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Abstract

For a finite state Markov process and a finite collection {T'y, k € K}
of subsets of its state space, let 7, be the first time the process visits
the set I'y. We derive explicit/recursive formulas for the joint den-
sity and tail probabilities of the family of stopping times {74,k € K}.
In particular, we provide a general solution to the problem that was
studied (Assaf et. al., Multivariate phase-type distributions, Opera-
tions Research 32 (1984), no. 3, 688-702) in the context of multivariate
phase-type distributions. We give a numerical example and indicate
the relevance of our results to credit risk modeling.
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1 Introduction

One of the basic random variables associated with a Markov process X is its
first hitting time to a given subset of its state space. In the present work we
will confine ourselves to finite state Markov processes. If X has an absorbing
state and all of the states can communicate with it, the distribution of the
first hitting time to the absorbing state is said to be a phase-type distribution.
Phase-type distributions, that go back to Erlang [9], are used in modeling of
a wide range of phenomena in reliability theory, communications systems,
in insurance and finance, to name just a few areas of applications. The
literature on these distributions is immense, see, e.g., [2, 3] I, 12} 15, [17].
To the best of our knowledge, Assaf et al. [4] were the first ones to study
multivariate (multidimensional) phase-type distributions. Their setup, for
the two dimensional case is as follows: take two proper subsets I'1 and I'y
of the state space, and assume that with probability 1 the process enters
their intersection; let 7, be the first time the process enters I'y. The joint
distribution of (71, 72) is a two dimensional phase-type distribution. Higher
dimensional versions are defined similarly for a finite collection of subsets
{T'k, k € K} of the state space. Denote the number of elements in K by
|K|. Multidimensional phase-type distributions can put nonzero mass on

lower dimensional subsets of le‘, and the density of the distribution when
restricted to these subsets is called the “singular part of the distribution.”
As far as we know, the only result available in the current literature giving
a complete characterization of any multidimensional phase-type density is
the case of two dimensions treated in [4]. The same work presents, without
proof, a density formula for the nonsingular part of a phase-type distribution
of arbitrary finite dimension. The proof of the formula was later given in
[10].

The main contribution of the present paper is Theorem which gives
an explicit formula for the joint density (over appropriate subsets of RLKI)
of the random vector T := (1%, k € K), covering all possible singular and
nonsingular parts. We make no assumptions on whether {I'y,k € K} are
absorbing or not and Theorem gives a general formula for the joint den-
sity of a collection of first hitting times for any finite state Markov process
X. The formula for phase-type densities follows as a special case (see Propo-
sition for the one dimensional case and Proposition [£.2] for the general
case).

One common method of computing a density is to compute the corre-
sponding tail probability and then to differentiate it to get the density. This
is the main method used in the prior literature on our problem (see, for ex-
ample, [4,[10]). As will be seen in Subsection[3.4] “singular” tail probabilities
of 7 (i.e., tail probabilities where some components of 7 are equal) turn out
to be much more complicated objects than the corresponding densities and



if one tries to compute these singular tail probabilities with standard meth-
ods (for example, using the methodology of taboo probabilities as presented
in Syski [17]) one quickly runs into seemingly insurmountable calculations
even when | K| is low. Thus, in this paper, we decided to follow the opposite
route and compute the density directly using the following idea: for each
tc R‘K‘, the event {7 = t} corresponds to the limit of a specific and sim-
ple set of trajectories of the Markov process whose (vanishing) probability
can be written in terms of the exponentials of submatrices of the intensity
matrix.

Subsection [3.1] explains the idea in its simplest form in the derivation
of the density of a single 7, given as Theorem (see also Remark .
The same idea extends to multiple hitting times in Subsection and the
multidimensional density is given as Theorem[3.2] Subsection [3.4]derives the
tail probabilities of 7 using a variant of the density formula; the result is
given as Theorem [3.3] The formulas for tail probabilities are more complex
compared to densities and are best expressed recursively. We provide a
second formula which explicitly states some of the integration that is
hidden in the completely recursive .

In Section [4 we derive alternative expressions for the density and the
tail probability formulas for absorbing {I'x} and indicate the connections
between our results and the prior literature. Section [5| gives a numerical
example.

From an applied perspective, our primary motivation in deriving the
results in the present paper has been to be able to model default times of
companies,/obligors with first hitting times of a finite state Markov process
where multiple defaults are allowed to happen at the same time; with the
results our of our paper this is now possible in great generality (for the case
of two obligors one could use the results in [4]). The conclusion explains
this application starting from the credit risk model of [10] and the numerical
example of Section [5] In addition to credit risk, we expect our results to be
useful in reliability theory (see, e.g., [4]), counterparty risk (see, e.g., [7]), and
insurance (see, e.g., [5]). From a theoretical perspective, the first motivation
of the paper has been the solution of a problem whose two dimensional
version was solved in [4], i.e., find simple expressions for the density of T;
surprisingly, prior to the results of the present paper, such expressions were
not available in the literature. A second theoretical contribution of the
present work is to the line of research originated in [§] and continued in [13]
and [I1]; the next paragraph explains this side of our contribution.

In [§] the following problem was studied: given a filtration G = {¥4,,u €
R, } and a multivariate random time 7 = (71,. .., 7y,) study the conditional
law, say pS, of T given ¥, in the case that where P(r; = 7;) = 0 for



i#7J, 4,5 =1,2,...,m. Thus, a (random) measure was sought so that
P(reBig) = [ ula), (1)
B

for any measurable subset B of R'". If the measure 1% is represented as

o (d8) = @y (B)v(dt), (2)

where v is a (possibly random) measure on R, then ¢ is called the density
of P(-|%,) with respect to v, and the process ¥ is called the conditional
density process. This study, was extended in [II], for n = 2, to the case
where joint default were allowed, that is P(1; = 72) > 0.

Now, let F = {#,,u € R;} be the filtration generated by X. The
Markov property of X implies that the conditional density of 7 given %,
directly follows from the density formula , as we show in Proposition
Thus, our results generalize and to the case of arbitrary m > 1
where the restriction P(m; = 7;) =0 for i # j, 4,5 = 1,2,...,m is no longer
required. It needs to be stressed though that this generalization is only
done here in the Markovian case, i.e., when G = F and when 7 is defined as
first hitting times of the process X. Still, it is an important generalization
allowing for studying and modeling probabilities related to simultaneous
multivariate trigger events, such as simultaneous defaults in a large pool of
obligors.

2 Definitions

Let E be a finite set and X an E-valued continuous time process defined over
a measurable space (€,.%) equipped with a family of probability measures
P;, i € E, such that P;(Xo =1i) = 1. Under each P;, X is assumed Markov
with intensity matrix A. We denote by P the column vector {P;,i € E}.
If o is a probability measure on E (written as a row), we will denote by
P, the probability measure P, = aP = ) ;. pa(i)P; on (,.%). It follows
from these definitions that under P, the initial distribution of X is «, i.e.,
P,(Xo = i) = «a(i). The total jump rate of the process when in state i is
—A(i,4) = Zj;éi A4, 4)-

For a finite collection {I'y C E,k € K} of subsets of E, define 75, :=
inf{u € (0,00) : X, € I'y}. The index set K can be any finite set, but we
will always take it to be a finite subset of the integers. In the next section we
derive formulas for the (conditional) joint density and tail probabilities of
the stopping times {7, k € K }. To ease notation, unless otherwise noted, we
will assume throughout that £ — | J;cx I'x is not empty and that the initial
distribution « puts its full mass on this set, see Remark and Subsection
for comments on how one removes this assumption.



