AN OPERATOR IDENTITY

GLEN BAXTER

1. Introduction. Recently, some combinatorial results by Andersen
[1, 2], Spitzer [5], and others have been applied quite successfully to
problems in probability theory. Many of these applications have given
rise to results which are entirely analytical in nature. For example,
Spitzer used a combinatorial theorem to find the distribution function
for the maximum of the partial sums S, S,, --+, S, for a sequence {X,}
of independent, identically distributed random variables. His final result
is a functional identity,

N
(1.1) St = exp | S 200}

where ¢,(¢) is the characteristic function of max (0, S, ---, S,) and where
¢(t) is the characteristic function of max (0, S;). One of our purposes
in this paper is to generalize (1.1) to an identity involving operators.
Our proofs involve more or less analytical methods and thus show that
the combinatorial methods hitherto employed can be avoided. We also
obtain certain results concerning max (X, Xj, ---, X,) when {X, k > 0}
forms a stationary Markov process.

To illustrate the results we consider a simple example. Let N be
an » x n» matrix and let N* be the matrix formed from N by replacing
with zeros all elements of N which are either on or below the diagonal.
Let N- = N — N*, and suppose that N* and N- commute. Now con-
sider the matrix equation

(1.2) PQ=e¢"=I+ N+ N¥2! + ...

where P-I (I is the identity matrix) has non-zero terms only above the
diagonal and where @ — I has non-zero terms only on or below the
diagonal. The properties of N* and N~ imply that

(1.3) P=¢"" =1+ N*+(N*V2!1+ .-,
Q=¢" =I+ N+ (N)2!+-.--

satisfy (1.2) and have the proper form for P and Q. In particular,
exp(NN+*) has the proper form for P by virtue of the fact that the product
of two matrices with non-zero elements only above the diagonal is a
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matrix of the same type. A similar statement holds for exp(N-). It
is not hard to see that P and @ are uniquely determined by (1.2). Thus
(1.8) is the unique solution of (1.2).

Suppose further that in some neighborhood of s = 0, N = N;s 4 N,s*
+ «.., where convergence of the infinite series of (n X n) matrices is
equivalent to convergence of the series of 45th elements for all fixed ¢
and j. Relations (1.3) may be rewritten as power series in s

(1.4) P= iﬁ Ps, Q= “2 Q,s"

which converge in some neighborhood of s =0. It follows from the
form of P and @ that P, P,, --- have non-zero elements only above the
diagonal while @, Q,, --- have non-zero elements only on or below the
diagonal. Certain problems will lead directly to an equation of the form
(1.2) where P and @ have the form (1.4). For example, in one case
we will have

oo Mk
(1.5) PQ = (I — sM)~ = eXp{z Mo } .

k=1
Under the appropriate commutativity conditions it will follow that

(1.6) P= exp«{impy s"} , Q= Jf](Mk)- }
=1k l k=1

We see later that (1.6) is the operator analogue of Spitzer’s identity
(1.1) whenever the operator M has a special form.

Equation (1.5) is of particular importance in finding the distribution
of max(X,, Xj, -+, X,) when {X,, k> 0} is a Markov process with a
stationary transition probability matrix M. In this case the matrix M
in (1.5) is identified (see §4) with the stationary transition probability
matrix M. Unfortunately, in the general Markov chain, the commuta-
tivity conditions which give (1.6) as the solution of (1.5) are not satisfied.
Some information can be obtained directly from (1.5).

In the next section we give general definitions and a few preliminary
results. The main theorems are proved in §3 and illustrated in §5.
A probabilistic interpretation of the theorems is contained in § 4.

2. Definitions and preliminaries. Let L, be the space of bounded
Baire functions (real-valued and Borel measurable) f(x) on the infinite
interval — o < & < . We will deal with bounded linear operators M
defined over L, which have the form

(2.1) wf =" fwymie; ay)
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where m(x ; A) is a function of a real number « and a linear Borel
measurable set A such that

(i) for each fixed set A, m(x; A) is a Baire function of z,
(2.2) (ii) for each fixed =, m(x; A) is a signed measure in 4 on the
linear Borel sets.

