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Abstract

We propose a new default contagion model, where default may originate from the perfor-
mance of a specific firm itself, but can also be directly influenced by defaults of other firms.
The default intensities of our model depend on smoothly varying macroeconomic variables,
driven by a long range dependent process. In particular, we focus on the pricing of default-
able derivatives, whose default depends on the macroeconomic process and may be affected
by the contagion effect. In our approach we are able to provide explicit formulas for prices of
defaultable derivatives at any time ¢ € [0, T]. Finally we calculate some examples explicitly,
where the macroeconomic factor process is given by a functional of the fractional Brownian

motion with Hurst index H > %
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1 Introduction

The ongoing financial crisis has been triggered by the dramatic rise in mortgage delinquencies
and foreclosures in the United States. This crisis has not only manifested the weaknesses in
financial industry regulation, but also of the financial models used for pricing instruments of
mortgage pools like MBSs and CDOs. In particular, the systemic risk has been desastrously
underestimated. It has been industry standard to model contagion within a pool of credits by
an intensity model, where the intensities of surviving credits may increase at default of some
credit. This approach increases the probability for default of dependent credits, so has no direct
effect. In a static model, Davis and Lo [8] suggested a direct contagion model, which is able to
capture the immediate effect of one credit default to other credits in a pool.

We investigate a dynamic version of the direct contagion model of Davis and Lo [8], which is
based on interacting intensities. Each default indicator process may be influenced by the default
of other firms, which is modeled by an indicator variable representing the contagion possibility.
In addition, we allow the default intensities to depend on smoothly varying macroeconomic
variables (for example supply and demand, interest rates, the gross national product, or other
measures of economics activities), which are often modeled by a Markov state vector leading to
affine models; see e.g. Duffie [10] and Duffie, Filipovic and Schachermayer [11].

It is, however, well-known that many macroeconomic processes show a long-range depen-
dence effect; see e.g. Henry and Zaffaroni [14]. Consequently, in this paper we model the latent
macroeconomic process governing the default intensities by a long range dependent process, here
exemplified by a one-dimensional process, which stands for instance for a weighted mean of a
vector of macroeconomic variables.

In this paper we focus on the pricing of defaultable derivatives depending on the macroeco-
nomic process and affected by the contagion effect. We remark that we are not assuming that the
primary assets on the market are driven by a long range dependent process. Hence no arbitrage
problem arises in the use of our model. For a discussion on this topic we refer to Bjork and
Hult [2] or Oksendal [15]. In our model the long range dependent macroeconomic process enters
as a progressively measurable process into the default intensity. By usual no-arbitrage arguments
the price of a contingent claim at time ¢ is given by the conditional expectation under the pricing
measure, which we suppose to be given by the market.

In this not at all standard model we are able to provide explicit formulas for the derivative
price at any time ¢ € [0,7]. We discuss suitable long range dependent models for the macroe-
conomic process and calculate some examples, where the macroeconomic factor is given by a
functional of the fractional Brownian motion with Hurst index H > %

Our paper is organized as follows. In Section 2 we present our model and the contagion
mechanism for instantaneous contagion, modeling the intensity as a function of the macroeco-
nomic process. We explain the model in detail in Section 2 - it is an intensity-based model - and
we present all assumptions here. We present a specific example in Section 3 and calculate its

infinitesimal generators of the default indicator process and the default number process. After-



wards, we calculate a defaultable derivatives price in Section 4 at first conditionally on the latent
process. We conclude the section with a specific example, calculating the prices of a defaultable
bond under contagion. Finally, in Section 5, we introduce a general long range dependent frac-
tional macroeconomic process as intensity process. We obtain an explicit formula, which can be
evaluated numerically. In Section 5 we discuss some specific macroeconomic models and give an

explicit financial example.

2 The credit model

2.1 The default model

We consider a portfolio of m firms indexed by i € {1,...,m}. Its default state is described by a
default indicator process
Zt:(Zt(l)v'-th(m))7 t>0,

with values in the set {0,1}™. For every ¢ € {1,...,m} the random variable Z;(¢) indicates, if
the firm ¢ has defaulted or not by time ¢, i.e. Z;(i) = 1 if the firm 7 has defaulted by time ¢ and
Z.(i) = 0 otherwise.

Aiming at an extension of the idea of Davis and Lo [7] as indicated in [8], Section 3, to a
dynamic setting we distinguish between default caused by itself and default caused by contagion,
based on the default of some other firms. To this purpose we introduce the self-default indicator
process

Yi= (%(1),... Yi(m), >0,

with values in {0,1}"™, where again Y;(i) = 1 if the firm ¢ has defaulted by time ¢ by itself and
Y;(i) = 0 otherwise. We denote by 7; the default time of the i-th firm for i € {1,...,m} and by

7 the indicator function, then
Y}(z) :I{Tigt}, 1= 1,...,m.

Next we model contagion by using a contagion matriz indicator process: if firm i defaults by
itself at some time ¢, then C}(, ) determines whether infection of default from firm i to firm j
takes place or not at time t.
We assume that, if default of firm i causes default of firm j, then this happens instantaneously
resulting in Cy(7,7) = 1. More precisely, for any time ¢ > 0,
o 1 if the default of firm ¢ causes default of firm j at time ¢,
Ci(i, j) = (2.1)

0 otherwise.

This results in a representation of the default indicator process of firm j
2(5) = i) + (1= () (1 = [T(1 = Conn (i, )¥2()))
i#j

=¥() + (1= %6 (1= T[( = Cri)¥@), =0, (2:2)
i#j



Since firm j is influenced by itself, we define Cy(j,7) = 1 for all j € {1,...,m} and ¢ > 0.

Then equation (2.2) can also be written as

Z() =1-[[ (1 - Crli)¥i(@) , t>0. (2.3)
=1

(2

The defaults of the portfolio, either by itself or by infection, are caused by fluctuations in the
macroeconomic environment, which we model by a state variable process ¥ = (U;);>9 with
values in R? for d € N, representing the evolution of macroeconomic variables such as supply
and demand, interest rates, the gross national product, or other measures of economics activities.
In the literature ¥ is usually taken to be Markovian, so that the overall model of the system,
given by (U4, Y:, Cy)i>0 is Markovian.

It is, however, well-known that many macroeconomic variables show a long-range dependence
effect; see e.g. Henry and Zaffaroni [14]. Consequently, we model the macroeconomic environment

by a long range dependent process (¥;);>¢ to be specified later (see Section 5).

