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Abstract

We define Wieferich numbers to be those odd integers w > 3 that
satisfy the congruence 29(*) = 1 (mod w?). It is clear that the distri-
bution of Wieferich numbers is closely related to the distribution of
Wieferich primes, and we give some quantitative forms of this state-
ment. We establish several unconditional asymptotic results about
Wieferich numbers; analogous results for the set of Wieferich primes
remain out of reach. Finally, we consider several modifications of the
above definition and demonstrate that our methods apply to such sets
of integers as well.



1 Introduction

Let ¢(n) be the Euler function and A(n) be the Carmichael function. We re-
call that these functions give the order and exponent of the group of invertible
elements modulo n, respectively.

Throughout this paper, for any real number x > 0 and any integer ¢ > 1,
we write log, « for the function defined inductively by log; x = max{logz, 1}
(where log x is the natural logarithm of z) and log,z = log,(log,_, ) for
¢ > 1. When ¢ = 1, we omit the subscript in order to simplify the notation;
however, we continue to assume that logx > 1 for any x > 0.

In what follows, we use the Landau symbol O and the Vinogradov symbols
< and > with their usual meanings, with the understanding that any implied
constants are absolute. We recall that the notations A < B, B > A and
A = O(B) are equivalent. We always use the letters p and ¢ to denote prime
numbers, while m and n always denote positive integers.

An odd integer w > 3 is called a Wieferich number if the congruence

2¢) =1 (mod w?) (1)

holds. Note that if w = ¢ is prime, this agrees with the classical definition
of a Wieferich prime. If (1) does not hold, we call w > 3 a non- Wieferich
number. Accordingly, we denote by W, U, and Q the sets of Wieferich
numbers, non-Wieferich numbers, and Wieferich primes, respectively.

Wieferich primes were first introduced in [21] in relation to the first case
of Fermat’s Last Theorem. In that historical work, Wieferich showed that
if ¢ is an odd prime, and z? + y? + 27 = 0 has a solution in integers z,y, z
with ¢ 1 xyz, then necessarily ¢ € Q. Many other surprising links have
been discovered between Wieferich primes and other (sometimes seemingly
unrelated) number theoretic problems; see [10, 17, 19] for some examples,
problems and further references.

Despite the many efforts that were made to study Wieferich primes, very
few theoretical or numerical results emerged. To this day, only two Wieferich
primes have been discovered (¢ = 1093 was found by Meissner in 1913,
and g = 3511 was found by Beeger in 1922; see, for example, [18] and
also [4, 7, 15]); it is not known whether #Q > 2 or #Q = 2, and it is
unknown whether or not there exist infinitely many “non-Wieferich” primes.

Building on results of Agoh, Dilcher and Skula [1], it is easy to show that
if Q is a finite set, then W is also finite; see Theorem 9 below. In particular,
it @ = {1093, 3511}, then the set W contains exactly 104 numbers; these can
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be determined precisely, the largest one being 16547533489305, and they are
the only currently known examples of Wieferich numbers; see [1].

It S =W, U, or Q, or any other set of odd integers that we consider in
the sequel, and = > 3 is a real number, we then let S(z) C S be the set of
positive odd integers n < x such that n € §. In this paper, we give estimates
for #W(z) and #U(x) as © — 0.

In Section 3, we show that #U(z) > z/(log x)°) (see Theorem 5 for a
more precise statement). Since #U(z) = x/2 — #W(z) + O(1), this yields a
nontrivial upper bound on #W(z) as x — oo.

Rough heuristic arguments imply that the number #Q(x) of Wieferich
primes ¢ < x should be about log, z. Indeed, assuming that the quotient
(2971 — 1)/q is equally likely to fall into any one of the congruence classes
modulo ¢, the “probability” that

(2971 —-1)/g=0 (mod q)
is about 1/¢, which leads to the expected number

#0() ~ Y 3 ~logy T (2)

g<z

of Wieferich primes ¢ < x. The same arguments, applied naively, lead to the
conclusion that the number #W(x) of Wieferich numbers w < z should be
roughly
1
#W(z) ~ Z o log x. (3)

n<x

In Section 4, we derive conditional upper and lower bounds for #(z) under
various assumptions about the growth rate of #9(x), including (2).