The norm of the operator M is defined in the usual way in terms of
the norm || /|| = max |f(x)] in the Banach space L,. Let p(x;A) and
v(x ; A) be, respectivery, the upper variation and the lower variation of
the signed measure m(x ; A) (see [4, page 122]) The boundedness of M
in (2.1) implies that

. |-t s dy) + ot s

< max |7 ne; ) + oo ] = 1M < o

—oo < x oo

—co

We call m(x; A) the kernel of the operator M. The notation which will
be used for integration with respect to a given measure is indicated in
(2.1). From now on when we call M a bounded linear operater of the
form (2.1), we imply that (2.2) is also satisfied. As a matter of fact,
with proper understanding of the notation, (2.2) follows directly from
(2.1). If M, and M, are bounded linear operators of the form (2.1) with
kernels m(x; A) and my(x; A), respectively, then MM, is also of the
form (2.1) with kernel

(2.4) m(x; A) = Sm

myy ; A)ymi(@ ; dy) .
We now let [x] be the greatest integer less than or equal to a.

DeFINITION 2.1. Set B,(x) = {y:y > [2"« + 1]/2"}. For any bounded
linear operator M of the form (2.1) with kernel m(x ; A), define

(2.5) m*(x; A) = lim m(x ; B,(x)A) ,
and let M+ be the operator of form (2.1) with kernel m*(x; A). Finally,
set, M- =M — M*.

Almost directly from the definition of M* follow certain useful facts
which we list below. The bounded, linear operators M, M,, M,, etc. are
all of the form (2.1); I denotes the identity operator, which is also of
the form (2.1); and s, «, and f, are real numbers :

i I-=1I,
(i) (M*)r=M, (i) M)y =M,
(iv) (MM = MMy . (v) (MiMy) = MiM;,
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(vi) ||| <|IM]], (vi) |M-I <M,
(vill) (aM, + BM)* = aM? + M),

(2.6) (ix) if M,+ M, + --- is a strongly convergent series of bounded,
linear operators of the form (2.1), i.e. if |M,++-+-+M,||—0
as m, m — oo, then T'= M, + M, + M, + --- is of the form
(2.1), and My + M} + My + --- and My + M7 4+~ M; + ---
are both convergent in the strong sense. Moreover, T+ =
My + M+ My + --- and T~ = My + My + M; + ---.

We prove only (ix) of (2.6). Let T\, = M, + --- + M,, let t,(x;A) be
the kernel of T,, and let y, be the characteristic function of a measura-
ble set A. If T =1imT,, we note that ||T|] is finite. Now

It ; A) — tu(@; Al =1T = Tou |l < T, — T Il ,

so that lim¢,(x; A) = t(x; A) exists uniformly in 4. If A = YA, where
the A, are disjoint, then by the Moore double-limit theorem

(2.7) kth(x; A, = }rim lim kiltn(x; A) =limt(x; A) = t(x; A) .
This shows that #(x; 4) is a signed measure. Since Ty, = t(x; 4), a
simple argument shows that #(x; A) is the kernel of 7. Finally, since
T+ —-THI<||T - T,|l, it follows that T+ =limT}. In terms of M,
this means T+ = My + My + My + ---. A similar argument gives T~ =
My 4+ M7 + My + ---.

It is interesting to note that the proofs of the main theorems will
depend only on the facts listed in (2.6). Before proceeding to the next
section we mention two special subclasses of operators which have the
form (2.1).

Case 1. Let M = (m,;) be a matrix for which uniformly in <

(2.8) 2 L I<C

for some constant C. For any Borel measurable set A and any real
number « define

2.9) (@5 4) {%;mi ; x = 1 (an integer)
. m\ax ; e
0 x + [«].

Condition (2.8) insures the existence of a bounded linear operator of
form (2.1) with the kernel m(x ; A) of (2.9). Certainly the operator given
by (2.1) in this case and the original matrix M can be identified. In
fact, L, could be replaced here by the class of bounded, doubly infinite
sequences {a;}, that is a, = f(k) (— o < k < ) where f(z) € L,. It will
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be convenient whenever possible to think of the matrix M rather than
the operator M. Note that the matrix M+ is formed from the matrix
M by replacing with zeros all elements of M either on or below the
diagonal. Moreover, the matrix M* satisfies (2.6).

