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Limit distributions of random walks on stochastic matrices
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Abstract.  Problems similar to Ann. Prob. 22 (1994) 424-430 and J. Appl. Prob.
23 (1986) 1019-1024 are considered here. The limit distribution of the sequence
XnX,—1--- Xy, where (X;;),,>1 is a sequence of i.i.d. 2 x 2 stochastic matrices with
each X, distributed as s, is identified here in a number of discrete situations. A general
method is presented and it covers the cases when the random components C, and Dj,
(not necessarily independent), (Cj,, D) being the first column of X,;, have the same (or
different) Bernoulli distributions. Thus (C,,, Dy) is valued in {0, r}2, where r is a pos-

itive real number. If for a given positive real r, with 0 < r < 1 s rl C, and rl D,, are
each Bernoulli with parameters p| and p; respectively, 0 < py, pp» < 1 (which means
Cn ~ p18y + (1 — p1)dyoy and Dy ~ p2dyry + (1 — p2)djoy), then it is well known
that the weak limit A of the sequence u” exists whose support is contained in the set of
all 2 x 2 rank one stochastic matrices. We show that S(1), the support of A, consists of
the end points of a countable number of disjoint open intervals and we have calculated
the A-measure of each such point. To the best of our knowledge, these results are new.

Keywords. Random walk; stochastic matrices; limiting measure.

2000 Mathematic Subject Classification. 60B10.

1. Introduction

In [1], it was proven that if (X,),>1 is a sequence of d x d i.i.d. stochastic matrices such
that P(min; j(X1);j = 0) < 1,then ¥ = lim, 00 X, X,—1 -+ X1 exists almost surely
and P(Y hasrank 1) = 1; furthermore, if for any Borel B of d x d stochastic matrices
(with usual Rdz-topology), we denote w(B) = P(X| € B) and A(B) = P(Y € B), then
A is the unique solution of the convolution equation A x it = A. Let us quickly note here
that this wonderful result of Chamayou and Letac also holds under the (slightly weaker)
condition that u™ (P) > 0O for some positive integer m (as opposed to just 1, instead of m,
considered in [1]), where ' is the distribution of the product X, - - - X and PP is the set of
d xd strictly positive stochastic matrices. The reason is as follows: the Chamayou and Letac
result shows that under the weaker condition, the subsequence Y, = Xpm Xnm—1 - -+ X1
converges almost surely to some d x d rank one stochastic matrix, Yy, and consequently,
any subsequence X, X, —1 - -- X1 withng > sgm (for some si), will also converge almost
surely to a d x d stochastic matrix VYo(=Y)y, as Yp has rank one), where V is a limit
point of the product subsequence X, X, —1 - - - X5,m+1. This establishes our observation.
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604 Santanu Chakraborty and Arunava Mukherjea

In the same paper, Chamayou and Letac (see also [4]) tried to identify A in the case when
the rows of X above are independent, and for 1 <i < d, the i-th row of X; has Dirichlet
distribution with positive parameters «;1, 2, ..., ®iq, and they were successful in the
case when Z‘;zl o = Z‘;zl aji, 1 <i < d.Indeed, there are only very few (other
than those given in [1, 2, 4]) examples in the literature even for 2 x 2 stochastic matrices
when the limit distribution A has been identified completely in the above context.

In this paper, we consider 2 x 2 ii.d. stochastic matrices (X,),>1 with X, =

C, 1-0C,
( D, 1—D,
distribution A, the distribution of lim,— o Xy Xn—1 - - - X1 in the case when r~1C, and
rian, r being a positive real number satisfying 0 < r < %, are each Bernoulli (but
with possibly different parameters pj and p2, 0 < p1, p2» < 1). Here C,, and D, are not
necessarily independent. As far as we know, our results and methods are all new.

