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Abstract

We study the pricing and the hedging of claim ¥ which depends of the default
times of two firms A and B. In fact, we assume that we can not buy or sell any default-
able bond from the firm B but we can trade a defaultable bond of the firm A. Since the
default times of the two firms are correlated, our aim is to find the best price and hedg-
ing of ¥ using bond of the firm A. Hence we solve this problem in two cases: first in a
Markov framework using indifference price and solving a system of Hamilton Jacobi
Bellman equation; and in a secondly in a more general framework (mean-variance
tradeoff process non deterministic) using the mean variance hedging approach and
solving backward stochastic differential equations.

Keywords Default and Credit risk; Hamilton Jacobi Bellman and Backward Differen-
tial equations; Mean variance hedging.

MSC Classification (2010): 60G48 60H10 91G40 49120

Introduction

Models for pricing and hedging defaultable claim have generated a large debates by
academics and practitioners during the last subprime crisis. The challenge is to modelize
the expected losses of derivatives portfolio by taking account the counterparties defaults
since they have been affected by the crisis and their agreement on the derivatives contracts
can potentially vanish. In the literature, models for pricing defaultable securities have
been pioneered by Merton [18]. His approach consists of explicitly linking the risk of firm
default and the value of the firm. Although this model is a good issue to understand the
default risk, it is less useful in practical applications since it is too difficult to capture the
dynamics of the firm’s value which depends of many macroeconomics factors. In response
of these difficulties, Duffie and Singleton [5] introduced the reduced form modeling which
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has been followed by Madan and Unal [17], Jeanblanc and Rutkowski [11] and others. In
this approach, the main tool is the “default intensity process” which describes in short
terms the instantaneous probability of default. This process combines with the recovery
rate of the firm, represent the main tools necessary to manage the default risk. However,
we should manage the default risk considering the financial market as a network where
every default can affect another one and the propagation spread as far as the connections
exist. In the literature, to deal with this correlation risk, the most popular approach is
the copula. This approach consists of defining the joint distribution of the firms on the
financial network considered given the marginal distribution of each firm on the network.
In static framework !, Li [16] was the first to develop this approach to modelize the joint
distribution of the default times. But since, all computations are done without considering
the evolution of the survey probability given available information then we can’t describe
the dynamics of the derivatives portfolio in this framework. In response of these limits
on the static copula approach, El Karoui, Jeanblanc and Ying developped a conditional
density approach [6]. An important point, in this framework is that given this density,
we can compute explicitly the default intensity processes of firms in the financial market
considered. We will follow this approach and work without losing any generality in the
explicit case where financial network is defined only with two firms denoted by A and B.

We work on reduced form framework where the intensity process jumps when any
default occurs. This jump impacts the default of the firm and makes some correlation
between them. We assume that we can not buy or sell any defaultable bond from the
firm B but we can trade a defaultable bond of the firm A, we consider two different cases
for pricing and hedging a general defaultable claims: the indifference pricing in Markov
setting and the Mean-Variance hedging for general cases.

In the first case, our aim is to find, using the correlation between the two firms, the
indifference price of any contingent claim given the risk aversion defined by an exponen-
tial utility function. We express the indifference pricing as a optimization problem see El
Karoui and Rouge [7]and using Delbaen and Schachermayer in [2] approach. Solving the
dual problem, we find the solution of the indifference price. The characterization of the op-
timal probability for the dual optimization problem is solved by Hamilton-Jacobi-Bellman
(HJB) equations since the defaultable bond price is assumed to be a Markov process in this
framework.

In a second case, we have been interested in hedging in a general framework by Mean-
Variance approach. We assume that we work in a general setting (not necessarily Markov),
then we can not use the HJB equation to characterize the value function. Mean Variance
approach has been introduced by Schweizer in [20] and generalized by many authors
([21], [8], [14], [4], [1], [15], [9]). Most of theses papers use martingales techniques and an
important quantity in this context is the Variance Optimal Martingale Measure (VOM).
The VOM, P, is the solution of the dual problem of minimizing the L2?-norm of the den-
sity dQ/dP, over all (signed) local martingale measure Q for the defaultable bond price
of the firm A. If we consider the case of no jump of default, then the bond A price pro-
cess is continuous; in this case Delbaen and Schachermayer in [3] prove the existence of

The framework where we don’t consider the evolution of the survey probability given a filtration
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an equivalent VOM P with respect to P. Moreover the price of any contingent claim 1)
is given by EF(4). In Laurent and Pham [14], they find explicit characterization of the
variance optimal martingale measure in terms of the value function of a suitable stochas-
tic control problem. In discontinuous case, when the so-called Mean-Variance Trade-off
process (MVT) is deterministic, Arai [1] prove the same results. Since we work in discon-
tinuous case and since the Variance Trade-off in our case is not deterministic (due to the
stochastic default intensity process), we can not apply the standards results. Hence our
work is first to characterize the value process of the Mean-Variance problem and secondly
make some links with the existence and the characterization of the VOM in some particu-
lar cases. However, we really don’t need to prove and assume this existence to solve the
problem, we solve a system of Backward Differential Equations (BSDE) and we charac-
terize the solution of the problem using BSDE'’s solutions. The main contribution in this
part is the explicit characterization of the BSDE’s solutions without using the existence of
the VOM, we only use the characterization of the set of solutions via a stochastic control
problem studied by Jeanblanc and al. in [10]. Therefore, we deduce that the main BSDE
coefficient will follow a quadratic growth and since we work in discontinuous filtration
due to defaults events, using Kharroubi and Lim [12] we will split the BSDE’s with jumps
into many continuous BSDEs with quadratic growth and we conclude the existence of the
solution using the standard result of Kobylanski [13].

Hence in a first section, we will give some notations and results relative to credit risk
modelling. Secondly, we will study the case of pricing and hedging a defaultable con-
tingent claim in a Markovian framework using indifference pricing. Then in the last sec-
tion, we will study the pricing and hedging problems in a more general framework (not
Markov) using mean variance hedging approach.

