First-to-default and second-to-default options
in models with various information flows”
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We continue to study a credit risk model of a financial market introduced recently by
the authors, in which the dynamics of intensity rates of two default times are described
by linear combinations of three independent geometric Brownian motions. The dynamics
of two default-free risky asset prices are modeled by two geometric Brownian motions
that are not independent of the ones describing the default intensity rates. We obtain
closed form expressions for the no-arbitrage prices of some first-to-default and second-
to-default European style contingent claims given the reference filtration initially and
progressively enlarged by the two successive default times. The accessible default-free
reference filtration is generated by the standard Brownian motions driving the model.

1 Introduction

In this paper, we derive closed form expressions for the (no-arbitrage) prices of first-to-default
and second-to-default European style contingent claims in a model of a financial market in-
troduced in [19] given the flows of information which are expressed by the reference filtration
progressively and initially enlarged by means of the successive default times. It is assumed that
the option payoffs depend on the default times and the current prices of the underlying default-
free risky assets taken at the times of defaults. The dynamics of market prices of the two risky
assets are described by geometric Brownian motions driven by constantly correlated standard
Brownian motions. The default times are given by the first times at which linear combinations
of three integral processes of independent geometric Brownian motions hit certain random
thresholds which are independent of each other and of the standard Brownian motions driving

*This research benefited from the support of the ‘Chaire Marchés en Mutation’, French Banking Federation
and ILB, Labex ANR 11-LABX-0019.
tLondon School of Economics, Department of Mathematics, Houghton Street, London WC2A 2AE, United
Kingdom; e-mail: p.v.gapeev@Ise.ac.uk
t Laboratoire de Mathématiques et Modélisation d’Evry (LaMME), UMR CNRS 8071; Univ Evry-Université
Paris Saclay, 23 Boulevard de France, 91037 Evry cedex France; e-mail: monique.jeanblanc@Quniv-evry.fr
Mathematics Subject Classification 2010: Primary 91G40, 60G44, 60J65. Secondary 91B70, 60J60, 91G20.
Key words and phrases: Successive default times, first-to-default and second-to-default options, geometric
Brownian motion, initial and progressive enlargements of filtrations.
Date: June 2, 2021



the model. The dependence between the default times is then expressed by means of the dy-
namics of their intensity rates given by linear combinations of the three independent geometric
Brownian motions which are driven by standard Brownian motions constantly correlated with
the ones related to the risky asset prices. The default-free reference filtration accessible from
the market is generated by the standard Brownian motions driving the model. The prices of
the resulting defaultable European style contingent claims are explicitly expressed through the
transition densities of the marginal distributions of the geometric Brownian motions and their
integral processes describing the model.

The credit risk models in which the default times are defined as the first times at which
the associated cumulative intensity processes reach certain random thresholds were initiated
by Lando [22]. The computations of conditional distributions of the default times given the
observable filtrations in such a first passage intensity model with independent default intensi-
ties and correlated thresholds were presented in Schénbucher [24; Chapter X, Proposition 10.9].
Brigo and Chourdakis [7] studied the problem of pricing of credit default swaps (CDSs) in such
a model with counterparty risk in which the intensities of the default times are independent of
each other, but the associated random thresholds are correlated. Brigo, Capponi and Pallavicini
[6] developed the pricing framework for bilateral counterparty credit risk models and specified
the credit and debit valuation adjustments (CVAs and DVAs) in the cases in which the default
intensity rates are expressed by means of the (strictly positive) Feller’s square root diffusion
processes, and the associated thresholds are correlated through a Gaussian copula. Bielecki
et al. [3] provided the analytic basis for the quantitative methodology of dynamic hedging of
the counterparty risk and developed the main theoretical issues of dynamic hedging of credit
valuation adjustments. Assefa et al. [1] derived a model-free general counterparty risk repre-
sentation formula for the credit valuation adjustment of a netted and collateralised portfolio.
Some related discussions on modelling and computational aspects regarding managing of ex-
posure to counterparty risk are provided in the monographs by Gregory [21], Cesari, Aquilina
and Charpillon [10], Brigo, Morini and Pallavicini [8], and Crépey, Bielecki and Brigo [11].

El Karoui, Jeanblanc and Jiao [15]-[16] emphasised the roles of conditional distributions of
several default times in the intensity credit risk models given the appropriate filtrations and
presented general expressions for the prices of various defaultable European style contingent
claims. In this paper, we consider a model in which the default intensity rates are explicitly
given as linear combinations of three independent geometric Brownian motions which are not
independent of the ones describing the dynamics of the risky asset price processes. We then
use the Markov property of the resulting multi-dimensional process describing the model and
apply the explicit formula from Yor [26] for the joint marginal density of a geometric Brownian
motion and its integral process to derive closed form expressions for the prices of first-to-default
and second-to-default options given the reference filtration progressively and initially enlarged
by means of the default times. We also note that the model proposed in the paper keeps its
Markovian feature in the filtrations which are obtained by means of the progressive and initial
enlargements of the initial Brownian reference filtration. The results of this paper can naturally
be extended to the case of credit risk models with more than two default times and more than
two underlying risky assets of a similar dependence structure. The prices of first-to-default and
second-to-default options and other European style defaultable contingent claims can then be
expressed through the transition densities of the marginal distributions of the resulting multi-
dimensional continuous Markov process describing the model. The prices of other defaultable



contingent claims in some switching models with partial information were recently computed
in [18].

The paper is organised as follows. In Section 2, we reproduce the credit risk model of a
financial market introduced in [19; Section 2] with the dependence structure of the dynamics of
prices of two risky assets and two default intensity rates described above. In Section 3, we derive
explicit expressions for the conditional distributions of the two successive default times given
the accessible default-free reference filtration and the observable filtrations. In Section 4, we
compute closed form expressions for the prices of first-to-default and second-to-default options
in the model with two underlying risky assets given the reference filtration progressively and
initially enlarged by the ordered default times. In Section 5, we recall explicit expressions from
[19; Sections 3 and 4] for the conditional distributions of the two non-successive default times
given the accessible default-free reference filtration and the observable filtrations, these results
being used in the previous sections. The main results of the paper are stated in Propositions
4.1-4.3.

2 The model

In this section, we reproduce the model of a financial market with two defaultable risky assets
introduced in [19; Section 2]. We also define the accessible default-free reference filtration as
well as the observable filtrations and refer some known results and distribution laws.

2.1 The dynamics of default intensities and firm values

Let (Q,G, P) be a probability space supporting independent standard Brownian motions W' =
(W))iso and B! = (B!);>0, 1 = 0,1,2, as well as the random variables U;, i = 1,2, which are
uniformly distributed on (0,1). Suppose that the variables U;, i = 1,2, are independent of
each other and of the processes W' and B!, [ =0, 1,2. We define the random times 7;, i = 1,2,
by

7, =inf {t > 0] & A + N4} > —InU;} (2.1)

where the processes A' = (Al);>q, [ =0, 1,2, are given by
t
Mz/ﬁw (2.2)
0
for all ¢ > 0, and some d;,\; > 0, i = 1,2, fixed, so that the processes (§;A? + \;A);>0,
i = 1,2, form the cumulative intensities, and the processes (6;Y," + \;Y )0, ¢ = 1,2, are
the intensity rates of the random times 7;, ¢ = 1,2. These notions mean that the processes

(I(1; < t) — 8 A, — MAlL, )i>0, © = 1,2, are martingales in their natural filtrations. Assume
that the processes Y'! = (Y}!);>0, j = 0,1,2, admit the representations

2
Yy = exp ((51 - %) t+m th) (2.3)

for all ¢ > 0, and some constants §; € R and v, > 0, [ = 0,1,2. Note that the random times
7;, 1 = 1,2, defined in (2.1) with (2.2) and (2.3) can occur simultaneously only with probability
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zero, and thus, the property P(7; = 73) = 0 holds, by construction, that we take into account
in the sequel, that is, noting that the events {7, < 73_;} and {7, < 73_;} are equal (P-a.s.),
for every 1 = 1,2.

