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Abstract

We study defaultable bond prices in the Black—Cox model with jumps in the asset value.
The jump-size distribution is arbitrary, and following Longstaff and Schwartz (1995) and
Zhou (2001) we assume that, if default occurs, the recovery at maturity depends on the
‘severity of default’. Under this general setting, the vehicle for our analysis is an integral
equation. With the aid of this, we prove some properties of the bond price which are
consistent numerically and empirically with earlier works. In particular, the limiting
credit spread as time to maturity tends to O is nonzero. As a byproduct, we show that the
integral equation implies an infinite-series expansion for the bond price.

Keywords: Jump diffusion; default barrier; bond price; credit spread

2000 Mathematics Subject Classification: Primary 60J25; 60J75; 60G44

1. Introduction

Our goal is to study the price of a defaultable bond issued by a given firm. For simplicity, we
assume that the bond is a zero-coupon bond with one dollar face value and time to maturity 7.
First we consider an extension of the Merton model due to Black and Cox [3]. The asset value
process V of the firm, under the risk-neutral measure, follows the dynamic

th = (r —a)V,dt+aV;dW,

Here, a is the payout rate of the firm, r > 0 is the risk-free interest rate, the square of ¢ > 0
is the instantaneous volatility of the return on the firm’s asset, and W is a standard Brownian
motion. To allow the possibility that default may occur at any time before maturity, Black and
Cox assumed the existence of a default boundary:

K; = Koge*!, 0<tr=<T, (1.1)

where k € R. (We note that Longstaff and Schwartz [8] considered a constant boundary.) The
default time is then defined by

(T)=inf{0 <t <T; V, < K;} (1.2)
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72 Y.-T. CHEN ET AL.

with the convention that inf @ = +00. The recovery at maturity is min(Vr, 1) if there is no
default up to time 7. However, if there is default, that is, the boundary is hit before or at the
maturity, bond holders take over the firm and own the remaining value of the firm, that is, K¢ (7).
The bond price under this setting can be easily calculated because of the analytic tractability of
Brownian motions. For details, see [6, Section 2.6].

To take into account empirical phenomena such as the asymmetric leptokurtic feature of the
distribution of asset returns, we assume throughout this paper that, under a given risk-neutral
measure P, the value V of the firm follows the dynamic

N

dv, = Vi_ [r dt + o dW, + d(z U, — kvt)], (1.3)

i=1

where N = (N,) is a Poisson process with intensity A and {U;} is a sequence of independent
random variables with distribution supported on (—1, 0) U (0, co) which has mean v. The three
elements W, N, and {U;} are independent. If there is default, as in [8] and [11], we assume
that the payoff is offset by a function of the ‘severity of default’. Furthermore, for simplicity,
we assume, as in [11], that the payment is always made at the time to maturity. In other words,
the payoff of the zero-coupon bond at time T is given by

\%
1(0(T) > T) + [1 - w(log(ﬂ)) 1(z(T) < T). (1.4)
K1)
(We can think of ¥ (log x) as the sume of bankruptcy costs and others.) Set X; = log(V:/K}).
Then it follows from (1.4) that the no-arbitrage price of the bond is given by

DVy, T)=e"T —e " TE [y (Xer) 1@(T) < T =T —e " Tox,T), (1.5
where x = log(Vo/Ko), t(t) = inf{0 < s < 1t; X; <0}, and

@y, 1) = Ey[¥ (Xe(r) 1z (@) < 1)]. (1.6)

Here, E, denotes the expectation conditioned on X = y under the risk-neutral measure P. The
notation Py is similarly defined. To study the bond price in (1.5), we will focus on the function
& from now on.

In the literature, 1 — ¥ is termed as the recovery rate. It is worth noting that in empirical
studies, even for the same class of bond issues, the realized recovery rate differs significantly
over different time periods and different firms. See [1] and [4]. By taking ¥ to be a function
of the form a — be”, Zhou [11] provided a Monte Carlo simulation scheme to compute several
characteristics of the bond price. Zhou [11] found within the results that, by manipulating the
parameters, various shapes of credit spreads, default probabilities, and other properties formerly
observed in empirical studies can be recovered. Among the significant results is the possibility
to exhibit nonzero spread for small time to maturity. (Diffusion models for risky bond pricing
have been criticized for years because of the failure to capture this phenomenon.) Besides the
framework of the Black—-Cox model, Hilberink and Rogers [5] considered the Leland model,
which is a generalization of the Black-Cox model. See [7]. In this case, in addition to a
recovery structure which is slightly different from the aforementioned one, there are coupons
paid continuously up to the default time. In [5] the authors generalized the Leland model by
assuming that the logarithm of the firm’s asset value is an independent sum of a Brownian motion
with drift and a downward-jump compound Poisson process. Although there is no closed-form
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Bond prices with jump risk 73

