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1 Introduction

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

Here we complement this program by proving that for locally bounded
processes, (NA1) is equivalent to the existence of a dominating local martin-
gale measure. Apart from its mathematical interest, we believe that this result
may also be relevant in financial applications. It is known that dominating
local martingale measures are the appropriate pricing operators when working
with continuous price paths satisfying (NA1) [Rufl3]. Moreover, in the duality
approach to utility maximization, the dual variables are often given by suit-
able measures. There is a functional analytic approach, working with finitely
additive measures [CSVVOl,KZO?)]7 and a probabilistic approach, working with
countably additive measures on an extended probability space [FG06]. How-
ever, to the best of our knowledge there is no intrinsic characterization of these
measures, they are described in terms of associated processes which may be in-
terpreted as generalized Radon-Nikodym derivatives. While we do not believe
that in general the space of dual variables is given by the dominating local
martingale measures (see Remark 4.17), their closure seems to be a natural
candidate.

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

In the first four sections of the paper, we fix the following probability
space: Let E be a Polish space, and let A ¢ E be a cemetery state. For all
w € (BU{A})0®) define

C(w) =1inf{t > 0:w(t) = A}.

Let £2 C (EU{A})[0>) be the space of paths w : [0,00) — EU{A}, for which
w is cadlag on [0, ((w)), and for which w(t) = A for all t > ((w). For all ¢t > 0
define F) as the o—algebra generated by the coordinate projections up to time
t and Fy = (,o; Fe. Moreover, set F = \/,oq F{ = ;=0 Ft- We also assume
that P is a given probability measure on ({2, F) such that P({ < o0) = 0.
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Note that (F;) is not complete. We hope to convince the reader with the
arguments in Appendix A that this does not pose any problem. While many
of our auxiliary results hold on general probability spaces, the main results
Theorem 1.5 and Theorem 1.6 need some topological assumptions on ({2, F):
on a general probability space, say with a complete filtration, we cannot hope
to construct a probability measure which is not absolutely continuous. This is
also why in model free financial mathematics, where non-dominated families of
probability measures are considered, one usually works on suitable path spaces.
We choose ({2, F) as above because it allows us to apply the construction of
Follmer’s measure given in [PR14].

Throughout, S = (S¢)i>0 denotes a d-dimensional adapted process on
the filtered probability space ({2, F, (F:)i>0, P) which is almost surely right-
continuous. We think of S as the (discounted) price process of d financial
assets. Of course, the case of a finite time horizon T' > 0 can be embedded
by setting St4; = Sp for all t > 0. Semimartingales are defined as usually,
except that they are only almost surely cadlag. Since (F:) is not complete, a
semimartingale does not need to be cadlag for all w € 2.

A strategy is a predictable process H = (Hy);>o with values in R?, If S is
a semimartingale and A > 0, then a strategy H is called A—admissible (for .S)
if the stochastic integral H - S := [ H,dS; exists and satisfies P((H - S); >

—A) = 1 for all ¢ > 0. Here we write xy = Zzzl xryi for the usual inner
product on R% We define H, as the set of all A-admissible strategies. For
details on vector stochastic integration we refer to Jacod and Shiryaev [JS03].

If S is not a semimartingale, we can still integrate simple strategies against
S. A simple strategy is a process of the form H; = Z;-'Zol Filr, 7,.0(t) for
m € N and stopping times 0 < 79 < 71 < -+ < T, < 00, where for every
0 < k < m the random variable F}; is bounded and F,, -measurable and takes
its values in R?. The integral H - S is then defined as

=

m—

(H . S)t = Z Fk(Srk+1At - S‘rk/\t)a

k=0

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

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

Wy ={1+H-S:HE&cH; and (H - 5); almost surely converges as t — oo}.
(1.1)

Similarly, Wi 5 is defined as Wy, = {1+ H - S : H € H1s}. Note that the
convergence condition in (1.1) is trivially satisfied for simple strategies. We
will also need the following sets of terminal wealths:

K= {Xoo : X € Wl} and ICl,s = {Xoo X € Wl,s}- (12)
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We write L° = L°(§2, F, P) for the space of real-valued random variables
on ({2, F), where we identify random variables that are P—almost surely equal.
Recall that a family of random variables X is bounded in probability, or bounded
in L) if limy, 0o SUp x e P[|X| > m] = 0.

Definition 1.1 A semimartingale S satisfies no arbitrage of the first kind
(NA1) if Ky is bounded in probability. It satisfies no arbitrage (NA) if there
isno X € Ky with X > 1 and P(X > 1) > 0. If both (NA1) and (NA) hold,
we say that S satisfies no free lunch with vanishing risk (NFLVR).

Similarly, an almost surely right-continuous adapted process S satisfies no
arbitrage of the first kind with simple strategies (NA1), no arbitrage with sim-
ple strategies (NAg ), or no free lunch with vanishing risk with simple strategies
(NFLVRy), it Ky ;s satisfies the corresponding conditions.

Heuristically, (NA) says that it is not possible to make a profit without
taking a risk. (NA1), which is also referred to as “no unbounded profit with
bounded risk” (NUPBR) [KKO07], says that is not possible to make an un-
bounded profit if the risk remains bounded.

We want to construct dominating local martingale measures for S. When
constructing absolutely continuous probability measures, it suffices to work
with random variables. In Section 2 below, we argue that dominating measures
correspond to nonnegative supermartingales with strictly positive terminal
values. We also show that a dominating local martingale measure corresponds
to a supermartingale density in the following sense.

Definition 1.2 Let ) be a family of stochastic processes. A supermartingale
density for ) is an almost surely cadlag and nonnegative supermartingale Z
with Zo, = lim;_,o, Z; > 0, so that Y Z is a supermartingale for all Y € ).
If all processes in Y are of the form 1+ (H - S) for suitable integrands H,
and if Z is a supermartingale density for ), then we will sometimes call Z a
supermartingale density for S.

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

First we sketch an alternative proof of Rokhlin’s theorem:

Theorem 1.3 ([Rok10], Theorem 2, see also [KKO07], Theorem 4.12)
Let S be an adapted process, almost surely right-continuous (respectively a
semimartingale). Then (NA1;) (respectively (NA1)) holds if and only if there
exists a supermartingale density for Wi s (respectively for Wi ).

The following corollary has also been known for a while:

Corollary 1.4 ([AnkO05], Theorem 7.4.3 or [KP11]) Let S = (S%,...,59)
be an adapted process, almost surely right-continuous. If every component S°
of S is locally bounded from below and if S satisfies (NAls), then S is a
semimartingale that satisfies (NA1), and any supermartingale density for Wi s
is also a supermartingale density for W;.
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Given a supermartingale density Z for S, we then apply Yoeurp’s [Yoe85]
results on Follmer’s measure [F6172] together with the construction of [PR14],
to obtain a dominating measure () > P associated to Z. Let v be a right-
continuous version of the density process v, = dP/dQ)|z,, and let 7 be the first
time that v hits zero, 7 = inf{t > 0 : vy, = 0}. We define

St = Siljpary + Sr-lzry = Silpary + lm Silypzry.

Note that S and S™~ are P-indistinguishable. In the predictable case, our
main result is then:

Theorem 1.5 Let S be a predictable semimartingale on (£2,F,(F:), P). If Z
is a supermartingale density for Wi, then Z determines a probability measure
@ > P such that S™~ is a Q-local martingale. Conversely, if Q > P is a dom-
inating local martingale measure for S™—, then Wi admits a supermartingale
density.

Theorem 1.5 is false if S is not predictable, as we will demonstrate on a
simple counterexample. But we will be able to exhibit a subset of supermartin-
gale densities that do give rise to dominating local martingale measures. Con-
versely, every dominating local martingale measure for S™~ corresponds to a
supermartingale density, even for processes that are not predictable. In this
way we obtain the following theorem, the main result of this paper. In the
non-predictable case we build on results of [TS14] which are formulated for
processes on finite time intervals. So in the theorem we let T, = oo if S is
predictable, and T, € (0, 00) otherwise.

Theorem 1.6 Let (S¢)icjo,r..] be a locally bounded, adapted process on the
space (2, F, (Fz), P) which is almost surely right-continuous. Then S satisfies
(NA1,) if and only if there exists a dominating Q > P such that ST~ is a
Q-local martingale.

This work is motivated by insights from filtrations enlargements. A filtra-
tion (G;) is called filtration enlargement of (F) if Gy O F; for all ¢ > 0. A
basic question is then under which conditions all members of a given fam-
ily of (F;)-semimartingales are (G;)-semimartingales. We say that Hypotheése
(H') is satisfied if all (F;)-semimartingales are (G;)-semimartingales. Given
a (F;)-semimartingale that satisfies (NFLVR), i.e. for which there exists an
equivalent local martingale measure, one might also ask under which condi-
tions it still satisfies (NFLVR) under (G;). It is well known, and we illustrate
this in an example below, that the (NFLVR) condition is usually violated after
filtration enlargements.