Case 2. Let m(w, y) be Borel measurable and integrable over the
plane and such that for some constant C

(2.10) [t 1dy < ©

uniformly in z. TFor any Borel measurable set A and any real number
x, define

2.11) m@; A) = Sm(x, Wy .

A

Then, (2.1) gives a bounded, linear operator M which has the form

2.12) Moo= | i,y
and M* becomes simply

(2.13) M+ = Sw - m(z, y)dy
with a similar formula for M-.

3. The theorems. When we say a sequence of operators {M,} con-
verges to an operator M, we mean it converges in the strong sense,
that is || M, — M || — 0 as n becomes infinite.

LemmA 3.1. Let {K,}, {P;}, and {Q.}, k=1,2,3, -+-, be sequences
of bounded, linear operators of the form (2.1) for which Py = P, and
Qi = Q,. For any |s| < sy, let

P=I+Ps+ Ps*+ «--,
3.1) Q=14+ Qs+ Qs + +--,
K=I14+Ks+ Ks + -

converge. If PQ = K for all |s| <s,, then {P,} and {Q,} are uniquely
determined by {K}.

Proof. Equating coefficients of like powers of s on the two sides
of the equation PQ = K we obtain

(3~2) k% Pan—k = Kn .
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IfP,P,-.--,P,_, and @, Q,, -+-, Q,_; have been uniquely determined
by K, K,, -+-, K,_,, then we may write (3.2) as

(303) Pn + Qn = ']n

where J, is determined uniquely by K, K,, -+-, K,. Since P, = Q; =0,
we have P, =J; and Q, = J; and the proof follows by induction.

The next theorems give results in the direction of solving equations
which involve the operation ‘“ *’’. Later we give a probabilistic interpre-
tation of these equations. As we will see, in certain cases the equations
may be solved completely in terms of the known operator M.

THEOREM 3.1. Let M be a bounded, linear operator of the form (2.1).
Define the sequences {P.}, {Q}, {R:}, and {T} by

PO‘:Q():I, Ro:TO:O;
(34) P, = (MPn)+ ’ Qn+1 = (QnM)— ,
Tpii= (MPn)_ ’ R,.. = (QnM)+ ’

and let the generating functions of these sequences be

PZi,PnS", Q:iQnsn)

(3'5) n=0 n=0
R=SRs", T=3ST.s",
n=0 n=0

Then, the series’ in (3.5) all converge for |s| <1\ M||, and, moreover,
they are the umique bounded, linear operators of the form (2.1) which
satisfy.

(3.6) P=1+ s(MP)*, T = s(MP)~
Q=1+ s(QM), R =s(QM)* .

Proof. Let P be a bounded, linear operator of the form (2.1) which
satisfies the first equation of (3.6). By iteration we may write P=
I+ Ps+ Ps*+ +--- + Ps" + L,, where L, = s(MP)* and L, = s(ML,_,)*
and where P, P,, ---, P, are determined in (3.4). Property (vi) of (2.6)
implies that || L, || < |s|* || M ||* || P || which approaches zero as n becomes
infinite for all |s| < 1/|| M||. Thus, the solution (if it exists) of the
first equation of (8.6) is unique. Let {P,} satisfy the conditions of (3.4).
By property (vi) of (2.6), it follows that || P,|| < ||M||*. For |s| < 1/|| M|,
the power series in (3.5) for P converges and by property (ix) of (2.6)

(8.7) P—1I= S P, s = S (MP,)'s" = (f; MPns"“)+ — s(MP)* .
n=0 n=0

n=0

The proofs of the other parts of the theorem follow similarly.
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THEOREM 3.2. Let |s| < 1/||M|| and let P and Q be the bounded,
linear operators of the form (2.1) which satisfy the equations of (3.6). Then,

(3.8) PQ= (I — sM)™
sP'=PQP—I)*, sQ =(QP—1)Q,

where ' indicates derivative with respect to s.

