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Abstract

This paper considers the pricing of corporate securities of a given firm, in particular equity,
when investors do not have full information on the firm’s asset value. We show that under
noisy asset information, the pricing of corporate securities leads to a nonlinear filtering
problem. This problem is solved by a Markov chain approximation, leading to an efficient
finite-dimensional approximative filter for the asset value. We discuss several applications
and illustrate our results with a simulation study.

1 Introduction

Starting with the seminal works of Black and Scholes (1973) and Merton (1974), structural or
firm value models play an important role in the pricing of corporate securities such as equity or
risky debt. The crucial quantity in these models is a random process V', usually modelled by
a diffusion, describing the evolution of the firm’s asset value. Default occurs if the asset value
process hits some barrier, typically interpreted as liabilities. Various types of models exist. In
this paper we are particularly interested in first-passage time models initiated by Black and Cox
(1976). A survey of structural models may be found in Chapters 2 and 3 of Lando (2004).

The structural approach offers an intuitive way for modelling the default of a firm and for
pricing its debt and equity. However, as noted for instance in Duffie and Lando (2001) or Jarrow
and Protter (2004), it is difficult for investors in secondary markets to assess precisely the value
of the firm’s assets. This might be due to noisy accounting reports or the difficulty in valuing
intangible assets such as client relationships or R&D results. For these reasons, Duffie and Lando
(2001) have proposed a model where investors have only noisy information on the current value
of V. This modelling approach has a number of benefits. In particular, it was shown that the
model yields a realistic behaviour for short-term credit spreads; this is in stark contrast to the
behaviour of structural models with observable asset value process.

In the present paper we extend Duffie and Lando (2001) in three important directions. First,
we show how to value equity in the context of incomplete information on the asset value of the
firm. To this, we assume that the firm pays dividends and postulate a noisy relation between
asset value and dividend size. Equity value is then modelled as expected discounted value of
future dividends until default, both under full information (observable asset value process) and
under incomplete information. For the full information case, we propose a useful approximation
which gives rise to an explicit solution for the equity value. Second, it is shown that for investors
with incomplete information on V', the valuation of corporate securities such as equity leads to a
nonlinear filtering problem: we have to determine the conditional distribution of the current asset
value V; given the investor’s information up to time ¢. Third, we propose to solve this problem
by a systematic application of techniques from nonlinear filtering. Our filtering results are based
on a Markov chain approximation leading to an efficient finite-dimensional approximation of the
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conditional distribution of V. This permits us to consider a relatively rich structure of the
information set available to investors: available information consists of noisy signals of V' with
arbitrary distribution (to be interpreted as ratings, news or noisy accounting information) and
the information contained in the dividends.

In practice, asset values and related quantities such as default probabilities are frequently
implied from observed equity values (equity-based estimators); a prime case in point is the pop-
ular KMV-Model; see e.g. Crosbie and Bohn (2001). This procedure is based on the assumption
of a deterministic relationship between equity and asset value. However, with incomplete infor-
mation such a deterministic relationship no longer exists. It is therefore of interest to study the
performance of equity-based estimators in a model with incomplete information. Our model,
where equity value and default probability are endogenously derived, is ideally suited for such
an analysis. These issues are tackled in a small simulation study. We analyse the errors which
result if investors neglect incomplete information effects and estimate V' from the equity value.
Moreover, we extend the Duffie and Lando (2001) - result on the form of the default intensity
to the richer setting considered in this paper and analyse the relationship between equity and
default intensity. In particular, we show that equity based intensity estimates should be handled
with care.

Related literature includes Kusuoka (1999), Cetin, Jarrow, Protter, and Yildirim (2004),
Guo, Jarrow, and Zeng (2005) and Coculescu, Geman, and Jeanblanc (2006). Building on
Duffie and Lando (2001) these papers study the valuation of defaultable securities in firm value
models with incomplete information on the asset value. Kusuoka (1999) assumes that the asset
value can be observed in additive Gaussian noise; Cetin, Jarrow, Protter, and Yildirim (2004) use
a slightly different model for default; Guo, Jarrow, and Zeng (2005) study models with delayed
information about the asset value; Coculescu, Geman, and Jeanblanc (2006) study models where
some index process with non-vanishing instantaneous correlation to the asset value process is
observed.

The paper is organised as follows: in Section 2 we examine the case of full information where
V' is known and in Section 3 we consider the situation under incomplete information. Section 4
contains numerical illustrations and applications of the filter methodology.

2 Full information

2.1 The model

Consider a filtered probability space (2, F, (Ft)t>0, P), P the objective probability measure. All
processes introduced below are (F;)¢>o-adapted. Denote by r > 0 the risk-free rate of interest.
We assume that the market is free of arbitrage. It is well-known, that this implies the existence
of a probability measure Q, equivalent to P, such that for any traded security the corresponding
discounted gains from trade are martingales under Q. For pricing purposes, we may and will
therefore restrict ourselves to specifying dynamics of asset prices and all other state variables
directly under Q.

The considered company is subject to default risk. We denote its asset value by V' = (V4)¢>0
and assume throughout the paper that the default time is given by

T=inf{t > 0:V; < K;},

where the random process K = (K;);>0 models the evolution of the firm’s liabilities.

We summarize the structure of our model in the following assumptions.
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Assumption 2.1 (Dividends). Dividends are paid at pre-specified dividend dates 0 < TID <
TQD < ..., provided TT]LD < 7, the diwvidend payment at TnD 1s denoted by d,,. The conditional
distribution of the random variables d,,, n € N depends on the last dividend payment d,_1 and
on the asset value Vpo_. Formally, the conditional distribution of d,, given Fpp_ is of the form

Vdn|fT$7(d$) = va(z|dn—1, Vpp_)dz,
va(z|d,v) the conditional density of dy, given (dn—1,Vyp_) = (d,v).

