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Abstract

We study the impact of contagion in a network of firms facing credit risk. We describe an intensity based
model where the homogeneity assumption is broken by introducing a random environment that makes it
possible to take into account the idiosyncratic characteristics of the firms. We shall see that our model goes
behind the identification of groups of firms that can be considered basically exchangeable. Despite this
heterogeneity assumption our model has the advantage of being totally tractable. The aim is to quantify
the losses that a bank may suffer in a large credit portfolio. Relying on a large deviation principle on the
trajectory space of the process, we state a suitable law of large numbers and a central limit theorem useful
for studying large portfolio losses. Simulation results are provided as well as applications to portfolio loss
distribution analysis.
© 2009 Elsevier B.V. All rights reserved.
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0. Introduction

During the last few years the challenging issue of describing the dynamics of the loss
process connected with portfolios of many obligors has received more and more attention.
Applications can be found both for management purposes (see [1]) and in the literature dealing
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with pricing and hedging of risky derivatives such as CDOs (Collateralized Debt Obligations).
For a discussion of this framework see [2,3].

When dealing with portfolio losses, the modeling of the dependence structure among the
obligors becomes crucial. One standard procedure is to directly specify the intensity of default of
the single obligors belonging to the portfolio in order to infer the dynamics of the global system
and thus the distribution of the aggregate losses. In the context of reduced form models a rather
general framework is the conditionally Markov modeling approach of Frey and Backhaus (see [4,
5]). One drawback of the intensity based models is the difficulty in managing large heterogeneous
portfolios because of the presence of many obligors with different specifications. In this case it
is common practice to make homogeneity assumptions in order to reduce the complexity of the
problem. A typical approach is to divide the portfolio into groups where the obligors may be
considered exchangeable.

In this paper we describe an intensity based model where the homogeneity assumption
is broken by introducing a random environment that makes it possible to take into account
the idiosyncratic characteristics of the firms. We shall see that our model goes behind the
identification of groups of firms that can be considered basically exchangeable. Despite this
heterogeneity assumption our model has the advantage of being totally tractable.

The goal is to describe the evolution of the losses for a large portfolio where heterogeneity
and direct contagion among the firms are taken into account. We denote by L" (¢) the random
variable describing the losses at time ¢ € [0, T'] for a portfolio of size N. Our approach works as
follows. First we study the N — oo limiting distributions on the path space of some aggregate
variables useful for characterizing the evolution of LY (¢) for ¢ € [0, T]. To this effect we shall
derive an appropriate law of large numbers based on a large deviation principle in order to
describe a limiting behavior that can be considered as a asymptotic regime with infinitely many
firms. Finally, we study the finite volume approximations (for finite but large N) of the limiting
distribution via a suitable version of the central limit theorem that describes the fluctuations
around this limit. In most cases, these dynamical fluctuation theorems are proved by the method
of weak convergence of processes; this approach has been widely applied to models close in spirit
to this work. We quote [4,6] for applications to finance. The effectiveness of those methods for
heterogeneous models is, however, unclear. We follow here a different approach, which allows
us to prove a central limit theorem directly in the underlying trajectory space. This approach is
based on a general central limit theorem in [7]. Although various applications of this theorem to
fluctuations of Markov processes can be found in the literature (see e.g. [8,9]), to our knowledge
this is the first application to a non-reversible Markov process.

In the risk management context, our model may be useful for the management of large
portfolios, in the spirit of other models proposed in [10] or in [6]. It has been remarked that
in many real world applications defaults are rather rare events, with the result that, for instance,
the fraction of defaulted firms is close to zero and a normal approximation is not meaningful.
Our models and results are only concerned with time scales for which a proper fraction of the
portfolio is likely to be affected by the defaults.

We believe that our paper may be considered as an original contribution in the modeling of
portfolio loss dynamics that accounts for both heterogeneity and contagion. On the other hand,
to our knowledge, this is the first attempt to apply large deviations and normal fluctuation theory
on path spaces (that is, in a dynamic fashion) for finance or credit management purposes, except
for what is contained in [6]. Moreover, the model studied in [6] did not require the development
of large deviations in Banach spaces as we are forced to use here. For a survey on more standard
non-dynamic large deviation methods applied to finance and credit risk see [11].
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The models that we propose in this paper are the simplest heterogeneous models describing
systems comprised by many defaultable components, whose defaults are positively correlated
via an interaction of mean-field type, i.e. with no geometric structure. Although we have been
inspired by financial applications, we believe that the basic principles should apply to other
contexts.

The outline of this paper is as follows. In Section 1 we illustrate the model and the main
theorems. In Section 2 we apply these results to the large portfolio losses analysis. Some
examples with explicit computations and simulations are also provided. In Section 3 we draw
some conclusions on the proposed methods. Appendix is devoted to the proofs of the three main
theorems stated in Section 1.

1. Model and main results

Consider a network of N defaultable firms, whose states are denoted by yi, y2, ..., ¥n,
vi € {0, 1}. The event {y; = 1} means that the i-th firm has defaulted. The values yi, y2, ..., yn
give rise to an aggregate variable my which indicates the global state of the network:

1 N
my = ) e

i=1

where a1, a2, ..., ay are given nonnegative numbers. «; can be interpreted as the impact that
the default of the i-th firm has on the aggregate variable m y. In order to model contagion, we
assume that the instantaneous rate of default of the i-th firm is an increasing function of my.
More specifically, we assume that the rate of default of the i-th firm is given by
I{yizo}eﬁimN_yi,

where I, is the indicator function of the set A, and B8; > 0, y; € R are given constants. f;
represents the sensitivity of the i-th firm to variations of the aggregate variable m y, while y; can
be interpreted as the “robustness” of the i-th firm: a large value of y; means that the i-th firm is
very unlikely to default within a given time.

Thus, for any fixed values of ¢ = (a1,02,...,an), B = (B1,B2,...,Bn) and y =
W1, v2, ..., YN), the variable y := (y1, y2,..., YN) evolves as a Markov chain in continuous
time, with infinitesimal generator given by

N
Lapy f) =Y Ty=o ™ 1 f ) = W, (1.1

i=1

where y' denotes the configuration obtained from y by changing y; from 0 to 1. We assume
the syst_em to start at time t+ = O from the conﬁgur_ation y(0) = (0,0,...,0). The evolution
randomly drives the network towards the trap state (1, 1.. s, 1), which is reached in finite time.

From now on we denote by A; := («;, Bi, ¥;) the triple of the parameters corresponding to
the i-th firm. The A;s model the heterogeneity of the system. We consider here the point of view
of disordered models, i.e. we assume Ay, A2, ..., Ay to be i.i.d. random variables, with a given
law w. In order to avoid inessential difficulties, the law p is assumed to have compact support
in R™ x RT x R. Note that, for a given i, the random variables «;, f;, y; are not assumed to
be independent. Sometimes, the vector A = (A1, Az, ..., Ay) will be referred to as random
environment.
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Consider a time 7 > 0, and denote by X[O’ T] = (X (t)):ef0,1] the trajectory described by the
configuration under the stochastic evolution (1.1). Each component y; [0, T] is either identically
0 or it flips from O to 1 at the default time

T :=1inf{r > 0: y;(¢t) = 1}. (1.2)

By convention, we set y;(t;) = 1. This set of {0, 1}-valued trajectories is denoted by DI[0, T].
Each trajectory in D[0, T'] can be identified with its default time (which is set to be equal to T
if there is no default); thus D[0, T] inherits the topology induced by the usual topology on R
for the default time. Equivalently, the topology on D[0, T] is the one induced by the Skorohod
topology on the set of R-valued functions which are right-continuous and admit a limit from the
left at any point of [0, T'] (see e.g. [12]).

In this paper we are interested in the asymptotic behavior, as N — 400, of the empirical
averages of the form

—Zf(y,[o )= [ fdoniyi0.7.

where f : D[0, T] — R is a Borel measurable function, and

N
PN ([0, T]) Z 10,71

is called the empirical measure. More generally, we shall consider the empirical measure
PN (Y0, T1, ) = Z 8yi10.T 1.0

which is a random measure on D[0, T] x R3. Note that pon(¥[0, T]) is the marginal of
pn(y[0, T1, 1) on DIO, T].

In what follows, we denote by M the set of probability measures on D[0, T'] x Supp(u),
while M will denote the set of signed measures on D[0, T] x R3. Both sets are provided with
the weak topology.

For y[0, T] € D[0, T] with y(T) = 1, we set

t(y[0,T]) =inf{r > 0: y(t) = 1}.
For O € M we define

T " A /
F(Q) = f Q(dy[0.T],dx) { / (1 —y@) (1 _ e VB QWn[0.T].dN ) n(t)) dr
0

| E—
1=t(y[0.T])

where A = (a,8,y) and ' = (a/, 8/, ). For a fixed A, the infinitesimal generator (1.1),
together with the initial condition X(O) = (0,0, ...,0), induces a probability P]% on DN[0, T].

