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Abstract

Following Hales (2018), the evolution of Pdlya’s urn may be interpreted as a
walk, a Pélya walk, on the integer lattice N2. We study the visibility properties of
Pélya’s walk or, equivalently, the divisibility properties of the composition of the
urn. In particular, we are interested in the asymptotic average time that a Pdlya
walk is visible from the origin, or, alternatively, in the asymptotic proportion of
draws so that the resulting composition of the urn is coprime. Via de Finetti’s
exchangeability theorem, Pdlya’s walk appears as a mixture of standard random
walks. This paper is a follow-up of Cilleruelo-Fernandez—Fernandez (2019), where
similar questions were studied for standard random walks.

Mathematics Subject Classifications: 11A05, 60G09, 60G50

In memoriam Javier Cilleruelo.

1 Introduction

In this paper we extend some results of Cilleruelo, Fernandez and Fernandez [3], which
connect standard random walks in N? with the visibility of points in N? (or with the
coprimality of pairs of positive integers), to the so called Pélya walk in N2

The approach of this paper consists on expressing Pdélya’s walk, via de Finetti’s the-
orem, see Theorem B, as a mixture of standard a-random walks in N? with o ranging in
the interval (0,1). Visibility properties of standard a-random walks were studied in [3].
A basic tool, there and now, is the second moment method, see Proposition 8. To apply
this method to Pdlya’s walk, under the mixture representation, we need to determine the
dependence upon « of the error terms of the estimates of [3] for the a-random walks,
which in that paper were inmaterial.

*Both authors are partially supported by Fundacion Akusmatika.
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1.1 Pdlya’s walk in N2

Following Hales in [12], the Pdlya walk is a discrete time stochastic process (Y, ),>o with
values in the lattice N> which geometrically codifies the evolution of Pélya’s urn.

The walk starts at some given deterministic initial position Y, = (ag, by) € N?. For
each n > 0, the jump Y, 1 — Y, of the walk can take only two values, (1,0) and (0,1):
the walk either moves one unit upwards or one unit rightwards; for each n > 0, given the
position Y,, = (ay,, b,) of the walk at time n, the conditional probabilities of the only two
admissible jumps are

bn
a, + by,

P(Ypi — Y, =(1,0) = —"— and P(Y, — Y, =(0,1)) =
an + by,

(Along this paper, probabilities, expectations and variances of random variables on
diverse underlying spaces will be denoted simply by P, E and V.)

The stochastic evolution of the process (Y,,),>0 is determined solely by the starting
position (ag, by). The random coordinates (a,, b,) of Y,, satisfy a, + b, = n + ag + by, for
eachn > 1.

The coordinates (ay,, b,) of Y,, starting at (ag, by) register the composition of a standard
Polya urn at time n with an initial composition consisting of ag amber balls and by blue
balls: successively draw a ball uniformly at random from the urn, notice the color, return
the drawn ball to the urn, and add one ball of the same color. Thus a,, is the number of
amber balls and b,, is the number of blue balls in the urn, at time n, i.e., after n successive
random drawings.

Therefore, the pair (a,,b,) registers both the position of Pélya’s walk after n steps
or the composition of Pdélya’s urn after n drawings. Along this paper, we will alternate
between these two interpretations (although we will favour the first one).

1.2 Visible points

A point (z,y) in N? is called wvisible from the origin, or simply visible, if no point of N?
other than (z,y) itself lies in the straight segment that joins (0,0) and (z,y).

We use ged(z,y) to denote the greatest common divisor of positive integers x and y.
In divisibility terms, (z,y) € N? is visible from (0,0) if and only if ged(z,y) = 1, i.e., if
the integer coordinates x and y are coprime integers. It is always this characterization
of visibility in terms of coprimality of coordinates that we will use in the estimates and
calculations which follow.

Let V denote the set of points (x,y) € N? which are visible from the origin.

A classical theorem of Dirichlet, originally in [6], but see also Hardy—Wright [13],
Section 18.3, and there, in particular, Theorem 332 (and also Sections 1.5.2, 5.2 and 5.4
in this paper), gives the density of the set V:

. 1 o 1 B
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In probabilistic terms, if N is large, the probability that two integers = and y drawn
independently with uniform distribution from {1,..., N} is approximately 1/((2).

For a natural number k& > 1, a point (z,y) € N? is called k-visible if ged(z,y) = k.
This means that in the segment from (0,0) to (z,y) there are exactly k points of N?,
counting (x,y) as one of them, namely, (jz/k,jy/k), for 1 < j < k.

We denote the set of those points in N? which are k-visible from the origin with V.
Observe that V; =V and that for integer k > 1, we have that V, = k), in the sense that
(xz,y) € Vg if and only there exists (2,73') € V such that x = k2’ and y = ky/'.

From V, = kV it follows that the density of Vy is given by

B 1
T2
Let I be the indicator function of the set V, thus I(z,y) = 1 if ged(x,y) = 1 and

I(x,y) = 0 otherwise; and for each integer k > 1, let I} be the indicator function of V.
Observe that I, = 1.

o1
Nhféoﬁ (Ven{1,...,N}?)

1.3 Visits of Pélya’s walk to visible points

In this paper we are mostly interested in the asymptotic proportion of time that Pélya’s
walk spends on the set V of visible points.
For integer N > 1, we denote with

R
Qv & 7 2 10N (1)

the random variable that registers the proportion of time (or steps) up to time N (ex-
cluding Yj) that Pélya’s walk remains visible from the origin.

It turns out that, almost surely, the sequence of random proportions ) converges to
a limit as N — oo, and that almost surely this limit is a constant independent of the
drawing of the walk; in fact, this limit is almost surely the (asymptotic) density 1/{(2) of
the set V of visible points.

We state these facts, the main result of this paper, as follows.

Theorem 1. For any given initial position (ag, by) € N,

]\}iinm Qn = ﬁ almost surely.

Irrespectively of the initial position, it is always the case that, almost surely and
asymptotically, the proportion of time that Pdélya’s walk spends on the set )V of visible
points is 1/¢(2).

In terms of Pdlya’s urn, Theorem 1 claims that almost surely, the proportion of draw-
ings resulting in number of amber balls and number of blue balls which are coprime con-

verges to 1/¢(2).
For k-visibility, we have analogously:
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Theorem 2. For any given initial condition (ag,by) € N?, one has that, for each k > 1,

almost surely.

1
- k2((2)

Thus, almost every evolution of Pdlya’s walk spends for each k > 1 an asymptotic
proportion 1/(k*¢(2)) of time on the set V.

Remark 3. We would like to point out that in [12], Hales is mainly interested in two other
stochastic processes: Farey’s walk and Poélya’s variant walk. Contrary to the Pélya walk
which we are considering, these processes visit exclusively visible points, and their main
appeal lies in their interesting ergodic properties.

1.3.1 Several balls added at each drawing; larger steps in the walk

More generally, consider the Pélya walk with initial position (ag,by) € N? and with up-
step and right-step of integer size ¢ > 1. In terms of the urn model, we start with ag
amber balls and by blue balls, and we add ¢ amber balls (instead of just 1) if the drawn
ball is amber, and ¢ blue balls otherwise. We denote by Y¢ the position at step n > 0 of
the walk with parameters (ag, by) and c¢. We have the following.

Theorem 4. For integers ag,by > 1 and ¢ > 1 and the Pélya walk (YS),>o with up-step
(0, ¢) and right-step (c,0), and starting from (ag, by), there exists a constant A(ag, bo; ¢, ¢)
(explicit, and computable) such that

N
.1 c ,
]\}1_1};0 I Zl I(Y5) = A(ag, bo; ¢,c)  almost surely.

Theorem 4 appears in Section 5 as Theorem 19 for the particular case where (ag, by) =
(1,1), and as Theorem 22 for the general case.

This constant A(ag, by; ¢, c) is given in (35). The reason of the double appearance
of ¢ in this notation is because it is a particular instance of a more general expression
A(ag, bo; 0, up), to be considered later on Section 5.4; there, a couple of explicit for-
mulas for A(ag, bo; 9, up) can be found. For instance, for the case (ag,by) = (1,1) and
uy = 19 = ¢, the expression of A(1,1;¢,c) is as explicit as

AL Lieo) = Y % :H(1—i>.

