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SOME HEURISTICS AND RESULTS
FOR SMALL CYCLES OF THE DISCRETE LOGARITHM

JOSHUA HOLDEN AND PIETER MOREE

ABSTRACT. Brizolis asked the question: does every prime p have a pair (g, h)
such that h is a fixed point for the discrete logarithm with base g? The first
author previously extended this question to ask about not only fixed points
but also two-cycles, and gave heuristics (building on work of Zhang, Cobeli,
Zaharescu, Campbell, and Pomerance) for estimating the number of such pairs
given certain conditions on g and h. In this paper we extend these heuristics
and prove results for some of them, building again on the aforementioned work.
We also make some new conjectures and prove some average versions of the
results.

1. INTRODUCTION AND STATEMENT OF THE BASIC EQUATIONS

Paragraph F9 of [5] includes the following problem, attributed to Brizolis: given
a prime p > 3, is there always a pair (g, h) such that g is a primitive root of p,
1<h<p-—1,and

(1) g"=h modp ?

In other words, is there always a primitive root g such that the discrete logarithm
log,, has a fixed point? As we shall see, Zhang ([I8]) not only answered the question
for sufficiently large p, but also estimated the number N(p) of pairs (g, h) which
satisfy the equation, have g as a primitive root, and also have h as a primitive
root which thus must be relatively prime to p — 1. This result seems to have been
discovered and proved by Zhang in [I8] and later, independently, by Cobeli and
Zaharescu in [2]. Campbell ([I]) and Pomerance made the value of “sufficiently
large” small enough that they were able to use a direct search to affirmatively
answer Brizolis’ original question. As in [6], we will also consider a number of
variations involving side conditions on g and h.

In [6], the first author also investigated the two-cycles of log,, that is, the pairs
(g, h) such that there is some a between 1 and p — 1 such that

(2) ¢d"=a modp and ¢®*=h mod p.
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420 JOSHUA HOLDEN AND PIETER MOREE

As we observed, attacking (2] directly requires the simultaneous solution of two
modular equations, presenting both computational and theoretical difficulties.
Whenever possible, therefore, we instead work with the modular equation

(3) R" =a® mod p.

Given g, h, and a as in (@), then (@) is clearly satisfied and the common value is
g*" modulo p. Conditions on g and & in (@) can (sometimes) be translated into
conditions on h and a in [B)). On the other hand, given a pair (h, a) that satisfies ([3]),
we can attempt to solve for g such that (g, h) satisfies ([2) and translate conditions
on (h,a) into conditions on (g,h). Again, we will investigate using various side
conditions.

Using the same notation as in [6], we will refer to an integer that is a primitive
root modulo p as PR and an integer that is relatively prime to p — 1 as RP. An
integer that is both will be referred to as RPPR and one that has no restrictions
will be referred to as ANY. In some instances, e will be used to stand for any one
of these four conditions.

All integers will be taken to be between 1 and p — 1, inclusive, unless stated
otherwise. If N(p) is, as above, the number of solutions to (Il) such that g is a
primitive root and h is a primitive root relatively prime to p — 1, then we will say
N(p) = Fypr,nrepr(p) (F for “fixed points”) and similarly for other equations and
conditions. Likewise the number of solutions to (2] will be denoted by T (for “two-
cycles”) and the number of solutions to (@) will be denoted by C (for “collisions”).
If ord,(g) = ord,(h), we say that g ORD h.

The first part of this paper focuses on solutions to (), with Section 2 covering
the basic heuristics used and the lemmas that can be proved about them. Section [3]
presents the conjectures about those solutions to () that follow from the heuristics,
and Section Ml proves some new theorems which give support to the conjectures.

The middle of the paper deals with solutions to ([2) and [B]). Section [l examines
the relationship between solutions of the two equations, while Section [0 presents
the heuristics used to estimate the number of solutions to these two equations and
the conjectures that follow from these heuristics.

The later sections of the paper deal with average versions of the conjectures
and results presented in previous sections. Section [7 sets out the lemmas we need
and gives average versions of the conjectures. Section [§] gives average versions of
the results we have proved, where possible, and makes conjectures on the others.
Section [0 discusses further work to be done along the lines of this paper.