For a set a C FE, a® will mean its complement with respect to £ and
|a| will mean the number of elements in it. For two subsets a,b C E define
A(a,b) as the matrix with elements

(3)

A(i,j)ifi€a,jeb,
0, otherwise.
For a C E, we will write A(a) for A(a,a), so that in particular XA = A(E).
Throughout we will need to refer to zero matrices and vectors of various
dimensions, we will write all as 0; the dimension will always be clear from
the context.

2.1 Restriction and extension of vectors and 7 as a random
function

For any nonempty finite set a, let R® be the set of functions from a to R.
R% is the same as RI%, except for the way we index the components of their
elements. For two sets a C b and y € R denote y’s restriction to a by
Ylo € R%:

Yla(i) :=y(i) for i € a. (4)

The same notation continues to make sense for a of the form b x ¢, and
therefore can be used to write submatrices of a matrix. Thus, for M € REXF
and nonempty b,c C FE

M|b><c (5)

will mean the submatrix of M consisting of its components M (i, j) with
(i,7) € b x c. For b = ¢ we will write M|j.
For z € R%, and a C b, denote by x| € R the following extension of =

to b:
, x(i) for i € a,
z|*(i) = . (6)
0, otherwise.

The random vector 7 = (73, k € K) can also be thought of as a random
function on K, and we will often do so. Thus for A C K, we may write 7|4
to denote (7x, k € A). The advantage of the notation 7|4 is that we are able
to index its components with elements of A rather than with the integers
{1,2,3,...,|A|}; this proves useful when stating the recursive formulas and
proofs below.

2.2 Subpartitions of K

The key aspect of the distribution of 7, already referred to in the in-
troduction, is that it may put nonzero mass on lower dimensional sub-
sets of RLK‘. This happens, for example, when X can hit (1,4 I'x before
Urkea Tk — Niea T with positive probability for some A C K with |A] > 1.



As this example suggests, one can divide lel into a number of regions and
associate with each an intersection of events of the form “X hits a before b”
for appropriate subsets of a,b C E. To write down the various regions and
the corresponding events we will use subpartitions of K, which we introduce
now.

Recall that K is the set of indices of the stopping times {7} or equiva-
lently the sets {I'x}. We call an ordered sequence of disjoint nonempty sub-
sets of K a subpartition of K. If the union of all elements of a subpartition is
K then we call it a partition. For example, ({1,2}, {3},{4}) [({1,2},{4})] is
a [sub]partition of {1,2,3,4}. Denote by |s| the number of components in the
subpartition and by s(n) its n'* component, n € {1,2,3, ..., |s|}. In which or-
der the sets appear in the partition matters. For example, ({3}, {4}, {1,2})
is different from the previous partition. In the combinatorics literature this
is often called an “ordered partition,” see, e.g., [L6]. Only ordered partitions
appear in the present work and therefore to be brief we always assume every
subpartition to have a definite order and drop the adjective “ordered.” With
a slight abuse of notation we will write s(n1, n2) to denote the ns™ element
of the n1%! set in the partition.

Two subpartitions s; and sg are said to be disjoint if U, s1(n) and Uy, s2(n)
are disjoint subsets of K. For a given disjoint pair of subpartitions si, s
let s; U sy be their concatenation, for example ({1,2},{3}) U ({4,6}) =
({1,2}, {3}, {4,6}).

For a subpartition s, let Ls be its left shift, i.e., L(s(1), s(2),...,s(]s|))
= (s(2),s(3),...,s(|s])). Let L™ denote left shift m times. Similarly for
t cR", n>1let Lt € R" ! be its left shift. Fort c R” and r € Rlet t —r
denote (t; — 7 tg — 7, ...ity — 7).

Given a subpartition s and an index 0 < n < |s|, let s — s(n) be the
subpartition which is the same as s but without s(n), e.g., ({1, 2}, {3},{4,7})
—{3} = ({1,2},{4,7}). Given a nonempty A C K — U';lzl s(n) let s+ A
denote the subpartition that has all the sets in s and A4, e.g., ({1,2},{3}) +
{4,7 = ({1,2}, {3}, {4,7}).

Define

|

\
S(s) = U Ty,

n=1kes(n)

S(s) is the set of all states of X contained in the partition s. For a partition
s, define Ry C Rf as

Is|
Rs = {t S Rf : ﬂ ﬂ {th, =ti,}

n=1 k1 ,kz Es(n)

N {ts) <ts@n) < <ts(s1) ) }



Example 2.1. For |K| =6, and s = ({1,4},{2},{3,5,6}), we have |s| = 3,
s(1) ={1,4},s(2) = {2},s(3) = {3,5,6}, s(1,1) =1,s(2,1) = 2,5(3,1) =3
and

RSZ{t:tl:t4<t2<t3=t5:t6}.

Let S be the set of all partitions of K. The sets Rs,s € S, are disjoint
and their union is Rf . Our main result, Theorem below, shows that for
each s € §, the distribution of 7 restricted to Ry is absolutely continuous
with respect to the |s|-dimensional Lebesgue measure on Rs and gives a
formula for the corresponding density.

2.3 Restriction of matrices

Let I be the identity matrix I € RIEIXIEl For a C E, we replace its rows
whose indices appear in a® with the 0 vector and call the resulting matrix I,
e.g., Ip is I itself and Iy is the zero matrix. The matrix I, has the following
action on matrices and vectors:

Lemma 2.1. Let n be a positive integer. For any M € RIE>X T, M is the
same as M ezcept that its rows whose indices are in a¢ are replaced by 0 (a
zero row vector of dimension n), i.e., if v; is the i row of M then the i*"
row of I,M is r; if i € a and 0 otherwise.

The proof follows from the definitions and is omitted.

Right multiplication by I, acts on the columns, i.e., M1, is the same as
M except now that the columns with indices in a® are set to zero. As an
operator on |E| dimensional vectors, I, replaces with 0 the coordinates of
the vector whose indices are in a®.

It follows from the definition and Lemma that

Aa,b) = LI, (7)

The operation of setting some of the columns of the identity matrix to zero
commutes with set operations, i.e., one has

Iaﬂb = IaIb7 Ian = Ia + Ib - IaIba IaC =1- Ia- (8)

Using this and Lemma|2.1]one can write any formula involving A in a number
of ways. For example, A(a® a) can be written as I,eAI, = (I — I,)AL, =
AL, — I, AL, or A(a,bne) as I, A Iy = I AL L = I, ALL,.

3 The density of first hitting times

We start by deriving the density of a single hitting time over sets of sample
paths that avoid a given subset of the state space until the hitting occurs.