2
d>1, pte p
ged(d,c)=1

Here, as usual, p stands for the Mobius function. The product above Hp re extends to
all primes p which do not divide ¢. For ¢ = 1, the product extends to all primes and
A(1,1;1;1) = [0 = 1/p*) = 1/¢(2), as claimed in Theorem 1. But, for instance,

A(1,1;2;2) = % %2) Observe that A(1,1;¢,c) depends only on the prime factors of c.
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1.4 Standard random walks in N2

Let a € (0,1). Consider the a-random walk (Z,,,,)n>0 with values in N? starting at some
initial position Z,o = (ao,bo) with independent and identically distributed increments
given by

P(Za7n+1 - Za,n = (1, O)) =« and P(Za,n+1 — ZO@” = (07 1)) = (1 — a).

The a-random walk moves upwards by (0, 1) with probability (1 — «), and rightwards
by (1,0) with probability a.
For a € (0,1) and integer N > 1, we denote

N
1
Soz,N é N E [(Za,n)- (2)
n=1

This S, n is a random variable which registers the proportion of time (or steps) up to
time N that the a-random walk remains visible from the origin.

For the a-random walk (Z, ,)n>0, it has been shown in [3] that:

Theorem A (Cilleruelo-Fernandez—Fernandez, [3]). For any o € (0,1), the a-random
walk (Zon)nso starting at (0,0) satisfies

lim S, n = almost surely.

N
)

Actually, Theorem A holds for any starting position (ag,by) € N? of the walk, and,
moreover, almost surely and for each k£ > 1,

1 & 1
im — S [y(Za,) = :
NlinooN; e(Zen) = T3c)

Theorem A is stated in [3] for starting point (0,0) and mere visibility, and not, as above,
for arbitrary starting point in N? of the walk and k-visibility. We will discuss this extension
in Section 4, see Theorem 17.

1.5 Notations and some preliminaries

For a set A, we use #A to denote the cardinality of A. The symbol 14(z) stands for the
indicator function of the set A: 14(x) =1if x € A, and 14(x) = 0 otherwise.
For a subset B of N2, we call the limit

lim —— (BN{1,...,N}*) £ D(B)

N—oo N2

(if it exists) the density D(B) of B.

THE ELECTRONIC JOURNAL OF COMBINATORICS 30(2) (2023), #P2.11 5



We use ged(x,y) and lem(x, y) to denote, respectively, the greatest (positive) common
divisor and the least common multiple of the positive integers x and y.

As usual, p and ¢ denote, respectively, the Mobius and the Euler totient functions,
and ( stands for the Riemann zeta function. With 7(n) we denote the number of divisors
of n.

The symbol [] means an infinite product which extends over all primes p, while Hpep
means a product (maybe infinite) which extends over all primes satisfying property P.

Probabilities, expectations and variances of random variables on diverse underlying
spaces will be denoted simply by P, E and V. For random variables X and Y, the notation

X 2 Y signifies that X and Y have the same distribution: P(X € B) =P(Y € B), for
any Borel set B in R.

With X ~ BIN(N, p), for integer N > 1 and p € (0, 1), we signify that the distribution
of the random variable X is binomial with N repetitions and probability of success p.
Besides, X ~ BETA(a, b) means that the distribution of the random variable X is a beta
distribution with parameters a,b € (0, 00). See Section 1.5.3.

The de Finetti mixture (probability Borel) measure associated to an exchangeable
sequence of Bernoulli variables is denoted by v. See Section 2.1.

With C,C’, ..., we denote some absolute constants.

Let f and g be nonnegative functions. We write f(n) = O(g(n)) as n — oo if there
exist an integer N and a constant C' > 0 such that, for n > N, f(n) < Cg(n). Of
course, if the function g does not vanish, then we can find a constant C’ > 0 such that
f(n) < C"g(n) for all n. If the constant depends on some other parameter, say «, we will
add subscripts and write, for instance, f(n) = O,(g(n)) as n — oo.

1.5.1 Some number-theoretical results

We shall use several times the fact that ged(a,b) = ged(a,a + b). For the Mobius func-
tion u, we have that

—ad 16
dz:;dg _C)_,/T27 (3)

and further that

4013 i

7 :——i—O(logn) as n — 00.

d<n

The identity
p(d) — o(k)
;—d == (5)

where ¢ denotes Euler’s totient function, follows by Mobius inversion from the Gauss
identity n = 3>_,  &(d), for n > 1.
For 7(n), the number of divisors of n, we have

7(n) = O(n®) for all § > 0, as n — 0. (6)
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See Theorem 315 in [13]. In this paper, taking 6 = 1/4 will be good enough, as we just
shall need an exponent less than 1/2.

For k > 1, we let gi denote the arithmetic function given by gx(n) = 1 if n is a multiple
of k, and gi(n) = 0, otherwise. We let 0, be the Kronecker delta: dx(n) =1 if n = k, and
dk(n) = 0 otherwise.

Thus gi(n) = >_4, 0k(d), for each n > 1, while, from Mobius inversion, we see that
ok(n) = > gy, 1(d) ge(n/d) = 344, 1(d), for each n > 1; and we deduce also that,

dx(ged(n,m)) = Z wu(d), for k > 1, and for each n,m > 1. (7)

kd|n, kd|m
1.5.2 Dirichlet’s density theorem
Observe that

Z d1(ged(n,m)) Z Z

1<n,m<N 1<n,m<N d|n,d|m
dn,d d NP
= < : = — .
= 3" uld) #1 < o <N s dindim} = 37 u(d)| |
d>1 d>1

Writing | N/d| = N/d — {N/d}, and using that |,u(d)] < 1 for any d > 1, we obtain that

Z 81(ged(n, m)) = N? Z pud

1<n,m<N d>1

), as N — oc.

In particular, using (3), we see that

#{1<n,m< N :ged(n,m) =1 1 N—so0 wu(d 6
{ el =1 LS ety 25 Y AD 6

1<n m<N d>1

which is Dirichlet’s density result (with error estimate): the density of coprime pairs
is 1/¢(2). This is, of course, standard, but we have recalled it since we shall use later on,
see Sections 5.2 and 5.4, a slightly more elaborate version of that type of argument.

1.5.3 Beta distributions

We shall need and use the beta distributions of probability in the interval (0,1). Here we
recall definitions, establish notations and register some simple facts.
We shall denote the density of the BETA(a,b) distribution with parameters a,b > 0

by fas(c); thus
Oéa_l(l _ Oz)b_l

= f 1
fan(@) Beta(a.0) or a € (0,1), (8)
where Beta denotes the beta function:
! ['(a)T(b)
B _ a—1 1 — b—1 _
eta(a,b) = /0 a1 — )’ da = Tatb) (9)

and I' is the gamma function.
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The expected value of a BETA(a,b) distribution is a/(a + b). For a = 1, b = 1, the
BETA(1, 1) distribution is just the uniform distribution in the interval (0, 1).
It will relevant later on to observe that

if (and only if) a > 1/2 and b > 1/2. And that

fap(a)da < oo (10)

/0 ﬁ fap(a)da < oo (11)

if (and only if) a > 1 and b > 1.

In what follows, mostly integer values of the parameters a and b would intervene, and
in that case we have that

b b
I'(a) = (a—1)! and Beta(a,b) = a;} (al— )

1.6 Plan of the paper

Section 2 recalls the de Finetti exchangeability theorem and applies it to the Pdlya walk.
Section 3 gives a proof of the main theorem of this paper, Theorem 1, based on the
mixture representation and modulo some precise estimates for a-random walks which are
dealt with in Section 3.1.
Section 4 is devoted to the study of k-visibility, while Section 5 contains the analysis
of Pdlya walks with steps of general size and arbitrary starting point.

2 Exchangeability and Pélya’s walk

We first describe in Section 2.1 some known facts about the de Finetti exchangeability
theorem and establish some notation and terminology. Next, in Section 2.2, we apply
the exchangeability theorem to Pdélya’s urn and walk, recalling along the way some basic
properties of Pélya’s urn. Finally, in Section 2.3, we exhibit Pélya’s walk as a mixture of
a-standard random walks.