Proof. From (3.6) we find that || Q|| <1/(1 — |s|||M]|]) and
NEl<IsiIMIIlQN<IsIIMI/L—1]sl|MI]]).

Thus, for |s| <@ — |s| || M|])/l| M|, the operator (I — R)~'is a bounded
linear operator of the form (2.1) and has a convergent power series
expansion in s. But @ =I1— R+ sQM, or equivalently, (I — R)™'Q =
(I — sM)~*. Similarly we show that (I — T')~'is a bounded linear operator
of the form (2.1) which has a convergent power series expansion in s for
|sl<@—1slli MD)/I| M|, and that P — T)* = (I — sM)™'. Applying
Lemma 8.1 in the common interval of convergence of P, Q, (I — T)™*
and (I — R)™', we deduce that

(3.9) P=(I-R", Q=I-T)".

and hence that PQ = (I — sM)™*. Since P, @, and (I — sM)~" all converge
for |s| < 1/|| M ||, we have finally PQ = (I — sM)~* for all |s| < 1/|| M |.
To show the second half of (3.8), we consider (PQ) = P'Q + PQ =
(I —sM)—>M. It follows that

(3.10) (PQ) — s(PQ) = (I — sM)™>(I — sM) = PQ .

Multiplying on the left of (3.10) by P-' and on the right by Q' (take
[sI <@ —Is{HMID/IIMIl) we obtain

(3.11) QP — s(P'P'+ QQ ") =1.

By properties (iv), (v), and (ix) of (2.6), it is not hard to see that
(P'P)*=P'P' and (Q'Q™") = Q'Q~". From (3.11) we find sP' = P(QP—1I)*
and sQ = (QP — I)"Q. These latter equations can certainly be extended
to hold for all |s| < 1/|| M ||, and the theorem is proved.

THEOREM 3.3. Let {a,} be a sequence of real numbers such that
s + a,8* + a,8° + -+ has a positive radius of convergence. Let M be a
bounded, linear operator of the form (2.1) such that (M*)*M = M(M"*)*
for all k=1,2,8,--. Then for |s| such that

(3.12) SlalllMliFfsls <1,
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there is a unique pair of bounded linear operators P and Q of the form
(2.1) which satisfy

P=1+ [f; (akM"s’“)PT ,

(3.13) k=1 i
Q=1+[QF @i

Moreover, the solution of (3.13) s

P= exp{[—- log (I — iakMks’“)T} ,

Q = exp {[— log (I — gla,cM’“s’“)]_} .

(3.14)

Before proving Theorem 3.3 we mention a result of particular interest
which occurs when both Theorems 3.1 and 8.3 apply, i.e. when a, =1
and @, = a; = --- = 0.

COROLLARY 3.1. Let M be a bounded linear operator of the form
(2.1) such that (M*)*M = M(M")* for all k=1,2,8,---, and let the
sequences {P,} and {Q.} be defined as in (3.4). Then, for all |s| < 1/|| M ||,
the P and Q of (3.5) have the form

3.15) P =exp {gl(ﬂ?fsk} : = exp {i

| \/
‘—*r*’

Proof of Theorem 3.3. Let |s| satisfy the condition of (3.12), and
let

L= i a, Mst
(3.16) =1

N = log(I — ZakMks") = f_, LF|E .
k=1 k=1

Both I and N are bounded linear operators of the form (2.1). The
commutativity of (M*)* and M together with property (ix) of (2.6) im-
plies that L*L = LL*. Again by property (ix) of (2.6) and the second
relation of (3.16), we deduce that N*N = NN*. In terms of N the first
equation in (3.13) may be written in the form

(3.17) P=1+[I— ée)P].

Using that (exp(— N*))* = exp(— N*) — I and that (exp(N-))* = 0, it is
easy to show by substitution that P = exp(— N*) is a solution of (3.17).
To show that this solution is unique we apply Theorem 3.1, where the
operator ‘“* M’ of Theorem 3.1 is now
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(3.18) iﬁakM"s’“
k=

and the number ‘“s’’ of Theorem 3.1 is now 1. In a similar manner
we can show that the @ of (3.14) is the unique solution of the second
equation in (3.13). This finishes the proof.