3.1 Density of one hitting time

For any set d C E and u € R define
P a(j) == Pa(Xu = j, Xy & d,Yv < u)

and p4(i,7) = Pi(Xy = 7,Xy ¢ d,Vv < u). In addition, let p“(i,j) =
py(i,J) = Pi(Xu = j). The quantity py, ; is a row vector and py and p* are
|E| X |E| matrices. Conditioning on the initial state implies p, ; = apy. It
follows from the definition of p* that

lim p" (i, j)/h = A(i, 5). (9)
h—0
Lemma 3.1. Let « be an initial distribution on E with a|g = 0. Then

Pa,d = e M), (10)

)

Proof. We only need to modify slightly the proof of [2 Theorem 3.4, page
48]. The steps are: 1) write down a linear ordinary differential equation
(ODE) that the matrix valued function u — p§|4e, u € R4, satisfies, 2) the
basic theory of ODEs will tell us that the unique solution is u — e“A(dC)| de-

Let vq be the first jump time of X; for Xg = € d° vy is exponentially
distributed with rate —A(é,4) > 0. Conditioning on v, gives

Pii.3) = Pivy > w)oi(i) + /O“Aw')ewv( > igjﬁ’gpsvu,j)) av (11)
led—{i} ’

for (i,7) € d° x d°. In comparison with the aforementioned proof we have
only changed the index set of the last sum to ensure that only paths that
keep away from d are included. The unique solution of equals p§|qe =
eUAlae = euAd)| 1. The equality follows from this and «|q = 0. O

Remark 3.1. Probabilities that concern sample paths that stay away from
a given set are called “taboo probabilities” in [I7), Section 1.2]; [I7, Equation

(F), page 28] is equivalent to (11]).

The next result (written in a slightly different form) is well known, see,
e.g., [14, [4]. We record it as a corollary here and will use it in subsection
where we indicate the connections of our results to prior literature. Let
1 be the |E| dimensional column vector with all components equal to 1.

Corollary 3.1. For 74 := inf{u : X,, € d}, and an initial distribution with
alg=0
P (14 > u) = ae" @)1, (12)



Proof.

w(Td > u) ZP Xy =7, Xy & d, Yo <u) = e 41,
JEde

where the last equality is implied by . O
Remark 3.2. One must modify to

Po(1q > u) = algee®™ )1, P (74 =0) = alyl
if one does not assume «a|g = 0.

Once P, (74 > w) is known, one can differentiate it to compute the density
of 74. This, in essence, has been the strategy employed in previous works.
It clearly works well for a single hitting time or for nonsingular parts of the
distribution of 7 (see [4} [10]). However, as explained in the introduction,
the same idea runs into difficulties if one tries to use it to compute the
nonsingular parts of the distribution of 7. The next theorem computes the
density directly for the case of a single stopping time 7. The theorem allows
also to specify a subset b C E that the process is required to stay away
before the hitting time; this generalization turns out to be useful to extend
the theorem to multiple hitting times (see the next subsection), setting b = ()
gives the actual density of 7.

Theorem 3.1. Leta,b C E, anb = () be given. Define 7, := inf{u : X,, € a}
and set d =aUb. Then

% [Po(7a € (0,u], X, ¢ b, Vv < 7,)] = ae® IN(d®, a)1, (13)

where « is the initial distribution of X with a|q = 0.

add comments: «a is the target, d® the waiting set

In other words, the density of 7, on the set {X, ¢ b,Vv < 7.} ( by this
we mean that Py(r, € C, X, ¢ bYv < 7,) = [, ozew‘( IN(d, a)1du) is
given by the right side of .

The idea behind and its proof is this: for 7, = v with X staying out
of b until time u, X has to stay in the set d° until time u and jump exactly
at that time into a.

Proof of Theorem[3.1]. The definition of the exponential distribution implies
that X jumps more than once during the time interval [u,u + h] has prob-
ability O(h?). This, (9) and the Markov property of X (invoked at time )
give

Pi(X., =J,7a € (u,u+h), X, ¢ b,Vv < u)

(Zpd i,1) ) h+o(h). (14)

lede



Pi(1q € (uyu+h), Xy ¢ d,Vo <u) = | D> pi(i,1) A(l,§) | b+ o(h).

j€a lede
(15)
By the previous lemma pj(i,7) equals exactly the (i, 4)t" component of
evMd%) | These imply . O

Remark 3.3. Setting b = () in Theorem we get the density of 7,. The
formula generalizes the exponential density: if T is exponentially dis-
tributed with rate N € (0,00) it has density eN* .

The following result will be needed in the proof of Theorem [3.2] We
state it here, as it is derived using the same reasoning as the one used for
Theorem [B.11

Proposition 3.1. Let a,b C E, anb = () where the set a is nonempty,
be given. Define 17, := inf{u : X,, € a} and d = aUb. Let a is an initial
distribution on E with a|q = 0. Set aq := ae™MEIN(d a) and V = {X, ¢
b,Vu < 7,}. Then

Po(Xr, = jl(7a, 1v)) = 1 (j) /a1l on V,
where 1y is the indicator function of the event V.
Note that V is the event that X does not visit the set b before time 7.

Proof. The proof follows from and the definition of the conditional
expectation. O

3.2 The multidimensional density

One can extend to a representation of the distribution of 7 using
the subpartition notation of subsection [2.2l For a partition s of K, n €
{1,2,...,]s|} and t € Ry C RE | define

ty = ls(n,1) to: =0, W,:= [S(Ln_ls)]c,Tn = ﬂ Tp| NWyhy1, (16)
kes(n)

where W stands for “waiting” and T for “target.” In particular, W; =
[S(L%s)]° = [S(s)]° = Uker Tkl = E = Uger D

the previous example was completely wrong and had no sense! The key
idea of the density formula and its proof is the |s| step version of the one in
Theorem in order for 7 = t € RE, X has to stay in the set W, until
time ¢; and jump exactly at that time into T} C Wh; then stay in the set
Wo until time #5 and jump exactly then into T and so on until all of the
pairs (W,,,T,,), n < |s|, are exhausted.

10



Although not explicitly stated, all of the definitions so far depend on the
collection {T'y,k € K}. We will express this dependence explicitly in the
following theorem by including the index set K as a variable of the density
function f. This will be useful in its recursive proof, in the next subsection
where we comment on the case when « is an arbitrary initial distribution
and in Proposition [3.2] where we give the conditional density of T given .%,,
u > 0. For a sequence M1, Mo, ..., M,, of square matrices of the same size
IL,—1 M, will mean MMy - - - M,,.

Theorem 3.2. For any partition s € S, the distribution of T on the set Ry
has density

B o
folant, K) = | [ VOtV (W, T0) | 1, € R, (17)

n=1
with respect to the |s|-dimensional Lebesgue measure on Rj.

Proof. The proof will use induction on |K|. For |K| = 1, (17)) is the same
as with b = (). Let x > 1 and suppose that holds for all K
with |K| < k — 1; we will now argue that also holds for all K with
|K| = k. Fix a K with |K| = k and a partition s of K; we will show that
the distribution of 7 restricted to Rs has the density . Specifically, we
will show that for any bounded and measurable function g : RX — R the
following equality holds

Bllr()g(r)) = [ gt K)dt (18)
where dst denotes the |s|-dimensional Lebesgue measure on Rj.