+ y(T) [—V + (/3/ Q(dnlo0, T],d)»’)a’n(l)>

We think of PI% as the conditional law of the process given the random environment. We denote
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by
. pt ®N
Py(dy[0, T, da) == Py(dy[0, T]) ® n=" (d2)

the joint law of the process and the environment. The distribution of py(y[0, T'], A) under Py
will be denoted by Py o p&l.

A special case is when all components of A are zero. In this case each firm defaults with rate
1, independently of the others. We denote by W the law on D[0, T'] of this process.

In what follows, for Q, Q> € M|, we denote by

dQl dQl Q1 dQl
/ Q2< 40, gd_Qz) 1fQ1<<Q2and@1ng e L'(0»)

+00 otherwise

H(Q11Q2) =

the relative entropy of O with respect to Q5.

Theorem 1. The sequence Py o ;OA_,l of elements of M satisfies a Large Deviation Principle
(LDP) with good rate function

1(Q) = H(QIW @ n) — F(Q).
The proof of Theorem 1, as well as of the other results stated in this section, is postponed to the

Appendix.
We recall that the above statement means that, for each Borel subset A of M,

1 1
— inf [ < liminf — log P 0\
erel (Q)_Agg;oNOg N o py (A)

IA

hmsup—log Pyopy (A) < —inf 1(Q),
N—+o00 N Q€A

where A and A denote the interior and the closure of A respectively; moreover the function 7 (-)
is nonnegative, lower semicontinuous, and the level sets {Q : 1(Q) < [} are compact, for each
[ >0.

Theorem 2. The equation I(Q) = 0 has a unique solution Q, that can be identified as follows.
Consider the nonlinear integro-differential equation

3
5,4t = e exp [ﬂ f w(dr)e!' g (k’)} (1—=q:()
qo(2) =0

for a real-valued q;(A), t > 0, » = (a, B,y) € R>. This equation has a unique solution
0 < g:(A) < 1. For every X fixed, consider the Markov chain on {0, 1} with time-dependent
infinitesimal generator

(1.4)

LEf(s) = LFA —s) — f($)], (1.5)

where

ch(s) == (1 —5)e™7 exp [ﬂ / u(dx’)a’qzu’)}
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and starting from s = 0 (note that this process jumps only once, from 0 tol, and it is then trapped
inl). Let Qi‘ be the law of this process on D[0, T]. Then

0.=0L®Lu.

Moreover
g0 = Q5 (y(1) = 1).

Theorems 1 and 2 have a simple consequence. Let U be an open neighborhood of Q* in M. By
Theorem 2, lower semicontinuity of /(-) and compactness of its level sets, a standard argument
shows that k(U) := inf 04U 1(Q) > 0. By the upper bound in Theorem 1 there exists C > 0
such that

Py(py ¢ U) < Ce MU,

thus giving convergence to zero with exponential rate. We summarize this fact in the following
law of large numbers.

Corollary 1. Let d(-, -) be any metric that induces the weak topology on M. Then for every
€ > 0, the probability

Py(d(pN, Qx) = €)
converges to zero with exponential rate in N.

The next result concerns the fluctuations of pp about Q, which has the form of a central limit
theorem. In most cases, these dynamical fluctuation theorems are proved by the method of weak
convergence of processes. A typical tool in this context is Theorem 1.6.1 in [12]; it has been
widely applied to models close in spirit to this work; see for instance [13,6]. The effectiveness
of those methods for heterogeneous models is, however, unclear. The main point is that, via
Theorem 1.6.1 in [12], one obtains the dynamics of the fluctuation process, which is infinite
dimensional; to get a computable expression for the asymptotic variance of a given function of
the trajectory may be not feasible.

We follow here a different approach, which allows us to prove a central limit theorem directly
in the space M. This is inspired by the seminal work of Bolthausen [7], and it has been carried
out in a context similar to ours in [8,9]. The main difference here is that the underlying stochastic
dynamics P&, are not reversible; the related difficulties have forced us to introduce a further
assumption, that we call the reciprocity condition:

(R) There exists a deterministic » > 0 such that for all i > 1 the identity 8; = bw; holds almost
surely.

In economical terms, this means that the sensitivity of a firm to variation of the aggregate
variable mpy is proportional to the impact that the default of that firm has in the network. In
other words, the interaction between firms is symmetric: if the i-th firm strongly interacts with
the network (i.e. o; is large) then it has a large influence on the network but, symmetrically, it is
also strongly influenced by the state of the network. This assumption may be reasonable in many
situations.

From now on, whenever condition (R) is assumed, (%;) will denote the pair (¢, ;);
accordingly, M and M will be spaces of measures on D[0, T'] x Supp(u), where Supp(u) C
RT x R.
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In order to state our central limit theorem, we need to introduce some notation. Let M) be the
subset of M comprised by the signed measures with zero total mass. Let v, be the law, induced
by Qs, of the My-valued random variable 8(,[0,7],») — O«. We then denote by C;, the space of
bounded, continuous, real-valued functions on D[0, T'] x R2. For ¢ € Cp, define ¢3 € My by

H(A) :=/v*(dR) (R(A)/qbdR), (1.6)

for A CD[0, T] x R? measurable.

Theorem 3. Assume condition (R). Let ¢1, ¢o, ..., ¢n € Cp. Then the Py-law of the random
vector

W(/ pidoy — /¢idQ*>T_l

converges weakly as N — 400 to an n-dimensional Gaussian probability measure with zero
mean and covariance matrix C = (C,-,j);’ =1 given by

Ciji= /<¢i — )@ — #9)dQ, — DPF(Q.1, 51,

where ¢ = [ ¢idQ, and DZF(Q*)[dAn, qASj] is the second Fréchet directional derivative of F
at Q in the directions (]3,-, d;j :
F(Qyx + héi) — F(Q:)

h

DF(Qx« + h¢ )il — DF(Q:)[hi]
h

DF(Q.)[$i] = Jim,

2 5 1= li
D F(Q*)[¢z,¢]]—}}l_%

(all these limits will be shown to exist).
Moreover the diagonal terms of the covariance C; j can be written as

2
Cii=E9 |:((¢i — ¢ — B /OT(l — y(s))Covy, (ay(s), ¢i)dM(S)> ] , 1.7
where
M) = 1<) — /0 (1= y(s)e Lm0 0TI g (1.8)
is the compensated (Q., F)-martingale associated with the jump process of y[0, T].
2. Applications to the portfolio analysis
2.1. Computation of large portfolio losses

We are now going to state a definition of portfolio losses. When speaking of portfolio losses,
we mean the losses that a financial institution may suffer in a credit portfolio due to the default
events. Many specifications may be chosen to this end. Some general rules are now stated. A
rather general modeling framework is to consider the total loss that a bank may suffer due to a
risky portfolio at time ¢ as a random variable defined by LY@ = > i Li(t), where L;(t) is the



2920 P. Dai Pra, M. Tolotti / Stochastic Processes and their Applications 119 (2009) 2913-2944

loss, called marginal loss, due to the obligor i. Different specifications for the marginal losses
L;(t) can be chosen accounting for heterogeneity, time dependence, interaction, macroeconomic
factors and so on. A detailed treatment of this general modeling framework can be found in the
book by Embrechts, Frey and McNeil [14]. For a comparison with the most widely used industry
examples of credit risk models see [15] or [16]. The same modeling insights are also developed
in the most recent literature on risk management and large portfolio losses analysis; see [10,5]
and [1] for different specifications.

Here we assume that
Li(t) = ¢(il0,1], 2;, 1), 2.1

where ¢( -, -, t) is bounded and continuous in D[0, ¢] x supp(w). In other words the marginal
loss depends explicitly on the realization of A; and on the history of y;.

As a particular case of our general framework we obtain the most standard set-up commonly
used in the literature of credit risk: consider ¢(y;[0, 1, A;, 1) == e(A;, 1)y;(t) where ¢ : R3 —
R™ is a continuous function of ;, and measures the exposure in case of default. Thus

N

LN (@) = e, 1)yi(0).

i=1

We shall often speak of asymptotic loss or asymptotic portfolio. In this case we are referring to
the N — oo case of infinitely many obligors. The large portfolio is intended to be a large but
finite approximation of this asymptotic regime.

As a consequence of the central limit theorem for the empirical measure, we obtain the
following description for LY (t), the aggregate losses computed at time ¢ € [0, T]:

Corollary 2. Assume that the reciprocity condition (R) is satisfied, and consider L;(t) as given
in (2.1). In what follows, for y[0, t] € DI[0, t] and A € RT xR, we write L(t) for ¢(y[0, t], A, 1),
and I(t) = E2*[L(1)]. As N = oo the sequence

_Z Li(t)
JN %—m)

converges weakly to a centered Gaussian random variable with variance V (t), where

t 2
V() =E? [(L(t) — (1) — ﬁfo (I = y()Covo, (ay(s), L(1)) dM(S)) ] 2.2)

and where M (t) has been defined in (1.8).

