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A strict local martingale is a local martingale that is not a martingale. We investigate
how such a process might arise from a true martingale as a result of an enlargement
of the filtration and a change of measure. We study and implement a particular type
of enlargement, initial expansion of filtration, for stochastic volatility models with and
without jumps and provide sufficient conditions in each of these cases such that initial
expansion can create a strict local martingale. We provide examples of initial enlargement
that effect this change.
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1. Introduction

We are interested in mechanisms by which strict local martingales can arise from
martingales. A strict local martingale is a local martingale that is not a martingale.
We study how expanding the original filtration with respect to which a process is a
martingale can lead to a strict local martingale, i.e. if we begin with a probability
space (2, F, T, P) where F denotes (F;)>0, and with an F martingale M = (M):>0,
and consider an expanded filtration G such that, for all ¢ we have the inclusion
Fi C Gi, when can we obtain a filtration G such that M becomes a strict local
martingale, possibly under a different but equivalent probability measure Q?
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At first sight, it might seem like a strange construction to enlarge a filtration
and change the probability measure. We will argue that it is a natural thing to do
from the standpoint of mathematical finance.

Strict local martingales have recently been a popular subject of study. Some rela-
tively recent papers concerning strict local martingales include Biagini et all (lZQlAI

\Chybiryakov @QQ_’Z' \Cox_& Hobson (lZQOﬂ) Delbaen & Schachermayer (|1_9_9ﬁ
[Esllmer & Protter (|2Q]_]J) Lions & Musiela (2007), Hulleyl (2010), ﬁiellQLBﬁassﬂ
(lZQlﬂ ), Klebaner & Liptsei (129_1_41), Kreher & leeghbali dZQlj), |Lals_sgﬂ (120_1_4]),
Madan & Yot (2006). Miiatovic & Urusoy (2012). Protter (2005.2015). Protter &
Shimbo (|2QD§)7 and |Sin “19_9ﬁ), and from this list, we can infer a certain interest.
Our motivation comes from the analysis of financial bubbles, as explained in

), for example. The theory tells us that on a compact time set, the (nonnega-
tive) price process of a risky asset is in a bubble, i.e. undergoing speculative pricing,
if and only if the discounted price process (with respect to a fixed baseline security)
is a strict local martingale under the risk neutral measure governing the situation.
Therefore, one can model the formation of bubbles by observing when the price
process changes from being a martingale to being a strict local martmale ThlS is
discussed in detail inlJarrow et all (IM), Biagini et all (IM), and [Protter
for example.

The models we study are stochastic volatility models. We work with the setting
examined in Lions & Musiela (Ilm_ﬂ), which provides sufficient conditions such that
the solutions of such stochastic differential equations are strict local martingales.
We assume always that a component of the stochastic volatility process is an It6
diffusion, so that we can use Feller’s test for explosions in our quest to characterize
the stochastic processes in question. This is similar to the techniques used in Biagini
et al. (|2D_l_4| and @ (|19_9ﬁ but with the difference that we introduce a cause
for bubbles (new information available to the market), and then show how this
mathematically evolves into a bubble.

The expansion of filtration using initial expansion involves adding the informa-
tion encoded in a random variable to the original o-algebra at time zero. It then
propagates throughout the filtration. This augmentation doesn’t have to happen
at time zero, however; it can happen at any finite valued stopping time 7. This is
due to the fact that at 7 we know what is happening, and thus we can think of
an enlargement beginning at 7 exactly analogously to one beginning at time ¢ = 0,
with simply the time 7 playing the role of the time ¢t = 0. From now on, however,
we will deal with enlargements at time ¢ = 0, for notational simplicity.

This type of enlargement of filtration from F to G changes the semi-martingale
decomposition of the underlying price process, and therefore, leads to a change of a
risk-neutral measure from P to an equivalent probability measure Q. Our stochastic
process, which we will call S, which is assumed to be a martingale under (P,TF),

under certain conditions can become a strict local martingale on a stochastic interval
that depends on the choice of @ and the random variable that we add to F. This
random variable is denoted as L.
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The case of initial expansions is particularly tractable, since lJacod et all (1985)
has developed the theory that provides us with the dynamics of the process under
the enlarged filtration i.e. he provides us with the semi-martingale decomposition
of the process in the enlarged filtration, which, under some circumstances, permits
us to choose a risk neutral measure @ for the enlarged filtration that removes the
enlargement created drift. Under that () we can sometimes detect the presence of
the strict local martingale property of the process, or lack thereof.

An outline of our paper is as follows. In Sec. 2l we connect our results of this
paper to problems arising in the theory of Mathematical Finance, and in particular
how financial bubbles may be led to form. Section [3is the heart of the paper. Here
we present the model of P. L. Lions and M. Musiela on stochastic volatility (in the
style of what are known as Heston-type models), and we show how the addition of
more information via an “expansion of the filtration” can lead what was originally a
martingale to become a strict local martingale, under a risk neutral measure chosen
from the infinite selection available in an incomplete market. Our main results are
Theorems[land Bl In Sec.d we drop the hypothesis of continuous paths and extend
our results to the case of discontinuous martingales replacing Brownian motions.
Our main result in this section is Theorem [

2. Motivation: Connections to Mathematical Finance

The motivation for this work is to relate possible economic causes of financial
bubbles to mathematical models of how they might arise naturally within the
martingale-oriented absence-of-arbitrage framework. We use the economic cause of
speculative pricing that comes from overexcitement of the market due to the disclo-
sure of new information. Examples might be the announcement of a new medicine
with major financial consequences (such as a “cure” for the common cold, to exag-
gerate a bit), a technological breakthrough [this is the thesis of |Galbraith (1994)], a
resolution of some sort of political instability, a weather event (such as an early frost
for the Florida orange crop), etc. The obvious and intuitive manner to model such
an event is by the addition of new observable events to the underlying filtration,
and an established way to do that is via the theory of the “expansion of filtrations.”
This theory was developed in the 1980s, and a recent presentation can be found,
for example, in Chapter VI of [Protter (2005).

