Probabilistic proof of mean-value theorem for [0, 1]-valued
multiplicative function by means of adelic formulation
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Abstract

A probabilistic proof by means of the adelic formulation is given to the classical mean-value
theorem for [0, 1]-valued multiplicative arithmetical functions f. Then a more general mean-value
theorem is derived for composite functions ¢(f) of f with (semi-)continuous functions ¢.

1 Introduction

An arithmetical function f : N = {1,2,...} — Cis called multiplicative if f(1) = 1 and f(xy) = f(x)f()
holds for every co-prime pair x,y € N. It has the following form:

npapm)] - 1_[ f(papm)), neN. (1
)4 p

Here and hereafter we let p denote a prime, and ., and [],, denote a sum and a product over all primes,
respectively, and

fm)=f

ap(n) := suplk e NU{0}; p* | n}, neN.
For g : N — C, we define

if the limit exists. For example, the indicator function l{apzm} of the set {n € N; a,(n) > m} has the limit,

—m

and we have M [I{szm}] =p
In this paper, we give a new proof to the following classical mean-value theorem due to Wirsing.

Theorem 1. If f : N — [0, 1] is multiplicative, M[ f] exists and we have

Mis1=]] (1 - %)[1 +) fﬁm))- @)
m=1

p

In particular, M[f] = 0 if and only if 3., 7' = f(p)) = .
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If we could suppose M to be an expectation operator, under which {a)}, are independent, we would
be able to show (2) in the following way: since f has the form (1), we would have

[ i f(p'")l{%:m,}

M[f] =M ll_[f(p“") =M

p m=0
= ]_[M{i f(p’”)l{afm;} = ]—[if(p M ltap m]
— p m=0
N R (B .
pya » pl&h b

By f(1) = 1, we would see (2) holds. Unfortunately, since M is not countably additive, the above
calculation (3) has no theoretical grounds. Thus all known rigorous proofs of Wirsing’s theorem are
quite different from (3).

In this paper, following the formulation of [8, 12], we extend f to a random variable, denoted by the
same letter f, on the probability space (Z, B(Z), 1) (Definition 7), where Z is the ring of finite integral
adeles, a compact ring containing N densely, B(Z) is its Borel o-algebra, and A is the Haar probability
measure. Then we calculate the expectation E[f] of f along the lines of (3) (Proposition 9), and show
M[f] = E[f] to prove Theorem 1.

Remark 2. The assertion of Theorem 1 was first proved for multiplicative functions f with range —1 <
f <1 by Wirsing [14, 15], and it has been extended to C-valued multiplicative functions f with |f] < 1
under additional conditions (c.f. [3] Theorem 6.3). However, since our method developed in this paper
needs the positivity of f, we assume 0 < f < 1 in Theorem 1.

From the identity M[f] = E[f], we can easily derive the following more general mean-value theo-
rem.

Theorem 3. Let f : N — [0, 1] be multiplicative.
(i) If ¢ : [0, 1] — C is continuous, M [¢(f)] exists and it is equal to E [¢(f)].
(ii) If ¢ : [0, 1] — [—00, o) is upper semi-continuous, we have

lim sup — Z e(f() < E[o(f)]. “

N—oo

If ¢ 1 [0,1] — (=00, 0] is lower semi-continuous, we have
1 &
liminf Zl e(fm) 2 E[g(f)]. (5)
n=
(iii) For any t € [0, 1], we have

1 N
A(f < 1) <liminf - Z 110.0(f ()

< lim sup — Z Loa(f) < A(f <1).

N—ooo

In particular, if A(f = 1) = 0, then M [1j0,,(f)] exists and it is equal to A(f < 1).



An example of f for which A(f =) =0, t € [0, 1], is the extended random variable of ¢(n)/n, n € N,
¢ being Euler’s totient function ([5] Chapter 4).

In § 2, we present a brief introduction to the adelic formulation, and basic facts about it. In § 3, we
give a probabilistic proof by means of the adelic formulation to Theorem 1. Then a proof of Theorem 3
is given in § 4.

Other applications of the adelic formulation can be seen in [1, 2, 13]. The method of compactifica-
tion of N for the investigation of the mean value or distribution problems of arithmetical functions was
initiated by [10], and it has been studied by several papers and books, such as [4, 6,7, 9, 11].

