#[Spf] is the negative of a supporting function, i.e. there exists a closed convex set
A C Cy(X)* = My(X) such that

EX[Spf] = inf h*(f).
We are left to show that the elements in A are probability measures and satisfy the condi-
tions of Theorem 5.4.23. By Lemma 5.4.17 we have Spl > 1 and hence infp«cyq h*(1) =
EA[Sp1l] > 1 where 1 : X — R is the constant unit valued function. Furthermore
—suppeq h*(1) = infpecq h*(—1) > —1. This shows that every measure in A has mass
1. Assume there is a signed measure in A which is negative on some open set B C X. It
follows that there exists non negative f € Cy(X) with h*(f) < 0. Then we have

0> inf h*(f) =E*[Spf] > E[Sp0] > EF[0] = 0
h*€A

which is a contradiction. Hence every measure in A is non negative on all open sets and
thus by outer regularity non negative. Since every h* € A with h*(f) = [ fd\ satisfies
E*f] > E#[Spf] it follows by Theorem 5.4.23 that A C N,(P). By Theorem 5.4.15 we
also have the reverse inclusion. O

Remark 5.4.29. We make use of the term duality in the theorem above as Spf itself is
the solution of an optimization problem, see Definition 5.2.4 and Example 3.
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Corollary 5.4.30. For P C Z closed and p € Mi(X) we have , My, # 0 if and only if
[ = EF[Spf] is upper semi-continuous and does not attain oo on (Cy(X), By).

Proof. The proof of Theorem 5.4.28 shows the necessity. If f +— E*[Spf] is upper semi-
continuous and does not attain co on (Cy(X), By) then by Fenchel-Moreau 5.A.9 it must
be the infimum over a closed convex subset of the dual space. Mimicking the proof of
Theorem 5.4.28 shows that all elements in this subset must satisfy the conditions of
Theorem 5.4.23. O

Definition 5.4.31. For f: X — R and v € M (X) set

Tpf = inf E[g].
geSy'f

Lemma 5.4.32. T% is sublinear.
Proof. We have

{hGCl(X): SphZf—i-g}D{hl—l—hQ: hi, he € Ci(X), Sphl—i-SthZf—l—g}
D{h1+ho: hi,he € Cy(X), Sphy > f and Sphng} =B

since Sp is superlinear. Hence

Tp(f+g)= inf  EY[h] < inf EY[h] = THf + Thg.
heSH (f+g) heB
The positive homogeneity is obvious. ]

Theorem 5.4.33. Let P C Z be closed and satisfy Assumption 5.2.12 and let v € Mi(X)
Assume " My,(P) # 0. Set NV(P) := (p1)«(Y*My(P)) Then for any f € Cy(X) we have
the following strong duality

sup EM[f] = Thf.
WEN™(P)

Proof. We show that f — T7f is lower semi-continuous. Let f € Cy(X) and r € R be a
pair such that T5(f) > r then we have to find an open set U such that

inf Thg > r.
seu rY

Let p € "My (P) and let ¢ € Co(X) be from Lemma 5.4.27. Again set U, := {g €
Cy(X) :|f — gltvd < €}, then we have the upper bound

P(x)p(x)

for g € U.. Hence by Theorem 5.4.15 for any g € U, we obtain

g9(x) = f(x) -

Thg= inf E'[h] > inf EX[Sph]>EF[g] > B [f — —

| > —o00
heSplg heSplg Yo
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and thus for every € > 0 any g € U, has a lower integrable bound. By Lemma 5.4.17 for
every convex function h we have Sph > h and thus in particular

€ €
oY ozl
It follows that for all g € U, we have for any h € S;l(g)

€ € € €
Sp<h—|-¢w)>5Ph+5p<w>>f—¢¢+¢w—f.

and hence Sp'(g) + 75 C Sp'(f). We obtain for all g € U,

T%g= inf EY[h]= inf E'[h+ —]—E’[-—]

heSp'g heSz'g o oLty
€ €
> inf EY[h] -E[—]=Tpf — E'[—
o [h] [dnb] P [W]
Thus there exists ¢y such that
inf Tphg > r.
glelejeo pg>T

Again by Theorem 5.A.9 we obtain a closed convex set A C Cy(X)* = My (X) such that

Thf = sup h*(f).
h*cA

It remains to show that all elements in A are probability measures which satisfy the
conditions of Theorem 5.4.23. We have

sup h*(1) =Tpl = inf E'[g]<E"[1]]=1
h*€A 9551 (1)

where the last inequality follows from 1 € S;l(l). Similarly we have

sup h*(=1) =Tp(—1)= inf E"[g] <E’[-1]=-1
h*€A 955 (-1)

and hence we also have infp«c4 h*(1) > 1 implying that h has total mass 1. Assume
there exists a measure in A which assigns negative mass to B C X, then there exists non
negative f € Cy(X) with A*(f) < 0 and we have

0< sup h*(—f) = Th(—f) = inf E[g] B[] =0
h*cA 9€SE (=)

since 0 € Sp'(—f). This is a contradiction. For any g € C(X) which is is bounded below
by k, we have Spg > k as well. For any f € Cy(X) with f < Spg we have g € S;lf
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because of the previous inequality and thus for all h* € A with h*(f) = [ fdA we have
E"[g] > EMf).
Since this holds for all f € Cy(X) with f < Spg we obtain

E'[g] > sup EMf].
FeCH(X)
f<Spyg
Since by Assumption 5.2.12 Spg is lower semi-continuous and bounded below by k there
exists an increasing sequence (fy, ), in Cy(X) which converges pointwise to Spg. Hence

EMSpg] > sup EMf] > imEAf,] = EMSpg]
F€CH(X) "
f<Spg

and thus we have
E”[g] > E*Spg].

Theorem 5.4.23 implies A = NV(P). O

Corollary 5.4.34. Under the assumptions of Theorem 5.4.33 the operator f — Tpf is
continuous with respect to (Cy(X), By).

Proof. By Theorem 5.4.33 we have supgev o +(P) EQ[f opi] = Ty f. The result follows
from Proposition 7.32 in [15] and the fact that M, (P) is weak-* compact and the map

(Q, f) = E2[f o pi]

is jointly continuous. O

5.4.4. Marginals of marginals

In this subsection, we explore the existence of martingale measures defined on a specified
path space, where only the one-dimensional marginal distributions of the initial and
final distributions are fixed. The motivation for this investigation, particularly from a
financial perspective, is that when dealing with multiple assets, call option data provides
the risk-neutral distribution of each individual asset price at specific times, but does not
provide the joint risk-neutral distribution of the asset prices at a specific time step.

For completeness we state Theorem 7 in [71] in our notation.

Theorem 5.4.35 (Strassen). Let X1 x --- x X, be Polish spaces and 1; be continuous
positive and bounded functions on X;. Set X = X1 x --- x X, and

1 1
% ZIZ%OP&-

X
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px, denotes the projection onto X;. Let A be a closed convex subset of probability measures
My (X). Then there exists an element Q € A with marginals p; for all f; € Cy,(X;)

bounded below we have
ZE’“ ] > inf ZIE [fi o px,].