solution for the bond price, they obtained its Fourier transform. They also observed in their
numerical results that the limiting credit spread, as the time to maturity tends to 0, is positive
and gave a proof of this result.

In this paper, instead of seeking the closed-form solution for the bond price, we study several
aspects of the bond with the help of an integral equation satisfied by the function ® in (1.6). The
elements of the integral equation have forms which allows further analysis. (See Theorem 2.2,
below.) Using these elements, we study some analytic properties of the bond price. In particular,
under mild conditions on the jump distribution and the function v, we show in Theorem 3.1
that the credit spread has a strictly positive lower bound as the time to maturity tends to 0. It
is interesting to compare our results with those obtained in [5] and [11], where in both articles
only some specific jump distributions and recoveries were considered. As another application
of the integral equation, we give an infinite-series expansion for the bond price. (Note that in
Merton [9] where 1 + U; is lognormal, the price of the risky zero-coupon bond is an infinite
series for which each summand takes the form of a Black—Scholes European option price. See
Theorem 9.3.1 of [2].)

The paper is organized as follows. In Section 2 we derive an integral equation from a
decomposition of the event that default occurs. Based on the results in Section 2, in Section 3
we study some analytic properties of the bond price and investigate the asymptotic behavior of
its credit spread as the time to maturity tends to 0. In Appendix A we give an infinite-series
expansion for the bond price.

2. An integral equation for ®
We begin with the unique (up to indistinguishability) solution to (1.3), which is given by

N,
1 t

Vi = Voexp{(r — 502 — Av)t +aW,] l_ll(l + Uj).
j=

Recall that X = log(V/K). For the diffusion part of X, we set u = r — %02 — Av — k and

X{ = ut + oW, forall t € R;. For the jump part of X, we set ¥, = —log(1 + U,) and
Z; = Z:"zl Y,. Then

X;=Xo+X; —Z, forallt e Ry, 2.1

where X = log(Vo/Kp).

For any x € R, write X = x /0. Let J; denote the kth epoch time of the compound Poisson
process Z with interarrival time S, that is, J;y = Z’j‘.=1 §;. Furthermore, if Gi, ..., G, are
random variables on R, we write Fg, g, for their joint distribution. We preserve F for the
distribution of Y.

Now, write

,,,,,

[t(T)<T]=AUBUCUD, 2.2)
where
A=[t(T) <T < Ji;] (nojump up to maturity and default is caused by diffusion),
B =[t(T) < J1 <T] (jump occurs up to maturity and default occurs before J;),

C=[t(T)=J;y £T] (jump occurs up to maturity and default occurs at Jy),
D=1[J1 <t(T) <T] (jump occurs up to maturity and default occurs after J;).
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Note that {A, B, C, D} is a partition of [t(T) < T]. With these events defined, we set
Ga(x, T) = Ex[¥(X¢(1)); Al, and similarly for G, G¢, and Gp. Before stating our results,
we recall some facts about the joint distribution of the Brownian motion with drift and its maxi-
mum process for the convenience of readers. For details and proofs, see [10, pp. 113-115].

Theorem 2.1. Let « € Rand T > 0, let W(t;a) = at + W(t), and let M(T;a) =
maxo<: <7 W(t; ). Then the joint density of M(T; ) and W (T ; a) is given by

IM(T:0),W(T;0) (M, w)