Define ¥ = minT := min{r, k € K} = 74 for any j € s(1), that
is, ¥ is the first time X enters the set J,cp I'x. In the rest of the proof
we will proceed as if P,(¥ < oo) = 1; the treatment of the possibility
P,(¥ = o00) > 0 needs no new ideas and the following argument can be
extended to handle it by adding several case by case comments.

For a sample path of X that satisfies 7 € Ry the following must hold: 1)
Xy €Ty and 2) Xy € W for t < 99; 1) and 2) also imply ¥ = 741 1) for the
same sample path. Therefore,

{T e R} CW ={X, e Wi,u<9}nN{Xy e Th}. (19)

Theorem implies that if A(W7,T}) is zero, then W, has probability zero.
Thus, implies that if A(Wy,T1) is zero then P,(T € Rs) = 0 and,
indeed, fs(a,t, K) =0 is the density of 7 on Rs. From here on, we will treat
the case when A(W7,T}) is nonzero.
Next, define the process X by X, = wiro,w > 0, and T = (T, k €
S(Ls)) where
Tk = inf{u : )?u eIk}

11



X is the trajectory of X after time . The strong Markov property of X
implies that X is a Markov process with intensity matrix A and starting
from Xg = Xy. This and imply

?:T’Ls—ﬁ, (20)

where 7|z is defined in accordance with . Finally, the definition of 7
and that of Wy imply

{T € Rs} =W N{T € Rrs}. (21)

In words, this display says: for T to be partitioned according to s, among all
{T'x}, X must visit (), Ik first and after this visit the rest of the hitting
times must be arranged accordmg to the partition Ls.

Denote by 1’ the function that maps all elements of K to 1. Define
7 Ry xR SR as

) =g a1/ + 39

where we used the function extension notation of @ Equalities and

imply

E[lg,(T)g(7)] = E[lw, 1r,, (T)g(9, T)]
[E[lw, 1R, (T)g(9, T)|Fv]] (22)
(I E[lg,, (T)g(0, T)|Fs]],

E
E

where for the last equality we used the fact that W, is %y measurable.
The property 5A in [6, page 98] implies

E[lr,,(7)9(9,7)|F9] = h(V) (23)

where
h(u) == E[1g, (7)g(u, T)|-Fs]. (24)

The strong Markov property of X and the definition of X imply
h(u) = E[Lr,, (F)d(u, 7)| X9] = E[1g,, (7)g(u, 7)| Xo].

The random variable )?0 takes values in a finite set and therefore one can
compute the conditional expectation E[1 Ry, (7)4(u, 7)|Xo] by conditioning
on each of these values separately. Since X is a Markov process with ini-
tial distribution )?0 with intensity matrix A, one can invoke the induction
hypothesis for the set K — s(1) to conclude that, on the set {)?0 =7},

h(u) = E[Lg,, (7)g(u, 7)| Xo = j] = /fLs dj,t, K — s(1))g(u, t)drst (25)
Rps

12



where f1s is given as in with s changed to Ls and K changed to K —s(1),
ie., fort e Ry,

|s] o
frs(jt, K — s(1)) = 6; [ J] X n=tnIX(W,,, T) | 1.
n=2

This and now give

Blle,, (P30 7)F0) = Y Loy [ Fait K = s()g(0, 00t
jes(l) Rp.

- / fra(@,t, K — 5(1))g(0, t)dpt.
Rps

with a@ = dx 9
Therefore, the last expectation in involves only three random vari-

ables: ¥, 14 and Xy = Xy, where A = {X, € Wi,u < 9}. Theorem
implies that the density of ¥ on the set A is aeWVB X(Wy, T1)1, and
Proposition implies that the distribution of )A(O conditioned on ¥ and
1W1 is

aeA(Wl)ﬁ)\(Wl, T)

ae)‘(Wl)ﬁ)\(Wl, Tl)]_ '
These, the induction hypothesis, and imply that the outer expecta-

tion equals . This last assertion finishes the proof of the induction
step and hence the theorem. O

In what follows, to ease exposition, we will sometimes refer to f as
the “density” of 7 without explicitly mentioning the reference measures dg,
seS.

Remark 3.4. If any of the matrices in the product equals the zero
matrix, then f will be 0. Therefore, if A(W,,,T,,) = 0 for some n = 1,2, ..., |s]|
then P, (7 € Rs) = 0. By definition A(W,T) = 0 if T' = (). Thus, as a special
case, we have P, (T € Ry) = 0if T,, = () for some n =1,2,3,...,|s|.

Remark 3.5. The first x > 0 jump times of a standard Poisson process
with rate ' € (0, 00) have the joint density

K
H 6)\/ (tn —tn—1 ) )\/7
n=1

0=ty <t <ty <--- <ty The density is a generalization of this
simple formula.
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3.3 When a puts positive mass on Ul

If a puts positive mass on v := (Jcx [k, one best describes the distribution
of T proceeding as follows. Define &' := 1 -3, «(i) and o := (a —
> ey a(i)d;)/a" if @ > 0; @' is a real number and o/, when defined, is a
distribution.

First consider the case when & > 0. The foregoing definitions imply

Po(tr €U)=a'Pu(r €U)+ Y ali)P(r €U) (26)
1€y
for any measurable U C Rf . By its definition o/ puts no mass on v =
Urekx 'k and therefore T heoremis applicable and f(o/, -, K) is the density
of the distribution P, (7 € -). For the second summand of (26)), it is enough
to compute each P;(T € U) separately. Define K; := {k : ¢ € '}, U; :=
{t:teUtp=0ke K}, U := {t|ge,t € U;}. Now remember that i € ~;
thus if ¢ € T'y then 7, = 0 under P;, and therefore P;(T € U) = P;(T € U;).
For T € U, the stopping times 7|g, are all deterministically 0. Thus to
compute P;(7 € Uj) it suffices to compute Pi(7|xe € U;). But by definition
i ¢ Uke kel'x and once again Theorem is applicable and gives the density
of T|k¢ under P as f(d;, -, Kf).
If @ = 0 then
Pu(r €U) =) a(i)P(r €U)
1€y

and the computation of P;(7 € U) goes as above.

3.4 Tail probabilities of 7

Probabilities of tail events have representations as integrals of densities given
in Theorem over appropriate subsets of R‘f‘. But to evaluate such in-
tegrals directly is nontrivial and inefficient. In the present subsection, we
derive a recursive and compact representation of these probabilities that use
a version of the density formula and the ideas used in its derivation.

By tail probabilities we will mean probabilities of sets of the form

Is]

n ﬂ {Tkl = Tk2} N {Ts(n,l) > tn} ﬂ {TS(nl,l) 7é Ts(ng,l)}a (27)

n=1ky,ka€s(n) n1#nz,ni,n2<|s|

where s is a partition of K, and t € R‘j:‘ is such that ¢, < tp4+1. In (27)
all equality and inequality condition are explicitly specified. One can write
standard tail events in terms of these e.g., {m1 > t1} N {m > t2} is the same
as the disjoint union

({7‘1 > 11, T2 > tQ} N {7‘1 =+ 7'2}) U {T1 =Ty > max(tl,tg)}.

