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Abstract

In this paper we investigate the local risk-minimization approach for a semimartingale
financial market where there are restrictions on the available information to agents
who can observe at least the asset prices. We characterize the optimal strategy
in terms of suitable decompositions of a given contingent claim, with respect to a
filtration representing the information level, even in presence of jumps. Finally, we
discuss an application to a Markovian framework and show that the computation
of the optimal strategy leads to filtering problems under the real-world probability
measure and under the minimal martingale measure.
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1 Introduction

The paper studies locally risk-minimizing hedging strategies (see e.g. [14], [31]
and [35] for a deeper discussion on this issue) when there are restrictions on the
available information to traders and extends some results of [33], proved in the local
martingale case, to a semimartingale market model. Furthermore, we discuss some
Markovian models where we compute explicitly the optimal strategy even by means
of filtering problems. More precisely, we assume that in our model the agents have
a limited knowledge on the market, so that their choices cannot be based on the full
information flow described by the filtration F := {F;, t € [0,7]}, with T denoting a
fixed finite time horizon. The available information level is basically given by a smaller
filtration H := {H;, t € [0,7]}. However, since, in general, stock prices are publicly
available, we assume that the agents can reasonably observe at least the asset prices.

In this market we consider a European-type contingent claim whose final payoff is
given by an Hr-measurable square integrable random variable £ on a given probability
space (2, 7,P). The goal is to study the hedging problem of the payoff ¢ via the local
risk-minimization approach in the underlying incomplete market, which is driven by
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LRM under restricted information on asset prices

an (IF, P)-semimartingale S representing the stock price process and where there are
restrictions on the available information to traders.

The quadratic hedging method of local risk-minimization extends the theory of risk-
minimization introduced in [15] and formulated when the price process is a local martin-
gale under the real-word probability measure P, to the semimartingale case. The local
martingale case was largely developed both under complete and partial information. One
of the pioneer papers in the restricted information setting is represented by [33], where
the optimal strategy is constructed via predictable dual projections. More recently, in [8],
the authors characterized the risk-minimizing hedging strategy via an orthogonal decom-
position of the contingent claim, called the Galtchouk-Kunita-Watanabe decomposition
under restricted information. Furthermore, a contribution about risk-minimization under
partial information in the insurance framework is given by [6], when the underlying
price process is expressed in units of the so called numéraire portfolio.

The local risk-minimization method under partial information has been investigated
for the first time in [7], where the authors, thanks to existence and uniqueness results for
backward stochastic differential equations under partial information, characterized the
optimal hedging strategy for an Fpr-measurable contingent claim &, via a suitable version
of the Follmer-Schweizer decomposition working in the case of restricted information,
by means of the new concept of weak orthogonality introduced in [8]. More precisely,
they proved that the H-predictable integrand with respect to the stock price process
in the Follmer-Schweizer decomposition gives the H-locally risk minimizing strategy;
nevertheless, they did not furnish any operational method to represent explicitly the
optimal strategy. Our contribution, in this context, is to provide a full description of the
optimal strategy for an Hp-measurable contingent claim, under the additional hypothesis
that the information available to investors is, at least, given by the stock prices. This
scenario is characterized by the following condition on filtrations:

FSCH,CF, tel0,T],

where F is the o-field generated by the stock price process S up to time t.

In this paper, the key point is that the risky asset price process S satisfying the structure
condition with respect to T, see (2.1), turns out to be an (I, P)-semimartingale in virtue
of the condition above. Indeed, since the payoff of a given contingent claim is always
supposed to be an ‘Hr-measurable random variable, this allows one to reduce the hedging
problem under partial information to an equivalent problem in the case of full information.
We will see that S also satisfies the structure condition with respect to H, see Proposition
3.2, and then the optimal strategy can be characterized by extending the results of [12] to
the partial information framework, see Proposition 4.8. The Galtchouk-Kunita-Watanabe
decomposition under restricted information, with respect to the minimal martingale
measure P*, represents an essential tool to get the achievement.

We also pay attention to the relation between the optimal strategy under complete
information and that under restricted information. In Proposition 4.6 the result is stated
under the assumption that the stock price process has continuous trajectories, and then
generalized in Proposition 4.8.

Finally, we consider a Markovian jump-diffusion driven market model affected by
an unobservable stochastic factor given by a correlated jump-diffusion process having
common jump times with S. Here, we characterize the structure conditions of the
underlying price process S with respect to both IF and H and compute the optimal
strategy when the information flow coincides with the natural filtration of the stock
price process. Moreover, we discuss a simplified model where we compute the optimal
strategy for a European put option. As remarks we also deduce the optimal strategy for
diffusion and pure jump driven market models. In all of these cases, the computation
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of the optimal value process leads to a filtering problem with respect to the minimal
martingale measure P* and the historical probability measure P. We derive the filtering
equations for the above mentioned models in Appendix A, by extending the results
proved in [4]. Other results concerning filtering problems in a mixed diffusion and jump
observation framework can be found in [16, 17, 18, 3, 20, 5].

The paper is organized as follows. In Section 2 we describe the financial market
model and formulate the hedging problem under partial information according to the
local risk-minimization approach. Section 3 is devoted to prove that the underlying price
process satisfies the structure condition under the subfiltration H. The characterization
of the optimal strategy can be found in Section 4. An application to a Markovian setting
is discussed in Section 5. Finally, the computation of the filter dynamics and some proofs
are gathered in Appendix.

2 Hedging problem formulation under partial information

Let (Q, F,P) be a probability space endowed with a filtration IF := {F;, t € [0, T}
that satisfies the usual conditions of right-continuity and completeness, where T' > 0 is a
fixed and finite time horizon; furthermore, we assume that 7 = Fp. We consider a simple
financial market model where we can find one riskless asset with (discounted) price
1 and a risky asset whose (discounted) price S is represented by an R-valued square
integrable cadlag (IF, P)-semimartingale satisfying the following structure condition (see
e.g. [35] for further details):

t
St = SO +Mt +/ Oéfd(M)u, te [O,T], (21)
0

where Sy € L*(Fo,P)}, M = {M,, t € [0,T]} is an R-valued square integrable (cadlag)
(F, P)-martingale starting at null, (M) = {(M, M), t € [0,T]} denotes its F-predictable
quadratic variation process and o = {af, t € [0,T]} is an R-valued F-predictable
process such that fOT (af)2 d(M), < 0o P-a.s..

Remark 2.1. It is quite natural to assume that .S is a semimartingale under the real-
world probability measure P. Indeed, this is implied by the existence of an equivalent
martingale measure, and equivalently by the absence of arbitrage opportunities. More-
over, according to the results proved in [1, page 24] and [34, Theorem 1], if in addition,
S has continuous trajectories or cadlag paths and the following condition holds:

E | sup S?

te[0,T]

< 00,

then, S satisfies the structure condition with respect to I given in (2.1).

Without further mention, all subsequently appearing quantities will be expressed
in discounted units. At any time ¢ € [0,7], market participants can trade in order to
reallocate their wealth. We assume that they have a limitative knowledge on the market,
then their choices cannot be based on the full information flow F. To describe this
scenario, we consider the filtration ¥ := {F?, t € [0, T} generated by the risky asset
price process S, i.e. F = 0{S,, 0 <u <t < T}, and the filtration H := {#,, t € [0,T]},
representing the available information to traders; both filtrations are supposed to satisfy
the usual hypotheses of completeness and right-continuity, and since the information on
asset prices is announced to the public, it is reasonable to assume that the stock price

!The space L?(F:,P), t € [0,T], denotes the set of all F;-measurable random variables H such that
E[|H|?] = [ |H|?dP < oco.
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process S is adapted to both filtrations I and H, that is
FPCH CF, te[0,T). (2.2)

Condition (2.2) implies that agents can observe at least the market prices of negotiated
assets.

In this market we consider a European-type contingent claim whose final payoff is
given by an Hr-measurable random variable ¢ such that E [|§ \2] < 0o (or equivalently,
£e€ L*(Hr,P)).

Then, the goal is to study the hedging problem of the given contingent claim £ in the
incomplete market driven by S where there are restrictions on the available information
to traders, via the local risk-minimization approach (see e.g. [14], [31] and [35]).

It is important to stress that the risky asset price process S turns out to be an (H, P)-
semimartingale in virtue of condition (2.2) on filtrations. Then it admits a semimartingale
decomposition with respect to H, i.e.

Si=S0+ N+ Ry, te]0,T], (2.3)

where N = {N, t € [0,T]} is an R-valued square integrable (H, P)-martingale with
No=0and R={R:, t €[0,T)} is an R-valued H-predictable process of finite variation
with Ry = 0. Moreover, since R is H-predictable this decomposition is unique (see
e.g. [29, Chapter III, Theorem 34]) and will be called the canonical H-decomposition of
S.

On the other hand, the payoff of a given contingent claim is always supposed to be
an Hp-measurable random variable. We observe that all the processes involved are then
H-adapted, and this allows to reduce the hedging problem under partial information to
an equivalent one in the case of full information.

We now briefly recall the main concepts and results about the local risk-minimization
approach (with respect to H).

Since we work with both the decompositions of S, in the sequel we refer to M as the
F-martingale part of S, and N as the H-martingale part of S.

Firstly, we introduce the definition of (hedging) strategy and assume some minimal
requirements to make it admissible.

