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ARBITRAGE OF THE FIRST KIND AND FILTRATION ENLARGEMENTS
IN SEMIMARTINGALE FINANCIAL MODELS

BEATRICE ACCIAIO, CLAUDIO FONTANA, AND CONSTANTINOS KARDARAS

ABSTRACT. In a general semimartingale financial model, we study the stability of the No Arbitrage
of the First Kind (NA1) (or, equivalently, No Unbounded Profit with Bounded Risk) condition
under initial and under progressive filtration enlargements. In both cases, we provide a simple and
general condition which is sufficient to ensure this stability for any fired semimartingale model.

Furthermore, we give a characterisation of the NA; stability for all semimartingale models.

INTRODUCTION

In financial mathematics, market models with different sets of information have been widely
studied, especially in relation to insider trading and credit risk modeling (see e.g. [JYC09] and the
references therein). Typically, one starts by postulating a model with respect to a given information
set and then enlarges that set with some additional information not originally present in the market.
From a mathematical point of view, this corresponds to considering an enlargement of the original
filtration on a given filtered probability space. Since the model aims at representing a financial
market, a fundamental question is whether the additional information allows for arbitrage profits.

The present paper aims at answering the above question in the context of models driven by
general semimartingales, both in the case where the additional information is added in a progressive
way through time, and in the case where the additional information is fully added at the initial
time. Referring to the terminology of the theory of enlargement of filtrations (see [Jeu80] for a
complete account of the theory and [JYC09, § 5.9] and [Pro04, Ch. VI] for a presentation of the
main results), this corresponds to considering a filtration obtained as a progressive or as an initial
enlargement, respectively, of the original filtration.

Our analysis focuses on the No Arbitrage of the First Kind (NA;) condition (see [Kar10]), which
is equivalent to the No Unbounded Profit with Bounded Risk (NUPBR) condition (see [Karl0l
Proposition 1]). Mathematically, condition NA; is equivalent to existence of strictly positive local

martingale deflators, and can be shown to be the minimal condition ensuring the well-posedness of
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2 BEATRICE ACCIAIO, CLAUDIO FONTANA, AND CONSTANTINOS KARDARAS

expected utility maximisation problems (see [KKQT, Proposition 4.19]). In the case of a progressive
enlargement with respect to a random time 7, we study the stability of NA; on the random time
horizon [0, 7], showing that the existence of arbitrages of the first kind in the enlarged filtration
is crucially linked to the possibility of the asset-price process exhibiting a jump at the same time
when a particular nonnegative local martingale in the original filtration jumps to zero. In turn,
we show that the possibility of the latter event is intimately related to how local martingales from
the original filtration behave in the enlarged filtration, up to a suitable normalisation. In the case
of an initial enlargement of the original filtration, and under the classical density hypothesis of
[Jac85], we establish an analogous set of results, showing that the validity of NA; in the enlarged
filtration is linked to the possibility of the asset-price process jumping at the same time when a
family of nonnegative martingales in the original filtration jumps to zero. In turn, as in the case of
progressive enlargements, the latter possibility also fully characterises how local martingales from
the original filtration behave in the enlarged filtration, up to a suitable normalisation.

In both cases of progressive and of initial enlargement, these results allow us to provide an
easy sufficient condition ensuring the NA; stability for a fized semimartingale model, as well as
to explicitly characterise the stability of NA; for all semimartingale models. Although absent
in the statements of our main results, an inspection of their proofs reveals a hands-on approach
to the problem: using local martingale deflators in the original filtration, we explicitly construct
local martingale deflators in the enlarged filtration in order to show validity of condition NAj.
In the process, we obtain some interesting new results on progressive as well as initial filtration
enlargement, showing how the super/local martingale property of a process can be transferred from
the original filtration to the enlarged one by suitably deflating the process.

For progressive filtration enlargement with respect to an honest time 7 (see [Pro04, Ch. VIJ),
examples of arbitrage profits are provided in [Imk02], [Zwi07] and [FJS14]. In the context of
continuous semimartingale models, as shown in [FJS14, Theorem 4.1] (see also [Krel3l Lemma
6.7]), condition NA; is always valid in the enlarged filtration on the random time horizon [0, 7]. In
the case of general semimartingale models, this is no longer true, see the example in §[T.5.1} In that
context, the recent paper [ACDJ14] addresses the issue of NA; stability in progressively enlarged
filtrations and represents one of the sources of inspiration for the present work. In particular, the key
role of conditions equivalent to those given in Theorem [I.4] and Remark has been first pointed
out and proved in [ACDJI4] (see Remark and the characterisation we obtain in Theorem
turns out to be equivalent to the one already established in [ACDJ14] (see Remark [1.8)). However,
in comparison with the latter paper, we follow here a totally different approach and provide original
and rather simple proofs to those results, avoiding the use of the compensated stochastic integral
(see e.g. [HWY92, Definition 9.7]) and, somewhat surprisingly, not relying on the classical Jeulin-
Yor decomposition formula (see [Jeu80, Proposition 4.16]). In contrast, we exploit the properties

of an optional decomposition of the Azéma supermartingale associated to 7 recently established in
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[Karl5]. We also want to mention that, in the case of the classical No Free Lunch with Vanishing
Risk (NFLVR) condition (see [DS94, [DS98]), a study of its stability and of the relation with the
preservation of the martingale property in progressively enlarged filtrations has been carried out
in [CIN12].

In the initial filtration enlargement case, the possibility of realising arbitrage profits in the
enlarged filtration has been studied in [GP9§|, [GP01] and [IPWO01], among others. Concerning
the classical NFLVR condition, it is well-known that it is stable under an initial enlargement
with respect to a random variable J if the conditional law of J for all times is equivalent to
the unconditional one (see e.g. [GP98]). However, to the best of our knowledge, the issue of NA;
stability with respect to an initial enlargement has never been studied so far. Interestingly, we show
that both the progressive and the initial case can be treated by relying on the same methodological
approach.

The paper is organised as follows. Section [I| contains the framework and statements of our
main results. In Section [2| we consider progressive enlargement of filtrations. We study the crucial
stopping times that will be then used to pinpoint local martingales and to prove stability of the
NA; condition in the enlarged filtrations. In Section [3] we perform the same analysis and obtain

analogous results, mutatis mutandis, in the case of initially enlarged filtrations.

1. MAIN RESULTS

1.1. Probabilistic set-up. In all that follows, we work on a filtered probability space (2, F, F, P),
where F = (F;)icr, is a filtration satisfying the usual hypotheses of right-continuity and saturation
by P-null sets. In general, Foo, C F holds, with the last set-inclusion being potentially strict.

We shall be using standard notation from the general theory of stochastic processes. For any

unexplained notation and results, the reader can consult [HWY92] or [JS03].

1.2. The market model. Fix d € N = {1,2,...}, and let S = (Si)ie{l,.“,d} be a collection of
nonnegative semimartingales on (92, F, P) H Each S, i € {1,...,d}, models the price process of
an asset, discounted by a baseline security in the market. Starting with initial capital = € [0, 00)
and following a d-dimensional, F-predictable and S-integrable strategy H, an investor’s discounted
wealth process is given by X% = 2 + Jo (Hy,dS;). It should be noted that we are using vector
stochastic integration throughout. Define X (F, S) to be the class of all nonnegative processes X
in the previous notation. (In the definition of the class X'(F,S), the initial capital = € [0, 00) and
d-dimensional, F-predictable and S-integrable strategies H are arbitrary, as long as X% > 0.)

Definition 1.1. For T' € (0,00), an arbitrage of the first kind with information F and assets
S on [0,T) is xr € LY (Fr) with P[xr > 0] > 0 and with the property that for all z € (0, 00)

1We want to mention that the nonnegativity assumption is not crucial for the following results to hold, provided

that the notion of local martingale is suitably replaced by the notion of sigma-martingale (see [DS98| and [T'S14]).
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there exists X € X(F,S) with Xy = « (where the wealth process X may depend on z) such that
P[X7 > xr] = 1. If no arbitrage of the first kind with information F and assets S exists on any
interval [0,7T] for T € (0, 00), we say that condition NA;(F,S) holds.

Whenever Q ~ P, we use Y(F, S,Q) to denote the class of all strictly positive F-adapted cadlag
processes Y with Y = 1, such that Y and V'S are local martingales on (2, F, Q). The elements in
V(F, S, Q) are called strictly positive local martingale deflators (for S on (2, F, Q)). When strict
positivity is replaced by nonnegativity, we simply talk of local martingale deflators. If Y2 denotes
the density process of Q with respect to P, note that Y(F, S, Q) = {Y(YOQ/YQ) | Y e Y(F,S,P)}
holds. It comes as a consequence of [T'S14, Theorem 2.6] that condition NA;(F,.S) is equivalent to
Y(F,S,Q) # 0 (where, of course, Q ~ P is arbitrary). For our purposes (see Remark below),

we need a more precise statement.