1 Notations

Let T' > 0 be a fixed maturity time and denote by (Q2,F := (F;)o,7}, P) an underlying
probability space. The filtration I is generated by a one dimensional Brownian motion .
Let 74 and 77 be the two default times of firms A and B. Let define for all ¢ € [0, T):

H =14y and HP =15, (1.1)
We define now some filtrations
Gr=FVvHE, GP=FVH! and G =FVvH VHE

where H4 (resp. HP) is the natural filtration generated by H4 (resp. H?). And we will
denote G := (Gt)yepoq G = (g{‘)te[m and G? := (QtB)tE[QT]. We assume that the
density assumption holds, then the intensity process exists and is given in Delbean and
al. [6]. Fori € {A, B}, let define by \* the G'-progressively non-negative process which
represents the default intensity process of the firm i. For more convenience we work in
the enlarged filtered probability space (€2, G := (G¢)[o,7], P). We have that

) ) tAT? )
M} = H} — / Ads
0

3
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are G-martingales. Moreover we have the Kosuoka representation Theorem which is that
for any G-martingale M there exist G-predictable processes Z and U = (U4, UP) such that

M=ZW+UM

where . denotes the standard scalar product. Using this decomposition, we represent the
dynamics of the defaultable claim A in the enlarged filtration G by

= pydt + o dMP + P dMP + o dW; (1.2)

B

where p, 04,05, o are G-predictable bounded processes.

2 Hedging defaultable claim with Markov copula

Let consider ¢ € Gy a bounded contingent claim which depends on the default times
74 of the firm A and 77 of the firm B. Our aim is to find, using the correlation between the

two firms, the best hedging and pricing of 1.
Assumption 2.1. We assume that (., o, 08 o and the intensity processes A \B are determin-

istic bounded functions of time and DA HA HB.
Remark 2.1. In this case, (D#, H4, HP) is a Markov process.

We assume that the risk aversion of investors is given by an exponential utility function
with parameter § which is
U(z) = —exp(—dx)

Moreover we assume that there is a free bond (without default) which follows the
dynamics
dDY = 1, DYdt

Therefore, given an initial wealth x > 0, if we assume that investors follow an admissible

strategies (7, ), which are represented by a set A of predictable processes 7 such that

T
/ n2ds < +oo, P—a.s,
0
then we can define the dynamics of the wealth X*™ by

AX]7™ = XPTd+ 7 (e — ro)dt + o dM + 0P dMP + 0, dW] (2.3)

Therefore, to define the indifference price or the hedging of ¢/, we should solve the equa-
tion
u?(z +p) = u’(),

where functions v¥ and u° are defined by:

u’(z) = supE [~ exp(—6(X7™ —¢))] and u’(z) = supE [ exp(—6X7™)]  (24)
TeA meA
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2.1 The dual optimization formulation

To deal with the problem (2.4), we use the duality theory developped by Delbaen and
Schachermayer in [2]. In fact this theory allow us to find the optimal wealth at the hori-
zon time T and the optimal risk neutral probability Q*. In the sequel without loose of
generality, we will assume that r; = 0. Let recall now some results about the dual theory.

Theorem 2.1. [Delbaen and Schachermayer] Let U be a utility function which satisfies the stan-
dards assumptions and consider the optimization problem u(z) = sup,c 4 E [U(X7")], then the
dual function of u defined by:

v(y) = sup{u(z) — zy}, wu(zr)= in%{v(y) +yx}
x>0 y>

- 205 5)

where V' represents the dual function of U and M€ represents the set of risk neutral probability

is given by

measure.

Moreover there exists an optimal martingale measure Q* which solves the dual problem and we
have that the optimal wealth at time T is given by:

X;’ﬁ* _ g [Vzg*] ’ where v is d@ﬁned s.t. EQ* [X;E,ﬂ'*} = .

where the function I represents the inverse function of U' and Z;Qf* represents the Radon Nikodym
on Gr of Q* with respect to IP.

Now, we can apply this result to solve our optimization problem (2.4). We will resolve
only the case 9 # 0. Indeed the particular case 1) = 0 could be obtain by these results.

Proposition 2.1. Let Q* be the optimal risk neutral probability which solves the dual problem
inf |H(QP)— JE? 2.
Jnf |H(QIP) ~ 5E%(v)| (2.5)

then the optimal strateqy ©* € A solution of the optimization problem (2.4) satisfies:

—%ln <Z§@*)+¢=m+%ln (g)Jr/OTWdetA (2.6)

where H(Q|P) represents the entropy of Q with respect to P (z’.e. EQ [log (%)]) and y is a
non negative constant.

Proof. The proof is based on the Theorem 2.1. First to match with the assumptions of this

Theorem in the case ) # 0, we change the historical probability. Let define

d]P)w . eXp((S’l/}) ~ o ) €,
T lor = Eloxp(60)] and u¥(z) = iléB]E [—exp(=0X7™)],
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then setting ¢ = E [exp(d%)] we have

u(z) = supE [~exp(~d(X7" ~v))] = supE™ [~cexp(~0X7")]
7TE.A WEA
1 ogl(c),m
= Sup E™ [eXP (—5(—110g(0) + X;”))} = sup EF [exp (—5X;_51 g(©), )]
TEA ) ned

Hence by the definition of 7% (z) we obtain that
u¥ (J: — ;ln(c)> = u¥(z)

Then using the Theorem 2.1, the dual function of ¥ is given for all y > 0 by:

) = it E|V (v ) @7)

where

V(y) = sup{U(e) - oy} = sup{— exp(~dz) — ay} = L (%) 1]

Then using this expression of V' (y) into (2.7) gives after calculation an explicit expres-
sion of the dual function which is
W (y) = ¥ LA _ §EQ
) = V() + () + 5 inf |H(QIP) - 6E(v)]

Since Q* is the optimal risk neutral probability which is solution of (2.5) we deduce
that the optimal wealth at time T of the optimization problem (2.4) is given by

z¥

Xa™ =1 |yl
T Zgw

where y is defined such that EY" [X%’”*] =z — % In(c) and 1 is equal to —V'. Moreover
from Owen [19], we can deduce that there exists an optimal strategy 7* € A such that:

7y
i
73

1 T
=z — = In(c) +/ mrdD{.
0

X5 = 5

In our case, we work under the the case of exponential utility function with parameter 9.
So

=)

then we finally get that

x—éln(c)—k/o 7y dDj __51n<5) —glog (ZT )—H/}—gln(c).

which conclude the proof of this proposition.
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2.2 Value function of the dual problem

In this part, we solve the dual problem (2.9) in a Markov framework. In fact, if we
consider the same problem with a different set of probability measure like M® = Q, where
Q represents the set of all probability measure Q < P, then the value function is given by
the entropy of ¢ with a parameter 4.