For notational convenience, define d; := Zn21 dp—11 {te[TD | TP)} (the value of the last dividend
payment) and Dy := > 7p, dy (the cumulative dividend process). Here, as always, dy = T =
0. Note that under Assumption 2.1 the distribution of the dividend payment at TnD depends

on the cum-dividend asset value Vo _, such that the dividend realisations contain information
about the asset value.

Example 2.2. A realistic dividend structure, contained in the framework above is as follows.
Consider the following autoregressive model:

dn = A1+ (1= N6, Vo, A€ (0,1). (1)

Here 0,,,n > 1is a sequence of i.i.d. noise variables independent of V', taking values in (0, 1) and
with mean § := EQ(5y).

In this model, d,, is a convex combination of the last dividend and a noisy proportion of
the current firm value. This structure reflects two typical properties of actual dividend streams:
first, firms tend to maintain a dividend level which is relatively constant over time (dividend
smoothing) so that d,, depends on d,,_;. Second, there is a positive, but noisy relation between
asset value and dividend size. The beta distribution is a natural candidate for modelling the
law of J,,.

Assumption 2.3 (Asset and liability dynamics). The asset value process solves the SDE
dVy = py Vi dt + oy Vi dWy — kd Dy, (2)

for parameters py € R, k € [0,1], oy > 0 and a Brownian motion W. The dynamics of the
liabilities is given by the SDE dKy = (1 — k)dDy, with given initial value K.

Comments. 1. Under the model (2), the asset value follows a geometric Brownian motion
between dividend dates and liabilities remain constant. The behaviour of V' and K at a dividend
date is determined by the parameter x governing the fraction of the dividends which is financed
by selling the company’s assets. In particular, we have the following extreme cases: on the one
hand, the company could finance the dividend payments entirely by selling its assets; in this
case k = 1 and the asset value is decreased at dividend dates, whereas K remains constant. On
the other hand, dividends could be financed entirely by issuing new debt; in that case Kk = 0
and the asset value remains unchanged at dividend dates, whereas K is increased.

2. The parameters in Equation (2) are specified under the risk-neutral measure Q. In particular,
wy need not correspond to the actual growth rate of the firm, but reflects investor’s expectations
and risk-aversion. In applications this parameter would be calibrated to observed security prices.

3. While geometric Brownian motion is known to be an unrealistic model for the dynamics
of equity prices, the assumption that the asset value follows a geometric Brownian motion is
defendable on empirical grounds. For this reason the assumption that V' is a geometric Brownian
motion is routinely made in the literature on structural credit risk models such as Leland and
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Toft (1996) or Duffie and Lando (2001). Moreover, under incomplete information, equity prices
are driven by the release of new information. In our model, equity prices will jump at news and
dividend dates and thus follow a process with realistic discontinuous trajectories, despite the
fact that the asset value follows a geometric Brownian motion.

It is an immediate implication of Assumptions 2.1 and 2.3 that the triple (V, K, d) is Markov;
this fact will be used extensively below.

2.2 Pricing corporate securities

In this section we discuss the pricing of corporate securities under full information. In particular,
we show that by the Markovianity of the pair (V, K, d), prices of typical corporate securities can
be expressed as functions of time and the current values of V, K and d. This observation is
important, as it implies that the pricing of corporate securities under incomplete information
leads to a nonlinear filtering problem; see Section 3.2 below.

Pricing the firm’s equity. The pre-default value of the firm’s equity under full information
is defined as expected value of the discounted dividend stream under Q. By the Markov property
of (V,K,d) its value can thus be represented as a function S(-) of time, the current value of
assets and liabilities, and of the last dividend payment. Formally,

T T

St = ]1{7->t} EQ(/eT(St)st ft) - ]l{T>t} EQ(/GT(St)dDS | %7Kt’dt>
t t
= 11{7'>t}s(t7 ‘/tv Kt7 dt) .

3)

A special case with analytic solution. Next we discuss a simple example, where the func-
tion S can be obtained in closed form. We take k = 1 in Assumption 2.3; hence K; = Kj.
Furthermore, we take A = 0 in (1), so that d,, = 6,Vpp_. We modify Assumption 2.1 slightly
and assume that the dividend dates are the jump times of a Poisson process with intensity A"
corresponding to the average number of dividend dates per year. With frequent dividend pay-
ments, such as quarterly or semi-annually, the equity value obtained under the assumption of
Poissonian dividend dates is a good approximation of its counterpart for fixed dividend dates.
In this setup, the pre-default equity value becomes independent of calender time t.

Proposition 2.4. Suppose that py < AP6 +r. Under the above assumptions the value of the
firm’s equity equals Sy = 1, S(Vi, Ko); the function S is given by

S(v, k) = % [v - (%)a k} . (4)

Here o < 0 is the unique negative root of the equation h(a) = 0; the function h is given in
Equation (24) in the appendix.

The proof is provided in Section A.1 in the appendix.

Note that S is concave in v and approaches the line v +— v - A?8/(4AP5—py) as v tends to
infinity. In the proof of Proposition 2.4 it is shown that this line corresponds to the value of
the firm’s equity for K = 0 and therefore 7 = co. The qualitative behaviour of S is illustrated
in Figure 1. The condition py < AP0 + r ensures that the equity value for K = 0 is finite, or,
equivalently, that the discounted asset-value process is a strict Q-supermartingale.
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Equity

Asset value

Figure 1: Value of the firm's equity as function of the asset value according to (4) for different
o and with K = 60. The distribution of § is a Beta(p, q) distribution and the parameters are as
in Table 1 on page 11 below. The straight line is the equity value for K = 0.