Proof. We apply Theorem 3 withn = 1 and ¢; = ¢ = @(y[0,t], 1, t) = L(t). In this case

[ ¢dpn = # and [ ¢dQ, = EC+[L(t)] = I(t). Notice that we can consider, without loss of
generality, ¢ as the final horizon of the time period,ie.t =7. N
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n

Remark 1. By applying Theorem 3 with (@) e where ¢; = ¢(y[0, ¢;], A, ¢;), one could
show that the finite dimensional distributions of the process

1 N
([t o)

converge to those of a Gaussian process, whose covariance can in principle be computed.

>0

The asymptotic expected value /(¢) corresponds to the fraction of loss at time ¢ in a benchmark
portfolio of infinitely many firms. As regards Eq. (2.2), notice that in the case of no interaction
(i.e., B = 0) we have

V)= E% [(L(t) - 1(:))2] = Varg, (L(t)).

In the case of B > O there is a supplementary noise given by the interaction. It depends on the
past history of the process, and hence it produces a sort of “memory” of the variance V (¢).

The variance given in (2.2) involves the integral with respect to a martingale. A simpler form
for the variance, more suitable for numerical computations, can be found in the following special
but significant case.

Proposition 1. Suppose that L;(T) = e(A;, T)y;(T). Then as N — oo we have that

LN(T)
Jﬁ[ ~ —l(T)},

where [(T) = E%+[e(x, T)y(T)], converges to a centered Gaussian random variable with
variance

T 2
V(T) = Varg.(L(T) + /0 (E%lay)e0., T) = 1T)1)
x E2[B*(1 — y(s))e™ 7 TPme- ] gy, 2.3)
where mg, (1) = [ a'n(t)Q4(dn[0, T1, d)).

Proof. We only need to show that the variance can be written in the form given in (2.3). From
(2.2) it is easy to see that V(T') can be written as

T
V(T) = E [(L(T)—l(T)—/O B —y(s))

2
x E%[ay(s)(e(h, T)y(T) — 1(T))] dM(S)) } : 24

We now look at the expectation in the integral
E%[ay(s)(e(h, T)Y(T) — [(T))] = E2[ay(s)(e(r, T) — I(T))]

where we have used the fact that EP[y(s)y(T)] = EP[y(s)] for s < T and for all P € M.
Substituting in (2.4) we have
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T
V(T) = E% <L(T) —UT) —/ B —y(s)
0

2
x E%[ay(s)(e(r, T) —I(T))] dM(s)) }
= E% (L) —1(1))]

T
—E% [2(L(T) - l(T))/0 B — y()E%[ay(s)(er, T) — I(T))] dM(S)]

T 2
+E [(/O B — y(s)E%*[ay(s)(e(r, T) — L(T))] dM(S)) ] . 2.5

The first expectation is the variance of L(7) computed under Q.. We show now that the second
expectation is null. Indeed it is equal to

T
2EQ: [L(T) /0 Bl — y()EZ[ay(s)(e(r, T) — [(T))] dM(s)}

T
—21(T)E < [ /0 B — y()EZ [ay(s)(e(r, T) — I(T))] dM(s)} :

The second term is zero since M is a (Qy; F)-martingale and the argument of the integral is F;
measurable. As regards the first one, we see that

T TAT
E® [L(T) /O (1= y()() dM(s)] _ EO [e(x,m{fg} /0 8 dM(s)]

E2+ I:e(k, T) /T(.) dM(s):| =0,
0

where the last equality is due to the fact that e(A, T') is Fo measurable. As regards the last term
in (2.5) we now show that

T 2
E? [(/0 B — y()E%*[ay(s)(e(r, T) — I(T))] dM(S)> :|

T 2
=E% |:/0 [,3(1 — V() EL[ay(s)(e(r, T) — [(T))] ]
x (1 —y(s))e—y+ﬂ"’g*<~‘>ds] (2.6)
Indeed, as M(t) = 1<) — fé(l — y(s))e Y TPme.)ds it can be shown that the quadratic
variation (M) of M is (M), = fé(l — y(s))e 7 tPmo.)ds, for all t € [0, T]. Thus for each

progressively measurable process X = (X (#))ief0,7] € L%,I([O, T]), where L%,I([O, T) =
[x: B2 [T IX@Pam), < oo},

T T
1X122 0,7y = E<* / | X (9)I*d(M); = E© f X ()P(1 = y(s)e 7 HFme-S)gs,
’ 0 0
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As a consequence, applying this last result with X = (X (¢));¢[0,7] defined as
X (1) = B(1 — y()E%*[ay(®)(e(r, T) — 1(T))]dt,
by the isometry between L*(2, Fr, 0.) and Lﬁ,l([O, T1]), we have

T
”fo X (s)dM (s) = 1X1l2 0.y

L2(2,Fr,Q04)
which is exactly (2.6). Finally

T
ES / [0 = 36D EL @y () (eh. T) — (T))] ]2 (1= y(s)e 7 HFmo-Ods
0

T
- [ (E%Myoreo 1) - (M) L1871 — yisne e O s
0

and this proves (2.3). W

In the next section we show an application of this law of large numbers (Theorem 2) and
central limit theorem (Proposition 1). Indeed, we show the evolution of the default probability of
certain groups of obligors and infer the corresponding probability of suffering large losses in a
credit portfolio.

2.2. An example with simulation results

Consider the simplified case in which L;(T) = y;(T): the exposure at default is equal to
1 for each obligor. Moreover assume that @ = p18y, + (1 — p1)d;,. This means that the
law of the random environment A = (a, 8, y) puts mass on two possible outcomes, that is
A € {A1; A2}. In this case the index i = 1, 2 identifies a group of obligors with the same marginal
characteristics. In other words, we split the portfolio into two kinds of obligors with different
specifications. More complex specifications could also be chosen. For the sake of simplicity we
give this illustrative example, where interesting features of the dynamics of the state variables
can be captured.

Recall that o; specifies the relative weight of firm i in building the aggregate variable
my = % > i aiyi (see Eq. (1.1)). B; is the parameter that measures how sensitive obligor i
is with respect to the aggregate variable my; put differently, it is a measure of the contagion
effect. y; is the idiosyncratic term in the marginal default probability.

As an example, we take a portfolio of N = 125 obligors. This is a typical size for
CDO portfolios. We suppose that the portfolio consists of obligors of two types, in particular
A= (4,4,3), A2 = (0.1,0.1, 3). Notice that o; = f;; hence the reciprocity condition (R)
applies and we are allowed to place reliance on Theorem 3 and Corollary 2.

Obligors of type 1 are more sensitive to the aggregate variable, that is, their marginal default
probability depends strongly on the default indicator of the other firms. Obligors of type 2 are less
influenced by the aggregate variable m y. The idiosyncratic term y is the same for each obligor.

With this choice of the parameters, we want to stress the fact that even though the marginal
default probabilities of the two types are rather similar for the very short horizon (where the
impact of y is higher), the contagion effect becomes preeminent as time increases, at least under
certain specifications in the construction of the portfolio.

To illustrate this situation, in Fig. 1 (on the left), we show the dynamics of the marginal
default probability of the two groups in two different scenarios. Scenario A mimics a portfolio
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Fig. 1. Conditional probabilities of default and excess loss probabilities in a portfolio of N = 125 obligors where
LN (1) is as defined in Section 2.2. Scenario A represents a portfolio where only the 20% of obligors are of type 1
whereas in Scenario B 40% of the obligors are of type 1. In both Scenario A and Scenario B we have 1| = [4, 4, 3],
A2 =[0.1, 0.1, 3], where A; describes the idiosyncratic characteristics of obligors of type i = 1, 2.

where only 20% of the obligors are in group 1; this means that the proportion of firms exposed
to contagion risk is lower. In scenario B the proportion is increased to 40%. Notice that in the
second scenario the probability of default of the firms in the first group increases dramatically
after the second year. Firms of type 2 are less sensitive.

Relying on Proposition 1, we compute the corresponding excess probabilities, that is, the
probability of suffering a loss bigger than x as a function of time in the two scenarios. In Fig. 1
(on the right) we see these probabilities for x = 0.15. Notice that in this simple example, LV (1)
counts the number of defaults up to time ¢, so P(L™(T)/N > 0.15) represents the probability
of having at least 15% of defaults in the whole portfolio. Looking at the graphs, it is easy to
see that in the first scenario the probability of having such a loss is smaller. At time ¢ = 2.5,
P(% > x) ~ 0, whereas in the second scenario, P(# > x) ~ 0.55.

This simple example suggests that the contagion effect can be very significant when looking at
the probability of suffering a certain loss in a large portfolio. This is crucial for risk measurement
purposes and for pricing tranches of CDOs.

It may be argued that an approximation via an infinite portfolio may not reproduce the
real situation. In Fig. 2 we show a comparison between the evolution in time of the default
probabilities in the two groups of obligors computed under Q. (in the upper part) and simulated
via the real Markov process with N = 125 (in the lower part). Here the parameters are
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Fig. 2. Comparison between the dynamics of the default probabilities of two groups of firms computed under two
different models. In the upper part we see the plot under the asymptotic model with infinite firms (under Q). In the
lowest one we have implemented a simulation of the Markov process directly (here N = 125). The parameters are
A1 =13,3,3], Ap = [0.1, 0.1, 1], where A; describes the idiosyncratic characteristics of obligors of type i = 1, 2. The
distribution of A is in this case u = %‘SM + %8*2'

A= (3,3,3), 2o = (0.1,0.1, 1). These graphs show that the asymptotic equation is a good
approximation for the Markov process even with N = 125.