Proof. See Theorem 7 in [71] O
Definition 5.4.36. For X = R? denote by z* : X — R the projectz'on onto the i-th
component of X. In the following let v : R — R be given by v(z) = 1+|z|t and set

1 1
wzivoxi:wzw(xw‘

Remark 5.4.37. Notice that for any function f € C(X), |fix| is bounded if and only
if |fv] is, since there exist constants c1,ca € Rso such that c19p < ¥x < cotp. Hence
Cyx (X) = Cy(X) and My, (X) = My(X).

Theorem 5.4.38. Let X = R%. Given a weak-x-closed convex non empty set A of
martingale probability measures in My, (Z) and probability measures pi;,v; € le (R),
1 <i<donR, there exists a martingale measure in A such that the one dimensional
marginal distributions of the initial marginal and final marginal are given by (u;); and
(v4); respectively if and only if for all f;, g; € Cy(R), 1 <i < d, we have

d

> EY[fi] +EHg >mfZEA (®L1fi) o oo+ (8(219:) o pi] (5.4.8)
=1

where %, f; : X — R and @¢_,g; : X — R are the direct sums of the (f;); and (g;)i
respectively.

Proof. Define 1o : X x X — R by ¢2(ﬂc e ﬁ + ﬁ We show first that the map
(P1,Pn)s = My, (Z) = My, (X x X) mapping Q — (p1,pn)«Q the pushforward under
(p1,pn)« maps A to a closed convex set of probability measures in MiZ (X x X). The
weak-*- topologies on MiQ(X x X) and Mq}}z (Z) are metrizable by the same argument as
in Theorem 5.4.21. If (n;); is a sequence in (p1,pn)«(A) C M&Q (X x X) converging to n
then by continuity of g2 : (X X X 3 (z,y)) — y we have

lim(ga).(n;) = (q2)«(n)-
Since for each 7; there is Q; € A with

(P1,0n)«(Qi) =

we obtain

(Pn)«(Qs) = (q2)«(ms),
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i.e. the second marginal of n; is the final marginal of ;. The convergence of ((g2)«(7:));
implies the weak-* compactness of ((g2)«(n:))i in My (X), i.e. the final marginal distri-
bution (Q;); are weak-* compact. Mimicking the proof of Theorem 5.4.21 implies the
convergence of a subsequence of (Q;); to some Q € A since A is closed. By continuity of
(P1,pn)« We obtain (p1,pn)«(Q) = 1 and thus (p1,pn)«(A) is closed. By Remark 5.4.37 ap-
plying Theorem 5.4.35 to the closed convex set (p1, pn)«A with X; = R, X =XxX=RA
and ¥; = « yields the result. O

Corollary 5.4.39. The inequality condition (5.4.8) of Theorem 5.4.38 holds if and only
if
DB+ B la) 2 fal D BAOLAS) 0 pa + (@ag) ol

holds for all f;, g; € Cy(R) N Cy(R).

Proof. For any f;, g; € C+(R), fF := max(f;, —k) € C,(R)NC)(R) and g¥ := max(g;, —k) €
C,(R) N Ci(R) converge pointwise to f; and g; respectively. Hence

Z EY[f;] + E¥i[g 1nf Z EYi[f + E# [gz ]
> mf 1nf ZEA 1fk ) 0 pn + (@?:195) op1]

= AIQRZEA L1 f:) o pn + (B19i) o p1.

O]

Theorem 5.4.40. Let P C X™ be closed and satisfy Assumption 5.2.12 and let p;,v;,
1 <7 < d be probability distributions in MI(R). Then there exists a martingale measure
Q € My (P) with initial and final margmal wand v in Ml( ) such that p € Mdlj(X) has
marginals j; € Ml( ) and v € MQ}J( ) has marginals v; € le (R) for 1 <i<d, if and
only if for all f; € C'V(R) NCi(R) we have

sup Eri[p;] < EY[fi]. (5.4.9)
©pi<Sp(Dfi) ZZ: ZZ:
0,€C(R)

Proof. We need to show that (5.4.9) together with Corollary 5.4.39 imply (5.4.8) of
Theorem 5.4.38 with A = My (P). To this end assume that (5.4.9) is satisfied for all
fi € Cy(R)NCi(R). Assume by contradiction that the set My, (P) of martingale measures
is empty, then, by the same argument as in Theorem 5.4.23 Spf = oo for any f: X — R

and hence
o0 > )y E"[fi] > sup Bt [¢] =

¢lecb( )
for all f; € C(R) N Ci(R). Set f := @f; and g := @y, for fi,9; € C,(R) N C(R). We
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have
EFi[g;] + E" [ f; Etig su EFi[g;] = inf EX[g+ S
Z il = Z @¢i§gpfzi: i HEC(p1 ;e pia) 9 rf]
$:€Cs(R)

(5.4.10)

where C(u1, ..., ug) denotes the set of couplings of 1, ..., ug and the last equality follows
from the Kantorovich duality [72| since Spf is lower semi-continuous by Assumption
5.2.12 and bounded below by the assumptions on the f;. By Proposition 5.4.12 we have

inf =~ Ef[g+S inf +Spf(z
HEC(H1,e-mstta) lg rfl= :BGpl(P)g( z) pf(z)

= inf [g(x)+ inf  EY[f o py]] (5.4.11)
zep1(P) VED;SDI (fopn)

> inf E " .
_/\e/gtlw(P) [f opn + gopi]

where

inf  E'[g+Spf] > inf g(z)+ Spf(x)
HEC(K1 5. sftd) zep1(P)

holds since Spf = 0o on X \ p1(P). Combining (5.4.10) and (5.4.11) we obtain

Efi(g;] +E¥[f;] > inf EMfop,+go
Zi: [9:] [fil = et ) [f opn+gopi]
which is condition (5.4.8) of Theorem 5.4.38 applied to A = M (P). Conversely we have
for any martingale measure A satisfying the constraints, by Theorem 5.4.15

EM[f] > EM[Spf] > sup ZE’“
€B¢)7,<Spf
¢;€Ch(R)

where A\; and A, in My(X) denote the first and last marginal distribution with A; having
one-dimensional marginals given by pq, ..., g O

