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Abstract: Consider a sequence (Xn)nzl of i.i.d. 2 x 2 stochastic matrices with each X;, distributed as
. This p is described as follows. Let (Cy, Dn)T denote the first column of X, and for a given real
rwith 0 < r < 1, let r~1C, and r—1D,, each be Bernoulli distributions with parameters p; and py,
respectively, and 0 < p1, po < 1. Clearly, the weak limit of the sequence y", namely A, is known to
exist, whose support is contained in the set of all 2 x 2 rank one stochastic matrices. In a previous
paper, we considered 0 < r < % and obtained A explicitly. We showed that A is supported countably
on many points, each with positive A-mass. Of course, the case 0 < r < % is tractable, but the case
r> % is very challenging. Considering the extreme nontriviality of this case, we stick to a very special
such 7, namely, r = @ (the reciprocal of the golden ratio), briefly mention the challenges in this
nontrivial case, and completely identify A for a very special situation.
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1. Introduction

As the title of the paper suggests, the reader can understand that this paper deals
with a situation where one considers products of independent and identically distributed
random 2 X 2 stochastic matrices and their limiting behavior. In other words, here we
are considering a probability measure p on a collection of 2 x 2 stochastic matrices and
studying the limiting behavior of the convolution sequence u". To a reader new to this area,
the author would like to refer the reader to the book by Hognas and Mukherjea [1]. This
book starts from the very basic concepts, such as the definition of a semigroup, topological
semigroups, semigroups of matrices, etc., in chapter 1 and then moves forward to more
complex concepts, such as probability measures of semigroups, convolution products of
probabilities and convergence, random walks on semigroups, random walks on semigroups
of nonnegative matrices (and in particular stochastic matrices), etc. The current author
collaborated on a few papers in this area [2-6].

For complete understanding of this article, we will go over a few details about con-
vergence of convolution products of probability measures on semigroups of matrices. If B
denotes the collection of Borel subsets of a set S, then P(S) can be the set of all regular
probability measures y on B. Then, denoting the collection of continuous functions on S as
C(S), for u,v € P(S),and f € C(S), one defines the following iterated integral:

1) = [ [ fepmiaxvay)

By the Riesz representation theorem, there exists a unique regular probability measure
A such that for any function f € C(S) with compact support, we have
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1F) = [ fan

Then, A is called the convolution of the probability measures # and v. There is a
proposition in [1] that shows that for i, v € P(S), and B € B,

jv(B) = /'V(Bx—l)v(dx) — /v(x_lB)y(dx)

Having defined the convolution product of regular probability measures on semi-
groups, one can consider a sequence of regular probability measures i1, yp, 43, . . ., construct
a sequence of convolution products of these regular probability measures y1, pt1 * pio, pi1 *
Uz * 3, ..., and talk about conditions when such convolution sequences will converge.
Then, one can specialize to the independent identically distributed situation where for
each i, we have, y; = pfori = 1,2,3,.... Then, the convolution sequence looks like "
forn =1,2,3,.... In all these situations, [1] assumes that S is a locally compact, second
countable Hausdorff topological semigroup.

Then, if someone further specializes to the situation when S is a semigroup of non-
negative matrices or say, stochatic matrices of a fixed order d, then one considers the usual
matrix topology. There have been quite a few papers that study the conditions when the
convolution sequence y" converges. Mukherjea [7] first gave conditions when such a se-
quence converges for i.i.d. 2 x 2 stochastic matrices. Then, subsequently such conditions for
higher order stochastic matrices were obtained [5,6]. But none of these papers performed
detailed study on the nature of the corresponding limiting measures. But motivated by a
paper by Chamayou and Letac [8], we have investigated the nature of the limiting measure
A for a very special y on 2 x 21i.i.d. stochastic matrices.

Before proceeding further, let us denote the probability measure on stochastic matrices
of a fixed order d by u and its support by S(u). So, S(u) is a subcollection of stochastic
matrices of a fixed order d. Thus, for any convolution product 1", we will denote its support
by S(y") and the support of the limiting measure A (if it exists) by S(A).

If we denote the closure of an arbirary set E by E, then

S(u") ={A1Ay--- A, |foreachi, A; € S(u), 1 <i<n}

where 7 is a positive integer and
S = Uy, S(p")

Also, denote [P to be the set of d X d strictly positive stochastic matrices in S.

Chamayou and Letac [8] proved that if (X,,),>1 is a sequence of d x d i.i.d. stochastic
matrices such that P(min; ;(X;);; = 0) < 1, then Y = limy 0 X X;,—1 - - - X exists almost
surely and P(Y has rank 1) = 1; furthermore, if for any Borel B of d x d stochastic matrices
(with usual Rdz-topology), we denote y(B) = P(X; € B) and A(B) = P(Y € B), and then
A is the unique solution of the convolution equation A x p = A.