Default probabilities and risky debt. The Markov property of (V, K, d) ensures that

Q(r > T|F) = ]1{7>t}@( inf (V, - K.) > o\ft)

T

= ]1{7'>t}Q< ElIlfT](V:g - KS) > 0"/27Kt7dt>

= gy (1 = (8, T, Vi, Ky, dy)), (5)

where F’; is the conditional distribution of 7 given 7 > t.

The computation of F; is quite involved due to the time dependency of the problem. In
this paper we therefore use efficient Monte-Carlo procedures as proposed by Atiya and Metwally
(2005).

With deterministic interest rates, pricing of corporate debt is immediate once the default
probability F; is at hand. For instance, the price of a defaultable bond with maturity 7" under
zero recovery equals e "8 (1 — F,(t, T, V;, Ky, dy)). Another example is the plain-vanilla credit
default swap (CDS). Consider a CDS with premium payment dates ¢1, ..., t; such that ty—tp_1 =
A, deterministic loss given default [ € [0, 1], and, for simplicity, no accrued interest. Following
McNeil, Frey, and Embrechts (2005, Section 9.4.4), the fair spread z* of this CDS equals

N —r
Azk:lE ( o 1{T>tk}|ft) Azk rlte— t)[l B FT(t7tk7V;$aK7 dt)]
E@ (6_T(T_t)l7']]-{7—§tN}‘ft) ]:N e (S t)l<3>FT(t7d57‘/t7Ktudt)

¥ =

(6)

3 Incomplete information
3.1 Investor information
We assume that at time ¢ the investors have access to the following pieces of information:

e Default information. The investors observe the default state of the firm. Note, in particu-
lar, that observing {7 > t} is equivalent to the information that {inf,c[p (Vs — Ks) > 0}.
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e Dividend information. The investors observe dividends, i.e. the process d. Recall that by
Assumption 2.1 dividends are noisy signals of the asset value.

e Liabilities. Since we assume the initial value of the liabilities K to be known, it follows
from Assumption 2.3 that (K)s<: is observable as well.

e News. The investors receive pieces of economic information (news) related to the state
of the company such as information given by analysts, articles in newspapers, etc. We
assume that this information is discrete?, corresponding for instance to buy/hold/sell
recommendations or rating information. Formally, news on the company are issued at
time points T}/, n > 1 (possibly random); the news obtained at T} is denoted by I,,. We
assume that I,, takes values in the discrete state space {¢1,...,¢yr}. The conditional
distribution of I,, given Frr is denoted by

vi(ylz) == QUn = ¢|Vp1 = ).

Furthermore, we assume that the sequence T, T4, ... of news-revelation dates is indepen-

dent of V.

Summarizing, the investor’s information at time ¢ is given by the o-field
H; = 0<]l{VS>Ks} s <t; dy:T, <t (TT{,In) :TT{ < t). (7)

Note that H; C F; and that V' is not adapted to (Hy).

Remark 3.1. We have not included any traded security prices in the investor’s information.
This makes sense if we consider a firm whose corporate securities are not or at most infrequently
traded. Alternatively, we could assume that traded securities are adapted to (H;), such that
they do not contain additional information. In that case (H;) represents the entire information
available to the market.

3.2 Incomplete information and nonlinear filtering

Next, we show that under incomplete information, many relevant economic questions lead to
nonlinear-filtering problems.

Default probabilities and risky debt. As a first step we consider the issue of estimating
the default probability from the investor’s information, i.e. we aim at computing Fy3, (1) :=
Q(r < T|H:). We obtain

Frpe(T) =E2(Q(r < TIF)|[H:) = Lrcy + Lo BB TV Kr d)| M) (8)

with F. as in (5). Since K; and d; are known at time ¢, in order to evaluate (8) it therefore
remains to determine the conditional distribution of V; given H; denoted gy, |3,. This is a typical
nonlinear-filtering problem and we discuss its solution in the next section. In Section 2.2 we
showed how to express prices of debt-related securities in terms of the conditional distribution
of 7. The same reasoning applies under incomplete information, so that knowledge of Fr(3,(:)
is sufficient for pricing these securities under incomplete information.

2The extension to continuous information is straightforward.
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Pricing equity. In analogy with the full-information case, the equity value is defined as
expected value of the discounted future dividends given the available information, i.e. S; =

Lirsg E@(ftT e_T(S_t)st|Ht). Using the tower property of expectations and relation (3), this

can be written as

T

S = 1ror) E (E@( / efr(s*t)st}ft) ‘Ht> = oy EQ(S(, Vi, Kiydi)|[H) . (9)
t

For the evaluation of (9) it again suffices to determine gy |3, -

3.3 The filtering problem

As explained above, the analysis of the model under partial information leads to a nonlinear-
filtering problem: we need to determine qy;,, the conditional distribution of V; given H;. In
order to solve this problem with a minimal amount of technical difficulties, we approximate the
asset value process V by a finite-state discrete-time Markov chain V2. In Proposition 3.5 we
establish convergence of the corresponding filters.

Markov-chain approximation. Define for a given time discretization A > 0 the grid {tkA =
kA, k > 0}. For ease of notation we assume that the dividend dates T’ belong to the grid. Let
(VkA)keN be a discrete-time finite-state Markov chain with time-dependent state space MkA =
{m(k), ... ,m‘AMA‘ (k)} and transition probabilities piAj(k:), 1 <i,j, < |M?| governing transitions
from Vi to Vii1. Then we define V2 = VkA for t € [t, try1). We assume that the law of V2 is
close to the law of the original asset-value process V' in the following sense.