However, (NA1) is relatively stable under filtration enlargements. If (G;) is
an initial enlargement of (F), i.e. G, = F; V o(X) for some random variable
X and for every ¢ > 0, then Jacod’s criterion [Jac85] is a celebrated condition
on X and (F;) under which Hypothese (H') is satisfied. We show that in fact
Jacod’s criterion implies the existence of a universal supermartingale density. A
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strictly positive process Z is called universal supermartingale density if ZM is
a (G;)-supermartingale for every nonnegative (F;)-supermartingale M, which
is obviously much stronger than Hypothese (H’). Moreover, we will see that
under Jacod’s criterion every predictable process satisfying (NA1) under (F;)
also satisfies (NA1) under (G;). Conversely, if (G;) is a general (not necessarily
initial) filtration enlargement, and if there exists a universal supermartingale
density for (G;), then a generalized version of Jacod’s criterion is satisfied.

Section 2 describes the link to filtration enlargements in more detail. In
Section 2 we also argue that a dominating local martingale measure should
correspond to a supermartingale density. In Section 3 we discuss Rokhlin’s
theorem, for which we sketch an alternative proof. In Section 4 we prove that
if S is predictable, then Z is a supermartingale density for S if and only if
ST~ is a local martingale under the Follmer measure of Z. We also prove our
main result, Theorem 1.6. In Section 5 we discuss the relation with filtration
enlargements.

Relevant literature

To the best of our knowledge, supermartingale densities were first considered
by Karatzas et al. [KLSX91]; see also Kramkov and Schachermayer [KS99] and
Becherer [Bec01].

The semimartingale case of Theorem 1.3 was shown by Karatzas and Kar-
daras [KKO07]. The generalized version which we will encounter in Section 3 is
due to Rokhlin [Rok10].

It was first observed by Ankirchner [Ank05] that a locally bounded pro-
cess satisfying (NA1s) must be a semimartingale; see also Kardaras and Platen
[KP11]. A slightly weaker version of this result is due to Delbaen and Schacher-
mayer [DS94]. This part of Corollary 1.4 is an immediate consequence of The-
orem 1.3. We get from [KP11] that (NA1,) implies (NA1) for locally bounded
processes and that supermartingale densities for W; ; are supermartingale
densities for W;.

Recently there has been an increased interest in Follmer’s measure, mo-
tivated by problems from mathematical finance. Follmer’s measure appears
naturally in the construction and study of strict local martingales, i.e. local
martingales that are not martingales. These are used to model bubbles in
financial markets, see Jarrow et al. [JPS10]. A pioneering work on the rela-
tion between Follmer’s measure and strict local martingales is Delbaen and
Schachermayer [DS95a]. Other references are Pal and Protter [PP10], Kar-
daras et al. [KKN14], and Carr et al. [CFR14]. The work most related to ours
is Ruf [Rufl3], where it is shown that, in a diffusion setting, (NA1) implies
the existence of a dominating local martingale measure. All these works study
Follmer measures of nonnegative local martingales.

To the best of our knowledge, the current work is the first in which the
Follmer measure of a supermartingale that is not a local martingale is used as
a local martingale measure. In Follmer and Gundel [FGO06], supermartingales
Z are associated to “extended martingale measures” PZ. But by definition,
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PZ is an extended martingale measure if and only if Z is a supermartingale
density. This does not obviously imply that S7~ or S is a local martingale
under PZ — and as we will see it is not true in general.

Another related work is Kardaras [Karl0], where it is shown that (NA1)
is equivalent to the existence of a finitely additive equivalent local martingale
measure. Here we construct countably additive measures and therefore we lose
the equivalence and only obtain dominating measures.

Our main motivation comes from filtrations enlargements, see for example
Amendinger et al. [AIS98], Ankirchner [Ank05], and Ankirchner et al. [ADI06].
In these works it is shown that if M is a continuous local martingale and if
(Gy) is a filtration enlargement, then under suitable conditions M is of the
form M = M + Jo asd<M>s, where M is a (G:)-local martingale. It is then
a natural question whether there exists an equivalent measure ) that “elimi-
nates” the drift, i.e. under which M is a (G;)-local martingale. In general, the
answer to this question is negative. However, Ankirchner [Ank05], Theorem
9.2.7, observed that if there exists a well-posed utility maximization problem
in the large filtration, then the information drift o must be locally square inte-
grable with respect to M. Here we show that this condition is in fact sufficient
and necessary and we also give the corresponding results for discontinuous
processes.

2 Motivation

We start with some motivating discussions. First we show that the (NFLVR)
property is not very robust under filtration enlargements. Then we recall that
if Jacod’s criterion is satisfied, there still is a dominating local martingale
measure. Finally we argue that under Jacod’s criterion, (NA1) is often satisfied
in the large filtration. So (NA1) respectively (NA1,) seem to be related to
the existence of dominating local martingale measures. Assuming that such
a measure exists, we show that its Kunita-Yoeurp decomposition under P is
supermartingale density.

Equivalent local martingale measures and filtration enlargements

Assume that P(A) € {0,1} for all A € Fy and that S is a one dimensional
semimartingale modelling a complete market (i.e. for every X € L% (F) there
exists a predictable process H, integrable with respect to S, so that X =
Xo+ fooo H.dS; for some constant Xy € R). Let X be a random variable that
is not P-almost surely constant, and define the initially enlarged filtration
Gy = F:Vo(X) for t > 0. This is a toy model for insider trading: at time 0, the
insider has the additional knowledge of the value of X. Assume now that
is an equivalent (G;)-local martingale measure for S. Since X is not constant,
there exists A € o(X) with P[A] € (0,1). Consider the (Q, (F;))-martingale
N, = Eg[1a|F], for t > 0. By completeness of the market, there exists a (F;)—
predictable strategy H such that N = Q[A] + [, H,dSs. But then [; H,dS



8 Peter Imkeller, Nicolas Perkowski

is a bounded (@, (G;))-local martingale and thus a martingale. Using A€ € G
and that @ is equivalent to P, we derive the contradiction

0= Boltactal = B |1a- [QU) + [ Haas.|] = @laiola) > o

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

Jacod’s criterion and dominating local martingale measures

Here we consider again an initial filtration enlargement G, = F; V o(X) for
t > 0, where X is a random variable. Jacod’s criterion [Jac85] is a condition
which implies that all (F;)-semimartingales remain (G;)-semimartingales. The
following formulation was first found in Féllmer and Imkeller [FI93] and later
generalized and carefully studied by Ankirchner et al. [ADI07]. Define the
product space

ﬁ:QXQ7 EZ.}—@U(X), §t=ft®0(X),tZO

We consider two measures on §2: the decoupling measure Q = PQ P lo(x), and
P =Poy ! where ¢: 2 — 2, 1)(w) = (w,w). The following result is then a
reformulation of Jacod’s criterion.

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

In this formulation it is quite obvious why Jacod’s criterion works. Un-
der the measure @, the additional information from X is independent of
F. Therefore, any (F;)-martingale M will be a (G;)-martingale under @ (if
we embed M from (2 to 2 by setting M;(w,w’) = M;(w)). By assumption,
@ > P, and therefore an application of Girsanov’s theorem implies that M
is a P-semimartingale. But it is possible to show that if M is a (P, (G;))-
semimartingale, then M is a (P, (G;))—-semimartingale, which completes the
argument.

The main argument was that Jacod’s criterion gives us a dominating mea-
sure (on an enlarged space), under which any (F;)-martingale is a (G;)-
martingale. But Jacod’s criterion is always satisfied if X takes its values in
a countable set, regardless of P and S. So if we recall our example of filtration
enlargements in complete markets from above, then we see that Jacod’s crite-
rion may be satisfied although there is no equivalent local martingale measure
under (G;).
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Utility maximization and filtration enlargements

Assume again that S models a complete market and that (G;) is an initial
enlargement satisfying Jacod’s criterion. We then define the set of attainable
terminal wealths /Cq(F;) and K1(G;) as in (1.2), using (F;)-predictable and
(Gi)-predictable strategies respectively. It is shown in Ankirchner’s Ph.D. the-
sis ([AnkO05], Theorem 12.6.1, see also [ADI06]), that the maximal expected
logarithmic utility under (G;) is given by

sup  Ellog(X)] = sup Ellog(X)]+ I(X,F),
XeK1(Gr) XeKq1(Fr)

where (X, F) denotes the mutual information between X and F. The mutual
information is often finite, and therefore the maximal expected utility under
(Gy) is often finite. But finite utility and (NA1) are equivalent:

Lemma 2.1 The process S satisfies (NA1) under (G;) if and only if there
exists an unbounded increasing function U for which the mazximal expected
utility is finite, i.e. such that

sup FE[U(X)] < oc.
XeKi1(G)

Proof This follows from Proposition 2.2 below.

