THE CLASSIFICATION OF BIRTH AND DEATH PROCESSES

BY
SAMUEL KARLIN AND JAMES McGREGOR

The transition probability matrix P(t) = (Ps;(t)),

Piy(t) = Pr{X(t+s) =j| X(s) = i}, 4,j=0,1,2,---; 4,520
of a birth and death process X (¢) satisfies the differential equations
0.1 P'(t) = AP(), (tz0),
(0.2) Py = P(t)A,
the initial condition
(0.3) PO) =1,
and has the additional properties
(0.4) Py(1) 2 0,
(0.5) ipﬁ(t) =1,
Jj=0
(0.6) P(t + s) = P(t)P(s).
The matrix A = (a;;) in (0.1) is of the form
aiip1 = A,
aig = — (N + wa),
ai,i-1 = M,

0if |i—j| >1,

aq;
where \;>0 for 120, ;>0 for 7=1, and pe=0.

In the applications one is given the matrix 4 and it is required to con-
struct P(f) and to study the properties of the corresponding stochastic proc-
ess. The existence, uniqueness, and the analytic properties of P() have been
discussed in detail in [1]. The objective of this paper is to use the results of
[1] to establish equivalences between properties of the stochastic process
and properties of the sequences {\.}, {1.}, and to evaluate, in terms of these
sequences, some of the interesting probabilistic quantities associated with the
process.
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It is assumed throughout that the state space of the process X (¢) is the
set of all non-negative integers. Processes with only a finite number of states
can be treated by the same methods.

In [1, Theorems 14, 15] it is shown that there is one and only one matrix
P(t) which satisfies (0.1), (0.2), (0.3), (0.4), (0.5) if and only if

(0.7) i<wn+ ! )= w,

n=0 xn7|'n
where
AoAp vt s Xay
(0.8) mo = 1, Ty = ————— forn = 1.
Mipe © c ot Mg

Since we know of no application in which (0.7) is not satisfied, it will always
be assumed that (0.7) is valid.

Associated with the matrix 4 is a system {Q,.(x)} of polynomials defined
by the recurrence formulas

Qo(x) = 1)
(0.9 —xQo(x) = — (Ao + r0)Qo(x) + NoQ:(x),
—xQn(x) = #nQn—l(x) - (xn + #n)Qn(x) + }\nQn+l(x), n = 1.

It is shown in [1] that there is at least one positive regular measure ¥ on
0=<x< « such that

(0.10) f " 0400, ()d(x) =

dsj ..
— 1,7=0,1,2,.

T

Any suth measure ¥ is called a solution of the moment problem. We are going
to assume throughout that the solution of the moment problem is unique. If
o =0 this is equivalent to condition (0.7). If 4> 0 the solution of the moment
problem is unique if and only if

© n—1 1 2
(0.11) an<1+u02 ) = o,

n=0 k=0 ArT

and looking at the term 2u¢m,/N,_17._1=2uo/un, it is seen that a sufficient
condition for (0.11) is

|
Slo.
- n=1 Mn

This last condition is satisfied in all practical applications.
The transition matrix P(¢) is represented by the formula

0.12) Py = [ 00,
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The usefulness of this integral representation derives from the simple mono-
tonic properties of e~*¢, and from the fact that the dependence on ¢, ¢ and j
is factored in the integrand.

In the first four sections the behavior of the process as regards ergodicity,
recurrence, and transience is characterized in terms of the behavior of the
sequences {m.}, {1/\.m.}. In these sections the first passage time distribu-
tions for the ergodic case are studied and the problem of existence and com-
putation of the moments of these distributions is reduced to the existence and
computation of integrals of the form

[.5

The evaluation of these integrals in terms of the w, and 1/\,m, is carried out
in the appendix. In the transient case the distribution of the “time at which
« isreached” is examined, and the moments of this distribution are expressed
in terms of integrals of the form
I
o xF

In §5 the case where absorption occurs from the zero state into an ignored
minus-one state (uo>0) is treated. The moments of the absorption time are
computed and similar calculations are made for the distribution of the num-
ber of transitions before absorption occurs.

§6 discusses some general relations between absorbing and nonabsorbing
processes.

In §7 a very strong ergodic theorem for birth and death processes is
given. It is a Tauberian form of the classical Doeblin ratio theorem.

§8 treats the problem of computing ¥ when the matrix 4 is given.

In another publication the results of this paper will be applied to the
study of linear growth and certain queuing models.

1. Recurrence and ergodicity (uo=0). Freni the integral representation
(0.12) it follows that lim,., Pi;(¢, ¥) exists and, since all Q.(0) =1, is equal to
m;p where p is the mass of ¥ at x =0. The constant p is given by

p=1 Zrn

which is to be interpreted as zero if the series diverges. Thus the classical
ergodic theorem concerning the behavior of P;;(t) as t— = is a trivial conse-
quence of the integral representation. It is also easy to see that if ¥ has no
mass near x=0 except at x=0, then P;(f) converges exponentially to its
limiting value.
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We now turn to the study of recurrence properties. The recurrence time
distributions Fy(f) and first passage time distributions F;;(t) are defined by

(i) Fiy(®) = Pr{X(r) = jforsomer, 0 < r < t| X(0) = i}, i 7,
(ii) Fu(t) = Pr{X(r)) # i, X(rs) = i for somery, 75,0 <7< 7. < t| X(0) = i}.
In words, Fy;(t), 157, is the probability that the particle, having started at 7,
visits j some time before ¢, and F;;(t) is the probability that the particle,
having started at 7, leaves ¢ and then returns to ¢ some time before . A rigor-
ous discussion of these quantities has been given by Chung [2]. It may hap-

pen that some of these “distributions” are not honest probability distribu-
tions, i.e.,

f dF () < 1, f dF(t) < 1.
0 0

The integral [7dF;(t) is the probability that if the particle starts at 4, it
leaves 7 and then returns to 7 in finite time. The sth state is called a recurrent
state if [§dF(t) =1, and is called a transient state otherwise. A recurrent state
1 is called ergodic or recurrent null according as its expected recurrence time
JotdFi(t) is finite or infinite. A process is called recurrent, ergodic, recurrent
null, or transient if every one of its states has the corresponding property.

It is clear that

Pr {X(s-i— 1) =dforallr,0 £ 7 £ t| X(s) = 1} = exp (— (A + ui)t).

By a standard enumeration of paths it is found that

Pit) = exp (— (i + w)) + f Pult — 5)dFss),
1.1) ‘ ’
P,’j = ij - S dF.‘j .
® fo (t = $)dFus(s)

Introducing the Laplace transforms,
(1.2) Pii(s) =f e*tPy()dt and  Fy(s) =f e tdF (1)
0 0

we obtain from (1.1)
1
(g: + 5)(1 — Fils))

where g;=N\;+u.. As s—0, Fi;(s)— [¢dF:(f) =1 so that the recurrence proba-
bilities define true distribution functions if and only if P;(s) tends to « or
equivalently [¢ P;;(f) = . This last condition by integration of (0.12) reduces
to

(1.3) BiGs) = and  Pi(s) = P;;(s)Fi(s)
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[ 0@

x

Thus the amount of mass of Y in the neighborhood of the origin can be thought
of as a mecasure of recurrence for the process. Since Q;(0) =1 for all 7, evidently
JOi(x)dy/x= = for any % if and only if [d¥/x= . The classical result that
either all states or no states are recurrent is now apparent. Furthermore,
from (1.3) it follows that if fdy/x= , then

i i - (AL ) [OOH)

Hence, if the process is recurrent then [odF;;(t) =1. Because of the relation
Jdy/x= DI 1/\.m. (see (9.9)), we obtain the following useful recurrence cri-
terion.

THEOREM 1. The process is recurrent if and only if D 1/\ywrn= .

This last condition is easy to check since the process is usually defined in
terms of the birth and death rates N\, and u,.