But since we work in a more restricted set of probability M¢ which reprensents the set
of all risk neutral probability, the value function is more difficult to precise. To characterize
the value function, we first describe the set M¢€.

Let Q € M° and define Zg be the Radon Nikodym density of Q with respect to P.
Consider the non negative martingale process Z2 = E [Z&,@\Qt} and using representation
theorem imply that there exists predictable processes p* and p” which take their values
in C = (—1,+00) and a predictable process p which takes its values in R such that for all
t e [0,T]

dz? = Z2 (p{d M + pPdMP + prdWy)
Since Q is in M®, it is a risk neutral probability, then ZD* is a local martingale. This
implies by Ito’s calculus the following equation:

pe+ prof N+ pPaPAT + por = 0 (2.8)
Remark 2.2. We notice that the process p depends explicitly to p? and p®.

Therefore using equation (2.8), the latter (2.5) can be formulated as find p? and pB
which minimize:
: Q Qy _
Jnf E [m(ZT) 51/;} (2.9)
We make now an Assumption.

Assumption 2.2. The contingent claim 1 € Gr is given by
¥ = gD posry + f(DA sy
where g and f are two bounded continuous functions.

Proposition 2.2. The value function of the dual problem (2.9) is given by:
T
V(D' B, HE) = inf E [ / j(s, o, pP, DYds — 59(DF) 1 mory Dz“,Hf,HtB]
pApPe t
(2.10)
where the function j is defined by:

](5,/3?7PSB7 D;q) = Z >‘s [(1 + ps) ln(l + ps) - ps] - 5(1 + psB))‘st(D?) + §p§ (21])
1€{A,B}



Proof. The proof is based on the Ito’s formula. We write first the dynamics of In(Z?) under
Q which is given by

din(Z2) = > pidM] + [In(1+ p}) — pi] dH] + p,dW; — *pt pdt
i€{A,B}

Using Girsanov theorem, the processes defined for all : € {A, B} by

M} = My —/0 pPAeds and Wy=W; _/0 psds

are Q-martingales. Hence we obtain that
T
1
In(2) - 69 / S L+ )1+ ) ~ gl 3 | / FOHE + (D)1~ )|+ Gotar 4
zE{A B} 0
where MY is a Q-martingale. Then we can rewrite the dual problem using the last expres-

sion:

T
Q Qy _ ; Q . A B pAy _ _ 7B A
Qg}\f/[eE [hl(Z ) 514 oA TSEECE |:/0 ](87:03 y Ps 7Ds ) 5(1 HT )g(DT):|

where j is given in (2.11). Since by Remark 2.1, the process (D4, H4, H?) is a Markov
process, then the value function of the dual optimization problem is given by:

T
V(t,D{, Hi, HE) ‘meJEQ [ / i(s,p3 0%, DSYds — 59(D#) o1y Dz“,Hz“,HtB] (212)
4.0 t

O

We need now to evaluate an explicit form of the value function.
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Proposition 2.3. Let z = (x,h?, hP), the value function of the dual optimization problem is
solution of the following Hamilton-Jacobi-Bellman equation:

0 0
B (02) + 3 (6 0% ) £ (L, 0,0V (2) 4 Tt P}, V(T,2) = gl L= 1) 2.1)

where

LyapV(tz)= [—g‘:(t, 2)o'(t,z) + (V(t,2") = V(L z))] (1 + pHN(t, 2)

1€{A,B}

2' = (z(1+0'(t,2)), k" + o', kP + 1 — of) where o = 1 and of = 0.
Moreover given the value function, the optimal strategy satisfies:

*__7 ov Pt
L (8m (t7z>+DZ4_U(tjz)>

where the process p is explicit given with the optimal control p', i € {A, B}, see the relation (2.8).
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Proof. From Proposition 2.2, we find the value function of the dual optimization problem
see (2.12). Using Hamilton-Jacobi-Bellman (HJB) equation we get:

t+h
V(t’DzA’HtAaHf) :pAi[I)lgecEQ |:/ j(s,pf,ps,DA)ds—}—V(t—i—h t+h’ E&-h)‘D?’H{L‘aHtB
: t

Then the value function solve the HJB equation (2.13). In the next part, we find the opti-
mal strategy given the value function. Let recall that from Theorem 2.1, the optimal risk
neutral probability and the value function exist. Let define p*, 5% and p the optimal den-
sity parameters. Since p* and p” are optimal for the HJB equation, assuming o (¢, 2) # 0,
using first order condition we find for i € {A, B}:

oi(t, 2)
o(t,z)

Then using the HJB equation and the relation (2.14), we find the following relation:

{(V(t, =V (t, 2))—za'(t, z)gv (t,2)+In(1 + pb)— P [N (t, 2)=0(1 — o) f(x)N'(t, 2) (2.14)

- 7pt + Z pt)\ t Z Z (]‘ + pt) O'(t, Z) pt + 2 Ox2 (ta Z)CL' g (ta Z) + ot (ta Z) (215)
i€{A,B} 1€{A,B}

Let recall the Ito’s decomposition of the process In(Z%"):

In(zZ2) = / [prdW; + ptdt / > [+ ph)dH] — piN' (¢, 2)]

0 O ie{A,B}

Then using equations (2.15) and (2.14), we find a useful a more explicit decomposition of
the process ln(Zg* )

. T 10%v Tov L
n(Zf) = [ —5 Gt DR [ G [ pd

2 02
- [(V(t,zzd—vu,zt))—D?a%t,zt)gvu,zﬁ aH]
i€{A,B} v
/ > T plan - (14 Xt ) + [ 5D )aHE
iciany © tz 0

where z, = (D{, H*, HP), then using the Ito’s decomposition of V (T, D4, H#, HE), we
find:

T _

ln(Zg):/ U(ftz) U(t,zt)th-l- Z al(t,zt)dMZ —‘r(Sf( )1{7—B<T}
0 ’ i€{A,B}

Tov

—V(T, Dy, Hy, HY ) + V(0, D§, Hi', H ) + | o
0

Since
V (T, Df, Hf, HE) = ~8¢(D)(1 — HE)
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and
Y = f(D4 ey + 9(D7)(1 — HY)

then we get:

T —
Q" _ s A 77A 1B Pt ov A
ln(ZT ) — oY =V (0,Dg, Hy', HY) +/0 [D;‘_U(t, o) + O (¢, Zt)] dDj

From Definition of the value function,
V(0, Df, ', BE) = BV [n(2]) - o0

*

* * * Q
using the fact that E? [Xgﬁ’” } =2z — 3In(c) , where X" = —1In <1 71 > see Theorem

5 o0
2.1, we deduce that

EY [—(15 ln(Zg*) +¢— %ln(c) - %ln (y)} =z — %ln(c)

Hence we conclude that

V(0,D{, H, HP) = —62 — In (%)

Finally, we find
1 " 1. ry T Pt ov A
——In(Z% —z+-In(2 S P e D
pnlZr )+ “5“(5)*/0 5[D;‘_a(t,z)+8x(t’zt) 4D
Therefore from equation (2.6), we obtain the result of the Proposition. O

In conclusion, we have find that since we can characterize the optimal probability for
the dual optimization problem using the Delbaen and Schachermayer Theorem, we can
characterize the HJB equation and then this allows us to find the optimal strategy for the
primal solution for a defaultable contingent claim. Therefore we can find for ¢ = 0 and
1 # 0, the optimal strategy in the both cases and deduce the indifference price p of a
defaultable contingent claim solving the equation u¥ (x + p) = u°(x).

3 Generalization of the hedging in a general framework: Mean-
Variance approach

In this part, we assume that we work in a general setting (not necessarily Markov), then
we can not use the HJB equation to characterize the value function. The Mean Variance
approach is a well-known methodology to manage hedging in general case. It seems to
have been introduced in 1992 by Schweizer [20]. An important quantity in this context is
the Variance Optimal Martingale Measure (VOM). The VOM, P, is the solution of the dual
problem of minimizing the L?-norm of the density ‘Cll%, over all (signed) local martingale
measure Q for DA. Let recall now the Mean-Variance problem:

min E [(X;i’” - 1/))2} . (3.16)

10
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If we assume G = T (in the case we do not consider jump of default), the process D is
continuous; in this case Delbean and Schachermayer [3] prove the existence of an equiv-
alent VOM P with respect to P and the fact that the price of 1 is given by Ep(w). In
discontinuous case, when the so-called Mean-Variance Trade-off process (MVT) is deter-
ministic, Arai [1] prove the same results. Since we work in discontinuous case and since
the Variance Trade-off is not deterministic (due to the stochastic default intensity process),
we cannot apply the standards results. In this part, our work is first to characterize the
value process of the Mean-Variance problem and secondly make some links with the exis-
tence and the characterization of the VOM in some particular cases. First, let recall some
usual spaces:

e S is the Banach space of R?-valued cadlag processes X such that there exists a
constant C satisfying

T
IXlls= = sup [ X, <C < +00 and (E[ / rxtm]) < oo
t€[0,T] 0

e H? is the Hilbert space of R-valued predictable processes Z such that

T 3
1222 = <E [/0 |Zt|2dtD < +o00

e 743 is the Hilbert space of R%-valued predictable processes such that

W= (2] > [ wienia])' = (=] [ wia]) < o

JjE€{A,B}

where
1
2

oles=| Y. PN | €RyU{+oc} (3.17)
je{A,B}

forv e R?and t € [0, 7).

e BMO is the space of G-adapted matingale such that for any stopping times 0 < o <
7 < T, there exists a non negative constant ¢ > 0 such that:

E[[M]; — [M],-1Gs] < c.

when M = Z.W € BMO, to simplify notation we write Z € BMO.

Definition 3.1 (R2(P) condition). Let Z be a uniformtly integrable martingale with Zy = 1 and
Zp > 0, we say that Z satisfies reverse Holder Ry(IP) under P if there exist a constant ¢ > 0 such

that for every stopping times o, we have:
Z2\*
(%) 'g"] =

11

E
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3.1 Characterization of the optimal cost via BSDE

In this part, we characterize the functional cost of the Mean-Variance problem using
dynamic programming via BSDE. Given an admissible strategy 7 € A, let define J;(7) the
functional cost of the Mean-Variance problem at time ¢ € [0,7]. From dynamic program-
ming, we find for any 7 € A that J(x) is a submartingale and for the optimal strategy
m* € Athat J(7*) is a martingale. Let recall the usual assumption:

J(m) = O XPT =Y + & (3.18)

where O is a non-negative G-adapted process and Y, £ are two G-adapted processes. There-
fore using the properties of the functional cost, we find the following characterization of
the triplet (0, Y, §) using BSDE. First let give some characterizations of the process ©.

Proposition 3.4. The process © is a submartingale, moreover there exists a non negative constant
0 > 0 such that ©;, > § > 0.

Proof. From Theorem 1.4 of Jeanblanc and al. [10], we get that © is a positive submartin-
gale. To prove that there exists a non-negative constant § such that © > ¢ > 0, first
we should prove that there exists a martingale measure Q € Ry(P) and then we can de-
duce from Lemma 2.1 of [10] that the assertion is satisfied. Let given Q a martingale
measure and denote by Z7 its Radon Nikodym density with respect to P on G;. We de-
fine Z; = E[Zr|G;] for t < T. Therefore from representation theorem, there exist three
G-predictable processes pA, pP and p such that dZ;/Z,- = p{dMP? + pBdMP + pidW;.
Moreover we get i + o4 pA At + o P pP AP = 0; then for i € {A, B}, we can choose p’ > —1
such that there are bounded, then from the boundness condition of p, 04,05 A4 and \B,
we deduce p is also bound. Therefore, we deduce the stochastic logaritm £(Z) of Z is
BMO moreover there exists a non negative constant h, such that 1 + AL(Z) > h then from
Theorem 2.14 of Delbean and al. [4], the chosen martingale measure Q € Ry (PP). O

Proposition 3.5. There exists an optimal strategy ©* € A such that
J(T) = OuXTT = Y)" +&
is a martingale, where the triplet (0,Y, &) follows the BSDEs:

dO,

.~ *Qtl(@ta O, Be)dt + 0r.dMy + BrdWr, 0,=1

-

dY; = —g2(Vi, Uy, Z)dt + UpdM; + ZydW, Y = (3.19)
dé = —g2 (&, 0, Ry)dt +  €r.dM; + RedW, &r =0.

where § = (64,0), U = (UA,UPB) and ¢ = (e*, ¢P) are G-predictable processes and the martin-
gale of defaults M = (M4, MP).