Definition 2.2. The space O(H) (respectively ©(TF)) consists of all R-valued H-predictable
(respectively F-predictable) processes § = {6, t € [0,T]} satisfying the following inte-
grability condition:

T T 2
E / 93d<N>u+</ 9u|d|Ru|> <o
0 0

2
T T
respectively | / 02d(M),, + (/ |0u|af|d<M>u> < oo
0 0

Definition 2.3. An H-admissible strategy is a pair v = (0,7n), where § € ©(H) and
n = {n, t € [0,T)} is an R-valued H-adapted process such that the value process
V) = {Vi(v), t € [0,T]} := 0S + n is right-continuous and square integrable, i.e.
Vi(¢) € L?*(H;,P), for each t € [0, T).

Note that § and n describe the amount of wealth invested in the risky asset and in
the riskless asset, respectively.

For any H-admissible strategy «, we can define the associated cost process C(¢)) =
{C(¢), t € [0,T]}, which is the R-valued H-adapted process given by

Co() = Vi(w)) — / 0,dS,.
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for every ¢t € [0, 7.

In our framework the market is incomplete, then perfect replication of a given
contingent claim by a self-financing H-admissible strategy is not guaranteed. However,
even if H-admissible strategies ¢ with Vr(y) = £ will in general not be self-financing,
it turns out that good H-admissible strategies are still self-financing on average in the
following sense.

Definition 2.4. An H-admissible strategy v is called mean-self-financing if the associated
cost process C(v)) is an (H, P)-martingale.

Similarly to [35], we introduce the concept of pseudo optimal strategy.

Definition 2.5. Let £ € L?(Hr,P) be a contingent claim. An H-admissible strategy 1
such that Vr(v) = £ P — a.s. is called H-pseudo optimal for ¢ if and only if ¢ is mean-
self-financing and the (H, P)-martingale C(v) is strongly orthogonal to the H-martingale
part, N, of S, see (2.3).
We have skipped the original definition of locally risk-minimizing strategy, given
in [31], since it is rather technical and delicate. Moreover, since in our setting S
satisfies the structure condition (3.2) with respect to H, see Proposition 3.2 below, if
t
R = { / At d(N),, t € [O,T]} is continuous, (N) is P-almost surely strictly increasing
0
and E [ fOT (ozZ")2 d(N )t} < oo, then H-locally risk minimizing and H-pseudo optimal
strategies coincide, see [35, Theorem 3.3]. The advantage of working with pseudo opti-
mal strategies is that they can be characterized through an appropriate decomposition
of the contingent claim &, as we will see in Proposition 2.8.

Definition 2.6. Let ¢ € L?(Hr,P) be the payoff of a European-type contingent claim.
We say that £ admits a Follmer-Schweizer decomposition with respect to S and H, if
there exist a random variable Uy, € L?(H,,P), a process 3 € O(H) and a square
integrable (H, P)-martingale A = {4, t € [0,T]} with Ay = 0 strongly orthogonal to the
H-martingale part of S, N, such that

T
£E=Uy +/ ptdS, + Ar P —a.s.. (2.4)
0

Remark 2.7. Some classes of sufficient conditions for the existence of the Follmer-
Schweizer decomposition are given for example in [32, 34, 27, 12, 7].

The following result enables us to characterize the H-pseudo optimal strategy via the
Follmer-Schweizer decomposition.
Proposition 2.8. A contingent claim ¢ € L?(Hr, P) admits an H-pseudo optimal strategy
* = (6*,n*) with Vr(¢y*) = ¢ P — a.s. if and only if decomposition (2.4) holds. The
strategy v* is explicitly given by

0y =B P—as., tel0,T],
with minimal cost
Ci(¥*)=Uy+A; P—as., te[0,T];

its value process is

T t
V,(y*) =E g—/ BHAS, | H, =U0+/ BHdS, + Ay P —as., tel0,T],
t 0

so that n; = V,(¢*) — B}*S; P — a.s., for every t € [0, 7).

Proof. For the proof see [35, Proposition 3.4]. O
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The problem is then how to compute such a decomposition. We address this issue to
Section 4.

3 Structure condition of the stock price S with respect to H

In the sequel we will use the notation °X (respectively, P X) to indicate the optional
(respectively, predictable) projection with respect to H under P of a given F-adapted
process X = {X;, t € [0,T]} satisfying E [|X;|] < oo for every ¢ € [0,7], defined as the
unique H-optional (respectively, H-predictable) process such that °X,. = E [ X, |H,] P-a.s.
on {T < oo} for every H-stopping time 7 (respectively, X, = E[X,|H,.-] P-a.s. on
{r < o0} for every H-predictable stopping time 7).

We also denote by BP™ the (H, P)-predictable dual projection of an R-valued cadlag
IF-adapted process B = {B;, t € [0,T]} of integrable variation, defined as the unique
R-valued H-predictable process B*H = {B"™ { € [0, 7]} of integrable variation, such

that
T T
/ (ptdBf]H / (ptdBt
0 0

for every R-valued H-predictable (bounded) process ¢ = {¢¢, t € [0,T]}. See e.g. Section
4.1 of [8] for further details.

When the risky asset price process S has continuous trajectories, the classical
decomposition of S with respect to the filtration H has the form (see, e.g. [24] or [26]):

E =

?

t
St:SO+Nt+/ pafd<N>u, te [O,T],
0

where the process N = {N;, t € [0,T]} given by

t
N, = M, +/ la] —Pa|d(M),, te][0,T],
0
is an (H, P)-martingale. Recall that M denotes the martingale part of S under F, see
(2.1). Since the quadratic variation process [S] of S is defined by

t
[S]t:Sf—2/ S,-dS,, te][o,T],
0

it turns out to be IF°-adapted, while in general the predictable quadratic variation (S)
of S depends on the choice of the filtration. Clearly, if S is continuous, we have that
H(N) = F(M) and these sharp brackets are F*-predictable. Here, the notations ®(-)
and F(-) just stress the fact that the predictable quadratic variations are computed with
respect to the filtrations H and IF, respectively. However, if it does not create ambiguity,
we will always write (M) = ¥(M) and (N) = ®(N) to simplify the notation.

In presence of jumps these relations are no longer true, since ¥'(M¢9) # H(N9), where
M and N? denote the discontinuous parts of the martingales M and N, respectively. To
compute explicitly the predictable quadratic variations, we introduce the integer-valued
random measure associated to the jumps of S:

m(dt,dz) = Y §(as,)(dt, d2),
$:ASs#0

where J, denotes the Dirac measure at point a. In the sequel we make the following
assumption.

Assumption 3.1. The process S has only (F, P)-totally inaccessible jump times.
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Denote by v (dt,dz) and v"(dt,dz) the predictable dual projections of m(dt,dz)
under P with respect to IF and H respectively (we refer the reader to [21] or [22] for
the definition). Then, by [22, Chapter II, Corollary 2.38] and Assumption 3.1 we get the
following representations of the martingales M and N:

M; = Mf + // m(dt,dz) — v¥(dt,dz)), te[0,T],
0
N, = Nf + // m(dt,dz) — vH(dt,dz)), t€[0,T],

where M¢ and N¢ denote the continuous parts of M and N respectively, and we have
(M¢) = (N¢) as just observed before. Hence

(M)t:<MC>t+/t/ 208 (dt,dz), telo,T],
(NY, = (M t—i—//zu (dt,dz), te[0,T].

Now, we can derive the structure condition of S with respect to the filtration H.
Proposition 3.2. Assume that

E

/T (af)2d<M>u] < 0. (3.1)
0

Then, under Assumption 3.1, the (IF, P)-semimartingale S satisfies the structure condition
with respect to H, i.e.

t
Sy = Sy + N, +/ altd(N),, te[0,T], (3.2)
0

where (N) coincides with the (H, P)-predictable dual projection of (M), that is, (N) =
(M)P" and the R-valued H-predictable process o™ = {a}t, t € [0,T]} given by

~a(fyazapn.)"
At

P—-as., te[0,T],

satisfies an integrability condition analogous to (3.1).

Proof. By [21, Proposition 9.24] we get that the process R = {R;, t € [0,T]} in decompo-

sition (2.3) is given by
t p,H
R, = (/ afd<M>s) , telo,T).
0

Now, by applying [8, Proposition 4.9] we deduce that R is absolutely continuous with
respect to (M)?™ and as a consequence, it can be written as R, = [ a*d(M)2", for ev-
ery ¢ € [0,T], where the process o is the Radon-Nikodym derivative of ([ o d(M);)" H
with respect to (M)PH,

To prove that (N) = (M)P"™ we notice that (M¢) = (N¢), which is H-predictable, and
then we only need to show that (N?) = (M4)P-H, that is

p,H

// H(ds, dz) (//ZV dsdz)y , telo,T).

EJP 20 (2015), paper 96. ejp.ejpecp.org
Page 7/30


http://dx.doi.org/10.1214/EJP.v20-3204
http://ejp.ejpecp.org/

LRM under restricted information on asset prices

To this aim, we observe that by definitions of v¥(dt,dz) and v™(dt,dz), for every H-
predictable (bounded) process ¢ = {¢;, t € [0,T]} we have

T T
/ (pS/ZQZ/]F(dS,dZ) / /(pssz(ds,dz)]
0 R o Jr
T T
/ /(pSZQV]H(dS,dZ) / aps/ zZV]H(d&dz)].
o Jr 0 R

Finally, it remains to check that o satisfies the required integrability condition, i.e.