It follows from Theorem 1 that if the process is recurrent, then the spec-
trum of Y reaches to the origin.

In the remainder of this section we restrict our attention exclusively to
the zero state. All the results remain valid, after minor modifications, for any
state in the process.

THEOREM 2. (a) The process is ergodic if and only if 3w, < © and 3 1/\sms
= 0,

(b) The process is null recurrent if and only if 3 w,= © and P 1/Ara= .

Proof. It is known that it is sufficient to verify the statements of the theo-
rem for the zero state. If Y_m,<® and ) 1/\.mr,= «, then ¢ has a mass at
zero equal to 1/ Z‘Il'n =p and lim,.,, P;;(t) =pm;. Computing the first moment
of Fyo, we get

— Poo(s) 1 1
(g0 + )PU(s) (g0 + 9?2 Pools)

The second term tends to zero as s—0 since Pgo(s)— . Observe that

— ﬁ;o(s) =

ay (_,-:_ n ay* )
— Pools) B (x + 5)? s (x4 s5)?

“ —< <xdfs>)2 (%J“ (xd-f-*s)y
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where ¥ is obtained from ¥ by removing the mass p at 0, so that y* becomes
continuous at 0. It is easy to see upon multiplying numerator and denomina-
tor by s? that lim,.o — Fio(s) = 1/qep =[5 tdFos(t). Conversely, if the zero state
is ergodic, then the irreducible a-periodic Markov chain Py(nk) where & is
fixed is ergodic. By appealing to the theory of Markov chains, we deduce that
lim, .., P;i(nh) is positive so that p>0. But, p=1/ Er; and hence Z‘ir.-< o,

The conclusion of (b) is immediate from (a).

2. Some simple recurrence criteria (uo=0). In this section some additional
methods of testing for recurrence are developed. The results here are moti-
vated by some theorems of Foster [3].

LeMMA 1. The process is transient if and only if there is a nonconstant
bounded vector ¢ = {co, ¢, vt } such that

A¢ = 0 except for the first component.

Proof. If the process is transient then

n—1 1
=0, k= ) n1,
=0 ATy

defines a nonconstant bounded vector ¢* which satisfies the condition.
Conversely, if ¢ is such a vector then, ¢ is nonconstant, the first com-
ponent of A¢* is not zero. Hence for suitable a0
¢ =¢— ac*

is a solution of Aé=0. Consequently ¢ is a constant vector and c* is bounded.
Thus Y_¢ 1/\.7. converges and the process is transient.

THEOREM 3. The process is recurrent if and only if there is an unbounded
vector d={d,} such that d,—+ © and Ad<0 except for the first component.

Proof. Define ¢* as in the lemma and let = {1, 1, --,1, .- } If the
process is recurrent then ¢* is unbounded, ¢ — + © and 4¢* <0 except for the
first component. )

Suppose there is a vector d satisfying the conditions of the lemma. Choose
a and B so that the first two components of the vector

f=d— at — ge*
are both zero. Then Af=A4d <0 for all components beyond the first, and the
first component of Af is zero. From fo=f;=0 and
)‘n(f”“"l - fﬂ) = (A.7)n + #n(fn - fn—x), n g 1’
it follows by induction that
O=fizfozfaz - 2faz .

Since d,—+ © and e, =1 for all 7 it is seen that c;—+ «, which proves the
process recurrent.
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It may be remarked in passing that the sequence 7= {m,} is to within a
constant factor the only solution of ¢4 =0.

3. Moments of the first passage time distributions (uo=0). The object of
this section is to compute the moments of the first passage time distributions
F;;(t) in terms of the constants m, and 1/\,r,. The details of the computation
are given only in the case of Fi(¢). It is assumed throughout that Y 7, < «,
> 1/\.m.= o, these being the necessary and sufficient conditions for the first
moments of the F;;(¢) to be finite.

The measure y has mass p=1/Y_m, at x=0. Let ¢* be the measure ob-
tained from ¥ by removing the mass at x =0. Choose some fixed ¢ and let

© d *
3.1) Ik—_‘j; Q?(x) ;l«xfx) = x, k=12,
From (1.3) it follows that for s>0
© 1
1_f"e‘m(t)i +>( T fQ() =)
i I X
(3.2) e ™ ¥
_ s [ “ 0 (x)sd¢*]-l
- q.1r.1+8/q. o x4+

where ¢;=X\;+u,. Since s/(x+s)—0 boundedly on 0 <x<  as s—0

[1 L[ s ¢*]_1 _ f:(—— Q.(x)sd¢*>"

pJo x+s =0 p Yo x4 s

for small s> 0.
Now suppose I; < . Then

2 * —
Qi(x)sdy* 1[2(_s)zz,+<—1>*s*fk]

p Jo x+ s p 1=1
where
2
= Qix) s
]=f — dy*(x) >0 as s — 0.
% S * (%)
Hence

[1+— - 0@s ]_ :‘Z(ikz<—1>'s'11)"+o<sk>

pJo x+s n=0 \ P I=1

= :\: (—=9)%cp, + o(s)
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where ¢o=1 and for p>0

— 1t Y vit o)l v
(3.3) 6 = ) () Ot oy (M1 ' k) A
v1+200+. . .+kvimp Vi * * * Vi
Consequently,
- s 3 e, (1)
3.4 1- f e *dF (1) = 2 (=97 D cps + o(s*t1)
0 PYiT i pmo r=0 q;

from which it follows that [y #+1dF;;(t) < «. Using an induction argument
it is not difficult to show that conversely if [;t*+'dF;(t) < » then I; < =.
This gives the following:

THEOREM 4. The (k+1)st moment of Fy(t) is finite if and only if [3 dy*(x)/x*
< o, 1n which case

B4+ 1)1 &1
E T Ck—n.
PiTi =0 G

The integrals I = [¢ Qi (x)dy*(x)/x* have been evaluated in terms of the
constants m,, 1/\,m, in the appendix. For future references we record the
values of a; and @, given by the theorem.

Ayl = f lk'HdF.'.'(t) =
0

1
3.5) a1=—>
pqim:
2 2 0 1 00 2 i—1 1 n 2
69 m=—+—| T (Em)+Z —(Zn)]
pPg;m GiTi L n=i AnTn j=n nm0 AnTn =0

(see formula (9.21)).
By a similar argument starting from the formula

© 1 2
sﬁ [0X®) — Q@0 V@)

bl x+s
f e*dF;(H) =1 — —
0 p

1 g R 2 «
1+7£ PERUCLAC

the moments of F;; can be computed:

THEOREM 5. In order that [Jt*+1dF;(t) (i#]) be finite it is mecessary and
sufficient that [y dy*/x* be finite, in which case

(k+ 1! 3 Ticks (k= 0)

p 1=0

bk+1 =f lk+1dF,'j(l) =
0

where
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Co=1,

ot 1wl v
Cn = > p ' I

v1+2v2+. . 4kyp=n l‘1! e Vk!
® 2 dP*(x)

[Tom =2,
0 x"

r- [ 0i®) — Q=)0 W)

X x"

I,

We now turn to the study of the distributions Fy;(¢) for large 7. The limit-
ing behavior of these quantities as 7— » has been studied by Bellman and
Harris [4] and Harris [5]. The theorem below should be compared with
Theorem 2 of [4], and Theorem 1 of [5].

It is assumed that > m,< o, D 1/A.ma= . If N;; is the time of first re-
turn to ¢ when the initial state is ¢ then E(N;) =1/pgr; and

N ¢
Gi(l) = Pr { = t} = F“(-——) .
E(N:) pgim:

Hence from (3.2)

® 1
@0 1= [ eraGion = 7
) 1+ 1r,~s)( + q,w,f oF (x) )
x + qimss
and it can be concluded that if for s>0
] 9 dl//* .
an.'f Qi——— > c < asi— o,
0 %+ qimis

then G; converges (in the sense of distributions) as i— » to the distribution
G(t; c) whose Laplace transform is

1 c—1 1 1/c

—1/s+c c c‘l/c—l-s’

i.e. to the distribution with a jump (¢—1)/c at t=0 and density c~2¢~*/° on
t>0. The limit ¢, if it exists, is automatically =1, since for each ¢ and s the
left side of (3.7) is between 0 and 1.