Finally, in Section 5 we discuss some alternative ways to extend the notion
of Wieferich primes to arbitrary odd integers. We also give some arguments
which suggest that the conjecture (3) might be false and that, in fact, it is
likely that

log x log,

#VE@) > ogya)?

(4)
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2 General Results on Wieferich Numbers

For a prime p, we denote by v,(n) the p-adic valuation of an integer n > 1;
in other words, p*»(™ is the largest power of p dividing n.

For an integer n > 2, we denote by n* the squarefree kernel of n; that is,
n* is the product of the distinct primes dividing n.

The following characterization of Wieferich numbers is elementary (see,
for example, Theorem 5.5 in [1] for a more general version of this result).

Lemma 1. An odd integer w > 3 is a Wieferich number if and only if the
imequality
vp(w) < vp(271 = 1) = L+ p(p(w”))

holds for every prime divisor p of w.
Let P(n) denote the largest prime divisor of an integer n > 2.
Lemma 2. If w is a Wieferich number, then P(w) is a Wieferich prime.

Proof. Clearly, if w > 2 and ¢ = P(w), then ¢ cannot divide ¢(w*); hence,
vy(p(w*)) = 0. If w € W, by Lemma 1, we have 1,(297! — 1) > 2; thus,
q € Q. O

On page 154 of [18], it is shown that Mersenne or Fermat primes cannot

be Wieferich primes. Here, we show that this result can be extended to
Wieferich numbers.

Theorem 3. If m > 1 is of the form m = 2™ £ 1 for some positive integer
n, then m is non- Wieferich.

Proof. Assume that m = 2" — 1. Clearly, n is the multiplicative order of
2 modulo m, that is, the smallest positive integer k with 28 = 1 (mod m).



Therefore, n|p(m). Now write o(m) = nA. If m € W, then m? |2 — 1,
therefore
2n/\ _

0= =14+2" 42" +... 42" =X (mod 2" — 1).

Hence 2" —1| A, and therefore A > 2" —1. This leads to (2" —1) > n(2"—1),
which is impossible since n > 2.
The case in which m = 2" + 1 can be handled similarly. O

3 Non-Wieferich Numbers

In this section, we derive an unconditional lower bound for the number of odd
non-Wieferich numbers w < x. Our principal tool is the following simplified
and uniform version of a well-known theorem of Wirsing [22].

Lemma 4. For any positive real number x and any odd prime p < log, x,
let T,(x) be the set of those odd positive integers n < x such that every prime
factor q of n satisfies ¢ 1 (mod p). Then

HE(0) 2 woxp (— 222+ Oflogy 0))

Proof. Define parameters w, z, k as follows:

1 -1
w = log x, zZ = exp ( ng > , and k= L(p—> log, xJ .
log; x p—2

Let M be the set of those squarefree integers m having precisely k prime
factors ¢, all from the open interval (w,z) and satisfying ¢ Z 1 (mod p).
Note that for every m € M the inequality m < 2* < /3 holds (since
log, # > p > 3), and therefore z/m > 2%/3.