Then, in [2], we noted that this wonderful result of Chamayou and Letac also holds un-
der the (slightly weaker) condition that ¢ (IP) > 0 for some positive integer m (as opposed
tojust 1, instead of m, taken in [8]) where u™ is the distribution of the product X;,; - - - X3
and P is the set of d x d strictly positive stochastic matrices. The reason is as follows:
the Chamayou and Letac result shows that under the weaker condition, the subsequence
Youm = XumXpm—1 - - - X1 converges almost surely to some d x d rank one stochastic matrix,
Yp, and consequently, any subsequence Xy, X, 1 - - - X1 with ng > sgm (for some s;) will
also converge almost surely to a d x d stochastc matrix VYy(= Yy, as Yy has rank one),
where V is a limit point of the product subsequence X;;, X, 1 - - Xg 1. This establishes
our observation.

Next we mention below some situations when S(A) consists of all rank one matrices:
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Situation 1: If (X;);>1, as before, is i.i.d. d x d stochastic matrices such that for some
positive integer m > 1,

p"(P) >0 @

then the sequence u", where j1(B) = P(X; € B) for Borel sets B of d x d stochastic matrices,
converges weakly to a probability measure A and S(A) consists of all rank one stochastic
matrices in S such that A(P) > 0.

Situation 2: When A is the weak limit of (4"),>1 and S contains a rank one matrix,
then the support of A, S(A) consists of all rank one stochastic matrices in S. This is an
algebraic fact for the support of an idempotent probability measure (note that A = A x A;
see [1]).

In the same paper, Chamayou and Letac (see also [9]) 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;j has
Dirichlet distribution with positive parameters a;1, &, . . ., &;3, and they were successful in
the case when Z;i:l ajj = 27:1 aji, 1< i <d. Indeed, there are only very few (other than
those given in [8-10]) examples in the literature even for 2 x 2 stochastic matrices when the
limit distribution A has been identified completely in the above context. Our paper [2] is
an example.

In [2], we considered 2 x 2 i.i.d. stochastic matrices (X;),>1 with X;, = ( G 1-GCy >,

D, 1-D,
each X, is distributed as ¢ and r~'C,, and ' D,, are each Bernoulli distributions (with possibly
different parameters p and p, 0 < py, p2 < 1) for a real r satisfying 0 < < 1. Our goal was
to identify A, the distribution of imy e X, X;;—1 - - - Xj. Clearly, there are exactly four matrices
in the support of y, each with positive mass. It is well known that that 3" converges weakly
to a limiting measure A and the support of A consists of rank one matrices. In particular, if »
equals 1, the support of A has exactly two matrices, namely, ( 8 1 ) and < 1 8 ) In [2],
a complete solution is given to the problem for 0 < r < % and also for r = 1.

The situation 3 < r < 1 is much more challenging. Before explaining where the
challenge lies, let us make the following convention:
1—

1_ i ) by simply x when there is

. . X
From now on, we will often denote the matrix < .

no fear of confusion. Thus, for the limiting measure A, A(x) will mean A( i 1 : 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_’;):ogxg}

Now, we are going to explain why the case % < r < 1 is more challenging. Al-

though we find it quite easy to observe that A(0) and A(r) have the same expressions as in
the previous case, it is indeed hard to exhibit a point in (0, ) with positive A-mass.

However, there is a special situation when things are more tractable, namely, r = @
(the reciprocal of the golden ratio). We denote this special r as r¢. Notice that r satisfies
the equation r§ +rg —1 = 0. Using this equation extensively, we completely solve for A in
this particular situation. It can be seen that although this is just one case, the proof is highly
nontrivial. According to the author, the reason why r, works for us is because of the fact
that A(1 — r¢) could be found out easily and so this technique of proof worked.

It may be mentioned here that there have been numerous studies in the literature
involving the golden ratio. One very recent study invloving golden ratio is in the context
of machine learning [11].

Asinthecaseof 0 < r < %, here also A is discrete with masses at countably many
points. Our main theorem appears in Section 4.
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One gets a feeling that for any other r satisfying % < r < 1, finding the value of
A(1 —r) itself will be a challenge, making it quite nontrivial. Thus, for a general % <r<l,
a different technique of proof might be needed to obtain a complete solution.