For Pélya’s urn, the original sources are [8] and [17]; but see [11]. As for de Finettis’s
theorem, it first appeared in [4] and [5]; but see [1], [14], [15] and [16].

2.1 Exchangeability and de Finetti’s theorem

Let (G,)j>1 be a sequence of Bernoulli random variables defined all of them in the same
probability space.

The sequence (G;);>1 is said to be ezchangeable if for any integer n > 1 and any list
(Y1, - .., yn) extracted from {0, 1}, and for any permutation o of {1,...,n}, we have that

P(Gl =Y, .- ,Gn == yn) == P(Ga(l) =Y, .- >Ga(n) == yn) .

In this definition, either the random variables can be permuted, as above, or the values.
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The following theorem of de Finetti is the fundamental result on exchangeable se-
quences of Bernoulli variables.

Theorem B. Let (G,);>1 be an infinite exchangeable sequence of Bernoulli random vari-
ables defined in some probability space. Then we have the following.

(a) There exists a unique Borel probability measure v on the interval (0,1) so that, for
any n > 1 and any list (y1,...,y,) extracted from {0, 1}, it holds that

1
PGi=w,....,G, =1y = / 6°" (1 —0)" " dv(0),
0

where s, = Z?:I yj, that is, s, is the number of y; which are equal to 1.

(b) The frequency limit

1 n
lim — Z Gj 2 M exists almost surely
7j=1

n—o00 N, <

and defines a random variable M whose law is precisely v:

P(M € B) =v(B), for any Borel set B C (0,1).

(c) Conditioning upon any value 0 of the limit M, the variables G; are independent
and, for anyn > 1,

P(Glzyb’Gn:yn‘M:9)205n<1_9)n*5n

The probability measure v is known as the de Finetti mixture measure for the ex-
changeable sequence (G;);>1.

Observe that from (a) of Theorem B it follows that, for n > 1 and 0 < k < n,

P(z:cy - k) - /01 (Z)em )" du(0) = /OlP(BIN(n,Q) — k) dv(§), (12)

and, moreover, that from (c¢) of Theorem B it follows that
P(ZGj = k:|M = 9) =P(BIN(n,0) = k), forn>1and 0 <k < n. (13)
j=1

Thus, conditioning on the value 6 of M, (G;);>1 is a sequence of independent and identi-
cally distributed variables, actually, Bernoulli variables with parameter 6.
Unconditionally, each variable GG, is a Bernoulli variable with parameter fol Odv(6).
Observe that statement (a) of Theorem B is in fact a characterization of exchangeabil-
ity: any sequence (G,);>1 satisfying (a) of Theorem B is exchangeable. This is so because
the probabilities P(G1 = y1,...,Gy, = y,) depend only on the sum s, = > 7, y; (the
number of 1’s among the y;), and not on the order of the y;.
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2.2 Exchangeability and Pdlya’s urn and walk

Next we study Pélya’s urn and Pdélya’s walk from the perspective of exchangeability. In
what follows, the urn starts with a composition of ag amber balls and by blue balls, or the
walk starts at (ao, bo).

For each j > 1, we let F; be the Bernoulli variable which takes the value 1 if the ball
added at stage j is amber, and F; = 0 if the ball added at stage j is blue. In terms of the
Walk, Fj =1if Yj - Yj—l = (]_,O)

For n > 1, we have that Z?Zl F; = a,, — a¢ for the urn, and that

Yo-Yo= (Y F.n-Y F) (14)
= =

for the walk.
For integer n > 1 and for z1,...,z, € {0,1}, and with ¢, = >_"_, ;, it follows readily

j=1
from conditioning and by induction that

tn—1 . n—tn,—1 .
" (ag + " (by +
P(Flle,...,Fn:xn):HJ*O(° ) 1liz0™ o +3). (15)

H;:ol(ao +bo + )

The exchangeability of the sequence (F});>1 follows from (15) since the probability in
there only depends on the sum ¢, of the z;, and not on the order of the x;.
We can rewrite (15), in terms of Beta functions, and using (9), as

C(ag +t,) T'(bo +n —t,) T'(ag+ bo)
I'(ao) [(bo)  Tlag+bo+n)

_ Beta(ag +t,,b0 +n —t,)

B Beta(ag, bo) .

P(Flzl'l,...,Fn:ZL'n):

Or even more compactly, using the expression for the density f,, 5, (a) in (8), as

1
P(F =2y, Fy =) = / A (1 — @)™t fo (@) da (16)
0

This formula (16) shows, in particular, that the de Finetti mixture measure for the ex-
changeable sequence (F});=1 is given by dv(a) = fa (o) de, ie., it is a BETA(ag, by)
distribution.

The variables F}; are Bernoulli variables with a common probability of success:

1
P(F;=1)= QOC_LE b :/0 Q fagpo (@) dar,  for each j > 1;

but they are not independent.
De Finetti’s Theorem B applied to the sequence (F});>1 gives us further that

1 n
li —E F 2L ists almost |
Jim — > ’ exists almost surely,
J:
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and that this limit defines a random variable L with values in (0, 1) whose distribution is,
by virtue of (16), precisely dv(a) = fayp, () dev, i.e., the limit variable L is a BETA(ay, by)
random variable. Moreover, conditioning on a limit value a of L we have that

P(Fi=x21,....,F,=2,|L=a) = at”(l —a)”_t", for any o € (0, 1).

Now, formulas (12) and (13) applied to the jumps Y,, — Y; of Pélya’s walk written as
in (14) give us that, forn > 1 and 0 < k < n,

P(Y,—Yo=(k,n—k)) = /0 P(BIN(n, ) = k) fay., (@) dav,

and that, forn > 1 and 0 < k <n and « € (0,1),
P(Y,—Yo=(k,n—k)|L=a)=P(BIN(n,a) =k).

2.2.1 Limit distribution of the slope of the walk

We consider Pélya’s walk starting from an initial position (ag, by) € N2

We have Y, — Yo = (an — ag, by — bo) = (X7 Fjn— Y7 Fy), for n > 1.

Write also Y,, — Yy, for n > 1, in polar coordinates: Y, — Yo = 7, (cos 1, sin¢,,), with
t, € (0,7/2) and r, > 1. Both r, and 1), are random variables, for n > 1.

Since - ;1 Fj tends to L almost surely, we see that (a, —ao)/n and (b, —bg)/n tend
almost surely to L and 1 — L, respectively, and so

. _ag)? b, — by)?
n _ \/(a ) + ( 0) — /L?+ (1 — L)% almost surely as n — oo,
n n? n?

and also

bn—bo (bn—bo)/n 1—-L
= —

a, —ayg  (a, —ag)/n L

tan ), = almost surely as n — oo.

Thus, the randorn angle 1, tends, as n — oo almost surely to a variable ¥ given by
U = arctan 1 T Since L is a BETA(aO, bo) variable, a change of variables gives that the
density function of W is

1 sin® =1 (1)) cos™@ (1)
Beta(ao, bo) (sin 1 + cos ¢)a0+b0 ’

for ¢ € (0,7/2).

In terms of this variable ¥, we have

lim % = ! Imost surel
im — = ———— almost surely,
n—oo n sinW + cos ¥ Y

and

lim ¢, = ¥ almost surely.
n— oo

In the basic case, when ay = by = 1, the density function of W is 1/(1 + sin(2¢)), for
¥ € (0,7/2), which approaches 1 (its supremum) as ¢ — 0 and as » — 7/2, and takes
its minimum value, 1/2, at ¢ = /4.
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2.3 Polya’s walk as mixture of a-random walks

In this section, we consider the Pélya walk (Y,,),>0 and a-random walks (Z,,,)n>0, all of
them starting at some initial point Yo = Z, o = (ag, by) € N2
Conditioning on L = «, the sequence (F});>1 consists of independent Bernoulli vari-
ables with parameter «, and thus the distribution of Pélya’s walk (Y,,),>1, conditioned
on the limit L taking the value o € (0, 1), coincides with the distribution of the a-random
walk (Zan)n>1:
d

(Yy,...,Y, | L=a) = (Zapr,---+Zan), foreachn>1. (17)

For a fixed time n > 1, equation (17) means, in particular, that
P(Y, = Yo+ (bn = )12 =) = (|} )ah(1 = )" = P(Zun = Zaa + (b = D),
for every k such that 0 < k < n and all « € (0,1), and that

P(Y, = Yo+ (h,n — k) = /1 P(Zon = Lo + (k11 — ) fas (@) dar
0 (18)

:/0 P(BIN(n, ) = k) fag b, (@) dev,

for every k such that 0 < k < n.