Finally we show in Fig. 3 the comparison between the evolution of the aggregate loss (in
black) evaluated as before in two different ways. In the upper part we see the aggregate loss
computed relying on Proposition 1. Below we see the plot of a trajectory of the Markov process
(with N = 125). In the same graphs we have also plotted the dynamics of the probability of
suffering a loss over certain thresholds c. In other words we plot ¢ +— P(LN (1) > ¢) for
k = 1,2,3 (in this case ¢; = 5%, c2 = 15%, c3 = 25%). Those probabilities are the building
blocks for computing the price of tranches of CDO contracts. For a description of these credit
derivatives see for instance [14].

3. Conclusions

We have proposed a model for credit contagion where heterogeneity and direct contagion
among the firms are taken into account. We then quantified the impact of contagion on the losses
suffered by a financial institution holding a large portfolio with positions issued by the firms.

Unlike the existing literature on credit contagion, our work has proposed a dynamic model
where it is possible to describe the evolution of the indicators of financial distress. In this way
we are able to compute the distribution of the losses in a large portfolio for any time horizon T,
via a suitable version of the central limit theorem.

The peculiarity of our model is the fact that the homogeneity assumption is broken by
introducing a random environment that makes it possible to take into account the idiosyncratic
characteristics of the firms. One drawback of the intensity based models commonly proposed
in the literature is the difficulty in managing large heterogeneous portfolios because of the
presence of many obligors with different specifications. In this case it is common practice to make
homogeneity assumptions in order to reduce the complexity of the problem. A typical approach is
to divide the portfolio into groups where the obligors may be considered exchangeable. We have
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Fig. 3. Evolution in time of the aggregate losses (in black) computed under two different models: under the asymptotic
model (upper) and the Markov process (lower). The parameters are A1 = [2, 6, 4], Ap = [1, 3, 5], where A; describes the
idiosyncratic characteristics of obligors of type i = 1, 2. The distribution of A is in this case u = 0.4y, + 0.63y, .

shown that our model goes behind the identification of groups of firms that can be considered
basically exchangeable. Despite this heterogeneity assumption our model has the advantage of
being totally tractable: it is possible to compute in closed form the mean and the variance of a
central limit type approximation for the losses due to large portfolios in a dynamic fashion.

As an example of using the general theory, we have computed the default probabilities and
different risk measures in a simple situation with only two groups of obligors. Moreover we have
compared the numerical results obtained relying on the asymptotic model and on the central limit
theorem (Corollary 2) with the results obtained in a simulation of the underlying Markov process
with finite N = 125. These results show the validity of the approximation and are encouraging
as regards a more involved analysis. This issue is left to future research: it is in fact beyond the
scope of this work to pursue a detailed calibration of the model for real data.
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Appendix. Proofs of the main results
A.l. Proof of Theorem 1

We need to prove some technical lemmas.

Lemma 1. Let X be a Polish space. Let (Py)y satisfy the LDP with rate N and good rate
function H. Let F : X — R be measurable, bounded from above and continuous on the set
Xy = {x : H(x) < oo}. Then the sequence of probability measures (P/J)N defined by
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drl exp(NF(-))
D= (A1)

dPy [x eXp(N F(y)) Py (dy)
satisfies the LDP with the good rate function

I(x)=H(x) - F(x) — )jél)f([H(y) - F»l (A.2)
In particular

1
NEIEOO N log [fX exp (NF(y)) PN(dy)] = - yigY [H(y) — F(»)]. (A.3)

For a proof see [17]. This is a relaxed version of the usual Varadhan lemma for tilted large
deviation principles (see [18]). The statement is relaxed in the sense that we assume that a suitable
function F : X — R, instead of being continuous on all of its domain, is continuous only on a
subset Xy & A in the following sense:

For any sequence (x,,), € X such that x, — x, where x € Xy, we have F (x;) — F(x).

We point out that this is a stronger assumption than assuming continuity of the restriction of
F on the subset Xy.

Lemma 2. For given ) € (Rt x RT x R)",
)

Pf
Sy @0, TD = exp{N F(on ([0, T1, 2))} (Ad)
where F(Q) has been defined in (1.3).

Proof. It basically follows from the Girsanov formula for point processes.

N T
= exp {Z‘/(; [(1 —yi@®) —(1—y (t))e_]’i+ﬂi Ja ﬂ(t)pN(dn[O,T],dk)] dr
i=1

l=fi:| } ’
where 7; has been defined in (1.2).
The term in the { } brackets is exactly F'(Q)|p=py multipliedby N. N

We now define for each Q € M and ¢ € [0, T']

A
Py
dWe®N

N
+ Y (1) [—yz- + (ﬁi f o0t 7) py (dnlo, T],dm)
i=1

mo(t) = / an(®) Q(dn[0, T, dA). (A5)
We shall often use this notation in the rest of this Appendix.

Lemma 3. F(Q) is bounded on M and continuous on the subset My == {Q € M| : 0 K
W ® ul.

Proof. We rewrite F'(Q) as given in (1.3) using the notation introduced in (A.5):

T
F(Q) = / 0(dy[0.T], d2) {/ (1= y(1) (1 —e*VeﬁmQ“)) dr
0

+ y(T) [—V + ﬂmQ(t‘)\t:,mO’TD] } , (A.6)
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The argument in the { } brackets is bounded; thus we are allowed to interchange the expectation
with respect to Q and the time integral:

T T
F(Q) = / EC[1—y@)] dt —/ E? [e*Ve‘g’”Q(’) (1 - )’(t))] dr
0 0

—EC [yy(I)] + E© I:IBy(T)mQ(t_)|t:r(y[0,T])] :

We show now the boundedness and the continuity of F. The boundedness is easily proved since
y € {0; 1}, and the distribution of A under Q € M}l’ has bounded support.

In order to prove the continuity on M 4, we consider a sequence of probabilities (Q,),>0 €
Mll’ converging weakly to Q € M 4. We split the proof into different steps.

We show first that

lim E'[ £ )y (0] = ECLF )y ()] (AT

for all t € [0, T] and for any continuous function f : RT x R* x R — R bounded on the
support of w. This statement is not trivial, since the projection y[0, T] — y(#) is not continuous
in D[0, T']. However, we define for any € > 0 the functions

1 t 1 t+e
g (5 f) = ;/ F Q) y(s)ds, g (e f) = Z[ F)y(s)ds;
t—e t

where we suppose that the trajectory y[0, T'] can be extended to the larger interval [0 —€, T + €]
by continuity.

These functions are continuous in D[0, T'], bounded by | f|lco for any ¢ and such that
g (e: f) < f(W)y(t) < g (e; f) as. for any ¢. Thus, by the Lebesgue convergence theorem,

limsup E2*[f()y(1)] < im E@ [gT(e; )] = EQlgT(e; )], Ve > 0.

Letting ¢ — 0 and noticing that lim_, ¢ g,+ (e; )= f()y(r) we get
limsup EC"[ f (M)y(0)] < EC[f W)y ()],

The same argument holds for g; (€; f); here lime_.0 g; (€; f) = f(A)y(™). Thus
EC[f()y( )] < liminf E@[£(3)y(0)] < limsup 2" [f()y(D)] = ECLf ()y(@)].

Notice that f(A)y(¢) and f(A)y(t~) may differ only in the event that {y(¢~) # y(¢)}. But
this event has measure zero for any Q € My, since (W @ n)({y(t~) # y(@®)}) = 0. This
implies that the corresponding expected values must coincide; as a consequence, E [ f(1)y(f)]—
EC[f(A\)y(r7)] = 0. We have thus proved that

lim E2 [ f(W)y)] = EC[f(M\)y@)] forallz. (A.8)

Notice that in saying that (W ®n)({y (™) # y(¢)}) = 0 we have used the fact that the distribution
function of 7 under W ® 7 is exponential. In particular, it is absolutely continuous. A similar
argument shows that if Q & My then E Qn [y ()] converges pointwise in ¢ to E Q[y (1)], for all
those ¢ such that Q(t =1) = 0.