In the next section (Section 2), we describe our set up, state the results proved in [2]
for0 <r < %, and briefly discuss the more challenging situation % < r < 1. In Section 3,

we focus onr = rg = @ (reciprocal of the golden ratio) and prove two important
propostions. We prove our main theorem and a series of lemmas leading to it in Section 4.
We have some concluding remarks and comments in Section 5.

2. Preliminaries

In our case, we are considering the case of a probability measure y on 2 x 2 stochastic
matrices. S(p) denotes its support, which is a subcollection of 2 x 2 stochastic matrices.
S(u") denotes the support of u" where u" is the convolution sequence. As pointed out
in [7], u" converges if and only if S(y) is not a singleton:

si#{( ] o)}

And in case there is a strictly positive matrix in S(y), then the support S(A) of the
limiting measure A consists of rank one matrices. Our special case satisfies that condition:
Cp 1-Cy
D, 1-D, )’
such that each X, is distributed as p. Also, assume that for a given r with 0 < v < 1, both
r~1C, and r 1 D,, are Bernoulli distributions with parameters p; and p, respectively .
Then, the support of y has exactly four matrices as S(y) is given by:

- {(3 (GG )

Let the y-masses at these points be denoted by poo, po1, P10, P11 respectively so that
poo + por = 1 — p1, poo + p1o = 1 — p2, p1o + p11 = p1 and po1 + p11 = p2.

Let A be the distribution of limy, e X, X1 - - - X3.

In case r equals 1, one can easily observe that A is a Bernoulli distribution with
parameters entirely dependent on the probability mass function of y#, namely,

We consider 2 x 2 ii.d. stochastic matrices (X,),>1 with X,, = (

A(O) — Poo + Po1
1—p1o+ po

This follows by solving for A(0) and A(1) in the convolution equation A x y = A.
For 0 < r < 1, the support of u", S(u") and consequently S is contained in the set

x 1—x
0 x<r,0<y<r
{5 13 )rosxsnosysr)

This can be proved using induction on n. One assumes up to some positive integer /
and proves for | + 1 by noticing that when one multiplies a matrix in S(4!) by a matrix in
S(u), the entiries in the product matrix satisfies the condition that each entry in the first
column is between 0 and 7 because each entry in the first column of the matrices from S(u')
and S(u) is so.

Also, since the relation A x 4 = A holds, the support of A, namely, S(A) consists
of all rank one matrices in S. As a result, S(A) C {x : 0 < x <r}, where x stands for

( i 1 : i ) . Moreover, exploiting the identity A x 4 = A, we have

_ pu(l = pio) + poopor

MO) = 78—, A() = pu + AO)pn :
— P1o

S 1-—p1o
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and for other points x with 0 < x < r with positive A-masses, we have
Ax) = A(r ) pro + A1 —r1x) poy ()
Next, we state the results proved in [2] for 0 < r < %:

2.1. Case: 0 < r < %
First of all, we introduce some notations. For each i > 1, define

k . .
A; = {Z(—l)]lrlf 1< <iha<iz< - <ik_i,k§i}, A:U?ilAl‘
=1

We have two propositions for taking care of the cases 0 < r < % and r = %:

Proposition 1. For 0 <r < %, we have the following:

(i)  For every positive integer i > 1, |A;| = 2/~1 and each point in A; has positive A-mass. These
are the only points of degree i in the support of A with positive A-mass.

(ii) Each such point has A-measure equal to )L(r)p?l*kp’él. For every i > 1,

MA) = AN [P0+ por) |
(i) A0) + X2 A(A;) = A0) + A(r) - [Z?il(plo + pm)l_l} =1.

Proposition 2. Forr = %, we have the following:

(i) The only points that have positive A-masses are the dyadic rationals in [0, §]. Thus, for every
i, there are exactly 2= dyadic rationals of the form % with k < 211 and k odd with positive
A-mass. A; consists of exactly these points. Also, | A;| = 212

(i) A typical point in A; has A-measure equal to A (%) (p10+ pm)p%l_k p’él_l for some positive

integer k. For everyi > 1, A(A;) = A(%) [p10 + POl]i_l'

(iii) The sum of the A-masses of all dyadic rationals in [0, %} along with the A-mass at zero equals

1. Equivalently, A(0) + 521 A(A;) = A0) + A(3) - [Z24(pro+pon) '] =1

The case 3 < r < 1 turns out to be quite nontrivial. We briefly introduce that

case below:

2.2. Case: % <r<l1

The case J < r < 11is distinctly different from the case r < 1 because now we have
1 —r < r. Since for each 7, A has masses at 0 and r, it is not absolutely continuous for any r.
Now, suppose we continue with the same notation of A introduced in the case 0 < r < %
Thus, A = U2, A; where, for every positive integer i,

k . .
AiZ{Z(—l)]1le:1§i1<i2<i3<---<ik:i,k§i}
j=1

It then easily follows that each of these points in A also has positive mass even in the
case % < r < 1. However, it is indeed a challenge to calculate A-masses at these points.