Proposition 5.4.41. Assume P C Z closed and satisfies Assumption 5.4.18. Denote by
My (s - - -5 pd, P) € My (P) all martingale measures Q C My, (P) with pu:= (p1)+(Q) €
Mi}(X) having fized marginals p1, ..., g € M,} (R). Set M (p,- .., pa, P) to be the set
of final marginals of Q € My (p, ..., pa, P). If My(p1, ..., pa, P) # 0, then we have for
all f; € C’Y(R)

sup EFi[g;] = inf E¥ [ f;].
@¢z<sp(eafl)z . ”GM"W'“M’P); .
¢z€L1(Nz)
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Proof. We show that
FED fi) = sup EXi[¢]
D ©oi<Sp (@) Z;
bi€L! (ps)
is upper semi-continuous on @le C,(R) equipped with the product ~-strict topology.
Choose Q € My, (pt1,- - -, ptq, P) with initial distribution p and final distribution v. By
Lemma 5.4.27 there exist (¢;); such that % has finite expectation under v;. For fixed
fi € Cy(R) set f:= @ fi € Cyp(X) and set Uc(f) :={Dgi| Vi : |fi — gilvdi < €}. We
have @ gi < @ fi + 55 for @gi € Uc(f) and by Theorem 5.4.15 Sp(P f + ﬁ) is
p-integrable. Assume
sup EFifg] <r
> 6i<Sp(D fi)
$i€L! (ks)

for some 7 € R. By Theorem 2.6 in [50] we have for g € Uc(f)

€

sup Etilg;] = inf EHM[S ] < inf  EM[S i+ < 00
z@gsp(@gi); 6] = o ot B SP @Dl < | EMISPED St 10

€L (1)

Since Sp is continuous for monotone decreasing sequences (see Lemma 5.4.7 together
with Definition 5.4.9) and by monotone convergence we have

€
inf [EX[S i+—)] — inf EHM[S )] = sup Eri[g;] < r
(TN [ P(@f 7¢z)] C(15e-10a) | P(@f)] Z¢i<SP(@fi)§i: i
€Lt (1)

as € — 0. Hence there exists ¢y such that

sup Eri[gs) <7
> $i<Sp(D g:) EZ:
G Lt (pi)

for g € U(f) for all 0 < € < ¢y. This shows that F' is upper semi-continuous. F' is
superlinear since Sp is superlinear, and proper (see Definition 5.A) since My, (p11, - . . , pta, P)
is non empty. Hence we have

sup E#i[¢;] = inf A*(f)
©o:<Sp(D fi) ; hreA
bi€L" (ps)

where A is a weakly closed convex set in the dual space (L, C,(R))* = @ M, (R).
Every functional in A is of the form

d
R (®fi) = Z/fidyi

with v; € M,(R). Using the property that S,f > cif f > ¢ and testing with f =
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5.5. Proofs of the main theorems

0®---® f @---@0 together with the same arguments as in Theorem 5.4.28 yields
<~

i
that all v; are probability measures. Applying Theorem 5.4.40 we obtain A = {@ v;|Fv €
My (s - pa, P) st Vi y = (2%),v} where 2t : (71...,29) € X = ;.
[

5.5. Proofs of the main theorems

Proof of Theorem 5.2.7. Choose ¢ (x) = m, i.e. t = 1 in the definition of . By
Theorem 5.B.9 for any f € C'(X) and closed P C Z the map Spf is Borel measurable.
We show that the inequality condition

E[Spf] < B[] (5.5.1)

for f € C(X) with f > 0 implies that Spf is p-integrable for f € Cy(X) and that the
inequality condition (5.4.5) in Theorem 5.4.23 is satisfied. For any f € Cy(X) such that
f > —M for some M € R we have f + M > 0 and hence by assumption

EY[f + M] > E*[Sp(f + M)] > E*[Spf] + EF[Sp(M)] > E*[Spf] + M

and thus E”[f] > E#[Spf] for all f € Cy(X) which are bounded from below. For
[ € Cy(X), the function fl s is bounded below and by Lemma 5.4.17 we have
Sp(fl{y>01) = 0. By monotonicity of Sp we have Spf < Sp(fl{s~0y) and thus

E*[(SPf)Lsprs0y] S EXSP(flirs0))] S E[fliys0y] < o0

where the second to last inequality follows from (5.5.1). This shows that Spf is p-
integrable. Any f € Cy(X) can be approximated by the sequence f,, = max(f, —n) and
hence by Lemma 5.4.8 we have

00 > B'[f] = lim B"[f,] > lim B*[Sp f,] = B*[Sp f].

Thus the inequality condition (5.4.5) of Theorem 5.4.23 is satisfied which yields the
existence of the desired martingale measure.

Conversely if there exists a martingale measure Q supported on P C Z, then by Theorem
5.4.15 we have for all f € C(X) which are v-integrable that

E*[Spf] < E”[f].

If f e C(X) with f > 0 and f not v-integrable then E”[f] = oo and the inequality
E”[f] > EM[Spf] trivially holds. O

Proof of Theorem 5.2.9. For any f € F,;(X) there exists a decreasing sequence (f;); in
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Cy(X) such that lim; f; = f pointwise. Applying Theorem 5.4.28 to each f; we obtain

inf E9[fo n| = inf  infEQ i 0 Dn
o, B [f o pn] ee W o [fi 0 pn)
=inf inf EQ 5 O D,

1 o B p) [fi © pn]

= nfE*[Sp fi] = E*[Spf]

where the last equality follows from Lemma 5.4.8. O

Proof of Theorem 5.2.14. For any f € Fy(X) and any h € S;lf we have by Theorem
5.4.15 that for all Q € "My (P)

E”[h] > E¥[Sphopi] > EQ[f o py].

Taking the infimum on the left hand side with respect to h € S;l f and the supremum on
the right hand side with respect to Q € Y M, (P) we obtain

Tpf > sup EQ[f o p1]
Qe” My (P)

Again for any f € Fy(X) there exists a decreasing sequence (f;); in Cy(X) such that
lim; f; = f pointwise. Denote Y := {g € Cy(X) : g > f}, then Y is convex. It follows
that f(x) = infyey g(x). By Sion’s minimax theorem, see [68] or [5], applied to the
bilinear form EC[(-) o py] we obtain

sup  inf EQ [gopi] = inf  sup EQ [g o p1].
Qe” My (P)IY 9EY Qe’ My (P)

since by Corollary 5.4.22 ¥ M, (P) is compact. Hence applying Theorem 5.4.33 to each g
yields

sup EQfopi]= sup inf E%[gop]
QE¥ My (P) Qe¥ My (P) 9€Y

= inf sup E%gop]
9EY Qe¥ My (P)

= inf T} >TH(f).
glgy plg) > Tp(f)

Combining the two inequalities yields the result. O

Proof of Theorem 5.2.16. We show that the inequality condition implies the existence
condition (5.4.9) of Theorem 5.4.40. To that end, we have for any (f;); with f; €
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5.6. Proof of absence of arbitrage condition

Cy(R) N Ci(R) there exists M such that f; + M > 0 for all i and hence

sup Eri[e;] = sup EFi[¢p; + M| — Md
®¢Z<SP @fz Z @¢1<SP(®fz Z '
#:€Cp(R) $:i€Cy(R)

= sup Z EFi ;] —

®¢1<SP(@fz +Md
(z)zecb( )

< sup ZE‘” [¢s] — Md

®¢; <Sp(Bfi+Md)
¢z€cb( )

< ZE“" [fi + M] — Md = Z{E“@' [f:]

and thus the inequality condition of Theorem 5.4.40 is satisfied. Conversely assume that
there exists a Q € M, (P) such that Q has initial and final marginal p, v which have
marginals (y;); and (v;);. For f; € C(R) with f; > 0 we have by Theorem 5.4.15

Eri[s] < BASp(@f)] < BV [ef] = S E% (4],
@@;g(@fﬂ%j [6:] < E*[Sp(@fi)] < E'[®f;] Z [f:]
$:€Cy(R)

The duality result is just Proposition 5.4.41. O

5.6. Proof of absence of arbitrage condition

Set V =RI; xR x RZ,.