2.2 The probability space

The overall state of our system is described by the process (Uy,Y}:, Cy)i>0 on the probability
space (€2, F,P) endowed with the filtration

Fo=FYVFYVF, t>0,

where (F¥)i>0, (F) )i>0 and (F )0 are the natural filtrations associated to the processes ¥, Y
and C, respectively. Here we assume that the agent on the market knows if a firm has defaulted

by itself or not and the contagion structure among the firms. Moreover, we define the filtration
G =FLVvFYVFS, t>0.

As explained in Frey and Backhaus [12] we assume that investors have access to (F;)i>0, whereas
the larger filtration (Gi)i>0, which contains information about the whole path (U;);>0 serves
mainly theoretical purposes. Finally, we assume that all filtrations satisfy the usual hypotheses
of completeness and right-continuity.

From now on we work under the following assumptions.

Assumption 2.1. (1) We remain in the framework of most reduced-form credit risk models
in the literature and assume that the dynamic of W is not affected by the evolution of the
default indicator process Z. This has the advantage that we first model the dynamic of ¥
and, in a second step, the conditional distribution of the default indicator process Z for a
given realization of the macroeconomic factor process W. In particular, we require that W is
not affected by the evolution of the default indicator process Y and the contagion matrix
C. In mathematical terms this means that for every bounded Fy-measurable random

variable 7,

Eln| A =E[n| 7], t=>0.



(2) The processes (Y3(i))i>0 for i € {1,...,m}, (Ci(i,)))>0 for i,5 € {1,...,m},i # j, are
conditionally independent with respect to the filtration (G¢)¢>0. This means that for every
{i1,...,i} € {1,...,m} and for every choice (a1, 41),..., (o, 3) in {(i,5) € {1,...,m}? |
i #j} we have forall t; >¢,j=1,....k,and s, > t,n=1,...,1

k [
TTTI 7 (¥ (i) 9 (Cy(n. 5)) | Gi

j=1ln=1
l

‘ gt H sn O‘mﬁn)” gt]

l
[ Y;‘, Z] | f \/‘7:;& (Z]):| H E |:g (Csn(an,ﬁn)ﬂ f-o\I; vEC(an,ﬁn)

n=1

[z (r0
11

for f,g:{0,1} — R, with ]-"Y(Z) =0 (Yyu(i) s u <t) and ]:C(Z’]) = 0(Cyu(i,j) : u < t), for

every 1,5 € {1,...,m}, 1 # j.
(3) For every i € {1,...,m} the self-default indicator process (Y;(7))i>0 is a doubly stochastic
indicator process with respect to the filtration (FY V F} )i>0 with stochastic intensity

depending only on the path of (V;);>0. In particular we assume that the stochastic intensity

of firm i is of the form A\'(¢,¥;) for A\ : R? — R, a continuous function. This means that

—j)\i(u,\llu)du
E(1-%0)| 6 = (1-Yi()e ' s>t (2.4)

where the last equality holds by Corollary 5.1.5 of Bielecki and Rutkowski [5].

(4) The contagion processes (C;(i, j))i>o for i # j are FY, —conditionally time-inhomogeneous

Markov chains; i.e. for every function f: {0,1} — R,
E[£(C0 )| Fov FD| =E[£(C6.0)| FEVa(Cilini)] . s>t

For all i,57 € {1,...,m}, i # j and k,h € {0,1}, we denote the conditional transition
probabilities by

pii(k,h) =P [C(i,5) = h| Fab V o(Cy(i,§) = k)] ,

and assume that (p? (k, h))er+ is a continuous process for every t € R*, 4,5 € {1,...,m}
and k,h € {0,1}.
In the sequel we will use the fact that on {Cy(7,7) = k}
P [Cs(i5) = h, Ciir j) = k| F]
P[Ci(i,§) = k| FX]

pi(k,h) =

Note that, unlike the default indicator processes, the processes (Ct(i, j))¢>0 are allowed to
change between 0 and 1 back and forth in time. They model the presence of a business
relationship between firm ¢ and firm j, which can be present at time 0, absent at some

later time, and come in force again even later.



3 A portfolio with disjoint contagion classes

We want to discuss our model assumptions for the simple case of a credit portfolio with group
structure. For simplicity we assume that the matrix C is time-independent and deterministic.
This means that we can divide the credit portfolio of m firms into groups, which we can identify

by the following assumptions.
Assumption 3.1. (1) Reflexivity: By definition C(i,7) =1 for all i € {1,...,m}.

(2) Symmetry: C'(i,5) = C(4,7) for all 4,5 € {1,...,m}.

The influence of default is symmetric.

(3) Transitivity: C(i,h)C(h,j) < C(i,j) for all 4,5, h € {1,...,m}.
If the default of firm ¢ causes firm A to default, and firm h causes firm j to default, then

also firm ¢ causes the default of firm j.

Assumptions 3.1 define an equivalence relation on the credit portfolio, i.e. i ~ j if and only
if C'(7,7) = 1. The equivalence relation subdivides the portfolio into disjoint equivalence classes,

which we call contagion classes and denote by

[i] :={j€{l,...,m} | C(i,j) = 1}.

We assume that the portfolio consists of k contagion classes [i1], ..., [ix], representing for instance
business sections or local markets.

By definition (2.2) of the default indicator process we have:

. Lt (@) =1) v (GFi#i C65)=1 st Yi(j)=1)
Z(i) = (3.1)
0 if (Yi()=0) A (V()=0 Vi#i st C(i,j)=1).
Given some ¢ € {1,...,m}, from the definition of the default indicator process in (2.2) and

Assumption 3.1 we have
Zi(1) =0 <= Zi(j)=0 Vjeli.

This means that either all firms of the same contagion class default at the same time or all of
them are alive. Here we see that our modeling is different from (and more drastic than) the usual
credit risk contagion modeling, where the default of some firm within a group only increases the
hazard of all other group members; for examples and further references see Schénbucher [17],
Chapter 10.5.

Conditionally on the macroeconomic state variable process W the default indicator process
(Z¢)¢>0 is Markovian. Since in this case C' is supposed to be deterministic it is to be expected
that the intensities of (Z;);>0 are inherited in a deterministic way by the default intensities of
the self-indicator process (Y;);>0 as given by (2.4) of Assumption 2.1(3).

This allows us to calculate the conditional generator of the default indicator process as well

as of the default number process.



3.1 Conditional infinitesimal generator of the default indicator process

We calculate the conditional infinitesimal generator of the default indicator process (Z:)i>0,

where we use Definition 2.2 of Yin and Zhang [20].