12
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The different coefficients g7, j = {1,2, 3} are defined by:

o 2
[Mt + 2icqapy OioiAi + Utﬁt]

1
9¢ (O, 0, Bt) = — PR B
0F + D iciany (L +07)(01)°N;

|:/'Lt + ZZE{A,B} 9?0’%)\% + Ut/Bt] |:O-tZt + ZiG{A,B}(l + 9%)0';(];)\%
of + Dieqam L+ 07) (o) Ai

+ > OUIN + BiZy
i€{A,B}

9,:2<Yta Uta Zt) - —

L o\ 2
Zyor + Y ieqa,ny 0tU (L + 0N,
g?(ghetht) @t* Zt + Z 1 +0t )‘t ( 2 i N2 z)
ic{A, B} oi + 2ieap (14 6:)(03)" A

Proof. Let 7 be an admissible strategy, let find the triplet (©,Y, ) such that forall ¢t < T
i) = 0T = Vi) + &

is a submartingale. Since we know the dynamics of the wealth and the representation
of the triplet (©,Y, ) (3.19); from Ito’s formula and integration by part formula for jump
process, we find the decomposition of J(m). Let recall that for any S, L semimartingale,

we have that
d(S¢Li) = S;-dLy + Ly-dS; + d[S, L],

In our framework since jump comes from defaults events we get

d[S, L]y = (S, L+ > AS]AL{dH]
i€{A,B}

Applying this results for S = L = (X*7 —Y) gives:

X" —Y)] =2X7T Yo | (mupe + gf)dt + Z (ot — UNAM] + (mi00 — Zi)dW;
i€{A,B}

+(ovme — Zo)Pdt + Y (moi — Uf) dH]
1€{A,B}

13
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Secondly take S = © and L = (X" — Y))? , let define K := (X*™ —Y), we find:

d (9K2)t = 2Kt_ @t— (7Tt,ut + g?)dt + Z (7Tt0'§ — Uvg)d]\ftZ + (ﬂ'tO't — Zt)th
i€{A,B}

+ O, (oyme — Zo)Pdt+ Y O, (mol — Uj)’dH} — €, K2 gldt
1€{A,B}
+Oi-K7 | Y 6idM] + BudWy | + 2K~ O, (mi0y — Zy)Budt
1€{A,B}

+ Z |:7Tt0t ;) +2Kt*<77t0'§_Uti):| 0;0,-dH|
1€{A,B}

Using this decomposition, we can write explicitly the dynamics of the functional cost J(7)
forany 7 € A, dJy(7) = dM[ + dV;":

dJy(m) = AM] + Oy~ [mfay + 2me(be K + ) + 2K (g7 — we) — K g} + v dt — g}dt (3.20)
where processes are defined respectively by:

i\2 i i ipiyi
ar = of + Z (07) (L 4+0)N, >0, b=+ 0oefe + Z o0\

i1€{A,B} z‘e{A B}
c=—0Zi— Y. oL HON, w=22+ Y (U)(L+oN
1€{A,B} ie{A, B}
up = P2y + Z M
i€{A,B}

The fact that, for any =, the process J(7) is a submartingale and the fact that there exists 7*
such that J(7*) is a martingale imply that we should find 7* such that the finite variation
part of J(7*) vanishes. Then for any 7, V™ > V™ = 0.

Therefore the strategy 7* minimize the finite variation of V™. Since the coefficients
g%, g% and g® do not depend on T, using the first order condition (for any ¢ € [0, T], 7 — V™
is convex since a > 0 using Proposition 3.4), we find that

oo Jbfite g (3.21)
ag
where K; := X;"™ — Y;. Therefore using the explicit expression of the optimal strategy on
(3.20), we find:

. b K. ?
dJy(m) =AM + ©,- —(”a“t) +2K,(g7 — ) — K2gt +ve| dt — g}t
t
* of 1, b bect cf 3
at ag ag
then setting gf + a— =0,97 —w btct = 0and (v — —)@t_ — g3 = 0. Finally we find the
expected results. O

14
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Remark 3.3. If we find the solution of the both first BSDEs then the solution of the third is given
explicitly using representation theorem. Moreover we find:

T 2
ftZE[/t <(vs—28)@5>ds‘9t}, t<T.

In the complete market case, we have that the tracking error § = 0 since the hedging is perfect.

3.2 Characterization of the VOM using BSDEs

We show in Proposition 3.8 that the Proposition 3.4 is equivalent to consider the triplet
(é, 0,3) in 8 x 8 x BMO. This assertion leads us to construct the VOM in some com-
plete and incomplete markets. We find also that the price of the defaultable contingent
claim 1) via the VOM. We consider three different cases:

i. Complete market (where we assume G = F and G = HA)
ii. Incomplete market (where we consider only the case G = F v H*4).
iii. Incomplete market (where we consider the case G = F V HA v HB).

We have explicit solution of the VOM with respect to the process © in the first two cases.

3.21 Complete market

If we assume that G = F (we do not consider the default impact of A and B on the asset
dynamics of the firm A) or G = H4 (we don’t consider the spread of the market) then with
the usual assumptions on the assets parameters, the financial market is complete. Hence,
the VOM is the unique risk neutral probability and its dynamics can be found explicitly.
Our goal in this part is to find the solution of the triple BSDEs given the VOM P.