Definition 5.6.1. For (s1,c¢,s2) € V define the projections
p1(s1,¢,82) := 81, po(si,c,82):=¢, p2:=(s1,¢,82) = S2.

Theorem 5. 6 2. Let L : Rio X R>o - R be continuous and Py : Rio — R satisfy
Assumption 5.3.5 and set Py : R - R, = +— 1+\ - Denote Pr, := UPr (11, o, p2) where
the union is taken over all (p1,pc,pu2) € M 1(Rdo) X Mé2(R) X Mél (RL,). Define
YV —= R via

1 n 1 n 1

Y Yropt Yrope  Yaopo
Then Pr, is weak-x-closed and convex with respect to the topology generated by Cy, (V).
Furthermore Pr(u1, pc, p2) # 0 if and only if for all f,g € Cy, (RL,) and h € Cy,(R)
which are bounded from below we have

B f] + EF2[g] + ER¢[h] = inf EA[f opi+gop2+hopc). (5.6.1)
L
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Proof. Note that p € Py, if and only if for all bounded f € C’b(R‘iO x R) we have

E*[(p2 —p1)f o (p1,pc)l =0, E"[(Lo (p1,p2) —pc)f o (p1,pc)] = 0.

Since all functions under the expectation are in Cy(V'), Py, is clearly closed. The second
statement is just an application of Theorem 5.4.35 on the Polish spaces X; = Rio, Xo =

R, X3 =R with A = Py, O

Proof of Theorem 5.5.7. Set 11 = 1 and a(z) = fm We first show that (5.3.1) implies
(5.6.1) in Theorem 5.6.2. Let f,g € Cy, (R%,) N C1(RL,) and h € Cy,(R) N C(R) and

assume w.l.o.g. that f > 0, as otherwise one can just add constants.

E*[f] + E* [g] + EFC[h] > sup E* o1 + g] + E*¢loc + hj
p1+pc<Spf
©1€CH(RL )00 €C(R)

= sup E* 1] + E*C[ec] (5.6.2)
p1+pc<Spf+g+h
©1€CH(RL )00 €Cy(R)

— inf ESpfl+E'gop] +Ehop,
neC(pu1,pc)

where the first inequality follows from (5.3.1) and the last equality from an application of
Theorem 2.6 and Proposition 1.33 in [50] to Spf + g + h since it is bounded below and
lower semi-continuous by Assumption 5.3.6. Set W := (R, x R) x (R%, x R) and

1 1 1 n 1 n 1
Yw(si,cr,s2,¢2)  Yi(s1)  walcr)  i(s2)  a(ea)

Notice that we have P C W. Under the pushforward of the map

G:W =V, (s1,c1,82,c2) = (s1,c1, 52)

we have Gy (My,,, (P)) C Pr. On W define g2 : (s1,c¢1, S2, c2) — (52, ¢2). Then applying
Proposition 5.4.12 we obtain

inf E"[Spf]+E77[gop1]+E)‘[hopC] > inf Spf(si,h)+ g(s1) + h(c)
neC(p1,pc) (s1,0)ERL xR
> infd s inf E?[f o qa] + g(s1) + h(c)
(81,0)6R>O XRpe,DP(sl,c) (,]?OQZ)

(5.6.3)

> inf IE)‘[fopQ—i—gopl—i—hopC]
AEPL,

) ~
where the last inequality follows from G.(Dp™" (f 0 ¢2)) C G«(Myy, (P)) C Pr. Com-
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bining (5.6.2) and (5.6.3) we obtain

B2 [f] + B [g) + B*C[h] > inf EX[fops+gopi+hopc]
L
Applying Corollary 5.4.39 implies (5.6.1) in Theorem 5.6.2. Conversely every A €
Pr(p1, o, p2) induces a martingale measure Q € My, (P) on W. Thus for all f €
Cy, (RL,) N C(R?) we must have by Proposition 5.4.15

EF2[f] = Ef o pa] > E*MSpf o (p1,pc)] > sup E* 1] + EXCec].
P1+oc<Spf
©1€CH(RE )00 €C(R)

O
For the rest of the section we set d = 1 and
2
L(s1,s92) :== ——log <52> .
T S1
where 7 > 0 and 1
=1+ |z| + |log(z)|.
1 bl 1og(a)
Notice that L(s;,s1) = 0.
Proposition 5.6.3. For f € C(Rsg) we have
Spf(s1,¢) =
sup{as1 +bc+d: asy + bL(s1,s2) +d < f(s2) for all s € Rsp, a,b,d e R} ¢>0
f(s1) c=0
o0 else.

Proof. Fix s; € Ryg. Set G :={(z, L(s1,x)) : x € Rso}, the graph of z +— L(s1,z). We
have

Spf(si,c) =sup{g(si,c): g convex and g(s2, L(s1,52)) < f(s2) for all so € Rp}

> sup{g(s1,c) : g affine and g(s2, L(s1,s2)) < f(s2) for all so € Rso} =: f(s1,¢)
since any affine function is convex. If ¢ > L(s1,s1) = 0 then the point (s1,c¢) is in
the interior of conv(G). By abuse of notation set fo(s1,¢) = (f)G(sl,c) We have
fa(s1,¢) = Spf(si,c) and f is convex. If Spf(si,c) = —oo then f(s1,¢) = —oo. For
any (z,y) € conv(G)° there exist three points (x;, L(s1,;)), ¢ = 1,2,3 and «o; > 0 with
> a; =1 such that

(2,9) = Y ailwi, L(s1, 7))
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since in R? every point inside the convex hull of a set is the convex combination of at
most three points. Hence by Proposition 5.4.3 we have

Falwy) <> aif(wi, Lisi, i) = Y aif (i) < 00

since f1 = Y il(q; 1(s1,2:)) € Eg’y)(]?). Assume now that Spf(s1,c) = fa(s1,¢) > —o0
then by the same argument as in Lemma 5.C.3 f is real valued on conv(G)°. Since fg
is convex it follows that it is continuous on conv(G)°. Thus by the supporting hyperplane
theorem there exists an affine g such that g(z,y) < fo(z,y) and g(s1,¢) = fg(s1,¢).
Thus Spf(s1,¢) = f(s1,¢). If Spf(s1,¢) = fa(s1,¢) = —oo then by Spf(si,¢) > f(s1,¢)
equality must hold. This proves the case ¢ > L(s1,s1). We proceed now to ¢ = L(s1,$1) =
0. By Proposition 5.4.3 we have

Folz,y) = inf EMf].