Theorem 3.2. The infinitesimal generator A; of the Fy —conditional time inhomogeneous

Markov process (Zt)i>o is for any test function f:{0,1}" — R given by
H H 1- ’Zj - Zu’) Z [f(z(l)) - f(Z)] (1 - ZZ))‘Z(ta \Ilt)7 S {07 1}m ) (32)
j=1lug[j i=1

where
20 = (21 + (1= 21)C(i,1), ..., z2m + (1 — 2,)C (3, m)). (3.3)

Proof. By Proposition 11.3.1 of [5] we obtain that the infinitesimal conditional generator of Z;
is given by

AT F(z) =) [f(w) = F(2)] M (2, w)
w#z

for any f: {0,1}™ — R, where A\? (z,w) denotes the F¥, —conditional stochastic intensity of the

process Z from state z to state w, given by

Z Z
N (zw) = lim Pen( W) — Pz, @)
! h—0 h

(3.4)

with conditional transition probabilities

. (sw) = P(Ziys =w, 2y = 2| Fp)
(2 P(Z = 2| 7L)

=PV (Zis=w|Z=2), ts>0.

and

7 1 ifz=w,
Pi(2,w) = 0z 0 =
0 otherwise.

Since the different contagion classes are independent, we factorize the transition probabilities as

follows:

k
Piiys(2,0) H Niefin) Ze+s(1) = wi | Niepi Ze(i) = 2i) - (3.5)

Recall that in each factor in (3.5) the states w;,z; € {0,1} and that 1 is the absorbing state.
Because of the deterministic contagion mechanism, at any time either the whole contagion class

of firms has defaulted or has not, i.e.
Ji € fin] st {Z(i) =0} & NMigp,{Ze(i) =0} . (3.6)
Moreover, by definition (3.1) we have that

Niglin12e(i) =0} & N1 Ye(i) = 0}. (3.7)



Setting Z;(iy) := [Ticps, Z¢(), which also is a 0-1 random variable, we have
Nicfin12:(d) =0} & {Z4(in) = 0}
and by (2.4), (3.6) and (3.7) we get
E[1— Zoys(in) | Go) = (1 = Zu(in))e™ i Tieta N (w:budde (3.8)
Given z = (z1,...,2m) € {0,1}"™ we define for h € {1,... ,k}
A= (21 + (1= 20)C(in, 1), .., 2 + (1 = 2)C (i, m)),

representing the fact that only group [iy] can default and, if it does, then all other components
of z remain the same. Then by (3.5) and (3.8), taking the limit in (3.4), we obtain for zls] #£ »

N (22 = TT (1=z5) D N, )
J€Elin] i€[in]
and M (z,w) = 0 for w # 2l or w = 2.
Then the infinitesimal generator for elements z such that z; = z;, if firms 4, j are in the same

contagion class, is given by

k
AZFE) =D [P = p@)] TT - 2) D2 X w),
h=1 JElin] i€[in]
which can equivalently be represented as

m

AZF(2) =0 [FED) = 1)) (1= 20X (1,9

i=1
where 2 is defined as in (3.3). To guarantee that at the same time only defaults in one contagion

m

class take place, we multiply the right hand side by [[ [[ (1 —|z; — z4|), which means that
J=1uelj]

the vector z can not have two different components which correspond to equivalent firms. This

gives the form of the generator as in (3.2). O

3.2 Conditional infinitesimal generator of the default number process

We invoke the previous result to calculate the generator of the default number process for the
portfolio. To this end we split the group of all firms in [ homogeneous groups G, ..., G, where
each group contains all the firms with the same default intensity. We recall that firms belonging

to the same equivalent class [i] have a default intensity given by
M =N ).
Jj€ld]
It follows that each homogeneous group Gy, is given by the union of a certain number s, of

contagion classes, i.e.
-h -h
Gn =[]V Uljg,]-

8



For every h € {1,...,1}, we denote by n! the cardinality of the class [j!] for i = 1,--- s, and
by ACn(t, ;) the intensity of every firm belonging to the group G}. Let

My(h) ::% > th)+...+ > Zntff) (3.9)

. . n . . S
ielip] ! ieljl ]

be the weighted average number of defaults in the group G},.We now consider the process M; :=
(My(1),...,M(l)). Because of the conditional independence of contagion classes the components
of this process are also conditionally independent. We calculate the conditional infinitesimal
generator of (My)¢>o.

Recall first from our calculations in the proof of Theorem 3.2 that we can not have simultaneous
defaults for two different contagion classes, and that inside a contagion class all firms default at
the same time. Hence the counting process (M;)¢>o can jump from a state u = (uy,...,u;) =
(;’—1, R Z—i), where v, € {0,...,s;} (for k =1,...,1), only to a state of the form u+ iek, where
er is the k-th element of the canonical basis of R'. With an analogous proof as in Lemma 3.4
of Frey and Backhaus [12], we obtain that the transition intensity of M from wu into the state

u+ iek is given by
1
M <u,u + —ek> = sp(1 — up) A\ (s, 0,).
Sk
Then the infinitesimal conditional generator of (M;);>¢ has the following form.

Theorem 3.3. Let M; = (My(1),...,M(1)), t > 0, be the default number process with compo-
nents defined in (3.9). Under Assumptions 2.1 and 3.1 the inﬁnitesimal genemtor of this FY -
1l x - x {0, 2 1} - R

conditional Markov process is for any test function f : {0, X

TR TR

given by
l

Auf(u :Z[ <u+—ek> f(u)} sp(1 — up) A\9E (8, 0y) .

=1

4 The price of credit derivatives as a function of ¥

We consider the problem of pricing derivatives, whose values are influenced by the contagion
mechanism represented by the matrix C' and the underlying macroeconomics factors ¥ as de-

scribed in Section 2.1.
Assumption 4.1 (Market structure; cf. Frey and Backhaus [13], Ass. 3.1.).

(1) The investor information at time ¢ is given by the default history F3; i.e. the investor knows
the latent process W, the self-default indicator process Y and the contagion matrix C' up

to time t.

(2) The default-free interest rate is deterministic, so that we can w.l.o.g. set it equal to 0. This
does not prevent us to include for instance the LIBOR rate as one of the macroeconomic

variables processes.



(3) The risk neutral (martingale) pricing measure P exists and is known, such that the price in
t of any Fp-measurable claim L € L' (2, P) with maturity 7' > 0 is given by L; = E[L | F]
for0<t<T.

Without further specifying the macroeconomic process W we can formulate the following

result.