What we already know is the following: When A is the weak limit of (1"*),>1 and S
contains a rank one matrix, then the support of A, S(A) consists of all rank one stochastic
matrices in § = Up> | S(u"), where

), such that each X, is distributed as u and we subsequently identify the

S(u") = {AAs--- A, |foreachi, A; € S(u), 1 <i < n}

and n is a positive integer. This is an algebraic fact for the support of an idempotent
probability measure (note that A = X x A, see [3]). The results we present here are com-
plete though, as will be seen, computationally somewhat complicated. Our methods are
necessarily different from those used by Chamayou and Letac and also by Van Assche.
Using our methods, one can solve this problem completely for other discrete distributions
on d x d stochastic matrices X with d > 2. However, computations are expected to be
challenging. We believe that this problem of identifying the limit distribution is impor-
tant because products of i.i.d. random matrices have been studied in numerous different
contexts. In what follows, a strictly positive matrix will mean a matrix with each entry
positive.

Let (X;)i>1, as before, be i.i.d. d x d stochastic matrices such that for some positive
integer m > 1,

w" (P) >0 ey

(recall that P is the set of d x d strictly positive stochastic matrices in S). Then the
sequence (u"),~1, where u(B) = P(X; € B) for Borel sets B of d x d stochastic
matrices, converges weakly to a probability measure A and S(1) consists of all rank one
stochastic matrices in § = U;°=IS (u™) such that A(IP) > 0.

Let us prove this result.

By Theorem 2.7(i), page 87 in [3], it follows that }11 Yo w' converges weakly to a
probability measure A such that A = A x A = A » u = u » A. Then, by our assumption,
w"™(P) > 0 for some positive integer m. Since PSP C P and p » A * u" = A, it follows
that A(P) > ™ (P)A(S)u™ (P) > 0. Since PP is an open subset of S, S(A) NP # (. Let
x € S(A) NP. Then, xS(A)x C P. By Theorem 2.2, page 74 of [3], xS(1)x is a compact
group of strictly positive matrices and consequently, by Corollary 1.8 in [3], xS(1)x is a
single element e (= ¢2) in . Since e is idempotent and strictly positive, ¢ must have rank
one. Then it follows from Theorem 2.2 and Proposition 1.9 in [3] that S()) consists of all
rank one matrices in S. Since eS(X)e = xS(1)x is a single idempotent element, it follows
by Theorem 2.7(iii) in [1] that " converges weakly to A. The proof is complete.
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Let us also mention that under condition (1), if S, (and consequently, S itself) consists
of only d x d bistochastic matrices, then S, must be a singleton since there is only one
rank one d x d bistochastic matrix.

11
Thus, for d = 2, A is the unique mass at % % .
2 2

From now on, we will often denote the matrix ( i } : i ) by simply x, when there

is no fear of confusion. Thus, for the limiting measure A, A(x) will mean A i } : i )

and if we write that the support of A, S(A) is contained in [0, 1], then this means the

following:
S(A)C{(i i:i):oixgl}.

In §2, we state and prove our main results omitting the details which can be easily
worked out by the reader. And in §3, we present alternative proofs of these results. We
would like to point out here that we covered the cases 0 < r < % and r = 1. Note that the

case % < r < 1is not considered here and left out for future consideration.

2. The main results

Consider 2 x 2 i.i.d. stochastic matrices (X,),>1 with X, = ( lc;" i N lc;" >, such that
n - n
each X, is distributed as . Also, assume that for a given r withr = 1l or0 < r < é,

both r~1C,, and r~! D,, are Bernoulli with parameters p; and p; respectively. Then, it is
clear that the support of 1, S(u) is given by

01 0o 1 rl—r rl—r
Sm)2{(01)’<r1—r>’(0 1 >’(r1—r>}

Let the p-masses at these points be denoted by poo, poi, P10, P11 respectively so that
Poo + Po1 = q1, poo + p1o = q2, pro+ p11 = p1 and po1 + p11 = p2, where g; = 1 — p;
fori =1, 2.