Indeed, when the new information forces a change to a new risk neutral mea-
sure, @, the probabilities given by @ reflect any distortions in the market due to
overexcitement resulting in speculative pricing. A current example was that the
rumor that Amazon would locate a new headquarters in Queens, New York led to
a rash of speculative housing activity in Long Island City and environs. This rumor
was subsequently first seen to be correct, but then when faced with local resistance,
Amazon pulled out and decided to locate their regional headquarters elsewhere,
bursting the short lived housing bubble.
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The theory of the expansion of filtrations and the martingale theory of an
absence of arbitrage date back at least to the seminal work of |Grorud & Pontier
(1998). That they do not mesh well is detailed in papers of Imkeller (2002). Fontana
et al. (2014) and the book of |Aksamit & Jeanbland (2017), which give other plentiful
references. In particular, it often happens that the expansion introduces arbitrage
opportunities. Therefore, one has to be careful both as to how one expands the
filtration as well as to what one means by an absence of arbitrage. Here, we use the
approach of an “initial expansion,” although we interpret it as occurring at a ran-
dom (stopping) time. We work in an incomplete market setting where there are an
infinite number of risk neutral measures; in particular, we take a stochastic volatil-
ity framework. We show how the expansion of filtrations creates a drift even in a
drift-free model (this is well known) and then we need to change the risk neutral
measure to remove the drift created by the addition of new information. The insight
is that under this new risk neutral measure with the new enlarged filtration, the
price process changes from a martingale to a strict local martingale. This has finan-
cial significance. It has been shown over the last decade that on compact time sets,
a discounted price process models a financial bubble if and only if it is a strict local
martingale under the risk neutral measure; thus we have shown how a nonbubble
price process can become a bubble price process after the arrival of new information
(via an expansion of the filtration). Our ideas were inspired by the previous works
ofISin (1998) and Biagini et all (2014) who were interested in bubble formation, but
did not relate it to the expansion of filtrations.

Finally, we remark that this is different from the modeling of insider information,
another popular use of the expansion of filtrations; see, for example, Aksamit &
Jeanblanc (2017). In our context, we are not creating a new filtration of the insider,
but rather adding new information to the market as a whole. This new information
necessitates a change to a new risk neutral measure, which in turn changes the
prices of some contingent claims. These changes in prices of contingent claims have
been explained as an enthusiasm of speculative fever [see, e.g.|Galbraith (1994)], or
as “irrational exuberance” (Greenspan [1996).

3. The Framework of Lions and Musiela
3.1. Our first model

Let us begin with the framework established in [Lions & Musiela (2007) that
treats the case of stochastic volatility. We will begin working on a probability
space (2, F,F, P), where F = (F)o<i<r. We assume that the stochastic process
S = (St)o<i<1, which we can think of as a discounted stock price, and the stochas-

tic volatility satisfy SDEs of the following system of two equations:
dSt = StvtdBt; SO = 1,
(3.1)
dve = p(vr)dWy 4 b(ve)dt;  vg = 1.
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Here, B and W are correlated Brownian motions, with correlation coefficient p.
We assume that the filtration F is generated by the Brownian motions (B, W) with
the usual addition of the null sets. Our time interval is assumed to be [0, T']. We will
assume that p and b are C* functions on [0, 00) and that u is Lipschitz continuous
on [0, 00) such that

1(0) =0,

(3.2)
() >0 ifx>0 and p(z)=zi(x),
bx) <C(1+xz) and b(z) = xb(z),

where /i and b are continuous functions on [0, c0). Note that the assumptions that
p and b factor as p(z) = zfi(z) and b(z) = 2b(z) ensure a positive solution of the
equation for v in (BI]).

We recall the conditions of Lions and Musiela, which allow us to determine
whether the solution to (BI)) is a strict local martingale or an integrable, nonnegative
martingale: If

lim sup p ou() + () < 00, (3.3)
T—+00 €
holds, then S is a nonnegative martingale.
For the same model, if the condition

lim inf (p 22(2) + b)) ()" >0, (3.4)

holds, then S is not a martingale but a supermartingale and a strict local martin-
gale. Here, ¢ is an increasing, positive, smooth function that satisfies the following
condition:

@ 1
/O e < . (3.5)

where a is some positive constant.

Remark 1. [Lions & Musield (2007) assume that g and b are both C'*°, but if one
reads their proof, they do not use the force of that assumption assuming as we have
done is enough for their proofs to work.

We would like to determine whether or not an enlargement of the filtration can
give rise to a strict local martingale in the bigger filtration, when one begins with
a true martingale in the smaller one. More specifically, we would like to answer
the following question: beginning with a probability space (Q, F,F, P), and a price
process S that is an F martingale, if we perform an initial expansion of F, resulting
in an enlarged filtration G, can we obtain a G strict local martingale under an
equivalent measure?
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3.2. The case of initial expansions

We will consider the case of initial expansions, i.e. the expansion of the filtration F
by adding a random variable L € F to Fy. The underlying filtration F is assumed
to be the minimal filtration generated by the two Brownian motions B and W of
Eq. B with the usual completions via the null sets. We assume that this random
variable L takes values in R. The new, enlarged filtration, which we will call G can
be denoted as

G = [|(Frge V(L))
€>0
Let n be the distribution of L, and let R¢(w,dz) be the regular conditional
distribution of L, given F;. If we assume that the random variable L satisfies the
following condition, which we will call Jacod’s condition:

Ri(w, dx) < n(dz), (3.6)

we can use the results of [JTacod et all (1985) on the initial expansion of filtrations,
which gives us the existence of a family of (P, F) martingales {¢* : € R} such that
for i almost all z, V¢, P almost surely

Ri(w,dx) = ¢fn(dx). (3.7)

For a locally square integrable F martingale M, Jacod proves the existence of
an I predictable process (k%) such that we have the relation

(a", M) = (k"qZ) - (M, M).

The superscript M appearing in the process k is to indicate that the process k
depends on the martingale M. Jacod’s theorem [Theorem 2.5 inlJacod et all (1985)]
tells us next that the following process is a G local martingale:

t
M, = M, 7/ EEMA(M, M),. (3.8)
0

Note that we are able to substitute L for the parameter x of k in (B.3]) above
since this is justified by the classic measurability results of [Stricker & Yoi (1978)
combined with a monotone class argument for the Stieltjes integral d(M, M), [see
alternatively [Protten (2005), Theorem 63 of Chap. IV].

By saying it is a G local martingale, we are not precluding that it is a martingale;
we need to have extra conditions to conclude it is a strict local martingale.

With the price process in [B1]), in mind, let us illustrate this concept with an
example, the case where the random variable L takes on only a finite number of
values.

Let A1, As, ..., A, be a sequence of events such that A, N A; = 0 if i # j and
Ui, A = Q, P(A;) > 0. The enlarged filtration, G, is the filtration generated by F
and the random variable L = Y77, a;14,.
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In this case, we have

L,S L
k’ ZP 1{L a;i}r

and

i 7%'?’&)1@ -

Here, £ are processes arising from the Kunita—Watanabe inequality, which
ensures absolute continuity of the paths. Let N’ be the F-martingale P(L = a; | F);
we have that d[N°¢, S]; = ¢!d[S, S]:, where S solves (B.1)).