22m — w) [ 1, 1 2]
———expjoaw — T — —QC2m - w)“}, w<m,m>0,
7/ P 2 2T ) 2.3)
0, otherwise.
Therefore, the density of M(T; a) is given by
2 1 -m—aT
——exp{——(m — aT)z} - 2ac2°‘"'=A/(—), m >0,
M@ey(m) = 2nT p{ 2T JT
0, otherwise,
2.4)
and
m—aT 2 -m —aT
N —e"”"JV'(—), m >0,
PIM(T;a) <m] = ( JT ) vT (2.5)
0, m < 0.
Here N (-) is the cumulative distribution function of the standard normal distribution.
Proposition 2.1. We have the following representations of G 4, G g, and G¢:
—x—aT Yy —-x+ 4T
Ga(x,T) = ¥(0 e-”<w(x—ﬁ‘-—) te 2‘“‘.)\[(———)), 2.6)
Alx, T) =v(0) JT Nia
r —% -t T e =X+
Gp(x,T)=¢(@ ([ .N’(—)dFJ (1) +/ e ’”N(———)dFJ (t)),
)]
T 00 y
Getx, T) = / dFy, (t)/ dF(y)/ dwy(w — y)H(x, w, 1), (2.8)
0 0 0
where
Hx,w,t) =gk —w+ ut; taz) — e_z’mg(x + w — ut; taz) 2.9)
and

oy L o
g8(y;e9) = NiiT] CXP[ 22|
Proof. Note that ¥ (X;(r)) = ¥(0) on A and B. By the independence of {W;; t € R} and
J1, we obtain
Ga(x, T) =P[T < J]]I//(O)P[ls'lli;lx +us+oWs < 0]

= P[T < J1]¥(0) P[m(a;g —x—ps—oW, > o]

—P[T < Jl]zlf(O)P[max —As+ W, > x]
s<T
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where the last equality follows from the symmetry of standard Brownian motion. By (2.5), we
have

P[ma%( —fs + W, > 2] =1- P[max —fs+ W, < ,\?]
s<

s<T
FHATY  _ans (—A+ﬁT))
=1-(~ —e MEN[ ———
( ( JT ) ¢ JT
“R—AT\ s (—£+ﬁT)
=N| ——— PEN —— ). 2.10
( Nid )*e NG .10)

This completes the proof of (2.6).

We now turn to the proof of (2.7). Again by the independence of {W;; ¢t € R,} and J; and
the symmetry of standard Brownian motion, we obtain

Gp(x,T) = W(O)P[mijnx fus+oW, <0, J; < T]
s<Ji
T
- l/f(O)/ P[minx fus+oW, < 0] dFy, ()
0 s<t

T
=¥ (0) /0 Pmax —as + W, = £|dF), ).

Replacing T by ¢ in (2.10), we obtain (2.7).
Finally, from the independence of {W;; ¢t € R.}, Y}, and Ji,

T
Ge(x, T) = / dFy, () [0+ X = 1) 1(minx + X > 0, x + X = i < 0)]
0 <

T
=/ dFy (1)
0

o0
c _ : ¢ ¢ _
xfo dF () E[y(x + X; y)1(0r§s12tx+xs >0, x+ X -y <0)],
@.11)

where in the last line we used the fact that P[ming<, x + X¢ > 0, x + Xf —y < 0] = 0 for
y < 0. Also, observe that, using the symmetry of standard Brownian motion,

Blv(+X¢ - »)1( min x + X > 0, x + X —y <0)]

- E[t/f(x ~ o (=t + W) = ) 1(max —jis + Wy < £, £ = (=t + W) = § < 0)]

Now, applying the formula of the joint distribution of W («; t) and M («; t) with ¢ = —i, we
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obtain, forall ¢, y > 0,

B[ — ot W) = )1 (max —as + Wy < 2, £ = (< + W) — 5 <0) ]

o0
=[dwf dmy(x —ow - 1Im <%, £ —w—$ <0)
wt
» 22m — w)
1N/ 2t

* 1
= [ dwy(x —ow — y)exp{—[w) — —[th}
-3 2

m——-———m=e€X ——dm —w
wt t/2mt P 2t

o 1
= / dwy(x —ow — y)exp{—ﬁw — —[th}
i3 2

ex iw 1A2t 1(2 )2
P —Aw = ST — = (2m —w

25 —w

1

X dm —— e exp ——mz}
w| t2nt 2t

* 1
=f dwllf(x—aw—y)expl—;lw— —[th}
i3 2

x L (exp{—w—l—ex { __(2x—w)2 })
2t 2

Note that (2% — w)? + 2tiw + @%? = (2% — jit — w)? + 4% it. Therefore,

1
/: _dwy(x —ow —y) exp{—ﬂw - 5[1,21}
£-3

<o (ol -5 e -5
2t P172
=[XA dwy(x —ow — y)
x=y
1 (w4 )’ Y 2% — ot — w)?
e R )
y
- / dwy (w — )
(x—w+,ut)2 Coen (x 4+ w — ut)?
( { 202 } ¢ m“‘” T 202 D
= / Y(w — gk — w+ ut; to?) —e Fhg(x + w — ur; to?)] dw.
0
This gives (2.8).