Aes5 Y ()

Since L(s1,-) is strictly convex we have for ¢ = L(s1,s1) that E(Gsl’c)(f) = {0(s1,¢)} and

hence fg(s1,c¢) = Spf(s1,c) = f(s1,¢) = f(s1). If ¢ < L(s1, s1) then Egl’c)(f) = () and
hence Spf(s1,c) = oc. O

Proposition 5.6.4. We have
Spf(s1,c) =sup{asi+bc+d: asa+bL(s1,s2)+d < f(s2) for all so € Rsg, a,b,d € R}

for all f € Cy(Rxp).

Proof. By Proposition 5.6.3 we must show that for

f(s1,¢) :=sup{asi +bc+d: asy+bL(s1,s2) +d < f(s2) for all s € Ryg, a,b,d € R}

we have f(s1,¢) = f(s1) for ¢ = L(s1,s1) = 0 and f(s1,¢) = oo for ¢ < L(s1, s1) in the
special case f € Cy(Rsp). In the following fix f € Cy(Rso) and sy > 0. Set I(z) :=
—2]og(x/s1) = L(s1,z). The tangent of [ at s is given by I(s1) — t%sl. The strategy of
the proof is to construct explicit affine functions g¢ which satisfy f(z) > ¢°(x,1(x)) and
such that lim. 0 g(s1,1(s1)) = f(s1). This, then implies f(s1,1(s1)) > f(s1). Together
with f(s1,1(s1)) < Spf(s1,1(s1)) = f(s1), this forces equality. Set

2
9 (2,2) = f(s1) =€ = M(z = U(s1) + (2 = 51)).
Clearly g5, is affine and we have g§,(s1, L(s1,51)) = f(s1) — €. Notice by strict convexity
of [ and the mean value theorem that (I(z)—1(s1)+ T%l(;v —s1)) > 0 is always non-negative
and strictly positive for x # s1. Next we show that for any 0 < € there exists M > 0 such
that

(@, () < f(x).
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5.6. Proof of absence of arbitrage condition

For z < 1 we have

(. 1(@) = ~Mia) + (s1) = € = M(U(s1) + ——( = 52)) < ~Mi(w) + Cy

for some appropriate constant which satisfies C1 > f(s1) — e + M (I(s1) + 2). Since
f € Cy(R?) there is a constant R > 0 such that

[f(@)] < R(1 + || + [log(z)]).

Moreover,
| Mi(z) = G| — % asx — 0
R(1+ |z| +|log(z)]) 7R '

Hence choosing M7 > % there exists 1 > k1 > 0 such that for z € (0, k1) we have

9, (2, 1(2)) < =R(1 + [a] + [log(2)]) < f(x).

Similarly for > 1 we have

Ga (1)) = M2 1 f(s1) — e — M(I(x) — U(s1) — ) < ~M——2 + Char
TS1 T TS1

where Co > L(f(s1) —e— M(I(z) —l(s1) — 2)) for all 2 > 1. Again we obtain

T

|2M /(181)x — Cox| . |2M /(151) — Co|
R(1+ |z| + | log(z)] R

as r — O0.

Hence choosing My > 731R+T02 we obtain ko > 1 such that for all z € (k2,00) we have

9ir (2, 1(2)) < —R(1 + || + [log(x)]) < f(x).

Since f is continuous at s; there exists as small neighbourhood (s; — 6, s1 4+ ) such
that for z € (s1 — 6, s1 +0) we have f(z) > f(s1) — € and hence by non negativeness of
(I(x) —I(s1) + =2 (2 — 51)) we have

f(@) > gy (@, 1(x))

for z € (s; — 6, s1 +0) and arbitrary M > 0. Finally consider the set K := [k, ko] \ (s1 —
d, 51+ 9). Clearly K is compact, since it is closed and bounded. Hence the continuous
function

. 2
9 (2, U(x)) = f(z) = f(s1) = f(2) =€ = MI(z) = U(s1) + ——(z = 1)) < D
for some D € R and l(x) — I(s1) + %(az — s1) must be bounded from below by some
h >0 on K. Thus

95, (@ @) = f(x) < D — Mh.
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Choose M large enough such that the right hand side is negative and set M3 = M + M.
Choosing now My := max(Mj, My, M3) we obtain

f(@) = gi, (,1(2))

and g§,. (s1,1(s1)) = gjy, (51, L(s1,51)) = f(s1)—€. Letting e — 0 we obtain f(s1, L(s1,51)) >
f(s1) and since f(sl, ¢) < Spf(s1,c) equality must hold by Proposition 5.6.3. This proves
the case ¢ = L(s1,s1) = 0. For ¢ < L(s1,s1) choose an arbitrary ¢ > 0 and its accompa-

nying M. For all M > My we have f(x) > g9,(x,{(x)) and

g (s1,¢) = f(s1) — € = M(c —I(s1))-
Since ¢ — I(s1) = ¢ — L(s1,51) = ¢ < 0 and letting M — 0o we obtain f(s;,c) = oco. [

Lemma 5.6.5. For all f € Cy(Rso) Spf is lower semi-continuous and we have the
identity

Spf(s1,¢) = Spf(l,c— glog(sl)).

Proof. Set Op (f) := {g : ¢ affine and g(z, L(s1,z)) < f(z) for z > 0}. By Proposi-
tion 5.6.4 we have
Spf(s1,¢) = sup g(s1,0).
9€0F (f)
Since every element in Op (f) is lower semi-continuous, so is its pointwise supremum and
hence Spf is lower semi-continuous in its second argument. Notice that if g € OL(f)
then the affine map gs, (z,¢) = g(z,c — 2log(s1)) satisfies g;, € O (f). Conversely for
g € Op(f) the function g°'(z,c) = g(z,c+ %log(sl)) satisfies g*1 € Ob(f). The identity
readily follows. From
2
Spf(s1,¢) = Spf(1,c— —log(s1))

it follows that Sp is jointly lower semi-continuous since log is continuous on Rsg. O

Lemma 5.6.6. Let X be locally compact Polish space and let pn € My(X), then there
exists ¢ : X — (0,00) in Co(X) such that

E* L;(z)] < o0.