Before proceeding into the next section, we point out some implica-
tions of the theorems above. In Theorem 3.3, the operators P, Q, M, M+,
and M- all commute. Thus, the order of the factors @ and M* or of
P and M* in (3.13) is unimportant. In the s interval determined by
(8.12), there is a power series expansion in s for the solutions of (3.13).
The coefficients in this power series satisfy

PO = Qo - I B
(3'19) P""'l = (alMPn + a‘_’Mz n-1 + e 4 a,n+1Mn+1)+ ’
Qui: = (0,Q.M + a,Q,_ M* + «++ + @i M)~ .

If the M in Theorem 3.1 is a matrix of finite order, the P and @ of
(3.5) can be conveniently evaluated in terms of subdeterminants of the
matrix I — sM (See example 3, §5).

4. Probabilistic interpretation. In this section we give a probabi-
listic interpretation of the sequences {P}, {Q.}, {R:}, and {T%} of
Theorem 3.1. Let m(x; A) be a function of a real number = and a
linear Borel measurable set A such that

(i) for each fixed set A, m(x; A) is a Baire function of =,

(4.1) (i) for each fixed =, m(x; A) is a probability measure in A on
the linear Borel measurable sets.

Let {X,, %k >0} be a stationary Markov process for which m(x; 4) =
P{X,.. € A| X, = x} is defined and satisfies the conditions of (4.1) (see
[3, pp. 18, 26-27]). We deal here only with processes of this type. By
(2.1) and (2.3) each Markov process under consideration has associated
with it a bounded linear operator M, with || M || = 1. We call this the
transition probability operator of the process.

Two subcases of special interest may be mentioned. The first one
is that of a discrete Markov chain (countable state space). In this case
the transition probabilities form a matrix M = (m,;). The connection
between the matrix M and the function m(x; A) has already been dis-
cussed in §2, case 1. The second type process of interest is the one
for which the joint distributions have densities. In this latter case, there
exists a transition probability density function m(z, ), and the connec-
tion with m(x; A) is given in § 2, case 2.

For convenience in stating the next theorem we introduce a random
variable L,.
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L,: the index k(=0,1,2, ---) for which max(X,, X, ---, X,)

4.2)
= X, and max(X,, X, -++, Xi-1) < X .

Note in particular the meaning of the statements L, =n and L, =0.
In Theorem 4.1 and thereafter we will have occasion to refer to the
kernel associated with a given operator of the form (2.1). If the operator
is denoted by some capital letter, the kernel will be denoted by the
corresponding small letter.

THEOREM 4.1. Let {X,, k > 0} be a stationary Markov process with
transition probability operator M, and let {P,}, {Q:}, {R:} and {T:} be
defined as in (3.4). Then, if the right hand members of (4.3) are defined
and satisfy (2.2), we have

po(@; A) = P{L,=n,X, e A| X, =z},

n(@; A)=P{L,=0,X,e A|X, =z},

rfx; Ay=P{L,=n,L,.,=0,X,e A|X, =2z},

tox; A) = P{L, =0, max(X,, ---, X,.) < X,,, X, e A| X, = «} .

(4.3)

Proof. We prove only the first one of the relations in (4.3). Our
proof is by induection. Since P, = I, it follows that

lxe A

(4.4) po(m;A)=P{XoeA1Xo=w}={0 S
X .

Now assume the first relation of (4.3) is true for the case n and set
By(x) = {y: y > [2"x + 1]/2"} for N=1,2,3, ---. Then,

P{L,.;=n+1, X,., € By(x)A| X, = x}
= {7 Pmax(X, -, X) < Xu, Xo € Bu@)A | X, = 2}
. P(X, & 42| X, = 1)

(4.5) )
= |7 L= X e B4 X, = P, € &2 X, = 2)

=" 5 B Aniz; a2) .