Assumption 3.2. There is a sequence (A;);en, tending to zero and the corresponding processes
(WAi)TD71§t<TD converge weakly to a geometric Brownian motion with drift py and volatility
oy foralln>1 asi— oo.

For an explicit example satisfying Assumption 3.2 see Example 3.3 below. Time dependence
in the state space and in the transition probabilities is introduced in order to deal with the jump
in the asset value due to dividend payouts. More precisely, we put

M = M§ — KDy, (10)

MOA a given initial grid. In this way the state space is shifted downward by «d,, at dividend date
TP. Shifting the state space might require adjusting the transition probabilities, for instance
if the latter are defined by moment conditions as in Example 3.3 below. Note that for Kk = 0
the dividends have no impact on the firm value and therefore neither state space nor transition
probabilities need to be changed at dividend dates.

The default barrier is given by Ky = Ko+ (1 — k) D;. The default time in the approximating
model is modelled in the obvious way by 7 = inf{t : V® — K; < 0}. Set K© = K;,. Note
that then 7 = Ainf{k € N : V,gA <K kA} In the approximating model the conditional densities
of news and dividend size in t are given by v;(z|V;2) and vg(z|dn_1,V2), dn—1 being the last
dividend before t. Note that for ¢t € (tx_1,tx] these quantities depend on Vj_1; this will be
important for our filtering results.

Ezample 3.3. The approximating Markov chain can be chosen to be trinomial. The transition
probabilities are determined by matching the first and second moment with the continuous time
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firm value. More precisely, consider the timepoint ¢t = ¢ and fix A > 0. The transition proba-
bility p;;(k), from state m;(k) to state m;(k + 1) is zero for j & {i — 1,4,i+ 1}; pii—1(k), pii(k)
and p; ;+1(k) solve the following equations

Diji—1 + Dig + Diiy1 = 1
Mi—1Pii—1 + MiDii + Miy1Diir1 = exp(pvA)
(mi—1)?pii—1 + (m:)*pii + (Mig1)*piit1 = exp(2uy A + o3 A)

with p;; > 0. Using Ethier and Kurtz (1986), Corollary 7.4.2, it can be shown that for the

above choice of (VkA), the convergence V2 ZVfor A =0 holds, if the grid is rescaled in an
appropriate way. %

Filtering. In this paragraph we fix A > 0 and omit it in the notation. Denote by Hjp the
information available to the investor at time t;, i.e.

Hy :a<w SKiti<k dp:TP <ty (TLL):T!< tk).
The conditional distribution Qv [, Can be described in terms of the vector
k

a(k) = (q1(k), ..., g (k)) with q;(k) :== Q(Vi = my(k) | Hy) ; (11)

the initial or prior distribution g(0) is assumed to be given. The following proposition gives
a recursive updating rule for g(k). For mathematical reasons it is convenient to formulate the
updating rule in terms of so-called “unnormalized probabilities” 7 (k) x q(k) (o< standing for
proportional to). The vector g(k) can then be obtained by the normalization

Proposition 3.4. The vector w(k) = (m1(k), ..., mp(k)) of unnormalized probabilities satisfies
the following recursion formula: for k = 0, we have that 7;(0) = ¢;(0) = P(V{ = m;(0)). For
k>1 andt, <, denote by N} :={n € N:t,_1 < T <t} the set of indices of news arrivals
in the period (tx—1,tx]. Define

Fik—1) =mk—-1)- [] valdnldo-r,mi(k=1)) - T] vi(Znlmi(k —1)), (12)

{n: TP=t)} neN}
i=1,...,|M| with Iy := 1. Then

|M]

75 (k) = L, 0y>1cy D Pig(k — Dits(k — 1). (13)
=1

Proof. Note that given the new information arriving in (tx_1, tx] the updating rule (13) forms a
linear and in particular positively homogeneous mapping ¥ (k), such that (k) = U(k)w(k —1).
Hence the proposition is proven if we can show that gq(k) x V(k)g(k —1). In order to compute
q(k) from q(k — 1) and the new information in (tx_1, tx] we proceed in two steps. In Step 1 we
compute (up to proportionality) an auxiliary vector of probabilities g(k — 1) with

Gi(k—=1) =q(Vier =mi(k—1) | H;), 1 <i < [M], (14)

where H, = Hj_1V a(dn TP =1, (TH 1) :n € N,g) This is a smoothing step, where the
conditional distribution of Vj_; is updated using the new information arriving in (tx—_1,%]. In
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Step 2 we determine - again up to proportionality - g(k) from the auxiliary probability vector
q(k — 1) using the dynamics of (V}) and the additional information that 7 > .

We begin with Step 2. Since {7 > tx} = {7 > tx_1} N {Vix > K} and since K is Hj-
measurable we get

Q (Vi = my(k) | Hi) o< Q (Vi = my(k), Vi > K | Hy)

M|
=" Q (Vi = mj (k). Vie > Kp, Vi = ma(k — 1) | 1)
=1
M|
= Lim; (>33 ) Pij(k = Da@ilk —1). (15)
=1

Note that the jump of Vi at a dividend date is taken care of by the adjustment of the state
space in (10).