Suppose that the random times 7;, i = 1,2, represent the default times of two firms (ref-
erence credits) with the value dynamics described by the processes X' = (X})i>0, ¢ = 1,2,
given by X} = (Y;))*i(Z0)%Z}, for some a; and (; € R, i = 1,2, fixed. Here, the processes
Z' = (Z)>0, 1 = 0,1,2, are defined by

92
Z! = exp ((771 - é) t+0, Bé) (2.4)

for all t > 0, and some constants 7, € R and ¢, > 0, [ = 0,1,2. We further assume that
the discounted firm value processes (e " X?)io, @ = 1,2, are martingales with respect to the
pricing measure P under which the processes Y! and Z!, [ = 0,1, 2, admit the representations
in (2.3) and (2.4), where r > 0 is the interest rate of a riskless bank account. Thus, taking into
account the independence of the driving processes W! and B!, | = 0,1,2, we may conclude
that the equality

2 o2
Bicy; + % ai(a; — 1) +noG + 50 GG —1)+m=r (2.5)

should hold, for every i =1, 2.

2.2 Some filtrations and distribution laws

Let us denote by (F;)i>o the natural filtration of the processes Y! and Z!, [ = 0,1,2, defined
by F; = o(V},ZH 0 < s < t,1=0,1,2), for all t+ > 0, which coincides with the one of the
driving standard Brownian motions W' and B!, [ = 0,1,2, given by o(W}, B} |0 < s < t,1 =
0,1,2), for all ¢ > 0. We define the progressively enlarged filtrations (G})i>o, ¢ = 1,2, by
Gl = FVolrAt), and (G0 by Gr = FrVo(ri At)Vo(r At), for all ¢ > 0. Let us
also introduce the initially enlarged filtrations (F})is0, @ = 1,2, by F; = F, V o(r;), for all
t > 0. We actually consider the smallest right-continuous completed filtrations that contain the
appropriate filtrations defined above. The default-free reference filtration (F);>¢ reflects the
information flow which is accessible for the investors trading in the market, while the filtrations
(G0, @ = 1,2, and (G;)s>o reflect the accessible information including the one about the
appearance of the default times. Note that, by virtue of the independence of the random
variables U;, ¢ = 1,2, and the filtration (F;)i>0, it follows that (F;);>¢ is immersed in the
filtrations (G});>0, ¢ = 1,2, and (G)i>o0 (see, e.g., [5] and [17]). Similarly, we also have that
(G))i>0 is immersed in the filtration (G!V o(Us_;))>0, and hence, in (G;)¢>o, for every i = 1,2.
We recall that the immersion of a filtration in a larger filtration, also known as the (H)-
hypothesis for the two nested filtrations, means that any martingale for the smaller filtration
is a martingale for the larger one (see, e.g., [5], [23; Chapter V, Section 4], [4; Chapter VIII,
Section 3], or [2; Chapter III]). Note that the immersion of (F;);>o in (G);>0 is equivalent to
the conditional independence of G! and F,, with respect to F;, for all ¢ > 0, for i = 1,2,
while the immersion of (F;);>0 in (Gi)i>0 is equivalent to the conditional independence of G;
and F,, with respect to F;, for all ¢ > 0 (see, e.g., [13]).

We now define the random times s = 71 A 75 and 35 = 71 V 75. Along with the filtrations
introduced above, let us define the progressively enlarged filtrations (H!)i>o, for i = 1,2, by
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H: = F, Vol At), for all ¢ > 0. We introduce Hy = F; V o(3 At) V o(se At), so that
H, C Gy, for all £ > 0, since the filtration (H;);>o does not contain information which default
time 7;, © = 1,2, occurred the first and which occurred the second, except in the trivial case
in which the default times 7;, ¢ = 1,2, are ordered. We also consider the initially enlarged
filtrations H} V o(s3_;), for i = 1,2. By virtue of the same arguments as before, we conclude
that (F;)i>o is immersed in (H!)i>0, ¢ = 1,2, and in (Hy)s>0-

2.3 Some implications of the key lemma

Let us now consider a filtration (IC;);>¢ larger than the filtration (F;):>o, that is, F; C Ky, for
all £ > 0. Then, if IC; coincides with F; on the event J; € K; such that P(J;) > 0, that is,
if for any K; € K;, there exists an event F;, € F; such that J, N K; = J; N F};, then, on the
event J;, the conditional expectation E[V | K] of an integrable random variable V' is equal to
an JFi-measurable random variable. Hence, denoting by I(J) the indicator function of the set
J , according to the results in [12; page 122] and [4; Section 5.1], this fact leads to the equality

I(J) B[V | K] P(Ji| F) = 1(3) B[V ()| F] (2.6)
and thus, taking into account the fact that P(J;|F;) > 0 on the event J;, we have

EWVI(L)|F]

P F) (27)

I(L)EV K] =1(J)
for any integrable random variable V' and all t > 0. We further refer to the result in (2.6)-
(2.7) as to the generalised key lemma for the filtrations (K;)i>o and (F;)i>o. Observe that G;
coincides with F; on the event {7; > t}, and G, coincides with F; on the event {7; A13_; > t},
while G/ V o(73_;) coincides with F~* = F, V o(m3_;) on the event {; > ¢}, for all t > 0 and
every ¢ = 1,2. In these cases, the expressions in (2.6)-(2.7), together with the tower property
for conditional expectations, imply that, for each Fr-measurable integrable random variable
Vi, the equality

EViP(t; > t| Fr) | F]
P(Tl>t|ft)

I(ri > t)E[VL |Gl =1(mi > 1) (2.8)

holds, for all ¢ > 0 and every i = 1,2 (see, e.g., [2; Lemma 2.9]). Moreover, it follows that, for
each (F;);>o-progressively measurable process V' = (V}");>0, the equality

(2.9)

BV (7 > 1)|G/] :f(wt)EU‘” ViP(7: € du| F.) H
t

P(Tz>t|]:t)

holds, for all ¢ > 0 and every i = 1,2 (see, e.g. [2; Corollary 2.10]). We further refer to the
results in (2.8) and (2.9) as to the first and the second part of the key lemma for the filtrations
(G0 and (Fi)i>o, for every i =1,2.

For any Borelian bounded function t;, let us now compute the conditional expectation
E[i(1;) | Fi V o(73-4)], for all £ > 0 and every i = 1,2. For this purpose, we apply the result
of [9; Proposition 2.7] to conclude that any (F; V o(73_;))t>0-progressively measurable process
can be written as ®}(73_;), where ®*(v) = (P}(v))i>0 is (Fi)i>0-progressively measurable, for
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any v > 0 fixed, while the function v — ®%(v) is Borel measurable, for all ¢ > 0 and every
i = 1,2. In particular, there exists U* with the above measurability properties such that

Ei(r) | Fe V o(13-)] = U(13-1) (2.10)

forall t > 0 and every ¢ = 1,2. Then, we observe that, by definition of conditional expectations,
for any event F; € F;, and any Borelian bounded function ¢, the equality

B Wi(ra-) 1R o) | = B[ 1) () ot (211)

holds, and thus, we have

EUOO Ui(v) I(F) o(v) P(13_; € dv| ]-"t)} (2.12)

=0

=15 [ [ ww e P € duri o] 7)
u=0 Jv=0

for all ¢ > 0 and every i = 1,2. Hence, the equality in (2.12) being valid for any Borelian

bounded function ¢ and the conditional law of 73_; being absolutely continuous with respect

to Lebesque’s measure imply that the equality

/ Yi(u)P(1; € du, m3_; € dv | F)
T3_l€d1}|./_"t)

(2.13)

is satisfied, for all ¢, > 0, and every i = 1, 2.