To calculate G p, we use the strong Markov property of the process X.
Proposition 2.2. We have
Gp(x,T) =Ex[15®(Xy,, T — J1)] = LO(x, T).
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Bond prices with jump risk 77
Here, D =[J, <T, infs<, X5 > 0], the integral operator L is defined by

t o0
Lf(x,t) =/ dFjl(S)/ dF(y)/ dwf(w—y,t —s)H(x,w,s) 2.12)
0 yt

for any nonnegative Borel measurable function f on R2, and H is defined in (2.9).

Proof. Note that De¥ 7, - Therefore, by the strong Markov property we have
Gp(x,T) = Ex[Ex(15 ¥ (Xcr) 1 (T) < T) | F 11 = Ex[15 ®(Xy,, T — J1)].

Recall that Y| = —log(1 + U)). Therefore, by the independence of Ji, Y1, and {W;; 1 > 0},
we obtain

GoGx, T) =E[1(J < T, minx + XS > 0, x + X5, = ¥1 > 0)

s<Jj
Xx®(x+ X5 -1, T~ Jl)]
T
= /0 dF;, (z)f dF(y)E[l(I}‘nsi?x +X$>0,x+ X —y>0)
X ®(r+ X =y, T =1)].
Let us calculate the integrand. Using the symmetry of Brownian motions, we obtain
E[l(rsnsiltlx +XS> 0,1+ X0~y > 0)0(x + X =y, T —t)]
=E[1(r§1§1tx—x —us+oW; <0, —x —ut+oW;,+y< 0)
X O(x+ut—ocW, —y,T—t)]
=E[1(r§12tx——£—ﬂs+Ws <0, —F—pt+ Wity <0)
X ®x—o(—pt+W,)—y, T — t)].
Using Theorem 2.1 with « = —f1, we obtain
E[I(Tgtx—i—ﬂs+ws <0, —x—at+ W, +y <0)

X ®(x — o (—fit + W) =y, T — z)]

IRV £
=/ dw/ dvd(x —ow —y, T — 1)
w

—00 )+

Xz(zv—w)ex{ aw— Loz _ Loy o2
—_— — w__ —_—— —
12wt P 2 2T E
E-9)nk 1
=/ dw(b(x—aw—y,T—t)exp{—,&w——ﬁ2t}
oo 2
x/f 220 —w) { (2v—z)2}d
—— €X _— V.
wt  t/2mt P 2t
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Similar to the calculation of G, we have

(E-J)A% 1
/ dw<l>(x—aw—y,T—t)exp{—-ﬁw__*zt}
—00 2

X/f 2(2v—w)ex I_(zv—z)z}dv
wt tv2nt p 2t

E-3)A% B
= f Q(x —ow—y, T —t)gw+ ar; 1) — gw + ti — 2%; 1)e 1 dw

[e ]

[o¢]
= / Q(w—y, T —t)gw—x — ut;10%) — g(w + x — pt; to2)e A4 dw,
y+

where we used the change of variable x — ow > w in the last equation. This completes the
proof.

Theorem 2.2. For every bounded measurable , the function ® defined in (1.6) satisfies the
integral equation
*x, T)=Gx,T)+ Ld(x,T). (2.13)

Here, the integral operator L is defined by (2.12), G = Gs + Gp + G¢, and G4, G, and
G are given as in (2.6), (2.7), and (2.8), respectively.

Remark. The decomposition of @ into G4, Gp, G¢, and Gp is actually quite intuitive.
Assume that the interest rate is 0. Consider a financial security with time to maturity 7 which
pays ¥ (X (7)) at time 7(T) < T. Assume that E, is the ‘right’ measure under which we can
calculate prices. Then the time-0 price of such security is ®. We now decompose this security
into four securities by classifying the possible causes of the payment ¥ (X (r)).