Also, since 1 —r € (0, r), it is natural to have points of the form 1 + Z;{:l(—l)f i
1<1i <ip<iz<---<ip=1i,k <iforany positive integer i in the interval (0, ) (to see
this, notice that rt > Z;‘ZZ(—l)f 1'i). Accordingly, define A* = U | A, where

k P
A;*:{lJrZ(—l)]r’f: 1§i1<i2<i3<~~~<ik:i,k§i}
j=1
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Recall that, for 0 < r < %, each point in A has positive A-mass and each point in A* is
outside (0, r) and has zero A-mass.

For % < r < 1, of course, each polynomial in A is in (0, ). But, although some
polynomials in A* are numerically less than 7, it is not easy to see which of these points
have positive A-masses. Clearly, some polynomials in A* are outside (0, r) and have zero
A-measure if i is large enough. For example, for a fixed r, it is possible to get a positive
integer m > 1such that1 —#" >r > 1— r™=1. Next, consider iy = [ with ] > m for a
polynomial 1+ YX(—1)/ in A¥ with 1 < iy < iy < i3 < --- < ix = i, k <i. Then, this
polynomial is greater than or equal to 1 — " -+ Y5(—1)/#%, which is obviously greater than
r and has A-measure zero. But, it is a possibility that some points in A* could have positive
A-masses too.

Recall the very special r, r = rg, the reciprocal of the golden ratio. We know r, satisfies
the equation r§ +r¢—1=0and 1 - rg actually equals r‘z,, whose A-measure can be found
out easily. The next two sections deal with this special case.

3. r = rg: Main Results
V5-1

In this section and also in the next section, we deal with r = r¢ = *5— unless stated
otherwise. This is a very special case of + < r < 1. Note that r¢ is the reciprocal of the
golden ratio and is the positive solution of the equation r? +r — 1 = 0. To avoid dealing
with too many radical signs and complicating matters, we will continue to use r¢ in these
two sections for this particluar choice of 7.

Remark 1. A polynomial 1 —i—Zlf(—l)/'r;)Z mAfwithl <ip <ip <izg<---<ip=10k<i
and i1 > 2 has zero A-measure.
This is because, 1 — r;, = rg implies that such a polynomial is greater than r¢ in
magnitude. However, for i1 = 1, such a polynomial may have positive A-measure as well.
In order to notice this, first observe that, A(1 — rg) > 0. This is because, using (2),
we have

AMl—rg) = A(rﬁ,) = Arg)p1o + A1 —rg)por

implying that A(1 — rg) = £ oo

Next, consider a nontrivial example, say, the polynomial 1 — r¢ + rfi - rg,. Using (2)
repeatedly and Remark 2, we find that its A- measure equals

A(rg) where A(rg) is already known.

A(rg)piopor + AL = r3)propr = M1 = rg) plopor + Alrg) Proptn

implying that the polynomial under consideration has non-zero A-measure. Since we know
A(rg) and A(1 —rg), it is possible to find out A(1 —rg + r§ - rg,) explicitly.

But, this is only a particular example. Can we make a general observation? Yes. Look
at the following result.

Proposition 3. Any polynomial in A* either has A-measure O or can be written as a polynomial
in A.

Proof. To fix ideas, we assume that our polynomial in A* is 1 + Z;-;l (—1)j rlgj withl <i; <
ip <izg < --- <ip=1iandk < i. Because of Remark 3.0, we can assume that i; = 1. Then,
we consider the following cases:

Case 1: i]- =jforj=23,...,k
k}’k

8

Subcase 1: k is even, say, k = 2m. Then, the above polynomial equals 1 —r¢ + r§ -

cee r;’”. Notice that rfg, - r]g+1 = rf;rl - ré+3 forj=0,1,2,.... Thus, the given polynomial

Then, the given polynomial equals 1 — r¢ + r§ —-+(-1)
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equals g — rg, + rz, - rg +---+ rg,m’l - r?”” + rﬁm which equals rg — r?”“ + rg,m > rg.
So, it has A-measure 0.