In other terms, Pdlya’s walk (Y, ),>0 starting from the initial position (ag,bo) is a
mizture of ca-random walks (Zan)n>0, all starting at (ag, by), where the mizture parameter
a € (0,1) follows a BETA(ag,by) probability distribution.

In the basic case when the initial position is (ag,by) = (1,1), the density fi1(«) is
identically 1 in [0, 1] and, for each n > 1 and 0 < k < n,

P(Y, = (1,1) + (k,n— k) = /0 (Z) (1= )" *da = ni T (19)

Thus, in that case, the possible positions at time n of Pélya’s walk starting from (1, 1)
are equally likely.

Recall, from (1) and (2), the random variables Qx and S, n, which register the pro-
portion of visible times up to time N for Pdlya’s walk and the a-random walk:

N N
1 1
Qn = N ngl I(Y,) and S,y = N ngl I(Zyy), forae(0,1)and N > 1.
Lemma 5. For each N > 1, we have

E(Qy) = / E(Sun) faom(@) dav, (20)

V(Qn) = / V(Sux) faos (@) da + V(Hy). (21)

where Hy is a variable defined in the probability space (0,1) with probability density
Jaomo (@) and with values Hy(a) = E(Sa n) for each a € (0,1).
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Equations (20) and (21) will allow us to translate appropriate estimates of the means
and variances of the average time S, y of the random walks (Z,,,)n>0 into estimates of
the mean and variance of the average time @y of Pélya’s walk (Y,,),>0-

Proof. As a consequence of (18), for the Pdlya walk starting at (ag, by) we have

E(1(Y,)) = /0 E(I(Zan)) fagp, () da,  for n > 1. (22)

This is so because

B(I(Y.)) = 3" P(Y, = (a0,b0) + (kon— k) - I((a0,b0) + (k,n — )

1
0

_ / S P(@a = (a0.b0) + (ko — K)) - 1((ag, bo) + (k. = k)] fuy(a0) da

- /0 E(I(Za:”>> fao,bO(Oé> dov.

Equation (22) gives immediately, for walks starting at (ag, by), that

1
E(Qn) = / E(San) fagbo () da, for each N > 1,
0

which is the first claim of the lemma.
Now, for times n and n+m, where n,m > 1, and positions 0 < k <n and 0 < ¢ < m,
one has that for all a € (0,1),

P(Yn == (a07b0) + (k7n_k)aYn+m :Yn—i_ (%m_Q)‘L:O‘)

= <Z> a*(1—a)" (?) al(1 — )

= P(Za,n = (Go, bO) + (k,’fl - k)aza,rH»m = Za,n + (Q7m - Q>)7
and that
P<Yn = <a07 bO) + (kan - k)? Yner = Yn + (Q7 m — Q))

1
= / P(Za,n = (a0a bO) + (k‘, n— k)? Za,n—i—m = Za,n + (Q> m — Q)) fao,bo(a) da (23)
0

— /O P(BIN(n, ) = k) P(BIN(m, @) = q) fagp, () dev..

As a consequence of (23), and analogously as the derivation of (22), we deduce that
for walks starting at (ao, bp) we have, for n,m > 1, that

B 1Y) = [ BUEan) - 1)) Framle) do
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This gives that

1
E(Q%) = / E(S§7N) faopo (@) da,  for each N > 1,
0

and, in particular, that, for each N > 1,

V(Qn) = E(Q?v) - E(QN)2

1 1 1 9
_ / V(Sa) fuotol0) da+ | / (S v)? g (00) dor — / B(Se) fuon(@) da) .
0 0 0

The second line in this equation contains the variance of a variable Hy defined in the
probability space (0, 1) with probability density fu, s, () and with values

Hy(a) = E(S,n), foreach a € (0,1),

as claimed. O

3 Asymptotic visibility of Pdlya’s walks: proof of Theorem 1

For the mean and variance of the average visible time S, y of the a-random walk, we
have the following estimate.

Proposition 6. For each a € (0,1), the a-random walk (Zen)n>0 with any given initial
position (ag, by) € N? satisfies the estimates

1 1 1
E(Sax) = g5 * —— O<N1/4), as N — oo, (24)
V(San) = a(ll— 2 O<N11/4>, as N — o0, (25)

The implied constants in the big-O above depend on (ag, by), but not upon «a € (0, 1).

Proposition 6 appears in [3] for the case (ag, by) = (0,0) (as Propositions 3.1 and 3.2
there), except for the error terms: here, the factor N='/ will be enough, but we record
the explicit dependence of the bounds on the probability a. For our proof of Theorem 1,
this dependence in « is an essential component. Details of the proof of Proposition 6 are
the content of Section 3.1.

Now we translate Proposition 6 about a-random walks into a corresponding result for
Pélya’s walk and appeal to the second moment method (Proposition 8) towards complet-
ing the proof of Theorem 1.

For the average visible time (Qn of Pdlya’s walk, we have the following asymptotic
estimates for its mean and variance.

Corollary 7. For the Polya walk (Y,,)n>0 with initial position (ag, by) such that ag, by > 2
we have that, as N — 00,

1

E(Qn) = +O<N1/4> and V(QMzO(ﬁ).

1
¢(2)
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Note the restriction ag, by > 2.
Again, the implied constants in the big-O above depend on (ag, by), but not upon
a e (0,1).

Proof of Corollary 7. The result for E(Qy) follows by applying the estimate (24) of
Proposition 6 to the formula (20) and integrating on « (recalling the finiteness of the
integral in (10)).

Formula (21) for V(Qx) has two terms. The first one is handled by integrating the
estimate (25) of Proposition 6 with respect to . We use here that, because ag, by > 2,
the integral in (11) is finite.

For the second summand, V(Hy ), observe first that, since the expectation minimizes
the mean square deviation, one has that

V(Hy) = / (B(Sur) — B(HN))? fuso (@) da < / (B(Sar) — 1/C(2))* faom(a) dov,

and then integrate with respect to a the estimate (24) of Proposition 6, using again that
ap, bo = 2. ]

The next proposition registers the so called second moment method (see, for instance,
Section 2.3 in [7], and Lemma 2.4 in [3]).

Proposition 8. Let (W,,),>1 be a sequence of uniformly bounded random variables in a
certain probability space, and let Uy be the average

1
Uy = N(W1+-~-+WN), for each N > 1.

If limy_,o E(Uy) = u, and if for some B,§ >0, V(Uy) < B/N? for each N > 1, then

lim Uy = almost surely.
N—o00

Proof of Theorem 1. The second moment method of Proposition 8 combined with the
estimates of Corollary 7 gives the result that limy . @n = 1/{(2), almost surely, at
least in the case when the starting point (ag, by) of the walk satisfies ag, by > 2.

The remaining case of Theorem 1, that is, when ag = 1 or by = 1, follows from
observing that Pélya’s walk (Y,,),> starting at (ag, 1) has null probability of remaining
always at height 1. This is so because

P( 6{6” - 1}> B agc—li[—)N’

which tends to 0 as N — oo.

In particular, for Pdlya’s walk starting at (1, 1), both the probability that the first n
moves are upwards and the probability that the first n moves are rightwards is 1/(n + 1),
for n > 1. The walk enters the region {a > 2,b > 2} C N? with probability 1, although the
average time it takes to do so is infinite. In fact, lim,, .o, a, = +00 and lim,, , b, = 400,
almost surely.