Theorem 1.2. Condition NA(F,S) holds if and only if there exist Q ~ P and strictly positive
X € X(F,S) such that (1/X) € Y(F, S, Q).

Note that, even though the statement of Theorem is sharper than [I'S14, Theorem 2.6], it
actually follows from the proof of the latter. Indeed, [TS14] prove that NA;(F,S) implies the
existence of Q ~ P and strictly positive X € X(F, S) such that YQ/()/(\'YOQ) € Y(F,S,P), with Y©
denoting the density process of Q with respect to P.

The main purpose of the paper is the study of stability of the NA; condition when enlarging the
filtration F' in a progressive or initial way. Naturally, the first issue to be settled is the preservation
of the semimartingale property of processes, which is typically referred to in the literature as the
H’-hypothesis. In the case of progressive filtration enlargement by a random time 7, it comes
as a consequence of the Jeulin-Yor theorem that this always holds up to time 7 (and that for
honest times it holds on all [0,00)); see [JY78]. For the case of initial filtration expansion, one
well-known situation where the preservation of the semimartingale property holds is when Jacod’s
density hypothesis is satisfied; see [Jac85]. We want to remark that these facts will also come as
consequences of our analysis in Section [2| for the progressive enlargement case (see Corollary
and Section [3 for the initial enlargement case (see Remark [3.5)).

Remark 1.3. Theorem [I.2) will play a key role in the proof of our main theorems. In fact, it shows
that NA;(F, S) is equivalent to the existence of Y € Y(F,S,Q) such that {AS # 0} = {AY # 0},
for some Q ~ P. As shown below (see Sections and , this property turns out to be crucial in
order to construct local martingale deflators in enlarged filtrations starting from local martingale
deflators from the original filtration (compare also with Remarks and [3.8).

1.3. Main results under progressive filtration enlargement. We first study the stability
of the NA; condition under a progressive enlargement of the filtration F with respect to an F-

measurable random time 7 : Q — [0, 00] such that P[r = oo] = 0. (We refer the reader to [Pro04]
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Chapter VI] for a textbook account of the theory of enlargement of filtrations.) The progressively
enlarged filtration G = (G;)er, is defined via

(1.1) G={BeF|Bn{r>t}=BN{r >t} for some B; € F;}, VteRy.

In particular, G is a right-continuous filtration that contains F and makes 7 a stopping time, but
note that G is not the smallest right-continuous filtration that contains F and makes 7 a stopping
time, compare e.g. the discussion in [GZ0§].

It comes as a consequence of the Jeulin-Yor theorem that S™ := (ST/\t)teR+ is a semimartingale
on (2, G, P) (see, for example, [JY78|; actually, we shall provide an alternative simple proof of
this fundamental fact in Corollary [2.9). Then, the class X(G,S7) can be defined exactly in the
same way as the corresponding class X (F, S) of § The notation NA; (G, S7) used in the sequel
refers to absence of arbitrage of the first kind with information G and assets S7.

A key role in the study of progressive enlargement of filtrations is played by the Azéma super-
martingale associated with 7 (given by the optional projection of Ijy - on (€2, F, P), see [Jeu80] and
references therein), that we denote by Z. This means that P [t > ¢ | F,| = Z, for all finite stopping
times ¢ on (2, F), and note that Zo := lim;_,oc Z; = 0 holds in view of P [T = oco] = 0 (note that
the limit Z., always exists due to the supermartingale convergence theorem). Furthermore, if A
denotes the dual optional projection of Iy [, it follows that u := A+ Z is a nonnegative uniformly
integrable martingale on (2, F, P) with p; = E [Ax|F], for all ¢ > 0 (see e.g. [Nik06), Section 8.2]).
Moreover, by the general properties of the dual optional projection (see e.g. [HWY92, Theorem
5.27]), for any stopping time o on (€2, F), it holds that AA, =P [r =0 | F,]| on {0 < co}.

For all n € N, let ¢, := inf {t € R} | Z; < 1/n}. Furthermore, set

(12) C = 11;(11 anlnf{t€R+ | Zy_ =0or ZtIO} :inf{t€R+ | Zt:O},

where the last equality holds from the fact that Z is a nonnegative supermartingale on (2, F, ).
We now introduce a stopping time that will be of major importance in the sequel. Consider the
Fe-measurable event A := {( < 00, Z¢— > 0, AA; = 0}, and define

(1.3) n = (o = (Ip + ool a-

Clearly, n is a stopping time on (£2, F), and it satisfies P [ > 7] = 1. Indeed, P [t > n|F,] = Z,, =0
and P [1 =1 < oo| Fyy] = AA Il <0y = AADA = 0 (remember that P [T = oo] = 0 by assumption).
In § it is shown that 1 may be totally inaccessible or accessible. However, Lemma shows
that P[n =0 < 0o | Fo—] < 1 holds for all predictable times o on (2, F).

The results below establish stability of condition NA; in the current setting of progressive filtra-
tion enlargement. Together with their counterparts for initially enlarged filtrations (Theorems m
and , they are the main results of this paper.

The first result is concerned with stability of the NA; condition for a fizxed semimartingale model.
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Theorem 1.4. If NA{(F,S) holds and P[n < oo, AS, # 0] = 0, then NA{(G, ST) holds.

Remark 1.5. The message of the above theorem is that, to ensure the preservation of NA; under
progressive filtration enlargement, one only needs to check whether the price process jumps at time
n. 1t is then clear that, if NA;(F, S) holds for S := 7~ = §7 — AS,[[, o, then NA;(G, S7) holds
as well, since P[n > 7] = 1. Actually, in order to have NA (G, S7), it is sufficient that NA, (F, 5¢)
holds for all n € N. Indeed, note that NA; (F, §Cn) implies NA1(G, S™\¢), and that the intervals
[0,7 A (] exhaust [0, 7], since P[¢ > 7] = 1. Now the claim follows since the NA; condition can
be given locallyﬂ

Remark 1.6. Define Z to be the optional projection of Ljo,-; on (2, F, P) (see also [Jeu80), Section
IV.1]); in other words, for any stopping time o on (Q, F), Z, =P[r > o | F,] holds on {o < oo},
so that Z = Z + AA. Tt is then straightforward to see that condition P [y < co, AS, # 0] = 0 is
equivalent to evanescence of the set {Z_ > 0, 7= 0, AS # 0}. Hence, Theorem corresponds
exactly to the result proved in [ACDJ14, Corollary 2.20, part (b)], by means of different tech-
niques. Moreover, when S is a quasi-left-continuous semimartingale (see [JS03|, Definition I1.2.25]),
[ACDJ14, Theorem 2.8] shows that the validity of NA; (F, 54"), for all n € N, is actually necessary
and sufficient for the preservation of the NA; property in G (see also [ACD.J14, Remark 2.9]).

Theorem [1.4] recovers the already-known fact that condition NA; is stable under progressive
enlargement for all continuous semimartingales; see [F.JS14] and [Krel3]. Moreover, it implies that
the condition P [y < oo] = 0 is sufficient to guarantee NA; stability for any collection of asset-price
processes. In the next result we show that this condition is also necessary in order to have this
general stability. In fact, for P[n < oo] > 0, we provide an explicit example of arbitrage of the
first kind, which further shows how condition P [ < co, AS, # 0] = 0 in Theorem cannot be
dropped; see also § Statement (1) of the following theorem is an immediate consequence of
Theorem while the proof of statement (2) is given in Section

Theorem 1.7. The following statements hold true:

(1) If P[p < oo] = 0, then for any S such that NA1(F,S) holds, NA1(G,S™) also holds.
(2) Suppose that P[n < co] > 0. Then, with D being the predictable compensator of Iy, o on
(Q, F, P), the nonnegative process S := E(fD)_IHHO,m[ is a local martingale on (Q, F, P),

2Here we provide a proof by way of contradiction. Assume there are T € (0,00) and 7 € L% (Gr) such that
P[xr > 0] > 0, satisfying the condition that, for all z € (0,0), there exists X* =z + (H” - S7) € X(G, S") with
P[XF? > xr] = 1. Consider the set A := {xr > 0} and take n big enough such that B:={(, AT >7AT}NA€EGr
satisfies P[B] > 0. Note that ¢ := xrls € LY (Gr) is such that P[spr > 0] > 0. Now, for every = € (0,00), define
the process Y* := x + (H* - S7"") € X(G, S™""). By definition of admissibility, P[Y# > 0] = 1. Moreover, on B
we have Yif = 2 + (H® - S™"")p = 2 4+ (H" - S7)r > xr = ¢r. Altogether this gives P[Y;¥ > ¢r] = 1, which is in
contradiction to NA; (G, S7"").
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and S7 is nondecreasing with P [S: > 1] > 0. In particular, condition NA(F,S) holds but
condition NA1 (G, ST) fails.

