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1. Introduction. Let (X;);>0 be a continuous-time irreducible Markov chain with finite

statespace F and define the continuous additive functional

¢
pr =€bBy —l—/ v(Xs)ds
0

of (X, B), where (B;);>0 is a Brownian motion independent of X, and v : B — R. We
define the time-changes

5 = inf{u: £p, >t}

and the time-changed processes
Yti =X (Tti)-

The processes Y+ will again be Markov chains on the statespace E. The case of no noise
(e = 0) is the original case studied by Barlow, Rogers & Williams [2]; YT (respectively,
Y ~) will be a Markov chain in E* = {i : v(i) > 0} (respectively, E~ = {i : v(i) < 0}) and
the generators of Y* are characterised in [2] as the solution of a certain matrix equation,
which can seldom be solved in closed form.

Latterly, however, the case € # 0 has been investigated by Kennedy & Williams
[4]; here, the generators I's of Y* are characterised as the unique solutions in Q(E) =
{Ex E matrices A: > a;; <0 Vi,a;; >0 Vi, j} of the matrix equations

(1.1i) 122 — VI, 4+Q=0
(1.1ii) 1?T2 4 VI 4+ Q=0

where V = diag (v(7)). It should be noticed that in the case ¢ # 0, the processes Y+ can
take values anywhere in F, not just in F+

In a sequel to Barlow, Rogers & Williams [2], London, McKean, Rogers & Williams
[6] obtained the Wiener-Hopf factorisation of the reversal of the original chain in the case
e = 0, by matrix manipulation of the fundamental Wiener-Hopf factorisation of [2]. Our

goal in this paper is to characterise the Wiener-Hopf factorisation of the reversal of X in
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the noisy case (¢ # 0). One would expect that this would be done by taking (1.1i-ii) and
performing various matrix operations. However, though such a proof may well exist, no
such proof has yet been found, and the proof given here is by way of excursion theory!

To state the result, we need a little notation. Let m denote the invariant distribution
of X thought of as a row vector, and let M = diag (m;). When we reverse X, we see a
chain with generator Q = M~'QT M, where Q is the generator of X. We shall also make
the convention that the fluctuating additive functional ¢ by which we time-change X will
be

t
@t = €Bt — / ’U(Xs)ds,
0

that is, we replace v by —v. The point of this is the following. If we make the assumption
(12) Zmivi > 0,

then if we draw a sample-path of (y¢):cr, where we suppose that (X;):cr is in equilibrium,
and B is defined also for negative time by By = W_;, (¢t < 0) for some independent
Brownian motion W, then ¢g = 0, ¢y — 0o as t — oo, and we can visualise the reversal

in the same picture, just by taking ¢ decreasing; indeed, we have simply that
Xt =X Pt = Pt

The use of this picture is an essential ingredient of the proof. We shall make assumption
(1.2) from now on. Nothing is changed if we were to assume instead that mV1 =Y. m,;v; <
0, the only problem is to rule out the balanced case mV'1 = 0; we say a little more on this

below. The main result is the following.

THEOREM. Assume (1.2). The generators I'+ of the noisy Wiener-Hopf factorisation of
the reversed chain X are related to the generators I'y of the Wiener-Hopf factors of the

forward chain by

A

(1.3) Iy =M YT +T )Ty +T )" HT M.

Remarks (i) It is far from obvious that the expression on the right-hand side of (1.3) is a
()-matrix.
(ii) Under assumption (1.2), I'_ is a transient Q-matrix, so I'; + I'_ is also a transient
(-matrix. In the balanced case mV'1 = 0, the Q-matrix I'y +I'_ would not be invertible.
(iii) Abbreviating

r,+T_=2J, I, +I_=2J,



we see from (1.3) that J = M~'JTM, and so it is immediate that the reversal of the

reversal is the original.

(iv) The balanced case mV'1 = 0 could be approached from the unbalanced case by ap-
proximation, but this seems unsatisfactory. It is worth remarking that the reversal in the
noiseless case calculated in [6] was also obtained under the assumption (1.2).

The use of the Wiener-Hopf factorisation of Markov chains has important appli-
cations in the theory of fluid models of queues. Rogers [8] explains the connections, and
Rogers & Shi [9] discuss efficient numerical methods. See also Asmussen [1] for the use
of reversals in computing invariant measures for fluid models, and Gaver & Lehoczky [3],

Lehoczky & Gaver [5] for examples where the noisy Wiener-Hopf factorisation is required.

2. Proof of the Theorem. The proof proceeds via four simple propositions, of indepen-

dent interest. Recall that we assume ZZ m;v; > 0.
PROPOSITION 1. The invariant measure of I, is (proportional to) m.J.
Proof. Left-multiply (1.1) by the row-vector m to learn that

1?mI% —mVIL =0

1e*mI? + mVI_ = 0.
Since I'_ is invertible, one has then —mV = 1e?mI'_ and thence

m(ly +T_)T'y =2mJIy =0.
O

The process ¢ is a semimartingale, and a continuous additive functional of (X, B). It has
a local time process (L(t,a));>0 at each level a € R which we may and do assume to be
jointly continuous, because of Trotter’s theorem and the local equivalence of the laws of ¢

and eB. If 7(t,a) = inf{u : L(u,a) > t}, we define for each a a process

E(t,a) = X(7(t,a))

which it is not hard to see must be a Markov chain on E U {0}, where 0 is a graveyard

state to which & is sent once 7(-, a) reaches oo, as it eventually must.
PROPOSITION 2. For each a € R, the generator of £(-,a) is
E 0

E(J —Jl
0 \0 0



where 1 is the column vector of 1’s.