2. THE “INDEPENDENCE” OF ORDER AND GCD

The fundamental observation at the heart of the estimation of Fypr xrppr(p) is
that if h is a primitive root modulo p that is also relatively prime to p — 1, then
there is a unique primitive root g satisfying (), namely g = h" reduced modulo
p, where h denotes the inverse of & modulo p — 1 throughout this paper. Thus to
estimate N(p), we only need to count the number of such h; g no longer has to be
considered. We observe that there are ¢(p — 1) possibilities for h that are relatively
prime to p — 1, and we would expect each of them to be a primitive root with
probability ¢(p —1)/(p —1). This heuristic uses the assumption that the condition
of being a primitive root is in some sense “independent” of the condition of being
relatively prime.
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SMALL CYCLES OF THE DISCRETE LOGARITHM 421

Heuristic 2.1. The condition of © RP is independent of the condition that x PR,
in the sense that for all p,
#{re{l,...,p—1}: zRPPR}
p—1
e e{l,...,p—1}:2RP} #{oze{l,....,p—1}: PR}
~ - b1 .
That this is essentially the case was proved in [I8] and in [2]. We start with the
key lemmas of [2]. Fix a prime p. Let

P="P(a,r,N)={a,a+r,...,a+ (N —1)r}

be an arithmetic progression, where a, r, and N are positive integers such that
P C{l,...,p} Let

PPR={2 cP:2PR}
(this is called P’ in [2]),
PRP = {2z € P: zRP},
and
PRPPR — {4 € P: 2 RPPR}.

Finally, for any set of integers S, let
SW ={reS:x=y* mod p for some y}
(k-th powers of z modulo p) and
Sg={reS:2=0 mod d}.
Then:

Lemma 2.2. Let S be a set of integers and e a divisor of p — 1. Then
#{xeS: gedw,p—1)=e} = > (k) #Se,

k|2t

e

where (k) is the Mobius function.
Lemma 2.3 (Lemma 4 of [2]). Let S be a set of integers. Then

#SPR = p(k)#S™.
klp—1
Lemma 2.4 (Lemma 5 of [2]). Let p > 3 be a prime number, P = P(a,r,N), and
let k and d be integers between 1 and p — 1 such that k divides p — 1. Then

P
uplF) _ % < vp(1+Inp).

It should be noted that [2] only proves Lemma 24 for ged(r,d) = 1, but the
proof goes through more generally.
Now the “independence” of RP and PR:

Lemma 2.5 (Lemma 6 of [2]). Let P = P(a,r,N) with gcd(r,p —1) = 1. Then
2
RPPR _ o(p—1)
*r N ( p—1 >

<d(p—1)+d(p—1)*\/p(1 +1np).
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422 JOSHUA HOLDEN AND PIETER MOREE

As the second author observed in [13], the factors of d(p — 1) that occur here can
in fact be improved to 3, [u(d)| = 2¢(P=1) ysing the same proof; this is also
done in [18]. In addition, if p— 1| N, then the first d(p — 1) term may be omitted.

In fact, several times in [6] the following more general heuristic was used:

Heuristic 2.6. The order of x modulo p is independent of the greatest common
divisor of x and p — 1, in the sense that for all p,

p%l#{a: €{l,....,p—1}: ged(z,p—1) =e, ordy(z) = p%l}

z}%#{xe{l,...,pfl}: ged(z,p —1) = e}

X

1 1#{9&6 {1,...,p—1}: ord,(x) :p%l}

To prove a rigorous form of this we need slightly less generality in the sequence
than in Lemma (The observations on Lemma [Z5] likewise hold here.)

Lemma 2.7. Let e and [ be divisors of p — 1, and N a multiple of p — 1. Let
P=P(1,1,N) and

P = {x €P: ged(z,p—1)=e, ord,(z)= p%l}

Then

o e (7)o () ()2
<d(p—1)* yp(1+lnp).

With the use of the more general version of Lemma [2.4] the proof of Lemma 2.7]
is essentially the same as that of Lemma

An equivalent way of thinking about Heuristic is to fix a primitive root b
modulo p and say that the discrete logarithm log with base b is a “random map”
considered in terms of divisibility; that is, that ged(logz,p — 1) (which equals
(p — 1)/ord,(z)) is distributed independently of ged(z,p — 1). If we apply this
discrete logarithm to (), we get a new equation:

(4) hlogg =logh mod p— 1.
Looking at () with the “random map” idea in mind, we see that ged(g,p — 1)
seems to be independent of this equation. This is the idea underlying the following

heuristic:

Heuristic 2.8. Among solutions to ([{l), the greatest common divisor of g and p—1
is independent of all other conditions on the order and the greatest common divisor
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SMALL CYCLES OF THE DISCRETE LOGARITHM 423

of g and h, in the sense that for all p,
1

—1# {g: @) holds, ged(h,p—1) =e,
p—

-1 -1
Ordp(h) = pTa Ordp(g) = pTa ng(gap - 1) = n}

1
~ ]Tl# {g: @ holds, ged(h,p—1) =,

ond, (1) = "2 ondy(g) = P |

1
- 1#{9: @ holds, ged(g,p—1) =n}.
Heuristic 2.8 unlike Heuristics 2.1 and 2.6] cannot yet be made rigorous.