From (2.4) we see that the last term of (4.5) is the kernel of MP, eval-
vated at « and By(x)A. Set A,= AN(x, ), and note that for any
n > 0,

P{L,=nXeAlX,=2}=P{L,=n,X,e 4, | X, =} .

Thus, by Definition 2.1 and (4.5)
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Do A) = lim S D2 Bu(@)A, m(z ; dz)
N—oo ) —oo
(4.6) = lim P{L,., = n + 1, X,,; € By(®)A| X, = «}

N—ooo

=P{Ly=n+1X,,e A, | X, = x}
=P{L,,,=n+1,X,,,e AlX, =2z},

and the proof follows by induection.

Combining the first and second of the relations in (4.3) we get certain
additional information about max(X,, ---, X,). In fact, we can evaluate
the generating function

(4.6) S P{max(X,, --+, X,) € A| X, = a}s"
n=0

in terms of the kernels of P and Q. Let S = (—o, ). Then, by
Theorem 4.1
P{max(X,, ---, X,) e A| X, = z}

' P{L, = I, max(X,, -+, X,) € 4| X, = )

Il

-
Il
<

47 = >; SAP{L,M. —0|X, = )} P{L =k, X, € dy| X, = a1}
= 5| astvs Sputa an)

Multiplying through (4.7) by s* and summing over s =0,1,2, --- we
obtain

8 | o (e dy) = S Pmax(X,, -+, X,) € ALY, = a}s".

Relation (4.8) takes on a particularly simple form if ¢(y; S) is in-
dependent of y (See example 2, §5). In fact, in this special case we
have the following Corollary to Theorem 4.1:

COROLLARY 4.1. Let {X,, k > 0} be a stationary Markov process with
transition probability operator M and let P and Q be defined as in Theorem
3.1. Furthermore, let q(x; A) be the kernel of Q, and let @ be the
bounded, linear operator of the form (2.1) determined by

(4.9) o(z; A) = S Plmax(X,, ---, X)) € A| X, = a}s" .
n=0
Then, iof q(x; S) = q is independent of w,

(4.10) ® = qP.

Relation (4.10) is an operator analogue of Spitzer’s identity (1.1).
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5. Examples. We now give applications of the theorems to some
particular examples.

ExampLE 1. Let the operator of form (2.1) be (See case 1, §2)

a 0 b
(6.1) M=|(a—c)dp c d|,
0 0 @
so that for £ =1,2,3, ---.
a 0 ka"~'b
(.2) M*=| (a" —c")dfb ¢ ka*'d
0 0 a®

It is not hard to see that (M*)*M = M(M*)* in this case so Corollary
3.1 applies here. The solution of P = I + s(MP)* for |s|<1/|| M| <
1/lal is

_ ( i 0 0 a*' ]
= exp {g %(M’“)*} = exp Lk%s’” 0 0 a*'d ]
0 0 0
5.3
©-3) ( 0 0 bs/(1—as) [ 1 0 bs/(L—as)
=exp,| 0 0 ds/1—as) | =|0 1 ds/(1— as)
L 0 0 0 [ 0 0 1

In a similar manner it follows that the solution of @ = I + s(QM)~ for
Is| <YM < 1/min(lal, |c]) is

(1 — as) 0 0
(5.4) Q =| (o — c)ds/b(1 — as)(1 —cs) 1/(1 — cs) 0
0 0 1/ — as)

These solutions are easily checked by substitution.

ExAMPLE 2. Let {X,}(k =1, 2,3, ---) be a sequence of independent,
identically distributed random variables with a common density function
flx), and let S, =X + --- + X,. If T, is any random variable inde-
pendent of {X.}, and if we set 7,=S,+T,(n=1,2,3, ---), then
{T,, n > 0} is a stationary Markov process with transition probability

(5.5) m(a; A) = P{Ty..e A|T, = a} = Lf(y — @)y .

The conditions (4.1) are satisfied by m(z; A) (as well as by the right
hand members of (4.3)) in this case so we so may talk about the
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transition probability operator M associated with {T,, » > 0}. This oper-
ator has the form

(5.6) M= S:  fly — @)y .