2 Ring of finite integral adeles and Haar probability measure
For each p, we define the p-adic metric d,, in N by
dy(m,n) :=inf{ p~™*; p*| m—n), ke NU{0}}), m,neN.

Let Z,, be the completion of N with respect to d,,. Then Z, becomes a compact ring, and there exists
a unique probability measure A, on the Borel o-algebra B(Z,) of Z, that is invariant with respect to
addition. Thus we obtain a probability space (Z,, B(Z,), 4,,) for each p. We then consider the product of
all the probability spaces {(Z,, B(Z,), 1p)}p:

(2, 82), ) = | |@p, BZp), Ay).
p

7:=T11 » Zp with the product topology is a compact ring with component-wise addition and multiplica-
tion, and it is called the ring of finite integral adeles. Note that the product of o-algebras {B(Z),)}, is
nothing but the Borel o-algebra B(Z) of Z. The product probability measure A = [1, 4 is obviously
invariant with respect to addition and it is called the Haar probability measure of Z. We let E[g] denote
the expectation of a random variable g defined on (Z,B(2), D).

Now, we list up some facts that will be used in the next section. For details, see [12] § 3.

Proposition 4. (i) Identifying N with the diagonal set {(n,n,...) € 7 n € N}, it is dense in Z.
(ii) For each m € N, we have 7. = U;":_O] (mZ + r), which is a disjoint union.

(iii) For each m € N and each 0 < r < m, the indicator function 1,5 : 7 — {0, 1} is continuous.

We can extend any periodic arithmetical function g to adeles. If it has a period m, it is of the form

m—1

g = > gV lyzi,(m), neN.

r=0

Then we define its unique continuous extension to Z as
m—1
g(x) = Z gl 5, (x), x€Z.
r=0

Proposition 5. (i) If g : 7 — R is continuous, {g(n)}nen is an almost periodic sequence, i.e., a uniform
limit of periodic sequences. Conversely, if {g(n)}nen is an almost periodic sequence, it is uniquely ex-
tended to a continuous function on 7.

(ii) If g - 7. — R is continuous, we have M[g] = E[g].



We write m | x if x € mZ. For each x € Z, we define
a,(x) :=sup{m e NU{0}; p" | x} < .

Proposition 6. (i) {a,}, are independent random variables.
(ii) Ya,>m} is periodic, and we have

M [1{(1,,2m}] =E [1{(1,,2m}] = P_m~

By Proposition 6 (ii), we have A(a, = o) = 0, and hence we can extend any multiplicative function
f N — [0, 1] to adeles by the following formula.

Definition 7.
f(x):= l_[f(p"l’(")), Al-ae. x €. (6)
)4

Then f is B(Z)-measurable, A-integrable, and multiplicative. Indeed, if x,y € Z are co-prime, i.e.,
2p @p(ap(y) = 0, then f(xy) = f(X)f(y).

Note that (1) is a finite product for each n € N, whereas (6) is, in general, an infinite product. Indeed,
since 3}, Aap 2 1) = X, p~! = oo, Borel-Cantelli’s second lemma implies Alap 2 1, 1.0) = 1. If
f takes negative values, we may not be able to extend it to adeles by the formula (6). For example,
the Mobius function u, which is a {—1, 0, 1}-valued multiplicative function characterized by u(p) = -1,
U (pk) =0, k > 2, for each p, cannot be extended to adeles by (6).

Remark 8. It is known that the shift Z 3 x — x + 1 € Z is ergodic. By the individual ergodic theorem,
we have M[f(e + x)] = E[f], 1-ae. x € 7. In this context, Theorem 1 asserts that x = 0 is not an
exceptional point in this ergodic theorem.

3 Proof of Theorem 1

Let f : Z — [0, 1] be the extended multiplicative function defined by (6).

Proposition 9.

E[f] = H(l—,%)[1+zf§,’i?]- %)
m=1

p

Proof. Proposition 6 (i) and (ii) imply that E[ f] can be computed in the same way as (3); we have only
to replace all the M’s in (3) with E’s. m|

Proposition 10. The following three statements are equivalent to each other:

(i) E[f1=0; (ii) f =0, d-a.e; (iii) X, p~ 11 = f(p)) = .