Subcase 2: kis odd, k = 2m + 1. Then the above polynomial equals 1 — r¢ + r§ -t

2m _ 2m+1 : S 1t S o S & . :
s rg Once again recall that rg rg =Ty re forj=0,1,2,.... So, the given

polynoimal equals g — rg’, + rg’ — rg S rﬁm 1 §m+1 + rém“ — rg,m*?’ =rg— r§m+3.
And it is a polynomial in A.
Case 2: There exists an [ such thati; > [ and i; = jfor j < l. Then, the given polynomial

equalsl—rg+r§_...+( 1)i=1p= 1+Zk (= )]rg
Subcase 1: | is even, say, | = Zm. Then the polynomial equals 1 —rg +75 — - - —

a4 ):;‘:M(—l)frg. Again, we use rfg — rf;l = rf;rl ]+3 forj = 0,1,2,... so that

the given polynomial equals 7, — r3 + r - rg +- rzm 1 - r§m+1 + Z;»;Zm(—l)f rg. If

gy =2m+1, then this polynomial equals g — r + r - r +. 4 rz,’”’l - r?”“ + r?”“ +

Z o (—1) rg, which equals r¢ + Z] ot (— l) g- This is, of course, a polynomial in
A . On the other hand, if iy,, > 2m + 1, then the above polynomial equals rg — rgm“ +
2;(:2"1 (—1)/ rg. Once again, it is a polynomial in A.

Subcase 2: | is odd, say, I = 2m + 1. Then, the given polynomial equals 1 — rg +

i i . . i+1 i+1 i+3
r2— ... 2m 14 1’2’" + Zk 2m+1( )]rg]. Applying once again r]g - r]g = r]g fg

8
' BB S 2mel _2ml 2
forj=0,1, 2 thls polynonnal equalsrg —rg +rg —rg 4 1" " " +

Z;'(:zmﬂ(_l)]”g This simplifies to rg — r2m+1 + rzm + ):k ot (— 1)Jrg =rg+ r§m+2 +

Z;'(:Zerl( )]rg If iy 11 = 2m + 2, then the above equals ¢ + Z —omaa(— l)jrg > rg. So,
it has A-measure zero. If i3, 411 > 2m + 2, then the given polynormal equals rg + r§m+2 +

k 2m+2 _ lz +1 il ;
§j22m+1(—1)]rglwh1ch is s;}me asrg +rg" " Z —oma2(=1)ry > rg. So, it has
-measure equal to zero.

Remark 2. Because of the above proposition, it is good enough to consider only polynomials in A.
We will rather consider the same polynomials as in the case 0 < r < % and will try to work out their
A-measures.

We have seen in Section 2 that the number of elements in Ay, equals 2"~1. But, because of the

relationship 1 —ro = r§, in the current situation, there will be redundancy and all polynomials are

not distinct. So, we will see that we need to consider at most 2"~ elements from A, for each n > 3:
Proposition 4. There are at most 2"~2 distinct elements in A, for each n > 3.

Proof. Once again, the identity 1 —r, = r; has a big role to play. Forn = 1,2,3 or 4, it
is trivial to observe. For general n, first notice that r; = rg_z - rg_l, and so rg can be
considered to be in A, _;. More generally, define

k ) -
Qn = {T;}U {2(—1)]_11’;] 1< < <G < i <nir=mk<nmn—iq 22}
=1

and

M»

(— 1)]11'1<11< <ik1<ik;ik1:ﬂ—1,ik:ﬂ,k§n}

Rn:{
j

Let Q = U 3Q, and R = U}’ 3R;. Then, observe that each polynomial in Q is
numerically equal to a polynomial in R of less degree.
We see this as follows:

1
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Consider an n > 2. Take a polynomial in Q. If it is 7}, we have already provided the

argument, that is, rg = rg’z — é’l’l

say, r(igl - r? +o 4 (—1)7"11*25’1 + (—1)"1’; with1 <i; <ip <--- < nand for some k < n.

r € R;,_1. Otherwise, consider a typical element from Qj,

Ifn—i,_, =2, then r;"’l - rg = rg_z — rg = rg_l = rg_3 — rg_z. As a result, the given
polynomial equals ry — r? +-t +(—l)k’1r§’3 + (—1)kr§’2. So, itis a polynomial in R of

less degree (n — 2). On the other hand, if n — i1 > 2, then rg"l —rg= rg"l — rg_z + rg_l.

So, the given polynomial equals rg —rg + - + (—1)"_11’gH + (—1)krg_2 + (—1)k+1r§_1.
Once again, this is a polynomial in R of less degree (n — 1).

It is clear that for each n, A, = Q; UR,, and hence A = Q U R. So, because of this
observation, the only polynomials in A that can be considered for A-mass calculation are
the ones in R. Also, it follows that for n > 3, R,, has at most 2""~2 distinct polynomi-
als. Consequently, A, also has at the most 2"~2 distinct elements and the proposition
follows. O

Remark 3. Thus, for each n, we have fewer polynomials of degree n compared to the situation
0<r< %

Now, it is time we prove our main theorem. We prove it in the next section.