Remark 1.8. Similarly to the discussion in Remark condition P[n < oo] = 0 is equivalent
to evanescence of the set {Z_ > 0,Z = 0} = {Z_ > 0, Z = 0, AA = 0}. Therefore, the
characterisation we obtain in Theorem [1.7|is equivalent to that proved in [ACD.J14, Theorem 2.22],

by means of different techniques.

Section [2]is devoted to the proof of Theorem [I.4]and Theorem several interesting side results

are also included there. In § that follows, a couple of illustrative examples are given.

1.4. Main results under initial filtration enlargement. We now study the stability of condi-
tion NA; under an initial enlargement of the filtration F with respect to an F-measurable random
variable J taking values in a Lusin space (E, Bg), where Bg denotes the Borel o-field of E. With
some abuse of notation, we denote by G = (G;);er, the right-continuous augmentation of the
filtration G* = (GP)ser, defined by G := F; vV o(J), for all t € Ry. Let v : Bp — [0,1] be
the law of J (so that v[B] = P[J € B] holds for all B € Bg). Furthermore, for all ¢t € R, let
v : Q2 x Bg +— [0,1] be a regular version of the F;-conditional law of J, which exists since (E, Bg)

is Lusin.

Assumption 1.9. Throughout we work under the following condition:
(J) forall t € Ry, ¢ < holds in the P-a.s. sense.

Assumption is the classical density hypothesis introduced in [Jac85]. Indeed, as shown in
[Jac85, Proposition 1.5] (see also [Pro04, Theorem VI.11}), condition (J) holds if and only if, for
all t € Ry there exists a o-finite measure v; on (E, Bg) such that v, < 14 holds in the P-a.s. sense.
Jacod’s density hypothesis plays a prominent role in financial mathematics, notably in relation
to the modeling of additional information (see e.g. [AIS98, [(GP98| [GP01, Bau03l [GVV06, KHO7,
KHOLII]).

The next auxiliary result (the proof of which is postponed to Section [3|) implies the existence
a good version of conditional densities. It essentially corresponds to [Jac85L Lemma 1.8] (see also
[Ame00, Appendix A.1]). Note that O(F) denotes the F-optional o-field on £ x R.

Lemma 1.10. There ezists a (Bg @ O(F))-measurable function E x Q xRy 3 (z,w,t) — pf(w) €
[0,00), cadlag in t € Ry and such that:

(i) for everyt € Ry, v(dx) = pf v(dz) holds P-a.s;
(ii) for every x € E, the process p* = (pf)icr, s a martingale on (2, F, P).

For every z € E and n € N, define families of stopping times on (2, F) via

(1.4) Cr=inf{t e Ry | pf <1/n} and  (¢Y:=inf{t e Ry | pf =0}.
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For all z € E, it holds that ((¥)nen is a nondecreasing sequence, P [lim,,,~ (¥ = ¢*] = 1, and
p® =0 on [¢*,00] (see also |[Jac85, Lemma 1.8]). Note also that, due to |[Jac85, Corollary 1.11], it
holds that P [¢7 < oo] = 0, with ¢/(w) := ¢7@)\(w) for all w € Q. For every z € F, we consider
the F¢z-measurable event A" := {¢* < o0, pf,_ > 0}. Define

(15) ’I’]x = CKJ, = CIHA:C + OO]IQ\Aw, Vx € E,

which is a stopping time on (2, F) and represents the time at which p® jumps to zero.

Under Assumption we now discuss counterparts to Theorems [I.4] and [I.7] on the validity of
NA; in initially enlarged filtrations. Note that Assumption [I.9 guarantees that S is a semimartin-
gale on (£, G, P), by [Jac85, Theorem 1.1], which is proved by relying on the Bichteler-Dellacherie
characterisation of semimartingales. (In this respect, see also Remark of the present paper.)
This allows us to define the class X(G,S) and the condition NA; (G, S) as done in § with
respect to the filtration F. The first result is concerned with stability of condition NA; for a fized

semimartingale model.

Theorem 1.11. Under Assumption suppose further that the space L'(Q, F,P) is separable
and P [n* < 0o, ASy= # 0] = 0 holds for y-a.e. x € E. If NA{(F,S) holds, then NA{(G,S) holds.

Note that separability is a mild technical assumption that only allows us to use the results of
[SYT8, Proposition 4]; as the authors of the latter paper mention, it is satisfied in all cases of
practical interest.

In §We will provide an example showing how condition IP [n* < oo, ASy= # 0] = 0, for y-a.e.
x € F, cannot be dropped.

As was the case for progressively enlarged filtrations, Theorem has the following conse-
quence: if P[n* < oo] = 0 for v-a.e. x € E, condition NA;(F,S) implies condition NA; (G, 5)
for any asset-price process S. In order to formulate the counterpart to statement (2) of Theorem
m (regarding stability of the NA; condition for all semimartingale models) in the case of initially
enlarged filtrations, we have to slightly depart from our original setting. More precisely, the explicit
example of an arbitrage of the first kind in the enlarged filtration when P [® < oo] > 0 will involve
a potentially infinite collection of semimartingales. (However, see Remark ) To wit, with D*
denoting the predictable compensator of Iy, [ on (Q, F, P) for all x € E, define the collection

(Sx)meE‘ via
(1.6) 5% = E(-D") e, Yz €E.

In Section [3| under separability assumption on the space L!(Q, F,P), it is established that one can
obtain a version of the function £ x Q@ x R} 3 (z,w,t) — S¥(w) which is Bg ® O(F)-measurable.
The process S”7 defined via S7(w,t) = S’g(w) (w) for all (w,t) € Q@ x R4 is a semimartingale on

(Q, G, P), and has the following financial interpretation: an insider with knowledge of J and unit
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initial capital takes at time zero a position on a single unit of the stock with index J, and keeps it
indefinitely. Although this strategy may involve an infinite number of assets, it is of the simplest
possible buy-and-hold nature. Statement (1) of the following theorem is an immediate consequence
of Theorem while the proof of statement (2) is given in Section

Theorem 1.12. Under Assumption[1.9, the following statements hold true:

(1) If P[n® < o] = 0 holds for v-a.e x € E, then for any S such that NA{(F,S) holds,
NA(G,S) also holds.

(2) Suppose that the space L*(Q, F,P) is separable and that [, P [n® < oc]v[dz] > 0. Then, the
family (S*),ep in consists of local martingales on (Q, F, P), and S7 is nondecreasing
with P [St‘] = S{, vt e R+] < 1. In particular, NA;(F,S*) holds, for every x € E, but
NA1 (G, S7) fails.

Loosely speaking, in part (2) of Theorem the insider identifies from the beginning a single

asset in the family (S%)_ . which will not default and can therefore arbitrage.

Remark 1.13. If 7, .P[J = 2] = 1 holds for a family {z;, | ¥ € N} C E, one can find a single
asset that will lead to arbitrage of the first kind. Indeed, [P [n” < oo~ [dz] > 0 implies that there
exists k € N such that P [n™ < oo] > 0. Since P [¢/ < 0o] =0, P[J =z, n° < oo] = 0 follows
in a straightforward way; therefore, the buy-and-hold strategy I;—,,} results in the arbitrage
Liy—g,y - 5™

When the law v has a diffuse component the previous argument may not work; however, one can
still obtain an arbitrage of the first kind using a single asset under an assumption that is stronger
(more precisely, at least not weaker) than [, P[n” < o]~ [dz] > 0 as in part (2) of Theorem m
To wit, for B € Bg with v[B] > 0, define n” in the obvious way, as the time that the martingale
(7% [B])ter, jumps to zero. Note the equality v [B] = Jg ¥y [de], for all t € Ry; in particular,
P [n® < oo] > 0 implies that [, P [n* < oc]v [dz] > 0. (It is an open question whether the converse
implication is also true for some set B € Bg.) Under the assumption P [773 < oo] > ( for some
B € Bg with v [B] > 0, upon defining S := 8(—DB)71]I[[077]B|[ where D denotes the predictable
compensator of Iy, s yon (€, F, P), it can be shown that S is a local martingale on (2, F, P), and
i jepy S is nondecreasing with PP [S; = Sp, Vt € Ry] < 1, that is, NA;(F, S) holds while NA; (G, S)

fails.

Remark 1.14. It is interesting to observe that the necessary and sufficient conditions given in Theo-
rem[I.7]and in Theorem [T.12|for the preservation of the NA; property under filtration enlargements
bear resemblance to the necessary and sufficient condition obtained in [Fonl4] for the preserva-
tion of the NA; property under absolutely continuous (but not necessarily equivalent) changes
of measure. This similarity is not a coincidence, given the deep link existing between filtration

enlargements and non-equivalent changes of measure, as shown in [Yoe85].
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The proof of Lemma [1.10] as well as of Theorems and is given in §[3] An example in

the initial enlargement framework involving the Poisson process is given in § below.