/T (oﬂ)zd(N)u} < 00.
0

Since for every H-predictable process ¢ we have
T T
/ ‘Puayd<M>u / @uaqu<N>u
0 0

T T
/ @u(afd<M>u)p7]H / @uafd<M>u1 )
0 0

by choosing ¢ = o™ and applying the Cauchy-Schwarz inequality, we have

/OT (af)2d<M>u] < 0.

E =E

E

E =K

<E

O

ot

Notice that under Assumption 3.1, the processes {/ ald(M),, t € [O,T]} and
0

t
{/ atd(N),, t € [O,T]} are both continuous.
0

In the special case where the F-predictable quadratic variation of the (IF, P)-martingale
M is absolutely continuous with respect to the Lebesgue measure, that is, (M), =
fot as ds, t € [0,T], for some R-valued IF-predictable process a = {ay, t € [0,T]}, we get

S

¢ pH
that (N), = (M) = / Pa, ds and (fot of d<M>s) = fotp(of as)ds for each t € [0, 7.
0

Hence

p(AF
Ho_ (o7 at)
o = 71)@15 liva, 20}, T E [0,T].

4 The H-pseudo optimal strategy

In the case of full information, when the stock price process S has continuous
trajectories, it is proved in [35, Theorem 3.5], that there exists the H-pseudo optimal
strategy which can be obtained by switching to the minimal martingale measure P*, see
Definition 4.1 below, and computing the Galtchouk-Kunita-Watanabe decomposition of a
given contingent claim with respect to S under P*. Indeed, in the case of continuous
trajectories, the minimal martingale measure preserves orthogonality, and then the
Galtchouk-Kunita-Watanabe decomposition of the contingent claim under P* provides the
Follmer-Schweizer decomposition of the contingent claim under the historical probability
measure P. Obviously, this does not work if the (I, P)-semimartingale S exhibits jumps.
However, also in presence of jumps, the minimal martingale measure and the Galtchouk-
Kunita-Watanabe decomposition of the contingent claim ¢ still represent the key tools to

EJP 20 (2015), paper 96. ejp.ejpecp.org
Page 8/30


http://dx.doi.org/10.1214/EJP.v20-3204
http://ejp.ejpecp.org/

LRM under restricted information on asset prices

compute the H-pseudo optimal strategy (we refer to [12] for the full information case).
Here, we provide a similar criterion to characterize the pseudo optimal strategy in the
partial information setting, see equation (4.16).

For reader’s convenience, firstly we recall the definition of the minimal martingale
measure with respect to the filtration IF.

Definition 4.1. An equivalent martingale measure P* for S with square integrable

*

density

is called minimal martingale measure (for S) if P* = P on Fy and if every

square integrable (IF, P)-martingale, strongly orthogonal to the F-martingale part of S,
M, is also an (I, P*)-martingale.

Analogously, to define the minimal martingale measure P° with respect to the filtra-
tion H it is sufficient to replace IF by H and M by N.
We assume that
l—afAM; >0 P—as., tel0,7],

and

E

T T
oo} [ @y annes [ o) et} <o .

where M¢ and M? denote the continuous and the discontinuous parts of the (F,P)-
martingale M respectively and o is given in (2.1), and define the process L = {L;, t €
[0,T]} by setting

Lt = g <_/Oéu]:dMu> ) te [O,T], (42)
t

where £(Y) refers to the Doléans-Dade exponential of an (IF, P)-semimartingale Y. Under
condition (4.1), the nonnegative (IF, P)-local martingale L is indeed an (I, P)-martingale,
see e.g. [30], and also that (3.1) holds true. In addition, we assume that L is square
integrable. Then, by the Ansel-Stricker Theorem (see [1]) there exists the minimal
martingale measure P* for S, which is defined by

dp*
L =
= aqp

(4.3)

Fr
Similarly, we assume that

1—a*AN; >0 P —as. Vte[0,T],

T T
exp{;/o (af)2d<Nc>t+/O (aZ{)Zd(Nd)t}} < 00,

where, as usual N¢ and N¢ denote the continuous and the discontinuous parts of the
(H, P)-martingale N respectively. Then, we define the process L° = {LY, ¢t € [0,T]} by
setting

and

E

LY :=¢ (/adeu> , telfo,T). (4.4)
t

We notice that L° is an (IH, P)-martingale and as before we assume that L° is square
integrable. Then, we can define P° as the probability measure on (Q, Hz) such that

dp°
Ly = — . (4.5)
dp Hr
We are now in the position to state the following result.
EJP 20 (2015), paper 96. ejp.ejpecp.org
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Proposition 4.2. Let ¢ € L?(H7,P) be a contingent claim that admits a Féllmer-
Schweizer decomposition with respect to H and S, and ¢¥* = (6*,n*) be the associated
H-pseudo optimal strategy. Then, the optimal value process V (¢*) = {V,(¢*), t € [0,T]}
is given by

Vi(y*) =B [g[Mi], te0,T],

where EF’ [|#H:] denotes the conditional expectation with respect to H; computed under
P°; moreover the first component §* of the H-pseudo optimal strategy v* is given by

o — A"V (%), N)y
t d"(N),

P—as., tel0,T], (4.6)

where V™ (¢v*) = {V/"(¢*), t € [0,T]} is the (H, P)-martingale part of the process V (¢*)
and here the sharp brackets are computed under P (with the convention 6* = ( for the
indeterminate form ).

Proof. Since L° given in (4.5) is a square integrable (I, P)-martingale, by Cauchy-
Schwarz inequality we get that

1/2 1/2

0
EP [l =E [|¢IL7] < B[] "B [(L7)?] 7 < oo,
which means that ¢ € L' (Hr, PO).
Consider the Follmer-Schweizer decomposition of ¢ with respect to .S and H, see (2.4),
and let ¥* = (6*,n*) be the H-pseudo optimal strategy. Then, by Proposition 2.8 we get
§* = 8™ and the optimal value process V (¢/*) satisfies

t
Vt(W)ZUoJr/ Bitds, + A, te€0,T).
0

Observe that [ 37*dS; is an (H, P°)-martingale since [ 3j*dN; and L are (H, P)-martingales
(see the proof of Theorem 3.14 in [14]) and A turns out to be an (H, PO)-martingale by
definition of the minimal martingale measure with respect to the filtration H. Then, the
optimal value process V (¢*) is an (H, P’)-martingale, and as a consequence it can be
written as

Vi(y*) = BP [Vr(y*)[H,] = BP [[1,], te0,T).

Finally, to compute the H-pseudo optimal strategy we consider the (H, P)-martingale
part of the process V(¢*) given by

t
V" (%) = Uy +/ 6fj‘dNu + A, te[0,T].
0

Then, taking the predictable quadratic covariation with respect to the H-martingale part
N of S computed under P and H into account, we get that

AV (), Ny, = BHAH(N),, te[0,T],
since A is strongly orthogonal to IV under P. Then, we obtain equation (4.6). O

When the stock price process S has continuous trajectories, the optimal value pro-
cess and the H-pseudo optimal strategy can be characterized in terms of the minimal
martingale measure P* with respect to the filtration I as proved in Corollary 4.4 below.
We start with a useful lemma.

Lemma 4.3. Assume that S has continuous trajectories. Then the minimal martingale
measure P° with respect to the filtration I coincides with the restriction on Hr of the
minimal martingale measure P* with respect to the filtration IF.
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Proof. The proof is postponed to Appendix B. O

Corollary 4.4. Assume that S has continuous trajectories and let ¢ € L?>(Hr,P) be a
contingent claim that admits a Follmer-Schweizer decomposition with respect to H and
S, and ¥* = (0*,n*) be the associated H-pseudo optimal strategy. Then, the optimal
value process V (¢*) = {Vi(¢*), t € [0,T]} is given by

Vi(v*) =EF €M), te[0,T), 4.7)

where EP” [-|H,] denotes the conditional expectation with respect to #; computed under
P*; moreover the first component 6* of the H-pseudo optimal strategy * is given by

AV (), S)e

P—as., tel0,T), (4.8)
where the sharp brackets are computed under P (with the convention 6* = 0 for the
indeterminate form ).

Proof. The proof follows by Proposition 4.2 observing that, in virtue of Lemma 4.3, the
optimal value process V (1)*) can be written as

Vi(w*) = EP [¢|H,) = EP" [¢[H,], te[0,T).

Finally, since the finite variation part of S is continuous we get that d"(N) = d¥(S) and
dH(Vm (%), N) = d%(V (%), S), which leads to (4.8). 0

When S has also jumps it is not possible to provide a characterization of the optimal
value process analogous to (4.7). This is essentially due to the fact that in general the
minimal martingale measure P° with respect to the filtration H does not coincide with
the restriction of P* over Hr. Then, to compute explicitly the H-pseudo-optimal strategy
we follow the approach suggested by [12] in the full information framework.

Assume now that ¢ admits a Follmer-Schweizer decomposition of ¢ with respect to S
and I, i.e.

T
£E=U, +/ Bl dS,+ Ay P —as., (4.9)
0

where Uy € L2(Fo, P), 87 € O(F) and A = {A,, t € [0,T]} is a square integrable (F,P)-
martingale with EO = 0 strongly orthogonal to the F-martingale part M of S under
P. By applying Proposition 2.8 with the choice H = F, we know that 37 provides the
pseudo-optimal strategy under full information.