4. r = rg: Proof of the Main Theorem

Here is our main theorem:
Theorem 1. Consider r = rg = @ Then
M0) + A(rg) + A(rg) + Alrg —13) + A(R) =1

where R = U;?_sR,, with

k .
Rn_{ (—1)]17’;¢1§i1<i2<~~<ik2<ik1<ik;ik1—n—1,ik—n,k§n}
=1

First, notice that, using (2), it follows that /\(ré) R ;9001 AMrg) and A(rg — rﬁ,) =
2
(1 £ }!901 + pm) A(rg). Thus, in order to prove the theorem, it is enough to prove:
A(R) = _Puotpo Mrg — ré) )

~ 1—-po—pon
because then,
+ Po1 2
A(rg —3) + A(R —<1+P10>,\r —r
g =) #AR) 1—pi0o— po (rg =)
As a result,

1

A0) + A(rg) + A(rg) + Alrg —r3) + A(R) = A(0) + F——

AMrg)

But, recall from Section 3:

MO) = 5 fogm, A(rg) = p11 +A(0)por = pull _1piO;1JOF Poopol
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This implies that
1
AQ) + —————A(rg) =1
® 1= p1o = po1 s)
This is the reason that it is good enough to prove (3). For this, we proceed as follows.

: : — 23 . 2.3 _ (3 _ 4 2 3., .4 .
First of all, notice that R3 = {rg rg Tg—Trg+ rg}, Ry = {rg o g —TgtTe Ig

3.4 ., .2, .3 4 .
rgtre rg—rg 1y rg} etc. and in general
_fn=1__n n-2__n-1 n _n—1 n 2 . n—1_ _n
nf{rg g, g rg g ... rg—rg g ... tg—Tgt oty rg}

Next, we introduce some notations for any 0 < r < 1.
Define g : R — Rand f; : R — R for every positive integer j as follows: g(p) = rp and

fi(p) =¥ = p. Thus, Ry = {f2(r), Aif2(*)}, Ra = {f3(r*), 2f3(r*), Aifs(r*), Aifaf3(r)}

etc., and in general,

Ry =A{fu1(r"), faafua1("), .o, fifur(r"), .o, fifa o fua(r'")}

We further define operators F; for j > 2 on R as follows: F, = {fs, fifa}, F5 =
{f3, f2fs, fifs, fif2f3} etc., and in general,

Foo1 ={fu-1, fuafu—1, - ifn—1, -0 fifa - fa1}
Thus, Rj = F]-_1 (rj) forj=3,4,...and

F1(p) = {fi-1(p), fi—2fia(p), -, fufia(p), -, fif2- - fi-1(p)}

In general, one would anticipate | (p)| = 2, |F3(p)| =4, ..., [Fi-1(p)| = 2/=2. But,
for r = r¢, equality is replaced by < for some ps.

Now, in order to prove (3), we will use a series of Lemmas 1-5. Lemma 1 identifies that
connsecutive R;s have nonempty overlaps for i > 3, Lemma 2 evaluates the cardinality of
the consecutive overlaps, Lemma 3 evaluates the cardinality of the consecutive differences,
Lemma 4 calculates the A- measures of these differences, and, finally, Lemma 5 puts them
together to evaluate the A-measure of R thereby proving (3). Thus, once Lemmas 1-5 are
proved, (3) is proved and the proof of the theorem is complete.

Lemma 1. Consecutive R;s (R; and R; 1) have nonempty intersections for i > 3. In fact, R4 N
R3 = @ but Rj+1 ﬂR]' #Qforj>3

Proof. Itis trivial to observe that R4 N Rz = ¢. Now, notice that r§ — rg + rg, rg — r§, + rg -
rfz € R5 N Ry because r(% — rg + rg =r¢— r§ + rg =r¢— r§ + rg, — rg € R4 and automatically,
2 4 _ 2 4y _ 2 4 _ 4
rg—rg—i—rg—rfZ =Trg— (rg—rg—i—rg’,—rg) = rg—'rg’,ﬁ—'rg € Ry. Thps,R5ﬁR4 = Fz(rg—rg)
and [R5 N Ry| = 2. Ingeneral, Rj; 1 NR; 2 F]«,z(ré - réﬂ) U 1:]',4(1{g - r]gﬂ) forj > 6. In fact,

we can show that for positive integers k > 3

Rog—1NRop—2 = 1‘“21&4(7?(72 - Vékfl) U F2k76(7’§k72 - Tékfl) U---u F2(7§k72 - Vfrk*l)