We will henceforth work with initial expansions wherein Jacod’s condition (B.6))
is satisfied but we don’t necessarily have a countable partition of the sample space.

Returning to the Lions—Musiela framework, we have that, under (P, G), the price
process and stochastic volatility satisfy

t t t
S =1+ / S,v.,dBs — / kLS S202ds + / kL5522 ds,
0 0 0

t t
/Ssvsst—/ kLS8202ds,
0 0

is a (P, G) local martingale, and

where

t
/ kLS §22ds,
0

is a finite variation process. Define ¢ to be the F local martingale part of v. i.e.,

B = /O 1(vs)dW. (3.9)

The stochastic volatility in turn satisfies

¢ t t t
vy = 1+/ w(vg)dWs 7/ ksL’f’MQ(vs)dsqL/ kSL>’3H2(US)d5+/ b(vs)ds. (3.10)
0 0 0 0

Here,
¢ t
/u(vs)dWS—/ EEY 2 (v,)ds,
0 0

is a (P, G) local martingale, and

¢ ¢
/ kY2 (v,)ds +/ b(vs)ds,
0 0

is a finite variation process.
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Define the (P, G) Brownian motions B and W by

t
B, = B, 7/ kEBds, (3.11)
0

t
W, =W, 7/ ELWds. (3.12)
0

Define the measure @ such that, for P integrable and cadlag G predictable
processes H and J,?

Q

thE[dP

gt} =14+ ZH By + ZJ-W;. (3.13)

In the above, - represents stochastic integration.
We perform a Girsanov transform, to switch to the probability measure @), which
will be such that S is a local martingale. We need

ktL’S(Sﬂ)t)Q + H; + th =0. (314)

Then, under (@, G), where the measure @ is equivalent to P, S possesses the fol-
lowing decomposition:

t
Sy = 1+/ Syv.dB:.
0

The volatility, in turn, has the following decomposition:
t t t
v =1 Jr/ w(vg)dWs 7/ EEPu2 (vs)ds —/ —d[Z, - W]
0 0 0 Zs

t t t
5 1
+/ kﬁ’”u2(vs)d8+/ b(vs)ds+/ —d[Z, - W].ds
0 0 0 Z

S

t t t t
) 1
= 1+/ u(vs)dW;‘Jr/ kﬁ’”uz(vs)dH/ b(vs)d8+/ Z- 2, - Wlsds,
0 0 0 0 s

(3.15)
where in the above, the (Q,G) Brownian motions B* and W* are given by
_ t
B} =B, — / (Hs + pJs)ds, (3.16)
0
and
~ t
Wi=W— / (pHs + Js)ds. (3.17)
0

#We do not need this fact, but we recall under Jacod’s condition, we have the predictable repre-
sentation for any (P, G) martingale [see Fontana (2015)].
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We have

t t t
v =1 —|—/ w(vs)dW; —|—/ b(vs)ds —|—/ kEP 2 (vg)ds
0 0 0

+/ (pr(vs)Hs + pu(vs)Js)ds. (3.18)
0

Recall that under (@, G), we would like S to be a local martingale. This entails
the finite variation part of the decomposition of S under (@, G) being zero. Given
that there are two Brownian motions, there are infinitely many combinations of H
and J that will work.

Remark 2. We have several obvious choices for H and J given in (3.14).

(1) We could take H; = —(Stvt)thL’S and J; = 0.
L,S
(2) We could take H; = —(Syv¢)? and J; = W%i).
,S
(3) We could take H; =0 and J; = CAD Ly

—p
Of course, we have an infinite number of other possibilities.

We are not as free as it would seem however in our choices for H and J because
we need to have the new measure @ they produce via (313 to be a true probability
measure that is equivalent to P. It is not a priori obvious that it will be one, and
in fact, it is not one in general.

For any probability measure @ on (2, F), we will use the notation @Q; to denote
the restriction of @ to the o-field G;. We also let S* denote the process S stopped
at t > 01i.e. St = Ssps. This leads us to define a local absence of arbitrage property:

Definition 1. We say there is locally an absence of arbitrage if Q; ~ P for every
t,0 <t < T implies that S* is a @ local martingale, for 0 < ¢t < T.

Remark 3. A classic result of [Parthasarathy (1967) shows that a local absence
of arbitrage on [0,7) implies that there exists a probability measure @ such that
each Q; of Definition [l is the restriction of @ to G;. The rub is that while we have
Q¢ ~ P for each t, 0 <t < T, we do not in general have that @ ~ P. Indeed, @
can even be, in general, singular with respect to P. For Parthasarathy’s result to be
applicable here, we need to deal with standard Borel spaces, which we do not have
in general on the canonical spaces of C(Ry, F) and D(R4, E), where E is a Polish
space. But, if we add a “cemetery” A to the spaces, then we are in a standard Borel
framework. To be clear, we need to replace E with £ U A to get a standard space.
This, in general, does not create any problems.

This idea of a local absence of arbitrage is developed in [Bilina Falafala (2014)
to a small extent. We remark that while a local absence of arbitrage is sufficient for
our purposes, the question of an absence of arbitrage when one initially expands
a filtration has recently been an object of intensive study, and several deep results
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have been obtained: See |Aksamit et all (2015), [Acciaio et all (2016) and especially
Fontana (2018), and the recent book of IAksamit & Jeanbland (2017).

In particular, in Sec. 4.2 of the book of |Aksamit & Jeanbland (2017), one has an
example where if one is to work on a closed interval [0, T] with an initial expansion,
in general, there can arise arbitrage opportunities, almost trivially. The idea of local
arbitrage as presented here allows us to work on the semi-open interval [0,T) and
thus to finesse the issue of arbitrage occurring.

Finally, we note that Example[]in Sec. [ provides a simple example of a prob-
ability measure ) where this entire theory plays out.

Remark 4. The concept of a local absence of arbitrage implies the already well-
established concept of No Unbounded Profits with Bounded Risk, with acronym
NUPBR. This is equivalent to yet another condition, known as NA1. In the article
of [Ruf & Runggaldien (2014), the authors give several examples of how NUPBR
can arise in “natural” situations. Our treatment of new information entering the
market via a filtration expansion provides yet another example. See also Acciaio
et al. (2016), Aksamit (2014), |Aksamit et all (2015) and [Jarrow et all (2010).