In the sequel, we characterize the H-pseudo-optimal strategy 87 and discuss the
relation between 87t and 7.

Denote by O(F,P*) (©(H, P*), respectively) the set of all R-valued F-predictable
(respectively, H-predictable) processes 6 = {&, t € [0,7]} satisfying the following

integrability condition:
T
/ 5Zd<S>u] < 0.
0

For the rest of the section we assume £ to be square integrable with respect to P*.

Let us observe that since S is a P*-martingale with respect to both the filtrations I
and H, the random variable £ admits the Galtchouk-Kunita-Watanabe decomposition with
respect to S and both the filtrations I and H under P*, i.e.

EF”

T
§=U0+/ Brds,+Gr P*—as., (4.10)
0
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T
§:Uo+/ prtdS, + Gr P* —as., (4.11)
0

where Uy € L2(Fy,P*), Uy € L2(Ho,P*), B7 € O(F,P*), " € O(H,P*), G = {Gy, t €
[0,7]} and G = {G4, t € [0,T]} are square integrable (I, P*) and (H, P*)-martingales
respectively with Go=Go =0, strongly orthogonal to S under P*.

On the other hand, if S turns out to be square integrable with respect to P*, the P*-
martingale property of S with respect to both the filtrations I and H also ensures
that we can apply [8, Theorem 3.2] which provides the Galtchouk-Kunita-Watanabe
decomposition of a square integrable random variable under partial information with
respect to P*. More precisely, every ¢ € L?(Fr, P*) can be uniquely written as

T
¢=U, +/ HM*dS, + Gy P* —as., (4.12)
0

where U, € L(Fo,P*), H" = {H}, t € [0,T]} € O(H,P*) and G' = {G}, t € [0,T]} is
a square integrable (IF, P*)-martingale with Gg = (0 weakly orthogonal? to S under P*,
according to Definition 2.1 given in [8].

Lemma 4.5. Assume § € L?(Hr,P*) and that S is square integrable with respect to P*.
Let " € ©(H,P*) and H" € ©(H, P*) be the integrands in decompositions (4.11) and
(4.12) respectively. Then

HIt =3l P—as., Vtel0,T). (4.13)

Proof. Let ¢ € L?(Hr,P*) and consider decomposition (4.12). By taking the conditional
expectation with respect to Hy under P*, we get

T T
¢ =EF [U{)‘ Hr| +/ HM*dS, + EP [G’T‘ He| =Ty +/ H*dS, + Gr,  (4.14)
0 0

where U := EP” {U(;"Ho} and G, := EP” [G; Ht] + EP” {U{)‘Ht} — EP” [U(;"Ho}, for
every t € [0,T1], so that G= {@t, t € [0,T]} turns out to be a square integrable (I, P*)-
H| -
EF” [U(;‘ Ho} € L*(H;,P*), for every t € [0,T), is clearly weakly orthogonal to S under
P~ thanks to the martingale property of S with respect to both the filtrations IF and H.
Furthermore, for every ¢ € ©(H,P*) we have

* !’ T
EP [GT‘ ’HT} / oudS, Ho
0

. T
G(T/v @udsu = 07
0

since G’ is weakly orthogonal to S under P*. Moreover, (70 € L?(Ho,P*) and since G
is H-adapted, it is also strongly orthogonal to S under P*, see [8, Remark 2.4]. Then,
by uniqueness of the Galtchouk-Kunita-Watanabe decomposition, representations (4.14)
and (4.11) for £ coincide, and in particular this implies (4.13). O

martingale with @0 = 0 weakly orthogonal to S under P*. Indeed, EP” [U(;

T
EP” =E?" |E? |G, / ©udS,
0

=EF

2We say that a square integrable (F, P*)-martingale O is weakly orthogonal to the square integrable
(F, P*)-martingale S if the following condition

T
E |:OT/ wtdst} =0,
0

holds for all processes ¢ € O(H, P*).
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The following result furnishes the relation between the strategies 3 and 3" when S
has continuous trajectories.

Proposition 4.6. Let £ € L?(Hr,P*) be a contingent claim and assume that S is contin-
uous and square integrable with respect to P*. Then, the following relation between the
H-pseudo optimal strategy " and the F-pseudo optimal strategy 87 holds

gt =gl P —as., tel0,T]. (4.15)

Here, the notation P*D refers to the (IH, P*)-predictable projection of an R-valued
P*-integrable process D = {D,, t € [0,T]}.

Proof. When S has continuous trajectories, decompositions (4.9) (with respect to IF)
and (2.4) (with respect to H) coincide to the corresponding Galtchouk-Kunita-Watanabe
decompositions under P*, see (4.10) and (4.11) above. Lemma 4.5 implies that 5% = H™
and since (S) is H-predictable, due to the fact that in this case (S) = [S], which is
IF¥-adapted by definition, under P*, by applying [8, Proposition 4.1] we get (4.15). O

Remark 4.7. Note that the characterization of the optimal strategy in terms of the
(H, P*)-predictable projection of the integrand 37 in (4.9), also holds thanks to relation
(4.2) of [33], since the Galtchouk-Kunita-Watanabe decomposition under P* coincides
with the Follmer-Schweizer decomposition under P when S has continuous trajectories.

In presence of jumps in the underlying process S, the relation between f* and 7
is more complicated. In [12], the relation between 57 and ﬁf, given in (4.10) and (4.9)
respectively, is written in terms of the local characteristics associated to G under P*. A
similar result can be applied to derive the relation between 5 and 5%, given in (4.11)
and (2.4) respectively, in terms of the local characteristics associated to G under P*.
We are now in the position to state the following result.

Proposition 4.8. Let ¢ € L*(Hr,P*) be a contingent claim that admits a Féllmer-
Schweizer decomposition with respect to H and S, and assume that S is square integrable
with respect to P*. The first component of the associated H-pseudo optimal strategy

Y* = (8%, n*) is given by

gt =HIt+ ¢, P—as., te|0,T]. (4.16)

In other terms,

Ho_ d(fot Ef d<S>u)p’]H’*

t o F JH, t F JH, %
p ot = QU BT AS)P |y AUy 67 diS))”

a(s)r a(s)r a(s)r

—a.s.,

(4.17)
for every t € [0,T], where DP™-* denotes the (H,P*)-predictable dual projection of
an R-valued process D = {D;, t € [0,T]} of finite variation, and the processes ¢* =
{¢f, t €[0,T]} and ¢ = {¢}*, t € [0,T]} are respectively given by

d9((G, S, f; aMdN,),

Fo_ dF([éa S, fo O‘fer>t ¢7—L
o dH(S),

¢t - dF<S>t I

P—-a.s., (4.18)

for every t € [0,T], where the sharp brackets are computed under P.

Proof. Taking Lemma 4.5 into account, by [8, Proposition 4.9] we obtain

—d([T BT A(S), )P
HY = G = ”0?’25);@) Ctep)

Then, by applying [12, Theorem 3.2], we get 5% = f* + ¢™ and 8% = 57 + ¢”, and then
equalities (4.17). Finally, the expressions in (4.18) follow by [12, Remark on page 8]. O
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5 Application to Markovian models

In this section we wish to apply the results of Section 3 and Section 4 to a Markovian
setting. We assume that the dynamics of the risky asset price process S depends
on some unobservable process X, which may represent the activity of other markets,
macroeconomics factors or microstructure rules that drive the market.

We consider a European-type contingent claim whose payoff ¢ € L?(Hp, P)NL?(Hr, P*)
is of the form

¢ = H(T, Sr),

where H(t,s) is a deterministic function. We define the processes V7 and V7 by setting
V7 =EY [H(T,Sp)|F), V7t =EP [H(T,S7)[H], telo,T)

If the pair (X, S) is an (IF, P*)-Markov process, then there exists a measurable function
g(t, z, s) such that
V7 =B [H(T, Sr)|F] = g(t, X, $1) (5.1)

for every ¢ € [0,T] and
vH = EF {EP* [H(T, St)|F] |’Ht} = EP [g(t, X1, S|, te[0,T].  (5.2)

We denote by L% ¢ the (I, P*)-Markov generator of the pair (X, S). Then, by [13,
Chapter 4, Proposition 1.7] the process

t
{f(thtaSt) 7/ E;(,Sf(u7Xuvsu)du7 te [OaT]}
0

is an (IF, P*)-martingale for every function f(¢,z, s) in the domain of the operator L g,
denoted by D(L;Q 5)- Then the following result, which allows to compute the function
g(t, z,s), holds.

Lemma 5.1. Let g(t,z,s) € D(L% g) such that

{ﬁ},sﬁ(t,% s)=0, tel0,7) -

9(T,z,s) =H(T,s).
Then g(t, Xy, St) = g(t, Xt, St) P-a.s., for every t € [0,T), with g(t,x, s) satisfying (5.1).