X

3. CONJECTURES FOR FIXED POINTS

The following conjectures and theorems on fixed points were listed in [6] and
corrected in the unpublished notes [7].
Proposition 3.1. Fyanv,nre(p) = ¢(p — 1).
Theorem 3.2 (Zhang, independently by Cobeli and Zaharescu).
FyprnrPPR(P) = FyprnrP(P)
= FyprnPr(P)
= FgANY,h RPPR(p)
= FgANY,h PR(p)
~¢(p—1)%/(p—1).
Conjecture 3.3.

(a) Fyany,nany(p) =p — 1.

(b) Fyprnany(p) = ¢(p—1).

(¢) Fyrp.ne(p) = ¢(p—1)/(p — 1) Fyanv, he(p)-
(d) Fyrpprhe(p) = ¢(p—1)/(p— 1) Fypr ne(p)-

Remark 3.4. Note that Conjecture 1(c) of [6] is incorrect. In (), if h PR, then g PR
also, so Fganv,npr(p) is equal to Fjpr prrpr(p) and not different as was originally
conjectured.

Proposition B follows directly from the fact that ¢ = h". Theorem also
follows, with the application of Lemmal[2Z5 (that is, Heuristic2l). ConjectureB3\@)
is essentially the same but we need to consider whether h is an e-th power, where
e = ged(h,p — 1). Thus the conjecture uses Heuristic More specifically, we
see that () can be solved exactly when ged(h,p — 1) = e and h is an e-th power
modulo p, and in fact there are exactly e such solutions. Thus

(5) Fyanv,nany (p) = Z e T(e,p),
elp—1

where
T(e,p) = # {h eP(1,1,p-1: ged(h,p—1) = e} :
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424 JOSHUA HOLDEN AND PIETER MOREE

According to Heuristic 2.6] we can model this sum using a set of independent

random variables X, ..., X,_; such that
X, — ged(h,p — 1)  with probability m;
0 otherwise.

Then the heuristic suggests that F any,»any (p) is approximately equal to the ex-
pected value of X + --- + X,_1, which is clearly p — 1.

Conjecture B3|[B) was justified in [6] using the argument that g PR should be
independent of ged(h, p—1) and ord,h. This is somewhat dubious on the face of it,
since if () holds, then the order of g is certainly constrained by both ged(h,p — 1)
and ord,h. The assumption is not necessary, however.

Observe first that if (@) holds with g PR, then ged(h,p — 1) = ged(logh,p — 1).
Then we apply the following elementary lemma:

Lemma 3.5. Let ged(a,q) = ged(b, q) = d. Then the number of solutions of
ar =b mod ¢

with ged(x, q) = 1 is given by ¢(q)/d(q/d). In particular, there are always between
1 and d solutions.

Thus the number of solutions to () with g PR and h ANY is

et 1 g o _p=1) 61
d%;l#{xe{l,...7p 1}: ged(x,p—1) =d, dp(z) y }qﬁ((p—l)/d)’

which by Heuristic is approximately equal to
1 p_1>)2 ¢(p—1)

= pP— 1).

2 () 56 0m -~ 4

This argument justifies Conjecture B3J[]).

Conjectures B3@) and B3|(d) were justified in [6] with Heuristic 2.8} in fact the
conjectures are merely special cases of the heuristic.

In Section [ we will try to approximate the error term in Conjectures B3\@)
and B3|(B) using Lemma 27l The results, however, will not be entirely satisfactory.
With this in mind, we will also use Heuristic to model the distribution of the
values of Fyany,nany (p). Let Xq,...,X,_1 be as above. Then we wish to find o2,

the expected value of
p—1 2
(Sx-w-)
h=1

Note that the expected value of X, X; is ged(h,p — 1) if h = j and 1 otherwise.
Using this, an easy computation shows that

U—chdhp—l) qus( )—(p—l).

h=1 dlp—1
In particular, o < p'/2*¢ for every € > 0. Thus we have the following:
Conjecture 3.6. There are o(z/Inx) primes p < x for which

|Fyanv,nany (p) — (p — 1) > pl/2te
for every e > 0.
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SMALL CYCLES OF THE DISCRETE LOGARITHM 425

TABLE 1. Solutions to ()

(a) Predicted formulas for F(p)
g\ h | ANY PR RP RPPR

ANY | =(p-1) R ITESIL T P
PR No(p—1)

RP Ro(p—1) T =0 | T =0 | T (p=1)?

~ (-1 | _ s(p—1)° |  o(p—1)° | __ o(p—1)°
RPPRI~ 00 [P oz [P o107 |® par

(b) Predicted values for F'(100057)

g\ h | ANY PR RP RPPR

ANY | 100056 9139.46 30240 9139.46
PR 30240 9139.46 9139.46 9139.46
RP 30240 2762.23 9139.46 2762.23

RPPR | 9139.46 2762.23 2762.23 2762.23

(c) Observed values for F(100057)

g\ h | ANY PR RP RPPR
ANY | 98506 9192 30240 9192
PR 29630 9192 9192 9192
RP 29774 2784 9037 2784
RPPR | 9085 2784 2784 2784

Some progress toward proving this conjecture is described in Section [4]
Proposition B Theorem B.2] and Conjecture B.3] are summarized in Table [
which appeared in [7]. The table also contains new data collected since [6].