THEOREM 6. If [fdy*/x< © and

1—1 1
lim qims Z =< o©
1o k=0 Ak

then
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N
limPr{ EQV )§}=G(t;c), t> 0.

{— 00

Proof. Under the hypothesis it follows from equation (9.21) of the ap-

pendix that
© d k
tim qu oY _..
0 X

{— 00

Thus it is sufficient to show that

om| [0 v - [ e fqd“o

as t— o, This quantity can be written as (see (9.4))

© d¢* ® d\b*
)2 T (qum)? SR
(gem) sfo @ x(x + gimis) (gem)’s f 0 O x(x + gimss)

i—1 1 min (M k) 'I,*
(3.8) q;1r.S E Z Wl(]ﬂhf Q Ql

k=0 Mk 1=0 x + gimis
k dy*
- gms T > w00
k=0 MTk  Limin(M k) x + gimis

where M is a large fixed integer to be chosen. The three terms on the right of
(3.8) will be denoted by T3, T, and T; respectively. The divergence of
>"1/\.r, implies that gar,—0, and since for all large 1

¢imy — ¢ Z

—1

2

2 AT

n7rn
it is seen that
qims
sup max — = B; < «,
t oslst qim

The integrals girif; Qidy*/x are uniformly bounded, say =< B,. The inequal-

ity
® dy* dy*\V2/ g dy*\ 12
qu Qin (anzf 2 ) (L qu : )
0 x qimy

+qim;s
shows that the left side is £B\?B, for 0=/ <i and for each fixed I, —0 as
1— o,

It follows at once that 7;—0 as t— ». Given €¢>0 let M be chosen so
large that D2, m<e and then choose i so large that
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dy*

Qa‘"’-‘f Qi ——| <e forl=0,1,---, M.
) x4+ qowis

We then have

—1 l 0
FAR (qms > )z

k=0 A®i/ 1m0

i—1
l T;l < <q;1l'.'8 Z )GB:/ZBz,

1
k=0 ARTE

from which the result follows.

By imposing further assumptions on the rates of convergence of g¢.r;.
Y21 1/M\mj to ¢, it is possible to deduce with these methods results about
the rate of convergence of the moments of the distribution of Ny/E(Nii) to
the moments of the limiting distribution.

If N\./ua—a<1, an easy calculation will show that the conditions of
Theorem 6 are fulfilled with c=1+4a/1—a.

4. Transient processes (uo=0). The following criterion is an immediate
consequence of Theorem 2.

The birth and death process is transient if and only if D w,= o and
DA/ < o,

In terms of the particle description, to say that the process is transient
means that with positive probability (in fact, according to Theorem 9, with
probability 1), the particle drifts to infinity. The point at infinity should be
regarded as a permanent absorbing state which may be reached in finite or
infinite time. Two types of transient processes can be distinguished, according
to the rate at which the diffusing particle drifts to infinity. The transient
process is called of type 1 if for some finite £>0, and for some ¢

(4.1) i Pi;() <1,

J=0

and is called of type 2 if it is not of type 1. If the process is of type 1, then
it follows from the semi-group property that the inequality (4.1) is valid for
every 1 and for all £>0. For given 7 and (finite) ¢

Pr { lim X(r) = » | X(0) = i} =1- f‘, Pi(1),
7—t—0 =0

which shows that the transient process is of type 1 or 2 according as the proba-
bility of reaching infinity in a given finite time is positive or zero. The next
theorem provides an easy way of distinguishing between the two types of
transient behavior.

THEOREM 7. If the process is transient the following conditions are equivalent:
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(i) the process is of type 2, that is D~ Pii(t) =1 for all i and all t>0,

-] -] 1
(if) 2wy, — =,
ne=0 fumn ATy

Proof. The equivalence of (i) and (ii) was proved in [1 (Theorem 16)].
The next theorem is trivial for processes of type 1 but gives some informa-
tion about the path functions of type 2 processes.

THEOREM 8. For any transient process

Pr {lim X(t) = = | X(0) =i} = 1.
t— o

Proof. The arbitrary initial state is fixed throughout the discussion. Let
E; denote the set of all paths for which the particle spends an infinite amount
of time in state j. Since the time spent in state j on a particular visit has a
negative exponential distribution with parameter \;+u;, the set E; differs
only by a set of measure zero from the set of all paths which visit j infinitely
often. If Pr { E;} >0 then the expected occupation time of state j is infinite,
ie.

00 00 d
["pswa = [ owo ¥
0 0 x

so that E;’ 1/\,m= =, and the process is recurrent, contrary to hypothesis.
Hence Pr {E;} =0 and if E=U; E; then Pr {E}=0. If the path X(¢) is
not in E then clearly X (f)— « as t— «, and hence

Pr{X(f) » = | X(0) = i} = 1.

Let # be the time at which the particle reaches infinity when the initial
state is <. Then

H() =Pr{i<t} =1- 3 P,Q).
j=0
For processes of type 2, Pr {t' = 0 } =1. For processes of type 1 we have
the following result.

THEOREM 9. If Pr {i{< =} >0, then Pr {i<w}=1and 1—H(t) tends
exponentially to zero as t— .,

Proof. The hypothesis implies that 1— Y2, P;(f)>0. By Theorem 7,
D0 Ta 2 pen 1/Mmi < © which implies that —Q,/ (0) remains bounded (see
[1, Lemma 4]). By Theorem 16 of [1] the spectrum of ¥ begins at >0 and
concentrates at the zeros of Q.(x)=Ilim,., Qn(x). If 0<b<a, then Q.(d)
> Q.(b) >0 and by equation (4.13a) of [1]
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—bt

(4.2) 2 Py = :
i=0 Q-(b)
This last equation shows that 1 — H,(¢f) tends exponentially to zero. The first
part of the theorem is an immediate consequence of this fact.
It is of some interest to compute the moments of the distributions H;(¢).
For simplicity, let the initial state be zero.

E@) = f °°tdﬂn,(z) = — f wt i Poj(t)dt
0 0

=0

3 0 A 0 ) o, B ) . ) Q](x)

= Ew,fo fo xle~*Q;(x)dy(x)dt = ,-_Zow’j; " ay.
By (9.9) we obtain

o0 ] 1

E@) =2 m 2

7=0 n=j nTn

The higher moments reduce to
E(i") = n! me g’w.
j=0 0o X"

These integrals obviously exist since the spectrum of Y begins at ¢ >0. With
the aid of the formula (9.4) through (9.8), these can be expressed in terms of
A and p,. For example

_ ©© © 1 m 0 1
E@) =23 m 2 2om 2 :
=0  m—=j AmTm i=0 k=i AETE

An important problem associated with the study of stochastic processes
is the question of the existence of a stationary measure. In the case of birth
and death processes the problem takes the following form: When does there
exist a non-negative nontrivial solution to the equation
(4.3) a; = 2 a;jPj(t), i=0,1,2,---.