Next we turn to the smoothing step. Due to conditional independence of d,, and {I,, : n €
NI}, the conditional density of the new observation given Vy_1 = m;(k — 1) equals

H Vd(dn|dn71,mj(k — 1)) . H V[(In|mj(/€ — 1)),

{n: TP=ty} neN}

and we obtain

Gi(k—1)ocqitk—1)- [[ valdaldn-v,mi(k—=1))- T] vi(Tnlm;(k —1)).
{n: TP=ty} neN]

Combining this with equation (15) gives the result. |

Finally, we consider weak convergence of the filters.

Proposition 3.5 (Filter convergence). Fizt > 0. Then, under Assumption 3.2 we have that
for all bounded and continuous f : RT — R:

|M 2|

i 3 0|50 £])) - 20

Here |z =sup{n > 1:n < t}. The proof is given in Appendix A.2.

3.4 Default intensity

Recall that an (H;)-predictable, increasing process (A¢)>0 is the (H;) compensator of the default
time 7, if 1(;54 — A¢ar is an (H;)-martingale. If A is of the form f(f Asds, the process (A¢)¢>0 is
called default intensity. Default intensities play a prominent role in credit risk literature: from
a theoretical point of view, default intensities determine the stochastic properties of default
indicators; on the applied side, they are closely related to the credit spread of short-maturity
bonds and credit default swaps.

In firm value models with observable asset value following a diffusion and with an observable
default barrier, a default intensity does not exist, as 7 is a predictable stopping time. Kusuoka
(1999) and Duffie and Lando (2001) noted that the picture changes under incomplete infor-
mation. In the following proposition we extend the results of Duffie and Lando (2001) to our
setting.
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Condition A. Following Duffie and Lando (2001), we say that a conditional density process
(f(t,-,w))e>0 satisfies Condition A, if for each (w,t) we have f(t,v,w) =0 for 0 < v < K; and
f(t,-,w) is continuously differentiable on (K}, o) and differentiable from the right at v = K;.
Furthermore, for almost every w, 9/avf(s,v,w) is bounded on sets of the form {(s,v) : 0 < s <
t,0 <wv < oo}

Proposition 3.6. Assume that the densities vy(x|d,v) and vi(x|v) are smooth in v and bounded
and the initial distribution fy;y, satisfies Condition A. Then the conditional distribution qy;x,
admits a Lebesgue density fy,y,, satisfying Condition A for allt > 0 and the compensator of T
is given on {T >t} by

t

1 9 .
At:/QU%/KanVSIHS(K)ds%— > / Fa(v = Kqp_|dn-1,v) fv,p_pr,p_(v)dv. (16)

TD<t
0 n = KTan

Here Fy(uld,v) = [ vq(z|d, v)dz is the conditional survival function of d;.

Proof. The regularity of the conditional density follows from Appendix B of Duffie and Lando
(2001). Note that there are two sources of default in our model. First, the asset value might dif-
fuse through the default barrier; second, at a dividend date the asset might drop below the barrier
due to the dividend payment. Formally, 1<, = Y,! + Y2, with V! = i<ty D7D, for all neny
and Y2 = Lir<tyLi=—7D, for some neny- Lhe results of Duffie and Lando (2001) apply directly to
Y'!: by their Proposition 2.2 Y! has intensity

1

0
A = 2ot Ly 0.

Note that in our paper f denotes the density of V', while in their paper f denotes the density
of InV.

Next we turn to Y2. By definition, Y2 jumps only at dividend dates. Hence, for 7 > Té) -,
the increase in the compensator at dividend date TP is given by the conditional probability
@(VTnD < KTEIHTTJLD_). Since Q(VTnD < KTrP|fT/?—) = Fd(VT/?— - KTnD—‘d”_l’VTrP—)’ the
results follows from the tower property of conditional expectation. |

Remark. Note that with deterministic dividend dates the compensator of 7 is not absolutely
continuous, if default can happen at dividend dates, i.e. if Fd(VTﬂ?— —Kpp_|dp—1,Vpp_) > 0. On
the other hand, for Poissonian dividend dates, as considered in Proposition 2.4, the compensator
is absolutely continuous and the default intensity is, on {7 > t},

1, 0 [
M= 50K 5 B )+ N7 [ Falw = Kicldua,o) i () do (17)
Ky

The second expression is the intensity of Y2 as is easily seen by analogous arguments to the
above ones.

4 Numerical illustrations

4.1 Filter performance

Filtered asset value. In our context the natural estimator for the unobservable asset value is
the conditional mean EP(VtrHt) 3 In the sequel this quantity will be referred to as filter estimate

3For estimating purposes it is natural to work under the historical probability measure P.
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(FE).

wy K Vo o ooy ) 5 AP
0 60 100 0.5 ~ Beta(1,20) 0.0476 4

Table 1: Parameters in the simulation study. To improve comparability we fix the dividend dates
to 0.25,0.5,...,1.75 throughout. All simulations are done with full information-equity value
computed with Proposition 2.4.
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Figure 2: This plot shows the filter estimate (FE) of the asset value for a fixed realization of V'
without any news. The distribution of V|, used for the filtering is log-normal with ¢ = 0.2, on
the left with mean 100, on the right with mean 70. The vertical lines on the bottom show the
paid dividends. The simulation parameters are as in Table 1.

In Figure 2 we illustrate the typical behaviour of the filter estimate: for a given dividend
realization we plot trajectories of E(V;|H;) for different initial distributions of Vj. In the left
plot we have E(Vp) = 100, while on the right plot E(1;) = 70. Note that the latter is quite close
to the default boundary K = 60. The plot demonstrates the following properties of the filter
estimate:

First, while py = 0, so that between dividend dates V' is a martingale, we see that for
t € (TP, TD), the filter estimate is strictly increasing. This is due to the fact that "no
default is good news”, i.e.