Similarly, for any Borelian bounded functions {ﬂvz and Ei, let us now compute the conditional
expectations E[(;(1:) I(7; > 13_;) | Fy V 0 (501)] and E[& () I(1; < 73_) | F, V o(54)], for all ¢ >
0 and every ¢ = 1,2. We apply again the result of [9; Proposition 2. 7] to conclude that any (FV
0 (211))i>0-progressively measurable process can be written as (Iﬂ(%l) where ®(u )= (@ﬁ(u))tzo
is (Ft)i>0-progressively measurable, for any u > 0 fixed, while the function u — & (u) is Borel
measurable, for all ¢ > 0 and every ¢+ = 1,2. In particular, there exist U and = such that

E[i(r) (1, > 13-0) | Fe V a(5a)] = Wi(se) (2.14)

and
Bl&(r) I(1; < m3-5) | Fo V a(3a)] = Ei(a) (2.15)

forall t > 0 and every ¢ = 1,2. Then, we observe that, by definition of conditional expectations,
for any event F; € F;, and any (positive measurable) bounded function @, the equalities

E[/:O :O Ui(v) I(F) @(u) I(u < v) P(rs_; € du,7; € dv | E)] (2.16)
_ E{[(Ft) /: /: i) B(w) I(u < v) (P(r1 € du, 73 € dv| Fy) + Plrs € du, € dv| ]—"t))}

= E{I(Ft) /OO \Tii(u) o(u) (P(T1 > u, 7o € du|Fy) + P(me > u, 7 € du| ]:t))}

u=0



E{ / OOO vooog;(u) [(F) 3(w) I(u < v) P(5i € du, 7y € o] ]—})] (2.17)
— E{ (F) /u O/U 0 JI(u<v) (P(m €du, 7 € dv|F) + P2 € du, 71 € dv\]—}))}
E[I(Ft) /uo =i (u) P(u) (P(Tl > u, 7o € du|Fy) + P(me > u, 7 € du .7:,5))}

hold, for all t > 0 and every ¢ = 1,2. Hence, the equality in (2.16) being valid for any Borel
function ¢, and the conditional law P(7; > du,m3_; > u|JF;) being absolutely continuous with
respect to the Lebesque measure (see Subsection 5.2 below), the equalities

~. o0 @Zz(v)](u < v)P(13_; € du,7; € dv | F)
Vi) = (2.18)
veo P(11 > u, 19 € du|F,) + P(m2 > u, 7y € du|F)
and
i) — é(U)P(Tg_i > u,7; € du| Fy) (2.19)

=) = P(ry > u, 7 € du| F) + P(12 > u, 7 € du|F)

are satisfied, for all t,u > 0, and every ¢« = 1,2. Here, we note that the equality
Pl >u,m €du|F;)+ P(ro >u,n € du|F;) = P(sq € du|F;) holds, for all ¢,u > 0, which
explain the meaning of the denominator.

Finally, for any Borelian bounded function 1/11 and fz, let us now compute the conditional
expectations E[v;(1:) I(1; < 75_;) | F, V 0(562)] and E[&(Tz) I(m; > 13_4) | Ft Vo (s50)], forall ¢ >
0 and every ¢ = 1,2. We apply again the result of [9; Proposition 2. 7] to conclude that any (FV
0 (222) )i>0-progressively measurable process can be written as (Iﬂ(%g) where <I>’( ) = (@é( ))e>0
is (Fi)e>o0-progressively measurable, for any v > 0 fixed, while the function v CDi(v) is Borel
measurable, for all ¢+ > 0 and every ¢ = 1,2. In particular, there exist U and = such that

E[i(r) I(1 < 13-5) | Fi V 0 (50)] = Ui(50) (2.20)

and
E[g(ﬂ) I(TZ > 7'3_2') |ft V U(%Q):| = E;(%2> (221)

forall t > 0 and every ¢ = 1,2. Then, we observe that, by definition of conditional expectations,
for any event F; € F;, and any Borelian bounded function @, the equalities

E{/: :@@(u) I(F) p(v) I(u <) P(1; € du,73_; € dv| ]—"t)} (2.22)
- E[[(Ft) /ioo /: Wy(0) G(0) I(u < v) (P(r1 € du, s € dv| F) + P(rs € du, 7 € do| th))]

:E{[<Ft) /Cx;{ﬁé(v)a(v) (P(n <wv,medv]|F)+ Pl <v,mn Edv‘]‘—t))l



E[ / OOO vigj@) [(F) 3(w) I(u < v) Py € du, 7 € dv| ]—“t)} (2.23)
_E{ (F) /u O/v i )I(u <) (P(r €du,m € dv|F)+ P(r, € du, 7y € dv[]—"t))]
E{[(Ft) /UO Z(v)P(v) (P <v,m €dv|F) + P(re < v,mi € dv| ft))]

hold, for all ¢ > 0 and every ¢ = 1,2. Hence, the equality in (2.22) being valid for any
Borelian bounded function @, and the conditional law P(7; < v, 73_; € dv | F;) being absolutely
continuous with respect to the Lebesque measure (see Subsection 5.2 below), the equalities

Ti > @/Z;Z(u)](u <v)P(1; € du,m3_; € dv | F)
Ui(v) = / Pln < : : (2.24)
weo P <v,medv|F)+ Pl <v,n €dv|F)
and
i gi(U)P(T?,—i <wv,1€dv|F) (2.25)

() = P <v,medv|F)+ Pl <v,mn €dv|F)

are satisfied, for all ¢t,v > 0, and every i = 1,2. Here, we note that the equality P(r, < v, 75 €
dv|F) + P(ra < v,m € dv|F;) = P(5e2 € dv|F;) holds, for all ¢,v > 0, which explain the
meaning of the denominator.

3 Conditional distributions of the default times

In this section, we derive explicit expressions for the conditional distributions of two successive
default times given the accessible filtration generated by the market prices of the risky assets
as well as given the observable filtrations.

3.1 Conditional distributions of s, j = 1,2, under (F;);>o

Let us now compute the conditional distributions P(se; > u,5 > v|F;) of the successive
default times s, j = 1,2, given the reference filtration (F;);>o, for all ¢,u,v > 0. We first
observe that the equalities

%1>u %2>U‘E) (31)
/ / (W <) (P(n €du', 15 € dV' | Fy) + P(1s € du', 1y € dV' | Fy))
hold, for all t,u,v > 0, where the conditional probabilities P(r; € du',m5_; € dv'| F;), for all

t,u’,v" >0 every i = 1,2, are given in Subsection 5.2 below in the expressions of (5.17), (5.19)
and (5.22), according to the positions of ', v with respect to t. Moreover, it follows from the



expressions in (5.17) that the equalities

P51 € du, s € dv | F) (3.2)
_ ( —81 A0 N AL —65A0 Ny A2 (5 YO + )\1Y1) ((52Y0 + )\QYQ)

+ e AT (5,0 4 0 Y2) (5,Y) + \iY,))) dudo
= Py €du,sy € dv|F) for 0<u<ov<t

are satisfied. Furthermore, according to the tower property for conditional expectations, it
follows from the representation in (3.2) that the equalities

P50 € du, 36 € dv | F) = E[P(3q € du, 365 € dv | F,) }]:t] (3.3)
- E[( —81 A0 A1 AL —62 A0 —\p A2 (01 YO +\Y )(52Y0 + )\2Y2)
§ e AL A AL A NAY (5,70 1\ Y2) (5,Y0 + WY ) | F] dudv