J

It is not necessarily required that the series Za; be finite. For the case of
recurrent Markov chains a solution was given by Derman [9] and later
Chung [2] extended the same method to the continuous time recurrent
Markov chain. Harris has recently dealt with the problem for the general
discrete time recurrent Markov process. For birth and death processes we
present a complete analysis which is independent of any recurrence assump-
tions. We start with the special case uo=0. If D; P;(t)=1 then a,=m; is
clearly a solution in view of the identity m;Pj(t) =mP;;(t). To establish
uniqueness we use a device introduced by Derman. Suppose a;=0 is a non-
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trivial solution of (4.3). Since Pj;(¢) >0 for all £>0 it follows that ¢;>0 and
we may take ao=1. Define

(4.9 qi;(t) = =l Pj(1).

i

It is readily seen that ¢,;(¢) define transition probabilities of a birth and death
process with parameters N/ =a;ypin1/e; and p! =a,1 Ni—1/ai, 121, which
must satisfy the relations

aiy1 ai-1 .
Miy1 + — N 1

a; a;

|

4.5) N 4wl =

where u, and A, represent the parameters of the original process. We can
verify inductively that the only solution of the equation (4.5) is a;=m; which
completes the proof of the uniqueness. We now demonstrate the converse
proposition which is to the effect that if (4.3) has a non-negative solution a;,
which is necessarily positive, then D_; P.;(t) =1. In fact, if g;;(t) is defined as
in (4.4), then we deduce that Y g;;({)=1 and again because of the relations
(4.5) we find that a;=m;. It follows that P;;(t)=g¢.(¢) and so X_; P;;(t) =1
obtains.

Combining the analysis with that of Theorem 7 we state the result as
follows: A necessary and sufficient condition that (4.3) possess a positive
solution is that ;2o m; 2 ., 1/M\mi= . Furthermore, the only possible
solution of (4.3) is necessarily a multiple of {1r,-} .

In the case where uy>0 we state the result without proof. If ¥ represents
the smallest positive value belonging to the spectrum of ¢ then {1r,~Q,~('y)}
is a solution to (4.3) if and only if D, 7;Q;(y) = ». The solution when it
exists is unique except for a multiplicative factor.

5. Absorption processes (uo>0). When uo>0 it is necessary to consider
in addition to the states 0,1, 2, - - - a state with index — 1. When the particle
isin the O state and a transition occurs, the particle goes to 1 with probability
No/(No+uo) and to —1 with probability uo/(No+uo). Once the —1 state has
been reached the particle remains there ever afterward. The event of reaching
—1 is called absorption at zero.

The polynomials in this case have the property that Q,(0) is strictly in-
creasing. The conditions (i) Q.(0)— =, (ii) pofqd¥(x)/x =1 and (iii) D¢ 1/Asmn
= » are equivalent (see [1, Lemma 6]).

For 120 let G;(¢) be the probability that absorption at zero occurs before
time ¢ given that at £ =0 the particle is in state 7. Then

Gilt) = mo fo Pa(r)dr = uy fo '4r fo Qi) ().
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Using the results of §9, the following theorem is obtained.

THEOREM 10. If the initial state is i, the probability of eventual absorption
at zero is

B |
® © 0 4 Ko E
[0 = [ ED g - RO
0 0 ot n 1 + o Z
N0 )\,.w,.

This is 1 for every i or <1 for every i according as I ..o 1/\,m, diverges or con-

verges. The formula
f dGi(t) = nluo f )
0 0 xntl

is valid whenever either integral exists. In particular (see (9.20))

© 1 0 =1 1 o
f WGi(t) = — Y m + 2 >
0 Ho k=0 im0 AT rmjr1

whenever either member 1is finite.

Absorption at zero is called certain if the probability of eventual absorp-
tion at zero is 1, and is called ergodic if it is certain and the expected time of
absorption is finite. Absorption at 0 is called transient if it is not certain.
These properties are independent of the initial state and from the preceding
theorem it is seen that absorption at zero is

(i) certain if and only if D 1/\.r, diverges,

(ii) ergodic if and only if _1/\,r, diverges and D, converges.

When absorption at zero is not certain the particle eventually reaches in-
finity with probability Q;(0)/lim, ., Q.(0). In the case when absorption at
zero is not certain, it is of some interest to determine conditions for the exist-
ence of the moments of the conditional distribution of absorption. In fact,
the explicit evaluation of these moments can be accomplished. Assuming for
simplicity that the initial state is zero the conditional distribution of absorp-
tion is
00

uof Poo(s)ds 14 o Z
0

k-(; ATy f ® [l - e"“] "

0 el 0 X

Ko f Poo(S)dS Z
0

k=0 AkTk

(see (9.12)). Of course, since absorption is not certain, the series Zl /AT
converges. The rth moment, provided it exists, reduces to the form



1957| THE CLASSIFICATION OF BIRTH AND DEATH PROCESSES 381

* 1
1
© dy < +ﬂ01§) )\k‘lrk>

r! f
0 xr+l 0 1
2

Km0 ka‘

These integrals in turn can be expressed in terms of A\, and u, by means of
the formulas (9.11) through (9.16). In particular, the expected length of time
until absorption, given that absorption happens in finite time and the initial

state of the particle is zero, is
0 © 1 2
()

J=0 T=mj x;‘ﬂ'.’

el 1 hd 1
e N E )
( #OZ:O Ay kz-;) A

(Here the random variable 4 is the time at which absorption takes place.)
If this last series converges, then the interpretation is that for those paths
where absorption does take place, it must happen rather quickly.

When the —1 state is absorbing, in view of the result [dy/x< «, the
measure ¥ cannot possess mass at zero. Consequently, lim,., P;;(¢) =0 for
every i, j=0. We now examine lim,., Y ;-0 Pi;(t) for fixed 4. If absorption
ultimately occurs with certainty, then lim;., Y ,-o Pij(t) = *. In fact

(5.1) E{4]|4< »,X(0) =0} =

(5.2) Prob {absorption in time = t| X(0) = i} + E P =1
je=0

and the first term tends to one. Let us now assume that absorption is not
certain or equivalently D 1/A.m,< . The principle assertion is that equal-
ity in (5.2) is valid for every ¢ and every i if and only if D o 7n D ron 1/Nrs
= . The proof is similar to that of Theorem 7 and is omitted. In fact, an
appeal to probabilistic considerations will show that the above assertion can
be reduced to the case of Theorem 7. Since the first term of (5.2) approaches
monotonically a value less than 1, we find that lim,., Z;lo P;i(t)=a>0is
equivalent to the divergence of Y m, D ron 1/Aams. If D wn D ion 1/Aami< o,
then it can be shown that D, P;;(f) converges exponentially to zero. (See
Theorem 8.)

An interesting random variable associated with the absorption process
(assuming absorption is certain) is the number N of transitions which occur
before absorption. The total number of transitions to the right which occur
before absorption is a random variable M related to N and the initial state ¢
by

N =1 +2M.
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The random variable M was first considered by Kendall in connection with
linear growth models [6].
Let

R:‘=PI‘{N=n|X(O)=i}; 1=0,1,2---,n=12.."

After the first transition the particle is at 741 with probability p; and ati—1
with probability ¢; where
As M

= y qi= .
A+ wg Y )

pi

Hence R} satisfies the recurrence relation

Ry = pRi ', R = R + piRim, i>0,
for n>1, and the initial condition
0 if ¢ >0.
Let Si= D o, R!. Then 0=<S:=<1, and from the above relations
So = poS1+ qo, Si = ¢S+ psSip, i> 0,
%)
Sip1 — S = i (Si - 5.‘-1) = u (So -1
i 0 P
and hence
n 1
Spp1— 1 = (1 + mo 2 )(So - 1).
1=0 Ty

When > ., 1/A\m; diverges this gives S,=1 for all n. If > om0 1/Nams con-
verges there is positive probability of never being absorbed at zero and hence
S,<1 for all n.

The recurrence relations

To(x) =1,
xTo(x) = poT (%),
xTﬂ(x) = qﬂTn—l(x) + ?nT’l+l(x)’ n 2— 1)

determine a system of polynomials T',(x) orthogonal on the interval —1=x=1
with respect to a measure da(x) of total mass 1. To see this, first consider the
polynomials V,(x) = Ta(1 —x) which satisfy Vo(x)=1 and
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—xVo= —Vo+ poVy,
—aV, = QnVn—l - Va.+ PanH-l, n = 1.