E(Vi[Hpp V{7 > t}) > E(VilHzp),  te€ (L7 Th)
Note that with increasing conditional mean E(V;|H;) this effect becomes less pronounced.

Figure 2 also shows the hybrid nature of the dividend-impact on the filter estimate. On
the one hand, at a dividend date the asset value is reduced by the dividend payment. On
the other hand, dividends also carry information on the asset value; in particular, a higher-
than-expected (lower-than-expected) dividend leads to an upward (downward) shift in the
conditional distribution of V; and hence to an increase (decrease) in the conditional mean.
In the figure, this is nicely illustrate by the dividend impact at ¢ = 1: the information
impact of the high dividend overcompensates the reduction in the asset value due to the
payout of the dividend.

Distribution of estimation error. From now on, we include news in the information set
used in the simulations. As an example we consider news in form of ratings based on noisy
accounting information. To this, set 0, := In(Vrn/Vo) + &, where &1, &, . .. are i.i.d. N(0, 02ys)s
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Figure 3: The distribution of the estimation error E(V5|Hsa) — V for opews € {0.2,1}.

independent of V, and choose ¢; < -+ < ¢j;r_y with ¢ > K. The related news I,, will take
the values 1,..., M, where higher numbers represent better news. More precisely, I,, is 1 if
N < c1, 2if ¢; < np < c2,..., and My if 0, > cpy1_;. For our simulations we used M7 = 4 with
¢i = In(&/100) and ¢ € {90,150,200}. Intuitively, this means that the news give information
about the noisily observed asset value being below 90, in [90, 150), in [150,200) and above 200,
respectively. The conditional distribution v is easily computed.

In Figure 3 we plot the density of the estimation error FE —V; at ¢t = 2 for varying noise
parameter onews. In both cases, the error distribution is skewed to the left. This is due to the
skewness of the log-normal distribution and the fact that for 7 > ¢ the default point K = 60
gives a lower boundary for the asset value. As expected, the variance and skewness of the error
distribution increase with increasing opews-

4.2 Estimating asset values from equity prices

The equity-based estimator. The filter estimate of the previous section corresponds to a
fundamental valuation approach: one tries to assess the value of the firm’s assets from economic
information such as news or dividend payments. When the stock of the firm is liquidly traded,
one could alternatively compute a market implied estimator of the asset value by inverting
relation (3) instead. The KMV-methodology is a typical example where this approach is used,
see Crosbie and Bohn (2001). Formally, given the current equity value S* observed in the
market and a valuation formula under full information of the form S; = S(t, Vi, Ky, dy), S strictly
increasing in v, the equity-implied estimator (EE) is given by the solution of the equation

S(t,EE,, Ky, dy) = S*.

The procedure is illustrated in Figure 4. The straight line gives the fundamental valuation (4)
under full information. Given an equity observation on the y-axis, S* = 60, say, one inverts this
relation to end up with the corresponding asset value estimator EE.

Of course, under incomplete information this relation between V; and S; is not exact, as
is illustrated by the scatter plot. Each point (z,y) represents a simulation of (V;),c(0,2) and
the corresponding news and dividend realization: x is equal to the terminal asset value Vs,
and y equals the corresponding equity value Sy = EQ(S(2,V5)|H2). The dotted line has been
computed by cubic regression, of asset value (y) onto equity value (z). In the left plot opews is
small, modelling a very informative information set H; while on the right o,ews is large. We see
that for better information the scatter plot is summarized well by the fundamental valuation
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Figure 4: Scatter plots for the equity value versus the asset value (AV) for opews = 0.2 (left)
and opews = 1 right. (both: 1000 data points) The dashed line has been computed by cubic
regressions, while the straight line shows the relation under full information (see (4)). Both plots
are cut at 300.

under full information so that the equity estimator performs well for most scenarios. On the
other hand, in a less informative environment the equity value under incomplete information,
(9), varies less with the asset value; in the extreme case where H; = o({7 > t}), S; is even
independent of V;. Therefore the shape of the scatter plot in the right figure is much flatter and
we expect the error of the equity estimator to be larger.

Bias of the equity estimator. In the next proposition we analyze the bias of the equity
estimator.

Proposition 4.1. Fizt > 0 and suppose that S* is given by the fundamental valuation relation
S* = EQ (S(t, Vi, K, dt)\Ht) for S strictly increasing in v. If S is concave in v we have that

EE; < E%(Vi[H,).

On the other hand, if S is convex we obtain EE; > EQ(V;|H,).

Proof. Since t and (K, d;) are fixed we write simply S(-) for S(¢,-, K¢, d¢). Then EE; =
S71(s*) = STHEQ(S(V;)|Hy)). Now suppose that S is concave. Then we get from Jensen’s
inequality

S(EEy) = S0 S o EX(S(V)[Hy) = EX(S(Vy)[Hy) < S(EX(Vi[Hy)),

so that the claim follows as S is strictly increasing. For S convex one proceeds analogously. W

4.3 Default intensities and equity

In the recent literature on corporate bond pricing models where the default intensity is a decreas-
ing function of the pre-default value of the firm’s equity have become popular, see for instance
Linetsky (2006). In these models it is assumed that pre-default value of the firm’s equity under
the equivalent martingale measure follows an SDE of the form d.S; = (r+h(§t))§tdt+05’tth for
some nonnegative and decreasing function h. The default time is modeled as doubly-stochastic
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random time (see McNeil, Frey, and Embrechts (2005), Section 9.2) with default intensity h(S);
the equity price itself is given by S; = Sl . Typically, the function & is of the form

h(S) = S,a,p>0. (18)

@7
Note that in these models this relation is exogenously imposed by the modeler. It is of interest
to see if this relationship can be supported by a model where equity value and default intensity
are derived from more fundamental relationships. The model proposed in this paper is ideally
suited for such an analysis.
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Figure 5: Simulations with different time horizons (T = 1 and T' = 2, 200 simulations each).
The parameters are as in Table 1 with onews = 0.2. The plot is cut at 40 (x-axxis) and 0.45
(y-axxis). The two fitted functions, shown by the straight and the dashed line, almost overlap
and are given by f(x) = 184.6/3261 (1 year) and f(z) = 159.0/42:55 (2 year). The intensity was
computed using (17).