Rok M Rok—1 = sz_3(r§k’l - Vﬁk) U sz—S(rékfl - Vék) U---u Fs(fﬁkfl - rék)

So, Lemma 1 is proved. O
Lemma 2. Fori > 4, |R; N R;;1|s are evaluated upper bounds for |R; 11 — R;| are determined

as follows:
For k > 3, we have,

2 _ 4 B
|Rox—1 N Rop 2| = 5(22]( *—1), |[RyNRyq|= 5(22" 11
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so that - -
277242 2757144
|Ror—1 — Ryp_o| < s IRk — Rog—1] < —s

Proof. From Lemma 1, it follows that [R5 N Ry| = 2 implying |Rs — Ry| < 23 —2 = 6,
|R¢ N Rs| = 4 implying |Rg — R5| < 2* —4 = 12.
In general, notice that for k > 4,

|F2k_2l(r§,k_21+2 _ ,,;k—21+3)‘ — p2k-21-1

and
|F2k—21+1 (r§k72l+3 _ r§k721+4)| — 22k72l

for2 <1 <k-—1.Also,

2
IRop_1 N Rop_p| =225 42%7 4 ... 40— 3 (22k74 _ 1)

implying that |Rp;_q — Ryp_p| < 2273 — %(22"_4 - 1) = 22";& and

4
Rop MRy q| =224 40264 . 402 — 2 (24 _
2k M Rog .

implying that |Ro — Roy_q| < 22672 — § (224 — 1) = 22}“%.

Thus, Lemma 2 is proved. [

Lemma 3. Fori > 4, |R;11 — R;|s are evaluated exactly by getting rid of the redundancies:
More explicitly, for j > 6, not all elements in R; are distinct. In fact, for k > 3, Ry has
2%k=% _ 2 and Ry, q has 22=3 — 2 pairs of elements which are numerically equal so that

5.2%—4 4 10 5.2%=3 48
|Rok — Rog—1| = 3 |Rokt1 — Rox| = T

Proof. From now on, we refer to duplicates as those pairs of polynomials or elements
in R which have different algebraic expressions, but becaue of our choice of r, they are
numerically equal. In order to exactly evaluate |R; ;1 — R;| for i > 4, we need to identify
such pairs.

Thus, R¢ — Rs has two pairs of duplicates, namely, r§ - r; + rg &re— r§ + r§ - rg + rg ;
rg — rg, + rg — rg and r?), — rg + r; — rg because

2,4 5, 6_ 2 A, 4 5, 6 __ 2 5 §
Tg Tg—f—l"g l’g—f—l’g—i’g rg—i—rg rg—l—rg—rg I”g—f—l’g

Q—@+§—@:é—é+@—@
In general, Ry, — Ry_q has 2+ 4 + - - - + 225 pairs of duplicates implying that
IRyt — Rog_q| = 22k731+4 — (%4 2y = 5'2%;&. Here, each pair in the union are
disjoint sets.
Also, Ryry1 — Ryg has 2 + 4 + - - - + 22575 pairs of duplicates implying that [Ry; ;1 —
— 2242 (52k—3 _ ) _ 52% 548
R2k| - 73 (2 2) - 3

. Again, each pair in the union are disjoint sets.
Thus, Lemma 3 is proved. [

Lemma 4. A-measures of R; 1 — R; for i > 3 are calculated as:
First of all, A(R3) = A(rg — r3)(p10 + po1) and for k > 2,

M(Rox — Rog—1) = A(Rak—1 — Rox—2) (P10 + po1) + Alrg — r3)pis > por(pio + por)

which equals
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ARy — Rok—1) = /\<V ) (P10 + po1)?

1+ Z P por (pro+ por) 2 o por (pao + P01)_21_2] (4)
where for k = 2, the last sum in the above equation is absent. Also, we have,

ARop41 — Rox) = A(Rox — Ry—1) (P10 + po1) — ( )P%’é >po1(p10 + por)

which equals

MRoky1 — Rox) = /\(Vg - V§> (P10 + por)™ !

k—2
1+ ) iy pon [(?710 +pon) 27— (pro+ P01)212” ®)
1=0
where for k = 2, Ry — Rog_1 = Ry — R3 = Ry and Ryp_1 — Ry = Rz — Ry = Rs.
Proof. Recall that R3 = Fz(rg) = {r§ - rg, rg — r§ + rg} Then, using (2) and Proposition 3,
we have

MRs) = Arg = 13) + Arg — f§ + 72) = Alrg = rg)(p10 + por)