In conclusion, we showed that (NFLVR) and thus (NA) or (NA1) is not
very robust under filtration enlargements. We also observed that the maximal
expected logarithmic utility in an enlarged filtration may be finite, and that
this is only possible under the (NA1) condition. So (NA) seems to be the part
of (NFLVR) which is less robust with respect to filtration enlargements; see
also Remark 5.8 below. Moreover, Jacod’s criterion is satisfied in the examples
where (NA1) holds. As we saw above, Jacod’s criterion gives us a dominating
local martingale measure. Hence, (NA1) seems to be related to the existence
of dominating local martingale measures.

Supermartingale densities

Now let @ > P be a dominating local martingale measure for S. Let v be the
right-continuous density process, v+ = dP/dQ|x,, and set 7 = inf{t > 0: v =
0}. Define Z; = 1g;<,1/7:- Let H be 1-admissible for S under @, i.e. so that

Q[f(f H,dS; > —1] =1 for all t > 0. Let s,t > 0 and let A € F;. We have

]- s<T
Ep[1aZess(1+ (H - S)ess)] = Eq | yersla ~o (14 (H - 8)eas) | (2.1)

Vt+s
< Eq [1alpery (14 (H - S)i4s)]
< Eq [lalpery(1+ (H - S))]

= Ep[1aZi(1+ (H - S),)],

+
+
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using in the second line that 14 (14 (H -S).+s) is nonnegative, and in the third
line that 1+ (H - 5) is a @Q—supermartingale. This indicates that Z should be
a supermartingale density. Of course, here we only considered strategies that
are 1-admissible under @), and there might be strategies that are 1-admissible
under P but not under Q. We will solve this by problem by considering dom-
inating local martingale measures for S™~ rather than for S.

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

1. Plr =o0] =1,
2. Q[ N{r <t}] and P are mutually singular on F,
3. for A € F, we have Q[AN{r > t}] = Ep[laZ].

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

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

Before getting to the main part of the paper, let us prove Lemma 2.1,
which is a consequence of the following de la Vallée-Poussin type result for
L%-bounded families of random variables.

Proposition 2.2 A family of random variables X is bounded in probability if
and only if there exists an increasing and unbounded function U on [0, 00) for
which

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

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

Proof If such a U exists, then obviously X is bounded in L°.

Conversely, assume that X is bounded in probability. Our construction
of U is inspired by the proof of de la Vallée-Poussin’s theorem. That is, we
construct a function U of the form

Uz) = / 9(y)dy, where  g(y) =gi fory € [k —1,k), k € N,
0

for a decreasing sequence of strictly positive numbers (gi). This U will be
strictly increasing, concave, and U(0) = 0. It will be unbounded if and only if

Zzozl gk = 0.
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For such U we apply montone convergence and Fubini’s theorem to obtain

U(IX1)] ZE (IXD1{x|€pm—1,m)} ZngP|X|€ —1,m)]

m=1 k=1

=Y o PIX[ > k=1 <> giFa(k—
=1

k=1

where Fy(k — 1) = supxex P[|X| >k —1].

So the proof is complete if we can find a decreasing sequence (gy,) of positive
numbers with > r-; g = 0o but > ro, grFx(k — 1) < oo. By assumption,
(Fx(k)) converges to zero as k tends to oo, and therefore it also converges to
zero in the Cesaro sense. So for every m € N there exists K, € N such that

K'IYL 1
— ZFX -1)< = (2.2)
m

We may also assume that K, > m. Define

1
g;cn — me7 k S Knu
0, k> K,

and let my, denote the smallest m for which gJ* # 0, that is my, := min{m €
N: K,, > k}. By definition, my, < my4q for all k, and therefore the sequence
(gx), where

o0 o0
m
= = <
O D D S s
m=1 m=my m= mk
is decreasing in k. Moreover, Fubini’s theorem implies that
[e%s) oo 0o oo oo oo Ko 1 (%) 1
— m o _ m _ _ = — =

DIEDIDI D ID DD D Dy o = o0
k=1 k=1m=1 m=1k=1 m=1k=1 m=1

0o oo K, 0o
% Fy(k — 1) 1
Fy(k—1)= < —
g:lgk: x( ) m§:1 2K, S m§:1 —5 <%,

which completes the proof.

Remark 2.3 In Loewenstein and Willard [LWO00], Theorem 1, it is shown that
the utility maximization problem for It6 processes is well posed if and only
if there is absence of a certain notion of arbitrage. Karatzas and Kardaras
[KKO07], Section 4.7 show for semimartingale models that (NA1) is the minimal
property which has to be satisfied to obtain a well-posed utility maximization
problem. Proposition 2.2 is much simpler and more obvious, but therefore also
more robust. It is applicable in virtually any context, say non-semimartingale
models with transaction costs under trading constraints. The family of port-
folios need not even be convex.
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Remark 2.4 Supermartingale densities are the dual variables in the duality
approach to utility maximization [KS99]. Taking Proposition 2.2 into account,
Theorem 1.3 therefore states that there exists a non-degenerate utility maxi-
mization problem if and only if the space of dual minimizers is nonempty. This
insight might also be useful in more complicated contexts. As a sort of meta-
theorem holding for many utility maximization problems, we expect that the
space of dual variables is nonempty if and only if the space of primal variables
is bounded in probability.

A first consequence is that any locally bounded process satisfying (NA1y)
is a semimartingale. This follows from [Ank05], Theorem 7.4.3, where it is
shown that finite utility implies the semimartingale property.

3 Existence of supermartingale densities

Now let us sketch an alternative proof of Theorem 1.3. In fact, we will obtain
a generalized version which is known as Rokhlin’s theorem.

A family of nonnegative stochastic processes ) is called fork-convez, see
[Z02] or [Rokl0], if Y; = 0 implies ¥; = 0 for all 0 < s < ¢t < oo, and
if further for all Y', Y2, Y3 € Y, for all s > 0, and for all F,~measurable
random variables Ay with values in [0, 1], we have that
Y2 Yy?

sy - AS)'> €y. (31

Y. = 1[0,5)(.)}/51 + 1[9,00)()}/51 ()\ e

Here and in all that follows we interpret 0/0 = 0. A fork-convex family of
processes with Yo = 1 for all Y € Y is convex. If moreover ) contains the
constant process 1, then ) is stable under stopping at deterministic times.
Rokhlin’s theorem is the following.

Theorem 3.1 ([Rok10], Theorem 1) Let Y be a fork-convex family of
right-continuous and nonnegative processes containing the constant process 1
and such that Yo =1 for allY € Y. Let

K= {YOO Y e Y= tlim Y; em'sts}.
—00
Then IC is bounded in probability if and only if there exists a supermartingale
density for Y.

Let us show the result for two time steps. First, we show that we can switch
from boundedness in L° to boundedness in L' by a change of measure.

Lemma 3.2 Let X be a convex family of nonnegative random variables. Then
X is bounded in probability if and only if there exists a strictly positive random
variable Z with

sup E[XZ] < 0.
Xex
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Proof The necessity is Theorem 1 of [Yan80] in combination with Remark (c)
of [DM82], VIII-84; see also Lemma 2.3 of [BS99]. The sufficiency is easy.