Recall that k' € Gy = o(L). We will make the following assumptions on the
processes k, H and J:

Hypothesis 1.
There exists e > 0 such that Q(ks*" > ™) > 0
We assume that k%, H, J, and k©? all have right continuous paths
There exists €? > 0 such that Q(|Ho + pJo| < @) >0
@ is a true probability measure that has a local absence of arbitrage. (3.19)

We note that in Sec. [£1] we give examples and also a framework where the
important process k%% has right continuous paths, a.s., which show that Hypoth-
esis ([B.I9)) is not unreasonable. Under the enlarged filtration, the drift of v, which
we will call l;, satisfies

be = blve) + k"1 (ve) + (pHy + Je) pu(vy). (3.20)

Notice that we can no longer represent the drift in deterministic terms as simply
functions of the real variable x, so we cannot immediately invoke the results of
Lions & Musiela. To address this, let us take e, e® > 0 such that Q(E(l) <
k) > 0 and Q(|pHo + Jo| < e®) > 0, and define the following F stopping times:

(e kT < D),
BT —inf{t : |pH, + J;| > @},
Now, we define the stopping time 7 to be

= (P AT, (3.21)
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By Hypothesis[Il we have that Q(7 > 0) > 0.
On the stochastic interval [0, 7), we have the following lower bound on our drift
coefficients:

by = b(vy) + k712 (v0) + (pHy + Jo)p(ve) > b(vg) + Wi (v) — e@p(vy). (3.22)
Before we state the next result, we state and prove a technical lemma.

Lemma 1. Let B be a standard Brownian motion, and let r be any continuous,
adapted, finite valued process such that fg r2ds < oo a.s. for each t > 0. Suppose o
is continuous and is such that S exists and is the unique solution of

t
Si=1 —|—/ Ss0(Ss)rsdBs.
0
Then, S is strictly positive for all t > 0 a.s.

Proof. We let V = inf{t > 0: S; = 0}. It suffices to show that P(V < o) = 0.

Define stopping times R,, = inf{t > 0:S; = 1/n or S; = n}. Note that P(R,, >
0) =1 for n > 2 because Sy = 1 a.s. and S is continuous. Use Itd’s formula up to
time R,, to get

1

R'Vl R'Vl
In(Sg,) = In(Sy) +/ o(Ss)rsdBs — 5/ o?(Ss)rids. (3.23)
0 0

The stopping times R,, increase to V as n tends to oo, so the left side of (B.23)
tends to oo a.s. on the event {V < oco}. On the event {V < oo} for a given sample
path w, we have that S takes values in a compact set, whence ¢t — o(S¢(w)) is
bounded, for each w. Using that the quadratic variation of the Brownian integral
term is therefore finite a.s., we have that the right side however remains finite (o(x)
is assumed continuous, and is therefore bounded on compact sets) on {V < oo},
and the only way this can happen is if P(V < c0) = 0. O

Remark 5. The work of [Engelbert & Schmidt (1989, 1991)) gives necessary and
sufficient conditions for a solution to exist that is unique in law, at least when v
is not present. Lemma [I] remains true under more general hypotheses, with the
obvious modifications of the proof. As such it is a slight extension of Theorem 71
of Chap. V of [Protter (2005).

We need one preliminary result: That of the definition of a continuous local
martingale on a half-open stochastic integral. This is a topic considered decades
ago, but perhaps it is worthwhile to recall it. We use the definition of Maisonneuve
(Maisonneuve 1977).

Definition 2. A stochastic process M defined on [0, ) is called a continuous local
martingale on [0, 7) if there exist stopping times T;, increasing to T such that for each
n there exists a continuous martingale (M]");>¢ such that My = M} on {t < T,}.
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Maisonneuve’s definition was extended by[Sharpd (1992) without the assumption
of path continuity, but we will not have need of such generality here.

We remark that our definition of a local martingale on an interval of the form
[0,7) is compatible with the theory as expounded by Maisonneuve, itself a small
correction of earlier work of Getoor and Sharpe, as well as of Kunita.

The above discussion gives us the following result.

Theorem 1. Assume that p is Lipschitz and C', and that b is C*. Assume also that
the conditions in Hypothesis [l hold, as well as the following conditions:

b
lim sup pEL) T O zi(x) + blz) < 00,
x——+00 X

liminf(p () + b() + €D (@) = e p(@)ox) " > 0.

Assume also that B and W are correlated Brownian motions with correlation p. Let
the process S be the unique strong solution of the SDE

dS; = SyvdBy, (3.24)
dve = p(ve)dWy + b(vy)dt, (3.25)
on (P,F). The solution S is also the solution of
dS; = SivdBy,
dv, = p(v))dW; 4 b(vy)dt + k" (v))dt + (pHy + Jy)p(vy)dt,

on (Q,G), where B* and W* are (Q,G) Brownian motions. Then, S is a positive
(P,F) martingale and a positive (Q,G) strict local martingale on the stochastic
interval [0,7), where T is given in [B21). More specifically, we have Eg[S]] < So.

In the above, ¢(x) is an increasing, positive, smooth function that satisfies the
condition in ([B.3]).

Before we continue, let us recall a result [proved for example in [Protten (2005)]
that allows us to compare the values of solutions of stochastic differential equations.
It is well known, but we include it here for the reader’s convenience. Let us denote
by D" the set of R® — valued cadlag processes. We write D for D'. An operator
F from D" to D is said to be process Lipschitz if for all X, Y € D™ and for all
stopping times T’

1) XT=Y"= FX)L =FY)T.
(2) There exists an adapted process K such that |F(X); — F(Y):]| < K¢|| Xt — Yz]|,
where || - || denotes the sup norm.

In the above, X denotes the left limit of the process X stopped at T.

Theorem 2 [Comparison Theorem, p. 324, Protter (2005)]. Let Z be a con-
tinuous semi-martingale, let F' be process Lipschitz, and let A be adapted, increasing,
and continuous. Assume that G and H are process Lipschitz functionals such that
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G(X):. > H(X)¢_ for all t > 0 and all semi-martingales X. Let xo > yo, and X
and Y be the unique solutions of

t t
X, = 20 +/ G(X), dA, +/ F(X),_dZ,,
0 0

t t
Y = yo + / H(Y),_dA, + / F(Y)._dZ,.
0 0
Then, P{3t>0: X, <Y;} =0.

Now, we may begin the proof of Theorem [Tl

Before we prove Theorem [II, we state a lemma that we will use several times. In
particular, recall the system of two equations given in (3.23)). Recall that these two
equations are satisfied under (@, G) for the process v given in (BIJ]).

Lemma 2. Let 7 be the stopping time defined in B21)). Then, Eq(S]) < So, where
S is as gwen in (324).

Proof. Note that S is a nonnegative supermartingale, so its expectation is non-
increasing with time. Define the sequence of stopping times T;, by inf{¢ : v; > n}. We
have that the stopped process St/\T/\Tn(OStST) is a (@, G) martingale. The stopping
time T is the explosion time of v. Therefore, we may write

So = EQ[Sinrat,] = EQ[Starlitar<t,i] + EQ[ST, 1{1, <tAr}])- (3.26)

Since Eq[Siarlfiar<t,1] converges to Eq[Sia-], we would have that Eq[Sia-] < So
for all ¢ if we can show that liminf, ., o EQ[St, 1{1,<trr}] > 0.