These polynomials are clearly the polynomials belonging to a birth and death
process, and hence are orthogonal on 0 Sx < . Consequently V,(x)>0 for
x=<0 and T,(x)>0 for x=1. Since T,(x) is even or odd with #, all the zeros
of the polynomials T',(x) are therefore in —1<x <1, and all the zeros of the
Va(x) are in 0 <x<2. It follows that the polynomials T, are orthogonal on
—1=x=1. The measure « is unique and in all cases of practical interest it
can be computed explicitly.

It is easily verified that

1
R = q f 21T y(x)da(x).
-1

This formula may be viewed as expressing an absorption probability related
to a random walk. The random walk takes place on the integers 0,1, 2, - + - .
When the particle is at ¢ it moves in the next step to 1+1 with probability
p: and to 1—1 with probability ¢;. When it is at 0 it moves in the next step to
1 with probability p, and is absorbed with probability go,. The transition
probability matrix of this random walk is

1
Py = [ @100 da
-1

where
* An+ tn

Tn = Wpn —— *
No + po

If the particle starts at ¢ then the probability it is absorbed on the nth step
is R;. The random variable M and N are concerned only with the number of
transitions which occur before absorption, and not with the speed at which
these transitions occur; thus it is natural that they should lead to random
walk problems.

As k— o, 142x+ + - - +kx*! converges monotonically to 1/(1 —x)? on
0=x=1. Consequently

© n 1 1
nR; = —— Tix x
Tkl =g s Tidat
if either member is finite. Assuming that »_1/Aar; diverges, D o, nR" is the
expected number of steps until absorption, and the above formula shows that
this is finite for all 7 or for none, according as [ ,da(x)/(1 —x)? converges or
diverges.
We assume that »_1/A,, diverges and hence for every i
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0 n 1 1
1=2 R =q f 1= Ty(x)da(x).

ne=1 1—x

1 da(x)
(Iof =1
-1 1—1=z

The polynomials V,.(x) mentioned above are orthogonal on 0 <x <2 with
respect to the measure 8 defined by

Setting 1=0 gives

B(x) = + f dac(s)

%f:l (lda_(x:)2= (Iofo‘2 di(:c) = 90]: d/i(zx)

and this integral is of a type already evaluated:

o d 0 *
Qofo Bla) = —{— > 7, (see (9.20))

x? go ne=0

and hence

equality holding if either member is finite. Consequently,

1 1 1 0 * 2 0
Qof da(x)=—21rn=<—2>\,.w,.+1>-

1 (1 - x)2 qo n=0 MO n=0

Therefore, in order for N to have a finite expected value it is necessary and
sufficient that the series D Anwn converge. The higher moments can be analyzed in
a similar manner.

6. Relations of processes with po>0 and po=0. Although the birth and
death process where —1 is an absorbing state and the process where 0 is a
reflecting barrier have been discussed separately, various useful relations
exist between these two kinds of processes. Let Q,(x) be orthogonal poly-
nomials, with respect to a measure ¥ which correspond to the reflecting barrier
process (A) (no=0) having birth and death rates, A.(n=0) and p.(n>1)
respectively. The functions H,(x) =Nam [Qnt1(x) — Qn(x)]/(—x) are a system
of orthogonal polynomials with respect to the measure xdy/\, and generate
the process (B) with birth rates Ny and death rates u;y where \; =pa41 and
wr =\, valid for n20. The process (B) possesses an absorbing state at —1.
The two processes (A) and (B) can be thought of as dual to each other in
the sense that the role of the birth and death rates are interchanged combined
with a shift of u,. Since 1/\fT} =ma11/No and 7 =N\o/AaTrs, it follows that if
process (A) is ergodic, recurrent null or transient then process (B) is respec-
tively ergodic absorbing, certain absorbing, or transient absorbing.
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Suppose T,(x) are the orthogonal polynomials (with respect to a measure
6(x)) obeying the recurrence law

(6.1) —xTa(x) = — A\ + #a) To(x) + AT np1(x) + pnTo-a(x) nz=0

where uo>0 and T_;(x) =0. The corresponding process (C) has —1 as an
absorbing state. The polynomials S,11(%) = Aamn/No) [Trs1(x) — Tu(x) ], So(x)
=1 constitute an orthogonal system with respect to the measure

do(x)
Mo for x > 0;
x
dé(x
l—uof ()forx=0.
x

The process (D) generated by the polynomials S,(x) has the state 0 as a re-
flecting barrier. The birth and death rates N} and u} respectively of the proc-
ess (D) satisfy the relations A} =u, (#=0) and u} =\,_; (n=1) where u, and
\. are the parameters appearing in (6.1). Process (C) bears the same relation
to process (D) as process (B) bears to process (A).

Another set of polynomials closely related to Q.(x) are the associated sys-

tem QO defined as
(0) . © Qn(x) - Qn(t)
0w = [ T .

Observe that QP (x) is of degree n—1 and Q{”(x) = —1/\,. It is known that
—2 0P (x) = W,_1(x) satisfy the recursion formula

—an—l = - ()\n + .“'n)Wn—l + >\an + ﬂan——2

for all n=1 where Wy=1 and W_,=0. The W, form a system of orthogonal
polynomials with respect to a measure & on 0 =x < «. A method for comput-
ing @ when ¢ is known, is given in §8. The usefulness and significance of the
W. is that a representation of the first passage time distributions Fy(¢) in
terms of the W, can be given. In fact, the W,-process is obtained from the
original process by stopping it whenever the zero state is reached. Thus for
121, the first passage time probability F;(t) of the original process is the
same as the probability of absorption before time ¢ with initial state 1—1,
for the W,-process:

Fio(t) = plﬁldrﬁwe“'W;_l(x)da(x).

In a similar way the first passage time distributions Fy(t), 1>k, can be ex-

pressed in terms of the kth associated system Q% (x) defined by
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0@ = [ Toun L= 20 )
0 x—=9

In determining the first passage time distribution F¢; (¢>0), we convert
state 7 into an absorbing state by truncating the matrix A as shown:

—Xo Ao 0
H1 ('“)\1 - #1) A
AD =| 0 ue
0 Fupic — N1 F pic)

This defines a process with a finite number of states for which
N1/ (Bim1 + Niz)

is the rate of absorption from the (#—1)th state into the permanent ab-
sorbing state 7. In this case only a finite set of polynomials is determined
by the vector relation 49Q= —xQ. They agree with Q;(x) for 0=5j<:—1.
The corresponding measure Y( is discrete and its spectrum consists of the
zeros of the polynomial —xQi_1+ Ni—1+ni—1) Qi1 —pi—1Qi—». The probability
of absorption in time =<t into state 7 from state 0 is easily seen to be

X,'_ﬂr,'_lf de C_J’Qi—l(x)d¢(i)(x)'
0 0

This is of course the same as the first passage time distribution Fy(¢) for the
original unrestricted birth and death process.

Next suppose it is required to compute the probability that absorption at
zero occurs before time ¢ and without the state ¢ ever having been visited,
assuming the initial state is j, 0 <j<i—1. Denoting this probability by :4,(¢?),
we have

0 1_ —zt
A0 = ko f @O

where (9 is the distribution introduced above. In particular the probability
of eventual absorption at zero without the state ¢ ever being visited, when the

initial state is 7, is
w o (x)
id; = uof Qi(x) —— -
0 x
Now since Y9 concentrates on the zeros of Q,(x)

. © ; — 0 : © dy ¥
020 = m [ 00 E2= 2D gy 2 0, [ o0 E2
0 y—x 0 A — x
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and setting y =0 gives
)

0:°(0)
Q:(0);

i4; = T Mo

Now the polynomials Q{”(x) satisfy [1]

(€)] (€] )

%)
=20 (%) = piQia(®) — A\ + #)Q: (%) + NiQina(®),
) ) 1
co s A )
1>, QJ'J (x) = OvQJ'-JHE —r
and by a simple computation for 7>, ’

i 1 i—1 1
—Qf’(0>=A [1+x,«,-2 ]

kmitl NeTk

SLE]

Consequently,

-1 1 -1 1
A= w0 ), (1+uoz )
=i Ak k=0 AkTk
A result similar to this has previously been obtained by Harris [5, Theorem
2b].