Proof. Let ¢(t,x,s) € D(L% 5) be the solution of problem (5.3). Then the process
{g(t, X+, St), t €[0,T]} is an (IF, P*)-martingale. Since (T, X7, Sr) = H(T, St), by the
martingale property we get that §(t, X;, S;) = EX" [H(T, St)|F]. O

In the computation of the H-pseudo optimal strategies we consider the case where
the information available to traders is represented by the filtration generated by the
stock price process S; in other terms, we assume that

H,=F° VYtelo,T]. (5.4)
We define the filter 7 (f) = {m:(f), t € [0,T]}, by setting for each t € [0, T
m(f) = BP [f(t X1, 80| F]

for any measurable function f(t, z, s) such that EF™ [|f(¢, X4, S;)|] < oo, for every ¢ € [0, T].
It is known that 7(f) is a probability measure-valued process with cadlag trajectories
(see [25]), which provides the P*-conditional law of X given the information flow, S,
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Then, by (5.2) the process V* can be written in terms of the filter as
Vit =m(9) Vtelo,T), (5.5)

where the function ¢(t, z, s) is the solution of the problem with final value (5.3).
Therefore we can characterize the integrand A7 in the Galtchouk-Kunita-Watanabe
decomposition (4.11) of £ under partial information as

d*H(m(g), S)e

aH _ H'H _
Bt t d*’]H<S>t ’

te[0,T],
where *( ) denotes the sharp bracket computed with respect to I and P*.

Finally, assume that £ admits a Follmer-Schweizer decomposition with respect to H
and S. Then, by Proposition 4.8, we get that the first component of the corresponding
H-pseudo optimal strategy is given by

~ d*’]H 7S d]H G7S) . Z.LdNS
Bl =B} + ol = d&(& ), 4 d]lH{g;é e

te0,7), (5.6)

where G is the (H,P*)-martingale in the Galtchouk-Kunita-Watanabe decomposition
(4.11) of &, given by

t
Gy = —Uy +m(g) — / BgHras,, telo,T).
0
In the following, we compute explicitly the process B"‘ and provide the H-pseudo
optimal strategy v* = (8%,7*) for a jump-diffusion market model by characterizing
the process ¢™. Finally we deduce the corresponding H-pseudo optimal strategy for
diffusion and pure jump market models.

5.1 A jump-diffusion market model

Jump-diffusion models are widely used in practice to describe asset prices dynamics
and in the last years they also have been applied to energy finance to represent the
behaviour of spot electricity prices. Indeed, stocks dynamics in general take into account
two effects: the normal price changes, described by diffusion processes, which are due
to the interaction between supply and demand, and sudden changes modeled by jump
processes, representing updates when new information arrives. Accordingly, we consider
the following application. Assume that the risky asset price dynamics is described by
a geometric jump-diffusion, which depends on an unobservable stochastic factor X
modeled by a Markovian jump-diffusion process that may have common jump times with
S. Precisely, we have the following system of stochastic differential equations (in short
SDESs):

AX, = po(t, Xo)dt + oot X)dWO + / Ko(C:t, Xo )N (dt, dO),
7Z
(5.7)
S, = S, (pl(t,Xt,St)dt—i— o1(t, ) AW} +/ Kl(C;t,Xt,St)N(dt,dC)) ,
A

with Xg = z € R and Sy = s > 0. Here N(d¢t,d¢), (¢,¢) € [0,T] x Z, with Z C R, is
an (I, P)-Poisson random measure having nonnegative intensity 7(d¢)d¢. The measure
n(d¢), defined on the measurable space (Z, Z), is o-finite. The corresponding (I¥, P)-
compensated random measure is given by

N(dt,d¢) = N(dt, d¢) — n(d¢)dt.
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The processes W = {W?, t € [0,T]} and W! = {W}, t € [0,T]} are (F,P)-Brownian
motions independent of N (dt,d¢) such that (WY W), = pt, for every t € [0,T], with
€ [-1,1]. The coefficients (¢, x), p1(t, z, s), oo(t,z) > 0,01(t,z,s) > 0, Ko((;t, x) and

K1((;t,x, s) are R-valued measurable functions of their arguments such that a unique
strong solution for the system (5.7) exists, see for instance [28]. In particular, this
implies that the pair (X, S) is an (IF, P)-Markov process.

Note that if the set {¢ € Z : K1(¢;t, Xy—,S;-) # 0 and Ko(¢;t, X;-) # 0} is not empty,
S and X have common jump times. This feature may describe, for example, catastrophic
events that affect at the same time the stock price and the hidden state variable that
influences it.

For simplicity we take

|,u1(t,Xt,St)| <cy, 0<e < Ul(t,St) < c3 and |K1(C;t,Xt,St)| < ¢4, (5.8)

for every t € [0,7], ( € Z and for some constants ¢y, ¢, c3,c4. Moreover, to ensure
nonnegativity of S we also assume that K ((;¢, Xy, S¢) + 1 > 0 P-a.s. for every ¢ € [0, T
and ¢ € Z.

We recall the integer-valued random measure that describes the jumps of S,

m(dt,dz) = > §(ras,)(dt,d2),
r:AS,#£0

where J, denotes as usual the Dirac measure at point a. Note that the following equality

holds , t
/O/IRZ m(du,dz):/o Suf/ZKl(C;u,Xuf,Suf)N(du,dC)

and, in general, for any measurable function v : R — R, we get that

// m(ds, dz) //1Du (S K1(City Xo, Su)) N (dut, dC),

where D, :={¢ € Z: K;(¢;t, Xy—, S;-) # 0}. From now on we assume that

E

T
/ n(Dt)dt] <oo, Vtel0,T]. (5.9)
0

Remark 5.2. Recall that v (dt,dz) denotes the (I, P)-predictable dual projection of
the random measure m(d¢,dz). Under condition (5.9), it is proved in [10] and [2]
that ¥ (dt, dz), is absolutely continuous with respect to the Lebesgue measure, that is,
vF(dt,dz) = vF(dz)dt where, for any A € B(R), v (A) = n(DA) with DA == {¢C € Z :
Ki(Git, Xy, 5p-) € A\ {0}

In particular, v} (R) = n(D;), where D; = DE, for every t € [0, T], provides the (T, P)-
intensity of the point process m((0,¢] x R) which counts the total number of jumps of S
up to time ¢.

5.1.1 Structure conditions of the stock price S with respect to IF and H.

The canonical F-decomposition of S with respect to I is given by
Sy = So + M; + Ft, te [O,T],
where M is the square integrable (IF, P)-martingale given by

th = Sto—l(t, St)thl + St_ / K1(<7t; Xt—,St— )./\V/(dt,dg)
Z

= S04 (t, Sy)dW}! —|—/ z(m(dt,dz) — vf (dz)dt)
R
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and I is the following R-valued F-predictable finite variation process
dl'y = Sy~ {Nl(taXtaSt) + / K1 (Gt, Xy, St)n(dO} de
z

_ {St/,q(t,Xt,St) + /]R - (dz)}dt.

We note that the F-predictable quadratic variation of M is absolutely continuous with
respect to the Lebesgue measure, that is, d(M); = a; d¢ with

52 (01 (t,S,-) /Kl it Xoe, Si ) (d()) _ 202, 5t7)+/Rz VE(d2),

for every t € [0,T]. Then, the semimartingale S satisfies the structure condition with
respect to I given by

t
st:50+Mt+/ oFd(M),, te0,T]
0

where
F Nl(t7Xt_7St_) + fZ Kl(g;tht—vSt_)n(dC)
= 2 2( .
St* (Ul (ta St*) + fZ Kl (C7t7Xt*7St*)77(dC))
S (t, Xy, Sp-) +fRz vE(dz)
 S203(t, 8- ) + [ 22vE (dz)

. telo,T). (5.10)

Remark 5.3. Notice that, under the assumptions on the coefficients of the dynamics
of S, o” is well defined and because of (5.9) also E [ Jef )2d<M>t} < oo is fulfilled.
Indeed,

r T (t, X—, 8,-) T zz/F(dz))2
E FV2UM <E / Mdt—k/ Mdt
|| @raan < | [Tt o VF(d2)
62 T
<T1+E / n(Dy)dt| < oo
53 0

Now, define the process I = {I;, t € [0,T]} by setting

t ¥ o %
I =W} +/ 1t X ) = P (1 K Bu) g,
0 Ul(uvsu)

(5.11)

for each ¢ € [0,7]. It is known that [ is an (H,P)-Brownian motion (see e.g. [19]
and [23]). Moreover the (H, P)-predictable dual projection of the measure m(d¢, dz)
is given by vfl(dt,dz) = vfl(dz)dt; then, according to Proposition 3.2, S admits the
structure condition with respect to I which is given by

t
Sy = S0+ Ni + /@metemm
0

where
N, = /5017”5' dI, + // m(dr,dz) — v (dz)dr), te€0,T],
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5.1.2 The H-pseudo optimal strategy

To introduce the minimal martingale measure P* for the underlying market model, we
assume (4.1) and for every ¢ € [0, 7],

pa(t, Xo—, i) + [, Ki(¢t, Xy, S )n(dCQ)
U%(t7 St*) + fZ K%(C? t7 Xt* ) St*)n(dC)

Remark 5.4. A sufficient condition for the validity of (4.1) is given by

T
exp{2/0 n(Dt)dt}] < 0.