= (e AR (5, YD F Y, D (YY)
+ e RATRAEOATNA (5,Y0 4 Y2 DY (Y2, YY) dudy
for 0<u<t<vw

hold, where D} ,(yo,v1) and D?_,(yo,y2), are given as in (5.15) below. Finally, taking into
account the representation in (3.3), according to the tower property for conditional expectations,
we obtain that the equalities

P(3t1 € du, 5, € dv | Fy) = E[E[P(511 € du, 35 € dv | F,) | F.] | Fi] (3.4)
_ E[ (614+82) A0 —A1 AL —Np A2

((61Y) + MY Do (Y., Y2) + (62Y) + oY) DL (YL, Y.)) | R dudv

7(51%*52)140 /\1A1 AQA%E[ 51+52)Y0(A0 AO)/YO )\1Y1(A1 A%)/Yl )\2Y2(A2 142)/5/2

< (Y (V/Y9) + MY (Y, /YY) D (Y (V) Y0). YA (YY)
() + DO VE) DL OO Y0, VO30 | 7] e

e O (DL, (YY) 4 Dy, (VYY) dude

u—t,v—u u—t,v—u

for 0<t<u<w

are satisfied, where Eift’vfu(yo,yl, Y2) and Ezft’%u(yo, Y2, Y1), are given as in (5.23) below.

3.2 Conditional distributions of s;, j = 1,2, under (H});>0, k= 1,2,
and (,Ht)tzo

Let finally compute the conditional distributions P(3¢; > u|H}) of the successive default times
xj, j =1,2, given the filtration (H}F);>0, k= 1,2, for all ¢,u > 0. In this case, we apply the
first part of the key lemma in (2.8) for the filtrations (H});>o and (F;)¢>0, where H} coincides
with F; V o(311) on the event {5 <t} and with F; on {3 > t}, for all t > 0, to get

P(%1>U\/t‘.Ft)

P(a >u|H) =1(u< 3 <t)+ 130 > 1) Pon > 1 F)

for t,u>0 (3.5)



where the conditional probability P(s; > u V t|F;) is computed as in (3.1) above, while

P(oe) > t, 300 > v | Fy)
P(se > t| F)

P(ey > v|Hy) =130 <t) P(sey > v | Fr Vo)) + 1(3a > t) (3.6)

for t,v >0

where the conditional probability P(se > t, 2 > v|F;) is computed as in (3.1) above and, by
means of the arguments applied for derivation of equalities in (2.14)-(2.19), we have

P(ea > v | FyVo(sa))|= Pl >0V | FVo(x))] (3.7)
=P(n>v,n>n|F Vo)) + Plrn>vmn>1m|F Vo))
P(mn>uVuv,medu|F)+ Plrn>uVo,n € du|F)
P(ry > u,m € du|F;) + P(me > u, 7 € du|F)
for t,v >0

u=s1

where the conditional densities P(7; € du,73_; € dv|F;), for every i = 1,2, are given in the
expressions of (5.17), (5.19), (5.22) below.

Now, we apply the first part of the key lemma in (2.8) for the filtrations (H?)i>o and (F;)iso,
where H? coincides with F; V o(3) on the event {5 <t} and with F;, on {3 > t}, for all
t >0, to get

P(%1>U,%2>t|ft)
P(sy > t| F)

P(a > u|H:) =156 < t) P(3e > u| Fi V o(35)) + (36 > 1) (3.8)

for t,u>0

where the conditional probability P(se > u, 35 > t | F;) is computed as in (3.1) above and, by
means of the arguments applied for derivation of equalities in (2.20)-(2.25), we have

Py > u| FVo(se))|= Pl > 2 > u| F Vo(sx))] (3.9)
=P(nn>um <7m|Ft Vo)) + P >um<1|FVo(x))
Plunv<m <v,medv|F)+Plurv<mn<uvmn€dv|F)
- P(m<v,medv|F)+ Pln<vmn e€dv|F)
for t,u>0

V=22

and the conditional densities P(7; € du,73_; € dv|JF;), for every i = 1,2, are given in the
expressions of (5.17), (5.19), (5.22) below, while

P(%2>U\/t|ft)
P(%2>t|./—"t)

Py >v|HY) =1(v < 20 < 1) + 1(355 > 1) for t,v >0 (3.10)

where the conditional probability P(s > v V t|F;) is computed as in (3.1) above.
Finally, we apply the first part of the key lemma in (2.8) for the filtrations (H;);>o and
(Fi)e>0, where H; coincides with F;Vo(se1) Vo () on the event {31 < 300 < t}, with FiVo(se)
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on {5 <t <}, and with F; on {56 > 3 > t}, for all t >0, to get

P(oey > uy500 > 0| He) = I(u < 300 < 309 < t, 320 > 0) (3.11)
Py >vVit|FVo(s))
P(sey > t| Fr Vo(sm))
Py >uVt g >vViE|F)
Pt > 3 > t| Fy)

+ 1 (u < 20 <t < 39)

+ I(520 > 301 > 1) for t,u,v >0

where the conditional probabilities P(3; > uVt, 30 > vVt|F) and P > vVt |FVo(s))
are computed as in the expressions of (3.1) and (3.7) above, respectively.

4 The prices of first and second-to-default claims (Main
results)

In this section, we derive explicit expressions for the prices of first and second-to-default options
in the model defined above with some (non-negative measurable) deterministic recovery payoff
functions R;(x1,x2), for all 0 < ¢ < T'. In order to simplify the notations, without loss of
generality, we further assume that the payoffs are already discounted by the dynamics of the
bank account, that is equivalent to letting the interest rate r equal to zero. We compute the
prices for the option holders in various particular cases of available information contained in
the filtrations (Hf);>0, or (H¢)iso, or (HFV 0 (563 1))i>0 defined above, for every k = 1,2.

In those cases, the option holders can observe only the default time s, or observe the both
default times s¢,, k = 1,2, or observe the default time 3¢, but know the default time 2¢5_,,, for
every k= 1,2, from the beginning of observations, respectively.

Recall that the conditional probabilities P(s; > u V t,300 > v V t|F), for all t,u,v > 0,
were computed in (3.1) above.

4.1 The case of filtrations (H});>0, k= 1,2

Let us begin by computing the price P#* = (P/*),5¢ for the holder of a first- and second-to-
default option in the model with the filtration (HF);>¢ given by

PM* = B[R, (X, X2 )I(t < <T)|H] (4.1)

forall 0 <t <T A and every j,k =1,2.
In order to compute closed-form expressions for P4* in (4.1), we provide the decomposition

P = B[R, (X}, X2) I(t < 30 < T) | Hf] (4.2)
= B[R, (XL, X2)I(1; <73yt <7 < T) | Hf)
+ B[R, (X} X2 )I(m3 <Ti,t <73 <T)|H;]

= E[R, (XL, X2)I(t <7 <73 AT) | H}]
+ B[Ry (XL X2 VIt <m; <nmAT)|H

11



for all 0 <t < T and every i,k = 1,2. Then, we can apply the second part of the key lemma
in (2.9) for the filtrations (HF)i>o and (F;);>0, where HF coincides with F;, on {»q > t}, for
all £ > 0, and use Fubini’s theorem for interchanging the order of conditional expectation and
integration along with the tower property for conditional expectations, and using the fact that,
on the set {t > 7}, the quantity I(t < 7; < 13_; AT) is equal to zero, to get the expression

B[R (X:, X2)I(t <7 <73 AT)| H;] (4.3)

ElR. (X} X2V I(t<1 <7 ANT)|F
_ I(%k = t) [ z( T; T»L) ( T T3 )’ t]