This completes the proof of Theorem 1. O
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Remark 9. For Pdlya’s walk starting at (ag,by) = (1,1), we can give a closed formula for
E(Qy). By appealing to equation (19), we have that

1 < ‘ '
E(I(Y,)) = n+1z51(ng(j+1,n+1—j))
=0
Ly | é(n +2)
:n+1;51(g(}d(‘7+1’n+2)):n7+1’ for each n > 0,

where ¢ denotes, as usual, Euler’s totient function. And thus,

2)
Z¢n+ , foreach N >1
n+1

This last expression is easily seen to converge to 1/((2) as N — oo, by comparing it with

L~ o(n) 1 g p Nooo e pi(d) 1
N;T:N;TH E D)

Here we have used (5) and (4).

3.1 Estimates for a-random walks: proof of Proposition 6

The aim of this section is to prove the estimates of Proposition 6 about the a-random
walks (Za.n)n0-

The proof very much follows the lines of those of Propositions 3.1 and 3.2 in [3].

We first need a bound for binomial probabilities such as the following: for any a €
(0,1), N>1and 0 <k < N,

1

P(BIN(N,a) = k) < Cm,

for a certain constant C' > 0. This estimate could be obtained by appealing to the
local central limit theorem (see, for instance, Theorem 3.5.2 in [7]), or by combining the
unimodality of the binomial probabilities with Stirling’s approximation. For a precise
value of C', we register the following result.

Lemma 10. For any o € (0,1), N > 1 and 0 < k < N, we have
T 1

P(BIN(N,a) = k) < 3 el = : (26)

Proof. Write a =t/(1+1t), so that t = /(1 — a) and a(1 — a) = t/(1 + t)*
We start with the identity

L [Tl te\NN
(1) P(BIN(N,Oz)—k)—%/_W< 1+t> e~ dp,
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that can be verified by expaundlng7 using the binomial theorem, the factor within the
integral. Notice also that (ﬁft )Y is the characteristic function ¢x () of a random
variable X ~ BIN(N, «).

Now we bound (}) as follows:

1 [T 14te N L [T |14 te 2\ N2
P(BIN(N, a) = k — () ) df
(BIN(N, @) = k) < 27r/7r 111 o 11
[ 2t N2 ()1 [T Nt
= — 1+ — 0—1) df < — (— 0—1>d9
o] ( + e (cos ) 5 /7r exp TR (cos )
) 1 [T 2 Nt 2N
22 Yoo [ (- B )
o | exp ( T 0T 1 6% ) do / exp a( a) 6% ) db
1 [ 2N 1
L oo (- - ) an =7 |
21 J_ o 7T 2 \/2rNa(1l — )
In (%), we have used 1 + x < e” for z € R, and the bound cosf — 1 < —26? /7%, valid for
0] < 7, was employed for (xx). O

By the way, inequality (26) is not true substituting 7 /2 by 1.
Next, we need an estimate for sums of binomial probabilities restricted to indices in a
certain residue class.

Lemma 11. There is an absolute constant C' > 0 such that for any « € (0,1) and for
integersn > 1, d > 1, and r € Z, it holds that

K ! _an—l_l C ‘
oggn; (l)a(l ) al s Jall—a) v (27)

l=r modd

We may restrict r to r € {0,1,...,d — 1} or, for that matter, to any complete set of
residues mod d, with no loss of generality.

For r € {0,1,...,d — 1}, we denote by A, = {l € {0,...,n} : | = r modd}. There
are d of these classes. Lemma 11 means that P(BIN(n,a) € A,) is approximately 1/d,
quite uniformly.

This lemma is stated in [3] with an unspecified constant C,, instead of C'/y/a(1 — «).

Proof. We may assume r € {0,...,d — 1}. If we assume further that d < n, then the
proof is as that of Lemma 2.1 in [3].

To remove the assumption d < n, observe that for d > n and any r € Z, there are
at most two values of [ in {0,...,n}, congruent to r mod d. (Actually, at most one such
value, except in the extreme case r = 0, and d = n, where there are two.) Thus the
sum of probabilities in (27) is, by (26), at most C/y/a(1 — a)n, where C' is an absolute

constant, while
1 2 1

1
S S-S =< V—m—- U
d " n "~ n a(l —a)n
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From Lemma 11, we deduce the following estimate of some further restricted binomial
sums. This estimate is the key ingredient of our proof of Proposition 6 and thus of
Theorem 1.

Lemma 12. Let a € (0,1). For any integers s,t > 0, we have that, as M — oo,

Z (Al/[) 1—04 Z e a(ll—a)0<7<]\jﬂ+t)>'

oIS M d| M+t
ged(l+s,M+t)=1

The implied constant of the big-O of Lemma 12 is absolute.
The proof of Lemma 12 is similar to that of Lemma 2.2 in [3]. It results from combining
Lemma 11 and (7) with £ = 1 and rearranging terms. We include it for completeness.

Proof. We have that

Si(ged(l+s, M +t))= > p(d).
d|ged(l4s,M+t)
Thus,
M M
Z ( l )al(l . a)”_l(‘fl(gcd([ + s,M +t>) = Z ,u(d> Z ( ; )al(l — Q)M—l
0<I<M d| M+t 0<I<M
I=—s (mod d)
1 1 p(d 1 T(M +1t)
= pw(d)| =+ @)
d%t (d a(l — ) (\/ )> d|MZ+t a(l — a) ( vVM )
as M — oo. Lemma 11 justifies the second equality sign. O

We write down now estimates for the means E(I(Z,)) and for E(I(Zan)I(Zam))
for the a-random walk Z,, ,, starting at (aqg, by).

Lemma 13. We have

B(I(Zan) = > Mizd) + a(ll— = O(nll/4), as n — 0, (28)
d|n+ao+bo

and, for n < m,

d|n+a0+b0 d|m+a0+b0

1 1 1 m
" a(l—a)O n1/4>+0z )O<

as n — Q.
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The implied constants of the different big-O above do not depend upon a.

The proof of Lemma 13 is essentially the same as the proof of Lemma 2.6 in [3], except
that we keep the explicit dependence on « in the error terms, that the initial point (ay, bo)
has to be taken into account, and that we have simplified the big-O’s using, see (6), that
7(n) = O(n'/*) as n — co. We include it for completeness.

Proof of Lemma 13. Let Zg,, = (an,b,) be the position at time n of an a-random walk
starting at (ao, bp). Observe that a,, + b, = ag + by + n, so we can write Z,_, = (ao, by) +
(I,n —1) for some [ = 0,1,...,n. The probability that Z, , equals (ag +1,by +n —1) is

<7) a1 — ).

Notice that ged(ag + 1,0 +n — 1) = ged(ap + 1, ag + bo + n). Thus,

ST S (R

o<i<n
ged(ao+1,a0+bo+n)=1

and Lemma 12, with M = n, s = ay and t = ag + by, combined with the estimate (6),
gives (28).

Take now two positions, say Z,, and Zg ,,, with n < m, of the a-random walk starting
at the point (ao, bp). The coordinates of these two positions will be Z, ,, = (ag, bo)+(l, n—1)
and Zg, = (ao,bo) + (I,n —1) + (r,m —n —r) for some 0 <! < nand 0 <r < m—n,

with probability
(7) (1 —a) (m R n) a"(1—a)m™ ",
r

Note that ged(ag + 1+ 7,00 +m — 1 — 1) = ged(ap + L + 7, a0 + bg + m). Then,
E(I(Zam)](Za,m))

_ S (7;) (1 — )t 3 (m N ”) a"(1—a)™ ",

0<i<n o<r<m—n
ged(ao+l,a0+bo+n)=1 ged(ap+l+r,a0+bo+m)=1

Now, using Lemma 12 with M = m —n, s = ap + | and t = ag + by + n, and so that
M +1t = ag+ by +m, in the inner sum, and then with M =n, s = ag and t = ag + by in
the first sum, combined with the estimate (6), we get

E(I(Zan) - 1(Zam))

_ p(d) 1 1 pu(d) 1 m!/4
= (dln§+bo a " \/m0<"”4>><d|m§+bo d " Jal—a) O(\/m—n>>
- d|n§+b @ d|m+za+b Iugid) * a(ll— Q) O<n11/4>
1 ml/4 1 ml/4
+\/a(l—a)O(\/m—n>+Oc(1—a)0<n1/4 (m—n))'
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Here, we have used (5), and the fact that ¢(k)/k < 1. Finally, observe that the last two
terms can be written together as
1 m1/4

a(l—a) O<\/m>
This proves (29). O

Proof of Proposition 6. Now, Proposition 6 follows from Lemma 13 with an argument
much akin to that proving Propositions 3.1 and 3.2 in [3]. O

Proof of Theorem A. Theorem A, with no restriction on the departing point (ag, by), fol-
lows from Propositions 6 and 8. O

4 Asymptotic k-visibility of random walks and Pdlya’s walks

For o € (0,1) and k£ > 1, and a given initial position (ag, by), we now consider the average
time ngj)\,, up to time N, that the a-random walk (Z, ,)n>0 is k-visible from the origin:

N
1
S¥ = 5 > 1i(Zon), for N> 1.

n=1

For k > 1, and a given initial position (ag, by), we consider also the average time that
Pélya’s walk (Y,,),>0 is k-visible from the origin:

N
) _ 1
Qn _N;Ik(yn)a for N > 1.