4. THEOREMS ON FIXED POINTS

The first rigorous result on this subject was Theorem Both [I§] and [2]
provided bounds on the error involved; we will use notation closer to [2].

Theorem 4.1 (Theorem 1 of [2]).

—1)2
Fypr,nrPPR(P) — (b(]lo)fl) <d(p-— 1)2\/]_7(1 + Inp).
Proof. Apply Lemma with P = P(1,1,p — 1). (The observations on d(p — 1)
apply.) 0

We next turn our attention to Fjyanv,nany(p). Recall from Section Bl that its
value can be expressed by ([B). The quantity T'(e,p) that occurs there can be
straightforwardly evaluated using Lemmas and 2.4l We can also use the follow-
ing characterization:

Lemma 4.2. Let k|p—1. Then

T<p71,p):#{j:1gjszc, Gk)=1, (=)*=k* mod p}.
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426 JOSHUA HOLDEN AND PIETER MOREE

Proof. For each integer h with ged(h,p —1) = (p —1)/k, h = j(p — 1) /k for some
1 < j <k with ged(j, k) = 1, such that, moreover,

j 1%1 = 20-D/F od p

for some integer z. It follows that
k
-1
<j pT) =1 modp

(—5)* =kF mod p.
(Note that pt k.) On observing that if

and hence

2#=1 mod p,
then
z=2®P /% modp

for some integer x, the proof of the reverse implication easily follows. O

We now have the following results:

Proposition 4.3. Lete|p—1. Then

(a) |T(e,p) — éaﬁ (p; 1)‘ <d (’%) V(1 +1np).
(b) T(1,p) = ¢(p— 1).

(c) If k is a divisor of p— 1 such that 2k* < p, then T (p%l,p) =0.
@ o<t <o (P,

(©) [Fymvsanr() = (0= < dp=1) (0= 1) = 5o- 1)) Vi1 + ap),
(f) Forany E, 1< E<p-1,

|Fyanynany(®) — (p—1)| < E d(p — 1)*\/p(1 +Inp) + (p — 1)dw-1 (p — 1),

E

where
de(n) =#{d | (p—1): d < k}.
Proof. The cardinality of T'(e,p) equals

#{h eP(1,1,p— 1) ged(h,p—1) = e}
=Y wk)#P (1, 1,p-1)

k2=t

e

by Lemma

= Z (k) E#P(l,l,p— 1) 4 + Mei/D(1 —|—1np)]

k|22t

e
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SMALL CYCLES OF THE DISCRETE LOGARITHM 427

for some —1 < 7 < 1, by Lemma [27]

= 3 w0 [1 a1+ np)

e ek
K|St
pk) | p—1 p—1
— e/p(1+Inp)d [ =—=
k2=t k e? +a \/]_)( + np) e

for some —1 <79, <1

-2 [a; (%) + ner/B1+ Inp)d (%ﬂ

from whence part (@) follows.
Parts ([0} and (d)) are clear from the definition.
Part (@) follows from Lemma ([.2]), since for such values of k one has

0<kr—(=j)"<p
for any j between 1 and k, relatively prime to k. (This was observed by an anony-

mous referee.)
Part (@) follows upon noting that

> eTlep) =), {Gf’ (%) + e ney/p(1+ Inp)d (%)}

elp—1 elp—1

=(@—-1)+ny/p(1+Inp)d(p—1)o(p—1)

for some —1 <17 <1 and then applying part (@).
Part (f) is similar; observe that

lz_:le T(e,p)
> [¢ (pgl) + e ney/p(1 4+ Inp)d (1%1)] + Y eT(e,p)

elp—1 elp—1
e<E e>E
_Z (bpfl te f(1+1n)dp;1 +/Ze¢ p—1
= S Ne\/ P p e n o
elp—1 elp—1
e<E e>FE
p—1 p—1
=(p-1)+ Z € Ner/P(1+1np)d (T) +n Z (e—1)¢ (T)
elp—1 elp—1
e<E e>E
=(p-D+Endp-1)*/p(l+lp)+7 Y (p-1)
P
=@ -1 +Endp-1)°yp(l+Inp) +1'(p—der (p— 1),
where —1<n<1,-1<n.<1,-1<7¢ <1 O
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Unfortunately for part @), o(p—1) —3(p—1)/2 = O(pIlnlnp) in the worst case,
although if p is a Sophie Germain prime, o(p—1)—3(p—1)/2 = 3, and the “average
case”, averaging over a range of p, is o(p—1) — 3(p — 1)/2 = 0.70386(p — 1). (See
later in this section for more on Sophie Germain primes, and Sections [7l and [§] for
further details of the “average case”.) Thus the “error” term for Fyany,nany(p)
will be larger than the main term for infinitely many p. In fact, this estimate is
even weaker than the rather trivial bound

d(p—1) < Fyany,nany(p) < Z e (%) <(p—1)d(p-1)
elp—1

obtained from parts (B and (d) of the proposition. (On the basis of a heuristic
argument we conjecture that the average order of