P(%k >t ’ ft)
T oo R,(X} X2)P(r; € du,73_; € dv|F,)
_I(”’f”)E[/t / Il <v) Pl > 1| F) H
T poo B[R, (X, X2) P(r; € du,73_; € dv | F,) | Fi]
— I I u? u 7 9 (3 v
(%k>t)/ / (u <) Pl > 1| F)

for all 0 <t < T and every i,k = 1,2. Thus, taking into account the expressions in (5.19),
according to the tower property for conditional expectations, we obtain that

E[R,(X,, X)) P(r; € du,73_; € dv| F,) |]—“t] (4.4)

= E[Ru(Xi’Xi) —(8;463—3) A0 —X; AL —A5_; A (5 YO+/\ Yl) D3 ’L(YO Y3 z |J,—_~t] dudv
e—(6i+53_i)A?—>\iA};—Ag_iAg_i

x B[R, (X} (YY) (Z0/Z0) (2, 2), X (Y ) YET) (2, Z)) (237 1 Z]7)

¢ o (B0 )Y (AQ = AD) /YO NV (AL—AD) /Y= Dg Y (AS T - AT v

X< (YYD /YD) + MY (YY) DI (YYD /Y0), YR (VY ) | F] dudv
= O A e AT g T (XL XYY Y) dude

holds, for each 0 <t <u < v < T, for every ¢ = 1,2. Here, by virtue of the Markov property
of the processes (Y, A') and Z!, [ =0, 1,2, and the fact that the random variables Y;! /Y] and
Z! /Z! have the same laws as Y! , and Z! ,, | = 0,1,2, for each 0 <t < u, respectively, we
have

—1,3—1
Qtu t,u— u(xhx?ayan?: z;yz) (45)

_E[R (21 (Yy_ )™ (Zy_ )<zz;g b @2 (Y ) (Z0_ )5 Z7))
kb AL N AN A (50 YO AV ) D3 (oY vs Y )]

L LT L[ et nttr

x e Citos=i)uoao = Aiwiai=As—ivs—its=i (§u000 4+ Nyyyt) DEZE (Youh, ya—its—_s) 90— (Yo, o)
X gwt(?/mai) guft(yhai) h?ht( o)hz (2 )h3 2(2'3 i) dyodaodyldaldyg dag 1d20d2 dz3 i

forall 0 <t <u < v <T and every i = 1,2, where the functions ¢', for [ = 0, 1,2, stand for
g defined in (5.7) and the functions h!, for [ = 0, 1,2, stand for h defined in (5.9). There, 3
and ~ stand for 5, and ~;, for [ = 0, 1,2, defined in (2.3), while n and 6 stand for 7, and 0,
for 1 =0,1,2, defined in (2.4).
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In order to compute closed-form expressions for P%* in (4.1), we provide the decomposition

PP = B[R, (XL, X2)I(t < s <T)|H] (4.6)
:E[RTZ(Xl XQ)I(TZ‘>7'3,Z‘,t<TZ’§T)}Hf]
+E[RT3 Z(X% . X2 )[(7'372‘>Ti,t<7'3,i§T)}Hf]

= E[R, (X, X2)I(tV T <7 <T)|H]
+E[R,, (X} X2 VItV T <7 <T)|Hf]

for all 0 <t < T and every i,k = 1,2. Then, we can apply the second part of the key lemma
n (2.9) for the filtrations (H});>0 and (Fi)i>0, where H; coincides with F; V () on the
event {s < t} and with F; on {3 > t}, for all t > 0, as well as the arguments applied
for derivation of equalities in (2.14)-(2.19), and use Fubini’s theorem for interchanging the
order of conditional expectation and integration along with the tower property for conditional
expectations to obtain that

E[R. (X} X2 )ItV7 <73 <T)|H,] (4.7)
=130 <t)E[R,,_ (X}, X2 VItV 7 <73 <T)|FVo(a)
E[RT3 Z(Xl ,X.,Z.Sii)l(t<7'i<7'3,i§T)‘./—';g]
P(se > t|Fy)
T E[R (X2, X2) P(r; € du,3_; € dv| F,) | Fi]
[(%1 < t)
vetva P(T1 > U, 7 Gdu|.7:t)+P(Tg >u, 7 € du|JF)

R,(X), X2) P(r; € du, 73 € dv | F,) | Fi
t)
%1> / / u< P<%1>t|./_"t)

u=s1

holds, for all 0 < ¢t < T and every ¢ = 1,2. Hence, we can apply the second part of the
key lemma in (2.9) for the filtrations (H?)i>o and (F;)i>0, where H? coincides with F; on
{39 > t}, for all ¢ > 0, and use Fubini’s theorem for interchanging the order of conditional
expectation and integration along with the tower property for conditional expectations to get
the expression

E[R., (XL X2 )ItV7 <7 <T)|H] (4.8)
ER, (X! X2 )ItVT <7 <T)|F]

T3—1i

=171
(e > 1) Pl > (| F)

e R, (X}, X2) P(7; € du, 15_; € dv | F,)
= I3y >t)E I(u < CRRRLEA S i v
b >1) [// <) P(oey > t] F)

T pee E[R, (X}, X?) P(1; € du,73_; € dv | F,) | Fi]
:I ]- v v 1 9 1 v
(%2>t)/ / (u < w) Pl >t F)

since it is obvious that the left-hand side of (4.8) is equal to zero on the event {5, < t}, for all
0 <t<T and every i = 1,2. Thus, taking into account the expressions in (5.17), according
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to the tower property for conditional expectations, we obtain that

E[R,(X), X)) P(r; € du,73_; € dv| F,) | ] (4.9)

= e AN (6, Y0 4 N V) B[Ry(X], X2) et A (5, Y0 40 Y2 | ) dud

— 6_(6i+53—i)A2_)\iAi_)\BfiAiii (6; Yuo + )\ YuZ)

X B[Ry (Xy (Y, /Y™ (20)2) (2] 2,), Xy (V7 Y72 ) 2) (271 2,7)

x e—ésﬂ-x?(Ag—A3>/Y£—AsfiY3”<A3”—Ai”>/ V(B YOOV YD) A Mg YT (VT VR | ] dudv

U, v—u

(5+§3 Z)A —)\AL A3_; A ((5 Y0—|—)\ Yz)Q23 7 (Xl X2 YO Y3 i YZ)dUdU

holds, for each 0 <t <u < v <T and every ¢ = 1,2. Here, by virtue of the Markov property
of the processes (Y, A') and Z', [ =0, 1,2, and the fact that the random variables Y;!/Y! and
Z'/Z! have the same laws as V!  and Zf) us 1 =0,1,2, for each 0 < u < v, respectively, we

have

Qo1 2,90, Y31, i) (4.10)

:E[R (x1<Y’ )al(ZO )Csz} u7$2(Y3_i)a3—i(ZO )C3—iz3:i)
X e —d3_ zyOAU w—A3—iY3— AL (53 zon _|_)\3 Ys lys z)]

N N

~03-iY060—Aa—iYz—i03 53 zy0y0+>\3 iY3— Zy3 z) gv u(y()?ao) gv u(ywal) gg:;(yé—va?)—i)
X hg_u(zo) Ri () h37E (2 ) dybhdaody,dadys das_idzhdzidz

forall 0 <t < u < v < T and every i = 1,2, while the functions ¢' and A, | = 0,1, 2,
are given in (5.7) and (5.9) below, with an adequate choice of the parameters. Hence, taking
into account the expressions in (4.9) and applying again the tower property for conditional
expectations, we obtain that