1.5. Examples. The first two examples are in the progressive filtration enlargement framework.
In the first one, the stopping time 7 is totally inaccessible and assertion (2) of Theorem is
illustrated by explicit computations; the second example contains a set-up where n is accessible.
The last example shows how condition P [n* < co, ASy= # 0] = 0, for y-a.e. & € E, cannot be
dropped in Theorem [1.11

1.5.1. An example under progressive filtration enlargement where 1 is totally inaccessible. Let
(Q, F,P) be a complete probability space supporting an F-measurable random variable ¢ :  — R
such that P [¢ > t] = exp(—t) holds for all t € Ry. Set F = (F;);cr, to be the smallest filtration
that satisfies the usual hypotheses and makes ¢ a stopping time. Define 7 := (/2, and consider
the filtration G obtained as the progressive enlargement of F with respect to 7. Let Z and A be

defined as in §
Note that Z; = 0 holds on {¢ <t}, while Z; = exp(—t) holds on {t < (}, the last fact fol-
lowing from 7 = (/2 and the memoryless property of the exponential law. Therefore, Z; =

exp(—t)l ¢y is true for all ¢ € Ry. Similarly, AA, = Plr=0 | F] = P[(=20 | F;] =0
is true for all bounded stopping times o on (€2, F), which implies that AA = 0. Note that
(=inf{teR; | Z;—=0o0r Z; =0} and Z,_ = exp(—¢) > 0. Since AA = 0, for n defined as
in , we obtain that n = (. The predictable compensator of I, [ on (Q, F, P) is equal to
D := (9 At)ier,; in particular, ¢ = 7 is totally inaccessible on (€2, F, P).

Here we have P[n < oo] = 1, hence we can proceed to construct a local martingale S as in
Theorem [1.7}(2). To wit, S := £(=D) o, = exp(D)[g [, that is, S; = exp(t)Ijz<¢y for t € Ry.
Note that S is a quasi-left-continuous nonnegative martingale on (92, F, P), so that NA;(F,S5)

trivially holds. However, since S is strictly increasing up to 7, NA;(G, S7) fails.

1.5.2. An example under progressive filtration enlargement where 1 is accessible. Let (2, F,P) be
a complete probability space that supports an F-measurable random variable ¢ : 2 — N such
that p, = P[¢ =Fk] € (0,1) holds for all k € N, where > )7, pp = 1. Set F = (F;)iecr, to be
the smallest filtration that satisfies the usual hypotheses and makes ¢ a stopping time. Since ( is
N-valued, it is an accessible time on (€, F, P). Define 7 := ( — 1, and consider the progressively
enlarged filtration G. Let Z and A be defined as in § [I.3]

Again, one may compute Z explicitly. In fact, Z; = 0 holds on {¢ < t}; furthermore, upon
defining g, = Y77, | pn for all k € {0,1,...}, and denoting by [-] the integer part, we have

Zy=Plr>t|F]=P[C>t+1|F]=P[>[t+1] \]—“t]:qz;;ﬂ, on {t <(}.
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Note that ¢ = inf{t € Ry | Z,— =0 or Z; =0} and Z;— = q[¢1/qr¢—17 > 0. Furthermore, AA; =
P[r = (| F¢] = 0 holds true. It follows that, for 1 defined as in (1.3), n = ¢; in particular, 7 is
accessible on (2, F, P).

1.5.3. An example under initial filtration enlargement. Let us consider a probability space (€, F, P)
supporting a Poisson process N with intensity A > 0 stopped at time 7" € (0,00). Let F be the
right-continuous filtration generated by N and consider the random variable J := Np. As in
[GVV0G, § 4.2] (compare also with [GPO01) § 4.3]), it can be checked that
= e IR I{Ny<a}
(\T')= (x — Nyl V=
and p} = e_)‘Tm!/()\T)"”H{NT:x}, so that Jacod’s criterion (Assumption is satisfied.

Consider then the process S defined by S; := exp(Nt — At(e — 1)), for all ¢ € [0,7]. The
process S is a strictly positive F-martingale (see e.g. [JYC09, Proposition 8.2.2.1]), so that
NA;(F,S) holds. However, NA;(G,S) does not hold. To see this, define the G-stopping time
o = inf{t € [0,T] | Ny = Nz} and consider the strategy —Ij, 7. Then, for all ¢ € [0,T7], we get

for all t € [0,T),

(~Loy - )t = Lps oy exp(NU —Ao(e — 1)) (1 — exp(—)\(t —o)e— 1)))

In particular, the process —Ij, 7] - S is nondecreasing and P[0 <7T] = 1, thus implying that
NA;(G,S) fails to hold. Indeed, in the context of the present example, the processes p* have a
positive probability to jump to zero and this event occurs exactly in correspondence of the jump
times of the Poisson process N, thus showing that the condition P [n® < oo, AS,+ # 0] = 0 for
~v-a.e. z € F fail to hold.

2. ARBITRAGE OF THE FIRST KIND IN PROGRESSIVELY ENLARGED FILTRATIONS

In this section, the proof of Theorem and Theorem will be given. In the process, we
will also obtain certain interesting results concerning the behaviour (up to the random time 7) of
nonnegative super/local martingales on (€2, F, P) in the enlarged filtration G (see Section [2.3)). In

particular, these results do not follow from classical results of enlargement of filtrations theory.
2.1. Representation pair associated with 7. The next result is [Karl5, Theorem 1.1].

Theorem 2.1. For any random time T on (2, F) satisfying P [T = oo] = 0 there exists a pair of
processes (K, L) with the following properties:

(1) K is F-adapted, right-continuous, nondecreasing, with 0 < K < 1.

(2) L is a nonnegative local martingale on (Q, F, P), with Ly = 1.

(3) For any nonnegative optional processes V. on (Q, F), we have

(2.1) E[V,] = E [/R VtLtth} .
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(4) fR+ ]I{Kt_Zl}st =0 and fRJr H{Lf:ﬂ}th =0 hold P-a.s.

It also comes as part of the results in [Karl5l §1.1] that Z = L(1 — K), which gives a par-
ticular multiplicative optional decomposition of Z. In general, there are many possible optional
multiplicative decompositions; the properties described in Theorem specify the pair (K, L) in
a unique way. Note also that, in the special case where P[r = o] = 0 for every stopping time
o on (2, F, P), the decomposition Z = L(1 — K) coincides with the multiplicative Doob-Meyer

decomposition of the supermartingale Z (see [Karl5, Remark 1.6]).
Remark 2.2. Let o be a stopping time on (£, F). For any B € F,, (2.1) applied to the process
V = Igljs o0, combined with Z = L(1 — K) and the definition of Z, implies that

E [La(l - KO')HB] =E [ZO']IB] =E [V;'] =E []IB/( LidK;y

)m)

Since the above equality holds for all B € F,, it follows that

/ LidK, ’ fJ] .
(0,00)

(2.2) Lo(1-K,) =E

Remark 2.3. Another use of ([2.1]) gives

P[L, =0]=E [/ H{LtZO}Ltth] =0.

R4

Since L is a nonnegative local martingale on (2, F, P), it follows that [0, 7] C {L > 0}.
Lemma 2.4. For ¢ defined in (L1.2), and A denoting the dual optional projection of Ifroofs the
following set equality holds:
(2.3) {{ <00, Ze2 >0, AA; =0} ={( <00, K(— <1, L >0, AK: =0} .
Furthermore, L = 0 holds on the above event.
Proof. Since Z = L(1 — K), {{ <00, Z¢— >0} = {( < o0, Kc— <1, L > 0} is immediate. Ac-
cording to the definition of K in [Karl5, equation (1.1)], it follows that, on {{ < oo}, AA; =0
implies AK¢ = 0. Furthermore, on {{ < 0o, Zc— > 0}, AK, = 0 implies that K, = K. < 1,
which gives that AA: = 0 upon using [Karlh, equation (1.1)] again. The set-equality (2.3]) has

been established. Finally, note that the fact that 0 = Z; = L¢(1 — K¢) implies that L; = 0 has to
hold on {¢ < oo, K- <1, Lc— >0, AK; = 0}. O

2.2. Results regarding the stopping time 7. Recall that n = (I + oolg\s, where A :=
{¢ <00, Ze— >0, AA; = 0}. In view of (2.3), A = {( < o0, K¢(— <1, Lc- >0, AK; =0}. In

the proof of the next result, it is established inter alia that n is not predictable, when finite.

Lemma 2.5. Let D be the predictable compensator of I, [ on (Q, F, P). Then:
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(1) AD < 1, P-a.s.; in particular, E(—D) is nonincreasing and strictly positive;

(2) the nonnegative process E(—D) ', is a local martingale on (Q, F, P).