Theorem 4.2. Let f : R x R™ — R be a bounded measurable function. Let o = (aq,...,0n),
B=(B1,...,0m) and z = (z1,..., zm) be in {0,1}™ and KV kD € {0,1}"! fori=1,...,m.
Set hyy = ki =1 fori=1,...,m, h;j := [h(i)]j and k;j := [k(i)]j for j #i. Then fort € [0,T]

f)a-z- mo o om o |
E(f(Ur, zr)| Fl= Y. (07 &% ] @ali))' =" (1 - vi(i))*
z,0,0€{0,1}™ j=1 i=1
< E | f(Ur,2) [ ber()” ]—"t‘l’] , (4.1)
i=1
with
at(i) = Z I{ﬁi(a,h)ZO}Z{Cf_ﬁ):h(i)}
h()e{0,1}m-1
bt,T(i) = Z I{C(i):k(i)} </ )\i(u, U, )e” I )‘i(s’qls)dspuu(k(i),h(i))du
R k(@ e{0,1}m—1 ¢ T
+I{Bl(a’h):0}/t\ )\Z(u, \Iju)e_ ft A (87\Ils)dspt7u(k(l),h(l))du> ,
where

m
0 Zf Z Oéjhij = 0,
j=1

hi(o, h) = (4.2)

1  otherwise.

and pyr, (k@ h0) = H;nzlpgi([k(i)]j, [h)];) denotes the joint transition probabilities of the

random vector C’g) from time t to time ;.
Our proof is based on the following lemma.

Lemma 4.3. Assume the same notation as in Theorem 4.2. Then for all z € {0,1}"™ and
te[0,7]

E[Z(z,=2| G

- Y (pE "szl._o"’H vi(i) Y L (am=0y Lo iy

ac{0,1}m 7=1 =1 h(i)e{(xl}m*l

400 . ' .
+ (1 — Y%(Z)) Z I{C’t(i)zk(i)} </ )\Z(u’ ‘Ifu)e_ft A (s,@s)dspt’u(k:(z)’ h(l))du
h(@,k(i)e{o’l}mfl T

T 7 . .
F Doy [ A e TR (10, 1)) | (43)

10



Proof. By (2.3) we have for z; € {0,1}

T 2p(y=zyy = 2 + (=17 [[(1 = Cr, (i,5)Y7r (4)) .
i=1
Then for z € {0,1}™,
Ligp=zy = H 1) H Cr (4, )Yr(9)) | . (4.4)
Jj=1 i=1

We apply the following identity, which can be proved easily, for instance, by induction on m:
[T +8y="3 H AT B, (4.5)
j=1 ac{0,1}m j=1

where a; € {0,1}, 5 = 1,...,m. Setting 0° := 1 the formula holds also if there exists j €
{1,...,m} such that A; =0 or B; = 0. We apply this formula to

Aj = z; and Bj := ZJH Cr, (1, 7)Y (7))

=1

Then we obtain the following expression for the indicator function in (4.4):

Ty = % H([ 1y

ac{0,1}m j=1

’,:]s

(1= Cr (i, 4)Yr (i)

) m

= > 0P (I ) IHT0 - Gt

aef{0,1}m j=1 j=1i=1

i=1

M3

Then by Assumption 2.1(2) we have that

m

Z Qjzj

E[Zizg=n |G = Y, (-1 (H )HE [T~ Crlii)Yr() | G
= j=1

ae{0,1}™ j=1
(4.7)

We focus now on the calculation of the conditional expectation in (4.7). The total probability
theorem, by considering all the possible contagion structures for i-th row C’%) of the the random

matrix C,, (written in its vector representation and avoiding the element C-,(i,7)), yields

H Cr, (1,3 Yr() | G

= Z E H — hi; Y (i) Z{cﬁ?:h@} G

r(Me{o,1}m-1 Jj=1

_ _ NVACED ,
"o 1E[<1 V(i) ML 00, | 6] (4.8)
le m—

11



where hj; := 1 and h;; := [h9)]; for j # i and h;(a, h) is as in (4.2). We now calculate
E [(1 . YT(i))hi(O{’h)Z{C%):h(i)} ‘ gt}
hi(o,h
=K [(Z{Tm}) ( )I{Cg?:h(i)} ‘ Qt]
_ hi(o,h Y (i)
=E [E |:(I{T<Ti}) ( )I{C%):h(i)} ‘ ‘7:T \4 gt] ‘ gt]

= I{nst}z{ﬁi(a,h):O}I{cgﬁ):h(i)}

t I{ﬁi(a,h)zo}E I{t<7'i} Z bt (k(l)v h(l))z{cg“:k(i)}
k(M ef{o,1}m—1

_ 4

+ I{Bz(a,h);éO}E I{T<Ti} Z pt,Ti (k(l)7 h(l) )I{Ct(z) :k(i)} gt]
kM e{o,1}m—1

= Yt(i)z{fzi(a,h)=0}I{C%):h(i)} + Liow oy (4.9)
k(i) E{O,l}mfl

X <I{}~zi(a,h):0}E {Z{t<n}pm(k(i)7h(i))‘ gt] T Zihs(an) 20} E {I{T<Ti}pt,7'i(k(i)7h(i))‘ Qt]) ,

where by using Assumption 2.1(2) and (4) we have set p; ., (£, h()) := H;”leiii([k(“]j, [h9]5)
to denote the joint transition probabilities of the random vector Cg) from time ¢ to time 7
under the convention that [h("]; = [k(®]; = piii([k(i)]i, [A)];) := 1. Note that in the second term
of (4.9) we have 1; > t.

Since by Assumption 2.1(4) pt,(k‘(i),h(i)) is a bounded continuous stochastic process, we can

now apply Proposition 5.1.1(ii) and Corollary 5.1.1(ii) of Bielecki and Rutkowski [5] and obtain

Lih(ty=op B [I{t<n}Ptm(’“(i)’h(i))‘ Gt + Tihu(amyror B [I{T<n}19m(""(i)’h(i))‘ G|

- I{Ti>t} <I{Bi(a,h):0}E |:/t )\Z(Ih \I’u)e_ JEA (s,\IIS)dsptyu(k(z)y h(z))du foq;:|

7))

+ I{ﬁi(a,h):o}/t N(u, \I’u)e_ft AZ(S?‘I’S)dSpt’u(k(Z),h(’))dU> , (4.10)

+m . u Z . .
+ Lm0 B |:/T N(u, ) Je X g, (10 B0 du

= (1 - Y,(3)) < / N (u, @y e~ Je A bddsy, (k0 p 0y
T

where in the last equality we have used the fact that all terms in the conditional expectation

are Fy-measurable (Assumption 2.1(4)).
By plugging now (4.9) and (4.10) in (4.8) and then in (4.7) we conclude the proof. O