The analysis for visibility (k = 1) which has been carried out in the previous sections
may be extended to k-visibility. The key new ingredient is the following extension of
Lemma 12.

Lemma 14. Let o € (0,1) and k > 1. For any integers s,t > 0, we have, as M — oo,

MY et ge(M -t d
2 <z>a(1_o‘) - S HD

o<i<M kd| M+t
ged(l4s,M+t)=k
M+t M+1t)/k
UEN BN CEDIIN
a(l —a) VM

Recall, from Section 1.5.1, that g denotes the arithmetic function given by gx(n) =1
if n is a multiple of k, and gx(n) = 0 otherwise. The proof of Lemma 14, like that of
Lemma 12, results from combining (7), now for general k > 1, and Lemma 11.

For the proportion of k-visibility S ,ikj)v, we have the following extension of Proposition 6.
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Proposition 15. For each a € (0,1) and k > 1, the a-random walk (Zen)n>0 with any
given initial position (ag,by) satisfies the estimates

k1 1 1
E(SQ’N)_k2C(2)+ a(l—a)O<N1/4>’ as N — oo,

&)\ 1 1
V(SO"N)_a(l—a)O<N1/4>’ as N — oo.

The implied constants in the big-O’s above depend on (ag, by) and on k, but not upon
€ (0,1).

Proof. We content ourselves with explaining the argument in the case when the starting
point is (ag, by) = (1,1) and just for the mean E(Sc(yk])\,) This argument exhibits the only
differences with the case k = 1.

Lemma 14 with t = s = 0 and M = n gives

M gk(n) 7(n/k)
B(lk(Za (1—a)0< vn

), as n — 00.
kd|n

This expectation is non zero only if n is a multiple of k.
Let N > 1 and let m = | N/k], so that mk < N < (m + 1)k.
Then, with big-O’s depending on k, we have

NE(SIN) = D B(lk(Zak)) = % 22 Mj) " a<11 —a) (X M)

1 j=1 djj = VJ
1 - @ m 1 3/4 L m 1 3/4
i Lt ot et e 0
_ 1N + ! O(N**), as N — oo

k?¢(2) a(l - a)
where we have used (4). And thus,

1 1 1

(k) y _
E(Sa,N) - ch(Q) + O[(l — Oé) O<N1/4

), as N — oo. O

For the proportion of k-visibility time, QS\],C), of Pélya’s walk we deduce, as a corollary
of Proposition 15, the following.

Corollary 16. For Pdélya’s walk (Y,)n=0 with any given initial position (ag,by) such that
ag, bg = 2 we have that, as N — o0,

1

1 1
B = ey +Om) and VW) =0(5m).
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The implied constants in the big-O above depend on (ag, by) and k.
To prove Theorem 2, we deduce, exactly as in the case k = 1, that for fixed k > 1,

N
.1 1
Nhi%oﬁ n§:1 1, (Yn) = B2 almost surely,

and, thus, that

1
- k2C(2)

N
1
almost surely, J&im N E Iy, (Yn) for each k > 1,
—00
n=1

which is the assertion of Theorem 2.
Likewise, for a-random walks we have, as announced after Theorem A, that:

Theorem 17. For any a € (0,1), the a-random walk (Zan)n=0 starting at any given
initial position (ag,by) satisfies that, for all k > 1,

N
.1 1
AP_I&N 521 Ii(Zoy) = ) almost surely.

5 Changing the step of the walk

We fix now an integer step ¢ > 1 and consider Pélya’s walk (Y¢),>o, starting from
Y& = (ag, bo), with (ag, by) € N?, when the steps of the walk are of size ¢. This means that
for each n > 0, the jump Y¢_ ; — Y can take only two values, (c,0) and (0, c): the walk
either moves ¢ units rightwards, or ¢ units upwards. The total linear distance travelled

from Y§ to Y, is nc.

5.1 Exchangeability and mixtures

For each n > 0, given the position Y¢ = (a,,b,) of the walk at time n, the conditional
probabilities of the only two admissible jumps are

by,
an + b,

an

PV, =Y, =(c0) =

n

. P(Y, Yo = (0,0) =

This walk corresponds to a Pélya’s urn process where at each stage, ¢ balls are added
to the urn of the color of the observed/drawn ball. We always have at time n that
a, + b, = ag + by + nc.

For each o € (0, 1), we also consider the a-random walk (Z, ,, )0 starting from (aq, bo),
with right-step (¢, 0) with probability « and up-step (0, ¢) with probability (1 — «).

As we have discussed in the case ¢ = 1, see Section 2.2, the sequence of Bernoulli
variables F¢ registering whether the n-th step is rightwards, FS = 1, or upwards, F{ = 0, is
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exchangeable and, in fact, if (z1, ..., z,) is a list extracted from {0, 1} and if ¢, = Z;’:l xj,
then

tn—1 - n—tn—1 .
[T, (a0 + jo) [T=y" " (bo + jc
P(Flc:xlv-'-ch:xn): j=0 ( 0TJ )H]_O (0 i )

" H;L;g (CL() + bo + ]C)
_ C(ag/c+t,) T(bg/c+n—t,) T((ag+bo)/c)
I'(ao/c) I'(bo/c)  T((ag+bo)/c+n)

_ Beta(ao/c+tn,bo/c+n —t,)
N Beta(ao/c, bQ/C)

The de Finetti mixture measure is in this situation dv(a) = fo/cp0/c(@) do, that is, a
BETA(ag/c, by/c) distribution.

The proportion %Z?:l F¢ converges almost surely to a variable L which follows a
BETA(ag/c, by/c) distribution. Conditioning on L¢ = «, the sequence (F¢),>; consists of
independent Bernoulli variables with parameter «, and thus the distribution of Pdlya’s
walk (Y¢),>1 conditioned on the limit L¢ taking the value o € (0,1) coincides with the

distribution of the a-random walk (Z, ,)p>1:

(Y5, Yo | L= a) £ (Z8 ... ZE ), for each N > 1. (30)

For a fixed time n > 1, equation (30) means, in particular, that
P(Y, =Y+ c(k,n—k)| L =a) = (:)ak(l —a)"F =P(Z,, =75y + c(k,n—k)),
for every k such that 0 < £ < n and all a € (0,1), and that
P (Y, = Y§ + c(k,n—k)) = /01 P(Z:,,, = L5 o+ c(k,n — k) fag/epose(c) do

— /01 P(BIN(n, @) = k) faqjeo/e(@) dav,

for every k such that 0 < k < n.
In other terms, Pdlya’s walk (YS),>o with steps of size ¢ starting from the initial
position (ag,bo) is a mizture of the a-random walks (Zg,, )n>0, all starting at (ao,bo),

where the mizture parameter a € (0,1) follows a BETA(ag/c, by/c) probability distribution.