Proposition 3.6. Let P be the VOM (the unique risk neutral probability) and let define Zr be the
Radon Nikodym density of P with respect to P on Gy. We denote Z; = E [Zy|G,], then for all
t < T, we have that

72
o= gTreg
E [ZT|gt]
Moreover for all t € [0, T] we have that
Y; = E [¢|G]

Proof. We will consider the two cases
(i) G=F

(i) G = HA

15
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First case: Let consider the case where G is equal to IF and let the process L defined by the
stochastic differential equation given by

dL; = Ly pidW;

where p.W € BMO, using Ito’s formula we find:

L3\ L}
d (@t) = o, (200 = B)AW: + (8] + g1 = 2Bipu + p})el]

_ L L 2
=0, (20 = Be)dWy + | (Br — pt)” — (— + B¢) | dt
t ¢
_ L e 1
-0, (2pt — Be)dWi + | (—pr — =) (2B + pr + —) | dt
t (oF Ot
Then if we set for all ¢ < T that
pt = B
Ot

then the process %2 is a true martingale using the bound condition of (3, s, o) and the
BMO property of 5. Therefore we get:

L? L?
E —T) =t <T
<(")T gt) @t ) t >~
Since O = 1, we find the expected result.

Moreover we obtain that L. = Z which is the Radon-Nikodym of the unique risk neu-
tral probability; g7 = —g—:Zt ,93 =0,thenY; = E[)|G]and & = 0,t < T.

Second case: Let now consider the case where G is equal to H and let the process L define
by the stochastic differential equation given by
dL; = Li- p{dM

where pA. M4 € BMO, using Ito’s formula we find:

r 2 2 2
J(EY B [0t g (O 20t L Y,
SJ O | 1+67 ' 1+0f! t

L2 [ (1+p)? 2 2
t t A A A Ht A A

= —1|dM -0 — 0 Adt
o, _( 1+ 04 t+1+9£4<(/0t ) (U£4>\24+t)> t
L [ (+p)
t t A A Mt A A Mt A

= —1|dM —20 — Aldt
0, ( 1407 ¢ "’1_'_924 <(Pt +024)\24)( t TP 024)\24)> ¢

thenif wesetforallt <T
pilt = =

TVA_A
Ap'of

then the process %2 is a true martingale using the bound condition of ©, p, o

we get:
L2 L?
E (=L =t t<T
(@T ’gt) ®t7 -

A 94, Hence

16
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Since O = 1, we find the expected result. Moreover L = 7 the Radon-Nikodym of
the unique risk neutral probability and g} = —44U, g} = 0, then ¥; = E[¢|G;] and
&=0,t<T. ‘ 0

Remark 3.4. We can find the existence of solution of the triple BSDEs using only the explicitly
given VOM.

3.2.2 Incomplete market

In the incomplete market case the remark 3.4 doesn’t hold true. The VOM depends on
the dynamics of the triplet (6, 6, 3). In the particular case where G = F v H*, we can find
that the Proposition 3.6 holds true. But in the case G = F v H4 v H?, we can not prove
the existence of the VOM but we still characterize the process © with some martingale
measure.

Proposition 3.7. Let consider the incomplete market G = FVHA, then the VOM (defiines the local
martingale measure Q which minimizes the L2-norm of Z%), Zr represents the Radon Nikodym
density of P with respect to P on Gr and Z, = E [Z7|G,]. We find forall t <T

72
QO =_— -t
' E[Z316)]
Moreover
Y: = E[¢|Gi]

In more general case, where G = F vV HA v HP, we can only prove there exists a martingale

measure P such that: ,2
A
Oy=——~t—— t<T.
" E[Z2]6)]

and

Proof. First step:
We consider the case where G = FVHA. Let consider Q is a martingale measure for D and
let define Zg its Radon Nikodym density with respect to P on Gr. we define the process

Z2=E [Zg |Qt] . Using martingale theorem representation there exists two G-predictable

processes p” and p such that
dZy = Zy- [p{dM{* + prdWy]

Using Ito’s formula, we find:

2 Q 2 A2
(th@) (Zt*> (1 + p; ) A .
d = —1]|dM 20 — aw. dt 3.22
( o, o, 707 24 (2p8 — Br)dWe + ji (3.22)
(pf—01)*

where j; = (p; — )% + M+ g}. Since Q is a martingale measure for D* we get

using (2.8) that

1+64
i+ pit o A\ + pror = 0

17
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Hence using this equation we can find p* using p and plotting this result on the expression
of j. We find:

je=(pe = B)" + (e + oupe + JtAef)‘tA)Q _ (et Broe + 924024>\24)2
(146 (o)A (14 04)(0A) 224 + o2

Let now define
_ _ 2
pr=pt— B, ar=op+(1+0) (o) N

and
by = e + 0By + 0 07N

then we get:

= E%O’?:| at ( I_)tO't>
agpy + Qﬁtth't + — = pt+ —
[ a (1400 (o)A Z

2
Then with (3.22), j > 0 and the process (ZS) is a submartingale (since Z© is a martingale

1
2
(14067 (e) A

Je =

| @z’ ] S @
and g € §%°). We deduce E [@TT] > %@, since ©7 = 1 and Zg} =1.

Finally we get for any martingale measure for D4 that E {(Zg)z] > 9%' Moreover if we
set py = —b’(%, then Z is a true martingale measure since (0,6, 3) € S* x 8 x BMO and
p, 0, o are bounded (the process b,a, p and p# are bounded). We call P the martingale
measure under this condition then E [Z%] = 9%). We deduce P is the martingale measure
which minimizes the L?-norm of Z and ©; = E[szig]7 t < T. Using the explicit expression

719t
of p we find: ~
ot
pr=——"+p
ag
1+ 600
pA — _( t ) t Yt + 024

at
Moreover since

o —bi(oiZy+ (1+0MU o N

gi = + BiZy + U

ag
b 14+ 60)oi'b
-z (M) o (I g
Qg Qg
= Zipy + UL p A2

then we conclude that Y; = E [¢|G;]. Therefore the characterization of the price of ¢ (using
Mean-Variance approach) and the VOM in this incomplete case is well defined using the
triplet (0O, 0, 5) associated to the first BSDE.