Proof. For any predictable time o on (€, F), it holds that AD, = P[p =0 | F,_] on {0 < oo}

(see e.g. [HWYO92, Theorem 5.27]). In the next paragraph, we shall show that AD, < 1 holds on

{o < 0o} for any predictable time o on (€2, F). Then, the predictable section theorem implies that

AD < 1 P-a.s.; in particular, the process £ (—D)_I]I[[Omﬂ will be well-defined. This will establish
part (1).

We proceed in showing that P[n =0 < oo | Fo—] < 1 holds for any fixed predictable time o

n (Q, F). Suppose that ¥ := {P[n=0 < o0 | F,_] =1} € F,_ is such that P[X] > 0. Upon

replacing o by the predictable time os, := olly+00lg, 5, we infer the existence of a predictable time
o on (92, F) such that Ploc < oo] > 0 and {0 < o0} ={P[p=0 < oo | F5—] =1} hold. From the
previous set-equality it follows that P [n = o < oo | F»—] = Ij;—s<o0}, Which in particular implies

that {n =0 < oo} € Fy_. Therefore, since E[A(A+ Z), | Fo—] = 0 holds on {0 < 0o} (because
A+ Z is a martingale on (2, F, P) and o is predictable on (2, F)),

E[AA, | Fol = ~E[AZ, | Foul = -E[AZ, | Fo ) =E[Z, | Fol, on {n=0<oc},
where in the last equality we have used the definition of . On the other hand, using again the
definition of 1, we obtain that E[AA, | Fo—] = E[AA, | Fo—] = 0 holds on {n =0 < oco}. It
follows that E[Z,_ | Fo—] = 0 on {n =0 < co}. Since Z,_ > 0 holds on {n < oo}, the equal-
ity B [Zy-I{y—o<co} | Fo—] = 0 implies that Py = o < oo] = 0, which contradicts the fact that
Plo < oo] > 0and {o < o0} ={P[np =0 < 00 | F,—] = 1} hold. Therefore, P[n =0 < 0o | Fo_] <
1 holds for any predictable time o on (92, F).

We continue in establishing part (2). Let I = I, [, so that I — D is a local martingale on
(Q, F, P). Integration-by-parts gives

5(—0)—1]1[[0,7,[:1—/0 5(—D)t1dlt+/0 (1—1_)dE(— /5 ); L + E(-D)7L,

where the second equality follows from the facts that 1 — I = Iy, and £(—D )~1 is constant on
[n, oo[. Using It6’s formula (actually, integration theory for finite-variation processes is sufficient),

it is straightforward to check that
E(-D) ' =1+ /O E(-D);'dD;.
It then follows that
E(— )1H0n—1—/5 ); *d (I — D),,
which concludes the argument in view of the fact that I — D is a local martingale on (Q2, F, P). O

We write Q ~ P whenever Q is a probability that is equivalent to P on F. Note that all the

quantities that we have defined and depend on 7 (in particular, n) depend on the underlying
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probability measure. For establishing Theorem it is important that n remains invariant under

equivalent changes of probability. The next result ensures that this is indeed the case.

Lemma 2.6. Let Q ~ P, and let n? be the stopping time on (Q, F) defined under Q in analogy to
n=nt defined in (L.3) under P. Then n® = n holds almost surely (under both P and Q).

Proof. Denote by ZQ the Azéma supermartingale associated with 7 on (Q, F, Q). We claim that
{Z% > 0} = {Z > 0} holds modulo evanescence. Indeed, this follows from the optional section

theorem, upon noting that

{Zs=0}={P[r >0 | F] =0} ={Q[r >0 | F] =0} = {Z = 0}

holds for all bounded stopping times o on (2, F), where the second set-equality holds because
Q ~ P. In particular, Z, = 0 and Z,_ > 0 imply Zf? = 0 and Zg, > 0. Now denote by AQ the
dual optional projection of I on (€2, F, Q). Since Q ~ P and P[r =n] = 0, it follows that
AAg = Q[r =n| F, = 0. Together with the previous observation, this implies n? < n. Upon

interchanging the roles of IP and Q, one obtains the reverse inequality, completing the proof. Il

2.3. Super/local martingales in the progressively enlarged filtration. The next result,

which will be key in the development, is also of independent interest.

Proposition 2.7. The following statements hold true:

(1) Let X be a nonnegative supermartingale on (Q, F, P). Then, the process X7 /L™ is a su-
permartingale on (2, G, P).
(2) Let X be a nonnegative local martingale on (2, F, P) such that [n,00[ C {X = 0} holds

(modulo evanescence). Then, the process X" /L™ is a local martingale on (2, G, P).

Proof. Note first that, by Remark 1/L7 is well defined. If X is a nonnegative supermartingale
on (92, F, P), the Doob-Meyer decomposition gives that X = N — B, where N is a (non-negative)
local martingale on (2, F, P) and B is an increasing predictable process on (2, F) with By = 0.
Let s <t and G € G,. By there exists a set G5 € Fs such that GN {1 > s} = Gs N {1 > s}.
Define then the nonnegative optional process Y := Ig Ijsoof(X"/L")I{1i501 on (2, F), so that



ARBITRAGE OF THE FIRST KIND AND FILTRATION ENLARGEMENTS IN SEMIMARTINGALE MODELS 15

longr>sy X7 /L7 = Y7. In view of Theorem it follows that

E[Y;|=E YuLudKu]
| /[0,00)
[ X, X,
=E |Ig, —1I L,dK, + —1 . / L,dK,
G (] L., {L.>0} L; GsN{L:>0} (t.00) ]

[ X
=E |Ig, ( }XU]I{LWO}dKu T iﬂGsO{Lt>0}Lt(1 - Kt)]
s,t

=E |Ig, ( ( }XudKu +XtI[{Lt>O}(1 — Kt)>] ,
s,t

where (2.2]) was used in the third equality above. Noting that {L; > 0} C {Ls; > 0}, integration-
by-parts then implies that

E[Y;] <E

Ia.n{L.>0} (/( ) XydK, + X (1 — Kt)>]

lg.nir.>0) (Xs(l - K) +/( ﬂ(l — Ku_)qu>] .

Furthermore, since 0 < K < 1 and the process B is increasing, it holds that

(2.6) / (1- K, )dX, = / (1- K, )N, — [ (1- K, )dB, < / (1 - K. )dN,
(s,t] (s,] (st] (st]

(2.5)
=E

and [(1—K_)- N, (1—K_)-N] <[N,N]. Suppose first that N € H!, i.e., E[[N, N|}*] < oo,

from which it follows that

@ B[l - KN - i) MY < B [N <o
Together with (2.6]), this implies that E [HGSO{L5>O} f(s t](l - Ku_)qu} < 0. Hence, due to (2.5)),

X7 X
E |:I[Gsﬂ{7'>s} Lf—:| =E [Y‘r] <E [HGsﬁ{LS>0}Xs(1 - Ks)] =E |:HGsﬂ{Ls>0}LLs(l - Ks)
t s

X X
=E [Hcsm{Ls>o}L:H{T>s}] =E [HGsm{r>s}£] ;
where Ly(1 — K,) = Zs =Pt > s | Fs] and [0,7] C {L > 0} were used in the last line. Since
X7 X7 X7
E [HGLZ] =K [HGSO{»S}LZ] +E [HGﬂ{TSS} Lz.]

X’T' XT X’T'
<E [HGSm{T>s}Li] +E |:]IGF‘|{T§3}L;S.:| =E [HG Li] ;
S S S

we have thus proved that X7/L" is a supermartingale on (€2, G, P). The general case follows by
localization. In fact, by [Pro04, Theorem IV.51], every local martingale N on (€2, F, P) admits

a nondecreasing sequence (oy,)nen of stopping times (under F and, a fortiori, under G) P-a.s.



16 BEATRICE ACCIAIO, CLAUDIO FONTANA, AND CONSTANTINOS KARDARAS

converging to infinity such that N°» € H! for all n € N. The preceding arguments imply that
XonAT /LT is a supermartingale on (€, G, P) for all n € N and statement (1) of the proposition
then follows by Fatou’s lemma.

In order to prove part (2), define the nondecreasing sequence (oy,)nen of stopping times via
on = inf{t e Ry | [X, X]; > n} A(,, for all n € N. For future reference, note that o, < ( <17
holds for all n € N. It is straightforward to check that lim,, o P [(, < 7] = 0; therefore, in order
to prove the result, it suffices to show that X7\ /[7\9" is a martingale on (Q, G, P) for all
n € N. By part (1), the process X7\ /7" is a supermartingale on (2, G, P) for all n € N. Tt
follows that it suffices to show that E [X;rs, /Lras,| = E[Xo] holds for all n € N. Similarly as in
the first part of the proof, set Y := (X/L)I;7~0y, and note that Y°» is optional on ({2, F) and
Xrnon/Lene, = Y7 holds for all n € N. Computations analogous to allow then to show that

(2.8) ﬂﬂxﬂ%]zmnwzﬁ

TNAOn

[0,0'n]

Xy dKy + XanH{Lan>0}(1 — Kgn)] .