Taking f(}) = 1, we have that, for all ¢, EQ[y(t)] is a continuous mapping in Q € My.
Choosing instead f(A) = e, f(A) = —y and f(A) = «, we prove continuity for
E? [y(t)e"’], E@ [—yy(T)] and m g (t) respectively.
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The next step is to show that O, — Q implies that

r T
‘EQ |:/ 1 —=y@) e}’eﬁmQ(l)dt] — E9n [/ 1 =y@) eyeﬁmgn(l)dt]
0 0

converges to zero.
We add and subtract EZn [fOT(l — () e*VeﬁmQ(f)dt]:

(A.9)

T T
'EQ |:/ 1 —y(@) e_yeﬁmQ(I‘)dt] _ EQn |:/ (1= y(1) e—yeﬂmQ(t)dt]
0 0

T
4 O U ((1 = y()e?) (eﬂ’"Q(”—eﬂ’"Qn(’))dt] < [an| + |bn|
0

where

T T
a, = EC [/ (1 —y(@) e_”eﬁmQ(’)dt] — E& U (1 —y(1) e_”eﬁmQ(’)dt:| ;
0 0

T
by = E©r [/ (1=y@)e™) (eﬂ’”Q(’) —~ eﬁ’”Qn(’)> dz] :
0

lan| goes to zero by weak convergence.
As regards b, we see that

]dt
Jar.

T
[bn] < / E9 [(1 —y@)e V. ‘eﬂmg(t) _ eBmo,
0

T
S f EQn [(1 — y(t)) e_y . ’eﬁmQ(I) — eﬁan(t)
0

‘We now show that

E9" [(1 —y(@®)e” . ‘eﬂmQ(f) _ Pmon®

] — 0.
We can rewrite it as
EQn [(1 —y(t)) e Vefme® . ‘eﬁ[mQ(l)—an(l)] _ 1‘]

S KEQn Ueﬂ[mQ(t)_an(l)] —_ IH = (*)

for a suitable K € R, where we have used the fact that (1 — y(¢)) e~"efe® is uniformly
bounded. We now look at the term in the expectation

[eflme®=mon®l _ 1| < Kalmg (1) = mo, (0
again by uniformly boundedness, for a suitable K;. Thus

(k) < K3lmo(t) —mg, )],

and this converges to zero thanks to what we have shown in (A.7).

As a consequence, |b, | goes to zero as well, since we are allowed to interchange the limit and
the time integral, by dominated convergence.

It remains to show the continuity of the term

EC[By(T)mg(x7)]. (A.10)
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Indeed, take a sequence Q, — Q, Q € My; then
|E2*[By(T)mg, (t )] — EC[By(T)mo(z)]|
<IEQ[By(T) {mg,(t7) = mo(x )]
+IE2[By(Tym ()] — EC[By(T)mo(z)]I.

The second term goes to zero by weak convergence, since the function m g is continuous. As
regards the first term, it is enough to show that {an ) —mg (t)} converges to zero uniformly
on [0, T']. To show this, we fix ¢ € [0, T']; then the following facts hold true:

(a) For 8; > O there exists € > O such that [s — | < € = [mg(s) —mo(?)| < 4.
(b) There exists n suchthatVn > i [mg,(t +€) —mo(t+¢€)| <8 ; |mg,(t —€) —mg(t —¢€)|
< 3.

Point (a) is due to the continuity of m o (¢) for @ € M4 whereas (b) follows by the fact that
mg,(t) — mg(t) pointwise in ¢ as shown in (A.7). Notice that whent 4+€ > T ort —e < O the
inequalities in (b) are modified appropriately without loss of generality.

We now claim that fixing s € O; := [t — €, t + €] we have

lmg, (s) —mg(s)| <81 +8 +38 =8. (A.11)
Fix s and n and suppose m g, (s) < m(s) (the other case is treated in the same way):
mQ(s) — an(S) < mQ(t +€) —mQ(t —€) +mQ(t —€) —mQ”(t —€) <61 + 83;

where we have used the fact that m(¢) is increasing in ¢ for all Q € M. Thus we can
extract a finite covering {Oy } of [0, T] where (A.11) holds true; hence uniform convergence is
proved. N

Proof of Theorem 1. We denote by Py the distribution of py under Py, ie. Py == PN o p;,l.
We now state a LDP for the sequence {Py}y. Thanks to Lemma 2, we have identified the
Radon-Nikodym derivative that relates WV and Pﬁ (where W®V plays the role of the reference
measure). A natural way to develop a large deviation principle is now to rely on Lemma 1.

Since (y;[0, T1; A;) are i.i.d. random variables under (W ® w)®", we can apply Sanov’s
theorem (see [18]) to the sequence of measures (Wy)n, where Wy represents the law of the
empirical measure in the case of independence (i.e. under (W ® 1)®"). Hence (Wy)y obeys a
large deviation principle with rate function H(Q|W ® w).

As F(Q) is bounded in the weak topology and continuous on M4 O Mpy where M4 =
{Qe MOk Wuland Mg ={0 € M| : H(Q|W ® ) < oo}, we can rely on Lemma 1
to conclude that the sequence (Py)y obeys a large deviation principle with good rate function

I(Q)=HQIW®u —F(Q)— inf [HRIW Q u) — F(R)].
ReM,

We finish the proof by showing that

; _ - m L NF(Q) } _
Rér}\f/ll[H(RIW ®u) ~ F(R)] = lim — log [/M e Wy (dQ) | =0. (A.12)

1

The first equality is simply a consequence of Eq. (A.3).
We are thus left to prove that [ M, eNFD Wy (dQ) = 1. Indeed,

Pn(-) = fuw(dwﬁ(m €)
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A
dPy
= /,L@N(d&)/ﬂ{we}w—@{v]vdw@ﬁ’ = /H{pNe 1eNEen) qweN @ BNy

Z/H{Qe. 1N DWWy (dQ).
As Py (M) = 1, the theorem follows. W

A.2. Proof of Theorem 2

We need to define a new process and a technical lemma related to it.
We associate with any Q € M the law of a time inhomogeneous Markov process on {0; 1}
which evolves according to the following rules:

y=0—>y=1 withintensity e 7ef/e70Q@I0.T].d)
y=1—y=0 withintensity 0

and with y;(0) = 1 foralli =1,..., N.

We denote by P*€ the law of this process and by P¢ = P* ¢ ® 5. In other words, P* ¢ is
the law of the Markov process on {0; 1} with initial distribution 8y and time-dependent generator
L;\’ 9 defined by

LP9f(s) = (1 — s)e 7 ef J&nOQ@IOTIAN (r (1 _5) — f(s)). (A.13)

We show now an important property of P<.

Lemma 4. For every Q € M|, we have

1(Q) = H(Q|P9).

Proof. We distinguish two cases:
Case 1. Q : H(Q|W ® ) < co. We have

10) = [1og—22 a0 - F(0).
AW e n

By Girsanov’s formula for continuous time Markov chains, we obtain

10 T
tog &£ — f (1= y(0) (1 = e77ef S QUITIENI0 ) gy
0

dw

+y(T) [—V + (ﬁ/a/n(t_)Q(dn[O, T], dk’))

t=r<y[o,T1)}

hence, by the definition of F given in (1.3) we have

dp*@
F(Q)=/10g do
and so
100) = |1 0 og %40 = (10892 4 A.14
(Q)_/OgWQ_/OgdW Q—/Ong (A.14)
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where the last equality follows from

do dw  dQ0 dWe®n  dO
d(W®77) dP+C dW®n) dP2  dP2’

As flog P 5d0 = H(Q|P2), the theorem follows.

Case?2. Q : H(Q|W ® nn) = +oo0. In this case I (Q) =
Thus we have to check that H(Q|P2) = +oc0 as well. As

H(Q|P?) = /log d(V[(j—?@n)dQ ~|—/10g di—AWTQdQ,
the theorem follows since flog d(‘?V%n)dQ = 400, as H(Q|W ® n) = 400 and since
flog ipt. QdQ = —F(Q) whichis bounded. W
Proof of Theorem 2. By the properness of the relative entropy (H(u|v) = 0 = p = v), from

lemma (A.13) we have that the equation /(Q) = 0 is equlvalent to Q = P2. Suppose 0 is
a solution of this last equation. In this case 0 = po — p»0 ® u, where P* 0 is the law of

the Markov process on {0; 1} with initial distribution dp and time-dependent generator L)"Q
defined in (A.13). The marginals of a Markov process are solutions of the corresponding forward
equanon _This leads to the fact that g, := II, P Q the 7-projection of P* Q is a solution of

qr = E, where E 2 is the adjoint of L;" 0.

(E?”’Qq)(x) — xe VPl n(t) Q(dn[0,T],dA’ )q(—x) — (- x)e_yeﬂfa/"(t)Q(d"[O’T]’d)‘,)q(x).
More specifically, when x = 0 we have

(E?”’Qq)(()) - _e*}’eﬂfDt’n(l)Q(dn[O,T],dk’)q(o)
and when x =1

(L Cg)(1) = 7P TemDQ@IOTLAN 4 ). (A.15)
We now prove that ¢, = L?’Qq_ admits at most one solution for each initial condition.
To see this, define g,(A) = P*C(y(r) = 1). Then L = G(g,()), where G(g) =
e Ve S @a0)@)) (1 _ 4(1)). Notice that §; (1) € L' (w) and G(-) is a locally Lipschitz operator
on a Banach space. Thus dq(’i()‘) G (g:(A)) has at most one solution in [0, T'], for a given initial
condition (see [19], Theorem VIL.3).