Let A be the distribution of lim,— oo Xy X,—1---X1. For r = 1, one can easily
observe that A follows a Bernoulli distribution with parameter entirely dependent on the
probability mass function of u, namely,

__ poo(l — p1o) + pripoi

20
© (1= p10)? — p,

For0 < r < é, the support of ©”, S (u") and consequently S is contained in the

set
{(x 1_x)'0<x<r 0< <r}
yl—y) "=t =rE=r=r
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Also, it is known that the relation A * # = A holds and the support of X, namely, S(})
consists of all rank one matrices in S. As a result,

SA) C{x : 0<x<r}, recallthatx standsfor(i }:i)

Moreover, exploiting the identity A x © = A, we have

00 11 (1 = p1o) + poopor
2= " e =pi+rOpo =7 Pro) 7 poop
I—pio I —pio

and for other points x with 0 < x < r with positive A-masses, we have
) = a0~ ) pio + A =~ o) por. )

For further details on the nature of A, we need two propositions (Propositions 2.1 and

2.2) for taking care of the cases 0 < r < , and r = é

PROPOSITION 2.1

For0 <r < é, we have the following:

() For every positive integer i, there are exactly 2!~ points that have positive A-masses
which are polynomials in r. These polynomials are of the form Zl;zl (=)= for
1<ii<ip<iz<---<iy=1iforsomek <i.

(i) Each such point has A-measure equal to X\ (r) p’ 1= kpgl For every i > 1, the
sum of the A-masses of all 21! points that have positive A-masses equals X (r)
[P0+ porl L.

(iii) The sum of the A-masses of all the polynomials in r of all finite degrees in [0, r] with
positive L-masses along with the h-mass at zero equals 1.

Proof.

Part (i): We start with the interval [0, 7] where the two points 0 and r have positive A-
masses. So, r is a polynomial in r of degree 1 with positive A-mass. Starting with degree
1, we generate polynomials in 7 of higher degree with positive A-masses by making use
of the identity (2). It is observed that one can obtain two points with positive A-masses
which are polynomials in r of degree 2, namely, % and r — 2. Similarly, there are four

points with positive A-masses which are polynomials in r of degree 3, namely, 73, 7> —

r3,r —r>+r3and r — 3. Continuing like this, fori > 1, there are 2! ~! polynomials in
r of degree i with positive A-masses in [0, 7].
The 2/~! polynomials of degree i with positive A-masses along with the previous

f;% 2! polynomials of less degrees partition the whole interval [0, r] into 2/ — 1
intervals of the form [a{’),b(’)] b\, a ’)) [ag),b(’)] b, a ’)) [a(l) b(’)]

511,17 bg) ) (bg.),lil, (’)) la g) . b(') .1 where the 2/~ polynomials of degree i

with positive A-masses in [0, r] are b('), a(l) b(l) (l) .. b;’l)l 1 ;’,)l Other a(l)

s and b(i) s are polynomials of degree less than i. Usmg (2), it follows that fori > 1, each

a

(b(l) (l) ) has A-measure zero for j =1, 2, . ., 21— 1 and the other 2/~ ! intervals at
stage i have nonzero probability.
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We also observe that the 2/ ~! polynomials of degree i with positive A-masses are related
to the 2/2 intervals of nonzero probability at the previous stage by adding r’ to the left
end points of each of these 2/~ intervals and subtracting ! from the right end points of
each of these 2/ =2 intervals. Thus, it follows that, for each such point at the i-th stage,
b;’l)% = aé’lll—i—ri and aé’l) = b;’l) —riforl =1,2, s 2i=2 for.i > 1. Alsp, as ex.pected,
for the older points (polynomials of degree i — 1), aé@ll =a'"" and bgl) = bV for
1=1,2,...,2 2 fori > 1.

Thus, for i = 1, there is only one interval, namely, [ail), bgl)] with ail) =0
and bil) = r having positive A-masses. For i = 2, there are three intervals, namely,
(@, b1, 07, o), (6, b withaP = 0, b7 =12, al® =r —r2, b =1
and biz) and aéz) are the only two new points (of degree two) with positive A-masses.
Similarly, for i = 3, there are seven intervals and four new points with positive A-masses,
namely, bf) = r3, af) =r2 — 3, b§3) =r—r24+r3and af) = r — r3. In all these
cases, the new points of positive A-masses are generated according to the observation in
the previous paragraph.