Let n be any integer of the form n = m{, where m € M, and { is a prime
in the interval (z'/2,x/m] with £ # 1 (mod p). Clearly, n € 7,(z), and the
integers n constructed in this way are distinct for different values of m. By
the classical Page bound (see Chapter 20 of [6]), for each m € M the number
of possibilities for ¢ is at least

i T

(e /m) = n (%) = m(x/m:1.p) > (i = i)

mlog(x/m) ~ mlogx
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Consequently,

#T,(x) >

Z — (5)

Og X mEM
We now show that the estimate
1 Sk
S = (1 +o(1)) (6)

holds, where

w<g<z q
¢#1 (mod p)

For this, we begin with the estimate

k—2
I 1 B D o1 I
meM w<g<z ]>1
gZl1 (mod p)
Observe that
k—2
! S Oyl < L (stomy
(k—2)! ¢’ - (k—2)!
w<g<z 7>1

gZl (mod p)

Sk=2 k
= ol—]).
<k—2ﬂe”°< (wS))
Using the Page bound again and partial summation, we derive that

S = (1]%1) (logy 2z — log, w) + o(1) = <p — i) log, x + O(logs x);

in particular, k < S. Therefore,

Sk—2 Sk k2 Sk
G—2) SH S




and from inequality (7) we obtain that
Sk 1 SF 1 1 S*
— < — — — | < - -
k! _n;Am+O<k! ;ﬂ) - Z m+0<k!)’

since
1 1 1

r2 < w log w - log x log,

=o(1).

This proves the lower bound of (6), while the upper bound is trivial.
Returning to the inequality (5), we now see that

T Sk T eS\*
#T,(x) > > (—) .
o) logz k! log x logé/zx k

Since s |
D _e(1+o( 22 )
k log,
we get that
p—2
#T,(x) > xzexp|—logyz+ P log, z + O(log, )
log,
= xexp| — +Olog:v>,
( TERR

and the proof is complete.

Theorem 5. Let 3 =log"/?2 = 0.8325.... Then

#U(x) > xexp (—25 logy?z + O <log§/3 x)) :

Proof. Let x be a large positive real number, put y = 371 logé/2 x, and let p
be any prime in the interval [y, y + 3?/3]; the existence of such a prime (for
sufficiently large z) is guaranteed by the known results about primes in short

intervals (see, for example, [14]).

Let h = 1,(2P~! — 1); note that p" < 2P~1 — 1 < 2?71 If n = p"m, where
m € T,(x/p"), then Lemma 1 immediately shows that n is a non-Wieferich

number. Since
1/2

D log, “ x
log,(a/p") = logy z + O <@) =logyz +0 ( 102g$ ) |




and p < log, x if = is sufficiently large, by Lemma 4, we conclude that

h z log,(2/p") h
HUa) 2 Tl = pesp (L) 4 Ogog (/')

1
> xexp (—(p —1)log2 — OBz %

-+ Ollog, x))

= zexp (—Zﬁ logé/2 x + O(logé/3 x)) :

where the last estimate follows from our choice of p. O

4 Conditional Results

As mentioned in the introduction, heuristic arguments lead to a conjectural
asymptotic formula

#Q(x) ~ logy @ (8)

for the number of Wieferich primes ¢ < x. In this section, we consider the
problem of estimating #W(x), the number of Wieferich numbers w < z,
under various assumptions about the rate of growth of #Q(x). We also note
that [10, 17, 19] contain several results of a very different spirit which are also
based on various assumptions about the size of #Q(z) (and similar sets).

We begin with an observation that if the sum of the reciprocals of the
Wieferich primes converges:

Z$<oo, ()

qeQ

then #W(x) = o(x). Roughly speaking, the underlying argument runs as
follows. If (9) holds, then most integers are not divisible by a large Wieferich
prime. On the other hand, most integers are divisible by some large prime.
Thus, for most integers n, the largest prime factor P(n) is non-Wieferich,
and by Lemma 2, it follows that n ¢ W.

To make the preceding argument precise, we begin by defining (as usual):

U(z,y) =#{n<z:Pn) <y}



Since P(w) € Q for each w € W by Lemma 2, it follows that

#W(x) S\I/(x,y)—i-z Z 1 S\I/(x,y)—FZZl.