This lemma is all we need to prove the result in two time steps:

Lemma 3.3 Let Y be a L'-bounded family of nonnegative processes indexed
by {0,1}, adapted to a filtration (Fo, F1). Assume that Y is fork-conver and
that Y contains a process of the form (1,Y7*) for a strictly positive Yi*. Then
there exists a strictly positive Fyo—measurable random wvariable Z for which
(YoZ,Y1) is a supermartingale for every Y € Y. The random variable Z can
be chosen such that

sup E[YyZ] < sup max E[Y;]. (3.2)
Yey vey =01

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

p(A) == sup E[14Y1/Yo].
Yey
Let us apply the fork-convexity of ) to show that for every Y € ) there exists
Y € Y with Y1/Yp = V. We take s =0, Y! = (1,Y{"), Y2 =Y, and \; = 1
in (3.1). Then Y € Y, where 370 = l{y,>0} and }71 = Y1/Y,. In particular, it
follows from the L'-boundedness of ) that

Y ~
() = sup B |14 3] < sup BT < o
Yey 0 Yey

for all A € Fy. In fact, p is a finite measure: Let A, B € Fy be two disjoint
sets and let YA YB € Y. We take s =0, V! = (1,Y"), Y2 =Y4, Y3 =YB,
and A\; = 14 in (3.1), so that

~ YlA YlB
Y =140y (t) (1A1{YOA>O} + 131{YOB>0}) + 113 (8) 1AW + 1Bﬁ SN2
0 0

Note that Y; /Yy = Y3, since we set 0/0 = 0. Because A and B are disjoint, we
have

Vi YA v
laup=— = 1a—L +1p—.
Y, vy v®

As a consequence we obtain

Y
IAUB}A};‘| = ,u(A U B)

n(A) +p(B) < sup E
Yey

But u(AU B) < u(A) + p(B) is obvious, and therefore p is finitely additive.
It is also obvious that u(lJ, An) < >, u(A,) for every sequence (A,) of
disjoint sets in Fy. Since the opposite inequality holds for any finitely additive
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nonnegative set function, u is a finite measure on F, absolutely continuous
with respect to P. Hence, there exists a nonnegative Z € L!(Fy, P) with

(4) = E[LaZ) = sup [1,4;1)] (3.3)

for all A € Fy. As a consequence, we get for any Y € Y and A € Fy

E[14YyZ] = sup E

Y
14y =
Yey Y

0

Y;
>E {1AY0Y1} = E[14Y1],
0

proving that (YpZ,Y7) is a supermartingale provided that E[YpZ] < oco. But
the bound (3.2) follows immediately from the fork-convexity of ) and the
definition of Z, because the process Y = (Yolgygsoy, Yo7 /Yy ) is in Y for all
Y'! € Y. It remains to show that Z is strictly positive. By assumption, there
exists (1,Y7") € Y with strictly positive Y;*. Since (Z, Y7*) is a supermartingale,
also Z must be strictly positive.

The case of finitely many time steps easily follows by induction. From here
we can use a compactness principle for nonnegative supermartingales such as
Lemma 5.2 of Follmer and Kramkov [FK97] to pass to the general case. It
is also possible to use a Tychonoff theorem for convex compactness, a weak
notion of compactness introduced by Zitkovié¢ [Z10]. This approach is carried
out in [Perl4], where also many counterexamples are given to show that all
conditions of Theorem 3.1 are reasonably sharp. Alternatively, we may at this
point just follow the arguments in the proof of Theorem 2 in [Rok10].

Corollary 3.4 IfY is as in Theorem 3.1, then every Y € Y is a semimartin-
gale for which Y; almost surely converges as t — co.

Proof Convergence follows because Y Z is a nonnegative supermartingale and
because Z converges to a strictly positive limit. The semimartingale property
is obtained using [t6’s formula and the strict positivity of Z.

To conclude the proof of Theorem 1.3, it suffices to show that W; and
W; s satisfy the assumptions of Theorem 3.1. This is easy and done for example
in [Rok10]. Rokhlin only treats the case of W; and K1, but the same arguments
also work for W ; and K ;.

Proof (Proof of Corollary 1.4) Tt suffices to argue for each component sep-
arately. Let S be locally bounded from below and assume that S satisfies
(NA1,). Then also S — Sy is locally bounded from below so that we can choose
an increasing sequence of stopping times (7,,,) with lim,, . 7, = 0o, and a
sequence of strictly positive numbers (a., ), so that (1 + @, (Siar, —S0))t>0 €
Wi s. By Corollary 3.4, the stopped process S.5.,, is a semimartingale for every
m. But local semimartingales are semimartingales, see Protter [Pro04], Theo-
rem I1.6. Protter works with complete filtrations, but it follows from Lemma
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A.3 in Appendix A that for every semimartingale in the completed filtration
there exists an indistinguishable (F;)-semimartingale.

It remains to show that every supermartingale density for W ; is a super-
martingale density for W;. But this is the content of [KP11], Section 2.2.

In the unbounded case S is not necessarily a semimartingale. A simple
counterexample is given by a one dimensional Lévy-process with jumps that
are unbounded both from above and from below, to which we add a fractional
Brownian motion with Hurst index H < 1/2. The resulting process has infinite
quadratic variation and is therefore not a semimartingale. But there are no
1-admissible simple strategies other than 0, so that K; ; = {1} is obviously
bounded in probability.

4 Construction of dominating local martingale measures
4.1 The Kunita-Yoeurp problem and Féllmer’s measure

Now let Z be a strictly positive supermartingale with Z., > 0 and Ep(Zp) = 1.
Our aim is to construct a dominating measure () and a stopping time 7 such
that (Z,7) is the Kunita-Yoeurp decomposition of @ with respect to P. We
call this the Kunita-Yoeurp problem. Recall that (Z,7) is the Kunita-Yoeurp
decomposition of () with respect to P if

1. P[r=00] =1,
2. for A € F; we have

QIAN{T > t}] = Ep[laZy]. (4.1)
In this case it follows for any stopping time p and any A € F, that

Q[Aﬂ {T > p}] =FEp [1Aﬂ{p<oo}Zp] , (4.2)

see for example [Yoe85], Proposition 4.

In general it is impossible to construct @ and 7 without making further
assumptions on the underlying probability space. Under certain topological
assumptions on the probability space, Yoeurp [Yoe85] showed that one can al-
ways find an enlarged probability space where the Kunita-Yoeurp problem ad-
mits a solution (@, 7). Indeed, @ can be chosen as the Follmer measure [F6172]
of Z. Here we use the construction of [PR14], where it is shown that if P is a
probability measure on the path space (2, F) described in the introduction,
such that the explosion time to the cemetery state A is P—almost surely in-
finite, the Kunita-Yoeurp problem always admits a solution (Q,7) on (2, F)
and it is not necessary to enlarge the probability space. There it is also ex-
amined very precisely under which conditions @ and 7 are unique (almost
never).

So let (@, 7) solve the Kunita-Yoeurp problem for Z and let us show that
() dominates P.
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Lemma 4.1 Let P and Q be two probability measures on (2, F) and let
(Z,7) be the Kunita-Yoeurp decomposition of QQ with respect to P. Assume
that P|Z~ > 0] = 1. Then P < Q.

Proof Let A € ;5 Ft- Equation (4.1) and Fatou’s lemma yield
QAN{r =00} = lim QAN{r >t}] = lim Ep[Z;14] > Ep[Zoclal.
t—o00 t—o00

By the monotone class theorem and since F = \/,-, F, this inequality extends
to all A€ F. Since P(Zy > 0) = 1, we conclude that P < Q.

4.1.1 Calculating expectations under Q

Here we collect important results of [Yoe85] that allow to rewrite certain ex-
pectations under ) as expectations under P. More precisely, let Z be a nonneg-
ative supermartingale with E(Zy) = 1 and with Doob-Meyer decomposition
Z = Zy+ N — B, where N is a local martingale starting in zero, and B is an
adapted process, almost surely increasing and cadlag, and let (Q, ) solve the
Kunita-Yoeurp problem for Z.

Lemma 4.2 ([Yoe85], Proposition 1.9) Let Z = Zy + N — B, and let 7
and Q be as described above. Let (pm)men be a localizing sequence for N such
that every pm,, is finite. Then we have for every bounded predictable process Y
and for every m € N that

pm

EqlYf™] = Ep [Ypm Zp, F YSdBS} . (4.3)
0
Corollary 4.3 Let Y be a bounded adapted process that is P—almost surely

cadlag. Define
Yy (w) == Yi(w)ljt<r(w)y + limsup Ys(w)lii>r(w)}-

s—T1(w)—

Let Z and (py,) be as in Lemma 4.2. Then

pm
EQ[Y/;;] = Ep |:Ymepm Jr/ Ys—dBS} :

0
Proof This is a small generalization of (2.4) in [Yoe85]. Define Y, (w) =
Y;_(w) = limsup,_,,_Y; for ¢ > 0, and Y, = Yy. Then Y~ is predictable
process, and therefore we can apply Lemma 4.2. Observe that

YPTm_ = Ypml{T>Pm} + YT*l{TSPM} = Ypm1{7—>pm} + (Y_)T]'{Tépm}'
Now (4.2) implies that Eq[Y,, 1{r>p,.1] = EpP[Y,, Z,,,], whereas (4.3) and
then again (4.2) applied to the second term on the right hand side give

EQI(Y 7 )rlircpny) = EQI(Y )2 = EQI(Y ™) p Lir>pm 3]
Pm
= EP |:Yp7”me + }/SdBS} - EP [YPm*ZPm]
0

Pm
=FEp { YSdBS} .

0
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4.2 The predictable case

Let now S be a d—dimensional predictable semimartingale and let Z be a
supermartingale density for W;. Here we examine the structure of S and Z
closer. This will allow us to apply Lemma 4.2 to deduce that S™~ is a local
martingale under the dominating measure associated to Z.