Since P ¢ is totally determined by the flow g, it follows that equation Q = P has at most

one solution. The existence of a solution follows from the fact that 7 (Q) is the rate function of a
LDP, and therefore must have at least one zero. By what is shown in (A.15), g, (1) solves (1.4).

Hence Q. turns out to be the unique solution of the fixed point argument Q = P €. Moreover, it
satisfies all the conditions of Theorem2. W

A.3. Proof of Theorem 3
The key technical tool for the proof of Theorem 3 is the following result due to Bolthausen [7].

Theorem 4. Let (B, || - ||) be a real separable Banach space. Let (Zy)k>1 be a sequence of
B-valued, i.i.d. random variables, defined on the probability space (12, A, P), and denote by w
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their common law. Define X = % Z,ivzl Zy and consider a continuous map ¥ : B — R.

Suppose that the following conditions are satisfied.:

(B.1) [exp(r|xw(dx) < oo forallr € R.

(B.2) For any x € B, U (x) < C1 + Ca||x|| for some C1, Co» > 0. Moreover, ¥ is three times
continuously Fréchet differentiable.

(B.3) Define, for h € B’ (the topological dual of B), A(h) = feh(Z)w(dz), and for x € B,
A*(x) = sup,cplh(x) — A(h)]. Assume that there exists a unique z* € B such that
A*(Z") — ¥ (z") = infrep[A*(2) — P(2)].

(B.4) Define the probability p on B by g—f} =< i(z*) for a suitable normalizing factor c. This

probability is well defined and [ zp(dz) = z*. Let ps denote the centered version of p,

i.e, py=po 6?;*], where 0, : B — B is defined by 0,(x) = x — a. For h € B’ define

heBbyh= [ zh(z) p«(dz). Then we assume that for every h € B such that h#0

/hz(z)p*(dz) —D*¥(z*)[h, h] > 0.
(B.5) B is a Banach space of type 2.!
Now, let Ty be the probability on ({2, A) given by

dry N+

Py [BN(W(XNHE(,’W)]

(A.16)

where X' is linear, continuous and bounded on the support of the law of Xy, uniformly in N.
Then, for every hy, ..., h, € B', the wy-law of the n-dimensional vector

VN (hi(Xn) = hi(z))]-,

converges weakly, as N — 00, to the law of a centered Gaussian vector with covariance matrix
C e R"™ such thatfori, j=1,...,n

©)j = / hi(2)h j(2) ps(dz) — D* W (z)[hy, hj]. (A17)

Remark 2. (i) The theorem in [7] is stated for X' = 0. The same proof applies with our
assumptions on Y without changes. It is likely that these assumptions can be weakened
considerably.

(ii) The theorem in [7] contains a statement stronger than the one given here. Indeed, it is shown
that the field v/N (h(Xn) — h(z4))ep converges weakly to a Gaussian field, while we only
stated convergence for finite dimensional distributions. The reason that we do not prove full
convergence depends on the fact that our mapping to the Banach space depends of the choice
of the observables. It is conceivable that one could get it by using a suitably chosen countable
“convergence determining”class, but we have not succeeded in obtaining this result. The
convergence that we get is all we need to prove Theorem 3.

1 A Banach space B is said to be of type 2 if £2(B) € C(B). Here £2(B) = {(xs) € B® : ¥, x| < oo}
and C(B) = {(x;) € B® : Zj €jx; converges in probability} where (€,) is a Bernoulli sequence, i.e., a sequence of

independent random variables such that P(e, = £1) = % For more details see [7].
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The “natural” space for the central limit theorem in Theorem 3 is the set M of signed
measures, which is not a Banach space. To apply Theorem 4, we need to map M to a Banach
space of type 2.

Lemma 5. The following properties hold true under the reciprocity condition (R):

(i) There exists a Banach space of type 2 (B, || - ||), and a linear map T : M — B, continuous
on the set {Q : Q(t = T) = 0}. Moreover there exist two continuous maps ¥, Y : B — R,
where U is bounded and three times Fréchet differentiable and . is linear, such that

dpPf Z(T (o))
TWoN = exp {N [W(T(pN)) + —N , a.s. (A.18)
(ii) For any vector & = (Py,..., D) € Cp" there exist h = (hy, ..., h,) C B’ such that

(hij o T)(Q) = f &;dQ, where B’ stands for the topological dual of B.

Proof. The first step consists in giving an alternative expression for F(Q) given in (1.3). Look
at the term

/ Q(dy[0, T],d) {y(T) (,3/ Q(dnl0, T, d?»/)a/ﬂ(t)) } .
1=t ({0.7])

Using the reciprocity condition (R), we obtain

b / O(dy[0, T, d) {y(T)a / 0(dnl0, T1, d)a/n (1) }
t=1(y[0,T])

= b/ Q(dyl[0, T1,d2) Q(dn[0, T1, d\ Yo Lz (yio, 77y <7y Lz ([0, T <z (10,71} = (%).

Note that 1z (y0,77) <z (y[0,7D)) = Liz(ni0,7)<7} unless T(y[0, T]) < ([0, T]) < T. Thus
(%) = b/ Q(dy[0, T1, dA) Q(dn[0, T1, dA)ae' 1z (y0, 77 <7 Lz (ni0.77) <7}
—b/ Q(dyl[0, T1,dA) Q(dn[0, T1, dA Yoo Lz o, 71y <7y Lz (310, T < (10,71}
= b/ Q(dyl[0, T1,dA) Q(dn[0, T1, dA e iz (yi0, 7y <1y Lz (10, 71 < T}
—b/ Q(dy[0, T1,dA) Q(dn[0, T1, dA )" Lz o, 71y <7y Lz (310, T <2 (10, 1)}

—b/ Q(dy[0, T1,d2) Q(dn[0, T1, dA Yo Lz g0, 71 <7y Lz (510, T =2 (5[0, T])} -

Therefore

b / O(dy[0, T1, d2) [y(T)a / O(dn[0, T1, d)a/n(t") }
t=t(y[0,T])

b
= 5/ Q(dyl[0, T1,d2») Q(dn[0, T1, d\ Yo iz (yio, 71y <7y Lz (ni0, 71 < T}

b
—5 / Q(dyl[0, T1, dA) Q(dn[0, T1, dA Yaet' Lz (o, 71y <7y Lix (310, 7)) =7 (5[0, 7]}
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b 2
=3 |:/ Q(dyl0, T, d)»)al{r(y[o,r])d}}

b 2
3 Z [/ Q(dy[o, T]ad)t)al{t(y[O,T])=t}i| .
1€[0,T]

Thus, defining

FI(Q) = / O(dy[0, 1, d2)

T
> {/ (1 = () (1 _ e—VeﬁfQ(dn[O,T],d)n/)a’n(f)) dr — yy(T)}
0

2
+§ [/ Q(dy[o0, T], d/\)ay(T)} (A.19)
and
b 2
F(0) = —3 Z [/ 0Q(dy[0, T, d)\)al{r(y[O,T])zt}j| , (A.20)
t€[0,T]

we have that F(Q) = F1(Q) + F>(Q). Lemma 2 thus holds also after replacing F by F| + F>.
Let M > 0 be a constant such that, under 7, the random parameters o and y have absolute value
less that M /2. Now we define the following maps:

M — L*0,T]
T : 1
o - E/Q(dy[O,T],dA)[l—y(t)]
M = L*[0,T] xN)
: MPB)"
B0 e con [ owo. T [e—y( - <1—y<r)>]
M — L*0,T]
T3 : o
0 - /Q(dy[O,T],dk)My(t)
M - R
Ty - 14
0 /Q(dy[O,T],dk)My(T)
M = R
Lo o /Q(dy[O,T],dk)%y(T)
M —- R
To: g / 0(dy[0, 7], dn)ey(T),

where C (M) is some positive constant such that C(M)e "eMf < %n almost surely. Note that,

for Q €e Mjandi = 1,2,...,5, we have that |T;(Q)| < %.Now, letg : R —> RbeaC*®
function such that g(x) = x for |x| < 1/2, g(x) = 0 for |x| > 3/4 and ||g|lcc < 3/4. For

7= 1(z21, 22, 23, 24, 25, 26) € L?[0, T] x L*>([0, T] x N) x L?[0, T]x R x R x R
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we set
V(z) = 2/0 g(z1())dr — WZ/ 8(za(t, n))g(z3(1)"dt
bM?
—Mg(z4) + — 8 (z5) (A.21)
and
b
2(2) = —516. (A.22)
We now claim that, for Q € M and setting T = (Ty, T», T3, Ty, Ts, Tp),
Fi1(Q) = ¥(T(Q)). (A.23)
Moreover
(T
F(pn) = M, W ® p-as. (A.24)

N
so that (A.18) holds. Eq. (A.23) is straightforward; (A.24) follows since

2
Fx(py) = —g Z (% Zaiﬂyi(t)> = —zm Za Z(Ayl (1)
= ———Za yi(T),

where the penultimate equality follows since simultaneous Jumps may happen only with zero
(W ® 1)@V -probability. We thus have that F>(py) = —7 N f a?y(T)dpy and the claim follows
by the definition of Y.