Proof. In terms of local time at a, the rate at which excursions of ¢ happen, which start

when ¢ = a and X = 1, rise from the level ¢ = a and return to ¢ = a when X is in state
JF#is

(2.1) li =PV = Y5 =] =47, ))

In more detail, the rate of Brownian excursions which rise at least ¢ from that level is
(26)71 (Rogers & Williams [7] V1.51.2) and for a Brownian motion with constant drift, the
rate of excursions which rise at least ¢ is asymptotically equivalent to (2¢)~! ([7], VL.55).
Once the excursion of ¢ has risen ¢, the probability that ¢ gets back down to the starting
level but with X having changed state to j is eI'_(¢,j) + o(e), from which (2.1) follows.
Note that we may ignore the possibility that X changes in the time taken for the excursion
to rise to ¢, since this time is O(g?), because the initial part of the Brownian excursion is
a BES(3) process ([7], VI.55.11). The downward excursions of ¢ are treated similarly, and
the result follows. O

The next step is to consider what happens when we time-change the process (¢, X)
by L(-,0) 4+ L(-,a), where a > 0. We once again see a Markov chain, on the statespace
Ey U E, U{0}, where E, = {b} x E, b =0, a; the process spends a finite time in FyU E,

and then jumps to the graveyard state 9 where it remains for ever.

PROPOSITION 3. The generator of the chain on Ey U E, U {3} is

Ey b, 0
Ey JK, (a) —JK, (a)e’™ 0

(2.2) E, | —JK_(a)e'- JK_(a) —J1
0 0 0 0

where
Ki(a) = (I —exp(al'y)exp(al's)) ™ .

Proof. The chain viewed only in Ey U E, is transient, and has Green’s function given by

1 eal'+ —J ! 0
e~ I 0 —J 1)

Thus the restriction of the generator to EyU E, is simply the negative of the inverse of this

the matrix

matrix. Routine calculations yield the appropriate submatrices of (2.2). Once the chain

reaches 0, it never leaves, which is why the bottom row of (2.2) is zero. Since ¢ drifts
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upwards, it is impossible to jump from Ejy to 9. In order to make the row sums in the E,,

part of the matrix zero, we must make the F, x 0 submatrix equal to
JK_(a)e“F—l —JK_(a)l = JK_(a)(eaF—e“F+ —I)=—J1,

since exp(al'y) is stochastic. O

PROPOSITION 4. For each a € R, define
0q = sup{t : ¢ = a}.
Then
(2.3)  P(X(00) = j, X(04) = k| Xo = 1,00 = 0) = =J (i, j)(Je™ + T ) (j, k) (= J D).
Proof. Abbreviating the @-matrix (2.2) to

Ey E, 0
Eo [ Zoo Zoa O
Eo| Zao Zaa Zas |-
0 0 0 0

and decomposing according to the number of crossings from 0 to a, we see that

P(X(00) = j,X<aa> — k|Xo = i, 0 = 0)

- Z 00120& )_1Za0>n(_ZOO>_1(ivj)ZOa(_Zaa>_1(ja k>Za8(k)
n>0

= _(I - Z(%lZOaZ_lzaO)Z_l(i j)ZOa(_Zaa>_1(ja k>Za8(k)
= —(I —e e )T 250 (4, 5) (Je ™+ T (G, k) (=T )i
= I T T G )T
This is what we wanted. l
We may now assemble all this, by mixing over the state i of X in (2.3), according
to the invariant law of I'y, which is v = emJ, from Proposition 1 (here, ¢ = (mJ1)™1.)

This gives
P(X(09) = 7, X (04) = k) = —cm;(Je =T 1) (4, k) (=T 1)

Summing over j yields the useful information that

P(X(04) = k) = P(Vy = k) = emp(J1)s,



and from this _
P(X(00) = jlX(0a) = k)

=P(Y, =jlY; =k)
=m;(Je ™+ J_1)(4, k) /my.

From this, the asserted form of I'_ follows immediately.

Finally, we need to find the reversal f+. The proof is structurally similar, except that now

if we set v, = sup{t < 0¢ : 1 = a}, for any a > 0, we have to calculate

P(X(00) =k, X(va) = 7| X0 = 1,90 = 0)
= (250 2002 0s Za0)" (Zi' Z0a Zget ) (i 3)(— Za0 Zog ) (5. %) Zoa(— Z gy ) Zas (k)

n>0
= (I = Zy Z0aZ 0y Za0) " 233" ZoaZag (1, 5)(Za0Ziy ) (G, k) Z0aZ aq Zaor (k)
= (=" TN, ) (=T = TN (4, k) (J1) (k).

Mixing now over ¢ with law v yields
P(X(00) =k, X(va) = j) = em; (Je™ =T ~) (5, k) (1)

Hence finally
P(X (7a) = j|X(00) = k) = my(Je® =T 7). /mu,

as claimed.

Remarks. (i) We now have an entirely probabilistic proof of this result, but, since it is a
statement phrased entirely in terms of finite matrices, one suspects that there must be a
proof entirely in terms of finite matrices. None is yet known. Indeed, even if one could
somehow verify that T+ defined by (1.3) satisfied (the reversed form of ) (1.1), it is far
from obvious that I'y € Q(E), so the identification of these as the reversed generators is
not complete.

(ii) We see here an example of the addition of two generators. There seems to be no natural

probabilistic interpretation of this operation.
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