Remark 4.4 Observe that, thanks to predictability, S — Sy is almost surely
locally bounded. In view of Corollary 1.4 it would therefore suffice to assume
that Z is a supermartingale density for Wi ;. Then S is a semimartingale and
Z is a supermartingale density for W;.

Since S — Sy is locally bounded, it is a special semimartingale. That is,
there exists a unique decomposition S = Sy + M + D, where M is a local
martingale with My = 0, and D is a predictable process of finite variation
with Dy = 0. Thus, M =S5 — Sy — D is predictable and therefore continuous.
But then also D must be continuous, because (NA1) implies dD* < d{M?)
for i = 1,...,d, where M = (M*,...,M%) and D = (D',..., D%); see for
example [Ank05], Lemma 9.1.2. Otherwise, one could find a predictable process
H? which satisfies H*-M* = 0, but for which H*-D? is increasing. In conclusion,
S must be continuous.

In fact, S must satisfy the structure condition as defined in Schweizer
[Sch95]. Recall that L2 (M) is the space of progressively measurable processes

loc

(At)e>0 that are locally square integrable with respect to M, i.e. so that

t d
/ D> ANAM, M) <o, t20.
0 ;=1
Definition 4.5 Let S = Sy + M + D be a d—dimensional special semimartin-
gale with locally square-integrable M. Define
d ..
Ct:Z<M’)t and for 1 <4,j <d: o =

i=1

d(M?* M),
dc,

Note that o exists by the Kunita-Watanabe inequality. Then S satisfies the
structure condition if dD* < d(M?) for all 1 < i < d, with predictable
derivative af = dD!/d(M?%);, and if there exists a predictable process \; =
(A, ..., ) € L2 (M) so that for i = 1,...,d we have dC(w) ® P(dw)—almost
everywhere

(o)) = alo™. (4.4)

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

oo d o
/ > Ao MdC; < oo, (4.5)
0

i,j=1

then we say that S satisfies the structure condition until co.
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Recall that two one dimensional local martingales L and N are called
strongly orthogonal if LN is a local martingale. If L and N are multidimen-
sional, then we call them strongly orthogonal if all their components are
strongly orthogonal. Also recall that the stochastic exponential of a semi-
martingale X is defined by the SDE

t
E(X) =1 +/ E(X),_dX,, t>0.
0

Let us write dX; ~ dY; if d(X —Y"); is the differential of a local martingale.

Lemma 4.6 ([LZ07], Proposition 3.2) Let S = Sy+M+D be a predictable
semimartingale and suppose that Z is a supermartingale density for S. Then
S satisfies the structure condition until oo, and

dZt - Zt_(—Atht + dNt - dBt), (46)

where A satisfies (4.4) and (4.5), N is a local martingale that is strongly or-
thogonal to M, B is increasing, and E(N — B)s > 0.

Conversely, if a predictable process S satisfies the structure condition until
oo, and if Z is defined by (4.6) with Zy = 1, then Z is a supermartingale
density for S.

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

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

Let Z be a supermartingale density. Since Z is strictly positive, it is of
the form dZ; = Z;_(dL; — dBy) for a local martingale L and a predictable
increasing process B. Since M is continuous, there exists a predictable process
A€ L?OC(M) such that dL; = —\;dM; + dN;, where N is a local martin-
gale that is strongly orthogonal to all components of M, see [JS03], Theorem
1I1.4.11. Moreover,

0< Zoo = ZoE(=A- M + N — B)og = ZoE(=X - M)sE(N — B)os,

which is only possible if A satisfies (4.5) and if £(N — B)s > 0. It remains to
show that A also satisfies (4.4).

Let H be a 1-admissible strategy. Write W# := 1+ H - S for the wealth
process generated by H. Then W Z is a nonnegative supermartingale. Since
Z is strictly positive, we must have W =0 for t > 7 :=inf{s > 0: WH =
0 or WH = 0}. Therefore, we may assume without loss of generality that H; =
Hylgcpny for allt > 0. Define m, := H, /W[, so that WH = 1+ [ m, WH dS.
In other words, every wealth process is of the form W = £(r-9) for a suitable
integrand 7. We slightly abuse notation and write W7 instead of WH.
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Integration by parts applied to ZW™ gives

A(ZW™), = Wi dZ, + Zo_m Wi dS, + d[WT, Z], (4.7)
=W Zi_(=AdM, + AN, — dBy) + Zy_m, W (dM; + dDy)
+ W[ Z,_d[x- (M +D),—\-M+ N — BJ,
~ =W Zy_dBy + Z_m, Wi dDy + Wi Zy_d{m - M, =\ - M)y,

where we used that M and D are continuous and that N is strongly orthogonal
to M.

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

d(ZWW)t ~ Wt7r_Zt_ (—dBt + ﬂ'tht + d<7'l' . ]\47 —A- M>t)

d d
— W/ Z,_ < —dB + Y (dD;ﬁ -3 a;'jA{dct)) (4.8)
j=1

i=1

Assume that there exists ¢ € {1,...,d} for which the continuous process of
finite variation X} = D — 2?21 fo o9\ dCy is not evanescent. We claim that
then there exists 7 for which the finite variation part of (ZW™) is increasing on
a small time interval. By the predictable Radon-Nikodym theorem of Delbaen
and Schachermayer [DS95b], Theorem 2.1 b), we can find a predictable ~*
with values in {—1,1} such that [j~vidD! = V*, where V* denotes the total
variation process of X¢. Note that [DS95b] work with complete filtrations, but
we can apply Lemma A.2 to get rid of that assumption. Let now m € N and
set ml :=md;;vi for j =1,...,d. Then

d(ZW™), ~ Wi Z, (—dB, +mdV}) .

Since V¥ is an increasing process that is not constant, there exists m so that
—dB; + mdV} is locally strictly increasing with positive probability. Since
7 is bounded, we obtain that W= > 0 for all ¢ > 0. Therefore, the finite
variation part of W™Z is locally strictly increasing with positive probability,
a contradiction to ZW™ being a supermartingale.

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

d
0= [dD; = > o XdC, | = (ajo}’ — (o1\)") ACy,
j=1

so that dC(w) ® P(dw)-almost everywhere a’c® = (o0A)" and thus A satis-
fies (4.4).
The converse direction is easy and follows directly from (4.7).
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Remark 4.7 For later reference we remark that if S is discontinuous, then a
priori we only know that dZ, = Z;_ (dN; — dB;), for a local martingale N and
a predictable process of finite variation B. Similarly as in(4.7) we can show
that then for W™ = &(m - S)

d(Wﬂ—Z)t ~ Wtﬂ;th(—dBt + 7Ttht + d[ﬂ' . M, N]t — d[ﬂ' . D7 B]t) (49)

Here we used that if L is a local martingale and if D is predictable process
of finite variation, then [L, D] is a local martingale, see Proposition 1.4.49
of [JS03].

If Z is a supermartingale density, then SZ is not necessarily a local mar-
tingale:

Corollary 4.8 Let Z and S be as in Lemma 4.6. Then S°Z is a local super-
martingale if and only if S* > 0 on the support of the measure dB. If S* > 0
identically, then S'Z is a supermartingale.

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

Proof Integration by parts and (4.6) imply that

d(S8'Z) = Z;_(AM} + aloidCy) + Si_Z;_(—AdM; + dN; — dBy)
— Z;_(0N)idCy
~ =S} 7, dB,

where we used (4.4) in the second step. The claim now follows easily since
nonnegative local supermartingales are supermartingales by Fatou’s lemma.

Another consequence of Lemma 4.6 is that in the predictable case, the
maximal elements among the supermartingale densities are always local mar-
tingales. This is important in the duality approach to utility maximization.
For details we refer to [LZ07].

We are now ready to prove Theorem 1.5, which is a consequence of the
following corollary.

Corollary 4.9 Let S be a predictable semimartingale, and let Z be a super-
martingale density for S. Let T be a stopping time and @ be a probability
measure so that (Z/Ep(Zy),T) is the Kunita-Yoeurp decomposition of QQ with
respect to P. Then S™~ is a Q-local martingale.

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

Proof We first show that S7~ is Q—almost surely locally bounded. For n € N
let p, := inf{t > 0 : |S] | > n}. Since S™~ was only required to be right-
continuous P-almost surely and not identically, p,, is not necessarily a stopping
time. But it is a stopping time in the filtration (F{¥) which is completed with
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respect to Q. By Lemma A.1, there exist (F;)-stopping times (p,)nen with
Q[pn = pn] = 1 for all n. Then sup,, p, is a stopping time, and we obtain from
(4.2) that

Q[Sup pn < T] =FEp [Zsupn Pnl{supn pn<oo}] = O, (410)

because P[sup,, p, < oo] = 0. But S}~ is constant after 7, and therefore
{sup,, pn > 7} is Q—almost surely contained in {sup,, p, = oo}, so that S7~ is
(Q—almost surely locally bounded.