Continuing this way, for every i, the 2! polynomials in r of degree i with positive
A-masses in [0, 7] can be generated and each such polynomial of degree i is of the form
lezl(—l)/_lrif forl <i) <ip <i3 <--- < iy =i forsome k < i.For the general
case, induction on i may be used.

Part (ii): Using (2), the two polynomials of degree 2 with positive A measures have
masses equal to A (r) p1p and X (r) poj respectively and the four polynomials of degree
3 with positive A-measures have masses equal to A (r) p%o, A (1) propot, A (r) p(z)1 and
A (r) propo1 respectively. In general, consider a typical point in the support of A. As
we have seen in part (i) above, it is a polynomial of some degree i > 1 having the
form lezl(—l)j’lrif forsome 1 < iy < i» < i3 < --- < iy = i and for some
k < i. By mathematical induction, it follows that such a point has A-measure equal to
L) prg’ Py

One also observes that, for every i > 1,by—2 = r? and ayi2p) = 1 — r? so that
for every i, there are two kinds of polynomials in r of degree i in [0, ] with positive A-
masses: the first kind are numerically less than or equal to 2 having positive A-masses
and the second kind are numerically greater than or equal to  — 2. In each kind, there are
exactly 2/ =2 polynomials. By (2), the sum of the A-masses for polynomials of the first kind
is A(r)[p1o + p()l]i_zplo and that for the second kind is equal to A(r)[ p1o + p01]i_2p01.
As a result, the sum of the A-masses for all the polynoimals in r of degree i in [0, r]
with positive A-masses equals A(r)[p1o + po1]'~". This can also be proved without much
difficulty by using induction on i.

Part (iii): The sum of the A-masses of each of these polynomials in r of all finite degrees in
[0, r] with positive A-masses along with the A-mass at zero equals 1. Thus, if A; denotes
the collection of all 2i—1 points with positive A-masses fori = 1, 2, 3, ... and if we write
A = |J:2, A;, then it is clear that the support of A, namely, S(1) equals {0} U A and
satisfies

A(0) + A(A) = 1(0) + D A (A) = A(0) + A () [Z (P10 + pm>"‘1]= 1.

i=1 i=1
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From the above description of S(A) for r < é, we observe that S()\) turns out to be
a countable closed set contained in [0, r] consisting of 0 and the set A of polynomials
inr:

A = {r; r2, r—r2; r3, r2—r3, (r—r2)+r3, r—r3;...}.

So, it is clear that the construction of the set A follows a Cantor-set type construction
for r < é and the proof is complete. The interested reader may contact anyone of the
authors for the details of the proofs for parts (i) and (ii). [l

PROPOSITION 2.2

Forr = é, we have the following:

(i) The only points that have positive L-masses are the dyadic rationals in [0, é]. Thus,

;,. with k < 21~V and

for every i, there are exactly 2 =2 dyadic rationals of the form
k odd with positive A-mass.
(i1) A typical point has A-measure equal to A (%) (p1o + po1) pial_kpgl_lfor some pos-
itive integer k. For every i > 1, the sum of the A-masses of all 21~ points that have
i—1

positive h-masses equals A (é) [p10 + po1l

(iii) The sum of the A-masses of all dyadic rationals in [0, ;] along with the A-mass at

zero equals 1. Thus, forr < é, for any positive integer i, the number of polynomials
in r of degree i is exactly twice as many as the number of dyadic rationals of the
form 2',‘, with k < 2/~! and k odd.