>y w<z >y w<zx
qeQ p“(ﬁ)qu q€Q q|w
Therefore
#W(x) < V(z,y) + 2R(y), (10)
where

R(y) =Z$-

9>y
qeEQ

According to Corollary 1.3 of [13] (see also [5] and Chapter II1.5 of [20]), the

bound
U(z,y) < zu~vHoW

holds as u — oo, where u = (logx)/(logy), provided that u < y'/2. If we
choose (for example):

y = exp(log? z) and u=
logy

x7
it follows that ¥(z,y) = o(z), and by (9), we also have R(y) = o(1); thus,
#W(x) = o(x).

We remark that, by partial summation,
<1
R(y) < / ;#Q(z) dz, (11)
y

and therefore

#W(z) < VU (z,y) + x/oo %#Q(z) dz.

Clearly, under various assumptions about the growth rate #9Q(z), one can
obtain different explicit versions of the above statement by optimizing the
choice of y in order to balance upper bounds on ¥(z,y) and zR(y). For
example:



o If #0(2) < z/log? 2, then from (11) we derive R(y) < 1/logy; hence,

taking

1

_ 9827 and y =zl

log, x

and using (10), we obtain that
log, ©
#W(r) < g2t
log z logs

o If #9(2) < z* for some constant a < 1, then from (11) it follows that
R(y) < y~1*%; thus, taking

1 1/2
Yy = exp ((mlogxlog2x> ) ,

and using (10), we obtain that
#W(x) < xexp (— ((2 =2+ o(1)) log x log, x)1/2) :

Theorem 6. Suppose that

1
g - — 0
logy <q<w
q¢Q

as x — 00. Then

Proof. We have:

Z 1§ZZl+ZZl<<xlog2xZ]%,

n<a P>z m<afp  pzzm<a P>z
P(ged(n,p(n))) 2= plo(m) p?m

where the last inequality follows from Theorem 3.5 of [8], which gives the

bound 1
o)
Z 1< Yylog, Yy
m<y p
ple(m)
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for any real y > 0. Therefore,

1
Yo i<l (12)
zlog z

n<x
P(ged(n,p(n))) >z

By the Brun sieve, we see that the assumption of the theorem implies
that z + o(x) positive integers n < x are divisible by a non-Wieferich prime
q > logyxz. By (12), we see that for all but o(z) of such n, we can also
assume that g 1 ¢(n). Thus, by Lemma 1, we conclude that every such n is
non-Wieferich. 0

Assuming that #Q(z) grows sufficiently slowly, the following result im-
proves the preceding upper bounds.

Let exp, x denote the r-th iterate of exp x; that is, exp; x = expx, and
exp, * = exp(exp,_; ) for r > 2. Note that exp, a - exp, b < exp, ab for all
positive real numbers a,b > 1, a fact that is easily proved by induction on 7.

Theorem 7. Suppose that for some constant A > 0 and some integer r > 1,

#Q(z) < exp, (logfﬂ a:)

as x — oo. Then there exists a constant B > 0 depending only on A and r,

such that | |
LW (z) < exp ( Bw) '
log,

Proof. For every w € W(x), we write
w =ml,

where every prime factor of m lies in Q, and no prime factor of ¢ lies in Q.
It is clear that the above decomposition of n is unique, and that m and ¢ are
coprime.

We first fix m and bound the number of admissible values of £.

Since w is Wieferich, and no prime factor of ¢ is Wieferich, Lemma 1
implies that | ¢(€*)(m*). In particular, £* | o(£*)p(m*). If £* > 1, we then
consider the following filtration of the squarefree number ¢*.

Let ¢, = ged(€*, p(m)). Note that ¢; > 1 for otherwise £* | ¢(¢*), which is
clearly impossible for £* > 1. It then follows that ¢*/¢; divides p(€*/l1)p(¢7).
If /¥ = {,, we stop.

11



Otherwise, let ¢y = ged(¢* /01, p(¢1)). By the same argument as before, it
follows that ¢o > 1 and that ¢*/({103) divides p(€*/l10s)p(ly). If €% = (145,
we stop; otherwise, we continue this process.