T T
exp{; | errane+ | <af>2d<Md>tH
E

o /T (pa(t, Xo=. 500) + [, Ko (G, Xom S )n(dQ)”
0 U%(tﬂgtf)_'_fz K%(<7t7xt*7st*)n(d<)

oo [ (555 o))
exp {2/0T ﬁ(Dt)dtH :

Define the process L by setting L; = £ (—/afer> for every t € [0,7]. Under
t
(5.12) and (4.1), L is an (I, P)-martingale, and if in addition L is square integrable, then

we can apply the Ansel-Stricker Theorem and define the change of probability measure
dpP*
= L.
dp Fr !
Under the minimal martingale measure P*, the dynamics of the pair (X, .S) can be
written as

<1 (5.12)

of AMy = K1(Ct, X4, S-)

E

Indeed,

E

E

IN

2
< exp {2 —; T} E
€3

dX; = po(t, X¢)dt + oo (t, X,)dW, + /Z Ko(G;t, X, )N(dt,d¢), Xo=z€R
ds; = S,- {al(t, S)dW; + /Z K1 (¢ t,Xt,St)/\N/*(dt,dC)} , So=15>0,
where W% W* are (IF, P*)-Brownian motions, with
W =W+ /Ot Sual oy (u, Sy)du, te0,T],

whose correlation coefficient is p, N *(dt,d() is the compensated Poisson measure under
P~ given by B
AP (dt,d¢) == N(dt,dC) - (d)dt
and n;(d¢) = (1 — af S,- K1(t, X;—, S, ))n(d¢) for every t € [0, T], with o given in (5.10).
In the sequel we assume that the following conditions are in force:

T
B | [ (ote, Xl + ade. 0+ ni 00 + [ ot Xz ao)) dt] <o, (513)
0 A
. T
EP / n;‘(Dt)dt] < 00, (5.14)
0
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where DY := {¢ € Z : Ko(¢;t, X;-) # 0} for every t € [0, T].

Since the change of probability measure is Markovian, the pair (X,S) is still an
(I, P*)-Markov process and we provide the structure of its P*-generator in the Proposi-
tion below.

Proposition 5.5. Under conditions (5.13) and (5.14), the pair (X,S) is an (F,P*)-
Markov process with generator

o 2 2
L5 (t,2,5) = 8—f Fholt2) 92 + 208 (1) 5% + poo(ts2)en t,5)s 5
+ ;al(t s) /Af ¢ty x, s)ny (dQ) — —8/ Ky (¢t 8)n; (dC), (5.15)

where
Af(¢tx,s) = f(t,x—!—Ko(C;t,J;),s(l +K1(C;t,x,s))) — f(t,z,s).

Moreover, the following semimartingale decomposition holds:
t
f(t7Xta St) = f(07x07 50) + / [’},Sf(rv X?“a S,-)d’/’ + Mt&fv te [OaT]
0

where M3/ = {M>7 t € [0, T} is the (F,P*)-martingale given by

of of
O 0s

4 / AF(Gt, Xoo, S )N (dt, dO). (5.16)
7

AMPT =ZL(t, X, S)oo(t, Xy) AW + == (t, Xy, Sy)oi (£, S¢) Sy AW

The proof is postponed to Appendix B.

As pointed out at the beginning of Section 5, we assume (5.4) to compute the H-
pseudo optimal strategy for the contingent claim £ = H(T, Sr). Note that, under the
hypotheses on the coefficients of S, the random variable ¢ admits a Follmer-Schweizer
decomposition with respect to S and H. Therefore, allowing for the filter dynamics given
in (A.2) in Appendix A, under (5.8), (5.13), (5.14), the corresponding H-pseudo optimal
strategy can be written as

B;HZB;H-I-@{ P—as., tel0,7T)

where
0 Am(9),S)P™ Seou(t, S he-(9) + fp 2 wI(t, 2)v " (dz)
Bt = = ; , (5.17)
d(S);’ S7 o7 (t St )+ Jg 2 v (dz)
o dUSC AGAS,, [Ny, o fy 2 (w(t2) - B z) Al
¢t - d]H<S>t - 52 O_l(t St +fRZ I/t dZ) ) ( . )

for every t € [0,7]. Here h;(g) and w9(t, z) are defined in (A.3) and (A.4) in Appendix A,
respectively, with the choice f = g and ¢(¢, z, s) is the solution of (5.3), and G = {Gy, t €
[0,7]} is the process given by:

Gy = /Ot (hu(g) - BZfSum(mSu)) d];+/0t/]R (wg(u’z) _ B z) (m(du, dz) — P+ (d2)du)

for every ¢ € [0, 7], where I* is the (I, P*)-Brownian motion defined in (A.1) in Appendix
A.

It is worth observing that the (I, P)-predictable dual projection vf!(dz)dt of the
measure m(dt,dz), appearing in (5.18), can be written in terms of the filter under the
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real-world probability measure P. Indeed, set 7 (f) := E[f(¢, X, S¢)|H,], for every
€ [0,T]. Then, v(dz) = 7, (v¥(dz))(see again [2, Proposition 2.2] for the proof).
Therefore, in presence of jumps we also need the knowledge of the filter dynamics under
P. The Kushner-Stratonovich equation satisfied by 7 is given by (A.11) in Appendix A.
In the sequel we can easily deduce by (5.18) the H-pseudo optimal strategy in a
diffusion and in a pure jump market model.

Remark 5.6 (A diffusion market model). Consider a partially observable diffusion market
model described by

{ dX; = po(t, Xo)dt + oo(t, X)dWY, Xo ==z € R, (5.19)

dSt = St (Ml(t7Xta St)dt + Ol(t, St)thl) 5 So =85> 0,
with the same notation introduced above, and analogous assumptions. Then, taking the

filtering equation for the diffusion case given by (A.7) in Appendix A into account, the
H-pseudo optimal strategy has the following expression:

g (). S) _ M- (g)
t dH(S), S,—o1(t, S-)
P~ (UO 31) +St Ul(t St )’n’t_ (%)
B S, o1(t, 8, ) P—as, tel0,T], (5.20)

where h;(g) is defined in (A.8) with the choice f = g and g(¢, z, s) is the solution of the
problem (5.3), with L% ¢ = Eﬁ(, 5 being the Markov generator of the pair (X, S), given by

0 92
EX sf(t,z,s) = 6{ + po(t, x)a—f + = (t x)aixé
o2 2
+poo(t 2)o(t, s)s o g +50i(t,s)s gs‘f. (5.21)

Notice that, in this case the H-pseudo optimal strategy can also be obtained via (4.15).
Indeed, thanks to Corollary 4.4 with the choice H = T, the process V7 = {V;”, t € [0,T]}
given by

V" =EY [H(T,Sr)|F], telo,T),

provides the optimal value process under full information. Consequently, we get that

d¥(VF,S),

f
=2 P—a.s,te|0T]
Bt d]F<S>t 9 a.s., 6[7 ]
We also observe that V7 coincides with the process {g(t, X;,S;), t € [0,7]}. Then by

It6’s formula we get

th:g(t’Xt’St) :/ {gg(u Xu, Su)oo(u, X )dW0+g—(u Xu, Su)or(u, Su)Sy dW }
T

for every t € [0, 7], and computing explicitly the sharp brackets ¥ (V7 S) and ¥(S), we
obtain

6]: o pUO(t7 Xt’ )%(t Xt* ) St*) + St* 01 (ta St* )%(ta Xt* ) St*)

= te 0,7
¢ St—m(t,St—) [ ]

Finally, taking (5.20) and the filter 7 into account, we get that g% = P*37.
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Remark 5.7 (A pure jump market model). Assume now that the stock price S'is described
by a pure jump process and consider the following partially observable system:

dX; = po(t, X;)dt + oo(t, X¢)dW, +/ Ko(G:t, X )N (dt,d(), Xo=z€R
Z
(5.22)
45, =S [ Ka(Git. X SN dQ), So=s >0,
Z

with the same notations of the general jump diffusion case and analogous assumptions.
Then taking the filter dynamics for the pure jump model given by (A.10) in Appendix A
into account, the H-pseudo optimal strategy is given by
Bl =B+ o', P—as, tel0,T],
where
042'[ f]R 22 {wg(t, z) — BZLLZ} I/F(dz)
fR 22 (dz) ’

- Jgr 7z w9t 2) Z/iH’*(dz)7 o =

Jg 22 v (dz)

te€0,77.

Here g(t,z,s) is the solution to (5.3) with L% ¢ = L% ¢ where L% ¢ is the Markov
generator of the pair (X, S) given by

0 0 1 92
ﬂ?x,sf(t’l’, 5) = 87{ + polt, m)a—i + 503@’11)87;;
d
+/ZAf(<;t,x,s)nZ‘(dC) - Fis/zkl(c;t,w)n:(dg), (5.23)

where w9 is given by (A.5) replacing f with g.

5.1.3 A practical example: the H-pseudo-optimal hedging strategy for a Euro-
pean put option

Now we consider the following simplified model for the discounted asset price process
s, = S, (ul(Xt)dt + o dW} + (X~ ) (dp, — dt)), So=s>0, (5.24)

where W' is a standard Brownian motion and p is a standard Poisson process (with
intensity 1) independent of W'. Assume that the volatility o, is a positive constant, and
that u1(z) and +(z) are deterministic functions, with v(z) > —1 for almost every x € R.
Here the expected return rate and the jump sizes coefficient depend on an unobservable
stochastic factor X that may represent the behaviour of a second risky asset price
process, which is not negotiated on the market. We model the process X as

dX, = v0(X,-)dp?, Xo=z € R, (5.25)

where 7y(z) is a deterministic function and p° is a standard Poisson process (with
intensity 1) independent of W' and p. This kind of equation for the dynamics of the
unobservable process X is typically employed to model high frequency data.

Let us observe that when p;(2z) = p; € R and v(z) = v € R, this model reduces to the
example under full information considered in [12, Section 3.1].