Both of these sets are of the form . Thus, it is enough to be able to
compute probabilities of the events of the form .

14



Remark 3.6. From here on, to keep the notation short, we will assume
that, over tail events, unless explicitly stated with an equality condition, all
stopping times appearing in them are different from each other (therefore,
when writing formulas, we will omit the last intersection in )

A tail event of the form consists of a sequence of constraints of the

form
{Ts(n,l) = Ts(n,2) = " = Ts(n,|s(n)]) > tn}-

There are two types of sub-constraints involved here: that entrance to all
I, k € s(n), happen at the same time and that this event occurs after time
t,. Keeping track of all of these constraints as they evolve in time requires
that we introduce yet another class of events that generalize (see also
Remark. For two disjoint subpartitions s; and so of K and an element

te R‘jl' such that t,| > t5,—1 > -+ > t2 > t1 (if [s1] = 0 by convention
set t = 0) define

s1]

T (s1,82,t) == ﬂ ﬂ {7k = 7r} 00 {7—51(%1) > t”} n

n=1 " Fki,ka€s1(n)

|s2]

N N =) (28)

n=1 k17k‘2682(n)

In view of our convention (cf. Remark , setting s; = s and sy = ()
reduces (28)) to (27). The indices in s; appear both in equality constraints
and time constraints while indices in so appear only in equality constraints.

Remark 3.7. The definition (28)) implies that if a component of sy has
only a single element, that component has no influence on 7 (s, s2,t). For
example, T (s1,({1},{2,3}),t) is the same as T (s1, ({2,3}),¢t).

To express P, (T (s1,s2,t)) we will define a collection of functions p;,
i € Q, of s1, s and t. We will denote by p the column matrix {p;,7 € Q}.
For s1 = 0, and i € Qg define p; as

Pi(0, 52,0) := P(T (0, 52,0)).
The definitions of p and 7 and Remark [3.7] imply
p(0,52,0) =1 (29)

if s is empty or it consists of components with single elements. For a given
disjoint pair of subpartitions s1, so define

|s2]

Ty (s1,s2) == ﬂ 'y —S(s1Us2 —s2(n)), T(s1,s2):= U Ty (s1,52).
kesa(n) n=1

15



If 51 # (), define p recursively as

p(si1,s9,t) := (30)
|s2]

t1
/ e”)‘(W))\(I/V, T(s1,52)) ZITn(81,82) p(s1, 82 — sa(n),t —u) | du
0

n=1
+ etlk(W)p (Ls1, 82+ s1(1), Lt — t1),
where W = [S(s1 U s2)]°.

Theorem 3.3. Suppose Qy— S(s1Us2) is not empty and that v is an initial
distribution on g that puts all of its mass on this set. Then

P,(T (s1,52,t)) = ap(s1, s2, t).

Proof. The proof is parallel to that of Theorem and proceeds by induc-
tion; we will only provide the argument that justifies the recursion . We
shall consider two cases: either X has visited W¢ = S(s1 U s2) before t1 or
not. That is, we split T (s1, s2,t) into disjoint sets

T(817827t) = {19 > t177-(817527t)} U {19 < tlaT(ShSQ?t)}}

where o is the first time when X enters in W¢. Since ¢ satisfies t,,| >
blsy|—1 > -+ > t2 > ¢1, X must enter at time 1 into the set sy on the set
Y <ty,ie 9= minj7k(732(j7k)).

In a first step, we consider the case where X has not visited W¢ =
S(s1 U s2) before t1, that is, we are on the set Ay := {0 > t1} = {X, ¢
W€, Vu < t1}, so that, in particular 7, ;1) > t1. Therefore, on Ay

s1]

T (s1,82,t) = m ﬂ {7k, = Tk } N {Tsl(ml) > tn}

n=2  ki,ka€s1(n)

|s2]

ﬂ {Tklsz2>t1}n ﬂ {Tklsz2>t1}

k1,k2€s1(1) n=1 " kj,ka€s2(n)

= 7—¢1 (51, 59, t).
where the set

|s2]

ﬂ {Tk1:77@>t1}ﬂ m {Te, = Ty, > 11}

k1,k2€s1(1) n=1  ki,ka€s2(n)

will be, after a shift operation with #; acting on the times 7, a set with
equalities constraints only, of the form

Is|
m m {7k, = Tio }
)

n=1 kl,kQEs(n

16



with s = s9 + s1(1).
This, that 7' (sq, s2,t) is measurable with respect to o(X,,u > t1) and the
Markov property of X imply

Py(Xy ¢ W Vu < t1, Xy, = 7,7 (s1, 82, t))
=E, {1A1 1Xt1:an(1Tt1(81,82,t)’ft1)]
= Eq |:1A11Xt1:an(1Tt1(81,52,t)|Xt1)]
= Eo [1a,1x,, =i Pj(T(Ls1, s2 4 s1(1), Lt — t1))] .
It follows that
Po(A1) = ) Pa(Xu @ WO Vu < b1, Xy, = j, T (51,52, 1))

jew
= Y Pu(Xy ¢ WO Vu < t1, Xy, = §)Py(T(Ls1, 52 + s1(1), Lt — t1)
jew
= Z (aetl)‘(w)> pj(Lsi,s2+s1(1), Lt —t1)
, J
JjEE

= aetl)‘(W)p(le, s9 +s1(1), Lt — t1),

where we have used the induction hypothesis in the second equality and
in the third equality.

In a second step, we work on the set ¥ < t;. Since the sets T},(s1, $2),n =
1,...,]|s2| are disjoint, we have

|s2]
Pa(ﬂ < tl,T(Sl,SQ,t)) = Zpa(ﬂ < tl,Xﬁ € Tn(81,82),T(81,32,t)).

n=1

Now, we note

Po(9 € du, Xy € Tn(s1,52), T (1,52, 1))

= Eo [locau Y.  1x,=iBa(l7(s s
jeTn(SLSQ)

Fu)

= Eo |lvedu Z 1x,=j Pj(T(s1,82 — s2(n),t —u))
jeTn(SLSZ)

= Ea|loea Y, lxu= Pi(T(s1,52 — sa(n), t —u))

JE€Tn(s1,52)

= > (aeINW, T(s1,52))); Pj(s1, 52 — s2(n), t — u)) du
JE€Tn(s1,82)

= aeWIXW, T(s1, 52)) I7, (s1,52)P(81, 52 — 52(n), t — u)) du,
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where the equality Eq, [lyedulx,—;] = (0" WVINW, T(s1, s2))); follows from
the proof of Theorem and the fourth equality follows from the induction
hypothesis. It remains to integrate with respect to du. O

Theorem holds for all finite state Markov processes and does not
require that any of the {I'y} be absorbing. The evaluations of p on the right
side of the recursion will have smaller subpartitions in its arguments;
then in a finite number of steps these recursions will lead to an evaluation
of p with s1 = 0.

Note that reduces to

p(s1,0,t) = AEEMp (Lo 1 (1), Lt — 11). (31)
if SS9 = Q)

Example 3.1. In case where |s3| = [s1] = 1 we have

t1
p(SI,SQ,t)_/ e“A(W)/\(W,T(sl,32))IT(81752) p(s1,0,t — u)du
0
+ e 2XMp (0, 59 4+ s1(1), Lt — t1) . (32)

The quantities p(s1,0,t) and p (0, s2 + s1(1), Lt — t1) are known from
and for the first and and for the second.