We track the sample path of X up to time T and see whether a jump has occurred. If there is
no jump, namely, T < Ji, then the cause of the payment must be diffusion. Namely, X, (1) = 0.
The time-0 price of this type of payment is given by G 4. Suppose the contrary, thatis, J; < T.
We further classify the possible causes of the payment. If t(T) < J; then the cause must be
diffusion again. The time-0 price of this type of payment is given by Gg. If t(T) = J; then
the cause of the payment is a jump and the time-0 price of this type of payment is G¢. Now,
the remaining possibility is J; < ©(T) < T. At time Jj, from the renewal property of X, the
security can be seen as a ‘new’ security almost the same as the old one except that the time to
maturity is T — Jj. The time-0 price of this ‘new’ security is G p.

In Appendix A we will further extend the above classification of causes of the payment
¥ (X1 (1)) to obtain an infinite-series expansion of the bond price.
3. Analytic properties of bond prices

To fix ideas, we adopt, from [6, Section 2.2.1] and [9], the following definition of yield
spreads and credit spreads.

Definition 3.1. For the bond price defined in (1.5), the promised yield for maturity T is given by
y(Mo, T) = (1/T)log(1/D(Vy, T)) and the credit spread for maturity 7 is givenby s(Vp, T) =
y(Vo,T)—r.

Note that, in Definition 3.1, 1 is the face value of the bond, and it follows immediately from
the definition that D(Vp, T) exp{y(Vo, T)T} = 1.
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Lemma 3.1. Forall x > 0 and y > 0, the function
t 0> B[+ X{ = »1(minx + XS > 0, x+ X —y <0)] 3.1)
s<

is continuous on (0, 00).

Proof. Recall that in the proof of Proposition 2.1 we have
B[+ X = » 1(minx+ X >0, x+ X{ —y < 0)]
y
= / Y(w—y)H(x, w,1)dw,
0

where H is given by (2.9). From this, it follows easily that the function in (3.1) is continuous.
This completes the proof.

Lemma 3.2. Assume that x > 0. Then

. 0 .
Tll%l+ 3T P[lsrrél;lx +us+oWs < O] =0. 3.2)

Also, for all n € N, we have
P[mi;lx+/u+UWs <0] —o(T") asT — 0+. (3.3)
1<
Proof. Firstly, we prove (3.2). By the symmetry of standard Brownian motion we have
P[minx +us +oWs < O] = P[max —us +oW; > x] = P[max —pis + Wy > )?]
s<T s<T s<T
Note that x > 0. Therefore, by (2.5) we have

n - X+ 4T 208 —x+aT
P[max— S+ W zx]:N(— )—I—e “w(—— ,
e T JT JT

which converges to 0 as T — 07. Recall that g(x; o) = 1/(v/2702) exp{—x2/202}. We

have
3 £+m) Coat (-3+,1T)>
S L I +e N ———
aT( ( JT JT
_ —g<—<f +AT) 1) VT = (& +aT)T~ 122

VT T
PN —x (0 G — (—=% pp —1/2
+e_2’“‘g( x+uT;l)\/Tu (=x+4aT)T=/=/2
JT T
1 —(X4+4T) \AT — % F+AT \AT + %
=58 il +8 i1
) /T T3/2 JT T3/2
X+ naT X
=g\ ——=:1)=5»
JT T3/2
1

. 15 . =\ 1
_——2n_xexp‘—§(ﬁ+uﬁ) ]—T3/2.
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Observe that, forall T > 0,

02 sen| (v avT) i s cen] S

for some constant C > 0 independent of 7 > 0. This implies that (3.2) holds.
We prove (3.3). Let n € N. Then, by I'Hopital’s rule,

lim Plming<7 x + us + o W; < 0]
T—0+ T"
lim (0/0T) Pming<7 x + s + o Wy < 0]
T T-0+ nTn-1

£2 1
< llm Cexpy— 27 | aTe-D32

=0.
This completes the proof.
Recall that D(Vy, T) is the bond price defined in (1.5) and that we set x = log(Vy/Ko).
Proposition 3.1. We have the following analytic properties of bond prices.
(a) Foreach T > 0, limy,_, 0o D(Vo, T) =e~"T.
(b) Foreach Vy € (Kg, 00), im0+ Px[t(T) < T]=