We have: Eq[St, 1{1,<irr}] = P(T,, < t A7) where under the measure P, v
solves

dvy = p(vy)dWy + b(vy)dt + pu(vy)vedt + k" p? (v)dt + (pHy + J;) vy )dt.

In the above, W is a P-Brownian motion.
Now, the condition

liminf(p zp(z) + b(x) + W p?(x) — e p(z))p(x) =t > 0,

Tr——+00

is sufficient to guarantee that the explosion time of the stochastic differential
equation

dv; = p(v)dWy + b(vy)dt + pogp(vy)dt + e p? (vy)dt — e p(v,)dt,
can be made as small as we wish. By this, we mean that, for any stopping time R,

P(To < R) > 0. (3.27)

That this holds for a stopping time and not just a deterministic time follows from
a simple modification of the argument on page 4 of [Lions & Musiela (2007).
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It is easy to see that the comparison theorem stated above implies that the
solution to the SDE
dve = pu(ve)dWy + b(vg)dt + ppu(ve)vedt + k" p? (ve)dt + (pHy + Jy)pu(vy ),
is P almost surely greater than that of the SDE
dvy = p(v)dWy + b(vy)dt + e p? (v,)dt — @ p(vy ) dt,
for all ¢t € [0, 7]. Thus, since the explosion time of v in the SDE
dv; = p(v)dWy + b(vy)dt + e p? (v,)dt — e p(vy ) dt,
can be made as small as possible, the explosion time T, of v in the SDE
dvy = p(v)AWy + b(vr)dt + pp(ve)vsdt + ki (vp)dt + (pHy + Jp)p(vr)dt,
can be made as small as possible as well.

This means that, for all ¢, we have P(Th, < ¢t A7) > 0. This implies that, for all
t, we have

Eq[ST] < So. O

Proof of Theorem [l That S is positive follows from Lemma [Il Notice that the

condition
b
Jimsup PP @) (3.28)
T— 400 ZT

is sufficient to show that the solution S to the SDE
dSt = StvtdBt,
(3.29)
dvy = p(vy)dWy + b(vy)dt,
is a true martingale. This is the very SDE satisfied by (S,v) under (P,F), and so
the first claim in the theorem is proved.
It now follows from Lemma 2] that Eq[S]] < So, implying that S is a (Q,G)
local martingale that is not a martingale, and hence a strict local martingale. O

Remark 6. If p > 0, it can be checked that the functions p(z) = = and b(x) =
x — px? satisfy the criteria
b
lim sup 224@) +2@)
x—+00 X

liminf(p zp(z) + b(z) + e p2(x) — e® p(z)p(z)™t > 0.

r— 400

In fact, for k > 1, the functions u(z) = 2* and b(z) = x — pz**! work as well, if
p is positive. The reason we need p to be positive here is that we need the following
condition on the drift, in order for it to have a nonexploding, positive solution:

b(0) > 0, (3.30)
b(z) < C(1+x). (3.31)

for some C > 0.
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Thus, if we work with an SDE with such diffusion and drift coefficients, we
begin with a true martingale and end up with a strict local martingale due to
initial expansions.

Indeed, one can check using Feller’s test for explosions [see, for example,
Karatzas & Shreve (1991)] that the SDE

dvy = vEdW; + (v — pufth)dt,

does not explode (in other words, that the time of explosion is infinite, almost
surely): If we assume our state space for v to be (0,+00), we need only to show
that the scale function

p(x) :/ 20 Wy,

satisfies the following:
p(0) = oo,
p(o0) = 0.
Taking p(z) = 2%, and b(z) = x — pr**+1, a quick computation shows that indeed
p(0) = —o0,
and
p(o0) = 0.

Before we continue, we must ensure that the subprobability measure () defined above
is a true probability measure. Let us begin by defining the sequence of probability
measures ., by

dQm = Zrar,, dP,
where T,, = inf{t : fg(Hf + J2 4+ 2pJsH,)ds > m}. We then have

Tm
E[e% fot/\ (H.?+J§+2PJSHS)‘15] S e%m < 0.

Recall that the relation k:tL"S(Stvt)2 + H; + pJ: = 0 holds true for all t > 0.
So, we have Q,, < P on [0,T,,] for each m, as well as that the @Q,, are true
probability measures, since Z7™ is a true F martingale.

3.3. A slightly more general model

We next perform a similar analysis for the following case:
dS; = SPvldB;, (3.32)
dvy = av] dWy + b(vy)dt. (3.33)

Here, we make the following assumptions and restrictions on the parameters and
functions: «, v, G, and ¢ are all positive, b(0) > 0, b is Lipschitz on [0,00) and
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satisfies, for all =
b(x) < C(1+x).

It is shown in [Lions & Musiela (2007) that if § < 1, the process S is a true
martingale possessing moments of all orders. If 3 > 1 or v > 1, Feller’s test for
explosion can be used to show that the stochastic differential equation (3.32) or
[B33) becomes explosive, respectively [see [Karatzas & Shreve (1991) p. 348]. The
interesting case is thus when 8 = 1, with v € (0,1]. As in the previous section, we
work with a new probability measure and enlarged filtration (@, G). The measure @
is defined by F [%]Qt] = Z;. We choose @ such that it is a local martingale measure
for S. Let Z take the form

Zi=1+ZH B +Z_J Wy, (3.34)

for (P,G) Brownian motions B and W. Recalling that d[B, W], = pdt, we arrive
at the (Q,G) decomposition for the price process and the volatility after doing a
calculation very similar to that done for the previous model

t
Sy =1 +/ S8vlaBy,
0
t t t i
vy = 1+/ O[U;YdW;+/ b(vs)ds+/ 2k ds (3.35)
0 0 0

¢
—|—/ (aw) Hsp + adsv])ds,
0
where

t t
Bf = B; — / kLS 8Py ds — / (Hg + pJs)ds,
0 0

t t
Wi =W, — / ak¥lds — / (pHs + Js)ds,
0 0

are (@, G) Brownian motions.
Under the enlarged filtration, the drift of v, call it b satisfies

by = b(ve) + a2ktL’ﬁvt27 +av) (Hip + Jy).
We will make the following assumptions on the processes k, H and J:
Hypothesis 2.
We assume that k%%, H and J have right continuous paths a.s.
There exists eV > 0 such that Q¢ < a2kl"") > 0
There exists ¢®) > 0 such that Q(|apHy + aJy|) < @) >0