We are also able to obtain explicit expressions for E(N, fol Ny< ©) when-
ever finite, where the random variable Ny is the length of time until the
particle first enters state 0 given the initial state is 1. Of course, the results
are new only when the process is transient. The conditions for recurrence were
fully investigated in §1. Introducing the measure a(x) corresponding to poly-
nomial system Q(x), the zero state becomes an absorbing state, and the
original random variable Ny, is identified with the random variable 4 de-
scribing the time up to absorption. Consequently,

(6.2) E(Njy|Niw< »)=E[A7|A< =, X(0)=1].

Appealing to (9.16) where these latter moments have been computed, we ob-
tain in particular

da(x) da .
Exp (Nlol Ny < ») = f ; / f — (see equation (5.1)).
X

X

Since N, u» for the new process in terms of \,, u, for the original process
are N =A\ny1 and uh =p.41, by (9.9) we get

£o(5 L)

i=1 i=j Ny

i 1 kel 1
1 Y
( e mzl )\iﬂ'i)( .‘2 )\.’1!'.')

Exp (le Nm < °°) =
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Finally, it is interesting to observe that the problem of determining, for a
recurrent process, the distribution of the number of transitions which occur
before the expiration of a first passage time or a first return time, also leads
to consideration of the random walk embedded in the birth and death process.
For example suppose we have a recurrent process (uo=0, O ¢ 1/AsTp= ),
and the random variable Z is the number of transitions which occur before
the first return to zero, the initial state being zero. Then N=Z —1 is the num-
ber of transitions which occur before absorption for a random walk on the
integers 1, 2, 3, - - - . Using the expected value for N computed in §5, it is
found that

1 0
E(Z) = — 20 m(hn + s
0 n=0
This is finite or infinite according as Y A, converges or diverges.

The example N\, =n+1, puo=0, uy=(n+1)%/n for n=1, shows that there
are ergodic processes for which E(Z) = «, while on the other hand the exam-
pleNa=1/(n+1),uo=0, uo=(n+1)/n?for n=1, shows that there are recurr-
ent null processes for which E(Z) is finite.

7. Ratio theorems (uo=0). A remarkable property of birth and death
processes, obvious from the integral representation, is the fact that

Pi(t) =

Pii(t)

is independent of ¢.
The classical Doeblin ratio theorem asserts that(*)

_’ j; ‘ Pii(t)dt

lim ———

t— o t
f Py(t)dt
0

is finite and positive. The integral representation makes it easy to prove a
much deeper theorem. The question of investigating the ratio was suggested
to the authors by T. Harris.

THEOREM 11. lim,.,, P;;(t)/Pri(t) exists and is finite and positive.

Proof. Let a =0 be the smallest point in the support of . From the theory
of orthogonal polynomials it is known that Q,(a) >0 for every n. Hence

P = er0@00) [ e @in)

(1) Doeblin discussed only the discrete time case. The continuous time case was first
analyzed by K. L. Chung [2].
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where
000
1@ = @@
We study the ratio
f we“"""f(x)dtl/(x) f °°e_(x_"“[f(x) — 1]dy(=)
. SR =1+R.
f e~ —tdy(x) f e~ =) dy(x)

Now f is continuous and f(a) =1 so given e there is a § >0 such that l fx)—1]
<eforasx=<a-+46. Hence

a+d ) ©
U + f f e f(x) — 1]ay (x)
a a+s a+d
l Rl é - . = ¢ a+58/2
f e—(z—a) td‘(,( x) f e (z—a)t dy (x)
< e+ ceu/sz e—(z—a)tlf(x) — 1! dy(x)
643

where c=[[¢"*dy(x)]-! which is finite and positive. It follows that
lim sup.., | R| <eand therefore R—0 as t— » . From this the theorem follows
at once. In fact we see that

i Pi;(t)  7Qi(a)Qi(a)
im = :

towo Pri(f) m1Qk(a)Q:1(a)
If a=0 and ue=0, then

Pij(t) _ 2

lim
towo Pry(f) ™

The Doeblin ratio theorem is an abelian form of the above theorem in
the recurrent case and follows from it easily. In the ergodic case (uo=0)
Pii(t)—mjp so t1f;P,i(r)dr—m;p and hence

t
P,(r)dr
fo ’ LR, Py

lim ———— = — =

: mm P ([)
e f sz(T)dT b o *
0

In the recurrent null case (uo=0), a =0 by Theorem 1, so P;;(t)/Pi:(t)—>m;/m
while [§ P;;(t)dt diverges, and by a standard abelian argument the Doeblin
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ratio also —m;/m,. In the transient case the limits of the two ratios may be
different. We compute the Doeblin ratio limits explicitly, assuming uo=0. In

this case
i 1 _ f” ay
0 A1:7rn [ 1

f * Qi(%)Qi(x)
0 X

is finite and
f Pi()dt = = ay(x).
0

If 1<j then (appendix, formulas (9.9) and (9.10))

fowP,-j(t)dt = ijow o dy(x) = =, i !

x N-j )\,.1r,.

and hence for 1<j, k<!

t ) 1
f Py(ndr w2
. 0 Nmaj xn""n
lim =
t— o ¢ 0 1
Pri(r)dr ™ Z
0 n=l AnTn

On the other hand

. Py
lim
t—o Pri(f)

is mj/m if the support of Y reaches to zero, and depends on ¢ and % otherwise.

8. The computation of ¥.(uo = 0). Almost all the models of birth and death
processes that have been discussed in the literature are associated with a sys-
tem of polynomials {Q.(x) }, which, after some simple change of variable and
renormalization, are classical polynomials. For these processes the computa-
tion of the distribution ¢ presents no problem. However there are important
special processes for which the corresponding polynomials do not reduce to
classical polynomials. In this section we discuss a method of computing ¢
when the recurrence formulas, that is the constants \,, u., are given.

The function

o g
(8.1) B(s) =f x";(_xz

is an analytic function of the complex variable s, regular in the sector
|arg s| <, |s| >0. The Stieltjes inversion formula



1957] THE CLASSIFICATION OF BIRTH AND DEATH PROCESSES 391

z

¥ 1 . i .
(8.2) fo dy(y) = — lim Im B(—¢ — in)dt

m 10+ —e

expresses the measure ¢ in terms of B. It is valid when ¢>0 and « is a point
of continuity of [;dy(y). Consequently the problem of computing y is reduced
to the problem of finding B(s). If

Ri(s) = f e~ P (1)t
0

then

8.3) Rin(s) = Q5 (—s) + B()0,(~s),
and

(8.4) Roi(s) = Qi (= s)m; + B(s)Qs(—9)m;.

There are two cases to consider. First, if Y ¢ 1/\.r, diverges, or more gen-
erally if D¢ 1/Numa 2o diverges then for fixed s>0 both Q;(—s) and

'”(—s) are unbounded as j— . (See Lemma 4 of [1].) In this case it is
seen from (8.3) that B(s) is uniquely determined by the condition that, for
fixed s >0, R;o(s) is bounded as j— ». In the second case, when Y_m, diverges,
both of the series Y.; Qj(—s)w; and »_; Q\®(—s)m; diverge for all s>0,
and it follows from (8.4) that B(s) is uniquely determined by the condition
that Y., Ro;(s) converges for s>0.

In either of these cases, if the asymptotic behavior of the polynomials
Q.(x) and Q;”(x) for n large and x in an interval —a <x < —B on the negative
real axis is known, then B(s) can be determined by the above conditions for
B=s=a. In practice B(s) usually turns out to be a relatively simple function,
and the problems of continuing it into the complex plane, and of applying the
inversion formula, present only minor technical difficulties. A number of im-
portant examples will be treated in a separate publication.