Now set

B :=L%0,T] x L>([0, T] x N) x L’[0, T] x R x R x R x R".

Clearly B is a Hilbert space (and hence a Banach space of type 2), and the maps ¥, X' are
trivially extended to B. Moreover, the map T can be completed to a B-valued map by letting, for
i=1,2,...,n

To+i (Q) i=/¢idQ,

where @ = (&1, ..., ¢,) € Cp" is given.
To complete the proof of part (i) of Lemma 5 one has to show the desired regularity of ¥ and
X. The only nontrivial part is showing regularity of the term

T
Z/O g(za(t, n))g(z3(1))"dr.

However, the fact that ||g]|coc < 3/4 allows us to control the tails of the sum above; continuity and
Fréchet differentiability of any order are obtained by standard estimates, The details are omitted.
Finally, to prove part (ii), for B > (z1,...,26, ..., 26+n), it is enough to define for i =

1,2,...,n
hi(z) = z64i. M
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Proof of Theorem 3. Now that we have identified a suitable Banach space, Theorem 3
immediately follows from Theorem 4 applied to the sequence Z; = T (8y,(0,7],%.)) taking values
on (B, | - |). Notice that in our setting, 2 = (P[0, T] x R*)N and P = (W ® )" . Theorem 3
is guaranteed by the following three facts:

1. Py = my, where my is the probability appearing in Theorem 4.

2. (f Gidon — [ 9;dQ.)7_, = (hi(Xn) — hi(z))}_,.

3. [ — 81 (@) — $DdQw — D*F(Q[F;, &j1 = [ hi(D)hj(2) ps(dz) — D* W (z) i, 1.
Point 1. follows from the definition of wy and from Eqgs. (A.23) and (A.24). Point 2. is a
consequence of the fact that z, = T(Qy) and h; o T(Qy) = f $;d Q.. Point 3. will be proved in

detail in Lemma 8 (see in particular Eq. (A.38)). An immediate application of Egs. (A.38) and
(A.33) finally guarantees the validity of (1.7).

Assuming point 3., it remains to show the validity of the central limit theorem in B. In other
words we need to check the five assumptions of Theorem 4. (B.1), (B.2) and (B.5) are easy to
see. (B.3) and (B.4) are not straightforward. The rest of this section is devoted to the proof that
these two assumptions are satisfied.

We begin to prove (B.3). We define two sequences of measures on B as follows:

v =PyoT ') wy()=WyxoT ().

From (A.18) it can be shown that

d’i _ eN(sZur%)

dwN

for ¥ and X' as defined in (A.21) and (A.22).

By the contraction principle (see Theorem 4.2.1 in [20]), the sequence (py )y satisfies a LDP
with the good rate function J(z) = infycr-1(;) 1(Q). Oy being the unique zero for 7, J has a
unique zero z, = T (Qx).

A LDP for the sequence (py)ny can be obtained in an alternative way. Indeed, we notice that
wy is the law of the random variables

(A.25)

1 N
XNy = — Z; € B,
N N;z

where Z; are i.i.d. B-valued random variables with law w. Thus we have that (wy)y satisfies
a (weak) LDP with rate function A*, with A*(z) := sup,epr {9(2) — A(p)} and A(p) =
In f e?@ w(dz). Thus, applying Varadhan’s lemma, (py)y satisfies a (weak) LDP with rate
function A*(z) — ¥ (z). Since the rate function is unique, it follows that

J(2) = A" (2) — ¥(2).

Having proved already that J(z) has a unique zero, the proof of (B.3) is completed.
We are thus left to show (B.4): for each A € B’ such that h = f zh(z) p«(dz) # 0 we have

/ h2(z) p(dz) — D> W (z")[h, h] > 0; (A.26)

where p and p, are defined in Theorem 4.
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This proof is rather technical and long. We divide it into three steps. We first show that the
measure p such that g—f} = PV g exactly the law of the random variable T (8(y[0,77,1.})
induced by Q.. This argument is then used in the second step to ensure the positivity of a suitable
functional H : Cp x Cp, — R. In the last part we see how to relate H to assumption (B.4).

Step 1: The key result of this first step is given in Lemma 6 below. We look at the measure p on
B, defined by

d
Loy =PV with z, = T(Qu)
dw

where, as already seen, w represents the law of T (8(y[0,71,2)) induced by W ® w.
We shall prove in Lemma 6 that p is the law of T (8(y[0,7),2}) induced by Q.

Lemma 6. The measure p is the law of T (8(y[0,71,3)) induced by Q..

Proof. We first prove the following two claims:

()
DF(Q.:)[8(y0,71,1)] = log dA()’[O, T1, A, (A.27)
T d(W® u)
for W ® w-almost all (y[0, T'], 1).
(i1)
DF(Q)[r]=0 (A.28)

for all O € M such that fa’l{r(y[o,T]):,}dQ = 0, where F) is defined in (A.20).

To prove the claim we need to compute DF (Q4)[8{y[0,71,1}], i.€. the Fréchet derivative of the
function F at Q, in the direction J{y[0,77,2}- An explicit computation reveals that for O € M;
and r € M, DF(Q)[r] is well defined and in particular

F(Q+hr)— F(Q)
h

T T
=/dQ/ (1 — y(@)m, (1) e*V+ﬁ'"Q(’>dt+/dr/ (1 — y(0)(1 — eV FPmoyqy
0 0

+ fdr [~¥(D)(y = Bmo(x7))] +/dQ [Y(T)m,(z7)].

DF(Q)lr]l = }}210

where we have put as usual m, (1) = [ o'n(t) p(dn[0, T], do’) for p € M, 1 € [0, T].
We now compute DF(Q.)[8(y[0,77.2}]. Notice that ms ;&) = ay(@) = 0 for all
t < t(y[0, T1) and so ‘

T
DF(Q:)[80.71.9] = fo (1 —y()(1 —e v Hhmo-)qy

— M)y = Bmo, (x7))]. (A.29)
By virtue of Girsanov’s formula for Markov chains it can be seen that
T dp 9
(1= ym)(1 = e 7 HPmeOydr — [y(T)(y — mo, (t7))] = log ————
fo y [y 0.t N] =log o
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where P is the law of the Markov process with generator given in (A.13). (A.27) thus follows
since P9* = Q. as shown in the proof of Theorem 2. As regards (ii), notice that

b 2
Fy(Q +hr) = —3 > (/ 'Lz y0.77)=nd{Q + hr})
t
b 2
/
=-3 > (/ o 1{r(y[o,T1>=z}dQ>
t
~bhy (/ “/1{r<y[0,T1>=r}dQ/a/l{r@[o,rl):r}dr)
t
b 2
-3 (/ 0"1{r<y[0,T1>=z}dr> :
t

When [ o'z (y[0,77)=}dQ = 0, the first two terms of the last expression vanish. Moreover under
the same hypothesis F>(Q) = 0. Hence

1
DR (Q)lr] = }}1_13) ;A [F2(Q + hr) — F2(0)]
b h2 2
= }}12})—57 t (/ a/l{r(y[o,T]):,}dr) =0. (A.30)

Notice that in writing the latter equality we have implicitly used the fact that
Y, (f @ 1izyi0.1=r1dr)” < 00. This is true since for any r € M

2
0=l (/ “/1“<>'[0=T1>=t}dr) < el |}y < oo
t

where ||« || stands for the supremum of « in the support of x and | |7y denotes the total variation
of r.
As a corollary of claim (ii) above we see that

oy LT Qo+ hr)) — V(T(Q4))

DUTQNITC)] = Jim .
~ lim F(Q, + h:l) —F@) _ bp (0,11 = DF(QOIF.

Here we have used (A.30), the fact that [ o'1i(yj0,7)=}dQ« = 0 since Qx < W ® p and
Eq. (A.23).
Going back to the statement of the lemma, we see that for 7 measurable and bounded

f h(z)p(dz) = / h(z)eP Y@y dz)
- / h(T (81y10,71,3)))eP T @Ilb0.0] (W ® 1) (dy[0, T1, dr)

= /h(T(B{y[o,TLA}))dQ*

where in the last equality we have used (A.27). N
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Step 2: The key result of the second step is given in Lemma 7 below. It involves the measures
@ and ¢* defined in (1.6). First of all, it is not difficult to show that @ is absolutely continuous
w.r.t. O, and in particular

do
dQ«

Indeed, observe that, given ® asin (1.6), we have

H(S) = / [R(S) / @dR:| v (dR)
Mo

Lo, — Os(S)) - ( / & dS 13107101 — / ¢dQ*> a0,

= & — ¢* (A31)

/‘DIO,Tleupp(u)

/ (10 71.0es) — Qx(8) - (B(YIO, T1, ) — )] dQx
DI0,T1xSupp(1)

for any S C DI[0, T] x Supp(w). The second equality follows since v, is the law of the random
variable 8;y[0,71,} — O« induced by Q.