Example 3.2. Let K = {1,---,8}, s1 = ({1,4},{2}) and s2 = ({3,6},{7})
so that s2(1) = {3,6}. Then, S(s1Us2) = {1 UT2UT3UTyUTcUL7} and
W =T5UTgs. Fort = (ti,t2) with ta > t1, one defines

T(Sl,SQ,t) = {7’1 =T4 > t1,7'2 > t2,7’3 = 7’6}

By definition, Ty = T's NT's. Then,
t1
P({m =74 > t1,70 > to, 73 =76}) = / e“)‘(W))\(VV, T)Ir, p(s1,{7},t —u)du
0

+ e2XWp ({2}, 59 + s1(1), Lt — 1),

and p(s1,{7},t —u) = p(s1,0,t — u). The computation of the quantity
p ({2}, s2 + s1(1), Lt — t1) require again recursion, until to obtain an empty
set for one of the arguments.

When s; has no equality constraints and s = (), one can invoke [s1]
times along with Remark and and get

Corollary 3.2. Let o be as in Theorem[3.8. If |s1]| > 0 equals the dimension
of t, then

|s]
Po(T(51,0,8)) = ap(s1,0,t) = | [[ 2" Ett) )1 (33)

n=1

where Wy, = [S(L"Y(s1))]¢.
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The formula is a generalization of [4, equation (7)] to general finite
state Markov processes.

If s = (), we have no time constraints and P, (7 (0, s2,0)) reduces to the
probability that certain equality and inequality constraints hold among the
stopping times. This can be written as the solution of a sequence of linear
equations whose defining matrices are submatrices of the intensity matrix.
The details require further notation and are left to future work (or to the
reader) except for the special case of P, (7 = 72) which we would like to use
in what follows in order to relate our results to earlier works in the literature.

Define vy := 0, and for n > 0 v, := inf{u > v,_1, X, # Xu_}. The
sequence {v,} is the jump times of the process X. Define a discrete time
Markov chain X with state space E as X,, := X, ; it is called the embed-
ded Markov chain of the process X. It follows from @ that the one step
transition matrix of X is

A;:{_A@jVA@“’ for i # j,

0, otherwise.

Define D € RE*F as the diagonal matrix

anj)::{—l/A@,O, if i = j,

0, otherwise.

Left multiplying a matrix by D divides its i* row by —A(i, ). Therefore,
A=1I+DAX.

Define 7, := inf{n : X,, € T}}. The event {7; = 7} means that X hits
the set I'1 and I'y at the same time; because this event makes no reference to
how time is measured, it can also be expressed in terms of X as {7; = 7 }.

Define the column vector q € R¥, ¢(i) := P,(7; = 7). Conditioning on
the initial position of X implies P, (71 = T») = aq. From here on we derive
a formula for q. Parallel to the arguments so far, we know that this event
happens if and only if X hits I'y NI’y before B := (I'; — T'y) U (['y —T'y). Set
w:= (I'y UT'9)¢ The vector q satisfies the boundary conditions

dlrynr, =1 and q|p =0 (34)

and is to be determined only for the states in w. If a state ¢ € w cannot
communicate with I'y N Ty, ¢(7) is trivially 0; let w’ denote the set of states
in w that can communicate with I'y NT'y. The Markov property of X implies
that for i € w’

g(i) =Y _A@Nai)+ Y. Al 4);

jew’ je(T1Nlre)
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For i # j, A(i,j) = —\(i,5)/A(3,i) = (DX)(i, ) and in particular the same
holds for (i,7) € w’ x (I'y NT'y) and therefore

(_DA)|UJ’ (I|w’ = (_DA’w’X(Flﬁl—‘z)) 1|F1QF2'
There is no harm in taking the diagonal D out of the projection operation
on both sides of the last display:
A’w’ q"u)’ = A’w/X(F1ﬂF2)1‘F1ﬁF2'
That all states in w’ can communicate with I'y N Ty implies that the matrix

on the left is invertible and therefore

qlw = ()"w/)_le’x(me)1‘F1ﬂF2' (35)

3.5 A second representation of tail probabilities

For a nonnegative integer n, denote by P(n) the set of all subpermutations
of {1,2,3 ,...,n}, e.g., P(2) = {0,(1),(2),(1,2),(2,1)}. The tail probability
formula conditions on the first time 7’ that one of the equality con-
straints is attained in the time interval [0, ¢1] and writes what happens after
that as a recursion. What can happen between 7" and ¢1? A number of other
equalities can be attained and rather than pushing these into the recursion,
one can treat them inside the integral using a density similar to (L7]):

||

p(si,s2,8) = ) / [T etnonoAWg, | el o)A gy
neP(ls2l) \7 A

-p(Ls1,s2 — so(m) + s1(1), Lt — 1), (36)

where vg = 0 and

n=1

Wy, = [S(s1Usa — UL _yso(m(n1))]S, Ty := (1 Te| N Wasr,
kesa(m(n))

sa(m) := UL sa(m(m)), W i=[S(s1U sz — sa(m))],
A, = {’UER'M :0<?}1<’U2<'--<’U|7r| Stl},
Jn =AW, T,),

dv is the |7| dimensional Lebesgue measure on R/l for |7| > 0; A, := {0}
and dv is the trivial measure on {0} for |r| = 0. The proof involves no
additional ideas and is omitted.
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3.6 Conditional formulas

The proof of Theorem shows how one can use the density formula ([17])
to write down the regular conditional distribution of 7 given .%#,/. One can
do the same for .#,,, where ug € Ry is a given deterministic time. To that
end, introduce the set valued process

V= {k’ e K, < u}

K is finite, then so is its power set 2%, thus V,, takes values in a finite set.
The set V,, is the collection of I'y, that X has visited up to time u. For ease
of notation we will denote the complement of V,, by V,,. The times Tlv,, are
known by time up and hence they are constant given .#,,. Thus, we only
need to write down the regular conditional density of T’Vuo, i.e., the hitting
times to the I'y that have not been visited by time wug. From here on the
idea is the same as in the proof of Theorem Define )?u = Xytu, and
for k € V,,
7 = inf{u: X, € Ty}

The definitions of X and 7 imply
T = T|“/u0 — Up. (37)

)?0 = Xy, is a constant given .%#,,. Thus the process X has exactly the
same distribution as X with initial point X, and Theorem applies and
gives the density of 7, which is, by , the regular conditional distribution
of T|‘7u0 — ug. Therefore, for any bounded measurable g : RY0 — R and a

partition s’ of Vj,

E {g <7-\‘7u0> 1r, (T!Vu()) L@uo} = /R 9(uo + 1) f(6x,,, s Vg )dgr i

s/

We record this as

Proposition 3.2. The reqular conditional density of T\Vuo —to given Fy,
18 f((SXuO y t, VUO) .