Proof. Since f > 0, it is obvious that (i) and (ii) are equivalent to each other. Again, since f > 0, each
factor of the infinite product of (7) is not zero. The product is written as [ [, (1 -p '+ f(ppt+0 (p‘z)) ,
hence it diverges to 0 if and only if 3, pl = f(p)p~! - 0(p‘2)’ = oo, but since };, |0(p‘2)| < o0, the

infinite product diverges to 0 if and only if }’, p~'(1 = f(p)) = co. Thus (i) and (iii) are equivalent to
each other. O



We now enumerate the set of all primes as {p j};‘;l, and accordingly, we describe f as

fo=] F(P7Y). raexei (8)
=1

where a; is an abbreviation of « i

Remark 11. Before going further, we make a remark on the continuity of the extended multiplicative
function (6). If it is continuous, we have (2) immediately by Proposition 5 (ii). However, we cannot
expect in general that it is continuous. For example, let us show that the extended function of ¥(n) :=
¢(n)/n, which is written in the form (8) as

b | (P X
W) = ﬂ(l - ]‘”(x)), xe?

1 Pi

is discontinuous at A-a.e. x € Z. We first show that ¢ is not continuous at any x € ¢~ '({0}). Define a
metric d on Z as

d(x,y) = Y 27d, (xj.y), x=(x)),y=0)€Z,
j=1
which is consistent with the topology of Z. For any £ > 0, there exist £ € N and y € Z such that
d(x,y) < € and that p;|y for j > £. Then we have 0 < y(y) < H;’;K(l - (1/pj) =0,1i.e., ¥(y) = 0, which
means ¢ is not continuous at x unless ¥(x) = 0. By Kolmogorov’s 0-1 law, /l(w_l({O})) =0orl, and
Proposition 10 implies AWL{0)) < 1, we see y(x) > 0, 1-ae. x € 7. Thus Y is discontinuous A-a.e.

Definition 12. For each k € N U {0}, let dj(k) € {0, 1} denote the j-th bit of k, i.e., k = Z;’;l 2j_1dj(k).
Then for each k € N U {0}, we define

— @;(x) a;j(x) A
fe(x) := l_[ f(pj’ ) 1_[ (1 —f(pj’ )), A-a.e. x € Z.
JeN: d;(k)=0 jeN:dj(k)=1
Here and hereafter any empty product is assumed to be 1 by convention. Note that fy = f.
Lemma 13. (i) 32, fi(n) = 1, n € N.
(ii) If E[f] > O, then 3.}2 fi(x) = 1, A-a.e. x € 7, hence 2o ElLfil = 1.

Proof. (i) For each n € N, there exists J € N such that a;(n) = 0, i.e., f ( a’(")) = 1,if j > J. Then for
each k € N U {0}, we have

fn= [T 7™ [T (-r(7").

1<j<J; d;(k)=0 JEN; dj(k)=1

If k > 27, there exists j > J such that dij(k) = 1 and f ( o (n)) = 1, which implies fi(n) = 0. Therefore

we have
271

ka(m— ka(n) ]_[ F2™) + (1= 7 (p7™) = 1.

(ii) The above argument leads to

271

ka(x = ( a/j(x))+(l QJ(’C) 1_[ f(p aj(x)

J
J=1 j=I+1
[ee]



This implies that the limit /2, fi(x), which is o({a j};il)-measurable, is independent of o (ay,...,ay )

for any J € N. Since {@ J}J , are independent, 32, fi(x) is equal to a constant ¢ > 0, A-a.e. x € Z by
Kolmogorov’s 0-1 law. Now E[f] > 0 implies A(fp > 0) > 0, and hence ¢ > 0. Therefore for 1-a.e.
x € Z, there exists J € N such that [T P f ( i (x)) > 0. From this, it follows that

o0

Z fi(x) = 11m l—[ f a’(x) =1, Ad-ae xeZ.

k=0 ] =J+1

Lemma 14.

N
lim sup N;fkme[fk] ke N U (0},

Proof. First we show the lemma for k = 0, i.e., for the function f. For each L € N, we define

(x) _ l_[f( 1O j<p) (x))
- l_[ (Z f(pT) Ligj=m)(x) + l{aj2L+l}(x)}, d-ae. x € Z.

Jj=1 \m=0

Since 0 < f < 1, we see f(n) < fE(n) < 1,n € N. fL(n) is a periodic function and hence

lim sup — Zf(”)<M[ ] E[f]

N—ooo

Since fL(x) N f(x) as L — oo, for A-ae. x € 7, we see E[fL] N E[f] by the monotone convergence
theorem, and that

lim sup — Z fa) <E[f].