Second step:

We consider the general case where G = F Vv H4 v HP. Let consider Q is a martingale
measure for D4 and let define ZéQf its Radon Nikodym density with respect to I’ on G7. We

18
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define the process Z2 = E {Zé,@ \Qt] . Using martingale theorem representation there exists

two G— predictable processes p*, pP and p such that
dZy = Z;- [pitd M + pP dMP + prdW]

Using Ito’s formula, we find:

Q\2 Q42 i\2
d ((Zt ) > _ (Z,) Z <(1+pt) - 1) dM;} + (2p; — Be)dW; + jidt
ic{A,B}

@t @t* 1+ 9%

i piy2 .
where j; = (p — Bi)? + 2ic{A.B} 02 i +g’§) A 4 g} Since Q a martingale measure for D4 we
’ t

get by (2.8)

pi+ Y oA+ por =0
1€{A,B}

Hence using this equation, we can find p using p and pP and plotting this result on the
expression of j. Let first recall a notation:

a; = ol + Z (1+ 9%)(0%)2)@ and by =y + 0Bt + Z 0loiN:
i€{A,B} i€{A,B}
then we find:
Co =146/ (") M
(o — 0F)

2
iNe i\2\i
1+91{3 )‘F E (1+9t)(0t) AL
i€{A,B}

= (pr — B)*[oF + (1 + 6 (o) M) +

b? 9
t (07 + L+ 0P) (0 AP + 2008 = 0F) (o1 — B)ono P AP

+2b; [(pe — Br)or + (pf — 07 )0 P AP

Then from the two first term we add and move an additional process to find the process

a, we get:
b2 (pf —6P)’ pi 07
C: = |:(Pt - /Bt)Qat + ;iaf + 2b¢(pr — ﬁt)at] +(1+ HF)AtB[ (I 4 9;)2 @+ 2y { QtBt
b B2 B\\B (o =6F) g 2/ _B\2 (PtB_‘gtB)2
4+t + (X +07)N 200t — Bt) 5 B (14 6B)?
() | + @+ 8PP 2000 - 5) (ramy ot~ o= AP = e

Finally we find a more explicit expression of the coefficient j:

2 B _ pB oB\ 2
Ci = w [((Pt—ﬁt)—l-lhat) _1_(14_9{3))\?((/)1& et)+bt t ) ]

at 1+ QtB ag

B _ B 2
(14 gB)\E Bz< _ Utptt)
1+ 07)M (o) | (ot — Br) oF 1408
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It follows that if we set p; — 3 := _%Ut and pP — 0P == —(1+ HtB)atBZ—j, then we find j =0
and pf! — 04 = —024(%.

Since (&, 0, 8) € S x §* x BMO and p, 0, 0 and o are bounded then the processes
b, a, p, p* and p? are bounded. Therefore, we deduce there exists a martingale measure P
such that

5<@t:i t<T.
- ElZle] T

Moreover we find for all ¢ < T that

9i = Zipi + Z U/ pi;
i€{A,B}

then Y; = E [1|Gy].

To identify that P is the VOM in this case, we should prove that j > 0 as in the first
case; but from the last expression of j, we can’t prove that this condition holds true. We
remark that the assertion of VOM will be justify if one of the following equality is satisfied:

P07 apl Z 07 ppit 08 UA(pt_ﬁt):Utpf—Gf“
1+0F 7 7140 Tt 1408 K 1+67

O]

ol (pr—B) =0

3.3 Existence of BSDE’s solution

We prove in this part the existence of the triplet (0,6, 5). Note that to prove the exis-
tence of the triple, we dont need the assumption that the VOM exists and should satisfied
the Ro(P) condition (this assumption implies the Radon-Nikodym of the VOM P with re-
spect to P on Gr is non-negative). Proving that the triple exists justify from Proposition 3.7
that the VOM exists. Moreover if the triple is defined such that Z is non negative implies
that IP satisfies the R (P) condition.

Proposition 3.8. The process (&, 0, 3) € S x 8> x BMO. Moreover there exists § such that:
0 <Oy <1, tG[O,T].

Proof. The proof is a consequence of Proposition 3.4 and Proposition 3.7. Indeed from
Proposition 3.7, we deduce § € $*. Moreover since © > 0 and from the equation:

T T T
@tz@T+/ @S_g;(@s,es,ﬁs)ds—/ 95_95.dMS—/ O, BsdWs.
t t t

we conclude § < 0; < E[O7|G;] < 1. We can remark that we find the same conclusion
(© < 1) as Jeanblanc and al. [10]. Actually, since the process © is bounded, from Lemma
3.1 in Appendix we conclude that the process (©;-6;),., is bounded. Therefore since
© > 6 > 0, we find that the process ¢ is bounded too. To_prove that 5 € BMO, we use Ito
formula to:

T T T
/ 02624t + / 0 Y (o) Ndt <% — 62+ / 20, gldt + My — M,.
T T i€{A,B} T
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where 7 is a G-stopping times and M is a martingale (from Doob’s decomposition of the
submartinagle ©), since g* < 0 and 0 < § < © < 1 then taking the conditional expectation

E[/jﬁtzdt

We conclude 5. W € BMO (for simplify notation 8 € BMO). O

we find:

1
QT} < H1-8)

Actually we can prove the existence of the triple BSDEs since we have more informa-
tions on the space of solution.

Theorem 3.2. There exists a triplet (©,60,5) € S x §> x BMO solution of the BSDE

de
(})7t = —gtl(@t, 0y, ﬁt)dt + 0;.dM; + BidWry, Or = 1.
-

Moreover given the triplet (0,0, 3), we can prove the existence of solutions of the two BSDEs
(9%,) and (g°,0).

Proof. The proof is divided in two parts. In the first part, we give a general bound for the
coefficient of the first BSDE and in the second part we deal with splitting technics to deal
with the existence of the BSDE.
First step: Let define g, = ©,- g}, 0: = ©,-0: fori € {A, B} and 3; = ©,- 3, t < T and let
define the BSDE (g, ©r):

dO; = —gidt + 0;.dM; + BrdWs.

Let define some properties of g:

S 2

[Mt + 2icqapy OioiAi + Utﬁt]
AYPEAYAY

o} + Zie{A,B}(l +6;) (o)A
L N\2

2 (Zie{A,B} giai)\i)

30,- |HL+

APEAYAY
T4 Zie{A,B}(l +6;) (o)A}

|gt(@t76t7ﬁt)’ = @t*

IN

+ B2

IN

2
60, [52 + B2+ (140N + (1 + etB)AtB}
t

since the process p, o and © are bounded then there exists a non negative constant C' > 0
such that:

1G1(O1, 04, B)| < C |1+ 0,57 + Z (1460,
i€{A,B}

Since the processes (0,-6}),., and X, i € {A, B} are bounded then there exists a non-
negative constant C' such that:

> 12
1G:(©¢, 01, Be)| < C (1 + ‘Bg‘) . (3.23)
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We can split the BSDE on different continuous BSDE (see Kharroubi and Lim [12]) and
since the bound of the coefficient does not depend on the jump process then the different
coefficients of the splitting BSDEs will satisfy a quadratic growth.