Proof. Since X is a Radon space p is regular and thus there exists a sequence of compact
sets (Up)n with U,, C Up41 such that

lim p(U,) =1.

n—oo

Let K1 D Uj be a compact neighbourhood of U; and inductively define K, to be a
neighbourhood of U, U K,,—;. Since K,, D U, we have lim, , u(K,) = 1. W.lLo.g.
assume that E“[%]l X\Kn] < EF[1/9]/4™ for otherwise we can pass onto a sub-sequence.
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5.6. Proof of absence of arbitrage condition

By Urysohn’s lemma there exists a continuous function f, : X — [0,1] such that f, =1
on K, and f, =0on X \ Ky ;. Set

=1
0= guriln
n=1

Notice that fr =0 on X \ K, for 1 <k <n — 1. Hence on X \ K,, we have

=1 =1 1
¢ < Z 2k+1fk < Z ok+1 = 27
k=n k=n

This implies ¢ € Cyp(X) and ¢ < 1/2" on K41 \ K,. We have

1 1 1
E#[w]lum] = E“[w D Lk = ZE”[%]IKml\Kn]

<Y o ZEN@%W < Zm“[;ﬂm]
1 1 1
<Y FEE] =Pl <o

Proof of Lemma 5.5.9. By Propositions 5.6.3 we have

Spf(s1,L(s1,51)) = Spf(s1,0) = f(s1)

and Spf(s1,c) = oo for ¢ < 0. Applying Proposition 5.6.4 and Lemma 5.6.5 yields the
result. O

Proof of Theorem 5.3.10. Clearly the set P = {((s1,¢), (s2, L(s1,$2))) : 81,82 € Rsg, c €
R} C Rop X R x Ry x R is closed since L(s1, s2) = —2log(s2/s1) is continuous on
R~ x Rsp. Assumption 5.3.5 is clearly satisfied for 1/1(x) =1+ |z| + |log(z)|. Lemma
5.6.5 combined with Lemma 5.6.4 shows that P satisfies Assumption 5.3.6 and that we
have

e~ 2 108(5)) = Sp(s.)

Hence we can apply Theorem 5.3.7. This shows that 2. and 5. are equivalent. The
equivalence of 2. and 1. is shown in Theorem 6 in [42]. The proof of the duality result is
analogous to the proof of Proposition 5.4.41 by showing that the operator

F(f) = sup B 1] + EFVIX? [y rx2]
¢1 +¢le2 SSPf
p1E€L (1)
Pyvix2 ELl(MVIX2)

is upper semi-continuous on Cy(R+¢) equipped with the t)-strict topology where we use
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Lemma 5.6.6 to determine the necessary neighbourhoods in the topology. To this end by
Lemma 5.6.6 choose ¢ € Cy(R=q) such that ﬁ has finite expectation under uo for some
po with P(p1, pyrxz, p2) # 0. For any f € Cy(Rso) set again

Ue(f) == {9 € Cy(Rs0) : |f — gl <€},

which are clearly open neighbourhoods in the -strict topology. We again have the bound

€
g f+—
ol
for g € Uc(f) Assume that
F(f) = sup EF 1] + EFvIX2 [pyye] <7
¢1+¢le2 SSPf
1L (p1)
¢VIX2€L1('U’VIX2)

for some r € R. For g € Uc(f) we obtain

sup  EM[p] + EPVix2[pypge] =  inf  EM[Spg] < inf  EM[Sp(f+ —)]
¢1+¢VIX2§SP9 ﬂec(ﬂlvl‘vp(?) ,“'EC(.“'luu\/[x?) ¢¢
1L (1)
byix2 €L (By1x2)

Since Sp is continuous from above, i.e. continuous for pointwise monotonically decreasing
sequences, and monotone we have by monotone convergence

€
inf inf EA[Sp(f+—)] = inf E*[Spfl=F(f) <.
€>0 REC(p1,1yrx2) ¢¢ REC(p1,1y1x2)

Hence there exists an € > 0 such that for all g € U(f) we have F'(g) < r and thus F is
upper semi-continuous. Since F' is superlinear and upper semi-continuous there exists a
convex set B C My (R?) such that we have

F(f) = inf EMf].

(f) = inf E7[f]
Plugging in f = 41 we obtain that each A € B has total mass 1. For all f € Cy(Rxo)
with f > 0 we have
inf EA[f] = F(f) 2 E*[0] + E*vix2 [0] = 0.
€

Hence all A € B are probability measures and thus by the first part of the proof

P(p1, pyrx2, A) # 0 since each \ satisfies the existence conditions. Thus B C {\ :
P(u1, pyrxz, A) # 0}, But every po € {A 1 P(p1, pyrx2, A) # 0} satisfies by Theorem
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5.A. The convex conjugate

5.3.7
sup E [g1] + Efvix? [py x| < E#2[f]
¢1+¢le2 SSPf
d1EL (1)
Ayix2 eL! (Byrx2)
and thus the reverse inclusion is obvious and we obtain equality. O

5.A. The convex conjugate

For a more complete overview of the convex conjugate, its properties and proofs for
the statements below, see [64] for the finite dimensional case and [63] for the infinite
dimensional case. Let X be a locally convex Hausdorff space and denote by X* its
topological dual equipped with the weak-*-topology. Further denote by (-,-) the dual
pairing

(,): ((z%,2) € X* x X) — 2" (2).

Definition 5.A.1.

We say that an extended real function f: X — R is proper
if and only if it does not attain the value —oo and is not constant oo.

Definition 5.A.2. For any function f : X — R define its conver conjugate f*: X* = R
by
(") = sup(z*, z) — f(x).

zeX

Lemma 5.A.3 (Fenchel’s inequality). For all z € X, 2* € X* and all f : X — R we
have

(2%, ) < flz) + [ (7).
Theorem 5.A.4 (Fenchel-Moreau). If f : X — R is
e constant oo
e constant —oo or
e proper, lower semi-continuous and convex

then
where f** is known as the biconjugate of f.

An important property of the biconjugate is that it preserves ordering. If g : X — R
satisfies g < f then we also have g** < f**.
Since for any f : X — R its convex conjugate is given by a supremum over affine
continuous functionals, f* is lower semi-continuous and convex on X* and thus by the
same argument the biconjugate f** is lower semi-continuous and convex on X.
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Definition 5.A.5 (Lower semi-continuous convex envelope). Let f : X — R. The lower
semi-continuous envelope of f denoted by Lf : X — R is given by

Lf(x):=sup{g(x)| g convex and lower semi-continuous and g < f}.

Lf is the unique maximal element in set of lower semi-continuous convex functions
dominated by f.

Remark 5.A.6. If X is finite dimensional, then any lower semi-continuous convex
f:X — R has a closed and convex epigraph. Thus by the supporting hyperplane theorem
the set of subdifferential is non-empty and we obtain the equivalent formulation

Lf(x) :=sup{g(z)| g affine and lower semi-continuous and g < f}.

The following corollary holds in a more generality, see Theorem 5 of [63]. For complete-
ness, we provide the proof here under slightly more restrictive conditions.

Corollary 5.A.7. For any function f : X — R such that either f = oo, it is proper
and bounded below, then the biconjugate f** is given by the lower semi-continuous convex
envelope Lf.