Z e (p_l)
elp—1 €
is c1plnp with ¢; a positive constant.) A little thought reveals the problem: since
#{h e P(1,1,p—1): ged(h,p— 1) = e} is multiplied by each divisor e of p — 1,
an error of even 1 in calculating the number of elements in the set for a large value
of e will result in an error of O(p — 1).

Part () gives us something of an improvement; but it does not solve the problem
in general. In order to make the term E d(p — 1)?,/p(1 + Inp) be even O(p — 1),
we must pick £ < y/p — 1, which makes dps (p—1) <d(p—1)/2 by an elementary
counting of divisors. Thus the “error” term will still be of larger order than the
main term.

On the other hand, the line of argument from part (@) works if we restrict to
primes p for which

E(p) =max{e:e|p—1, T(e,p)> 0}

is not too large. (Thus, the error in T'(e,p) will not be multiplied by too large an

e.)
Proposition 4.4. Suppose that 1/4 <3 <1, E(p) <p®, and § > 0. Then
Fyany,nany(®) = (p— 1) + Os (p1/2+6+5) '
More specifically,
|[Foanv,nany (p) = (p = 1) < p'**d(p — 1)*(2 + lnp).

Proof. By the assumption on E(p), (@), and Proposition [L3l@), we have

Fyany,nany (p) = Z e T'(e,p)
elp—1
e<p?

=Y ¢ (‘pel) +mp’d(p —1)*/p(1 + Inp)

elp—1
e<p”®
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SMALL CYCLES OF THE DISCRETE LOGARITHM 429

for some —1 <n; <1

p—1
=p-1-|> ¢ (—e > +mp"/*Pd(p — 1)*(1 + Inp)
elp—1
B

e>p
=p—1+4mndp-1)p—7"+ mpl/”ﬁd(p —1)%(1 +Inp)
for some —1 <15 <0
=p—1+n3p"**d(p —1)>(2+ Inp)

for some —1 <73 <1
—p—140 (p1/2+ﬁ+5) ’
where we used the facts that d(n) = Os (n°) for every § > 0 and ¢(n) < n. O

Remark 4.5. One reason to consider the more specific version of this proposition is
to aid in computer searches such as the one described in [IJ.

Proposition 44 is, of course, only useful if there exist sufficiently many primes
satisfying F(p) < p? for some appropriate 3. For instance, 3 needs to be less than
1/2 before the error term is less than the main term:

Corollary 4.6. Suppose E(p) < p*/?>=% and § > 0. Then
Fyanv.nany (p) = (p— 1) + o(p).

In fact, we will prove that there are > z/Inx primes p < z for which E(p) <

p°-3313 and thus that there are > x/Inx primes p < x such that

Fyany,nany(®@) = —1)+0 (p5/6> .

The proof of this starts with the following application of Lemma

Proposition 4.7. Let § >0, a > 2/3. Except for O (x3’3°‘/ln3°‘_1+35 x) primes
p < x we have
E(p) < p® I p.

In particular, letting o = 2/3, except for O (Jc/lnlﬁ‘S x) primes p < x we have
E(p) < p2/3 1n2/3+5 P.
Proof. Let fs(z) = x172/ It 2. If p < z is a prime not dividing

p= 1] f[ ((=5)F = &*),

1<k< f5(z) j=1

(4,k)=1
then, by Lemma [£2]
p—1
T , >0
( ks p)
for some k; implies
p—1
k1> fs(x) > ————
1 f(s( ) P lna+5p
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430 JOSHUA HOLDEN AND PIETER MOREE

and hence
E(p) <p® In®+o .
The nonzero integer P has

3—3a
O Y Kmk|=0(fsx)’nfs(x)) =0<3Z_71+35>
K< fs(x) 8 ’
>Jé

distinct prime divisors. These are the possible exceptions to the inequality
E(p) < p®In®T p.

We can now prove:

Proposition 4.8. There are > x/Inx primes p < x for which E(p) < p®3313.