In general, given ¢; > 1, and assuming that ¢* # ¢;...¢;, we define the
next integer (; 1 = ged(€*/(¢1 ... ¢;),p(¢;)). Arguing as before, we see that
€j+1 > 1, and that f*/(fl e Ej—i—l) divides @(f*/(él R £j+1))g0(fj+1).

We stop at the first k& such that £* = ¢, ... ¢,.

For a given m, we now determine an upper bound for the number of
admissible values of . First, observe that ¢; | ¢(m). Since l5 | p(¢1), it follows
that ¢y | p(¢(m)). By induction, ¢; | 1) (m), where we use ¢\ to denote the
j-th iterate of . Let n be the first index such that ¢ (m) = 1. Then ¢* is
an odd squarefree divisor of

[TV m), (13)

and, in particular, the number of admissible prime factors of any such number
¢ is at most w,(m), where w,(m) denotes the number of odd prime factors of
the number shown in (13) above. We now use induction on m to show that

290 (m) < (14)

holds for all positive integers m > 2. This is clearly so for m = 2 and 3.
Assume now that m is given, and that the above inequality (14) is true for
all positive integers smaller than m. We may assume that m is squarefree
and odd, for otherwise we can replace m by its largest odd squarefree divisor
and use the induction hypothesis. Now clearly the odd squarefree part of
¢(m) is at most ¢(m) /2™, Since

Gatm) = w(m) + Go(olom) = wim) + 3 (),

it follows from the induction hypothesis that

QWM:WWﬂMWWWSWW§$Sm’

which completes the induction and establishes (14) for all m > 2.
The above argument shows that

__ logm
<
ww(m) ~ log2

< 2logm < 2logx
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for each m. Since w(f)! < ¢ < z, the inequality w(¢) < K also holds with
K = |2logz/log, x|, for sufficiently large . Thus, the number of admissible
choices for ¢*, is, by Stirling’s formula, at most

— o(K)
Wy (m) 2elogz\ ™ log z log, x
< — o 3T ) ) |
Z ( k ) =4 ( K P (© log, (15)

k<K

Now suppose that both m and ¢* are fixed; we estimate the number of
admissible choices for ¢. Writing

g* = Hpj7
j=1

it suffices to count the number of v-tuples (d1,...,0,) of positive integers
such that ,

[In <=

j=1

This inequality implies that

Z 9; < 2logx,
j=1

and it is clear that, by the Stirling formula, the number of v-tuples (41, ..., d,)
satisfying this latter inequality is at most

<L210g:vj) < (L210g:vj> < (2610g:v)K+0(K)
v—1 - K - K (16)
— exp (O (loga:log3w)) |
log,

By the estimates (15) and (16), we see that if m is given, then the number
of choices for ¢ such that m¢ € W(z) is at most exp(O(log z logs x/log, x)).
It now remains to count the number of possible values for m.

As before we assume that the elements of Q = {¢;} are indexed in the
ascending order (for example, ¢; = 1093, g2 = 3511).

From the inequality

j=#09(g;) < exp, (logl 1 q;) .

13



we derive that
log q; > exp, (10gi/ 4 j) (17)

for some constant ¢ > 0. Let s be the largest integer such that
Z logg; < logx.
j=1
From the bound (17), we deduce that
log x

s K :
exp, <0.5 logiﬁ x)

Since
w(m)

logx > logm > Zlogq > Z log g;,

q|m j=1

we have w(m) < s for each such m. Therefore, m* can take at most

exp,_; (log ;=) logx

#Q(x)* = exp|O
exp,. (0.5 log%rA1 x)

log x
= exp| O A
0.5log,’; =
eXPy ( Alog,. o ® >
log x log
= exp | O =exp|O | —
< 1/2A ) log,
exXpy. 10gr+1 z 2

values, once x is sufficiently large. For each fixed value of m* there are no
more than