We are now ready to prove Theorem 4.2.
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Proof of Theorem 4.2. lterating the conditional expectation we get
Elf(Wr,Zr)| 7] = E[E[f(Yr, Zr)| G| Fi] -

In order to calculate the inner conditional expectation we use formula (4.3) of Lemma 4.3. For

the sake of simplicity, we set

a(i) = Z Z{Bi(a,h)ZO}Z{C%):h(i)}
h() €{0,1}m~—1
and

+o0 . Uy . .
be,r(i) = > T g < /T Ni(u, Wy )e™ i X @ ¥dsy (kO B0 gy

h(i)7k(i)e{0’1}m—1
Lo h)=0) / N, Wy)e St pt,uw“),h“’)du),

Then by the total probability theorem it follows that

E[f(Vr, Zr)| F) =E| > f(U7r,2)E [Tiz,— | G] | F (4.11)
z€{0,1}™m
ZO‘JZJ " 1—avs - .
= > (= Hz E | f(r,2) [ (v + (1= Y@)ber(i) | 7| -
a7ze{0’1}m i=1

We now calculate the conditional expectation appearing in (4.11). By (4.5) we have that

[T itienti) + (1= Hibr@) = Y TT el (1 = Vii)ber ()™

1=1 Be{0,1}m =1

Hence

E | f(Ur,2) [] (Vi(i)ar(@) + (1 = Yi(i ))bt,T(i))'ﬂ]
i=1

S| f@ra) Y 00l (- V)b () | 5
Befo,1ym i=1
= Y T G@a)™ (=Y B | e ) [[ el ﬂ] SNCRE)
Be{0,1}m i=1 i=1
Plugging (4.12) in (4.11) concludes the proof. O

Equation (4.12) shows that the final pricing formula depends on the specification of the
macroeconomic process ¥V and the dynamics of the contagion matrix C.

We first comment on the contagion matrix. Recall that it simply describes for two firms, if
there is a business relation at time ¢ or not. From our formulas it is clear that we only need to

know C' at the time of default. There is still room for more precise modeling of the contagion
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matrix. For the moment we assume a time-independent but possibly random contagion matrix
given by

where C has entries [C];; = Cj;(w) given by iid random variables independent of the processes
Y and V. It follows that F, = 7Y vV FY vV o(C) for t > 0 and Fy := {0, Q}.

We study now this situation. Note that we still do not specify the macroeconomic process V;
this will only come in Section 5, where we price derivatives under the assumption of long range

dependence for W.

Theorem 4.4. If the contagion matriz is of the form (4.13), the pricing formula (4.1) is given
for0<t<T by

m

Elfurzn) A= Y Y (DA [0 R0 T,

,2€{0,1}™ he{o,1}m(m—1) i=1

hi(,h) N (u, Uy, )du
x E f(\IjT7 Z)e

1 Fr, (4.14)

e

and fort =0 by

Z Q2 m a
E[f(Vr, Zr)l = ) > H IT4P(C = h)
a,z€{0,1}™ he{0,1}m(m— 1)

77

T
—f hi( Ao (u, Uy du
XE | f(¥p,z)e 0=t , (4.15)

where hi(a, h) is as in (4.2) with hy =1 fori=1,...,m, and h;j := [hl;; fori # j.

Proof. First we note that in this case C~, (i, j)Y:(i) = C(i, 7)Y; (7). The total probability theorem,
by considering all possible contagion structures for the random matrix C' (again written in its

vector representation and avoiding the diagonal) yields with (4.6)

E[Ziz-|G) = Y. E[Lz—nTic-ny| G
he{0,1}m(m-1)

m

— Z Z Zam“:—"l > HH — hiYr () Lyc—py | Gt

he{0,1}m(m=1) ae{0,1}m i=1j=1

We now distinguish between ¢t = 0 and ¢ > 0. Since Zyo—_y,) is Fi-measurable for every ¢ > 0, by
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Assumption 2.1(2) and by (4.8) we obtain that for ¢ > 0

E [Z{zp=: | G] (4.16)

m

Z oz o 1 o i
= Z Z (H )Z{C:h} HE H 1 — h”YT gt

hE{O 1}m(m 1) OZE{O l}m i=1

s s e elo- e o]

he{0,1}m(m=1) ac{0,1}™ i=1 i=1

<.

where h;(a, h) is as in (4.2) with hy :=1,i=1,...,m, and hy; := [h];;, i # j. Since by (2.4)

T _
. J ha( Y, Wy )du
B (1= Y2 @) | 6] = (1 - v e ,
we obtain that for t > 0
E [Z{zp=: | G] (4.17)
m T
Z % e (o — RPN (W) du
= Z Z = (H Z; J)I{C:h} H(1 — Yy (i)t >Pe
he{0,1}m(m—1) ae{0,1}™ j=1 i=1

To obtain the final pricing formula, we proceed analogously as in the proof of Theorem 4.2. By
(4.17) and (4.11) we have for ¢t > 0

E[f(¥r, Zr)| Fi] = Z f(¥r,2) I{ZT z} ‘ gt] Fi (4.18)
ze{0,1}™
g m
= > ) ! (HZ )I{C=h}
a,2€{0,1}™ pe{0,1}m(m— 1) j=1
T
M ; — [ oo h) N (w0, du
« [1( - viGo)senE {f@% e 1 F
This proves equation (4.14). For t = 0 we obtain
E [Z{z7=2} | Go] (4.19)
Z % a [ S Rala )N )
=Yy R T(IT e me ~
he{0,1}m(m—1) aef0,1}m j=1
Substituting (4.19) in (4.18) for t = 0, we obtain formula (4.15). O
If the contagion matrix is deterministic, i.e. for every i,5 € {1,...,m} and all t > 0,

Ci(i,j)(w) = Ci(i,j) € {0,1} Vw € Q,
we have FC = {0,Q} for every t € [0,T].
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Corollary 4.5. Assuming that the contagion matriz is deterministic, the pricing formula (4.1)

simplifies to

E[f(Yr, Z7)| Fi] = Z (—1)= H (zll i(1— Yt(z))hz(a)>
a,ze{0,1}™ i=1
J 3 RulaNi(uw,v,)d
X E f(\IlT7 Z) e ti=1 ¢ U ft\lf , (420)
where
0 Zf Z a]CT(Zvj) = 07
hi(a) == 7=1 (4.21)

1 otherwise.
In the following simple example we investigate the effect of the contagion mechanism.

Example 4.6. We assume the group model of section 3 in its simplest form of a portfolio
consisting of two classes, taking 5 firms in one group and 10 firms in the second group. We work

with a deterministic contagion matrix and consider different contagion scenarios for C:

C C
C = 5x5 5x10
Croxs  Crox10
We consider the following six scenarios, where I; denotes the identity matrix in R%, 04y the

matrix with only entries 0, and 1,4y, the matrix with only entries 1.