E[E[R,(X},X2) P(7; € du,3_; € dv| F,) | Fu] | 7] (4.11)
— E[e*(5i+537¢)Agf)\iAZ*)@fiAi*i ((52 Y’L? + N\ YJ) QZ?} lu(Xl Xia Yz?? Y3 i Yz ‘E} dudv

o~ (Bit83-) AP =X Aj = A3 A7 E[e—(amsfimomg —AQ) /YL NY (AL =AY /Y XY T (AT AT Y
X (0 Y (/YD) + XY (YY) Quias (X (YY) (20 20) 5 (23] Z7), XE (Y7 YTy oe
X (Z20/20) (2572370, YO (Y /Y 0), Y (I YR Y (YY) | Fi) dudw

e~ GitBs AP NAT— N AT 231yl x2 Y0 iy dydy

t,u—t,v—u

is satisfied, for each 0 <t < u < v and every i = 1,2. Here, by virtue of the Markov property
of the processes (Y!, A') and Z!, [ =0, 1,2, and the fact that the random variables Y;! /Y] and
7! /Z! have the same laws as Y , and Z!_,, [ =0,1,2, for each 0 <t < u, respectively, we
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have

33 zv u(l‘th;yani’) z7yz) (412)

— E|: 7(6'L+5372)y0AU_t7)\zyzAu_t7)\37iy3fiAi:it (6y0Y0 + )\’Ly’LYZ )
X Qua (2 (Y ) (Z0_,) 2] Y3 D) (2 ) 2 oY ys—i Y i Y y)]

u,v—u ut? u—t»

/ / / / / / / / —(0i+03—:)yoao—Aiyia;i—A3_iyY3—iaz—; (53 lyoyo—i—)\g iY3— 1y3 Z)

X Qo (1 (y7)* (=) “zl,xz(yg §)% ( )42 Yoo, Ys—iYs—iYils) Ga—e (Y0, G0)
X gu—t(yi7 ai) gu—t<y3—i7 az—; ) (Z ) ( )h3 Z(Z3 z) dy(]daodyzdaldy?) zda3 ZdZOdZ dZ3 i
forall 0 <t <wu<wv<T and every i = 1,2, while the functions ¢' and h', [ = 0,1,2, are

given in (5.7) and (5.9) below, with an adequate choice of the parameters, as before.
Therefore, summarising the facts proved above, we now formulate the following assertion.

Proposition 4.1. Suppose that r = 0. The no-arbitrage price for the holders of the first- or
second-to-default options in (4.1) are given by the sum of the expressions in (4.2) or (4.6) with
(4.3) or (4.7)-(4.8), respectively. The latter terms are computed by means of the expressions in

(4.4) or (4.9), (4.11) with (4.5) or (4.10), (4.12), respectively.

4.2 The case of filtration (H;);>o

Let us now continue by computing the price pi = (ﬁtj )i>o0 for the holder of a first- or second-
to-default option in the model with the filtration (H;);>0 given by

P} = B[R, (X}, X2) I(t < 55 < T) | ] (4.13)

forall 0 <t <T A and j=1,2.
In order to compute closed-form expressions for P! in (4.13), we provide the decomposition

Pl = B[R, (XL, X2)I(t <50 <T)|H,] (4.14)
=FE[R (X}, X2) (1 < T3t <7 <T) | Hy]
+ B[Ry, (XY X2 )13 < iyt <73 <T) | Hy]
=FE[R (X}, X2)I(t <71 <734 AT) | Hy]

+ B[Ry (XL X2 VIt <73 < AT)|Hy]
for all 0 <t < 7T and every i = 1,2. Then, we can apply the second part of the key lemma
n (2.9) for the filtrations (H;)i>o and (Fi)i>0, where H,; coincides with F; on the event

{560 > 3¢y > t}, forall t > 0, and use Fubini’s theorem for interchanging the order of conditional
expectation and integration along with the tower property for conditional expectations to get
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the expression

E[RTl(XiﬁXi) ](t < T < T35 N T) ‘Ht} (415)

P35 > 31 > t| ]—"t)
(Xl,XQ) ]D(TZ € du, T3_; € dv ’ ]:v)
= 1(500 > 301 > t) < “—
(%2 & |i/ / U P(%2>%1>t|f't)
XL X2 P(r €du, 55 € d Y
:I(%2>%1>t)/ / ](u<v) Bu(Xy X,) Pni € du o i € dv| 7o) | 74
t Jt

taking into account that the left-hand side of (4.15) is equal to zero on the event {s¢ < t}, for
all 0 <t < T and every i,k = 1,2. Here, the conditional expectations of interest are computed
n (4.4) with (4.5) above.

In order to compute closed-form expressions for P? in (4.13), we provide the decomposition

I(%2>%1>t>

P(%2>%1>t|]:t)

P?= B[R, (XL, X2)I(t < 50, < T)|H,] (4.16)
=FE[R(X., X2)I(1i > m3_i,t <7 <T) | Hy]
+ B[Ry, (X} X2 )13 > it <73 <T) | Hy]
= B[R (X}, X2)I(tV 13 <7 <T)|H]

+E[R7—3 Z()(1 ,Xzs_i)[(t\/ﬂ'<7'3_Z'§T)‘Ht}

for all 0 <t < T and every ¢ = 1,2. Then, we can apply the second part of the key lemma in
(2.9) for the filtrations (H;);>o and (F;)i>0, where H; coincides with F; V o(s¢) on the event
{50 <t < 3} and with F; on {35 > 3¢y > t}, for all ¢ > 0, as well as the arguments applied
for derivation of equalities in (2.14)-(2.19), and use Fubini’s theorem for interchanging the
order of conditional expectation and integration along with the tower property for conditional
expectations to get the expression

E[R (X}, X2)I(tV 13 <7 <T)| M (4.17)
ER (XL, X2)I(tV1_; <7 <T)|FVo(s)]
Py > t| F Vo(s))
B[R, (XL, X2V I(t <73 <7, <T)|F]
P(sey > 200 > t| Fy)
 h <t < ) /T E[R,(X}, X2 P(r; € du,13_; € dv|F,) | Fi]
vetve P(T1 >tV u, 7 € du|Fy) + P(e > tVu,n € du|F)|,_,.

+]% > >t / / U<U (X1}7X3)P(7—ieduaTL’)fiedU’fv)‘Ft]
’ ' P(%2>%1>tlﬂ)

:](%1St<%2)

+[(%2>%1>t)

taking into account that the left-hand side of (4.17) is equal to zero on the event {3z < t}, for

all 0 <t < T and every ¢ = 1,2. Here, the conditional expectations of interest are computed
n (4.9), (4.11) with (4.10), (4.12) above.
Therefore, summarising the facts proved above, we now formulate the following assertion.
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Proposition 4.2. Suppose that r = 0. The no-arbitrage price for the holders of the first-
or second-to-default options in (4.13) are given by the sum of the expressions in (4.14) or (4.16)
with (4.15) or (4.17), respectively. The latter terms are computed by means of the expressions

in (4.4) or (4.9), (4.11) with (4.5) or (4.10), (4.12), respectively.