4 Absorbing {I';} and connections to earlier re-
sults

In this section, we show how our formula can be simplified in the case where
the T'y are absorbing. Then, we prove that the results obtained in the
literature in [4, [I0] are a particular case of our results. Let us emphasize
that in the literature, only a formula for the non singular part of the density
is obtained in a multidimensional setting, under the assumption that all the
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I', are absorbing, and that the density of singular parts is derived for the
two dimensional case only. As we shall see, one of the difficulty to compare
the two results is that we are working with |E| x |E| matrices while the
authors of the quoted papers, using the absorbing property have chosen to
reduce the dimension. They also introduce some notation to simplify the
matrices they are working with to take into account this absorbing property,
and we have to recall these notation.

4.1 Density formula for absorbing {I';}

We recall that a nonempty subset a C F is said to be absorbing if A(i,j) =0
for all i € a and j € af, i.e., if A(a,a®) = 0.

In a first step, we derive an alternative expression for the density formula
under the assumption that all {I'y, k € K} are absorbing.

Proposition 4.1. If a is absorbing and «|, = 0,, denoting
pZ,a(j) = Poz(Xu = j, Xv §é CL,VU < u)

we have

Poa = MM = e e (38)

Proof. We already know from Lemma that the first equality holds.
Therefore, it only remains to show py , = aeMTe. Tt is well known (see
e.g.,[2 Theorem 3.4, page 48]) that the distribution of X at time u is e,

ie., Py(Xy = j) = aeM(j) for all j € E. The fact that a is absorbing
implies that if X,,, € a then X,, € a for all u > ug, Therefore for j € a¢

Pa(Xu:]) :Pa(Xu:jaXv ¢ayv §u),

i.e.,

(P a)lae = (@€ Tae)ac. (39)
The definition of pg;, , and af, = 0 imply (apy, ,)la = 0; The definition of T,e
implies (ae*I,c)|, = 0. This and imply (38). O

Proposition says the following: if a is absorbing then ae*@)¥ is the
same as eI, and both describe the probability of each state in a® at time
t over all paths that avoid a in the time interval [0,¢]. The first expression
ensures that all paths under consideration avoid the set a by setting the
jump rates into a to 0. The second expression does this by striking out
those paths that end up in one of the states in a (the I e term does this);
this is enough because a is absorbing: once a path gets into a it will stay
there and one can look at the path’s position at time ¢ to figure out whether
its weight should contribute to py, ,. In the general case this is not possible,
hence the A(a®) in the exponent.

The previous proposition implies that one can replace the A(W,,) that
appears in the density formula with A:
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Proposition 4.2. Assume that all I'y, are absorbing, and let o be such that
alwe = 0. Then, for any s € S and t € Rs we have

s
flat, Ky =a | [T mDAW,, T0) | 1, (40)

n=1

where fs is the density given in Theorem[3.3

Proof. First, assume that |s| = 1. Then we have

fola, t, K) = ae?W)E—) X, 1)1
= a1 AW, Th)1 = a0y Ty Ay 1 (41)
ae)‘(tlito)lwl Al 1= ae)‘(tlito))\(Wl, 1)1,

where the second equality follows from since afwe = 0, and the third
and the last equalities come from @ So, the result is true for s such that
|s| = 1.

We now give a proof in the case |s| = 2. In this case, we have

fs(oz,t,K) _ aeA(Wl)(fl_EO)A(WI,Tl)eA(WQ)({2_E1)A(W27T2)1
= OéleA(W2)(52_t_l))\(W2,TQ)].,

where a1 = ae)‘(Wl)(ﬁ*{O))\(Wl,Tl). Now, in view of the definition of T,
and using (7)), we see that a; satisfies a;|we = 0. Consequently, invoking
(138), we conclude that

a1e)‘(W2)(52_51)>\(W2,T2) = OéleA(iz_El))\(W%T?)v

which, together with (41]), demonstrates the result in case |s| = 2. The
general result follows by induction on the value of |s|.
O

Let us briefly point out another possible modification of the density
formula for absorbing {T';}. Define

—

W=T, = S(L"(s)), Wu="Tu1,

~)

foIE—S(S), sz = ﬂ Fk,

Umgns(m)

where s € S and n € {1,2,3,...,|s|}. If {T'x} are absorbing one can replace
the target and waiting sets T}, and W, of with fn and Wn defined
above. One can prove that the density formula continues to hold after this
modification with an argument parallel to the proof of Proposition [4.2] using
in addition that the intersection of absorbing sets is again absorbing.
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4.2 Tail probabilities for absorbing {I';}

When {I'x, k € K} are absorbing, then, in view of , one can write the
tail probability that appears in Theorem as

Po(T (51,82, 1)) =
|s2]

t1
a/ AW, T(s1,52)) Z I, (s1,50) P(51,82 —s2(n),t —u) | du
0 n=1

+ aeX Iy p (Lsy, sy + s1(1), Lt — t1)
and, in particular,

Po(T(s1,0,1)) = ae™ Ig(y,)ep(s1 — s1(1),s1(1), Lt — 1), (42)

4.3 Connections with earlier results

This subsection gives several examples of how to express density /distribution
formulas from the prior phase-type distributions literature as special cases
of the ones derived in the present work.

4.3.1 Examples related to [4]

We begin with relating to our results three formulas given in [4]. The first
two concern a single hitting time and the last one a pair of hitting times. In
[4], the authors assume that E has an absorbing element called A, they define
T :=inf{u : X, = A} and they denote by A what in our paper is given as
Alfaye- Moreover, [4] also uses the letter o to denote the initial distribution
of X, but on the set F := E — {A}, rather then on the set E as it is done
here; in particular, in [4] it is implicitly assumed that P(Xp = A) = 0. We
will use the symbol @ to denote the ‘a of [4].” The relation between o and
a is a’{A}c = Q.

The first line of [, display (2), page 690] says Po(T > u) = ae’ve
where e is the |F| — 1 dimensional vector with all components equal to
1. The corresponding formula in the present work is where one takes
d = {A}. From

@) = A (13)

and from the fact that
the row of A(d°) corresponding to A is 0 (44)

we obtain the equality of these formulas.

The second line of the same display gives —ae"? Ae as the density of 7.
The corresponding formula here is with b = (), and a = {A} for which it
reduces to e“}‘(“c))\(ac, a)1l. This time, , and the fact that the row
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sums of X are zero (so that, A(a®, A)|ze = A|qce = Ae), imply the equality
of the formulas.

The matrix A(a® a) is the column of A corresponding to A; one way to
write it is as the negative of the sums of the rest of the columns, this is what
the last equality says.

The case of a pair of hitting times appears in [4]: using the notation of
that paper, we are given two sets I'1, 'y C E with I'y NIy = {A}, T} is the
first hitting time to I'y. The formula [4, Equation (5), page 692] says

P (Ty =Ty > u) = ae™ A~ Y Agigs — [A, 91] — [A, g2))e, (45)

where gr = Ir, |{a}c and for two matrices B and C, [B,C] := BC — CB.
The absorbing property of I'1 and I's implies that the matrix inside the
parenthesis in equals ¢’A, where ¢’ = Iir,ury)elp i-e., the same matrix
as A except that the rows whose indices appear in 'y UT'9 are replaced with
0. Thus (Ag1g2 —[A4, g1] — [4, g2])e is another way to take the A column of A
and replace its components whose indices appear in I'; UI's with 0. Denote
this vector by Ca. Then the right side of is

alp <e>‘“|E) A71CA. (46)

The same probability is expressed by a special case of ; for the present
case one sets K = {1,2}, s; = ({1, 2}); for these values, and condition-
ing on the initial state gives

Pa(Tl =Ty > ’LL) = o[e)‘“pr(Q), ({17 2})’ 0)7 (47)
where w = (I'y UTy)°.
Remark 4.1. Note that the event {11 = 70 > u} is of the form , but
the event T (0, ({1,2}),0) is of the form (28).