Q@ is a true probability measure that has a local absence of arbitrage.
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Again, we can no longer represent the drift in deterministic terms as simply
functions of the real variable x, so we cannot immediately invoke the results of
Lions & Musiela. Keeping in mind the assumptions mentioned above, in 2] take
e @ > 0 such that Qe < a2k}"") > 0 and Q(|apHy + a.Jy|) < e®) > 0, and
define the following random times:

Define the random times

™ = inf{t : ?k7 < €'},
7P = inf{t : |aHp + aJ;| > €2},
Define the stopping time 7 to be
7= (tF ATTH), (3.36)

Proceeding, we have, on the stochastic interval [0, 7), the following lower bound
on our drift:

b(vy) > b(vy) + Mol — @],

Let us recall the conditions of Lions and Musiela on the coefficients and param-
eters of this system of stochastic differential equations

dS; = SPvldB;,

(3.37)
dvy = aw] dWy + b(vy)dt,
such that S is a martingale: p > 0, v+ > 1 and
v+6 b
lim sup paa’ " + b(w) < 00 (3.38)
T— 400 T

Let us also recall the conditions on the coefficients and parameters of this system
such that the process S is a strict local martingale p > 0, v+ J > 1 and there exists
¢(x), an increasing, positive, smooth function that satisfies the conditions in (3.1)),
and

v+6
lim jnf 222 T + (@)

lim inf = > 0.

Our discussion has given rise to the following theorem:

Theorem 3. Assume that 3 = 1, as well as the conditions in HypothesisPl Assume
also that the following conditions are satisfied:

pax 0 4 b(x)

limsup — = < oo,
r——+00 ZT
and
y+6 (1) 27 _ 2(2) v
g POC +b(z) + W ePa7 o
L 5)
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Let W and B be the correlated Brownian motions with correlation p. Assume that
p >0 and that v+ > 1. Let the process S be the unique strong solution of the SDE
dS; = SPvldBy,
(3.39)
dvy = av] AWy + b(v)dt,

on (P,F). The solution S is also the solution of
dS, = SPvldB;,
dv, = o] dW; + b(v)dt + o2k 02 dt + (av] Hip 4+ adyo])dt,  (3.40)

on (Q,G).

Then, S is positive, is a (P,F) martingale and a (Q,G) strict local martingale
on the stochastic interval [0,7), where T is given in B30). More specifically, we
have Eg[S7] < So. In the above, ¢ is an increasing, positive, smooth function that
satisfies the conditions in (3.5)).

Proof. That S is positive follows from Lemma[Il The condition

lim sup paz? ™ + b() < o0,

z——+00 €
is sufficient to ensure that the solution to Eq. (8.39) is a true martingale. Now,
let us consider Eqs. B40)—-@41), solved by (S,v) under (Q,G). Defining the
sequence of stopping times T,, = inf{¢ : vy > n}, we have that the stopped process
St/\TATn(ogth) is a (@, G) martingale. The stopping time T, is the explosion time
of v. Therefore, we may write

So = EQ[Sinrat,] = EQ[Starlitnr<t,3] + EQIST, 111, <tAr}]-

Since EqQ[Siarl{tar<t,}] increases to Eq[Siar] as n — oo, we would have that
Eq[Sinr] < So for all t if we can show that liminf, . EqQ[St, {1, <trr}] > 0.
By a slight modification of Lemmal[2 we get Eq(S7) < So, where 7 is as defined

in (3.36). O

Remark 7. If we assume that there exists an € > 0 such that v > 1'2*‘5

¢(x) = 2'*¢, and one can easily check that the following forms of b(x) satisfy:

, We can use

az 0 + b(x
lim sup p—() < 00,
x——+00 X

and

liminf pax 0 4 b(z) 4 Mgy — @)y
imin

0
L o) o

b(z) = K In(x) — pax*?,
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b(z) = K sin(z) — pax?+°,
b(z) = Ke ™ — pax?™,
b(z) = Ka™ — paz? ™.
In the above, K and a are positive constants, and m is a constant satisfying m < 1.

Before we continue, we must ensure that the subprobability measure Q) defined
above is a true probability measure. Let us begin by defining the sequence of prob-
ability measures Q.,, by

dQm = Zrar,, dP, (3.41)
where T), = inf{t : fg(HS2 + J2 +2pJsHs)ds > m}. We then have

tA'T,
Ele? Jo" " (HI+T242p s Ha)ds] < 03m < o,

In this case, H and J must satisfy
kL SS2 20 + HtSt’Ut + thSt’U

for all ¢ > 0 since we have assumed @ to be a local martingale measure for S.
So, we have Q,, < P on [0,T,,] for each m, as well as that the @Q,, are true
probability measures, since ZtT ™ is a true G martingale.

4. The Discontinuous Case

Let us now turn to the discontinuous case, i.e. we assume that S and v follow SDEs
of the form:
dSt = Stf’l)ngt,

(4.1)
dl}t = /,L(’Ut)dBt + b(vt)dt

We will assume that p and b are C*° functions on [0, c0) and that p is Lipschitz
continuous on [0, co) such that

2(0
b(0

Y

0,

)
)
u(x) >0 if x>0 and p(z) = zp(e),
b(z) < C(1 +z) and b(z) = xb(z),

where /i and b are continuous functions on [0, c0). Note that the assumptions that
p and b factor as p(z) = zfi(z) and b(z) = 2b(z) ensure a positive solution of the
equation for v in ([@.I).

We assume a to be positive. In the above, B is a standard Brownian motion
and M = M¢+ M? is a discontinuous martingale such that (M, M) is locally in L*
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and such that d(M, M); = M\idt. M¢ and M? are the continuous and discontinuous
parts of M, respectively. Additionally, we will assume that [M€, B]; = pt.

Let us note that the conditions imposed on the coefficients b and p of the volatil-
ity are sufficient to ensure the existence and uniqueness of a nonnegative solution v
such that E[supte[O)T] |vf|] < oo for 1 < p < co. Last, we assume that the processes

v and M satisfy
t
A (/ v?dMs) > —1, (4.2)
0

ie. for all ¢, v;*AM; > —1. (We are using the standard notation that for a cadlag
process X that AX,; = X;—X;_, the jump of X at time ¢.) The above condition (2]
ensures that S remains positive for all ¢ > 0.