4.3 The case of filtrations (HFV o(33_1)))is0, k= 1,2

Let us finally compute the price P (3¢5_) = (P#*(353_4))y0 for the holder of a first- and
second-to-default options in the model with the filtration (HF V o(s3_1))i>0 given by

Fj*(ses1) = B[Ry (X4, X2) I(t < 5 < T) | HEV 0 (523-1)] (4.18)

forall 0 <t <T A and j,k=1,2.
In order to compute closed-form expressions for PY*(3¢_;) in (4.18), we provide the de-
composition

Ptl’k(%g,k) = E[R%1 (X}q’X}Qq) It < <T) ‘ ’Hf V 0(%3%)} (4.19)
= B[R (X}, X2)I(1i < T3t <7, <T) | Hy Vo (563-4)]
+ E[R’foi(Xig_i’ XEB—@') ](Tg_i < Tt <134 < T) ‘ Hf \ O'(%g_k)]

=FE[R, (XL, X2)I(t <7 <73 AT) | HY V 0 (563-1)]
+ E[Rmﬂ. (Xisﬂ_, XEB—i) [(t < T3_; <T; A\ T) | Hf V O'(%gfk)]

forall 0 <t < T and every i,k = 1,2. Then, we can apply the second part of the key lemma in
(2.9) for the filtrations (H} V 0(36))i>0 and (F; V o (522))i>0, where H} V o(35) coincides with
Fi:Vo(s) on the event {55 > t}, for all ¢ > 0, as well as the arguments applied for derivation
of equalities in (2.20)-(2.25), and use Fubini’s theorem for interchanging the order of conditional
expectation and integration along with the tower property for conditional expectations to get
the expression

E[R‘ﬁ (X;Z,Xi) [(t < T < T3y N T) ’Htl V O'(%Q)} (420)
E[RTZ(X;Z,X%) I(t < T < T3 N T) ’ft vV 0'(%2)]
P(oey > t| F Vo(m))

* R(XLXOIt<u<vAT)P(ri €du,73_; € dv|F,)

=1(30> 30 > 1) E Chinat : o | F

(32 > 20 > 1) [/u:tP(t<7'1§v,726d0|]:t)—|—P(t<7'2§U,7'1Edv|]:t) K
* BIR, (XY X2)I(t TYP(r; €d L E€d .

:[(%2>%1>t)/ [Ru(X,, X)) It <u<vAT)P(r; € du,m3_; € dv|F,) | F]
wet Pll<n<vmedv|F)+Plt<mn<uvmncdv|F)

= 1(50 > t)

V=709

V=119

forall 0 <t <T and every ¢,k =1,2.

Now, we can apply the second part of the key lemma in (2.9) for the filtrations (H? V
o(s1))>0 and (F; V 0(501))i>0, where H? V o(3q) coincides with F; V o(5) on the event
{320 > t}, for all ¢t > 0, as well as the arguments applied for derivation of equalities in (2.14)-
(2.19), and use Fubini’s theorem for interchanging the order of conditional expectation and
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integration along with the tower property for conditional expectations to get the expression

E[RTZ(X%,X?_Z) [(t < T < T3 N T) |E V 0'(%1)]
® B[R (X, X It <u<vAT)P(r; €du,m3_; € dv|F,) | Fi
P(ri >uVit,m€du|F)+ Pln>uVtn €du|F) e

P(sey > t| Fr Vo(sm))
OORUXIX2It< <vAT)P(r d — d v
:](%2>%1>t)E[/ (X Xo) It <u < v AT P(rs € du, 73 € dv| o)
on the event {5 < T}, for all 0 < t < T and every i,k = 1,2. Here, the conditional
expectations of interest are computed in (4.4) with (4.5) above.

=1(5e > 1)

vy P(mi>uVt,mm edu|F;)+ P(re >uVit,n €du|F)

u=s

:I(%2>%1>t)

v=Uu

In order to compute closed-form expressions for P?*(3¢;_;) in (4.18), we provide the de-
composition

PP*(se5-1) = B[Ry (XL, X2) I(t < 360 < T) | HEV 0 (5034)] (4.22)
= EB[R(X}, X2)I(1i > 13t <7, <T) | Hy V o(53-4)]
+ E[RT3 Z(Xl 7X72'3—i) I(Tgfi > Tt < T3 < T) ’ Hf V O(%gfk)]
= E[R, (X, X2)I(tV 13 <7 <T)|Hy Vol(sey)]
+ .E'|:.PL7—d Z(Xl 7X33—i) I(t V1 <13 < T) | Hf V O'(%g_k)}
for all 0 <t < T and every ¢,k = 1,2. Then, we can apply the second part of the key lemma
in (2.9) for the filtrations (H} V 0(522))>0 and (F; V 0(56))i0, where H} V o(se) coincides
with F; Vo () Vo(s) on the event {3 <t} and with F;V o(s) on {5 > t}, forall t >0,
as well as the arguments applied for derivation of equalities in (2.20)-(2.25), and use Fubini’s
theorem for interchanging the order of conditional expectation and integration along with the
tower property for conditional expectations to get

E[R, (XL X2 VIAVTi <73 <T)|H V() (4.23)
=100 <) B[Ry, (X}, X2 JIAVT <73 <T)|F,Vo(a)Vo(n)
E[R.,_ Z(Xl ’X72-37¢> It<mi<m; <T)|FVo(m)
P > t| FVo(s))
=1(3n <t <s0)E[R,(X), X)) I(tVu<v<T)|F]|
+ I(329 > 311 > 1) /

u=t

+[(%1>t>

o E[RU(X37X3>I(t <u<v< T) P(Tl € dU,Tg_Z’ € dU|JT"v) ’Ft]

Pit<n<uvnedv|F)+Plt<mn<vmn€cdv|F) s
on the event {3 < T}, for all 0 <t < T and every ¢ = 1,2. Thus, by virtue of the Markov
property of the processes (Y!, A!) and Z!, 1 =0,1,2, and the fact that the random variables

Y!/Y! and Z!/Z! have the same laws as V! , and Z! ,, | = 0,1,2, for each 0 < t < v,
respectively, we have

E[Ru(X}, X3) | Fi] = B[Ry (01(Y,_) " (Z0_)" Zyy, (Y5 (Z)_) " 2,7 ] (4.24)

/////// o (@1 () (20) % 20, w2 (Y i) (20) " 2, Wil Y3—il/h—s)

X gvft(yiu ai) g'uft(nyi? a3—i) hv t( )hl ( )h3 1<23 2) dyzda’ldy?) 'Lda3 ZdZOdZ d’Z3 i
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for all 0 <t < v < T and every i = 1,2, while the functions ¢' and h', [ = 0,1,2, are given
in (5.7) and (5.9) above. Here and after, the other conditional expectations of interest are
computed in (4.9), (4.11) with (4.10), (4.12) above.

Finally, we can apply the second part of the key lemma in (2.9) for the filtrations (H? V
o(31))>0 and (F; V 0(301))i>0, where H? V o(3g) coincides with F; V o(5) on the event
{50 < t} and with F; V o(sr1) on {30 > t}, for all t > 0, as well as the arguments applied
for derivation of equalities in (2.14)-(2.19), and use Fubini’s theorem for interchanging the
order of conditional expectation and integration along with the tower property for conditional
expectations to get

E[R,, (X} X2 )VItVT <73 <T)|H;Vo(n)] (4.25)
=106 <t)E[R, (X} X2 VItVT <73, <T)|F,Vo(a)Vo(mn)

E[RTg_Z.(X;S_i,X?_B_i) ](t VT <ty < T) |./T';5 V O'(%lﬂ
Py > t| F, Vo(s))
=1(30 < 70 < t) E[R(X), X)) I(tVu<v<T)|F]

+I(%2>t\/%1)/

v=Uu

uU=sx1,v=x2
® B[R, (XL, X2)I(tVu<v<T)P(r; € du,ms_; € dv | F,) | Fi
P(rn>uVit,medu|F)+ P(re>uVit,n €dul|F)

u=s1

on the event {5 < T}, forall 0 <t <T and every i = 1,2.
Therefore, summarising the facts proved above, we now formulate the following assertion.

Proposition 4.3. Suppose that r = 0. The no-arbitrage price for the holders of the first-
or second-to-default options in (4.18) are given by the sum of the expressions in (4.19) or (4.22)
with (4.20), (4.21) or (4.23), (4.25), respectively. The latter terms are computed by means of

the expressions in (4.4) or (4.9), (4.11) with (4.5) or (4.10), (4.12), and (4.24), respectively.