To deduce the structure condition with respect to IF, satisfied by the price process S,
note that its (IF, P)-martingale part M, the predictable quadratic variation (M) and o’
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are respectively given by

M, = /0 Sy (U1dWi + (X)) (dpy, — du)), (M) = /0 S2(02 +42(X))du, € 0,T),

F_ w1 (Xy-)
b Stf (0’% +72(Xt*))’ te [O,T]

(%

Assume that p;(z) and v(x) are bounded for almost every x € R, and satisfy
p1(x)y(z) < 0% +42(x); then the process L = {L;, t € [0,T]} given by

Lt:5<—/afdMu> , tefo,T],
t

is a square integrable (IF, P)-martingale and defines the density of the minimal martingale

dp*

measure P*, that is & = Lp. Moreover, the process S is an (IF, P*)-martingale

T

satisfying
s, = S, {alth* + W(th)(dpt — (L4 7 (X) )dt)} . So=5>0, (5.26)

where the process W* = {W/, t € [0,T]} given by

t
X
W;:W}Jr/ mXor o te[0,7],

0o of +73(Xs)
is an (IF, P*)-Brownian motion and p is a point process with (I, P*)-predictable intensity

_ p1 (Xy= )y (X-)

PrmXe-) = of +72(X-)

te 0,7

Consider a European put option with strike price K, whose payoff is given by £ =
H(T,St) = (K — St)™. By the Markov property and the stationarity of X, under P* we

get that
Sp\ 7"
K — =%
< *S >

log( S
:KF(T—tm,log(K/s))—s/ eya—(T—t,x,y)dy
0 Y

g(t,z,s) =B

XtI]

where, for any fixed « € R, F(t, z,y) denotes the following distribution function:
1 t
F(t,z,y) =P" (01Wt* - 50%1& +/ log(1+ v(X%_))dps < y)
0

and X7 is the solution of (5.25) with initial condition Xy = x.
To get the H-pseudo optimal strategy, we notice that the integrand of the Galtchouk-
Kunita-Watanabe decomposition of £ under P* is given by

Si-otm- (32) +mi (9901 + ) = m- () (31 + 7)) + me (Agy(L+7)
Sp-(0f + - (v (1 + 7))

By :
for every ¢ € [0,T). Here Ag(t,x, s) := g(t,z, s(1 + v(x)) — g(t, z, s). Moreover,
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T (b1 + v){%t— (V)@= — BT (72)m- (1 + 1) Se- }
¢Z{ = 2, ~ , te [OvT]
Sp-(0f + - (v?))?m- (1 + 1)
where W, := m(g(1+ 1)) — me(9)me((1 +71)) + me(Ag(1 + 1)) for every ¢ € [0, 7.

Then the H-pseudo optimal strategy is given by % = 5" + ¢*, P-a.s..

Note that when j;(z) = 1 € R and y(x) = 7 € R, the expressions for integrands
in the Galtchouk-Kunita-Watanabe decomposition under P*, 5%, and in the Follmer-
Schweizer decomposition under P, BH, reduce to those obtained in [12, Section 3.1]
under full information.

Finally, we show how to compute the filters under P* and under P, given by 7 and 7
respectively, for this example.

We assume that X takes values in a finite space S = {z;, ..., x4} with z; € R for every
i =1, ...,d. Hence for any measurable function f(t,z, s) such that EP" [|f(¢, X;, S;)|] < oo,
Vt € [0,T], we can write

d

Tt(f) = Zf(tﬂxl7 St)ﬂ't(fi)v f?(‘r) = l{wzwi}a i = 17 7d

i=1

Then, in order to characterize the filter 7, it is sufficient to compute the dynamics
of {m(f;)}i=1,.._a. Denoting by {T},},>¢ the increasing sequence of jump times of S, we
get that the Kushner-Stratonovich equation, see (A.2) below, for ¢ € [T},, T},,4+1) reduces
to the following system of equations

(fz) =TT, (fz / Zﬂ"; fj 1{70(90J) zi—xi} s(fi) ds

n

d

—/ o (fi)Lnan 0y (1 + (i) = 7a(£i) D Ln(ey 20y (L + 7 () ms(f5) | ds,

T, =
fori=1,...,d, where
T (i) L {y(@oz0y (1 + 71 () ‘
WTn(fi): a , 'L:].,...,d.
> i1 T (F5) Ly ()20 (1 +71(25))

Note that {77, (fi)}i=1,... 4 is completely determined by the knowledge of {7 (f;)}i=1,... .
fort € [T,—1,Ty), since mp— (fi) = lim,_, - m(f3).
d

Analogously, we get that 7:(f) = Zf(t,mi,St)%t(fi) with fi(z) = 1{,—,,}, and the
i=1
equation satisfied by {7 (f;)}i=1,....a (see equation (A.11) below) becomes

t

1 d
%t<fi)=%Tn(fi)+a—l/ 7o () (1 (5) — 4(20)) — 7l ) Z% () (i (3) — () |

Th

d
/ Zﬁs ()L o=z} — Ts(fi) | T4 Liy@asoy = D vty Ts(fy) | | ds
n : j:1
fori=1,...,d, and for every t € [T,,,T,+1), where the process I = {I;, t € [0,T]} is the
(H, P)-Brownian motion defined by

L =W/ + Uil/o (11 (Xs) = (X)) = 7s (1 — )] ds,
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and
~ . %T; (fi)l{"/(aci)aéo}
WTn,(fi) = 4~ )
Ej:l T (fi) 1y (a;)0}
A more tractable equation can be obtained by considering the unnormalized version
of the filter {v,(fi) }i=1,....a {ve(fi)}i=1,... a, respectively) which can be characterized as
the unique solution of linear systems between two consecutive jump times and satisfies
me(fi) = ';ft((’;i)) T (fs) = %ft((];i)), respectively), see for instance [5, 18] and references
therein.

i=1,...4d.

A The filtering equation

We recall that the filter m with respect to the minimal martingale measure P* is
defined by
7Tt(f) = EP [f(thtvSt)‘ftS]ﬂ le [OvT]v

for any measurable function f(t,z, s) such that EP” [|f(t, X;, S;)|] < oo, t € [0,T].

Here, we derive the filter dynamics for the jump-diffusion model and deduce the
filtering equations for the diffusion model and for the pure jump one, as particular cases.
Hence, using the same notations of Section 5.1, we assume that the dynamics of the pair
signal-observation under P* is given by

AX, = po(t, X,)dt + oo(t, X)W +/ Ko(Cit, X,- )N(dt,d¢), Xo=z€R
Z
S, = S,- {ol(t,St)th* +/ Kl((;t,Xt,St)./V*(dt,dg)} . So=5>0.
zZ

We assume (5.13) and (5.14), in addition to (5.8), which in particular imply that the
processes X and S have finite first moment under P*. We recall that the jump part of the
process S can be described by the integer-valued random measure m(dt¢,dz) defined in
(5.1). We denote by v} **(dz)dt its (IF, P*)-predictable dual projection and by v;"*(dz)dt
its (H, P*)-predictable dual projection and the following relation holds

v (dz)dt = m- (V5% (dz))dt

thanks to [2, Proposition 2.2].

Remark A.1l. An essential tool to derive the filtering equation is represented by the
Martingale Representation Theorem (see [4, Proposition 2.6]). In particular, it states
that every (H, P*)-local martingale admits the following representation

t t
M, = M, +/ h, Al +/ / w(u, z) (m(du,dz) — vy*(dz)du), t € [0,T],
0 0o Jr

for suitable H-adapted and H-predictable processes h = {h:, t € [0,T]} and w(-, z) =
{w(t, 2), t € [0,T]} for every z € R, satisfying

T
/ (hf +/ lw(t, Z)V;Hv*(dz)> dt <oco P*—as.
0 R

where I* = {I}, t € [0,T]} is the (H, P*)-Brownian motion given by

t
I;:Wtw/ {b(“’X“’S“)—qru <b>}du7 t 0,7 (A1)
0

01(U7Su) 01

with b(t, X;, St) = / K1(¢;t, Xt, St) m; (dQ) for every ¢t € [0, T].
z
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The following result provides the filter dynamics.

Proposition A.2 (The filtering equation). Under (5.8), (5.13) and (5.14) the filter solves
the Kushner-Stratonovich equation for every function f(t,xz,s) € C;’Q’Q([O, T] xR x RT),
given by

me(f) = f(O,xo,50)+/0 WS(‘C;(,Sf)dS+/O hs(f)df:+/0/]R w! (s, z)(m(ds, dz) — v (d2)ds),

(A.2)
for every t € [0,T], where
0 0
he(f) = pme (JO8£> + Sio1(t, Se)m (8{;) ; (A.3)
I, *
wi(tz) = U o gy TR ) (a4)
dv™ dv,™

L% s is given in (5.15) and Rf(t,z,s, A) := fdA(m,S) Af(¢t,z,s)nf(dC), for every A €
B(R), where dA(t,z,s) = {( € Z : K1((;t,z,8) € A\ {0}}.