In our model, equity is given by the expected value of discounted dividends, i.e. in the bench-
mark case by | ;(O S(v, Ky, dy) fv,m, (v)dv, whereas the default intensity is essentially determined
by the derivative of the conditional density in K, % fviin, (KK). Hence, it is obviously possible
to construct different conditional densities leading to the same equity value but different default
intensities, thus invalidating a specification of the form (18). However, for practical applications
it is more relevant to check if a relation of the form (18) can be maintained for a specific firm
with given characteristics uy and oy and varying economic conditions, i.e. different realizations
of the asset value process V. This is done in the scatter plots in Figures 5 and 6. Each point
(x,y) represents a simulation of V' and the corresponding equity news and dividends: x is equal
to the equity value Ss, y is the corresponding default intensity A2 computed in Proposition 3.6.
The straight line shows a fitted curve of the type (18).

Figure 5 shows the relation between equity and default intensity for different time horizons
and constant parameters. It is clearly seen that the relationship is stable. Figure 6 shows the
outcome for different characteristics (uy, oy ) of the firm value. While in all cases the relation
between equity and default intensity can be described well by a hyperbola, the fitted parameters
change quite dramatically. This suggests, that stability of the firm’s characteristics is necessary
for a stable relationship between equity and default intensity.

In summary, the simulations provide support for the use of models of the form (18), provided
that the characteristics of the firm remain relatively stable over time. On the other hand, a
deterministic relation between equity value and default intensity can break down completely if
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Figure 6: Simulations with different asset value dynamics. We used py = 0,0y = 0.5, uy =
0.3,0v = 0.8 and py = 0.5,0y = 1 with opews = 1. The fitted functions are f(x) = 92.0/5214,
fx) =3385/31.95 and f(x) = 4029/51.91,

a firm changes its characteristics, for instance by investing into profitable, but comparatively
risky projects.

A Mathematical appendix

A.1 Proof of Proposition 2.4

Proof of Proposition 2.4. Let l~?t = ZT#?St On. Since k = 1, dDy = V}_d[?t, and since moreover
D; — 6A\Pt is a martingale, by (3) the equity value equals
_ Q —r(s—t) D3
Si=1Tpony E </e Vi APG ds| 7).
t
By the Markov property of V', we have that
Loy E@( / e "V, AP§ ds)}}) =E‘%( / eIV, ADEdu) = SV, Ko).  (19)
t 0

In the sequel we study (19) for a generic default barrier k. Note that the generator of the Markov
process V under Q is given by the operator .Z9 with
1

2
L24) = o g f + 3ot S5+ N [ [100-0) - f0)]midn). (20)

0

where v5 is the distribution of the §;. It is well-known that the function S defined in (19) solves
the ODE

L8 (v, k) + XPdv = rS(v, k) (21)

with lower boundary condition S(k, k) = 0 reflecting the impact of default. To obtain a solution
for (21) corresponding to (19) we need to study the behaviour of S for v — oo; this will also help



A.1 Proof of Proposition 2.4 16

to find a particular solution to the inhomogeneous equation (21). Note that (2) can be written
in the form

AV = Vi (uy — AP8) dt + Vi_oy dW, — Vi (dRy — APédt),

and that the last two terms form a martingale. Hence V; = Vj exp((uy — AP 5)t)Mt_, where M is
a nonnegative Martingale with My = 1, and in particular E(V;) = Vg exp((py — APd)t). Assume
for the moment that 7 = oo, or, equivalently, that the default barrier K = 0. In this case

IE( / e IADY,_ ds) - / SADe S E(V,_) ds = APV, / el =AP8=1)s g (22)
0

Under the assumption pyy < AP§ 4 r the expression (22) equals

e D
SAPV, 1 [e(uvf/\DtH»T)s] _ A7o

- =V —
py — (r+ APo) 0 Or £ ADS — py

Hence we get that a solution of the inhomogeneous equation (21) is given by

AP§

S,0) =v ———F=——.
(v,0) VD8

Next we study the case v — oo. S(v, k) can be decomposed as

S(v, k) =E, ( 7€_TSS)\D‘/3 dS) - E, (]1{T<oo} 7)6_7’55)\[)‘/; ds).
0 T

The second term on the r.h.s. equals

E, (1{T<00}E(/6_TSS)‘DVS ds‘fT)) = )\DSEU <]l{7<oo}6_TT]EVT / i 7 dS >
0

k (\P5)>? i
- TﬂL)\DSf,LLV ]EU<]1{T<OO}€ )

Here we used the strong Markov property for the first equality and the fact that V; < k and the
form of S(v,0) for the second one. For v — oo, we have 7 — oo and so E,(e™"") — 0 as r > 0.
Therefore the appropriate boundary condition is

lim (S(U, k) — S(v, 0)) —0. (23)

V—00

To solve (21) with the appropriate boundary conditions we now compute a solution S(-) of the
homogeneous system