Let now (0y,)nen be a localizing sequence of finite stopping times for the
local martingale N, where Z = Zy+ N — B, and define 7, := p,Ao,. Let H be a
strategy that is 1-admissible for (S7~)™ under Q. Since (H-S7") = (H-S)™,
we can apply Corollary 4.3 (which of course extends to nonnegative Y'), to
obtain

Eqll + (H-S7);,] = Ep|(1+ (H - S).,)Z, +/ (1+ (H-S),-)dB,].
0
But now (4.8) and (4.4) imply that for 7 as defined in the proof of Lemma 4.6,
the process

(1 (@ $)Z+ [ (14 (H-8).)aB, =Wz + [ WEab,

0 0
is a nonnegative P-local martingale starting in 1, and therefore Eq[(H -
S77)r,] <0. Since (S77)™ is bounded, we easily conclude that it is a martin-
gale.

The only remaining problem is that so far we only know that Q[sup,, 7, >
7] = 1 and not that Q[sup,, 7, = oo] = 1. But the same arguments also
show that (S77)P»"™m is a martingale for all n,m € N, so that by bounded
convergence

BQl(S7 )2 F] = lim_ Eql(S™ )%™ |F] = tim (§7)¢"™ = (57 )"
for all s,t > 0. As we saw above, Q[sup,, p, = 00| = 1, and therefore S™~ is a
@-local martingale.

Conversely, let ST~ be a @Q—local martingale, and let H be a 1-admissible
strategy for S under P. Define p := inf{t > 0: (H-S7"); < —1}. Then P[p <
oo] = 0 and therefore Q[p < 7] = 0. Hence, H is 1-admissible for S™~ under
Q. Now we can repeat the arguments in (2.1), to obtain that Z; = 1«7} /%
is a supermartingale density for S, where we denoted v; := (dP/dQ)|x,.

Remark 4.10 For later reference, note that we only used once that S is pre-
dictable: it was only needed to obtain

Bp |(L+ (- 8),)Z + [ (L4 (- 8). 0B <1
0

for which we applied Lemma 4.6 (and formula (4.8) from the proof of that
lemma).
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Remark 4.11 We argued above that a predictable process satisfying (NA1)
must be continuous. Therefore, Theorem 1.5 is not much more general than
Ruf [Rufl3], where it is shown that a diffusion S that satisfies (NA1) admits
a dominating local martingale measure. However, [Ruf13] only shows that su-
permartingale densities which are local martingales correspond to local mar-
tingale measures. Here we show that in the predictable case this is true for all
supermartingale densities.

4.3 The general case

We start the treatment of the non-predictable case with two examples that
illustrate why it is natural to consider dominating local martingale measures
for S7~ rather than for S.

Ezxample 4.12 If @ is a dominating local martingale measure for .S, then S
does not need to satisfy (NA1): Let 7 be standard exponentially distributed
under Q. Define the uniformly integrable martingale Sy = e'1y,y for t € [0, 1]
and set dP = S1dQ. Under P we have S; = e for all ¢ € [0, 1], so that S does
not satisfy (NA1) under P, despite the fact that @ is a dominating martingale
measure for S. Note that S;~ = ef, t € [0, 1], is not a Q-local martingale.

Recall that a stopping time 7 is called foretellable under a probability mea-
sure P if there exists an increasing sequence (7,) of stopping times such that
P(r, < 1) =1 for every n, and such that P(sup, 7, = 7) = 1. In this case
(1n) is called an announcing sequence for 7. Every predictable time is fore-
tellable under any probability measure, see Theorem 1.2.15 and Remark 1.2.16
of [JS03].

Example 4.13 Let S be a semimartingale under P and let @ > P be a dom-
inating measure with Kunita-Yoeurp decomposition (Z,7) with respect to P.
Assume that 7 is not foretellable under @). Then there exists an adapted pro-
cess S which is P-indistinguishable from S and so that S is not a QQ-local
martingale: Let z € R? and define S¥ = Sil{t<ry + @lyy>7y, which is P—
indistinguishable from S since P(r = o0) = 1. If S is a @Q-local martingale,
then 7¢ = inf{t > 0 : |S?| > n}, n € N, defines a localizing sequence. In
particular, Q[lim,_, 7% > 7] = 1. Since 7 is not foretellable under @, there
must exist n € N for which Q[rF > 7] > 0. Moreover, we have

Eq[So] = Eq[S7:] = Eq[Srzl{rz<ry] +2Q[ry > 7].
Since 77 = 7Y for all |z| < n, |y| < n, this holds for all |z| < n — a contradiction.

The examples show that given ) > P it is important to choose a good
version of S if we want to obtain a (Q—local martingale. All results so far
indicate that this good version should be S”~. Maybe somewhat surprisingly,
this is not true in general, as we demonstrate in the following example.
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Ezample 4.1/ Let Ly = N} — N2 + bt, t € [0,1], where N and N? are inde-
pendent Poisson processes and b # 0. Let a > |b| and let p be an exponential
random variable with parameter a, independent of L. Define 7 = p if p < 1,
and 7 = oo otherwise. Consider the probability measure dP = %11 ,,dQ.
By independence of L and 7, L has the same distribution under P as un-
der Q. The Kunita-Yoeurp decomposition of @ with respect to P is given by
((e_at)te[o,uﬁ)-

We claim that Z = e~ is a supermartingale density for L. Let (m,W/[_)
be a strategy for L, where W7 is the wealth process obtained by investing
in this strategy. Such a strategy is 1-admissible if and only if || < 1 for all
t € [0, 1]. Moreover, we get from (4.9) that

d(ZWﬂ')t ~ —ngZt,adt + Zt,WtWtﬂ;bdt = WtTLZt,(ﬂ'tb — a)dt

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

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

QIAL, #£0,7<1] = - QAL # 0)(Q o 7~ 1)[dt] = 0,

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

Remark 4.15 In the preceding example it is possible to show that the modified
process

~ b
Li=L]" — ~1gzn (4.11)

is a @—martingale. More generally, we expect that given a semimartingale S, a
supermartingale density Z for S, and a measure ) > P with Kunita-Yoeurp
decomposition (Z,7) with respect to P, there should always exist a version S
that is P—indistinguishable from S and so that S is a @—local martingale. But
as (4.11) shows, we will need to take different S for different supermartingale
densities. This seems somewhat unnatural, and we will not pursue it further.

Note that all three examples had one thing in common: 7 was not fore-
tellable under . We will see that things are much simpler if 7 is foretellable
under Q. But if (7,,)nen is an announcing sequence for 7, then we obtain from
(4.2) that 1 = Q[7, < 7] = Ep[Z;,1{;, <o0}] foralln € Nand 0 = Q[sup,, 7, <
7] = Ep[Zsup,, v, L{sup,, rn<oc}]- Since Z is strictly positive, we conclude that
(Tn)nen is a localizing sequence for Z under P, i.e. Z is a P-local martingale.

Therefore, we should look for supermartingale densities that are local mar-
tingales, so called local martingale densities. If (St)iefo,r] is one dimensional
with finite terminal time T < oo, it is shown by Kardaras [Kar12] that lo-
cal martingale densities exist if and only if (NA1) is satisfied. Takaoka and
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Schweizer [TS14] prove the same result in the multidimensional case with fi-
nite terminal time. See also the recent preprint Song [Son13] for an alternative
proof.

Of course [Kar12,TS14,Son13| all work with complete filtrations, but as
usual we remove this assumption with the help of Lemma A.2.

Lemma 4.16 Let S be a locally bounded semimartingale, and let Z be a local
martingale density for S. Let T be a stopping time and Q be a probability
measure such that (Z/Ep(Zy),T) is the Kunita-Yoeurp decomposition of Q
with respect to P. Then S™~ is a Q—local martingale.

Conwersely, if Q > P has Kunita- Yoeurp decomposition (Z, ) with respect
to P, and if ST~ is a Q-local martingale, then Z is a supermartingale density

for S.

Proof The proof is similar to the one of Corollary 4.9. Recall from Remark 4.10
that we only used the predictability of S once in the proof of Corollary 4.9,
namely to obtain

EQ[(H-57)s,] <0 (4.12)

for all strategies H that are 1-admissible for (S77)7" under Q. Here (0,,) was
a localizing sequence of finite stopping times for the local martingale N under
P, where Z = Zy+ N — B. So it suffices to show that (4.12) always holds if Z
has the decomposition Z = Zy + N, i.e. if B =0.