1 0 I 0
O =15 Cy = 5x5  Os5x%10 Oy = 5 5%10
O10x5 Lo O10x5 11iox10

1 1 1 0
04 _ 5%x5 5x10 05 _ 5x5 5x10 Cﬁ _ 115><15
O10x5 liox10 Lioxs o

Obviously, C7 corresponds to no contagion and will serve as reference scenario. Cy models
contagion within the first group, no contagion in the second and no contagion between firms of
the two groups. C3 models the complementary situation. Contagion matrix C4 models contagion
in the first group, but also the spill-over of default of group 1 firms into the second group. Cj
models contagion within both groups, and contagion from firms in the second group to the first
group. Finally, Cs models contagion between all 15 firms.

These scenarios determine the vectors (hi(),i = 1,...,15) for all a € {0,1}™. We also
assume that all firms in the same group have the same intensity of default, i.e. \¥ = Al for all
ie{l,...,5} and X' = \® for all i € {6,...,15}. Furthermore, we assume that A% = 2\ and
that both groups are exposed to the same realization of the macroeconomic process A,

Now to understand precisely, what the effect of the contagion is, we take as simplest example
one bond of one firm of the two groups at one time. For a defaultable bond of a firm in group

i € {1,2} with pricing formula (4.20) we obtain we have to calculate

V= p

) T _m ]
(1 - 25y exp{ - /0 S hs(@) Al (u, g, )du} |
i=1
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Note that the zeros in ﬁi(a) correspond to no default of all firms in group 1 and the second part
of the vector to arbitrary values in the second group.

It remains to specify A and we take the CIR model, such that the intensities are positive
a.s., i.e. M(t, By) = )\Ll} is the solution to

where (B¢)¢>0 is standard Brownian motion, and we take the parameters a = 2.0, b = 0.05,
o = 0.4 and initial value A (0) = 0.03. Obviously, prices should decrease for higher contagion

scenarios and for bonds with higher maturity.

Bond of firm in group 1 | Bond of firm in group 2
T=1 T=2 T=1 T=2
Cy 0.966936 0.923076 0.935458 0.853588
Cy 0.849446 0.681479 0.935458 0.853588
Cs 0.966936 0.923076 0.550128 0.258520
Cy 0.482438 0.195017 0.935458 0.853588
Cs 0.849446 0.681479 0.482438 0.195017
Cs 0.482438 0.195017 0.482438 0.195017

Table 4.1: Bond prices Vom for maturities T =1 and T = 2 and the different scenarios.

5 Pricing contingent claim depending on the macroeconomic

process with credit risk contagion

5.1 Modeling the macroeconomic process

Now we turn to the macroeconomic process W. There are many examples, which consider the
intensity as a function of a state vector of Markov processes; see e.g. Frey and Backhaus [12]
or Schonbucher [17], Chapter 7. Gaussian processes and processes driven by Brownian motion
are the most prominent ones. Here we focus on the case, where U = U ig given by a long
range dependent process with Hurst index H > % This choice is motivated by the fact that
macroeconomic variables like demand and supply, interest rates, or other economic activity
measures often exhibit long range dependence. In the context of fractional processes examples
include fractional geometric Brownian motion or other processes driven by fractional Brownian
motion with non-negativity guaranteed.

We recall here the definition of fractional Brownian motion.

Definition 5.1. A fractional Brownian motion (fBm) BY = (BH);>¢ with Hurst index H €
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(0,1) is a continuous centered Gaussian process with covariance function
1
cov(Bf,BE) .= RH(t,s) := §(t2H + s2H — |t — s]*H), t,s € RT.

In this section we focus on the case where the macroeconomic process is given by a suitable
function ¢ of a stochastic integral of a deterministic function with respect to fBm with Hurst
index H > % For examples see Buchmann and Kliippelberg [6] and for more details concerning
fractional Brownian motion and the relevant stochastic calculus we refer to Biagini et al. [4]. Then
we will compute the pricing formula (4.1) of Theorem 4.2 under the macroeconomic variables

model .
\Ijg{ :¢(ItH)7 ItH ::/ g(S)dBf7 t € (0,77, (5.1)
0

where 1 is an invertible continuous function and g is a deterministic function in L% ([0,77). We
recall that L% ([0,77) is the completion of the Schwartz-space S([0,T]) equipped with the inner
product

T T
(f,9)m == H(2H — 1)/0 /0 f(s)g(t)]s —t[*"~2dsdt <o f,g € S([0,T]).

In particular, in (5.1) we focus on deterministic integrands g € H*([0,7]) (which is a subset of
L2.([0,T7)), the space of the Holder continuous functions on [0, 7] of order u > 1 — H, and such
that 1/g(s) is defined for all s € [0, 7).

Remark 5.2. Under the above condition on i and g we get the following.
(i) The stochastic integral in the formula (5.1) can be understood pathwise in the Riemann-

Stieltjes sense (see Section 5.1 in [4]).

t
(ii) By Theorem 4.4.2 of [21] we have also that BH(t) = [ -L.dIf where this integral can
0

g(s) 78 7
again be interpreted in the Riemann-Stieltjes sense. This implies that the processes I and BY

generate the same filtration and that ft‘I’H = .7-"tBH (because v is invertible and measurable).

Although a long range dependent macroeconomic process may be more realistic than a
Markovian one, it is clear that the calculations and the resulting pricing formulas become much
more complicated. In this paper we shall restrict ourselves to the case, where for alli € {1,...,m}

the default intensities of the self-default processes (Y;(i)):>0 are stochastic and of the form
N, ) = B () +7' (),  u>0, (5.2)

where 3% and 4 are continuous functions.

Recall that intensities are supposed to be positive. Now, because the integral I7 has fBm as
integrator, obviously it can happen with positive probability that the intensity becomes negative.
By the affine transformation, however, we can at least control that this probability remains small.
Of course, the same problem arises, when working with affine models driven by Brownian motion

as, for instance, for the Ornstein-Uhlenbeck model (see Schénbucher [17], Section 7.1).
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5.2 Pricing contingent claims with a long range dependent ¥

In the setting outlined in Section 5.1 we focus on the pricing of contingent claims written on
the long range dependent macroeconomic index U and affected by credit risk contagion. For
the sake of simplicity we consider the case, where the contagion matrix C} is deterministic for

all 0 <t <T. Referring to Corollary 4.5, the problem is now to calculate a term of the form

:
.