Let us proceed to expand the filtration F to obtain G by an initial expansion,
and compute the canonical expansion of S under (P,G). We obtain the canonical
decomposition of the process S under G via the theory of Jacod, in [Jacod et al
(1985). [The reader can consult Chap. VI of Protter (2005) for a pedagogic treatment
of the subject.] Jacod proves the existence of an F predictable process k"% such
that

(¢, 8) = k*5¢ - (S, S). (4.3)

Jacod’s theorem also tells us that the following process is a (P, G) local martingale:
t
Sy =S, — / kESd(s, s),. (4.4)
0
We obtain, under (P, G)

t t t
Sy = So + / Ss_vidM, — / kL982029 )\ (ds + / kLS 82029 )\ (ds,
0 0 0 (4.5)

t ¢ ¢ ¢
vy = g +/ w(vs)dBs — / kL u2 (vs)ds Jr/ b(vs)ds Jr/ kL2 (vg)ds.
0 0 0 0

Here, fot Ss,v?dMsffOt k882920 )\ ds and fg u(vs)stffOt kE? 12 (vg)ds are (P, G)
local martingales, and

t t t
[ rbsstzods and - [eads s [ KR @)
0 0 0

are finite variation processes.

We perform a Girsanov transform, to switch to a probability measure @) which
is equivalent to P, under which S is a local martingale. We can do this as long
as we assume condition ([@I2]), given in Theorem [ As in the previous cases, let
Zy = E[% | Gt]. Let Z take the form

Zi=1+ZH B+ Z_J - M,,
for cadlag G predictable processes J and H that maintain Z strictly positive and
for (P,G) local martingale M; = M, — fot kL:M).ds and (P,G) Brownian motion
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B, = B, — fg kL-Bds. We have the following decompositions for S and v under

(@, G):

t
Sy = SO+/ Ss_vdM — /kLSS2 2N ds—/(pHs—i—/\SJs)Ssv?ds
0

/ kLS 52022 \(ds +/ (pH,y + XsJ,)Ssv%ds. (4.7)
0 0

t t t
v = Vo —|—/ pwg)dBs — | kEu%(vs)ds — / (Hs + pJs)p(vs)ds
0 0 0

—I—/O b(vs)ds—i-/0 (Hs—i—sz)u(vs)ds—i—/O EEY 12 (v)ds. (4.8)

Since we have assumed that under (@Q,G), S is a local martingale, we set the
finite variation term in its decomposition to zero:

Mk S S + (pHy + MJy) S = 0. (4.9)

Returning to the decomposition of the volatility we just arrived at, we again note
that we can no longer represent the drift in deterministic terms as simply functions
of the real variable x, so we cannot immediately invoke the results of Lions &
Musiela. To address this, let us take e, e > 0 such that Q(V) < ki*") > 0 and
Q(|Ho + pJo|) < @) >0, and define the following F stopping times:

= inf{t: k" <M},
T = inf{t : |H, + pJy| > e@}.
Now, define the stopping time 7 to be
7= (F AT, (4.10)

On the stochastic interval [0,7), we have the following lower bound on our drift
coefficient, b;:

b = b(ve) + ki 1 (00) + (Hy + pJ)p(ve) = o) + M (vr) — e pa(wr).
From this discussion, we have arrived at the following theorem.
Theorem 4. Let S be the strong solution under (P,F) of
dS, = S,_v2dM,,
(4.11)
dve = p(vi)dBy + b(v)dt.
S is also the solution, under (Q,G) of
dSy = S;_vdM,,
dvy = p(v)dBy + b(v)dt + kP pu(vy)?dt + (Hy + pJy)p(ve)dt.
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Assume

Eplefo vi"aM MY 43 [ oI MM )a) o o (4.12)

and that (M®, M%) is locally bounded.
Assume also that Hypothesis [l holds, and moreover that

liminf(b(x) + eV p?(z) — @ p(z))p(z) ™t > 0.

Tr— 400

Then, the process S is a true (P,F) martingale and a (Q,G) strict local martingale.
Specifically, we have EQ[ST] < Sy where T is given by (ZI10).

Proof of Theorem [l First note that the strong assumption given in (£.2)) ensures
that S_ is positive. From [Protter & Shimbd (2008), a sufficient condition for the
solution S of dS; = SyvdM; to be a (P,F) martingale on [0, 7] is that

Ep[efoT v2ed(M?* MYy +1 [T ygad<Mc,Mc>s] < oo, (4.13)

Let us now display sufficient conditions for the solution S of ([@II]) under (Q,G) to
be a strict local martingale.

Define a sequence of stopping times 7T, by inf{t : v; > n}. We have that the
stopped process St/\TATn(ogth) is a (@, G) martingale. The stopping time To, is
the explosion time of v. Therefore, we may write

So = EQ[Siarat,] = EQ[Stlitar<t,}] + EQ[ST, {1, <tAr}])- (4.14)

As we saw in the continuous case, since Eg [StArl{tArng}] increases to
Eq[Sin+], we would have that E[Siar] < Sp for all ¢ if we can show that
lim infn_,_H,o EQ [STn 1{Tn<t/\‘r}] > 0.

The rest of the argument is analogous to that used in Theorem [ with a slight
modification of Lemma 2l where 7 is defined as in (Z10). O

Corollary. Let M be a Lévy martingale. Then, by the Lévy—Ité decomposition,
Mt:Wt+/ 2(N([0,4],dz) — tv(dz)) + > AMlgan,=1y —ot.  (4.15)
||<1 0<s<t

In the above, N([0,t],\) = N¢(A) is a Poisson random measure

Z AMslAMS|21‘|7

0<s<t

and v(dx) is the Lévy measure of the process M i.e. v(A) = E[N1(A)]. The mar-
tingale M satisfies

at=F

d(M, M); = <1+/Rx2y(da:)>dt = cdt.

2050001-22



Int. J. Theor. Appl. Finan. 2020.23. Downloaded from www.worldscientific.com

by CORNELL UNIVERSITY on 07/15/20. Re-use and distribution is strictly not permitted, except for Open Access articles.

Strict Local Martingales via Filtration Enlargement

Assume that Eplefo (aHJea®v(da)vi®ds] < o This is satisfied if [vedM; is locally
square integrable. Assume also that (L2) holds and that

lim inf(p xp(z) + b(w) + e p? (@) — (@) p(x) ! > 0. (4.16)

Then, the process S of @I is a true (P,F) martingale and a (Q,G) strict local
martingale.