Proof. This is obvious for f = co. Assume that f is proper and bounded below. Since f
is bounded below, so is Lf. Clearly Lf < f and so Lf is proper. By Theorem 5.A.4 we
have (Lf)** = Lf. From Fenchel’s inequality 5.A.3 we have

(@, 2) — [*(a") < f(=)

and thus taking the supremum over z* € X* we obtain f** < f. From Lf < f we obtain
Lf=(Lf)*™ < f** and since f** is lower semi-continuous and convex and is dominated
by f we have Lf > f. O

Definition 5.A.8. A map p: X — R is sublinear if for all x,y € X p is subadditive, i.e.

p(z) +p(y) <plx+y)

and positive homogeneous, i.e. for all x € X and o > 0 we have p(ax) = ap(x). A map
p: X — R is superlinear if x — —p(—x) is sublinear.

The next Theorem holds in more generality, see Theorem 2.4.14 in [76]

Theorem 5.A.9. For every lower semi-continuous proper sublinear map p : X — R there
exists a closed convexr set A, C X* such that p is given by

p(r) = sup (z", 7).
x*C€Ap

Conversely for every upper semi-continuous superlinear map p : X — R with x — —p(x)
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5.B. Measurability of Sp

proper there exists a closed convexr set A, C X* such that p is given by

= inf (2% 2).
p(z) m}gAp@yw)

Proof. Assume p is sublinear. Clearly by subadditivity any sublinear map is convex.
Hence by Theorem 5.A.4 we have p** = p. We have

p*(z") = sup(z*,z) — p(z).
zeX
If p*(x*) < 0 then by positive homogeneity p*(z*) = 0. Conversely if p*(z*) > 0 then
again by positive homoegeneity we obtain p*(z*) = co. Set

Ay = {27 p*(¢") = 0} = {«"] p*(2”) < O}.

By convexity and lower semi-continuity of p* the set A, is closed and convex. By the
above argument we have
0 zfed
p(a") = { g

oo else.

By Theorem 5.A.4 we obtain for any x € X

p(z) = sup (z*,z) —p*(z*) = sup (z",x).
T*eX* T*EAp
Assume now that p is superlinear. By definition the map ¢ : z — —p(—z) is sublinear
and thus we obtain

—p(x) = q(—z) = sup (2", —x).
T*EA,
and thus

= inf (2% ).
p(x) xggAq<x,x>

5.B. Measurability of Sp

Lemma 5.B.1. Let A C X be compact and let f: X — R be lower semi-continuous and
f > —o0, then f 4(x) is lower semi-continuous and f 4(z) > —oc.

Proof. As A is compact and f is lower semi-continuous and f > —oo, it follows that
f is bounded from below on A. Clearly if z ¢ conv(A) we have f,(z) = oo. Hence
assume z € conv(A) and let (x,), be a sequence in A with f4(x,) < oo converging to
x. The set of probability measures p with support in A and |supp(p)| < d+ 1 is weakly
compact. Hence by Lemma 5.4.5 there exists u, € E5"(f) such that f4(z,) = E*[f].
By compactness the sequence p,, must have a cluster point p with barycenter x and finite
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support. Thus
lim inf 7 4 () = lim inf B[] > BX[f] > T a(a)

where the first inequality follows from f being lower semi-continuous. It follows that f 4
is lower semi-continuous. There exists K such that f () > K for z € A. Tt follows that
falz) > K for all . O

Lemma 5.B.2. Let A C X be compact, f lower semi-continuous and A C {f > —oo},
then we have f 4(x) = (fa)**(x) (see Definition 5.B.3) and

Faz) = {f(a;) T € A,

00 else.

Proof. Since f4 is bounded below by Corollary 5.A.7 (fa)** = L(f4) is the largest
convex lower semi-continuous function smaller than f4. By Lemma 5.B.1 f, is lower
semi-continuous and convex. Furthermore f 4 satisfies f 4 < fa since for any x € A with
f(z) < co we have by 5.4.3

fa(@) =E%[f] > inf [f]=]a(@).

T peEL(f)

We have for any x € X that

inf [E*[fl= inf E*
REEY (f) [f] KEEL () [fA]

since each measure p € Z%(f) is supported on A. Hence

Far) = dni B

= inf [E*
JEES (f) fa]

> Meiargﬁ‘f(f) EF[(f4)™] = (fa)™ (2),

where the last inequality follows from Jensen’s inequality. Thus

fa>fa>L(fa)=(fa)™

and thus by definition of the lower semi-continuous convex envelope we have equality.
O

In the following let Y be a finite dimensional real vector space

Lemma 5.B.3. Let P C Y x X be compact and f:Y x X — R be lower semi-continuous
and f > —oo. Set

0y(2) = {f(va) (y,z) € P

00 else,
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5.B. Measurability of Sp

then (y,z) — (gy)** () is jointly lower semi-continuous and does not attain —oo.

Proof. Since P is closed and f is lower semi-continuous, g is lower semi-continuous in

(y,x). We have

(gy)*(a:) = Ssup <xvz>X - gy(z),

z€p2(P)

where ps : (y,x) — x and (-,-) x denotes the standard inner product in X.
Notice that (z,y,2) — (z,z) — gy() is jointly upper semi-continuous. As po(P) is
compact, since projections of compact sets are compact, we have by Proposition 7.32 in
[15] that its supremum over a compact set with respect to z is also upper semi-continuous.
Hence (y,z) — (gy)*(z) is jointly upper semi-continuous. We have

(94)" (x) = sup(z, 2)x — (gy)"(2)-
zeX
(x,y,2) = (z,2) — (9y)"(2) is lower semi-continuous and since the supremum of lower
semi-continuous maps is again lower semi-continuous we obtain that (y,z) — (g,)**(2) is
(jointly) lower semi-continuous. Since f is lower semi-continuous it attains a minimum
value on P. Hence, for all z,y € X XY, gy(x) > C for some C € R. Since the biconjugate
preserves ordering we obtain (gy)**(x) > C and thus (y,z) — (g4)** () does not attain
—00. 0

Definition 5.B.4. For any P CY x X set Py:={x € X : (y,x) € P}.

Lemma 5.B.5. If P C Y x X is compact and f : Y x X — R lower semi-continuous and

does not attain —oo then Y x X 5 (y,x) = f(y,)p, (x) is jointly lower semi-continuous
and does not attain —oo.

Proof. Define

0(z) = {f(y,w) (y, ) € P

o0 else,

then g, () is jointly lower semi-continuous and we have g,(x) = f(y,-)p,(x). Hence by
Lemma 5.B.3

(9)" (x) = (f(y, ")) (%) = f(y, ") p, ()

and (g,)**(x) is jointly lower semi-continuous and greater than —oo by Lemma 5.B.3 [

Definition 5.B.6. We say that f : X — R is o-lower semi-continuous if there exists
a pointwise decreasing sequence (fp)n of lower semi-continuous functions converging
pointwise to f.