Second step: (The splitting of the jump BSDE):

First we define 7' = 74 A 78, 72 = 74 v 7B and

Ap={(l, ) e ®NH 1l <1}, 1<k<2.

Since we work with the same assumption (density assumption) and notation as in [12]
then we can decomposed ©r and g such that:

Or = Ylgocr<ny 7 {T Dlgpicrersy +72 (7L 7)1 pon

and
9:(01,0,,8) = 300,60, 3)jo<r<ry + 3 (0,0, 8, 7)1 r1creray + 57(0,0, 8,71, 7)1 s 2y

where 1" is Fpr-measurable, v* is Fr @ B(Ay)-measurable for & = 1,2 and g° is P(F) ®
B(R) ® B(R)-measurable, g* is P(F) ® B(R) ® B(R) @ B(A¥). Moreover the variables
v* € (0,1) for k = {0,1,2} since O € (0,1) (see proposition 3.1 in Kharroubi and Lim
[12]).

Let now give the main result of splitting BSDE which is a first step to prove the exis-
tence of the triplet (0,0, 3). Let I € Ay and let assume the following BSDEs:

dO%(1) = —g2(02(1),0, B, (1))dt + B, (1)dW,, ©%(1) = ~*(1). (3.24)

admits a solution (©%(1), B:(1)) € S*([la AT, T]) x H?[la AT, T] and for k = {0,1}

dOf (I)) = —g¢ [@fﬂ(l(k))’ (©F - Gf_l)a(k))?Bt(l(k))} dt + Be(lay)dWe,  O5 (L) = 7 (y)-

(3.25)
admits a solution (©* (I, B*(Ix))) € S®([lx AT, T]) x H2[lx AT, T). where L) = (I1, -1,

then the triple (0, 6, 3) is given by:

O = Ol jerty + OL(T ) ricicry + 07 (71, 7)oy
Be = By + BH (T ciarey + BT, 7812y (3.26)
00 = 01 gerry + 0, (1) 111 <<y

where ét(T(k)) = @f+1(7(k),t) - @f(T(k)) and T(k) = (Tl, cee Tk), for k = {0, 1}.

Therefore, to prove the existence of the triple (0,6, 3) we should prove the existence
of the BSDEs (3.24) and (3.25). Firstly, let remark for & = {0,1,2}, 4% € (0,1) and 0 <
@k(l(k)) < 1. Secondly, from the boundness of g from (3.23) we deduce using the same
arguments of [12](proof of Proposition 3.1 step 2) that there exists a non negative constant
such that:

3wzl < C (L4 [22).
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To resume, to prove the existence of the BSDEs (3.24) and (3.25) it is sufficient to prove the
existence of the BSDE:

dry = —ft(l't, Zt) + thWt, xT =17 € (O, 1) (327)

where | fi(z,z)| < C (1 + |2|?). From Kobylanski result see [13], there exist a pair (X, Z) €
S x BMO maximal solution, then for k& = {0, 1,2}, there exists a solution (6%, Z*) asso-
ciated to (g*,~*). Therefore we conclude the existence of the triple (0,0, 3) € 5S> x S x
BMO using (3.26). O

3.4 Special case and explicit solution of the BSDE

We assume G = F v H* and that the parameters of the asset’s dynamics are constant
before and after the default time 7#. Moreover, we assume that the intensity process is
given by \s = \(1 — H'). Using theses assumptions, we find an explicit solution of the
BSDE associated to (g, ©r) using the splitting approach.

Assumption 3.3. The processes 1, 0,0, \ in (1.2) satisfy the following sassumptions:

such that ;1(0)k = o(0)2 + k2.

Proposition 3.9. Under Assumption 3.3, there exists a solution of the BSDE associated to (g, ©)
given by:

1(0)

C"')t = exp |:_/{,(T — t):| 1{7'A>t} + exp 1{TA§t}7 t S T

Proof. To prove Proposition 3.9, let first recall that using the splitting approach developped
by [12], we can write the BSDE before and after the default. Let recall that in our case:

Or = O1pcray+0H(T N1 agy
1,0 1,1
gtl = 9 lpperay 97 1pacy

where ©° and ©! satisfy the following dynamics:

0
- dsot =g,°(0Y, 07", B))dt — BYdW, + N6idt, ©% =1,
t
do(l
o @1t((l)) = gtl 1(@%(07 0, ﬁtl(l))dt - ﬁtl(l)th, @%ﬂ(l) =1
t
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with

G10(@0. 6. o) = _ PO T ORA+ (0)3°]

, ]
O (g nd el @l0.0.5 ) = T

where [ € A; and 0} (t) — ©) = /109, see proof of Theorem 3.2 for more details. Using
2
Assumption 3.3, we set (1) = 0 and we find g, (8}, 0, 81(1)) = — <%) , since OL(1) =
1, then ©(1) = ©!, we get:
2
O} = exp [— <M(1)) (T —1)

t<T.
0_(1) ) —

To find the solution of the first one, we set 5 = 0 and from Assumption 3.3

1(0)k = 0(0)% + K2\

we deduce g;°(0Y, 64, 30) = — @ —0{'\. Therefore we find that O satisfies the dynamics:
ey 1(0) 0
it S — 1.
o S, ©
we get O = exp —@(T —t)| and we find the expected result. O
Appendix

Lemma 3.1. Let consider X and Y two G-predictable processes such that for i € {A, B}, Y, =
X,. Then, Xy =Y, on (1; > t) a.s. Moreover, if X;, <Y, then X; <Yiason (1; > t).

Proof. Assume that X and Y are bounded. If X, = Y;,, then [;*|X; — Y;|dH} = 0 and

O:E(/ |Xt—Yt|dHti> =E U |Xt—Yt|>\f;dt} .
0 0

Therefore, we have X; = Y; on (7% > t). Moreover, if X, <Y.,we consider the predictable
process V' defined as V; = Yl x,<y,;- Then V.. = Y. and by using the first part of the
proof, we obtain V; = Y; on (7% > t). The general case follows. O
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