N—oo

For k,L € N and A-a.e. x € Z, we define

ka (x) := l_[ ¥ (p?./(X)l(a jSL,(x))

J
1<j<L; d;(k)=0

X ]_[ (1 - Ligyen@f (p a](x)))

1<j<L; dj(k)=1

L
= l_l [Z f(p;n) l{aj:m}(x) + 1{<xj2L+l}(x)]

1<j<L; dj(k)=0 \m=0
L

Z (1 -f (p’]n)) 1{a_,~=m}(x) + 1{(1_,~>L+1}(x)\] .

x (
1<j<L;dj(k)=1 \m=1

Then the above proof for f can also be applied to f;. O



Lemma 15. IfE[f] > O, for any K € N U {0}, we have

N o 0 N
1 1
hm sup Z Z Jfi(n) = limsup Z N Z fi(n)
n:l k=K N=eo ok 7 n=l
S 1 N
< lim sup — n). 9
;{ N%pN;ﬁc() ©)

Before proving Lemma 15, let us complete the proof of Theorem 1.

Proof of Theorem 1. If E[f] = 0, Lemma 14 (k = 0) implies that

N
0< lilrvn_fip%;f(n) <E[f] =0.

This and Proposition 9 show (2).
Now, let us assume E[f] > 0. By Lemma 13 (i) and Lemma 15, we have

N o
1 = limsup % Z Z fi(n) < Z lim sup — ka(n)

N=eo T 021 k=0 N—eo

By Lemma 13 (ii) and Lemma 14,

oo 1 N 0
D limsup = 3" fm) < Y B[] = 1.
k=0 N—e VoD k=0

The above two imply that

) N o
) 1
D limsup = 3" fuw) = Y B[] = 1. (10)
N—ooo
k=0 n=1 k=0
By Lemma 14 again, we have
lim sup — ka(n) =E[f], keNuU{0}. (11)
N—oo

Then by Lemma 13 (i), f = fo, Lemma 15, (10), and (11), we have
1 & 1 &
liminf ;f(n) = liNnLigf(l -5 Z

1 N
=1-limsup —

=1- Z E[fl = EIf]. (12)

k=1

From (11) (k = 0) and (12), it follows that M[ f] = E[f]. Finally, by Proposition 9, we obtain (2). m|



To prove Lemma 15, we use two technical lemmas.

Lemma 16. Suppose that h(n) = ho(n) + - - - + hy—1(n), where each {h)(n)}" | is a non-negative periodic
sequence of the form

hi(n) = algu(n), neN, a>0, Q€eN, [=0,...,m-1. (13)

Then h is periodic with period lcm(Qy, . . ., Qu—1), and we have

=]~
M=

h(n) <M[h], N eN. (14)
n=1
Proof. For any N € N,
1 N 1 N m-1 m—1 1 N m
NCESPHWIE z > =52 |5
n=1 n=1 =0 =0 n:I 1=0
m—1 - m-1
1 N
B Y a ZM = M[A].
z:oN Q T2 o

O

Lemma 17. Let f : N — [0, 1] be a multiplicative function, let ¢, < ... < q, be a finite sequence of

primes, and let
-

0= [ 10 = Lo (). e

i=1

where Bi(n) := a,,(n). Then the sequence {h(n)}> | is a finite sum of periodic sequences of the form (13).
Proof. Foreachl=0,1,...,2" =1, let hy(n) := ajlgn(n), n € N, where

a = l_[ (I - f(g:) n f@, A :=ﬁqf"(l)+1.
i=1

1<i<r;d;i(1)=0 1<i<r;di(h)=1

Then we have h(n) = ho(n) + - - - + hyr_1(n), n € N, as shown below.

Letn € N. If Qg t n, there exists i € {1,...,r} such that 8;(n) = 0 and hence we have h(n) =
ho(n) + -+ + hpr_1(n) = 0. If Q-1 | n,i.e., Bi(n) > 2foralli e {1,...,r}, we have h(n) = 1, on the other
hand,

2'-1 r
ho(n) + -+ + hyr () = Y ar = | (1 = flgi) + flg) = 1.
=0 i=1

If Qo | nand Q2—1 1 n, there exists a unique lp € {0,...,2" — 2} for which Q;, | n and Oy t n for any
I # [y such that Qy, | Q. Then we have

=[] a-fa.