Lemma 5.B.7. The class of o-lower semi-continuous functions is closed under taking
pointwise decreasing limits.

Proof. Let (fn)n be a decreasing sequence of o-lower semi-continuous functions converging
to f. For each n let f]* be a decreasing sequence of lower semi-continuous functions
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converging to f,. We claim that ¢, = min(f7,..., f;}) converges pointwise to f. Clearly
we have g, > f,, since f' > f; and the sequence f, is decreasing. Hence it follows that
liminf, g,(x) > f(z). Conversely for any n > m we have g, < f/. and thus for any m
we have limsup,, gn(z) < fn(z) and hence lim sup,, g, (x) < inf,, f,(z) = f(x). O

Recall Definition 5.4.6.

Theorem 5.B.8. Let P C Y x X be o-compact and f : Y x X — R be o-lower
semi-continuous. Then Hpf is o-lower semi-continuous.

Proof. Let (ﬁl) be a decreasing sequence of lower semi-continuous function converging
to f. Set f, = max(f,, —n) and (P,), a sequence of increasing compact sets such that
UP,, = P. By Lemma 5.B.5, Hp, (fy) is lower semi-continuous. By Lemma 5.4.8 we have

lim Hp, (f,) = Hpf.
n—oo
Hence Hp f is o-lower semi-continuous. O

Theorem 5.B.9 (Measurability of Sp). For any o-lower semi-continuous function
f: X — R the function Spf is o-lower semi-continuous and hence measurable.

Proof. We have that f op, : X® — R is also o-lower semi-continuous and hence by
Theorem 5.B.8 applied to Y = X"~ ! we obtain that S%(f opy) is measurable. Proceeding
inductively and reapplying Theorem 5.B.8 we obtain that

Sho...Sh(fopy): X" R

is o-lower semi-continuous. Thus Spf is o-lower semi-continuous as well and hence
measurable. O

5.C. Auxiliary results

In this section we recall some known results.

Lemma 5.C.1. Let X =R¢ and let A C X be nonempty. Then we have
{m(A\): ANella} = conv(A)

where conv(A) is the convex hull of A.

Proof. Without loss of generality assume that the affine hull of A is X as otherwise we
could restrict ourselves to a subspace of X of lower dimension. Let x € conv(A) then there
isneN, ay,...ap, >0 with YI" | oy =1 and 21,...,2, € A such that Y ;" | o2; = .
Set Az = > | a0y, where ¢ is the Dirac measure. Then A\, € II4 and n(\(z)) = .
Hence we have conv(A) C {w(\) : A €Ila}.

We show the reverse inclusion with induction on the dimension d. For d = 0 it is trivial.
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5.C. Auxiliary results

Denote by cl B the closure of B C X in X. Let A € II4. Assume 7(\) € cl(conv(A))
then {m(\)} and cl(conv(A)) can be strictly separated, i.e. there exists y € R? such that

,T(A)) < inf , ).
<y ( )> IECI(COHV(A))<y )

Since A is supported on A we have

7 (V) = (v, / rd)) = / (v, 2 > / ( 7(\)dA = (. 7(\))

which is a contradiction. Hence 7(A) € cl(conv(A)). Denote by (-)° the interior of a set.
Since the affine hull of A is X the relative interior of conv(A) is equal to the interior
conv(A)° and in particular it is nonempty. For any convex set C C X with C° # () we
have c1C° = C°. Assume 7(A) € dcl(conv(A)), where 9(-) denotes the boundary of a set,
then, by the supporting hyperplane theorem there exists y € X such that

,T(A)) = inf ,T).
<y ( )> :L"Ecl(conv(A))<y >

Hence for x € supp(\) we have (y,z — w(\)) > 0. We obtain

0< /(y,x —m(A))dA = (y, /:cd)\ —7m(A) =0

and thus supp(\) C H where H = {z : (y,z—n(\)) = 0}. It follows that supp(\) C HNA.
Since H is of lower dimension and hence by induction we obtain 7(\) € conv(H N A) C
conv(A). If m(\) ¢ dcl(conv(A)), then w(A) € conv(A)° C conv(A) and we are done. [

Since convex functions are classically defined through an inequality condition, we will
now show that the convex functions defined via the convexity of their epigraphs, as in
[64], also satisfy this classical definition.

Lemma 5.C.2. Let f : X — R be convex. Let x1,...,1, € X such that f(z;) < oo.
Then all oy, ..., o € [0,1] with Y, a; = 1 we have

Zaif(xz’) > f (Z aixi>

Proof. For all t;, such that (z;,t;) € epi(f) we have ¢t; > f(x;). Since epi(f) is convex we
obtain (>, a;xi, ) ; ast;) € epig(f) and thus

Tene (ge)

since this holds for all ¢; > f(z;) the result follows. O

In the following we provide a proof of Jensen’s inequality for convex functions taking
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values in the extended reals, since the standard proofs usually require the functions to be
real valued.

Lemma 5.C.3 (Jensen). Let p be a probability measure on X and let f be convex and
p({f < oo}) =1, then we have

EA[f] = fm(p)).

Proof. We use induction on the dimension d. Since epi(f) is convex, so is its projection
C:={x: (z,t) € epi(f)}. By assumption we have pu(C) = 1. W.lo.g. assume that C
has nonempty interior and 7(u) in C° since otherwise by Hahn-Banach we can restrict
ourselves to a subspace H with pu(H N C) =1 and use the induction hypothesis. Assume
there exists # € C° such that f(z) = —oo, then by convexity it follows that f(y) = —oo
for all y € C°. This can seen by noticing that for any y € C° there exists a > 1 such that
zo=ay+ (1 —a)xr € C. Let (zg,ty) € epi(f) then for every ¢t € R, (x,t) € epi(f) and
thus

a—1 1 .
<y, t+ to) € epi(/).
« a
Letting t — —oo shows that f(y) = —oo. Hence

—o00 = f(m(u)) <EX[f].

Else f is real valued on C°. It is well known that any real valued convex function on
an open subset is continuous. It follows that f is continuous on C° and hence the set
epig(f)(N(C° x R) is open and convex where epig(f) = {(z,t) : t €R, t > f(x)}. By
Hahn Banach there exists a linear functional [ such that I(z,t) > (7w (u), f(7w(p))) for all
(x,t) € epig(f)[(C° x R). Hence there exists a linear function a such that we have

f(z) = f(x(n) + a(z — 7(n))
for z € C°. For z € OC there exists t > 0 such that (1 —¢)w(u) +tz € C°. We have
fr() +ta(z = m(p)) < f((1 =) (p) +t2) < (L= f(x(p)) +1f(2)

where the second inequality follows from the convexity of f and the fact that f < co on
C. Hence we obtain

f(z) =2 f(7(n)) + a(z — m(p)).
We have

EX[f = BAf (r(w) + a(- = w(p)] = f(r (@) + al(m(p) — 7(w) = f(m(w))-
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