Proof. 1t is a deep result of Fouvry (see, e.g., [4]), that > a/Inz primes p < z
are such that p — 1 has a prime factor larger than p®%%7. In combination with
Proposition [L7] it follows that there are > z/Ina primes p < z for which E(p) <

p"% and p — 1 has a prime factor larger than p®-%87. Since F(p) is a divisor of
p—1 it must divide the factors of p — 1 besides the largest, and thus E(p) < p®3313
for any such primes. O

Letting 8 = 0.3313 and 6 = 0.002 in Proposition 4] and invoking Proposi-
tion .8, we now have:

Theorem 4.9. There are > x/Inx primes p < x such that

Fyany,nany(@) =@ —1)+0 (p5/6) .
More specifically, there are > x/Inx primes p < x such that
|Eyanv.nany (p) — (p — 1)| < p"#33d(p — 1)*(2 + Inp).

Remark 4.10. If one can establish that in Fouvry’s assertion, 0.6687 can be replaced
by some larger 6 (up to § = 3/4), then in Theorem 4.9l the exponents 5/6 and 0.8313
can be replaced by 3/2 — 0 4+ ¢ and 3/2 — 6 for any 6 > 0.

The most well-known primes p with p — 1 having a large prime factor are the
Sophie Germain primes. These are the primes p such that p — 1 = 2¢q with ¢ a
prime. For these primes it is easily shown (using Proposition [£3|@) with & = 1 and
k = 2) that

Fyany,nany(p) =T(1,p) + 2T(2, p).
Proceeding as in the proof of Proposition [L3l(@), the following result is then ob-
tained:

Proposition 4.11. If p is a Sophie Germain prime, then
|Fyany,nany () — (p — 3)| < 2¢/p(1 +1np).

By sieving methods it can be shown that there are < z/ log® # Sophie Germain
primes p < z. On the other hand, it is not known whether or not there are infinitely
many Sophie Germain primes.

In fact, we can state a similar result for primes p of the form p—1 = mgq as long as
q is prime and m is sufficiently small. (This was observed by an anonymous referee.)
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Let W be the Lambert W function, which has the property that W (z)e"®) = g
for any z. Then as long as m < In(p/2)/W (In(p/2)), any divisor k of m will have
the property that 2k* < p. Thus Proposition E3i[@) gives us

Fyany,nany (p) = Z e T(e,p)
elm

and thus:

Proposition 4.12. If p is a prime as described above, then
[Fgany,nany (p) — (p — 1 —m)| < 2d(m)o(m)/p(1 + Inp).

(The factor 2d(m)o(m) can sometimes be improved, as was the case for Sophie
Germain primes.)

It is also worth asking how large E(p) can be with respect to p. We put forward
the following conjecture:

Conjecture 4.13. Let o < 1. There exist infinitely many primes p with E(p) > p®.

The idea is that amongst the numbers of the form
KE— (=), 1<j<k, ged(j k) =1,

there will be many that are close to being a prime and that if ¢ is a large prime
divisor of such a number, then F(q) will be large. Taking k¥ = 29 and j = 5 we
infer, for example, that the prime
29%% + 5%

=7
satisfies F(q) > ¢%%*. If k is odd and

g =k — (=)
is a prime for some 1 < j < k, then F(q) > (¢ — 1)

Turning back to the general case, the situation where g is PR and h is ANY

follows the argument explained in the justification of Conjecture B3|(H), and uses
Lemma 2.7 to estimate the error term. It is very similar to the previous case, and
unfortunately has the same problem in the general case:

1-1/k

Proposition 4.14.
()
Fypnav(s) = 6(p=1) =2 < dp =1 (o= 1) = 0= 1)) Vo1 + np),
(b) Forany E, 1< E<p-—1,
|[Faprnany(p) — o(p— 1| < E d(p —1)*p(1+1np) + d(p — Ddos (p — 1).
We can proceed in the same fashion as Theorem L9 however, to prove:

Theorem 4.15. There are > x/Inx primes p < x such that

Fyprpany(p) =o(p—1) +0 <p5/6) :
More specifically, there are > x/Inz primes p < x such that
[Fyprpany (p) — ¢(p — 1) < p*d(p — 1)*(2 + lnp).
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Finally, we should mention that the second author (in [I3]) pointed out that we
could also estimate the number Ggpr pany(p) of values h such that there exists
some g satisfying (), with g PR and 2~ ANY. From

-1
GgANY,hANY(p) = Z #{h3 ord,h = ]977 ged(h,p—1) = 6}7
elp—1

it was shown:

Theorem 4.16.

1 p—1\" .
GgPR,hANY(p)*E Z¢< c ) <d(p—1)°y/p(1+1np).

elp—1
Similarly, we can estimate
Goanv.hany(p) = > #{h eP(1,1,p—1)“: ged(h,p—1) = 6},
elp—1
giving:

Theorem 4.17.