Let (0,) be a localizing sequence of finite stopping times for the local
martingale Z under P, and let H be a strategy that is 1-admissible for (S7)"
under @ (and then also for S under P). We apply Corollary 4.3 with B =0
and that Z is a supermartingale density to obtain

EQ[l +(H - ST_)Un] = EP[(1 + (H - S)Un)Zan] <L
From here on we can just copy the proof of Corollary 4.9.

Theorem 1.6 now easily follows by combining Theorem 1.3, Corollary 1.4,
and Lemma 4.16.

Remark 4.17 There is another subset of supermartingale densities of which one
might expect that they correspond to local martingale measures for S7~: the
maximal elements among the supermartingale densities. A supermartingale
density Z is called mazimal if it is indistinguishable from any supermartingale
density Y that satisfies Y; > Z; for all t > 0. If S is discontinuous, then some
maximal supermartingale densities are no local martingales, see Example 5.1’
of [KS99].

But such Z will usually not correspond to local martingale measures for
S7~. Assume for example that we are in the situation of Theorem 2.2 in [KS99)].
That is, we have a dual optimizer Z and a primal optimizer H for a certain
utility maximization problem. Then point iii) of this Theorem 2.2 states that
(14 (H-S5))Z is a uniformly integrable martingale. If we assume now that Z
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is not a local martingale, and if (7,,) is a localizing sequence of finite stopping
times for the local martingale part N of Z = Zy+ N — B, then we obtain from
Corollary 4.3 that

Eoll+(H-57).;,|=Epl(1+(H-95))Z,]

+Ep[/OT”'(1+(H~S)S)dBS}

—1+Ep [/Omu +(H - 5),)dB.], (4.13)

Since H is optimal, the wealth process (14(H-S)s_)s>0 will be strictly positive
with positive probability. Since also dB # 0 with positive probability, the
expectation in (4.13) is strictly positive for sufficiently large n, and therefore
S7~ cannot be a @-local martingale.

5 Relation to filtration enlargements

Here we show that Jacod’s criterion for initial filtration enlargements is in fact
a criterion for the existence of a universal supermartingale density (to be de-
fined below) and we show that it preserves (NA1) for all continuous processes.
For general filtration enlargements we show that if there exists a universal
supermartingale density, then a generalized version of Jacod’s criterion is nec-
essarily satisfied.

5.1 Jacod’s criterion and universal supermartingale densities

In this subsection we work on a general probability space (£2, F, (Fi)t>0, P)
and not necessarily on a path space. Let G = F; V o(X), t > 0 be an initial
filtration enlargement of (F;) with the random variable X. We define the
right-continuous regularization of (G7) by setting G; := (,., Go for all ¢ > 0.
Recall that Hypothese (H') is satisfied if all (F;)-semimartingales are (G;)-
semimartingales.

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

If X takes its values in a standard Borel space, then the regular conditional
distribution

Pi|w,dz] := P[X € dz|F])(w)
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exists for all ¢ > 0. We write Px for the distribution of X. Jacod’s criterion
states that Hypothese (H') is satisfied provided that for every ¢ > 0 almost
surely

P,jw,dz] < Px|[dz]. (5.1)

Note that this statement only makes sense if the set {w : Pi|w, dz] < Px[dz]}
is F—measurable. But since the o—algebra of a standard Borel space is count-
ably generated (see also [PR14]), it is easily verified that this is indeed the
case. Below we give an alternative proof of Jacod’s result, and we relate it to
the existence of a universal supermartingale density.

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

Definition 5.1 Let (G;) be a filtration enlargement of (F;). Let Z be a (G;)—
adapted process that is almost surely cadlag, such that P[Z; > 0] = 1 for all
t > 0. Then Z is called universal supermartingale density for (G¢) if ZM is a
(G:)-supermartingale for every nonnegative (F;)-supermartingale M.

Note that here we do not require Z., to be strictly positive, unlike in
the previous sections. This is because here we are primarily interested in the
semimartingale property and not whether (NA1) holds. Local semimartingales
are semimartingales, and therefore it suffices to verify the (G;)—semimartingale
property of M on every compact interval [0, ¢].

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

Proposition 5.2 Assume that Jacod’s criterion (5.1) is satisfied. Then there
exists a universal supermartingale density for (Gy).

Proof 1. Let ¢t > 0. Without loss of generality we may assume that dP;[w, -] <
dPx|[] for all w € £2. This can be achieved by setting P;[w, ] := 0 on the
measurable set {w : P;(w) does not satisfy P;w, ] < Px[]}. Now we can
apply a theorem of Doob, see [YM78], according to which there exists a
Fi ® B-measurable random variable Y; : 2 x X — R, so that for every
w € 2 we have Px—almost surely

dPt [w, }
“aPy (z).

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

{(w,2) : Yi(w,z) =0} C {(w, z) : YVits(w,z) =0} (5.2)

Yi(w,z) =
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of conditional expectations imply that

Note that Y;1s > 0, and therefore Fubini’s theorem and the tower property

/ Ly, (w,e)=0} Yets(w, ) P ® Px[dw, dz]
OxX
:/ /1{Yt(w,r):O}Pt+s[Wad‘r]P[dw]
2 Jx

= / / iy, (w,x (w)) =0} P[dw]
2 JX

= / / 1{Yt(w,x):O}Pt [w, d:r:]P[dw] =0.
2 JX

2. Define Zt(w,x) = 1y (w,2)>01/ Y (w, o) and Z;(w) := Zt(w,X(w)). This Z
is (G¢)—adapted by construction. Let now M be a nonnegative (F;)-super-
martingale, and let s,t > 0, A € F;, and B € B. Then we can apply the
tower property to obtain

E1alp(X)MtsZsis)

= / 1A (W) My s (w) / 15(2) Zps(w, 2) Pry s |w, dz] Pldw]
2 X

Yiis(w,x
= [ 14 @) [ 106§D Prlda] Pl

S/Q1A(w)Mt+S(w)/X1B(x)1{yt(w’x)>0}PX[dx}P[dw],

where in the last step we applied (5.2). Using the (F;)-supermartingale
property of M in conjunction with Fubini’s theorem, we obtain

/lA(w)Mt+s(w)/IB(I)l{yt(w7w)>o}PX[dl‘]P[dw]
(9] X
< [ 16) [ 1a@)Mi)115, 050 PldelPx
- / 1a(w) / 15(2) My () Zo(w, ) PyJw, da] Pldw] = E [1a15(X) M, Zi].
2 X

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

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

E[l{Yt(-,X(-)):O}] 2/ /1{yt(wﬁz):0}Pt[w,dl‘]P[dw] =0.
2 JX
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4. Z is not necessarily almost surely cadlag, and also ZM is only a (G?)-super-
martingale and not necessarily a (G;)—supermartingale. But to conclude the
proof, it suffices to pass to the right limit process of Z. This can be done
using standard techniques as the ones on page 59 of [EK86]. A similar
construction (with an emphasis on the incomplete nature of our filtration)
is carried out in the proof of Theorem 1.3.1 in [Perl4].

Remark 5.3 If we are only interested whether Hypotheése (H') holds and not
whether there exists a universal supermartingale density, then we can also work
with (GP) instead of its right-continuous regularization (G;). Since Hypothese
(H') holds for (G;) and since (GY) is a filtration shrinkage of (G;), Stricker’s
theorem implies that Hypothese (H') is also satisfied for (G?).

Next, we are interested in the (NA1) property under filtration enlarge-
ments. The following result is due to Ankirchner who proved that for continu-
ous processes the structure condition is preserved under filtration enlargements
satisfying Jacod’s criterion. Here we give an alternative proof working directly
with the definition of (NA1).

Proposition 5.4 ([Ank05], Theorem 2.1.11) Assume that Jacod’s crite-
rion holds, let T'> 0, and let (St)iejo,r) be a d-dimensional continuous (F¢)—
adapted process satisfying (NA1) under (Fi). Then S satisfies (NA1) under
(Gt)-

Proof As in Section 2 we work with the equivalent formulation of Jacod’s
criterion given in [FI93]. Consider the product space 2 := 2 x X equipped
with the o-algebra F := F ® B and the filtration F, := F, ® B, t > 0. Define
i 2 — 02, 9(w) := (w, X (w)) and the two probability measures Q := P® Px
and P := P o1~!. We embed random variables from (£2,F) to (£2,F) by
setting Y (w,x) = Y (w). Jacod’s criterion is then equivalent to F'ﬁ < @lﬁ
for all ¢ > 0. We define 7 := inf{t > 0 : 7, = 0}, where 7 is a right-continuous
version of the density process.