Recall that we have denoted the last probability as ¢ and derived for
it the formulas and . The article [4] assumes that all states can
communicate with A, which implies that w’ of equals w. This and
Ny = {A} imply A|lwxrnr,1 in equals Al ury)exa i-e., the A
column of A\ projected to its indices in (I'; U I'9)¢, i.e., Caly. The only
difference between Ca and Caly is that the former has zeros in its extra
dimensions. This and the absorbing property of I'y imply

(Alw) ™' Calw = (A7 Ca) -

Note that we are commuting the projection operation and the inverse oper-
ation; this is where the absorbing property is needed. The last display, (34)

and give I,p(0,({1,2}),0)|5 = qlz = A'Ca. This and a({A}) =0
imply that one can rewrite the right side of as

aeX(ATI0N)|E.
Once again a(A) = 0 implies that the last expression equals .
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4.3.2 Example related to [10]

The density formula [10, (3.1.11)] will provide our last example. The process
X of [10] is a Markov jump process (with absorbing boundary) taking values
in Z5* := {0,1}™ (the m-fold Cartesian product), with jumps valued in
{—er, k=1,2,3,...,m}, where e, is the unit vector with k" coordinate equal
to 1 ([10] uses different but equivalent notation, in particular the name of the
process is Y and its state space is represented by subsets of {1,2,3,...,m};
the notation of this paragraph is chosen to ease the presentation). In [10]
the absorbing sets are denoted as A;, see the display after [10, (2.3)], and
they correspond to I'y, = {z € Z5" : z;, = 0} in our present set-up. The jump
rate for the increment —ey, is assumed to be (X, by) + ay for fixed b, € R™
and ay € R (given in [I0, (2.1)]). A key property of this setup is this: take
any collection {I'y,,I'k,, ..., Ik, } with n > 1; because the only increments
of X are the {—eg}, the process cannot enter the sets in the collection at
the same time. Thus, in this formulation, X must hit the {I'y} at separate
times and the distribution of 7 has no singular part, i.e., P(T € Rs) = 0
for |s| < m, and one needs only the density of 7 with respect to the full
Lebesgue measure in R™ (the “absolutely continuous part”). As noted in
[10], this is already available in [4] (see the display following (7) on page
694) and is given in [10, display (3.1.1)] as follows:

m—1
f(t) = (-1 (H A=t (AGy, — Gknk)> Alm—tn-1)\G 1, (48)
n=1

for t € Rs with |s| = m; here Gy, = Ire and ky, is the index for which ¢, = tn
([10] uses the letter @ for the rate matrix X). We briefly indicate why is
equivalent to the last formula with the assumptions of this paragraph, i.e.,
when the dynamics of X precludes it to enter more than one of the {I'y} at
the same time and in particular when |s| equals the dimension of 7 (denoted
by m in the current paragraph). Lemma and the absorbing property of
I'y imply

AG — G = AT, TE) — AL, Ty)
=A%, Tg).
On the other hand again Lemma 2.1 and the absorbing property of 'y, imply

AG, = —X(I'g,I'g). The row sums of A equal 0. The last two facts imply
AG1 = —A(I'{,I';)1. These imply that one can write as

f)=a (H A1) X ( zn,rkn>) 1.
n=1

As we noted above, for k # k'’ the dynamics of X imply that it cannot
enter 'y and I'y at the same time. Furthermore, by definition ¢, # ¢, for
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Figure 1: The level curves of the density f for mp = 73 < 7. On the right:
the values of f over the line segment connecting (0,0) to (0.5, 1)

n # n'. Finally, the initial distribution « is assumed to be such that it puts
zero mass on Uit ;- I'x. These imply that one can replace A(W,,T,,) of
with A(I'}, ,T'y,) (a full argument requires an induction similar to the proof
of Proposition , and therefore under the current assumptions the last

display and are equal.

5 Numerical Example

The state space of our numerical example is E = Zg. For z € Z% and
k€ K = {1,2,3} let z;, denote the k" component of z. For the collection
{T'x} take

I‘k:{z:zk:0}.

Tk, as before, is the first time the process X hits the set I',. The initial
distribution « will be the uniform distribution over the set

E— UFk:{zziréiIr(lzk>O}.

keK

We will compute the density of 7 = (71, 72, 73) over the sets Ry,, R, C RY
defined by the partitions s; = ({2,3},{1}) and s2 = ({1,2,3}); the first
corresponds to the event {7 € R, } = {72 < 71 = 73} and the second to
{T €Rs,} = {11 =12 =73}.

The dynamics of X on Z3 for our numerical example will be that of a
constrained random walk with the following increments:

+ep, t(e1 +e2),t(e1 +e2+e3),k € K, (49)

where e; := (1,0,0), ez := (0,1,0) and ez := (0,0,1); the {I'y} are assumed
to be absorbing, i.e., if X,,, € 'y any increment involving +ej, can no longer
be an increment of X for u > ug. The sets By, := {z : z;, = 2} are “reflecting”
in the sense that if X; € By for some t, increments involving +ej cannot be
the first increment of X in the time interval [t, 00). We assume the following
jump rates for the increments listed in :

2,1,2,1,3,1,0.5,0.5,0.2,0.2.

These rates and the aforementioned dynamics give a 27 x 27 A matrix.
The level sets f(a,-, K)|g,, are depicted in Figure || and the graph of
f(a, -, K)|R,, is depicted in Figure

For the parameter values of this numerical example, Py (Ng£r/ Tk 7 Ti) =
0.899 and thus the singular parts account for around 10% of the distribution
of 7.
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Figure 2: The density f for 7 = =73

6 Conclusion

Our primary motivation in deriving the formulas in the present paper has
been their potential applications to credit risk modeling. Let us comment
on this potentiality starting from the credit risk model of [I0]. With the
results in the present work one can extend the modeling approach of [L0]
in two directions. Remember that the underlying process in [10] can only
move by increments of {—ey} i.e., the model assumes that the obligors can
default only one at a time. However, for highly correlated obligors it may
make sense to allow simultaneous defaults, i.e., allow increments of the form
— > . €k,- Once multiple defaults are allowed the default times will have
nonzero singular parts and the formulas in the present work can be used to
compute them, as is done in the numerical example of Section [5] Secondly,
the default sets {I';} no longer have to be assumed to be absorbing. Thus,
with our formulas, one can treat models that allow recovery from default.

As |E| increases and other formulas derived in the present paper
can take too long a time to compute (the same holds for earlier density
formulas in the prior literature). Thus it is of interest to derive asymptotic
approximations for these densities.
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