Gy ANy, ANy (P) — Z éd? <pel> <d(p—1)>/p(1+ Inp).

elp—1

Since we are no longer counting multiple solutions for each value of h the problem
with the error terms discussed above disappears; the error terms are O(pl/ 2+€) while
the main terms look on average like a constant times p.

(For completeness, we should note that if h is RP and/or PR, then

Gg',h’(p) = F(ﬂ]),go,ho(p)'
Heuristic 2.8 would also predict that
Ggrp,he(p) = d(p —1)/(p — 1)Ggany he(P)

and
GgrrpR1e(P) ~ ¢(p —1)/(p — 1)Gypr ne(P))-

5. EQUIVALENCE OF THE EQUATIONS FOR TWO-CYCLES

As observed in [6], conditions on (Z) can sometimes be translated into condi-
tions on (@) in a relatively straightforward manner. Table 2 reproduced from [7],
summarizes these straightforward relationships.

We can go slightly further, however. Taking the logarithm of the two equations
of (@) with respect to the same primitive root b gives us new equations:

6 hlogg =loga mod p—1;
(6) alogg =logh mod p—1.
Let d = ged(h,a,p — 1), and let up and vy be such that

uoh +vga =d mod p — 1.
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TABLE 2. Relationship between solutions to (2) and solutions to (3)

a\h | ANY PR RP RPPR

ANY gANY |gPR
hRP hRPPR

PR gPR gPR

h RP h RPPR
RP | RANY |gPR |ARP | gPR
gORDA | hPR | gORDA | hRPPR
RPPR | gPR gPR | gPR gPR
hRPPR | hRPPR | hRPPR | h RPPR

By using the Smith Normal Form, we can show that (@) is equivalent to the
equations:

h
7 Eglogh—gloga mod p — 1;
dlogg =wvglogh + ugloga mod p—1,
or:

®) M = g4 mod p;
gt =h"a" mod p.
In the case where d = ged(h, a,p — 1) = 1, then this becomes just

h" =a® mod p;

(9)

Thus:

g =h"a" mod p.

Proposition 5.1. If ged(h,a,p—1) = 1, then there is a one-to-one correspondence
between triples (g, h, a) that satisfy @) and pairs (h, a) that satisfy @), and the value
of g is unique given h and a. In particular, this is true if h is RP or a is RP.

It was observed in [6] that when neither h nor a is RP the relationship between (2])
and (@) is less clear. It was claimed there that given a pair (h, a) that is a solution
to [B) we expect on average ged(a,p — 1) ged(h, p — 1)/ ged(ha, p — 1)? pairs (g, h)
that are solutions to (2.

It is clear from (8], however, that when d = ged(h,a,p — 1) # 1 this is not the
correct way to think about things. The proper equation to look at in this case is
not (@), but

(10) phd = g% mod p.

We will use C’ to denote the number of solutions to (I0I).

Now (8) shows that a nontrivial solution to (I0) produces d pairs (g, h) which
are nontrivial solutions to (@) if A" a"° is a d-th power modulo p, and otherwise no
solutions. (As in [6], we consider the “trivial” solutions to (Z) to be the ones that
are also solutions to ({).) Thus the following heuristic implies that every nontrivial
solution to (I0) produces on average one pair (g,h) that is a nontrivial solution

to (2.

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



434 JOSHUA HOLDEN AND PIETER MOREE

TABLE 3. Relationship between solutions to (2]) and solutions to (I0)

g\ h ANY PR | RP | RPPR
ANY | hANY,aANY |hPR| hRP | hRPPR
E(T/C')~1 |aRP | aANY | aRPPR
PR | RANY,aANY |hPR| hRP | hRPPR
E(T/C") ~ 2221 | 4RP | aPR | aRPPR

Heuristic 5.2. For any pair (h,a), let d = ged(h,a,p — 1), and let uy and vy be
such that
uph +vpa =d mod p — 1.

Then (h,a) — h¥a* is a random map, even when restricted to ged(h,a,p—1) = d,
in the sense that

#{(h,a): h*°a" =y mod p, ged(h,a,p—1)=d} _ 1

#{(h’a): ng(haavpfl):d} - #{ye{lavpfl}}

On the other hand, there is a solution to () with g PR if and only if h¥0a"0 is
exactly a d-th power modulo p; that is, ord,(h"a"®) = (p—1)/d. Then Lemma 37
says that the number of such solutions is ¢(p — 1)/¢d((p — 1)/d). Thus Heuristic
implies that every solution to (I0) produces on average ¢(p—1)/(p —1) pairs (g, h)
that are solutions to ([2l) with g PR. These relationships between conditions on (2)
and conditions on ([I0) are summarized in Table [3, where E(T/C") is the expected
number of solutions to [2)) given a solution to (0.