— [T 35 ha(@) (B () [+ (w) ) du
f?H] (5.3)

— ST 3 ha(e)i (u, 92 )du

— [T S hila)yi wdu fi 3 hi@)F (w1 du

- f()T 72": hi(0)B (u) I du

for fixed z € {0,1}™, where we have set f o := f¥. Note that in (5.3) the last equality holds
by Assumption 2.1(1).
For simplicity we omit in the sequel the index z and write simply f(V#) and f¥(I¥) instead
of f(Ui 2) and f¥(IH2), respectively.
We now proceed as fol/lgws. Define for a € R the function fff’(a:) = e~ f¥(z) for v € R and
its Fourier transform by fff &=/ e~ f;ﬁ (x)dz for £ € R. We assume that f and ¢ are such
R

that
A= {a cR|fY() e L'(R) and f¥() ¢ Ll(R)} £0.

Then by Theorem 9.1 of Rudin [16] the following inversion formula holds:

@) =5 [ R, ver. (5.4

We collect some useful results in the following lemma.
Lemma 5.3. With the same notation and assumptions as above, we have

I 32 a1t du

£ | f(ulh)e A i ede (55)

t 27TR

f@H] _ 1 E[efows,&)wf

where

T m .
n(s,€) = g(s) <a+z‘£— / Zhi(a)ﬁl(u)du> , 8€[0,7] (5.6)
S =1

where hi(a) fori e {1,...,m} are defined in (4.21).

19



Furthermore,

E [elo n-0a8 | 7] (5.7)

= exp{ / / nlu - sy2H—2dsdu}
Xexp{/o n(s ,g)dBf}
< exp { / t (1;“{‘%) <1;<H‘§> ((nGs, g)z[t,T}(s))H‘%)»H_é aBH }

where Hf||%{ = (f,f)m for f € L%,([O,T]), and for « = H — % € (0,1/2) we define

(I7%n) (s) := ﬁ% </: n(r)(r — s)a_ldr> . (5.8)

Proof. We first prove (5.5). We introduce the notation Ep := exp [— fOT > ﬁi(a)ﬁi(u)lfdu].
i=1

By Theorem 6.4 of Sottinen [18] follows that we can exchange the order of integration and obtain

—Ts “(u)du H
o (47 82 Rutst ) as” |

Then by using the definition of fff and the Fourier inversion formula (5.4) we get

H 1 I latie— 1 Zh ()8 (u)du] (S)dBHA H
B fEr | 7] = B|5- [ T g e f@]
= }E [ / elo (s8B! fﬁ”] 1P (e)de, (5.9)
@ R

where

T m ,
n(s,€) = g(s) ( +ig— [ > hi<a>mu>du) :
S =1

Since E [efoT n(s&)dB]! } < 00, we can exchange the order of integration in (5.9) and obtain (5.5).
Next we prove (5.7). By Remark 5.2(ii) we have

E [efoT n(s,6)dBH ‘ }—t\pH] _r [efoT n(s.6)dBH

72
() Z0,11 ()12 ! n_ 1
= HTonOBE fexp§ | (s, Bl = S OT0m Ol | 7 |

which is equal to (5.7) by Proposition 2 of Duncan [9]. O

Example 5.4. For the special case where g = 1 (that gives I/ = Bf) and ' = 0 for all
ie{l,...,m}, formula (5.7) can be calculated by Theorem 3.2 of Valkeila [19] as follows

)

E [e(a-i-if)BrfI
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where

with
H 1 1 g T H-3 H—1
2 (T,s) = (H—5)0H32 /u 2(u—s)" " 2du
- ( 2HT (3 — H) >%
T \r(E+ )T 20)
and

1 1 T, H-—1 ¢ H-—1
Or(t,s) ::—sin(ﬂ(H—g)) Sg—H(t_l);_H/ W
t

s u—=S

We are now able to provide a pricing formula for a long range dependent macroeconomic

state variable process.

Theorem 5.5. Assume that the contagion matriz C is deterministic and that for all i €
{1,...,m} the intensities of the self-default processes Y; = (Yi(i))i>0 are of the form

N, i) = g ) I +4'(t), t >0,

where B* and v are continuous functions. Consider

t
7 ;:/ g(s)dB" (s), >0,
0

for g € H*([0,T)) with pw > 1 — H and such that é is well-defined. Let f(-,z) and ¥(-) be

deterministic continuous functions and denote for all z € {0,1}™

flw,2) = f(¥(x),2), z€R,

and
f(x,2) = e f¥(x, 2), a,z € R.

Assume that there exists some a € R such that fY (-, 2) and its Fourier transform ff’(, z) belong
to L*(R) for all z € {0,1}™.
Finally let 4 be invertible and set

wll = o ([ oa8"0).

Then the price (4.20) at time t € [0,T] is given by the following formula
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E[f (Y7, Zr)| Fi]

% Qizi 1 i — [T 3 hi(@)v (u)du
= Y COET (- vae)e T EN
a,z€{0,1}m i=1
; 7273 hi(a) B (u)TH du T rt
Xefo i=1 i exp{l/ / 77(875)77(U,§)|u—8|2H_2d8du}
2 Jr 2/ Jo

X exp {/Ot n(s, g)dBf}
X exp {/Ot (I;(H_%) <I;(H_%) ((?7(87é)f[t,ﬂ(sﬂH_%))>H_é dBf} 12 (€, 2)de

where hi(c) is given in (4.21), n in (5.6) and I in (5.8).

A basic structual analysis for pricing formulas with long range dependent hazard function
models will be presented in Biagini, Fink and Klippelberg [3] together with an extended nu-

merical analysis study.

Example 5.6. (Inflation-linked caps and floors).
To illustrate how to compute f(}’ , we introduce some examples of inflation-linked derivatives,
such as inflation-linked caps and floors, that we allow to be also exposed to contagion risk. By

using the notation of Theorem 5.5, we consider a payoff of the form
f(Or, Z7) == (U — k)Tb(Zr),

where WUy represents here the inflation index and b(-) is a positive measurable function, that
describes the contagion effects. By Theorem 5.5 we have to find some a € R such that

—

(fr)? € LNR) and  (f,,,)Y € L'(R) (5.10)

hold. We show (5.10) for g = 1 and the two special cases ¥(z) = z and ¢(x) = e*, corresponding

to fractional Brownian motion and geometric fractional Brownian motion, respectively.