Note that X, L7, —0(1— Kg,) = 0 holds for all n € N; indeed, this follows from Lemma since
{L,, =0, K,, <1} = {0, =n} holds for all n € N. Therefore, similarly as in (2.5]), integration-
by-parts yields that

XTO'
E{/”}:E[ X dK 4+ X,, (1 - K, )| =E
[0,0m]

LT/\Un

| a- Kt_>dXt] B (X,
[0,07]

where the last equality makes use of inequality (2.7)) (now applied with respect to the martingale
X with the convention Ky = 0), for all n € N. This completes the argument. O

Proposition shows that, up to a normalisation with respect to 1/L7, the supermartingale
property can always be transferred from the original filtration F to the enlarged filtration G and
provides a sufficient criterion for transforming F-local martingales into G-local martingales. As
shown in Section [2.4] this result will play a key role in proving Theorem [T.4]

In the rest of this section we provide a couple of interesting side results which, though not used
in the sequel, are intimately connected to Proposition[2.7] The first one provides a characterisation
of the local martingale property of X7 /L™ on (2, G, P) for every nonnegative local martingale X
on (2, F, P).

Proposition 2.8. The following statements are equivalent:
(1) For every nonnegative local martingale X on (2, F, P), the process X" /L" is a local mar-
tingale on (2, G, P).
(2) The process 1/L7 is a local martingale on (2, G, P).
(3) Pln < o0] =0.

Proof. Implication (1) = (2) is trivial, while (3) = (1) follows from part (2) of Proposition 2.7 In
order to prove (2) = (3), note that the sequence {7, },en defined by 7,, := inf {t e Ry | 1/L] > n},
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for all n € N, is a localising sequence for 1/L™ on (2, G, P). Define the sequence {vy,}nen of
stopping times on (Q, F) via v, := inf{t e Ry | Ly <1/n}, for all n € N, and observe that
Tn = Vnlfy, <7} + 00lyy, ~71. Then, by computations analogous to (2.8), we obtain

1 1
1=F {me] =E [Lwn] =E[K,, + 1, s00(1—Ky,)| =1-E[L;;, —0(1—Kx)],

where in the last equality we have used the fact that K does not increase on {L = 0}. In turn, this
implies that { K < 1} N{L,, = 0} = () holds (modulo evanescence). Due to Lemma [2.4] and since
{AK > 0} C {L > 0} holds modulo evanescence (see [Karl5]), this implies that P [n < co] =0. O

Part (1) of Proposition leads to a quick and easy proof of the classical result of [JY78] on
the semimartingale property of X7 on (2, G, P) for any semimartingale X on (2, F, P).

Corollary 2.9. For any semimartingale X on (Q, F, P), the process X™ is a semimartingale on

(Q, G, P).

Proof. Let X be a semimartingale on (2, F, ), so that X = Xy+ B+ N, for some adapted process
of finite variation B and a local martingale N on (92, F, P). By [JS03|, Proposition 1.4.17], it holds
that N = N'+ N" where N" and N are two local martingales on (2, F, P) such that |[AN'| < a P-
a.s. for some a > 0 and N” is of finite variation. In order to prove the claim it suffices to show that
(N")T is a semimartingale on (2, G, P). To this effect, let o, := inf{t > 0: |N/| > n}, for n € N,
so that N{,, > —(a+n) P-a.s. for all t > 0. Hence, by part (1) of Proposition the process
(a+mn+N")7n T /LT is a supermartingale on (Q, G, P). In turn, this implies the semimartingale
property of (N")?»7 on (Q, G, P). Since semimartingales are stable by localization (see e.g. [JS03|
Proposition 1.4.25]), this shows the semimartingale property of (N')™ on (£, G, P). O

2.4. Condition NA; in the progressively enlarged filtration. As a consequence of Propo-
sition a sufficient condition for NA;(G, S7) to hold is immediate. The proof of the following
result is straightforward, hence omitted. The notation Y(G, S™,P) is self-explanatory.

Proposition 2.10. Suppose that there exists a local martingale deflator M for S on (2, F, P)
such that {M > 0} = [0,n]. Then, M™ /LT € Y(G,S™,P).

In particular, observe that Proposition [2.10] provides an explicit procedure for transforming a
local martingale deflator for S on (2, F, P) into a local martingale deflator for S™ on (2, G, P).
We are now ready to present the proofs of our results on NA; stability under progressive filtration

enlargement.

Proof of Theorem[1.4} In view of Lemma[2.6|and Theorem [1.2] we may assume without loss of gen-
erality (replacing P with Q if necessary) the existence of a strictly positive Xex (F,S) such that
Y = (1/X) € Y(F, S, P). Since P [ < 00, AS, # 0] = 0 holds, we obtain P [ < oo, AY,, # 0] = 0;
in particular, P[n < co, A(Y'S), # 0] = 0 holds. In the notation of Lemma define M :=
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YE(—D) My, Note that My = 1 and {M >0} = [0,7]. By Lemma it follows that
MS' — [5(_D)_1]I[[O,n[[7 YSi] is a local martingale on (2, F, P) for all i € {1,...,d}. Furthermore,

[E(=D) M, YS'] = [E(=D)", VS| = [E(=D) '} 00. Y S| = [E(-=D) 1, Y5,

where [£(—D) !, oo, Y'S"] = 0 follows from the fact that £(—D) I, wof = E(—D);IHMOOH is a

single-jump process, jumping at 7. Since £(—D)~! is predictable, it follows that
[E(=D) M, YS'] = [E(-D)~, Y 5] _/ AE(-D); M (YSY),
0

is a local martingale on (Q, F, P) for all i € {1,...,d}. Therefore, M S* is a local martingale on
(Q, F, P) for all i € {1,...,d}, and Theorem follows from Proposition m d

Proof of Theorem[1.7] Statement (1) follows directly from Theorem

For statement (2), let D be as in Lemma and define S = 5(—D)_1I[|[0,,7|[. Then Sp =1 and S
is a nonincreasing process up to 7, thus S; > 1. Moreover, by Lemma S is a local martingale
on (2, F, P), hence NA;(F, S) holds. From and Z = L(1 — K), and using integration by

parts and the definition of D, we have

E[D;]=E [/OOO DtLtth} =—-FE [/OOO DtdZt] =K [/OOO Zt_th] =E [/OOO Zt_dH{nq}}

= E[ZT]—]I{n<oo}]°

Therefore, if P[n < oo] > 0, then P[D; > 0] > 0, hence P[S; > 1] > 0. This means that
NA, (G, S7) fails, concluding the proof. O

Note that, in view of Proposition [2.8] Theorem [I.7]implies that NA; is stable for all semimartin-
gale models if and only if the process 1/L" is a local martingale on (2, G, P).

Remark 2.11. Proposition allows to give a direct proof of statement (1) of Theorem Indeed,
in view of [TS14] Theorem 2.6], NA;(F, S) is equivalent to the existence of a process Y € Y(F, S, P).
Due to Proposition if P[n <oo] =0, then Y7/L™ and (Y7 /L7)S™ are local martingales on
(Q, G, P), so that Y7 /L™ € Y(G,S™,P). Hence, by [I'S14, Theorem 2.6], NA; (G, S™) holds.

Note, however, that this line of reasoning cannot be applied to prove Theorem In fact, in
order to construct a strictly positive local martingale deflator in the enlarged filtration G starting
from an element of Y(F,S,P) and relying on Proposition one needs to show that NA;(F,S5)
and P [n < oo, AS, # 0] = 0 together imply the existence of a strictly positive local martingale
deflator which does not jump at 7. For this property to hold, we need a more precise statement of
the main result of [T'S14] in the form of Theorem
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2.5. A partial converse to Proposition While Proposition [2.10]is sufficient for establish-
ing the NA; stability under progressive enlargement in Theorem here we address the inverse
problem. Precisely, we seek conditions ensuring the existence of a deflator for S in F once a deflator
for ST exists in the enlarged filtration . Additionally, we want the deflator in F to vanish on
[n, 00[, in order to end up in the setting of Proposition m The next result shows that this is
indeed the case when 7 avoids all stopping times on (€2, F, IP), meaning that P[r =0 < co] = 0

holds for all stopping times o on (2, F).

Theorem 2.12. Suppose that T avoids all stopping times on (Q, F, P). If Y(G,S™,P) # 0, then
there exists a local martingale deflator Y for S on (Q, F, P), with Y =0 on [n, oo].