(2logz)® = exp (O (slog,x))

1 1 1 1
= exp | O o8 % nglil = exp <O (70%36 08s x))
exp,. <0.5 log,’’ x) 082 T
corresponding values of m, which completes the proof. O

14



Theorem 8. If the inequality

#09(x) > alogyx
holds for some positive absolute constant o and all sufficiently large x, then
#W(x) > (log )™ 'oe2+elh),
Proof. Let x be large, and put t = #9Q(z), y = 2"/ and s = #Q(y). Then,

s = #Q(y) = alogyy = aflogy x —log #Q(x)) = (o + o(1)) log, z.

Using Lemma 1, it is clear that each of the 2° — 1 squarefree numbers w > 3
whose prime factors lie in Q(y) is a Wieferich number, and each one satisfies
w<y <y =ux. O

In particular, assuming (8), Theorem 7 and Theorem 8 yield the bounds

(log )82+ < #W(x) < exp (O <M))

log, x

for the number of Wieferich numbers w < z.
We now show that if Q is finite, then W is finite as well and can be
effectively evaluated.

Theorem 9. Assume that Q is a finite set. Then W is a finite set too, and
W < 29%Cexp (14 0(1))Q),
where W = maxyew w and () = maxgeg q.

Proof. By Lemma 2, we see that P(w) < Q. Let

q<Q

where the product is taken over all primes ¢ < (). Now, by Lemma 1, we
conclude that for every prime p,

vp(w) < v (2771 = 1) — 1+ v, (M).

15



Therefore

W < H Qp—lpl’p(M) H pr(M) — H op—1 H pr(M) < 99#Q) .

peQ p<Q pEQ p<Q
PEQ

Using the well-known bound
log M <) “logp = (1+0(1))Q,
P<@Q

we finish the proof. O

5 Some Alternative Definitions of Wieferich
Numbers

By definition, a Wieferich number is an odd integer w > 3 satisfying (1).
As we have already mentioned, in the special case that w = ¢ is prime, this
definition is consistent with the usual definition of a Wieferich prime. In this
section, we consider some other sets of positive odd integers, similar to W,
whose intersection with the set of primes is precisely O.

One of the possible ways to extend the definition of Wieferich primes is

to request that
2e(w) _ 1
ged <7, w) > 1.
w

Let W be the set of odd integers w > 3 satisfying this condition, and let g
be the complimentary set consisting of all odd integers w > 3 with w ¢ W.
Surprisingly enough, it has been shown that W is a set of relative density 1
in the set of all odd positive integers; that is, #W(z) = x/2 + o(z) (see [9]).
Next, let W be the set of odd integers w > 3 satisfying the congruence

2" =1 (mod w?),

and let U be the complimentary set of odd integers. .
Combining the first two approaches, one can also consider the set W of
all odd integers w > 3 for which the inequality

2Aw) 1
sed (7@0) -1
w

16



holds. We also denote by U the complimentary set.
Finally, let WT be the set of odd integers w > 3 such that w is a product
of Wieferich primes, and let UT be the complimentary set of odd integers.
We observe that:

QEW CWEWEWEW. (18)
Here, the various inclusions follow immediately from the definitions (although
the inclusion W C W is less obvious; for this, the idea is to show that if

w € W, then for ¢ = P(w) € Q one has qw |2*(™) — 1); the fact that these
are all proper inclusions follows from the examples:

3837523 e W\ Q, 3219 e W\ W', 68859 ¢ W\ W,
21 € W\ W, and 63 W\W.

We remark that ged(o(w), Mw?)) = A(w) if w > 3 is odd and squarefree;
thus, if w € W is squarefree, then w € W since

2¢) = 1 = 22" (mod w?).

We also note that if w € W and ged(w, o(w)) = 1, then w € WT; this follows
immediately from Lemma 1.