Using (2.4) and (5.6) it is not hard to deduce that M* also has a kernel
with a density. In fact,

5.7 e =7 - oy,
where fi(x) is the k-fold convolution of f(x) with itself.

By (56.6), (56.7), and (2.4) we see that the kernel of (M*)*M has a
density of the form

68 | 1w - e —ade =" sy — 0w - adw.

We now make the change of variable z =y + 2 — w in the second in-
tegral of (5.8) to get

69 | rw-ase-ad=| fiw- s,

The second term of (5.9) is the density of the kernel of M(M*)*. Thus,
(M*¥)*M = M(M")* in this case and Corollary 3.1 applies. If P and Q are
as defined in Theorem 3.1, then for |s| < 1 (that is || M| =1)

(5.100 P =exp { ) LMflgi} . Q=exp { g@%ﬁ’f} _

Since (M*)~ has a kernel with a density of the form f,(y — ), we
deduce that @ must have a kernel with a density of the form ¢(y — ).
This means

Gl a@;S) = | ay— sy = exp| £ P =04 ]

is independent of x and Corollary 4.1 applies. Spitzer’s identity (1.1)
is found in this case from (4.10) by operating with each side on the
function ¢(y) = exp(ity). In fact, in the notation of (1.1)

¢g = ' i Sm eu(y_z)P{maX(Tﬂv T Tn) € dy l TO = x}sn

n=0

(5.12) S” ¢ P{max(0, S, -+, S,) € dy}s"

— eitx =
= ¢ 33 gu(t)s".
n=0
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Now in the special case of the exponential function g(y) = €',
(5.13) (MM *ge=* = [(M*)*ge~**[(M")*ge~"*] .
From (6.10), we find'

Py — e oxp {5, A1) 07
(5.14)

= gi exp[i‘, S}% S“ eWP{S, e dy}] .
0

k=1

Putting (5.11), (5.12), and (5.14) into (4.10), it follows that
(1.1) S g (8)s" = exp [ﬁ’; Sk g'” ¢ P{max(0, S,) € dy}:] .
n=1 k=1 Q

In passing we note that the existence of a density is convenient
but not necessary for the derivation of (1.1) from (4.10). In general,
we can replace (5.5) by

(5.15) m(z; A) = P{(X, + =) e A},

which is Borel measurable in « for each fixed set A. The conditions
(4.1) are satisfied and the derivation continues in the obvious manner.

ExaMPLE 3. Let M be a matrix of finite order. We denote by D,
the subdeterminant formed from the determinant of I — sM by crossing
out all but the first k& rows and columns. Moreover, D,(i;7) 1 <4,5 < k)
will denote the cofactor of the 4jth element in D,. Finally, for any
matrix N, let N(k) denote the matrix formed from N by crossing out
all but the first ¥ rows and columns.

Let {P,}, {Q,}, P = (p;;), and @ = (g,;) denote the matrices defined
by (3.4) and (3.5) when Theorem 3.1 is applied to M. We may also
apply Theorem 3.1 to M(k). It is not hard to show by induction that
{P,(k)}, {Qu(k)}, P(k), and Q(k) are the matrices defined by (3.4) and
(3.5) when Theorem 3.1 is applied to M(k). Thus, by (3.8)

(5.16) P(k)Q(k) = [L(k) — sM(k)]™" .

Equating elements of the last row (the kth row) in the matrix product
of (5.16), we find

(5.17) ax; = D3 5 k) Dy i=12 - k.

Using (5.17) and the elements of the last column of the product in (5.16),
it follows that

(5.18) D = Di(k 5 )/ Dy, =12, .-, k.

1 The referee points out that (5.14) holds if and only if g is the exponential function.
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Let M be the transition probability matrix of a stationary Markov
chain {X,, k > 0} with states a;, < a, < -+ < ay. From (4.8), we find

(5.19) P{Ln:nanZa]]X():az}=DJ.7;?’)/D]—1r (II’Sj)’
P{L,=0,X,=q;| X, =a;} =Dy; /D, (t<9).
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