If now (S¢)¢ejo,7) satisfies (NA1) under P, then the independence of the
coordinate projections under @) shows that S satisfies (NA1) under @ and
has the same distribution as S under P. In particular, S is Q—almost surely

continuous and therefore also S' =S satisfies (NA1) under Q. Since any 1—

admissible strategy for S under P is 1-admissible for S'  under @, the process
S satisfies (NA1) under P. Let now H be a 1-admissible strategy for S under
P, and let m € N. Then P(1+ (H - S)r >m) = P(1+ (H(-,X) - S)r > m),
so that S satisfies (NA1) in the filtration (GY). By right-continuity of S, we
easily deduce the (NA1) property in (G;).

Remark 5.5 If 7 and 7 are as defined in the proof, if Z° is a supermartingale
density for the continuous process (St)e[o,r] under P in the filtration (F;),
and if Z; = 1y<=/7,;, t > 0, then one can show that Y;(w) = Z; (w)Z¢(w, X (w))
defines a supermartingale density for S under (Gt). The key point is again that
S =5 under @, so that S satisfies (NA1) under Q.



Dominating Local Martingale Measures 29

Remark 5.6 Continuity is necessary: Consider a process S starting in 1 and
at time 1 jumping to 1/2 or 2, both with strictly positive probability. Then
S satisfies (NA1) in its natural filtration, but of course not in the enlarged
filtration G, = F; V 0(S1), t > 0. But S; is a discrete random variable and
therefore Jacod’s criterion is satisfied for (G;). For a more detailed study of the
discontinuous case, we refer to the recent preprint [AFK14], see also [ACDJ13].

Remark 5.7 At this point it is clear that to preserve the (NA1) property in in-
finite time, we would have to require Py [w, dz] < Px[dx], where Py [w, dz] =
P[X € dz|\,sq Fi). If F =\/ F;, then this condition is satisfied if and only if
X is a discrete random variable.

Remark 5.8 We could replace assumption (5.1) by P;w, dz] > Px[dx] and use
the same proof as for Proposition 5.2 to obtain the existence of a nonnegative
martingale Z such that ZM is a (G;)-supermartingale for every nonnegative
(Ft)-supermartingale M. In particular, then there exists a locally absolutely
continuous measure @ so that every locally bounded (P, (F:))-local martin-
gale is a (@, (G;))-local martingale. Since (NA) is related to the existence of
absolutely continuous local martingale measures [DS95b], this indicates that
the (NA) property may be stable under such a “reverse Jacod criterion”.

If Pijw,dz] ~ Px[dx], we obtain a locally equivalent measure @ under
which every nonnegative (P, (F;))-supermartingale is a nonnegative (Q, (Gt))—
supermartingale, and in particular every locally bounded (P, (F%))-local mar-
tingale is a (@, (G¢))-local martingale. This condition has been studied by
Amendinger et al. [AIS98, Ame00] and is of course harder to satisfy than Ja-
cod’s criterion or the reverse Jacod criterion. In financial applications one
may however assume that the “insider’s knowledge” is perturbed by a small
Gaussian noise which is independent of \/ F; (or more generally by an inde-
pendent noise whose distribution is equivalent to the Lebesgue measure). Then
Py [w,dz] ~ Px[dz] is always satisfied.

5.2 Universal supermartingale densities and the generalized Jacod criterion

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

Let (£2,F,(F:),P) be a filtered probability space such that (£2,F) is a
standard Borel space; for example (2, F, (F;)) could be a path space or the
explosive path space on which we worked in Sections 1 to 4. We assume that
there exists a filtration (F)¢>0 with Fy = (o, FC for all ¢ > 0. We also
assume that (GP)¢>o is a filtration enlargement of (FC) such that G? C F is
countably generated for every ¢ > 0, that is there exists a sequence of sets
(B!)nen with G? = o(BY, B, ...). Then (Gt)t>0, defined by G; := - Gy, is
a filtration enlargement of (F3).
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The reason for choosing such a complicated set-up is that G; will in general
not be countably generated, but in our argumentation below we will need a
countably generated filtration. On the other side, if we would only work with
the non right-continuous filtration (G?), then there would be little hope of
constructing a right-continuous universal supermartingale density in the first
place.

Since ({2, F) is a standard Borel space, the regular conditional probabilities

Piw, | := P[-|F])(w), t>0,

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

Piis|golw, ] < Pilgolw, ]

It is known that neither Jacod’s criterion nor the generalized Jacod crite-
rion are necessary conditions for Hypothese (H') to hold. But the generalized
Jacod criterion is a necessary condition for the existence of a universal super-
martingale density for (G):

Proposition 5.9 Assume that there exists a universal supermartingale den-
sity Z for (Gi). Then the generalized Jacod criterion is satisfied.

Proof For all A € F, the process M := Ep[l4|F;], t > 0, is a nonnegative
(Fi)-martingale. Therefore, M“Z is a (G;)-supermartingale. Fix s, > 0, let
A€ Fiys, and B € G;. Then

Zt-{—s 1B

E[1A137t} < E[ZMtAZt} = E[L4E[15|F]l.

The same inequality holds if we replace Z;1s/Z; by a version ZH_S / Z that is
strictly positive for all w € £2. Since the inequality holds for all A € F;,,, we
conclude that

/1B(w') 5 (W) Py s|w, dw'] < Pilw, B] for almost all w € £2. (5.3)

Z

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

Now we use the assumption that G is countably generated, which gives us
a countable algebra H; with GY = o(H,). From (5.3) we get a null set N such
that for all w € 2\ A and all B € H;

/ 1(/) £ (') Prsi ') < Pif B]. (5.4)

t

By the monotone class theorem, this extends to B € o(H;) = G. To complete
the proof, it suffices to recall that Z;1(w’)/Z;(w") > 0 for all ' € 2.
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Corollary 5.10 Suppose that there exists a one dimensional continuous local
martingale M which has the predictable representation property under (Fy). If
under (Gt), the semimartingale decomposition of M is of the form

o~ t —~—
Mtth+/ asd(M)s,  t>0,
0

for a (Gy)-local martingale M and a predictable integrand o € L%OC(M), then
the generalized Jacod criterion holds.

Proof The stochastic exponential Z := £(—« - M) is a universal supermartin-
gale density.

Corollary 5.10 was previously shown in [IPWO01] for initial enlargements
and under the stronger assumption E[ [~ aid(ﬁ}s] < 0.

Of course, the same argument works in a multidimensional setting: if M =
(M*, ..., M%) has the predictable representation property under (F;), and if
M satisfies the structure condition under (G;), then the generalized Jacod
criterion is satisfied.

A Incomplete filtrations

Here we collect some classical observations which allow to transfer results of
other authors that were obtained under complete filtrations to our setting.
There are at least two important monographs which avoid the use of complete
filtrations as far as possible, Jacod [Jac79] and Jacod and Shiryaev [JS03].
Here we follow [JSO03].

Let (£2,F,(Ft)i>0,P) be a filtered probability space with a right-conti-
nuous filtration (7). Write ¥ for the P-completion of F, and N for the
P-null sets of F¥'. Then 7 = F,VNT t > 0, satisfies the usual conditions. It
is well known and easy to show that for every random variable X on (£2, FF)
there exists a random variable Y on (£2,F) with P(X =Y) = 1.

Recall that the optional o—algebra over (F;) is the o—algebra on 2 x [0, 00)
that is generated by all processes of the form X;(w) = 14(w)1}4)(t) for some
0 <r<s<ooand A € F,. The predictable o—algebra over (F;) is the o—
algebra on {2 x [0, 00) that is generated by all processes of the form X,;(w) =
La(w)lgoy(t)+1p(w)l(pq(t) for some 0 < r < s < oo, for A € Fy, and B € F,.
Similarly we define the predictable and optional o—algebras over (F}).

The first result relates stopping times under (F;) and under (F7).

Lemma A.1 (Lemma I.1.19 of [JS03]) Any stopping time on the comple-
tion (22, (FL)) is almost surely equal to a stopping time on (22, (F;)).

We also have a comparable result on the level of processes.

Lemma A.2 Any predictable (respectively optional) process on the completion
(02, (FF)) is indistinguishable from a predictable (respectively optional) process
on (£2,(F¢)).-
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Proof The predictable case is Lemma 1.2.17 of [JS03]. The proof of the optional
case works exactly in the same way: the claim is trivial for the generating
processes described above, and we can use the monotone class theorem to
pass to indicator functions of general optional sets. Then we use monotone
convergence to pass to general optional processes.

This allows us to deduce a similar result for cadlag processes.

Lemma A.3 Let S be a (FF)-adapted process that it almost surely cadlag.
Then S is indistinguishable from a (Fi)—adapted process (which is then of
course almost surely cadlag as well).

Proof Since (FF) is complete, S admits an indistinguishable version S that

is (F)-adapted and cadlag for every w € (2. This S is optional, so now the
result follows from Lemma A.2.
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