We believe that our methods from the preceding sections can be applied
to derive upper and lower bounds on #W1(x), #W(x), #W(x) and #W(x)
(and thus, on the complementary sets as well), which in some cases are
sharper than those that follow directly from the inclusions (18). In particular,
we remark that the statement and proof of Theorem 8, without any changes,
applies to #W(z) as well. Moreover, proceeding as in the proof of Theorem 5,
we can take integers n = pm, where

plog?2 -1
h = > |
{ log p W = ¥l )

and m < z/p" is such that each prime factor q of m satisfies ¢ Z 1 (mod p").
Lemma 4, with obvious minor adjustments, yields a lower bound on the
number of such m, and choosing p as the smallest prime p such that 27 >
log, x, one derives the estimate

— z 10g2($/ph) h
HIw) > Sew (—mw(mgg(x/p >>)

1
;Igflx + O(log; x)> > 2(logy )¢,

> xexp (—plogQ —

17



for some absolute constant C' > 0. In fact, taking n = 3p"m with p = 1
(mod 3) in the construction of Theorem 5 and in the above construction, we
have

V3<24p(n) o 1) — V3<2<p(3phm) o 1) Z V3(2<p(3u3(m)+1p) . 1)
> v3(p—1)+v3(m) + 1> 13(n),
which in turn shows that
#W(x) — #W(2) > zexp (—26 logy>z + O (logé/3 x)) ,

1/2

where 8 = log™/“2 as in Theorem 5; and

#W(x) — #W(x) > a(logy ) €.

On the other hand, proving that #W(x) — #W(x) — oo still appears to be
out of reach. _

As we have remarked, it is shown in [9] that #U (z) = o(x). Here, we show
that in fact one can obtain an explicit upper bound on the larger quantity

HU () > #U(2).
Theorem 10. The following bounds hold:

#U(z) < #U(z) < e s
3

Proof. We assume that x is large enough and put

log, x

v 3logg

Let &, be the set of positive integers n < x which do not have a prime
divisor p < y. By the Brun sieve (see Theorem 2.2 in [11]), and the Mertens

formula,
H#E <<xH <1—1><< T
' p logy

2<p<y

Let & be the set of positive integers n < x such that there exists a prime
p <y with p*»™ > ¢ Clearly,

logy
> > 2.
yp(n) N [logp-‘ =
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Hence, putting

o logy ’
log 2

we obtain

=

K
T k —-1/2 2,—2/3 —-1/2
#82<<Z Z —k<<xZW<<xy —l—xKy Sxy .

k=2 yl/k <p<yl/(k=1) k=2

Therefore, the set Z of odd positive integers n < x such that for some prime
p we have p*»() <y is of cardinality Z = x/2 4+ O(z/logy).

Let &3 be the set of odd positive integers n € Z such that there exists a
prime p with p*»(™ < ¢ and such that A(n) Z 0 (mod p»™). Again by the
Brun sieve, we obtain

#53<<J:ZZexp — Z % ,

k=2 pkgy <z
(=1 (mod p*)

where ¢ and p run through odd prime numbers (see the proof of Theorem 3.4
in [8], or that of Lemma 2 in [16]). For p* < y < (logz)/?, one easily
derives from the classical results on the distribution of primes in an arithmetic
progression, that

log, log, ©

iy 2 (e =

> =0+

Hence,
#E3 < wyexp(—(1+o(1))y " logy x).

Thus, the set J = Z\&; is of cardinality
#J =x/2+ O(zx/logy + zyexp(—(1 + o(1))y " log, 7)).