Remark 8. We now give an alternative way to ensure that when we change proba-
bilities from P to @ after a filtration enlargement, that @ is indeed a true probability
measure and not a subprobability measure. This is an alternative to assuming that
the continuous paths equivalent of ([@I2]) holds, although it is related. Let us ensure
that, in the discontinuous case we have just encountered, the subprobability mea-
sure () we defined is a true probability measure. We will begin by defining the
sequence of probability measures @Q,, by

dQm = Zrat,, dP, (4.17)

where Z is the Doléans—Dade exponential of

t t
(/ H.dB; Jr/ JSdMS) and
0 0

. (4.18)
T,, = inf {t : / <H2 + J2 +2pJ Hy + J? / x%(d;c)) ds > m}.
0 R
We then have
Eled Jo" " (HIH T2 420  Hat HY (Jy w*v(de))ds] < o3 < o, (4.19)

Recall that the relation
)‘tktL’SStQUtM + pJeSivf + A\ H Spvy =0, (4.20)

holds true for all ¢ > 0.
Continuing, we have @, < P on [0,T,,] for each m, as well as that the @, are
true probability measures, since ZtT ™ is a true G martingale.

4.1. Examples

Let us now consider a few examples.

Example 1 [Mansuy & Yor (2006) p. 20]. S and v solve
dS; = SividBy;  Sp=1
dve = p(ve)dWi + b(vg)dt;  wvo =1,

and [B, W] = pt. and L = By. In this case, we have

] BT - B
k= PH(Ut)Ti_tt

We have ké’ﬁ = pu(vO)BTT, and indeed, Q(kf > 0) > 0. Here, it is immediately
apparent that the process k£ has right-continous paths.

(4.21)
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Remark 9. Let us show that in the above example, Jacod’s condition is satisfied
for0<t<T.ie.
Qi(w,dx) = L(L|F)(dx) < n(dx) = L(L), 0<t<T.
To do a simple calculation, we have for any bounded Borel function f
E(f(Br)|F:) = E(f(Br)|o(B,W;)) by the Markov property.

Using basic measure theory, there exists a Borel function ¢ such that
E((f(Br)|lo(B,W:)) = g(B¢, Wy). In this simple case, we can calculate g, and
we get

9(x,y) = E(f(Br)|By = 2, Wy = y) = EY(f(Br—t) = Pr—f(z,y),
where in general,

Psf(x) = E*Y(f(Bs, Ws)).

We can describe Q¢(w,dxdy) by describing its action on any bounded, Borel
function f

/f(x,y)Qt(w,d:cdy) = Pr_f(By,Wy) = EPoWe(f(Br_y, Wr—y)).

Since L£(L) equals N(0,T), a Gaussian law, it has the same sets of Lebesgue measure
zero as does A\, which represents Lebesgue measure. We need only to show that the
conditional distribution of L given F; is absolutely continuous with respect to A.
To that end, let A be a subset of R such that A\(A) = 0. We have

Pl axr(Bi, W) = EPWe (144 (Bs, Wy))
= EPoWt (14(Bs)1r(Ws)) = EP*We(14(B,))

= E"Y(14(Bs))|(2,y)=(B..W)-

But E*Y(14(Bs)1r(Wy)) = 0 for every starting point x € R, since E°(14(Bs)) =0
(because it’s an integral of the Gaussian density over a null set), and Lebesgue
measure is translation invariant. Since E®(14(Bs)) = 0 for all z, we have also
E*(1a(Bs ) Ir(Wi))l(z,9)=(B,,w,) = 0, and this gives the desired absolute continuity.
Therefore, Jacod’s condition is verified.

Example 2 [Mansuy & Yor (2006)]. S and v solve
dSt = St’l)tdBt; SO = 1,
dvg = p(ve)dWy + b(ve)dt;  vo = 1.

We set L = T, the first hitting time of a of the Brownian motion B. In this case,
we take the Brownian motions B and W to be independent. We have

_ 1 - B
kth = u(vy) (_a B + (; — ;) on the event {T, > t}.
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Again, it is immediately apparent that the process k has right-continous paths
and that Q(kL > 0) > 0. We refer the reader to pages 34 and 35 of [Mansuy & Yor
(2006), where this example explained in detail.

Example 3 [The Countable Partition Case]. Let S and v solve
dSt = St’l}tdBt; SO = 1,
dve = p(ve)dWy + b(v)dt;  vo = 1.

Let us assume that we have a countable partition of the sample space such that
A;iNA; =0ifi # jand ;o) Ax = Q and that the information encoded in L
can be modeled as L = Z;’il a;14,. Note that the vector process [i] is a strong
Markov process. Let us define our partition in terms of this Markov process. Fix a
time 7' > 0 and assume we have half open sets (o, 3;] such that | J;o, (a;, 5;] = R
and (Oéi,ﬁi] N (Oéj,ﬂj] = ¢, ) 7é ] Let Az = {(.L) : ST € (O[Z,ﬂz]}

If, in this case, we have a; > 0 and P(4;) > 0 then we have that the process
k satisfies kf > 0. Consider the sequence of martingales N} = E[la,|5]. By
the Kunita—Watanabe inequality, there exists processes &¢ such that d[N¢ S|, =
€id[S, S]i. Now, the determination of whether or not k has right-continuous paths
is tantamount to the determination of whether or not, for each 4, the processes £
possess right-continuous paths. Since we are in the Brownian framework, we can

employ martingale representation to write
N} = / hdBg +/ gedWs.
0 0

Then, [N, S]; = fg(h; + pgt)Ssvsds, p being the correlation of the Brownian
motions B and W, and &! is such that (h + pgi)dt = £ Syvidt. If we can prove then,
that for each 4, the processes h’ 4+ pg® possess right-continuous paths, then we are
done.

We now apply the results of lJacod et all (1985), specifically Corollary 2.5. For

all 7, we can write
I <[STD | Yansn (ST)
vr 0 .

For each i, we need to find an approximating sequence of functions f“"(x) such

that
() () e

For all i, f"(x) must be Borel functions, and (¢,y) — P,f*"(y) on (0,00) must
be once differentiable in ¢ and twice differentiable x, all partial derivatives being
continuous. P; denotes the transition semigroup of the process [f] Note that this

St

vr

holds when the functions f"(z) are twice differentiable, with continuous second
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derivative, and with compact support. Note that this differentiability is just what we
need to apply Theorem 3.2 of [Ma et all (2001), which gives us that the corresponding
process (hi™ + pgi™)o<s<r has cadlag paths, for each n.

We have that for each i an approximating sequence of functions f"(z) of fi(x)
is given by fi(x) * ¢"(z), where ¢"(x) is a sequence of mollifiers. For example, we
can take

1

" (x) = n2¢(mc), where ¢(z) = ce 1-l=I? X[-1,1]().

We have that f*(z) * ¢"(z) is smooth and with compact support. It converges
uniformly and thus in L? to f%(x). Moreover, we also have the uniform (in ) con-
vergence of P, f%"(y) — P.f'(y). Now, by Corollary 2.5, we have for each i the
existence of an explicit representation of a version of the process h® + pg® which
indeed possesses cadlag paths, since it is the uniform (in the time variable) limit of
the cadlag processes hb™ + pgh™.
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