Proof. We prove (a) first. Since the function v is bounded, by (1.5) and (1.6), it suffices to
show that lim,_, o, Px[t(T) < T1 = 0. Now since X = (X,) is cadlag (right continuous with
left limits), it is clear that, for fixed T, (T, x) =inf{l0 <t < T;x + X{ — Z; <0} —> oo as
x 1 oo. This implies that limy_, o Px[7(T) < T]1=0

Next, consider (b). Write

P.[t(T) < T]=Ps[A]+P,[BUCU D], (34)

where {A, B, C, D} is the partition of [t(T) < T]in (2.2). For the second term on the right-
hand side of (3.4), we have

P,[BUCUD]=P,[t(T)<T, Jy <T]<PlJ; <T]=1-¢*T -0, T—0+.
On the other hand, note that

P.[A] =P, [r(T) <T < Ji] =P[T < Jl]P[nLilrlx fes+oW, < 0].
§=
By (3.3) we obtain
lim P.[A] < lim P[mmx +cs+oW; < 0]
T—-0+ T—-0+ Ls<T

Combining these results with (3.4), we have (b). The proof is then complete.
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Theorem 3.1. Assume that {r is continuous and that0 < v < 1. Then, foreach Vo € (Ko, 00),

A Y(x —y)dF(y) < llm mfs(Vo, T) <limsups(Vp,T) <A Y(x —y)dF(y).
y>x T—0+ y>x

3.5)
In particular,

(@) if Yy > 0andP[Y| > x] > O, we have a strictly positive credit spread for zero maturity;

(b) if ¥(0) = 0 or F is continuous at x, then we have the following asymptotic behavior of
the credit spread:

lim s(Vp,T) =X Y(x —y)dF(y).
T—0+

y>x

Proof. First, we prove the lower bound in (3.5). Since 0 < ¢ < 1,wehavel > ®(x,T) >
Gc(x, T). Note that ®(x, T) — 0 as T — 0+ by Proposition 3.1(b). Therefore,

rT
l1m1nfs(V0 T)= hmmf[ log(m) - r]

1 1
= liminf — log( — —
TS0y T Og(l—cb(x,T))

1
>11m1nf log| ————— ).
T—0+ T 1-Gex,T)

Note that, by Proposition 3.1(b), ®(x, T) — Oas T — 0+. Hence, weobtain0 < G¢o(x, T) <
®(x,T) - 0as T — 0+. By the mean value theorem we obtain

1 1
llmmf?log(—> lim inf

8Gc(x, T)/8T _ . . 3Gc
e, /e £2%C 6. T). @
T 04 —Gex, T) Iminf 57 & D- 36

T—>0+ 1—Ge(x,T)  T—0+
By (2.8), Lemma 3.1, and the fundamental theorem of calculus, we obtain

3G
a—TC(x’ T) = re

(o @]
c _ . c c _
X /0 dF()’)E[w(x + X5 —y) I(E;l;lx +X{>0,x+X5—y< O)]
3.7
Since v is continuous and 0 < ¢ < 1, we obtain
liminf s(Vo, T) > lim inf aGC( T) > A dF
T—0+ o ~ -0+ 0T * - y>x Ve )-

This proves the lower bound in (3.5).

Next, we show the upper bound in (3.5). By the definition of the function G, there exists a
function I of ¢ such that t — I(¢) is continuous on (0, 1], lim;_, o4 I(¢) = 0, and

sup  G(y, 1) < I(t).
y€lx/2,3x/2]
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(See also (2.6), (2.7), and (2.11).) By Proposition 2.2,

T T
LG(x,T) _<_/ I(t))»e”“T")dt+/ Px[ inf X, € (0, 00) \ f,3_x 2e—M dr.
0 0 0<s<t 22
(3.8)
By Lemma A.1,

L*®(x,T) <1—e M —aTe™*. (3.9)
An iteration of (2.13) gives

&(x,T) =G, T)+ LG, T)+ L*®(x, T)
T
<G, T)+ / 1()re 2 T=D gy
0
T . x 3x N
+f Px[ inf X; € (0, oo)\[—, —-—]]Ae‘ tdr+1—e* —aTe™,
0 0<s<t 22

(3.10)

where the last inequality follows from (3.8) and (3.9). Observe that among the terms in (3.10),

9 T T
— | I@®reTDdr = [(TH)A — A f IO e T Ddr - 0, T — 0+,
0

aT J,
and
0 r x 3x
—_ P i -z —At
aT Jo X[Olsl}'gt X5 €(0,00)\ [2, 2 :I]A.c dr
_p| inf X, c0o00\ |5 E] e 50, Too0+ @B.11)
- X OSsST 5 b} 27 2 9 . .