Proof. Let C be the predictable compensator of I of on (€2, G), and note that for every predictable
time o in (2, G) it holds that AC, =P[r =0 | Go—| on {0 < co}. Now, by assumption 7 avoids
all stopping times on (2, F, P), hence in particular all the predictable ones, which is equivalent
to say that 7 is a totally inaccessible stopping time on (2, G, P); see |[Jeu80, p.65]. From this
fact it follows that AC, = 0 holds on {0 < oo} for every predictable time o in (£2, G). The
predictable section theorem then implies that C is continuous, thus, in particular, the process
& (—C’)*lll[[oﬂ is well-defined. Now, by the same arguments used in the proof of Lemma it
holds that 8(—0)_111[0,7[[ is a local martingale on (2, G, P). Take M € Y(G, S7,P). Since 7 avoids
all stopping times on (2, F, P), then AS; = 0 and, as in the proof of Theorem |1.4] we can assume
without loss of generality that A(MS), = 0 as well. These two facts allow us to repeat the same
steps as in the proof of Theorem to show that U := ME(—C’)_l}II[O’T[ is a local martingale
deflator for S™ on (2, G, P).

Now, define Y as the optional projection of U on (2, F, IP). Note that Yp = 1 and that Y = 0 on
[n, oo, since P [r < n] =1 (see the discussion after (1.3)). Let (o}, )nen be a localising sequence for
U on (2, G), and let (0,,)nen be a sequence of stopping times on (2, F) such that o, AT =0, AT
for n € N. Then it is easily verified that Y is a local martingale on (2, F, P), with (o,,)nen as a

localising sequence. Moreover, for any stopping time o in (£, F) we have
E[Sé'AO'nYU/\Un] = E[S(i'/\UnUU/\Un] = E[(Si);/\anUaAon] = E[(Si);/\a; aAcriL] = S(ib vie{l,...,d}

This shows that Y'S? is a local martingale on (2, F, P) for all i € {1,...,d} and concludes the
proof. O

3. ARBITRAGE OF THE FIRST KIND IN INITIALLY ENLARGED FILTRATIONS

In this section, the proof of Theorem and Theorem will be given, and interesting side
results will also be discussed. The validity of Jacod’s criterion (Assumption is tacitly assumed

throughout. We start by proving the existence of a good version of conditional densities for J.
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Proof of Lemma[I.10. Denote by O(F) the optional o-field associated to the filtration F = (Fy)icr N
on E x Q defined by F; := (N, (Be ® Fs), t € Ry. Note that Bp ® O(F) C O(F) (see [Jac85]).
By [Jac85, Lemma 1.8], Assumption implies the existence of an O(F)-measurable nonnegative
function p : (z,w,t) — pf(w) such that (¢)-(i7) hold. Since, for every x € E, the process p* is F-
optional, being F-adapted and cadlag, Remark 1 after Proposition 3 of [SY78] gives the existence
of a Bg ® O(F)-measurable version p of p. O

The following consequence of Lemma will be used in several places: for any t € R} and
(B ® Fi)-measurable function £ x Q@ x Ry 3 (z,w,t) — f(w) € Ry, it holds that

3.1) —5 | [ sratiaal| = [ B0 pi150a0)

3.1. Results regarding the stopping times (7"*), . The next result can be regarded as a
counterpart to Lemma in the case of initially enlarged filtrations. Note that P(F) denotes the
F-predictable o-field on 2 x R} in all that follows.

Lemma 3.1. Fiz x € E, and let D* be the predictable compensator of Iy oo on (2, F, P), with
n* defined in (1.5). Then:

(1) AD* <1, P-a.s.; in particular, E(—D7T) is nonincreasing and strictly positive;

(2) the nonnegative process E(—D*) Mg yor is a local martingale on (2, F, P).

Suppose moreover that the space L'(), F,P) is separable. Then, the function E x Q x Ry >
(z,w,t) — E(—D%)¢(w) can be chosen B @ P(F)-measurable.

Remark 3.2. Note that separability of L'(£, F,P) is only needed to ensure that the collection
(£(=D7)),cp introduced in Lemma admits a version with good measurability properties.

Proof. Fix « € E. For any F-predictable time o, it holds that ADZ =P [n® = 0| F,_] on {0 < oo}.
As in the proof of Lemma if the event {P[n® = 0 < 00| F,—] = 1} has positive probability, one
can find an predictable time & on (2, F) such that P[n* =6 < oo] > 0 and {n® =57 < oo} € F5_.
Then, by the martingale property of p* on (2, F, P) and the definition of 1",

0=E[Api|Fs-] = E[Apy:|Fs-] = —E [py. _|F5-], on {n* =0 < oo}

In turn, since pj._ > 0 holds on {n” < oo}, this implies that P[n® =& < oo] = 0, thus leading
to a contradiction and showing that P [n* = 0 < co|F,—] < 1 holds in the P-a.s. sense for any
predictable time o on (£, F). Part (1) then follows by the predictable section theorem, while part
(2) can be proved by relying on the same arguments used in the proof of Lemma

Finally, since L'(Q, F,P) is assumed separable, [SY78, Proposition 4] gives the existence of
a Bp ® F @ B(R;)-measurable function (z,w,t) — Df(w) such that, for all x € E, D? is the
predictable compensator of I,z oo on (2, F, P). Due to [SY78, Remark 1, after Proposition 3],



ARBITRAGE OF THE FIRST KIND AND FILTRATION ENLARGEMENTS IN SEMIMARTINGALE MODELS 21

the function D can also be chosen Br ® P(F)-measurable and the same measurability property is
inherited by the function (z,w,t) — E(—D%):(w) (see also [SYTS8, § 12]). O

In order to establish our main results, we need to ensure that the collection (7*),cr of stopping

times on (€2, F) remains invariant under equivalent changes of measure, for v-a.e. x € E.

Lemma 3.3. Let Q be a probability measure on (Q,F) with Q ~ P. For x € E, let nO% be the
stopping time on (Q, F) defined under Q in analogy to n°* := n* defined in (L.5) under P. Then
nQT =0 holds almost surely (under both P and Q) for y-a.e. x € E.

Proof. As can be readily checked, Assumption [L.9]is invariant under equivalent changes of probabil-
ity. Hence, there exists a nonnegative Bp®O(F)-measurable function ExQxR4 3 (z,w,t) — ¢f (w)
satisfying the properties of Lemma under Q. Moreover, due to [Jac85, Corollary 1.11] (now
applied under the probability Q), it holds that Q [q,;] = ()] = 0 and also P [q;] = 0] = 0, since
Q ~ P, for all t € R;. Hence, by using formula applied to the Br ® Fi-measurable function
[t =Tgz=0}, for t € Ry, we obtain

0=P [qg] =0] = /EIE []I{quo}pf] v [dz], for all t € Ry,

so that {¢f = 0} C {p} = 0} P-a.s. for y-a.e. x € E. In a similar way, due to the symmetric role of
P and Q, one can show that {pf = 0} C {¢f = 0} holds Q-a.s. for y-a.e. x € FE and for all t € Ry.
By right-continuity, {¢* = 0} = {p® = 0} holds (up to evanescence), for v-a.e. = € E. Hence, by
definition, n®* = n holds almost surely (under both P and Q) for y-a.e. = € E. O

3.2. Super/local martingales in the initially enlarged filtration. The next result is a coun-
terpart to Proposition in the case of initially enlarged filtrations. Recall that P [C T = oo] =1,
as explained after (1.4)), so that the optional process 1/p’ on (2, G, P) is well-defined.

Proposition 3.4. Let X : E x Q x Ry — Ry be Bg @ O(F)-measurable, and such that X* is
cadlag for every x € E. Then the following statements hold.

(1) If X7 is a supermartingale on (Q, F, P) for y-a.e. x € E, then, XJ/pJ s a supermartingale
on (2, G, P).

(2) If X* is a local martingale on (Q, F, P) and [n*, 00 C {X* = 0} (modulo evanescence)
hold for y-a.e. x € E, then, X’ /p’ is a local martingale on (Q, G, P).