XQ&—T&:O

with boundary conditions lim, .., S1(v) = 0, Si(k) = S(k,0). Then S(v,k) = S(v,0) — S1(v)
solves the inhomogeneous equation with the appropriate boundary conditions. We conjec-
ture that Si(-) has the form Si(v) = cv® for some o < 0. Define the function g,,(a) =
fol(l — z)%vs(dz). Note that g, is decreasing in a with lim,_ gy, (@) = 0 and g,,(0) = 1.
Furthermore, let

h(a) == apy + %J‘Q/a(a — 1) + NP (gys () —1) — . (24)
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Then
1
LY — o = (a,uv + 5012/04(0‘ —1)+ A7 (9vs (@) = 1) = T>Ua = h(a) v,

so that ZQv* 4+ rv® = 0 if h(a) is zero. Now note that for o — 400 also h(c) tends to infinity,
as the a?-term dominates, while for a = 0 the term equals —r < 0. As gus is decreasing in «
and convex, there is exact one value a* < 0 such that h(a) = 0, and hence uniqueness of a* is
shown.

Summarizing, the value of equity is given by S(V;, k) with S(v, k) = S(v,0) — cv®, where ¢
is chosen such that S(k, k) = 0. [

A.2 Proof of Proposition 3.5

Proof of Proposition 3.5. The proof is in two steps. In the first step we establish a suitable
representation of the filter in the discrete and in the continuous case; in the second step we show
convergence using the continuous mapping theorem.

First, fix A and let k& = [t/a]. Recall the recursion formula (12) for the unnormalized
probabilities. This leads to the following set of equations

|MA |MA
Z qi(k) f(mi(k)) oc Z mi(k) f(mi(k))
=1 i=1
:EQ< H I/d d ’dn 1, TD H V[ I ‘VTI )]].{VA>KA 0<s<t}>

TP<t TI<t

where the second formula follows from repeated application of the Chapman-Kolmogorov equa-
tions.

To obtain a similar representation for the continuous situation, consider a process V which is

a geometric Brownian motion with drift uy and Volatility oy on (Tn 1,TP) and has determin-

istic* jumps of size —kd,, at the dividend dates: AVTD = —kdy, n > 1. Denote by n? (n!) the
number of dividends (news) before ¢. Then the conditional density of (di,...,d,p,I1,...,1,1)

given V equals
TL

nP
[Tva(dildir, Vo) H (L[ Vs )
=1

By Bayes’ rule, we obtain that

n

np
E2(f(V)[He) o< B2 [ £(V2) H va(dildi-1, VTiD H J’VTI Ley,s ke 0<s<t)
i=1

By Assumption 3.2, VA 2.V oasi — oo Since the indicator is a.s. continuous w.r.t. the
law of V' the continuous mapping theorem gives the desired result. |

References

Atiya, A. F. and S. A. Metwally (2005). Efficient estimation of first passage time density
function for jump diffusion processes. SIAM Journal on Scientific Computing 26(5), 1760
- 1775.

4Recall that d, correspond to observed values of past dividend realizations and can therefore be considered
deterministic.




REFERENCES 18

Black, F. and J. C. Cox (1976). Valuing corporate securities: Some effects of bond indenture
provisions. Journal of Finance 31, 351-367.

Black, F. and M. Scholes (1973). The pricing of options and corporate liabilities. Journal of
Political Economy 81, 637-654.

Cetin, U., R. Jarrow, P. Protter, and Y. Yildirim (2004). Modeling credit risk with partial
information. Annals of Applied Probability 14(3), 1167-1178.

Coculescu, D., H. Geman, and M. Jeanblanc (2006). Valuation of default sensitive claims
under imperfect information. Working paper.

Crosbie, P. and J. R. Bohn (1997-2001). Modeling Default Risk. KMV Corporation
[http://www.kmv.kom /insight /index.html].

Davis, M. H. A. and S. I. Marcus (1981). An introduction to nonlinear filtering, pp. 53-75.
Reidel Publishing Company.

Duffie, D. and D. Lando (2001). Term structures of credit spreads with incomplete accounting
information. Fconometrica 69, 633-664.

Ethier, S. and T. Kurtz (1986). Markov Processes: Characterization and Convergence. New
York: Wiley.

Frey, R. and W. Runggaldier (2001). A nonlinear filtering approach to volatility estimation
with a view towards high frequency data. Int. J. Theoretical Appl. Finance 4, 199-210.

Guo, X., R. Jarrow, and Y. Zeng (2005). Information reduction in credit risks. submitted.

Jarrow, R. and P. Protter (2004). Structural versus reduced-form models: a new information
based perspective. Journal of Investment management 2, 1-10.

Johnson, N. L., S. Kotz, and N. Balakrishnan (1994). Continuous Univariate Distributions
(2nd ed.), Volume 2. John Wiley & Sons. New York.

Kusuoka, S. (1999). A remark on default risk models. Advances in Mathematical Economics 1,
69-81.

Lando, D. (2004). Credit Risk Modeling: Theory and Applications. Princeton University Press.
Princeton, New Jersey.

Leland, H. E. and K. Toft (1996). Optimal capital structure, endogenous bankruptcy, and the
term structure of credit spreads. Journal of Finance 51, 987-1019.

Linetsky, V. (2006). Pricing equity derivatives subject to bankruptcy. Mathematical Fi-
nance 16(2), 255-282.

McNeil, A., R. Frey, and P. Embrechts (2005). Quantitative Risk Management: Concepts,
Techniques and Tools. Princeton University Press.

Merton, R. (1974). On the pricing of corporate debt: the risk structure of interest rates.
Journal of Finance 29, 449-470.