5.2 An extension of Dirichlet’s density result

The Pélya walk (Y¢), o starting from Y§ = (1, 1) may only visit the points of the grid G,
of N? given by

Ge={(14+nc,1+mc):n,m=0}.
The set G. NV is the set of visible points which the walk (Y¢),>¢ starting from (1,1) can
actually visit.
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The density in N? of the intersection G. NV (of visible and visitable points) is deter-
mined, as we are going to see in Proposition 18, by the quantity

pu(d)
) 2 (31)

d>1,
ged(d,c)=1

(>

Ale)

Observe that A(1) = 1/¢(2). We may write, alternatively,

1 1 1
20 =T10-%) - @ aum (32

pic
f plc

From expression (32) we see that A(c) depends only on the prime factors of ¢, disregarding
their multiplicity; moreover, it shows that 1 > A(c) > 1/¢(2), as it should.

Proposition 18. For any integer ¢ > 1, we have that

) 1
A}l_lrgom#{Oén,mgN: (1 +ne, 1+ me) GV} = A(c), (33)

where A(c) is defined in (31).

The case ¢ = 1 is Dirichlet’s density result of Section 1.5.2; the proof of Proposition 18,
below, follows the lines of the derivation presented in that section.
Because of (33), the density of G. NV is

1
T2

D(G.NV) = = Ale).

Since the density of G. is 1/c¢%, we may write A(c) as the relative density

D(G.NV)
A(c) = AR

Proof. Observe that for integer N > 1, we have that

for ¢ > 1.

#O0<n,m<N:(1+ne,14+me)eV}=#{0<n,m< N :ged(l+ne,1+me) =1}
= Z d1(ged(1 + ne, 1+ me)) :Z,u(d) [#{OéjéN:dH—f—jc}}?.

o<n,m<N d>1
Note that, for d > 1, the number #{0 < j < N : d | 1+ jc} is 0 if ged(d,¢) > 1 or
d> Nc+2.
Now, if ged(d, ¢) = 1, the equation 1 + zc¢ =0 mod d has a unique solution, and so

N N
(%) E—lg#{OéjgN:dH—i—jc}gE—i—l.
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If, moreover, d < Nc¢ + 1, then

d d
(o) SHO<ISN:d|1+jc} <1+ = <c+2.
N N
Dominated convergence in conjunction with (x) and (xx) gives us that

= Y M [BO<i<N:d|1+ )]

d>1;
ged(d,c)=1

d)rd . . 2
— Z &2) [N#{O <JEKN:d|1+jc} 1{1<d<1+Nc}(d)]

d
d>1;gcd(d,c)=1

tends to A(c) as N — oo. O

5.3 Asymptotic average visibility of Pdlya’s of step ¢

Fix ¢ > 1. Consider the Pélya walk (Y¢),~o with steps of size ¢ > 1. We denote with Q%
for integer N > 1, the random variable

c 1 ¢ 1 3 ¢
Qi = HL<n <N I(Y) =1} = N;I(Yn%

and also, for integer N > 1 and « € (0, 1), we write

N
1 1

5.3.1 Starting point (ag,bo) = (1,1)

We first consider walks (Pdlya and standard) starting from the initial position (ag,by) =
(1,1); we shall appeal to the density result (33) of Proposition 18.
We have the following asymptotic result.

Theorem 19. Let ¢ > 1 be an integer. For Polya’s walk (Y$),>o with up-step (0,c¢) and
right-step (c,0) starting from (ag,bo) = (1,1), we have that

lim QY = A(c) almost surely.
N—oo
This is (part of) Theorem 4 from the introduction: the case where (ag,by) = (1,1).
In the notation there, A(1,1;¢,c) coincides with the (relative) density A(c) which we are
considering in this section.
Recall that A(1) = 1/¢(2), as it should, in accordance with Theorem 1. Notice
moreover (see the very definition (32) of A(c)) that, the more prime factors the step ¢
has, the more time Pdlya’s walk with up and right-steps of size ¢ remains invisible.
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By the way, for the a-random walk (Z, ,,)n>0 we also have
lim S v = A(e) almost surely.
N—o00 ’

The proof of Theorem 19 follows the lines of the proof of Theorem 1. The main
differences are listed below.
We use the following extension (and corollary) of Lemma 11.

Lemma 20. For integersn > 1, ¢,d > 1 such that ged(c,d) = 1, and r € Z, there is an
absolute constant C' > 0 such that, for any o € (0,1), there holds

Y

lc=7 modd

Proof. Since ged(c, d) = 1, (the residue class of) ¢ has an inverse /5 in the group Zg; thus
fec =1 mod d. So that
lc=rmodd <= [ = pr modd.

Applying Lemma 11 with r replaced by 5r, we get the result. O

Assume (ag,by) = (1,1). For a € (0,1) and integer n > 1, we have that

E(I(Z,,)) = Z <n> (1 —a)" "6 (ged(1 + le, 2 + ne))

l
_ ~ (n 1 n—1
= <l>a(1—a) Zu(d).
1=0 d|1+le,
d|2+nc

Observe that if d | 1 + le, for some [ > 0, then ged(e, d) = 1, and thus we may rewrite
the expression above as

U= ¥ a0 Y (})ea-ar

d|2+nc; 0<i<n;
ged(c,d)=1 le=—1 modd

Using Lemma 20 and arguing as in the proof of Lemma 13, we deduce that

E(I(Z,)) = Z M(dd)+ = O( ! >, as n — 00.

1/4
d|24nc; Oé(l o Oé) n
ged(e,d)=1

Analogously, if the walk starts at (ag, by) = (1+ ke, 1 4 gc), for some integers k,q > 0,
we have

p(d) 1 O( 1

+ >, as n — 00.
a(l—a) \nl/t

B(I(Z,) = >,
d|2+(k+q)c+nc;
ged(e,d)=1
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As in Proposition 6, we deduce for starting point (ag, by) = (1 + k¢, 1+ qc), with k,¢ > 0
that

1 & 1u(d) 1 1
C N :NZ Cn)) = Z = + a(l—a)0<n1/4)’ as n — 00.
n=1 d=1;
ged(e,d)=1
Now, since

a)da < 400

[ (
0 \/m 1/C+I€,1/C+q

if we start from a point (ag, by) = (1 + ke, 1 4 gc) with both k,q > 1, we deduce that

E(Q%) = ()+0(N11/4) as N = oo.

Moreover, it can be shown that, starting from a point (ag, by) = (1 + ke, 1 + gc) with
both k,q > 1,

V(Qy) = O(ﬁ), as N — o0.

The second moment method (Proposition 8) then gives, as in the case ¢ = 1 and
starting from a point (ag,bo) = (1 + ke, 1 + gc) with both k,q > 1, that

lim Q% = A(c) almost surely.
N—o0

To get the result of Theorem 19 (with starting point (ag, by) = (1, 1)), we just need to
appeal to Remark 21.

Remark 21. For Pélya’s walk Y,, = ((ay, bn))n>0 starting at (ao, by) = (1,1) and with step
of size ¢ > 2, we have

P(first n steps are upwards) = P(a,, = 1 + ¢n, b, = 1)

B ﬁ L+ce(j—1) T(1/c+n)I(2/c) '
S Aloq (i —1)  T(1/e)T(2/c+n)

Since, for = > 0,
I'(n+x)~T(n)n" asn— oo,

we see that

as n — 0.

F(2/c)> 1
L'(1/c)/ nt/e’

In particular, P(first n steps are upwards) tends to 0 as n — oo. The same observations
apply to the case where the first steps are rightwards.

P(first n steps are upwards) ~ (
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5.3.2 General starting point (ag, bo)

In the general case, when the starting point (ag,by) of the Pdlya walk (Y¢),>o with
up and right steps of size ¢ is not necessarily (1,1), by appealing to the density result
of Proposition 23 instead of Proposition 18 of Section 5.4, and arguing as in the case
(ap,by) = (1,1) above, we obtain the following.

Theorem 22. Fix integers ag, by = 1 and ¢ > 1 and consider the Pélya walk (Y,,),>0 with
up-step (0,c¢) and right-step (c,0) starting from (ag,bo). Then we have that

lim QY = A(ag, bo;c,c) almost surely.
N—oo

The almost sure limit A(ag, bo; ¢, ¢) is given by the expression (35) below.