Remark 4.4. This paper continues the development of credit risk in models with various
information flows studied in [18] and [19]. The prospective research in this direction include
the generalisations of the results to the case of several (three and more) risky assets and several
(three and more) defaults given various filtrations representing different information flows.
Other potential extensions include elaborations of the models with an explicit form of the joint
transition densities of the dependent risky asset prices and default intensities.

5 Appendix

In this appendix, we reproduce explicit expressions from [19; Sections 3 and 4] for the condi-
tional distributions of two non-successive default times given the accessible filtration generated
by the market prices of the risky assets as well as given the observable filtrations.

5.1 Transition densities

Let us give the expressions for the transition density functions of the processes (Y, A!), | =
0,1,2, defined in (2.2)-(2.3) above. For this purpose, deleting the index [ in the notation for
simplicity, we recall from [26; page 527] that, for a standard Brownian motion W, the random
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variable A% = [, €M+ ds has the conditional distribution
P(Agl') € da ’ W, + vt = x) = p(t,z,a)da (5.1)

where the density function p(¢,x,a) is given by

( ) 1 % + 2 N 1+ e%
x,a) = ex x —
s %, Ta? P 2t 2a

o0 2 T
X /0 exp (—% - % cosh('w)) sinh(w) sin <$> dw

with t,a > 0 and x € R, and v € R given and fixed. This fact yields that the random vector
(2(W, + vt), AY) has the distribution:

(5.2)

P(Q(I/Vt +vt) € dx, AV € da> = q(t,z,a)dzda (5.3)

where the density function ¢(¢,x,a) is given by

q(t,z,a) = p(t, ga>L 1 exp ( - % (m — 2yt>2) (5.4)

B 1 2 v+1 V2t 14+ e
~aan e \mt (5)e -

0o 2 x/2
X / exp (_w_ - cosh(w)) sinh(w) sin <?> dw
0

2t a

with ¢,a > 0 and = € R (see also [14] and [25] for related expressions in terms of Hermite
functions). Therefore, defining the Markov process (Y, A) = (Y3, At)i>0 by

2 ¢
Kzexp((ﬁ—%)t—l—’th) and At:/ Y. ds (5.5)
0
for all ¢ > 0, one obtains that the random vector (Y7/Y;, (Ar — A;)/Y;) has the distribution
P(YT/Yt edy, (Ar — Ay)/)Y; € da) = P(YT,t € dy,Ar_; € da) = gr_+(y,a) dyda (5.6)

where the density function gr_;(y,a) is given by
2 2 2,
o) = = (% = 0,10, ) 5:7)

VI o (B VT 24y
_W3/273agymeXp<y2(T—t)+721(y) (’Y 2) )

X /0 " exp ( - éf”i 5~ 47\2/3 cosh(w)) sinh(w) sin (%) dw

for all T'—t,y,a > 0. Note that the formulas above were also used in [20; Section 4] for the
computation of the marginal density of the posterior probability process in the one-dimensional
quickest change-point detection problem.

2 v2a
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We also recall the transition density functions of the geometric Brownian motions 7, defined
as in (2.4) above. It follows that the random variable Zr/Z; has the distribution

P(Zr|Z; € dz) = P(Zr—y € dz) = hp_4(2) dz (5.8)

where the density function hr_4(z) is given by

hT—t(Z) _ (hl(Z) — (77 - 92/2)<T — t>>2> (59)

1
b on (T —1) " ( - 202(T — 1)

forall T —t,z > 0.

5.2 Conditional distributions of 7;, i = 1,2, under (F;):0

We first recall the computations of the conditional distributions P(7; > u|F;) of the default
times 7;, i = 1,2, given the reference filtration (F;)i>o, for all ¢,u > 0, from [19; Section 3].
The equalities

P(1; > u| Fao) = e A2 = P(r; > u | F) for 0<u<t (5.10)
hold, so that the equality
P(7; € du| F) = e %424 (5,Y0 4 \, Y dt = P(r; € du|F,) for 0<u<t  (5.11)
is satisfied, for every i = 1,2 (see [19; Formulae (3.1)-(3.3)]). Furthermore, the equality
P(r; > u| F) = e M40 (YO V) for 0<t<u (5.12)

holds, where

(Yo, vi) / / —owoao g0 (yeap) dydag / / Awiai gt (y! a;) dyida;  (5.13)

for all 0 <t <u < T and every i = 1,2, where the functions ¢', [ =0,1,2, stand for g (5.7),
while f and 7 stand for 5, and ~;, for | = 0,1,2, defined in (2.3) (see [19; Formulae (3.4)-
(3.5)]). Moreover, the equality

P(r; € du| F) = e %424 Di (Y2 Yi)du for 0<t<u (5.14)
is satisfied, for every ¢ = 1,2, where
u t yO yz (515)
/ / / / ORI (§yo + Nititi) Gu—i (Yo, a0) Gy (Ui i) dypdaodyida

forall 0 <t <wu <T and every i = 1,2 (see [19; Formulae (3.6)-(3.7)]).
We now continue with the results of [19; Sections 3 and 4], which tell that the equalities

P(r; >u,m3-; > 0| Fo) = e e P(r; > u,m3-; > v | Fp) (5.16)
for 0<wu,v<t
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hold, so that the equalities
P(TZ’EdU T3— iEdU‘F ) (517)
¢TI AN AT (Y0 Y (85 Y + oY) dudv
= P(Ti € du,m3_; € dv|]:t) for 0<w,v<t
are satisfied, for every i = 1,2 (see [19; Formulae (3.8)-(3.10)]). Furthermore, the equality
Py > u,m3 i > v| Fp) = e S bdimb = di T o3l (v0 y o) (5.18)
for 0<u<t<vw
holds, where C2~}(yo,ys_;) is given as in (5.13) above, for every i = 1,2 (see [19; Formu-
lae (3.11) (3.12)]). Then, the equality
P(7; € du,m5_; € dv| F,) = e S A NA0ANAL (570 L\ Y3) D3ZHYL YA dudv (5.19)
for 0<u<t<ow
is satisfied, where D?~(yo,y3_;) is given in (5.15) above, for every i = 1,2 (see [19; For-
mula (3.13)]).

Finally, we have that the equality
| —3—i

P(Ti > U, Ty > v ‘ -F;&) _ 67(5i+53—¢)A?7)\iAi7)\372'.4372 Cuft,v7u<Y;07 Y;Sii, Y*tz) (520)
for 0<t<u<vw
holds, where
u tov—u y07y3 ’L:yz (521)

/ / / / / / —(6 +03-1)Y0a0—Ni¥iai—A3—iy3—iaz— 103 Z(yoyo,yg Zy3 )

X Gut(Yo: a0) Gut(¥i: @) Gu—t (Y3, as—i) dypdaody;da;dys_,das_;
forall 0 <t <wu<wv<T and every i = 1,2 (see [19; Formulae (3.16)-(3.18)]). Hence, the
equality

(5 NAO )\ Al A3—i ==3—1
P(TZ' c du, Ty_; € dv ‘ JT'-t) =€ (0i+05—3) A7 —AiAj—As—i A D

for 0<t<u<vw

Y2,V Y ) dudv  (5.22)

u—t,v—u

is satisfied, where

u tv—u yan3 myl (523)

/ / / / / / *(6 +03_3)Y0a0—AiYi@i—A3—;Y3—ia3—; (5 yoyo -+ )\Zyly>

X Dy, (Y0Yos Ys—i¥s—) Ju—t(Yo: 00) Gu—t(Y> @i) 9=y (Vs i, as—i) dypdaody;dasdys_das_;
forall 0 <t<wu<v<T and every i = 1,2 (see [19; Formulae (4.12)-(4.14)]).
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