Proof. We first prove part (1). For any s < t, A € Fs and h : (E,Bg) — (Ry,Bg, ), using the
fact that P [¢/ = oco] = 1 together with formula (3.1 (with fi(z) = Langce>y 9(2) X{/pf) and the
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supermartingale property of X* on (2, F, P), for v-a.e. € E, we obtain

X/ X/
E [HA g(J)ﬁ] =E [HAH{CJM}Q(J)}]
Dy 2

N /Eg(fE)E [Lange>n X 7[da]

< /E 9(2)E [Lingeess X7] 7lda]

XJ
< [ 908 [y X2] lds] = B {mgw - ] |

S

By the monotone class theorem, this shows that X“/ / p”’ is a supermartingale on (2, G, P). By
right-continuity, this implies the supermartingale property on (2, G, ), thus proving part (1).
To prove part (2), note first that, since X7 is a nonnegative local martingale on (2, F, P), hence
a supermartingale on (2, F, P), the sequence (0},),, o defined by o := inf{t € Ry | X} > n} for
n € N is localising for X* on (2, F, P), for y-a.e. = € E. Moreover, since X is Bg ® O(F)-
measurable, the function £ x Q 3 (z,w) — o} (w) At is Bp ® Fi-measurable for all ¢ € Ry and
n € N, and, as a composition of measurable mappings, the function F x 5 (z,w) X(f%(w)/\t(w)
is also Bg ® Fi-measurable, for all ¢ € Ry and n € N (compare also with [SY78], Remark 1 after
Theorem 2). Since p is Bg ® O(F)-measurable (see Lemma [1.10]), the same reasoning allows to
show that the function E x5 (z,w) — X% (@)ACE (W)AL (w)/pf_%(w)/\cﬁ (@)At (w) is Bg ® Fi-measurable

T
On

for all t € Ry and n € N, where the stopping time ¢ on (€2, F) is defined in (1.4]). Then, for any
t > 0, formula (3.1)) gives

X7, [ x=
E NGy At E ZACZ AL
[ ;n e ] / RN I >0}ptI] 7[d$]

Poincs nt | Pozncent P nck nt
/E i AN {prT%ACﬁ/\t>O}:| v[dz]
= /E]E _Xcgrcgg/\(mt} 7v[dz]

_ /EIE X8]y[dz] = E [iié’]] ,

where the second equality follows from the martingale property of p* on (2, F, P) for all x € E, the
third equality from the fact that {pfﬁ% ACEAE = 0} = {n* = o% ANC¥ At} together with the assumption
that [n®,00] C {X?® = 0} for y-a.e. = € E, the fourth equality from the martingale property
of XZ.. on (Q, F, P), for yv-a.e. z € E and n € N, and the last equality from all the previous
steps in reverse order. In turn, since by part (1) the process (X7 /p’ )”T{AQ{ is a supermartingale
on (2, G, P) for all n € N, this implies that (XJ/pJ)"iACi is a martingale on (2, G, IP) for all
n € N. Since P [lim;,_,c 0 = 0o] = 1 holds for every z € E, and P [CJ = oo] = 1, the sequence



ARBITRAGE OF THE FIRST KIND AND FILTRATION ENLARGEMENTS IN SEMIMARTINGALE MODELS 23

(U;{ A C;{)neN of stopping times on (2, G) satisfies P [limn_mo (0’;{ A C;{) = oo] = 1, thus proving
that X7 /p”’ is a local martingale on (2, G, P). a

A result analogous to part (1) of Proposition [3.4] has been recently established in [IP13] (see their
Proposition 5.2). More specifically, according to their terminology, the process 1/ p’ is a universal

supermartingale density for G.

Remark 3.5. Proposition can be used to establish that any semimartingale X on (2, F, P)
remains a semimartingale on (2, G, P). As was the case in Corollary it suffices to show the
result whenever X is a nonnegative and bounded local martingale, thus a supermartingale, on
(Q, F, P). By part (1) of Proposition the process X/p’ is a a semimartingale on (2, G, P);

since also 1/p” is a strictly positive semimartingale on (2, G, P), the result follows.

We proceed with a result that is a ramification of Proposition (this side result will not be
used in other places). In the same spirit of Proposition we can characterise the local martingale
property of X7 /p? on (Q, G, P) for every B ® O(F)-measurable non-negative function X such
that X7 is a local martingale on (2, F, P) for v-a.e. z € E.

Proposition 3.6. The following statements are equivalent:

(1) For any X : E x Q xRy — Ry that is Bg ® O(F)-measurable, and such that X* is cadlag
for every x € E, X* is a local martingale on (2, F, P) and [n*,cc] C {X* = 0} (modulo
evanescence) hold for y-a.e. x € E, the process XJ/pJ is a local martingale on (Q, G, P).

(2) The process 1/p’ is a local martingale on (2, G, P).

(3) P[n® < oo] =0 holds for y-a.e. x € E.

Proof. Implication (1) = (2) is trivial, while (3) = (1) follows from part (2) of Proposition 3.4 In
order to prove (2) = (3), note that the sequence (Cﬁj)neN of stopping times on (2, G) is localising
for 1/p” (see (1.4)), so that E[l/pg;{/\T] = E[1/p{], for any T € R;. Hence, due to formula (3.1)
applied first to the B ® Fo-measurable function F x Q 3 (z,w) — ]I{pg(w)w}(l/pg(w)) and then
to the By ® Fi-measurable function E x Q 3> (z,w) — H{P?%ATW}(UP&AT)’

1 1
E L)z y(dx):E[]:E :/IE —
/E [ {rg >0}] i pé{/\T £ |Phnr
:/EE [H{p§%AT>O}:| 7[da],

where in the last equality we have used the martingale property of p* on (2, F, P) for every z € E.

1

H{pz%AT>0}p%“] v[dz]

This implies that {p§ > 0} N {p{s,r = 0} = 0 holds (modulo evanescence) for y-a.e. z € E, for all
T € Ry. Equivalently, it holds that P [n®* = oco] =1 for y-a.e. x € E. O
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3.3. Condition NA; in the initially enlarged filtration. In the spirit of Proposition [2.10} we
can then establish a sufficient condition for the validity of NA; in the initially enlarged filtration
G. The proof of the next proposition is a straightforward application of Proposition [3.4 The
notation Y(G, S, P) is clear.

Proposition 3.7. Suppose that there exists a Be®@O(F)-measurable function M : ExQxRy — Ry
such that M§ = 1 and M?* is cadlag, for every x € E, M* and M®S are local martingales on

(Q, F, P) and {M?® > 0} C [0,7*[ hold for y-a.e. x € E. Then, M’ /p’ € Y(G,S,P).

We are now in the position to prove our first main theorem in the framework of initial filtration

enlargement.

Proof of Theorem [I.11, We follow the proof of Theorem in the case of progressively enlarged
filtrations. In view of Theorem and Lemma [3.3] we may assume without loss of general-
ity the existence of a strictly positive X € X(F,S) such that YV := 1/)? € Y(F,S,P). Since
P[n* < 0o, ASye #0] = 0 holds for v-a.e. = € E, we obtain P [ < oo, AY,» # 0] = 0 and
P[n* < oo, A(YS),z # 0] =0 for v-a.e. € E. In the notation of Lemma define the function
ExQxRy 5 (z,w,t) = M (w) = Yt(w)é’(—D“)t_l(w)]I{nz(w)>t}. For all x € E, the process M7 is
cadlag and satisfies M§ = 1 and {M* > 0} = [0, n”[. By part (2) of Lemma[3.1]and proceeding as
in the proof of Theorem it can be shown that M?* and M?*S are local martingales on (2, F, IP)
for v-a.e. € E. Moreover, due to the separability of L}(£2, F,P), Lemma shows that £(—D)
admits a Bg ® P(F)-measurable version. Since P(F) C O(F), the conclusion then follows from

Proposition O

Finally, we provide the proof of our last main result.

Proof of Theorem[1.13 Statement (1) follows directly from Theorem by Remarkand since
P[n" < oo] = 0 implies that D* is indistinguishable from 1. We proceed with the proof of statement
(2). Due to Lemma the function E x Q@ x Ry 3 (z,w,t) — S¥(w) = g(Dx);l(W)H{nz(w)>t}
is Bg ® P(F)-measurable, and, therefore, also Bg ® O(F)-measurable. Moreover, for all z € E,
S7 is a local martingale on (2, F, P). Recall that P [n/ = ¢/ =oc] =1 (see § , so that the
process S” is nondecreasing. Moreover, using in sequence formula , integration by parts and

the properties of predictable compensators, we get, for any 7" € (0, c0),

E [/ th_de] y[dz] = / E [q,rx]z_l[{nng}] ~[dx].
(0,77 E

Hence, if [, P[n” < oo] v [dz] > 0, then P [Df > 0] > 0 holds for some T € (0, 00), which implies
that P [S{ = S, vVt e Ry ] < 1. O

E[Df] = [ EDfafllds) = [

E

Note that, in view of Proposition the NA; stability (in the sense of Theorem [1.12]) in the
enlarged filtration G is also equivalent to the local martingale property of 1/p’ on (Q, G, P).
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Remark 3.8. We want to point out that, analogously to Remark [2.11} Proposition allows to give
a direct proof of statement (1) of Theorem [1.12] Indeed, in view of [I'S14, Theorem 2.6], NA;(F, )
is equivalent to the existence of a process Y € Y(F, S,P). Due to Proposition ifPn* <oo]=0
holds for vy-a.e. x € E, then Y/p’ and (Y/p’)S are local martingales on (2, G, P), meaning that
Y/p? € Y(G,S,P). [TSI4, Theorem 2.6] then implies that NA;(G,S) holds. However, as for

the case of progressive enlargement, this argument fails to provide a direct proof of Theorem [1.11

(compare with Remark [2.11)).
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