5.4 A further extension of Dirichlet’s density result

For integers ag, by, 7o, ug = 1, we denote

d
Alag, bo; o, ug) = Z % ged(d, o) ged(d, ug). (34)
d>1;

ged(d,ro)lao;
ged(d,uo)|bo

Below, see (37), we exhibit an alternative expression for A(ag, bg; 70, g) in terms of prime
numbers dividing or not the parameters ag, by, 7o and wuyg.

As we have already mentioned, for each integer ¢ > 1, A(1, 1; ¢, ¢) equals the (relative)
density A(c) of Section 5.2. Observe also that A(ag,b; 1,1) = 1/{(2) and, more generally,
that

Alag, bo;c,c) = Z pu(d) ged(d, ¢)?. (35)

d2
d>1;
ged(d,c)|ged(ao,bo)

But see also alternatively (38).
Analogously as in Proposition 18, we have the following density result.

Proposition 23. For integers ag, by, ro, ug = 1,

. 1
]\}Ln(lm m#{o <n,m < N : (ag + nro, by + mug) € V} = A(ag, by, ro, up). (36)

Next we discuss an alternative expression of A(ag, by; 7o, ug) in terms of primes. Let us
denote by A the set of primes that divide ag; write analogously B, R and U for the sets of
primes dividing by, 7o and g, respectively. Finally, denote H = ((R\U)NA)U((U\R)NB).
Then we have that

A(ag, bo; T, up) = d1(ged(ag, bo; ro, ug)) - H (1 - 1) H <1 - %) . (37)

peH p ptlem(ro,ug) p
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This gives in particular that
A(a[)’ b07 C, C) = 61 (ng<a07 b07 C)) A(C)7 (38)
so in the case of common jump ¢ upwards and rightwards, the density is either 0 or A(c).

Proof of the representation (37). Since p(d) is 0 unless d is 1 or a product of distinct
primes, A(ag, bo; 70, up) depends only of the primes that divide each of the parameters
ag, bo, 1o, ug, and not on their multiplicities as divisors. We may then assume that the
numbers d in the sum defining A(ay, bo; ro, ug), aside from 1, are all products of distinct
primes. And thus, comparing both sides of (37), we may assume that ag, by, 7, ug are all
products of distinct primes, or 1.

For a set @ of prime numbers, we let I1(Q)) be the set consisting of 1 and all the products
of distinct primes extracted from (). Recall that, if g is a multiplicative function, then

(%) > udgd) =[] ~gm).

deTI(Q) PeEQ

The sets of primes A and B determine the partition of N consisting of the 4 blocks
A\ B, B\ A, AN B and F = N\ (AU B). Some of these blocks could be empty, for
instance A N B is empty if ged(ag, bg) = 1, and A\ B is empty if ag | byp. Moreover, the
sets A or B are empty if ag =1 or by = 1.

Likewise, the sets of primes R and U determine the partition of N consisting of R\ U,
U\R, RNU and W =N\ (RUU).

The common refinement of these two partitions is a partition of N with 16 (pairwise
disjoint) blocks, some of which could be, of course, empty.

Let D denote the subset of N given by

D={d>1:dis 1 or aproduct of distinct primes, ged(d,ro)|ag and ged(d, ug)|bo}-

This is the set of d’s that conform the sum in (34).

Fix d € D. And suppose, as illustration, that a prime p belongs to R\ U. That is,
p | ro but p{ug. Then, in order to be a prime factor of d, we must have p | ag, but there
is no additional restriction related to by. (This argument explains blocks C; and Cy in
the display below.)

Arguing analogously with the remaining blocks, one discovers that the prime factors
of any d € D must belong to the following 6 blocks of the refined partition:

Ci=(R\U)N(A\B), Cy=(R\U)N(ANB),
C3=U\R)N(B\A), Cy=U\R)N(ANB),
Co=(RNU)N(ANB), Cs=W.

In fact, and conversely, any integer which is a product of distinct primes extracted from

5 ..
Uj—o Cj is in D.
Observe that the set H of (37) is H = (C, U Cy) U (C5 U Cy).
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Let d € D be written as d = HS,O d;, where each d; is either 1 or a product of distinct
primes extracted from Cj, i.e., d; € II(C;). This factorlzatlon is unique, as the blocks are
pairwise disjoint. We have then that

ged(d, rg) = didedy  and  ged(d, ug) = dsdydy,

and thus

u(d) u(do) - pu(dy) - - p(ds)
a(d d(d, up) = '
— ged(d, mo) ged(d, uo) dy dodydyd2

Therefore, using (b) and the last equality, we have that

Z p(d gcd (d,70) ged(d, up) = Z w(do) - pu(dy) - - - pu(ds)

deP d;j €T1(C;);0<5<5 sy 5
(d) pi(d)
= u(d) ne
(de%o) ) <de%(:H) d ) <de§(:W) d )

= 01(ged(ag, bo, 0, ug)) H <1—1> H (1—2%) O

pEH p ptlem(ro,uo)

6 Questions on more general walks

(1) Unequal steps. We may consider a Pélya walk with rightwards step of size 1y and
upwards step of size ug, not necessarily equal, starting from a general point (ag, by) € N2
We already have a general density result (see Proposition 23, and the formulas (36) or (37))
for the visible points which such a walk may visit.

This general Pélya walk corresponds to a Pélya urn process where, at each stage, rg
amber balls are added if the observed/drawn ball is amber and ug blue balls are added if
the observed/drawn ball if blue, and where at the beginning the urn contains ay amber
balls and by blue balls.

But in this general situation the sequence of Bernoulli variables F)°"° registering
whether the n-th step is to the right, F]%" =1, or up, F}*" = 0, is not exzchangeable. In

fact, if (zy,...,,) is a list extracted from {0,1} and if t;, = 3'_, z;, for 1 <1< n, then

=1

[T (a0 + jro) TIi=g" ™" (bo + juo)

P(F]"™ =ay,..., F"% = 1,) = ==
IT;- “o (a0 + bo + juo + (ro — uo)t;)

If 7o # wg, the probability above depends not only on ¢,, the number of z; which are
equal to 1, but on the ¢;, 1 <1 < n—1, and thus on the order of appearance of the 1’s in
the list of z;. Actually, the sequence of Bernoulli variables F°"° is exchangeable if and
only if 7o = ug, i.e., when the sizes of the rightwards and upwards steps coincide. This is
the case of the Walk (Y¢),>0 which we have discussed in Section 5.3.

But still, with notation with obvious meaning at this time, one wonders if

lim Q™" = A(ag, bo; 0, up) almost surely.
N—o0
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(2) Compensated Pdlya’s urn. What happens in the case when, at each stage of the
urn, the ball added is of the other color than the ball drawn? This is an instance of the so
called Bernard Friedman’s urn, see [10] and [9]. Observe that, with the general notations
above, in this model a,/(a, + b,) tends to 1/2 almost surely. But, again, the Bernoulli
variables registering the rightwards and upwards movements are not exchangeable. Is it
the case that the average visibility time converges to 1/¢(2) no matter what the starting
point is?

(3) Basic three dimensional extension. Start with an urn with balls of 3 colors: a, b
and c¢. The process now is to draw a ball form the urn, note the color of this ball,
return it to the urn and add one ball of the same color to the urn. This determines
a corresponding Pdlya’s walk in N3. There are now two notions of coprimality for the
composition (a,, by, c,) of the urn at time n: coprime triple, that is, ged(ay, by, c,) = 1,
or pairwise coprime, i.e., ged(an,b,) = ged(an, ¢,) = ged(by, ¢,,) = 1. Is it the case that,
for a certain constant P, the proportion of time up to time N that the composition of the
urn is a coprime triple converges almost surely to P as N — oo? For pairwise coprimality,
does the same result hold with a certain constant 77 The constants P and T should be

P:]}(1—%):$ and Tzl;[(1—31_p21/p—]%>.

The number T is the asymptotic proportion of triples of integers that are pairwise coprime
(see T6th [18] and Cai-Bach[2], Theorem 5).

(4) In a general Pélya urn, there are m different colors. It starts with oy, as, ..., a,
balls of those colors. The dynamics is governed by a m x m matrix with nonnegative
integer entries, which codifies how many balls of each color are added of each color at
each stage depending of the color of the drawn ball. The evolution of this urn determines
a walk in N™. What happens in this case?
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