The necessary and sufficient condition in order that the solution of the
Hamburger moment problem generated by the polynomials Q.(x) be unique

is that the series
o n—1 1 2
Sn(E )

n=1 k=0 )\kﬂ'k

diverges (a proof can be based on [7, Theorem 2.17]). In practice this condi-
tion is usually satisfied, and when it is the function B(s) is uniquely deter-
mined for nonreal s by the requirement

100 (=9) + Bs)0u(=5) 'm0 < .

n=0
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We now turn to the computation of the measure a belonging to the asso-
ciated polynomials Q% (x). Let Foo(¢) be the probability that a particle which
starts at the zero state returns to zero for the first time before time ¢ after
having left zero. This function is not in general a probability distribution. If

Foo(s) =f e_"dFoo(t),
0

then

8.5)  Fols) = 1 — _1__(f°° W >_l, s> 0 (see (1.3)).
Mot umots 0o X+

Let

Bi(ty = Pr{X(t) =7, X(r) #0for 0 < 7 < t| X(0) = i}

for 4, j=1, t=0. Then (B;(t)) is the transition probability matrix of a birth
and death process on the states 1, 2, 3, - - - whose infinitesimal matrix is ob-
tained from A by deleting the first row and first column (see §8). The cor-
responding polynomials are { —X\Q®(x)}, =1, and

Pyt) = :— vrffowe“'[—xoo.“”(x)][—wf“’(x)]da(x)

0

where « is a positive measure of total mass one, with respect to which the
polynomials Q% (x) are orthogonal. From the relation

t t—r
f o + #o)e_o“""““)'f #1P11(0)d0’
0 [

Ao
Fuolt) = N+
0 0

it follows that

(8.6) Foo(s) =

Aok 1 f°° da(x)
N+uwots x+s
Combining (8.5) and (8.6) gives

* dao(x) 1 dw(x)]
j; x+s )\Oﬂl[)\o+#o+s l/fo x+s

|:)\o+#0+5—'B—(‘)']

(8.7)

7\0#1

Hence by the inversion formula

f’ Im B(—§ — in)

Aopr 'r—40+ —e I B(—¢ — in) |2

(8.8) f da(y) =
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Suppose ¢ is a discrete distribution with masses po, p1, p2, - - - located at
the points 0Sx<x; <x2< + - -+ <xp— 0, Then
o0
Pn
B(=s) = 2.
0 Xp —S

is a meromorphic function whose only poles are simple poles at the points x,.
In each of the open intervals x,<s<x,41, B(—s) increases steadily from
— @ to + » and hence has exactly one zero y, in the interval. The function

f“’ da(x)_ 1 [)‘ - 1 ]
0 x+s—)\oll1 e ke B(s)

is therefore also a meromorphic function, whose only poles are at the zeros y,
of B(—s). These poles are simple poles because, since Im B(—s)<0 for
Im s>0, the zeros of B(—s) are all simple. Thus « is also a discrete distribu-
tiou whose jumps y, are at the zeros of B(—s) and are interlocked with the
jumps of ¢:

0= <yp<n<n<z<y< - -.

The mass concentrated by « at y, is

1 1
Y= ————".

B’("'yn) Aoy
For future reference we cite the following facts about the inversion of the
Stieltjes transform in relation to the identity (8.7) which connects the meas-
ure Y and the measure a.

ProposITION A. If ¥ has a continuous positive density ¢’ in an interval
a<x<b, then in any closed subinterval a <a’' <x<b’'<b,

Im B(—£ — in)/| B(—¢ — in) |2

Aopyw?
converges boundedly to o' (£) and
V()

Ropr” (P'V'“,IF f (x'f”)g) dx>2+ [v®]

(P.V. denotes principal value).

o' () =

Proof. Consider

1 Lot ay(®)
S Bt =i = — [T a4 o0,
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for £in (a’, ’). The integral is recognizable as the Poisson transform applied
to ¥’(£). The Poisson kernel for the half plane generates a regular summation
method so that Im B(—£—1n)/m approaches ¢'(£) uniformly for ¢’ SESD
as n—0+. The convergence is uniform as a consequence of the fact that
¥'(£) is continuous on the interval a’ S£<b’ [8, see p. 31]. The study of the
behavior of 1/ |B(—£ —in)l 2 is deeper. Some further requirements are im-
posed on ¥'(§). . ,
If Y/ (§) is continuous and in addition positive for a’ S £<¥’, then
1 1 1
= -
| B(—=¢ —in)[* ~ (Im B(=§ — in))?  «¥/())?
the convergence being uniform so that
1

| B(—¢ — in) |?
(the constant C depending only on @', b’ and y =mina g ¥'(£)). Since ¥'(§)
belongs to L(0, ) it is a known result [8, p. 132] that lim, .oy Re B(—£—17)

exists almost everywhere. Consequently, # Im B(—£t—1y)/ I B(—&—1p) I 2
approaches boundedly a.e. the limit

)
L rv® Y .
@m— En)+wm

™ X —

= C(d, b, )

= 0(¢€)

([8, p. 132]) for a’ <£=¥’. Hence, on this same interval /() exists and is
equal to (1/Aoum?)8(£).

PRrOPOSITION B. If a is the smallest point in the support of the measure ¥,
then the smallest point in the support of a is =a. Furthermore, a has no mass at
x=a.

Proof. The first part follows immediately from the fact that fdy/(x+s) is

analytic, real and of one sign for s> —a. Suppose that x =a is a mass point for
a. Then lim,._ay0 (a+s) fda/(x+s) =N>0 where X\ is the mass of « located

at a. But, (@t .
lim — s[xo+uo+s—B(s)]=o

8——a+40 Xopl
since B(y—a)=[7dy(x)/(x—a+y) is strictly positive and increases mono-
tonically as y—0+ to a positive (= is a possible value) limit. On multiplying
(8.7) by a+s and allowing s to approach —a a contradiction results. The proof
of the proposition is complete.
As an illustration of the above theory let dy(x) =ce*xfdx, —1<B<0,
then
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1

= — ¢(wcot wB)e ¥y% — ¢T'(B + l)e‘”f evi—8-1

® dy(x)

o X—y

P.Vv.

so that by Propositions A and B and (8.7), the measure da is completely
specified. The ideas of this section and this last example will be utilized in
connection with the study of linear growth and queuing models to be pub-
lished elsewhere.

9. AppENDIX. Evaluation of integrals.  The integrals [(Q.:Q;/x")dy,
J(QiQ;/x™)dy* will now be evaluated in terms of the constants A, ui. The
computations make use of properties of the polynomials

Hu1(2) = Mol Quia(®) — Qu(@)],  Ho(2) = po.
These polynomials satisfy
—xHo(x) = — poHo(x) + moH1(x),
—xHp1(%) = NaHa(%) = A\n + pog)) Hop1(%) + pns1Hngo(2), 720,
The next two lemmas are proved in [1].

LEMMA A. If po>0 there is a positive measure 6 on 0 Sx < o such that

f“’ Hn(x) H,u(x) Omn

mn=2012-.-,

do(x) =

Mo Ko T,

9.1)

where g =1, T =po/NnTn_ys for n=1. If 0 is such a measure then
9.2) dy = xd8/uo

defines a solution  of the moment problem belonging to the polynomials { 0. ] , for
which

© g
9.3) #of —Il/ = 1.
0

x

Conversely if ¥ is a solution of the {Q,} moment problem for which (9.3) is
valid then the measure 0 which has mass 1 —uofy (dY/x) at x=0 and is defined
on 0<x< o by di=u,dy/x, satisfies (9.1).