Proof. We consider the semimartingale Z = {Z; = f(¢, X}, St), t € [0,T]} whose decom-
position is given by

t
Zy = f(0, X0, S0) —I—/ L}Sf(u,Xu,Su)du—FMf”f, t€[0,T], (A.5)
0

where E}S and M37 are defined in (5.15) and (5.16), respectively. By taking the
conditional expectation with respect to H; in (A.5), we get

t
m() =)+ [ muCxshHdut M, te 1),
0
where
. t t
M} =M 4o (/ L}ysf(mXu,Su)du) —/ (L o f (u, Xy, Su))du, t€[0,T],
0 0
and >*Y is the (H, P*)-optional projection of a given process Y, and M/ is an (H, P*)-

martingale. Thanks to Remark A.1, there exist an H-adapted process h(f) and an
H-predictable process w/ such that

/OT (hi(f) + /]R |wf(s,z)yflv*(dz)> d5‘| < o0

Nf*t * t wf(u, 2) (m(du, dz) — v (d2)du
W = [ hahars+ [ [ ) (nidu.do) - o @), te 0.7

*

]EP

and

To identify the process h(f) we define the process W* = {W}, t € [0,T]} by

7 " omu(b)
Wy ::I*+/ — 7 _qu, telo,T).
t t o Ul(u, Su) [ }

Then we compute ** (ZW*) and >*ZW* separately and since W* is H-adapted, the
equality ** (ZW*) = %*ZW* holds. By It0’s product rule, we have
of

d(ZW;) =Z, AW} + Wi L s f(t, X¢, Sp)dt + 72 (1:X0, S0 (1, X, )pt
0
+ %(t, Xt7 St)Stgl (t, St) dt + th17
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where M' := /Wdeff is an (IF,P*)-local martingale. We now introduce an H-
localizing sequence for M!:
Tn :T/\inf{t: |Wt*| Zn}, n>1.
If we take the conditional expectation with respect to #;, on {t < 7,,} we get
do’*(ZtWt*) _ d]f\;[/tl
of

—~ 0
4+ o* (Wt* ‘C;(,Sf(t’ X, St) + %(t, X, St)UO(t7 Xt)p + %(t, X, St)Sro1(t, St)) dt,

where M is an (H,P*)-local martingale. On the other hand

A ZWy) = (W7 o L sF (6 X, S) + ha(f) ) dt + AME,

where M? is an (H,P*)-local martingale. By the equality °* (ZW*) = °*ZW*, the
bounded variation terms must be equal, which means that

ht(f) = pT¢ <O'Og£) + Stal(t,St)ﬂt <g£)

on {t < 7,}. Now, when n — oo, 7,, goes to T' P-a.s. and so the process h;(f) is completely
defined for every t € [0, T]. Following the same arguments of the proof of Theorem 3.2
in [4] we obtain the expression of wf(t, z). O

Remark A.3. Strong uniqueness for the solution of the filtering equation is analyzed
in [4] and [5] for the pair signal-observation given by the system (5.7). These re-
sults can be applied to deduce suitable conditions which ensure strong uniqueness
of the solution to the filtering equation (A.2) under the minimal martingale measure
P*. In [5] the authors analyzed strong uniqueness for the Zakai equation solved by
the unnormalized version of the filter, and the relation with pathwise uniqueness for
the Kushner-Stratonovich equation. In particular, whenever the signal process X is a
pure jump process taking values in a countable space, the Zakai equation can be solved
recursively (see Section 5.3 in [5] and [9]) and pathwise uniqueness holds under the
hypothesis that X takes values in a finite space or when X and S have only common
jump times.

Remark A.4 (The diffusion market model). The dynamics of the pair (X, S) in system

(5.19) under the minimal martingale measure is given by
AX; = po(t, X;)dt + oo(t, X;)dWy, Xo ==z € R, A6
A4S, = Syoq(t, S))dW,, Sp = s > 0. '

Now we observe that

t
Xu, Sy
Wt*:Wt1+/ P18 Xur Su)

du=W,, tel0,T
o Ul(U,Su) u Wt, e [07 ]7

then I} = I, for every ¢ € [0, 7], with I given in (5.11). Therefore, the filtering equation
becomes

t t
m(f) = FO.a0.50) + [ m(Chshids+ [ ha(ral. A7)
0 0
for every t € [0, 7] and for every function f € C1'22([0,T] x R x R*), where
0 0
ht(f) = p’/Tt (0’08£> -+ Stcrl(t,St)ﬂt <8£) , t S [O,T] (A8)
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Remark A.5 (The pure jump market model). Under the minimal martingale measure the
dynamics of the pair (X, S) in system (5.22) becomes

AXy = po(t, X )dt + oo (t, X, )dW? +/ Ko(Cit, X, )N(dt,d¢), Xo=z€R
7 (A.9)
dSt:Stf/Kl(C;t,th,Stf)./\/’*(dt,dc% S():S>O
Z

Then the filter can be characterized by

t t
m:(f) = f(0, z0, s0) +/ WS(EAQX’Sf)ds —|—/ /]wa(s, z)(m(ds,dz) — v (dz)ds), (A.10)
0 0

where

dm,— % dm- (R
T ) @ - me () + T ),

In [10] an explicit representation of the filter is obtained by the Feynman-Kac formula
using a linearization method. This representation allows one to provide a recursive
algorithm for the computation of the filter.

w!(t,z) =

A.1 The filtering equation under the real-world probability measure

As pointed out in Section 5.1, to derive the H-pseudo optimal strategy we also
need to compute v}!(dz)dt which is the (H, P)-predictable dual projection of the integer
valued random measure m(dt,dz). We observed that v}!(dz)dt has a representation in
terms of 7 which is the filter under the real-world probability measure P, given by
vy (dz) = - (V7 (d2)).

Under (5.8) and (5.13), (5.14), formulated under P, by extending the results in [4],
the filter 7 solves the following Kushner-Stratonovich equation

#(f) = £(0,20, So) + /m(ﬁxsf ds+/ hal

/ / (s,2)(m(ds,dz) — 74— (V¥ (dz))ds), (A.11)
for every function f € C*2(]0,7] x R x R*) and for every t € [0, T], where
&t d”t(f)z,% - (Rf) |
9= T r i+ T, e
ht(f) (le)ol(gts(,gl)m(f) + pTe <Uog£> + Sio1(t, Se)me (gi) , te[0,T],

and [ is the innovation process defined by (5.11). The operator L x,s denotes the
generator of (X, S) under P, which is given by

2
EXSf(t x,8) = a—{+g—f o (¢, J:)—i—g—fsul(t,m,s) Ea—f (t,x)—!—%%sQU%(?ﬁ,s)
2
3 g soo(t,x)o1(t, s p+/ Af(¢t,x, s)n(dC)

where, for every A € B(R), the operator R, defined by

Rews A= [ DG sfac),

and dA(t,z,s) = {C € Z: K,((;t,x,5) € A\ {0}}.
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Remark A.6 (The pure jump market model). Clearly, we can deduce the filtering equation
for the pure jump model as a particular case of equation (A.11), with A(f) = 0 and

of  of *f ,

~ 1
ﬁX,Sf(t7x7S) = a =+ %.uo(t?x) + iﬁao(tal’) + /Z Af(<7ta'ra S)T](dC)

B Some proofs

Proof of Lemma 4.3. We denote by (BY,C¥, vF) the (T, P)-predictable characteristics of
S (see [22] for more details) and by (B, CH, ™) the (H, P)-predictable characteristics
of S.

Assume now that S has continuous trajectories. Then v¥ = v = 0 and the (F,P)-
predictable characteristics of S are given by

BF:/tafd<M>u OgF:<S>t:<M>t7 te [07T]7

and the (H, P)-predictable characteristics of S are

Bl = / COMAN). CF = () = (V) te[0.T]
0

We also recall that in the continuous trajectories case we get that o’ = ?(a”) and
(S) = (M) = (N).
This means that the (IH, P)-predictable characteristics of S can also be written as

t
BH — / rord(M), CH=(S), = (M), tel0,T).
0
Using the definition of S we get that

t t
S, — So = M, +/ ol d(M), = N; +/ a*d(N),, tel0,T].
0 0

Hence, by the Girsanov theorem we get that S has (IF, P*)-predictable characteristics
(0, (M), 0) and since (M) = (N), these are also the (IH, P*)-predictable characteristics of
S.

Again, by the Girsanov theorem S has (IH, P°)-predictable characteristics given by
(0,{N),0).

Therefore since the (IH, P*)-predictable characteristics of S coincide with its (H, P?)-
predictable characteristics and P°|y, = P*|#,, by [22, Chapter 3, Corollary 4.31] we
can conclude that PV is the restriction of P* over H. O

is
Fr
Markovian since af = o’ (t, X,-,S,-), for each t € [0,T] (see [11, Proposition 3.4]).
Then the pair (X, 5) is still an (IF, P*)-Markov process. To compute the generator Ej{,s'
we apply It6’s formula to the function f(¢, Xy, S;), and we get

Proof of Proposition 5.5. Observe that the change of probability measure

t

F(t, X4, S)) :f(o,:co,so)+/ L s f(r, X0, Sp)dr + M,
0

where E}’S is the operator in (5.15) and M3 is given in (5.16). Moreover, under
conditions (5.13), (5.14), the process M37 is an (F, P*)-martingale; indeed

T 9f\? § T ar\2
/Oag(t,Xt) (8:{) dt] < 00, EF /OU%(tvst)StQ (8£> dt] < 00
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and
* T . T
B / / AF(Gt, X, Sy )l (d€) dt] < 2 f|[EP / {0 (DY) + n; (Do)}t | < oc,
where || f|| = sup{f(t,z, s)|(t,z,5) € RT x R x RT}. o
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