1<i<r;di(lp)=0
On the other hand,

2'-1
D =) algum= > a
=0 =0

0</<2"-1
Q1|Q/0

= >, Il a-ran ] ra

0<i<2"-1 1<i<r; d;(1)=0 1<i<r;di(D=1
Q1|Q/O



If O; | Oy, and di(lp) = O then d;(/) = 0. This means that if Q; | Q;,, we have
(a-f@n= ] a-fa
1<i<r; di(1)=0 1<i<r; di(lp)=0

x [T a-sa».

1<i<r; di(lp)=1,d;()=0

Consequently,
-]
Y= []  a-fa)
1=0 1<i<r; di(ly)=0
x> ] a-ra» [] fa@
OSQI,%O_ " dtgr =0 diipt =1
=[] a-ra» ] «@-rfay+san
1<i<r; di(lo)=0 1<i<r; di(lo)=1
= [ a-rap.
1<i<r; di(lp)=0
Thus we see h(n) = hyo(n) + - - - + hor_1(n) for all n € N. |

Proof of Lemma 15. Letk € N U {0} and let

g@=[] (1-lga@f(p}). 1ae xel

JEN; d(k)=1

Then fi(n) < gi(n), and {gr(n)}” , is a finite sum of periodic sequences of the form (13) by Lemma 17.
Therefore Lemma 16 implies that

1< 1<
FONLOEE Zl gk(n) < Mlgi] = Blgi] = Gx, NeN. (15)

n=1

On the other hand, we have

271 2/-1 2]
Gy = Elgi] = E Z gk}
k=0 k=0 =0
J
-E ]_l (1 + (1 Lig,<yf (p?’)))}
j=1
J
=[[(1+E[1 =100 (p7)))
j=1
J 1 1 1
— g[l +la —f(Pj))(;j - ;?]Jr p_i]]
J 1-flpp 1
<| [1 ' [p— ' ?D



Now, if E[f] > 0, i.e., 2, p‘l(l — f(p)) < oo (Proposition 10), we see

chsﬂ(1+(m+%))<m. (16)
& ) p p

By (15) and (16), we can apply the Lebesgue—Fatou lemma to obtain (9). O

4 Proof of Theorem 3

Lemma 18. Let f : N — [0, 1] be multiplicative. If ¥ : [0,1] — C is a polynomial function, M[y(f)]
exists and it is equal to E[y(f)].

Proof. For each k € N, since the k-th power f* of f is also [0, 1]-valued and multiplicative, Theorem 1
and Proposition 9 imply that M[ fk] exists and M[ fk] = E[ fk]. Consequently, for any cg,...,c; € C, we
have

E

;ZOCkfk] Z;lockE[fk] =§ckM[fk] :Ml;’ockfk}_

O

Proof of Theorem 3. (i) Take any € > 0. If ¢ : [0,1] — C is continuous, by the Weierstrass approxima-
tion theorem, there exists a C-valued polynomial function ¢, such that

max{ lg(r) — 0s(9)]; £ € [0,1]} < g

By Lemma 18, there exists Ng € N such that for any N > Ny, we have

<

W M

1 N
‘N > el f(m) - Elge(f)]
n=1

Then for any N > Ny, we have
| &
‘N D efm) - E[so(f)]‘
n=1

< +

1 & 1 &Y | &
N Zl e(fm) = Zl ee(f)| + | Zl #olF(n)) — Elipe( f)]l

+ |E[@s(/)] = E[e(N]l

1 N
<% ZO [e(F0) = o f )] + 5 + Elge() = o(P]

< c + £ + £
— — —_ = 8,
3 3 3
which completes the proof of (i).
(1) If ¢ : [0, 1] = [—00, o0) is upper semi-continuous, there exists a decreasing sequence of continu-
ous functions {g;},7, such that px(f) ~ ¢(2), 7 € [0, 1], as k — co. Then for each k € N, by Lemma 13,
we have

N—oo

1 < | <
limsup - > ¢(f00) < limsup 5 D @i(f0) = Mlgi(£)] = Elge(/)]
n=1 - n=1

10



and by the monotone convergence theorem, we have

Elgr(N1 N\ Ele(f)], &k — 0.

Thus we see (4). Similarly, we can prove (5).
(iii) Since 1y is upper semi-continuous and 1jo ) is lower semi-continuous, (iii) follows from (ii).
O
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