LEMMA B. If uo=0 there is a positive measure 0 on 0 Sx < o such that

fw m+l(x) Hu+l(x) Omn

’ myon=20,1,2 «¢+,

di(x) =

—x —x x!

where wy’ =1, w)' =No/Nom, for n2 1, and such that

*© di(x
)\of ()§l
0 e

If ¥ is any solution of the {Q.} moment problem then d(x) = xdy(x) /N, defines
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a measure @ with the above properties. Conversely if 0 is such a measure and
is the measure with mass 1—\ofgd0/x at x=0 and dy(x)=Nedf(x)/x on
0<x< o, then ¢ is a solution of the {Qn} moment problem.

The following lemma will also be needed.

Lemma C. If 2 1/Am,< o, and the solution of the moment problem is
unique or equivalently Y mw.= o, then [¢dy(x)/x*< o implies

lim f i Q';(:) dy(x) = .

n— oo

Proof. The polynomials Qf (x) = Q.(x)/Q.(0) belong to a process with tran-
sition matrix Pj(t) =Q.i(0)/Q;(0)P;;(t), and with g =0, w7 =Q}(0)m,. It fol-
lows from [1, Theorem 5] that (1) for each ¢>0, Pj(t) is monotone decreas-
ing in j and tends to a limit a(f) 20 as j—, and (2) D¢ Pa(t) <1. Conse-
quently, since Pg;(¢) = Py(t)m;

IIA
—

had *
2P ()
i

and since 7 =m,, ) _m =, from which it follows that a(f)=0. Thus for
t20, Pj(t) converges monotonely to zero as +— . Now if

= d
[
0 &
then the integral

f f .. fP:o(Tk)didi—l ceedry = mf Qi(x )

0575795 ¢+ 37k<e0

is absolutely convergent and hence —0 as ¢— . Since

1
<
ANaTrn

12040 = 1+#oi

the lemma follows.
A. The integrals [3(Q:Q;/x%)dy when po=0, D mwo= .

For given k these integrals are either all convergent or all divergent. If
[edy/x* < =, for some k=1, then D o 1/A\m,=[frdy/x< © and Lemma C is
applicable. From the identity

(9.4) Omer(®) =1 — 2 2, 2 1iQi(x)

n=0 aTn =0

we get
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(9.5) f Qm“(x)— = fwd#l 3 E r;fowQ-'(x) xfI )

=0 AnTpn 5m0

and letting m—

0 d#, eo
(96) j:) ; - n—O xn‘”'n .-Zo T‘f Q'
Combining (9.5) and (9.6)
©.7) [few%-% —Fuf 0w

Multiplying (9.4) by Q;(x)/«x* and integrating gives

fo " 0n®)0:() d—x’f

9.8

0 dd/ m—l d‘p
- f 0@ 5 - Y f QW0 55

n==-0 AnTrn i=0

The last two equations determine the integrals [y Q.Q;d¢/x* in terms of the
integrals [5Q:Q;dy/x*~1. In particular

® d i 1
(9.9) fo Qm(x)l =2 .-
9.10 w,,, n — m — ifn <m.
(9.10) foQ(x)Q(x) fQ(r) 0 < m

B. The integrals [qQ:Q:d¥/x* when pe>0, D 1/Ama< o, X mrp= .

In this case [ydy/x is convergent and if for some k=1

[

_— < oo
0 Xk
then from Lemma C and the identity

Qnya(x) _ < 1 1 z 1 Q;(x)
(9.11) " —<1+Mo; )-—Z S

iy ) ak 0 Ars o a1
we get
< : ® Qj(x)
(9.12) f“" dx//_ ; i ; 0o xF1 W
at 0.(0) '

where
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0.(0) —1+mZ

)mr.
Using the identity again
© d'ﬁ ( n—1 1 >fw dll/
3 () — = (1 - () —
On(%)Q;(x) " + uo}o: v i Qi(x) "

0

(9.13)

- ; 72“ Q(x)Q:(x) x,‘ gl

These formulas determine the integrals recursively. In particular

kil 1
(9.14) f Qn(x); Q,,(O).gi o n =0,
. i - a4y
(9.15) ﬁomwmwunmyf@m?, OsmSn<

© d n 0 ) )
L@u¢9“2—£mz

x? Q’ (0) imn ATy Jm=0 Ly N

(9.16)

w(0) — Qu(0) 2F 1 & 2
L0 -0 L 1

Q:(O) =0 Atri =0 l=j )\rn';
C. The integrals [7Q:Q:d¥/x* when uo>0, D 1/N,my= .
In this case it can be seen from the probability interpretation (§5) that

- d
(9.17) “°f w_
0

X

This result can also be obtained from the identity

f«» dy _ i 1 ’ sz 0,
o X+ S 0 7\n7l'nQn("S)Qn+1(’—5)

and the relations N\, [Q.41(0) —0.(0)] =po, Qn(0)— . The polynomials
H,(x)/uo are an orthogonal system on 0 <x < « with respect to the measure
d0 = pody/x. The associated constants are m, =po/Na—1Tay for n21, 1/N/ w0,
=m,/uo, and ug =0. Since > m,! = », this system is of the type treated in
part A, and integrals of the form

fw'Hm(x) H,(x) fﬂ

Lo po  xF

can be evaluated. In particular from the case m=k=0,n21 it follows that
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0 d
(9.18) uof Qn(x) ; =1, n=0.

From

x An T
follows
© d‘p 1 0
(9.19) f — = T
0o x? Mf; 0

The equations

RS S Sy TR

wo  x* ion Ml = wo  xF1
and
© Hn(x) Hu.(x) do
*l; —I: Mo ;I;
© H,(x) d6 ™! Hj(x) H.(x) db
=ﬁ wo MALM f wo ot
together with the identity
0u5) = 14 T —— Honn(@

=0 iy

determine the integrals recursively. It is found that

n—1

o d % 0
(9.20) .L&m%=7; Z >

Mo o >\i7ri +1

D. The integrals [y Q:Q;dy*/x*.

When po=0, Y 7, <o, Y 1/\m,= o, it is required to evaluate integrals
of the above form, ¢* being the measure obtained from ¢ by removing the
mass at the origin. In this case the polynomials H,i(x)/ —x are orthogonal
with respect to the measure df =xdy/\,. The integrals in question can be
evaluated by making use of the formal identity

[T s

The constants associated withfare ud’ =N\o, w1 =No/Aamo, 1/N 7)) =10i1/Ne.
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Since > )/ =, DA/ w! <o, ui’ >0, we are dealing with a situation
of type B. In particular it is found that

S (Em)+E=(2n)

(9.21) an(x)—= SRS =
(£
k=0

REFERENCES

1. S. Karlin and J. L. McGregor, The differential equations of birth-and-death-processes and
the Stieltjes moment problem, Trans. Amer. Math. Soc. vol. 85 (1957) pp. 489-546.

2. K. L. Chung, Foundations of the theory of continuous parameter Markoff chains, Pro-
ceedings of the Third Berkeley Symposium, vol. 2, 1956, pp. 29-40.

3. F. G. Foster, On the stochastic matrices associated with certain queuing processes, Ann.
Math. Stat. vol. 24 (1953) pp. 355-360.

4. R. Bellman and T. E. Harris, Recurrence times for the Ehrenfest model, Pacific Journal of
Mathematics vol. 1 (1951) pp. 184-187.

5. T. E. Harris, First passage and recurrence distributions, Trans. Amer. Math. Soc. vol.
73 (1952) pp. 471-486.

6. D. G. Kendall, On the generalized birth and death processses, Ann. Math. Stat. vol. 19
(1948) pp. 1-16.

7. J. A. Shohat and J. D. Tamarkin, The problem of moments, Mathematical Surveys,
vol. 1, 1943,

8. E. C. Titchmarsh, Introduction to the theory of Fourier integrals, Oxford, 1948.

9. C. Derman, A4 solution to a set of fundamental equations in Markov chains, Proc. Amer.
Math. Soc. (1954) pp. 332-334.

CALIFORNIA INSTITUTE OF TECHNOLOGY,
PasADENA, CALIF.