(A) Let ¢(z) = =.
It follows immediately that (5.10) holds for (f

c

a”)f, for all @ > 0. We compute now the

Fourier transform of ( fca”)f for a > 0.
PRy > —z(a+iu) K)\d e frleti)
(fear)a () = /K € (z — K)dz = Tat)?
Since
e~ Klatiu) e—Ka o 1
= = —_— —
(a+ iu)? u? W) 4T

we have that (5.10) holds also for the Fourier transform of (f a”)f for all @ > 0.

c
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(B) Let ¢(x) =
It follows from the calculations in (A) that (5.10) holds for (f )ZZ’ for all @ > 1. We
compute now the Fourier transform of ( fca”) for a > 1:

— B ki e B o—(a—14iu) In K
Fadite) = [ emosier - Kyt = s
Since
o—(a—14iu) In K e (a=1)InK 1
Tlala—1) — @ tiu(2a—1)| <$> e

(a+iu)(a —1+iu)

condition (5.10) holds also for the Fourier transform of (f )ZZ’ for all @ > 1.

5.3 Comparison with Markovian ¥

Theorem 5.7. Assume that (5.1) holds for standard Brownian motion as integrator and assume
also (5.2). Then

> - D& ﬁ(z = V(i) e

o,z€{0, 1}’” =1
hi(e )5l(u)fudu 1 T t
exp{ / 0 ssds+/ (S,E)st}f (&, 2)de
t

E[f (Y7, Zr)| F] =

H'Mg

b

xXe

N

where hi(a) is given in (4.21) and 1 in (5.6).
Proof. By Theorem 4.4, (5.3) and Lemma 5.3 we obtain that calculating the price
E[f(Yr, Zr)| Fi] boils down to compute the term

[efo 5,£)dBs j_-t\p]

§) = g(s) (a i€ = [ S () (w)du).

with n(s,
(s, & ds} < oo for every fixed £ € R, i.e. the Novikov condition is satisfied

Since eXp{ fo

we have that
T 1 T t
E |:ef0 U(Svf)st E\Ij] = exp {5 / 772(S7§)d8 =+ / n(s,f)dBS} .
t 0

O

Since the integrand g in (5.1) is in L%([0,7]) C L2%([0,T]) (see [1] for the proof), we now

compare the prices in t = 0 for the standard and the long range dependent case

m

ZQZZZH —— fOZh(a

(i) For the standard Brownian motion case, the price Vj in t = 0 is equal to

B Y

a,zE{O,l}m

1 1T, T .
X —/ReXp{§/0 n (875)618} fa (&, 2)d¢;

2T

23



(ii) For the fractional Brownian motion case, the price V! in t = 0 is equal to

Tm~'a U
O‘lZ’H 1-a; fo 2 hi@)y (wdu 1 /fa £.2)

uMg

a,zE{O,l}m

The difference is indeed due to the fact that for Brownian motion we use the It6 integral and
obtain consequently an Itd term, whereas for fBm integration is pathwise. Anyway, we see that
Vo > VOH for every H > % Of course, the long range dependence effect takes effect for prices V;

for ¢t > 0, but then numerical calculations are called for.
Acknowledgment

We thank Damir Filipovié for interesting discussions and remarks. We gratefully acknowledge the
numerical support of Vincenzo Ferrazzano, who calculated the prices for the different scenarios
of Example 4.6. Finally, we thank Peter Hepperger for careful reading of the paper, whose

comments improved the paper considerably.

References

[1] E. Alos and D. Nualart. (2003) Stochastic integration with respect to the fractional Brow-
nian motion, Stochastics and Stochastics Reports 75, 129-152.

[2] Bjork, T. and Hult, H. (2005) A note on Wick products and the fractional Black Scholes
model. Finance Stoch. 9, 197-2009.

[3] Biagini, F., Fink, H. and Kliippelberg, C. (2009) Credit contagion in a long rande dependen

hazard model. In preparation.

[4] Biagini, F., Hu, Y., Oksendal, B. and Zhang, T. (2008) Stochastic Calculus for Fractional

Brownian Motion and Applications. Springer, London.

[5] Bielecki, T.R. and Rutkowski, M. (2002) Credit Risk: Modeling, Valuation and Hedging.
Springer, Berlin.

[6] Buchmann, B. and Klippelberg, C. (2006) Fractional integral equations and state space
transforms. Bernoulli, 12(3), 431-456.

[7] Davis, M. and Lo, V. (2001a) Infectious defaults. Quantitative Finance 1, 382-387.

[8] Davis, M. and Lo, V. (2001b) Modeling default correlation in bond portfolios. In: Alexander,
C. (Ed.) Mastering Risk, Vol. 2: Applications. Financial Times Prentice Hall, pp. 141-151.

[9] Duncan, T.E. (2006) Prediction for some processes related to a fractional Brownian motion.
Statistics € Probability Letters 76, 128-134.

24



[10]

[11]

[15]

[20]

[21]

Duffie, D. (2004) Credit risk modeling with affine processes. Scuola Normale Superiore,

Pisa.

Duffie, D., Filipovic, D. and Schachermayer (2003) Affine processes and applications in
finance. Ann. Appl. Prob. 13, 984-1053.

Frey, R. and Backhaus, J. (2004) Portfolio credit risk models with interacting default in-

tensities: a Markovian approach. Preprint, University of Leipzig.

Frey, R. and Backhaus, J. (2008) Pricing and hedging of portfolio credit derivatives with
interacting default intensities. International Journal of Theoretical and Applied Finance 11
(6), 611-634.

Henry, M. and Zaffaroni, P. (2003) The long-range dependence paradigm for macroeco-
nomics and finance. In: Doukhan, P., Oppenheim, G. and Taqqu, M. (Eds.) Long-Range
Dependence, pp. 417-438. Birkh&user, Boston.

(ksendal, B. (2007) Fractional Brownian motion in finance. In: Jensen, B.S. and Palokangas,
T. (Eds.) Stochastic Economic Dynamics, pp. 11-56. Copenhagen Business School Press,
Frederiksberg.

Rudin, W. (1987) Real and Complex Analysis. McGraw-Hill, New York.
Schoénbucher, P.J. (2003) Credit Derivatives Pricing Models. Wiley, Chichester.

Sottinen, T. (2003) Fractional Brownian Motion in Finance and Queueing. PhD thesis,
Helsinki University.

Valkeila, E. (1999) On some properties of geometric fractional Brownian motion. Preprint

number 224. Department of Mathematics, University of Helsinki,

Yin, G.G. and Zhang, Q. (1998) Continuous-time Markov Chains and Applications: a Sin-
gular Perturbation Approach. Springer, New York.

Zahle, M. (1998) Integration with respect to fractal functions and stochastic calculus I
Probability Theory and Related Fields 111, 333-374.

25