Proof. Substituting r = % in the above steps (of the case r < %), we have r? = r — r? at

stage 2,73 = r?>—r3 and r —r2 413 = r — 3 at stage 3 and so on. In general, at any stage
i>1, b;l) = a;’}rl forj=1,2,..., 2i=1 _ 1 5o that for r < %, for any positive integer
i, the number of polynomials in » of degree i is exactly twice as many as the number of
polynomials in é of degree i. But these polynomials in ; of degree i are exactly same as

the dyadic rationals of the form 2" with k < 2/=! and k odd and thus (i) follows.

i

Now, note that the open intervals with A-measure zero mentioned in part (i) of Propo-

sition 2.1 are empty sets when r = é Now, for any pair of by) and @' |, note that if

) ) Jj+1
the interval (b;'), aﬁl) appears for the first time at the i-th stage, then, j is odd, say,
Jj = 21 — 1. Now considering / odd and even, we have two cases. If [ is odd, then, let

X s ) . : iy o .
[ = 2m — 1 so that b;;ll = a,(,’l ) + r* and aﬁl = aéll) = a,(,i ) + =1 — ri. Now,

e (i-2) _ ok (1)" - , 1y =2y _
if ayy, = thl(_l) , ) then using the arguments in the case r < ,,A(an ) =

3 () Pio? ey so that 2 ) + ) = 2 (1) pig* bt (1o + pon). The
same argument can be repeated when [ is even and one gets the same A-measure for

)\(bgll D+ )\(ag)) for the case [ even also. But since, as argued before, for every j, we
have b = ')
J j+r

_ 1
caser = 2-

so the above measure is the A-measure of a single typical point in the
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Now for the remaining part of the proof, we follow the argument described for the case
r < ; closely and show that the sum of the A-masses for all dyadic rationals at stage

i > 1 equals A (é) [p10 + poil’~! and (ii) follows.

Finally, one observes that, for the case r = % also, the sum of the A-masses at all the

dyadic rationals in [0, é] equals 1 and (iii) follows. Thus, the proof of the proposition is
complete. O

From the proof, it is clear that for r < é, for any positive integer i, the number of
polynomials in r of degree i is exactly twice as many as the number of dyadic ratio-
nals of the form 5 with k < 2/=! and k odd. The reader may be interested to check
the special case scenario considering C, and D, to be independent and/or identically
distributed.

3. Alternative proofs of the results in Section 2

In this section, we present alternative proofs of our results due to the referee.

Let the 2 x 2 i.i.d. stochastic matrices (X,),>1, C,, D,, the probability distribution p
of X, the support S(ut) of i be as in §2. Also, we continue to assume that for a given r
withr =1or0 <r < %, both r~1C, and r—1 D, are Bernoulli with parameters pj and
p> respectively as in §2.

Let A be the distribution of lim,,_s 5o X, X;—1 - - - X1. Then A is the distribution of

00 k—1

Z Dy, l—[(Ci - Dy). 3

k=1 i=1

From this, the fact that Dy ]_[f‘;ll (Ci — D) can take only the values 0 and +rk as
well as the fact that with probability 1 it is 0 when & is large enough, we infer that A is
concentrated on a set of numbers of the form Y "¢ | cxr¥, where ¢ = (cx)$2, is a sequence
of —1, 0, 1. We will describe it more properly in the following paragraphs.

First, we consider the case 0 < r < ; We show below that the support of A, S(}),
which is the set of all finite degree polynomials in r (having positive A-masses) of the
form lezl(—l)j_lrif forsomel <i| <ip <i3 < --- < i =i forsome k < i and
i > 1, is bijective to the following set:

% = {b : b is an infinite sequence of 0’s and 1’s with finite number of 1’s}

so that if b € Z is a sequence b1 b - - -, then the bijection from Z to S()) is obtained in
two stages. At the first stage, 4 is mapped to another set € as follows:

¢ (b1by---) = (91(b1b2---), Pp2(b1b2---), --+),

where ¢;’s take values —1, 0 or 1. Let iy, iz, ..., ix be the indices such that b; = 1
if j = i1, i2, ...,ix and b; = O otherwise. Then, ¢;, (b1by---) = (—1)!~! for | =
I,...,kand ¢;(b1by - --) = 0 otherwise. Thus, % 1is the following set:

¢ = {c: cis an infinite sequence of 0’s, 1’s and

—1’s with finite numbers of 1’s and — 1’s}
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so thatif ¢ = cjc - - - is a typical pointin &, thenc; = 0if b; = 0and ¢; = 1 or —1 if
bj = 1. As per the above description, ¢;, = ¢;;(b1by---) = (—l)l_l. Then, finally, € is
mapped to S(A) using the following map:

(0.¢]
Ylcicy ) = Zc/'rf.
i=1
It is clear that the above definition clearly covers all polynomials in r belonging to S(}).
Thus, the bijection f between 2 and S(A) is as follows:

fbiby-) =Y opbiby--) = ¢jbiby--)ri.

j=1

To proceed with the proofs, denote the infinite sequence 000 - - - by 0 and the infinite
sequence 100 - - - by 1. One defines a Markov transition kernel on 4 as follows:

(D) p(0, 0) = poo + pio = q2, p(0,1) = po1 + p11 = p2.
(2) Forb # 0, we have, p(b, 0)=pqo, p(b, Ob)=pio, p(b, 1b)=po1, p(b, 1)=p1.

Now let us make the following observations.
PROPOSITION 3.1

The above Markov chain is irreducible, aperiodic and positive recurrent. Its stationary
distribution 1 is given by

00

00 P01
0= " a=pu+
1= pio

4
I—pio @

and
w(b) = plopbr ' T (D),

whenb = by --- by000 - - - with by = 1 and j is the size of {i < k : b; = 0}.

Proof. Trreducibility and aperiodicity follow easily. Using the equation w(b’) =
Y bz (D) p(b, b') shows (4). If b’ # 0 or 1, there exists b” # 0 such that b’ = bb”
with b = 0 or 1. Therefore, p(b, b’) = p(b, bb”) # 0 if and only if b = b”. As a result,
p(”, bb") = po1 if b = 1 and pyg if b = 0. Also, m(bb”) = poim(b”) or pigm(b”)
accordingly. If b = by - - - ;000 - - - with by = 1, then it follows by iteration that if j is
the number of i < k such that b; = 0, we have the following:

1
z(b) = yp, - yp (D) = plopy, w ),
where y, = p1g forb =0 and y, = po; forb = 1. [l
Remark 3.1. One easily checks that
oo k—1

Yo = @ +xDY Y ( k; : > Plopor

be# k=1 j=0

1
m(0) + 7 (1) = 1.
poo + P11
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PROPOSITION 3.2

Let f be as introduced before Proposition 3.1. The probability distribution X is the image
of w by the map b — f(b). In other words,

A= Z 7 (D)3 ()

be#

Proof. Consider the Markov chain (Y,) on % of our Proposition 3.1. Then, under the set
up of §2, we have

f(Yn—H) = (Cn - Dn)f(Yn) + Dn = Cnf(Yn) + Dn (1 - f(Yn)) .

Therefore, if the distribution of the random sequence Y of 4 is the stationary distribution
7t of the Markov chain (Y},), then the distribution of f(Y;) is A.

Thus, the case r < é follows from Propositions 1 and 2.

1

For the case r = 2

we have the following remark. O

2
Remark 3.2. Forthe caser = %, the map f introduced above is not one-to-one as (é) =

2
f@O1---)y=fAa1---) = % — (é) . Thus, the proof in this case needs to be worked out
separately.

PROPOSITION 3.3

Ifr = ) andb # 0, 1, then A(f (b)) = p{opgﬁ_j (P10 + po1)m (1).

Proof. We only give the main ideas of the proof. The details are left to the reader.

If b # 0, 1, then there exists a finite sequence b* of 0’s and 1’s such that b =
b*01000--- or b = b*11000- - - and we can call b* the type of b. Then f(b) = f(b’)
if and only if b and b’ have the same type. If b* has j zeros and length m, then
A(f(b)) = m(B*01000-- )+ (B*11000---) = piypoy ’ (p1o+ po1)m (1) etc. The part
‘=" is less obvious and involves a little discussion about the two ways of representing an
odd integer as a sum Zl;zl(—l)jZP.f when p; > p2 > --- > pr = 1.
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