Next, we have Ry = F3 (ré) = {r r + rg, rg — rg + rg,, rg — ré + rg, — rg,}.
We find A-measures of these points by makmg use of (2) and Remark 2. Thus, we notice that

)\(1 — T’g + 1’§ — 1’2) = )\(I’g — 1’; —+ }’é) = A(rg — 7’;)}710}701

Putting all these together, A(R4 — R3) equals

Mrg —73)(p1o+ por)® + A1 —rg + 15 — 1) (P10 + po1) = Alrg — 13) (P10 + por)* + Alrg — 3) propoi (P10 + por)

In other words,

ARy — R3) = A(Rs)(p10 + po1) + Alrg —73) propoi (P10 + po1) (6)
It is to be noted that R4 N R3 = @, and so R4y — R3 = R4 which implies A(Ry — R3) =
A(Ry). ‘ .
Before proceeding further, we notice that F; ( AR ) = g(l—"]-_l(rfg)) U fi og(F]-_l(r{g))
for j > 4and Rjq — Rj equals g(R; — Rj_1) U f; 0 g(Rj — Rj_4) for j > 5.

However, at the next stage, we have already not1ced that Rs N Ry # @, and so
R5 — R4 7& R5. In fact,
Rs = Fy(73)

Rs— Ry =F, (rg) — K (rg - rg,)

and

Now, notice that
Fi(r}) = 8(Rs = Rs) U fi 0 g(Ry — Rs)

So,
Rs — Ry = g(Ry = Rs) U fi 0 g(Ry — Rs) — B> (r3 — 13 )

This is the same as

[g(R4 —R3) —g(rg —rg—i—ré)} U {fl 0g(Ry—R3) — fi og(rg —rg—i-rg)}
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Since g(R4 — R3) — g(rg - r? + ré) and fiog(Ry—R3) — f1 og(rg - 1’2 + rg,) do not
have overlaps, we deduce that

AR5 — Ry) = AM(Rq — R3)(p1o + po1) — A(”g - 752;) p1opo1(p1o + por) ()

which equals

AMRs — Ry) = )\(Vg - rﬁ) (P10 + por)> + A(rg — r2) p1opo1 (P10 + po1)> — Alrg —73) propor (P10 + po1) 8)

Thus, from Equations (6) and (8), we observe that Lemma 4 is proved for k = 2.
For general k, one can use induction on k and carefully sort out the issues with the duplicates
to complete the proof of the lemma. [

Lemma 5. Finally, we calculate A-measure of R:

AR =Y AR —Ry) =3 Afre— 12 oV = A (e 2. Pt PO
" Jg (Ri = 1) ]; (rg rg)(Plo pov) (rg rg) 1—pio—po

where we put Ry = @.

Proof. Using (4) and (5) for k > 2, Lemma 5 follows trivially and the proof of the theorem
is complete. O

5. Concluding Remarks

In the present context, it is interesting to recall an older problem, first introduced in [7].
It is as follows: consider the very simple situation of a y that is supported on exactly two
2 x 2 stochastic matrices, namely, < Zi 1 : Zi ) and ( Zi 1 : Zi ) with a; > b; for
i = 1,2. Let the y-masses at these two points be p and 1 — p, respectively, where 0 < p < 1.
Let A be the weak limit of the convolution sequence u”. What is the nature of A? If we
denote a1 — by = s and a; — by = t, then, in [12], some partial solution to this problem was
mentioned. In the special case scenario whens =t and p = %, it was observed in [13] that
it is precisely the case of Bernoulli convolutions. In fact, the following proposition is stated

in [13]:
Proposition 5. Let u be a probability measure giving equal mass to the matrices < Zl i - Zl )
1 — b1
ar 1-— ar . . o
and b 1—b with a; > b; fori = 1,2. Let, say, ay — by = ap — by = t. Then, the limiting
2 — b

measure A of the convolution sequence u" is absolutely continuous (where the limt A is identified
as a probability on [0,1]) iff the law of Y, t" €y is absolutely continuous where €,’s are i.i.d. +1
and —1 with equal probabilities.

Although the century old problem of Bernoulli convolutions was finally solved in [14],
there had been a lot of previous studies at various times in different directions in spite of
it being apparently a simple problem with y concentrated on two points only. Thus, it is
quite possible that under our current set up of u being concentrated on four matrices with
% < r < 1, the problem may be at least as challenging as the Bernoulli convolution problem.

We bring in the context of Bernoulli convolutions here to make readers aware that
for a nontrivial < r < 1, one needs to explore a number of ideas to proceed towards a
complete solution for our problem.
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