In (3.11) we used the fact that t > info<s<; X is almost surely continuous at each T > 0 by
the quasi-left continuity of X. In addition, as T — 0, 3G4(x, T)/dT — 0 by Lemma 3.2 and
dGpg(x, T)/dT — 0. With an argument similar to (3.6), we deduce, from (3.10) and the above
estimates for the derivatives, that

G
limsups(Vp, T) < limsuP—C(x, T)=<Ax Y(x —y)dF(y),
T—-0+ T—-0+ aT y>x

where the last equality follows from (3.7). We have obtained the upper bound in (3.5). This
completes the proof.

Remark. It is worth noting that Hilberink and Rogers [5] proved a similar result for the credit
spread in the Leland model. Instead of considering the case where X has two-sided jumps,
only downward jumps were allowed in the definition of X.

Appendix A. An infinite-series expansion for the bond price

Recall the definition of the operator L in Proposition 2.2. Theorem 2.2 states that we can
write P as

®D(x,1) =G(x, 1)+ Ld(x,t) forall (x,1) € Rﬁ_. (A.1)
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After n-fold iteration of (A.1), we have

O(x,1) =) LKG(x,n + L o(x, 1), (A2)
k=0

where L0 f = f and L¥t! f = L(L¥ f). On the other hand, by the definition of L,

Lf(x,1) = Ex[f(Xj,,t - 1(11 <t inf X, > 0)].

<s<Ji

(See Proposition 2.2.) The probabilistic interpretation of L” f, n > 2, is given by the following
lemma.

Lemma A.1. Let f be a nonnegative measurable function defined on Ri. Then, foranyn € N,

n _ _ .
L"f 1) = Ea[f Kot = ) 1(dn <1, inf | X >0) | A3)
Moreover, forany T € (0, 00) andanyn > 1,

swp L fn0 < lflee Y e TED

|
(x,1)eRy x[0,T] m>n m:

Proof. The proof proceeds by induction. We already have the case in which n = 1 by the
definition of L. Assume that, for n = k, the conclusion of the lemma holds. Then, forn = k+1,

L fe,t) = Ex[ka(le,t — ) 1(11 <t, inf X > 0)]

<s<Jy

- EX[EX“ [f(x,k, v— ) l(Jk <v, inf X, > o)]

0<s<Ji

v=t—J

X 1(11 <t, inf X > O)]

0<s<Jj

where we have applied the case of (A.3) for n = k in the last line. On the other hand, by the
strong Markov property of X we have

Ex[f(XJ,H.l, t— Jk+[) 1(.]k+1 <t, inf X > 0)]

0<s<Jr+1

= Ex[Ex[f(XJkH,t = D1 51, inf X, > 0) ‘ f,,]

J1<5 <41

x 1(11 <t inf X, > 0)]

0<s<Jj

= EX[EXJI [f(XJk, v —J) 1(1,c <v, inf X, > o)]

v=t—J;

x1(si <t inf X, >0)].
0<s<Jj
Hence, we have proved that (A.3) holds for n = k 4 1. By the induction hypothesis we have
proved the first part of the lemma.
The second part of the lemma now follows immediately from the nonnegativity of f and the
fact that J, is a sum of » independent exponential random variables with mean 1/A. The proof
is now complete.
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From this, we obtain from (A.2) that, for every bounded v,

O, T) = ,,li“éo(z L*G(x,T) + L" & (x, T)) = ZL"G(x, T). (A.4)
k=0 k=0

Write x = log(Vy/Ko). By (1.5) we obtain the following infinite-series expansion for the bond
price.

Theorem A.1. For any bounded function , the bond price D(Vy, T) in (1.5) has the following
expansion:

o0
_ _ Vo
DV, T)=e T —e'T L’”G(lo (—),T), A5
0, T) zo e % (A.5)

where G = Ga + Gp + G, and G4, G, and G¢ are given as in (2.6), (2.7), and (2.8),
respectively. Moreover, the series converges uniformly in (log(Vo/Ko), T) € Ry x [0, T*] for
any T* € (0, 00).

[1

—

[2]
3]

(4]
[5]

(6]
(71
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