Notice that Q. (S) fD[O,T]xSupp(u)(Qs — 9*)dQ, = 0, &* being the expectation under Q, of
&(-). Hence

b(S) = /S (6 — %)dQ.
and (A.31) follows.
Lemma 7. Given @, and &, in Cp, let

H(&y, $y) = Covg, (81, &) — D*F(Q.)[P1. &,; (A32)
where Covg, (91, D) = [(®) — D) (P2 — P3)dQy. Then

H(D, &) >0, forall D such that & + 0.

Proof. A tedious but straightforward computation provides the second-order derivative of F:

T
D2F(Q*)[a5i, @;] = E9 |:/ —(1 - y(t))IBZm Yy (t)mg;)_([)e*)”rﬂmg*(t)dt
0 i j
T
— (95 — o)) f (1 — y(6)Bmy (Ne 7 HPmox gz
0 i

T
— (& — OF) / (1 —y(t))ﬂmgb.(t)e_”ﬁmQ*(’)dt}
0 J

+EY [y(Tpmy )]+ EY [y@pmy, )]

Notice that we have written § instead of ba: the reciprocity condition is not necessary in this
calculation. We now show that H (@, @) is the expected value of a square. Indeed

H(P, &) = Covg, (P, B) — D*F(Q.)[ P, J]

T
= ES (D~ 2%)’] + E [ / (1= y(@)Blm g (n)Pe™7Pme-Ods
0
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T .
+ 2(9 — @*)f = y(t))ﬂmas(t)e”JrﬂmQ*(”dt] —2E? [y(T)Bm z(x7)].
0
The latter expectation can be rewritten as
. T
E? [y(T)Bmy( )] = E% [(@ — &) fo (1- y(r))ﬂmé(mdzv(r)}

where we have used (A.31) and where (N (?));¢[0,7] defined by N(¢) := 1{;>; is the Poisson
process with intensity fot(l — y(s))e Y HPmo. () g,
Recall that M(t) = N(t) — [y(1 — y(s))e™7+#me()ds defined in (1.8) is nothing but its

compensated Q.-martingale. Hence
T
H(P, §) = E@[($ — %)) + E< [ f (1- y(t))ﬂz[mé(nfe—”ﬁmgﬁ«(’)dr]
0
T
— E9 [2(@ - qﬁ*)fo (1— y(t))ﬁm@(t)dM(t)} )

By the isometry property of square integrable martingales (and relying on the same argument as
was used to prove (2.6)), we have

T
E% [ / (1- y(t))ﬁ2m@(t)%—”ﬁ%“)dt}
0

T 2
= EQ [ (/0 (1— y(t))ﬁmg%(f)dM(t)> :| :

Hence

T 2
H(P, ) = ES |:((d5 — %) —/ (r— y(t))ﬁmqs(t)dM(l)) i| . (A.33)
0
H(P, P) is thus the expected value of a square; hence it cannot be negative. For this reason, we

simply need to prove that it is non-zero. Without loss of generality we take ¢* = 0. Suppose by
way of contradiction that H (&, #) = 0. Then necessarily

T
<¢(y[0, T], %) _/o a- y(t))ﬂMQ}(S)dM(S)) =0, OQsas.

Using the fact that

mg(s) = /Oly(S) $(dy[0, T, d2) = /Oty(S) P(y[0,T], 1) Q«(dy[0, T], dd),

>

where the last equality follows since ddQ = @. We rewrite the expression above as

T
P(y[0,T], M) = /0 (I—y@®)B [/ ay(s) 2(y[0, T, X)dQ*} dM(s), Q«as.(A34)

On the other hand, define &; = E2+[ $|F;], where
Fr=0{y;:0<s <t; A}.
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Notice that
/ YO P()AQx = E%*[ay(t) $()] = EC [ay(t) EC[8()|Fi]l = f ay(t) Q.

Taking the conditional expectation in (A.34), we obtain
T
¢ = E< [ / (1= ym)p ( / ay(S)¢sdQ*> dM (s)
0

t
= /0 (I=y@)p </ Oly(S)@sdQ*> dM(s), Qxas.

]—',} , Qyas.

We now take the L?-norm on both sides. For all ¢ € [0, T] we have
! 2
[ a=sene ( / ay(s)@sdQ*> aM(s)
0 L2(0.)

2
= E% [ fo l(l —y(1)B* < / ay(s)(ﬁsdQ*) e—y+ﬂ’"9*“>ds} :

Notice that ([ ay(s)#,dQ.)° < el (f #,d0.)° < lla|? [ #2dQ, < |«|? [ #2dQ. =

el @”%z(g*)’ where t > s. The first inequality follows since y € {0; 1}; the second one

is trivial and the latter one is due to the fact that (disz)s is a submartingale and thus its expected
value is an increasing function of time. Then

2 —
|| él ”LZ(Q*) - ‘

A

t
121, < lal>E?" [ /0 (- y(t))ﬁznaﬁtniz(g*)eV*ﬂmwds}

IA

—1 2
te ”QBIHLZ(Q*)

where 0 < € < o0 is a constant such that |ja|?||BIIZE@ [e 7 Ao« < €71 As a
consequence, ¢, =0, Q. a.s. fors € [0, €).

This argument can be iterated, defining QBI(Z) = &;4.. The same argument shows that

Q5s(2) =0, Qsas.fors € [0,¢); hence &, =0, Q, as. onr s € [0, 2¢). Eventually we extend

the statement to s € [0, T]. As &7 = &, we would have ¢ = 0 and this gives a contradiction.
Hence the theorem follows. |

Step 3: Consider A1, A, € B’. Since A; o T, for i = 1, 2, are in the topological dual of M, there
exist 1, $ € Cp such that A; o T(Q) = [ $;dQ. We define

Covp, (A1, 22) =fkl(z)/\z(z)p*(dz) and =/zki(z)p*(dz); i=12

where we recall that p,, defined in (B.4) of Theorem 4, is the centered version of the law of
T (8¢y[0,71,»}) induced by Q. Then the following result holds true:
Lemma 8. (i)
Covp, (A1, 22) = Covg, (D1, D2);
D> ¥(z,)[A1, h2] = D’ F(Q.)[ 1, ).
(i1) For i, i = 1,2, we have
Covp, (A Ai) — D> W(z)[Ai, A1 > 0.
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Proof. Point (i). By the definition of p, and A;, i = 1, 2, we see that

Covp, (A1, 22) = /[T6+1(3{y[0,71,»\}) — To11(Q:) [ To12(81y10,71,1)) — T642(04)]1d O«

= /[@1 — O1[ P2 — 951dQs,

where we have used the fact that ; o T(Q) = Te4i(Q) = [ $:dQ.
As regards the second statement, we first prove the following claim:
=T(d); i=1,2. (A.35)
To show the validity of (A.35), we use the following two facts:
hi = E2 [T Sy0.11.0)) — T(QI ([0, T, ) — &7}
& = E%* {[81y10,71) — Q[ B ([0, T1, 1) — &71}.

The former follows by definition of p,, A and Tg4; (Q), whereas the latter is a consequence of
the definition of & given in (1.6).
(A.35) is a consequence of the fact that T is both linear and continuous; hence we are allowed
to interchange the operator 7' with the expectation.
Having proved (A.35), we compute the second-order Fréchet derivatives of the function ¥ as
follows:
DV (zy + kA2)[A1] — D¥(zs)[A1]

D2 W (z,)[A1, Ao] = li . A36
(z+)[M1, A2] kg% 3 ( )

Notice that, by the linearity of T and by (A.35), we have that
2t ki =T(Qu+k®),  z.=T(Q.).
Thus

iy DY G 4 Kao)la] = DU @A _ (. DU (s + ki) ] = DY (z)[Ai]

k—0 k T k50 k '
‘We now claim that

i DY+ kx2)[21] =D ¥(z,)[A1]

k—0 k

:,}in% DF(Q*—i—k@z)[il]—DF(Q*)[QH]. (A37)

By (A.28) we see that DF2(Q.)[-] = 0 since Q. <K (W ® n). Moreover we have both
DF2(§Z5 )-] = 0 and DF>(Q. + k@ )[-] = O since 45 is absolutely continuous with respect
to Q. This proves (A.37). Finally we use the fact that F is Fréchet differentiable:

i DF(Qs + k®,)[#1] — DF(Q.)[ 1]
k% k

We have thus proved that D2 ¥ (z,)[A1, A2] = D2F(Q:)[ 1, 1.
As regards point (ii), we notice that

Cov, (Ai, hi) = D> W (z,)[Ai, hi] = Covg, (&, B;) — D*F(Q)[ &, &;]
= H(P;, b)), (A.38)

= D?*F(Q.)[ %1, $1].



2944 P. Dai Pra, M. Tolotti / Stochastic Processes and their Applications 119 (2009) 2913-2944

where H has been defined in Eq. (A.32). Hence by Lemma 7 the positivity condition is ensured
and the theorem follows. W

By virtue of Lemma 8, for any A € B’ such that X # 0, (A.26) holds true. As a consequence,
assumption (B.4) is ensured and thus Theorem 3 is proved. W
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