For every n € J, there exists a prime p < y such that v,(n) < v,(A(n)).
Therefore, p»™(p — 1)| A(n); thus, p*»(+1|2X") — 1 This implies that
p| ged (2*™ —1)/n,n). Hence, #W(w) > #J. Recalling the value of vy,
we finish the proof. O
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6 Some Heuristics and Further Questions

Let again
_ logy

Y73 logs
The proof of of Theorem 10 (the bounds on #&; and #&;), shows that for

t > exp(y®),

all odd positive integers n < t, except for a set F(t) of cardinality #F(t) =
O(ty™'? +tyexp(—(1 + o(1))y " logy 1)), we have

pln
p<y

Thus, it is natural to assume that for each odd n with exp(y®) < n < x and
n & F(x), the “probability” that n is Wieferich is at least f(n)/n, where

fn)=11I»

pln
p<y
which suggests that
f(n)
#W(z) > E _—

We now consider the set V(t) of integers of the form n = ab, where a is
an odd squarefree integer in the interval [y/2,y|, and b < t/y is an positive
integer whose all prime divisors are greater than y (that is, b is a so-called
y-rough number). It is well-known (see Theorems 3 and 4 in Section 3.6
of [20]), that b takes at least (e™” +o(1))t/ylogy possible values in any
interval b < t with y = o(t), where v = 0.5772... is the Euler-Mascheroni
constant. In particular, #V(t) > t/logy; thus, for the above value of y we
have #F(t) = o(#V(t)). Since f(n) > y/2 for every n € V(x)\F(z), we

derive

n 1 1

W) > ) #»y DR D D
exp(y®)<n<z exp(y®)<n<az exp(2y®)<n<z
neV(z)\F(x) neV(z)\F(x) neV(z)\F(x)
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Using the fact that # (V(£)\F(t)) > t/logy for t > exp(y®) together with
partial summation, we derive

1 1
> L > Y FOMNFM) —enl?)
exp(2y®)<n<z exp(2y3)<n<a
neV(z)\F(x)
1 1 log x
> log Z n > logy’

exp(2y3)<n<z

Recalling the value of y, leads us to the conjectured inequality (4).

As in [9], we also remark that the set W is contained in the set of the
so-called Crandall numbers; thus, Theorem 10 gives an upper bound on the
cardinality of the set of non-Crandall numbers n < x.

Let us consider the limit

1 d ((2¢m — 1
¥ = lim sup 08 8¢ (( )/n,n)

00 logn

Certainly, if Q is infinite then ¥ = 1. We now show that this also follows
from a variant of the Dickson prime s-tuplets conjecture, which has somewhat
more support (see [3]). Indeed, assume that for every s there exists a constant
Ag > 2 such that there are infinitely many chains of primes pq, ... ,ps with
pir1 = a;p; + 1, for some positive integers a; < Ag, i =1,... ,s — 1. Putting
n=mp...ps, we see that

Ds S (As + 1)8171 S (As + 1)sn1/s’

and that p;(p; — 1)|¢(n), fori =1,... ,s — 1. Thus,

29(n) _ 1 Y
ged T,n >pre..pso1=n/ps > (As + 1) °n %

which implies that ¥ = 1. It is also easy to see that in fact one can allow the
a; to grow together with p; as a; = pf(l), fori=1,...,s—1.

We now present an unconditional lower bound on ¢. By [2] (and some
simple counting arguments), there are infinitely many primes p with ¢ =
P(p —1) > p*7 and »y(p — 1) + (g — 1) < log"?p. Write p — 1 =
2907 .. A% m, where ¢ — 1 = Qﬁffl ...0% is the prime number factorization
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of ¢ — 1 and the integers oy, ... ,as, m are such that ged(m,q— 1) = 1. Put
n=2"2"(g—1)(p—1)p. We see that

mgﬁ(aﬁ—ﬁﬂ - .ﬁg(aﬁ_m) 9w(n) _ 1.

Hence, ged (22 — 1) /n,n) > (¢—1)(p—1)272F > p06264+e()  Therefore,

9> 0.6264. ..

which naturally leads to a question about getting a better unconditional
bound on the above upper limit (and on the similar upper limit with ¢(n)
replaced by A(n)).
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