6. HEURISTICS AND CONJECTURES FOR TWO-CYCLES

We mentioned in Section [2] that we could view z +— logz as a “random map” in
some sense. We will also suppose that the map z — x* mod p is “random”, in a
slightly different sense.

Heuristic 6.1. The map x — 2™ mod p is a random map given the obvious re-
strictions on order in the sense that for all p, given y € {1,...,p— 1}, then

#{re{l,....p—1}: 2" =y mod p}
_#ze{l,...,p—1}: (ord,2)/ ged(z, 0rd, 2) = ordyy}

- #{we{l,...,p—1}: ordyw = ord,y} '
(The fraction on the right-hand side was referred to in [6] as #Sy,/#Tm, where

m = ord,y. The arguments there used this heuristic implicitly.)
In fact, we would like a slightly stronger version of this:

Heuristic 6.2. The map x — x® mod p is a random map, even when restricted
to a specific order and greatest common divisor, in the sense that for all p, given
ye{l,...,p— 1} such that ord,y = f/gcd(e, f), then

#{re{l,....p—1}: 2" =y mod p, ged(z,p—1) =e, ord,z = f}
_#Hze{l,...,p—1}: ged(z,p—1) =e, ord,z = f}
- #lwe{l,...,p—1}: ordyw = ord,y} '
Heuristic [6.2] like Heuristic 2.8 cannot yet be made rigorous.

Using Proposition 5.1l and Heuristic [6.2] we have the following conjectures from
[6], as corrected in [7].
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Conjecture 6.3.

(a) Tyany,nrr(P) = Chre,aany (D) = 20(p — 1).

(b) Thregoroh(P) = Chre.are(p) = G(p — 1) +é(p—1)*/(p—1).
((Cg wPRARP(P) = Chreapr(P) ~ 2¢(p — 1)2/(p — 1).

d

Typr,nrPPR(P) = Ty ANY,h RPPR(D)
= CrRPPR,ae(P) = Che,arRPPR(D)

~op—1)2/(p—1)+olp—1)%/(p—1)°

(€) Thany,gorph(P) = Chany,qarP(P) = 2¢0(p — 1).
(f) Typrnpr(P) = Tyany,npr(P) = Chprare(p) = 20(p — 1)*/(p — 1).
In Conjectures [6.3|@) and E3)@) it should be noted that the observed values in
question must be exactly (not just approxirnately) equal, by the symmetry of ().
The same applies in Conjectures [6.3@) and [E3|(f).

We also made in [6] the followmg conjectures about solutions to (3.

Conjecture 6.4.

(a) Chanv,aany(p) =~ (p—1) + Z &W;) Z ¢’(C:lm)

m|p—1 l(p—1)/m
(b) If p— 1 is squarefree, then Cpany,aany(P) = (p — 1) + H <q +1-— >
qlp—1
where the product is taken over primes q dividing p — 1.
(c) In general,
Ch ANY,a ANY (D)
2
~((p-1)+ H <[(1 )aJrl]
q*|lp—1
1\? ¢t —g¢ ag"? —(a+1)¢*" +q
+ 1——) [a—l—l 2 L _2a+1
( q (@+1) qg—1 e+ 1) (¢—1)
a?q*t? — (202 +2a — 1)g®T? + (a® + 2a + 1)t — ¢® — ¢
" (=1

where the product is taken over primes q dividing p — 1 and « is the exact
power of q dividing p — 1.

(d) Chpraany(p) =2¢(p—1).

(e) Cranv,apr(p) = 20(p —1).

(f) Cherapr(p) = d(p—1)+o(p—1)%/(p—1).

(The formulas in Conjecture B4@) and Conjecture B4 appear in [6] with
typos. They appear correctly here and in [7].)
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TABLE 4. Solutions to (3]

(a) Predicted formulas for the nontrivial part of C(p)

a\h |ANY PR RP RPPR
> —3\3
ANY | =3 |‘ST’ZL“ z¢(;(,_1))2 z¢(;(,_1))2 ~ 4’(%1’_11)}3
~ ~ ¢(p—1 ~ o(p—1 ~ ¢(p—1
e e —arr =
~ o= | _ ¢(@=17 | _ o(p=1)
e e =
~ ¢(p—1 ~ ¢(p—1 ~ ¢(p—1 ~ ¢(p—1
RPPRI~ 07 |® G | 07 |~ g1
(b) Predicted values for the nontrivial part of C(100057)
a\h | ANY PR RP RPPR
ANY | 190822.0 30240 30240 2762.225
PR 30240 9139.458 | 9139.458 | 2762.225
RP 30240 9139.458 | 9139.458 | 2762.225
RPPR | 2762.225 2762.225 | 2762.225 | 2762.225
¢) Observed values for the nontrivial part of C'(100057
(c)
a\h | ANY PR RP RPPR
ANY | 190526 30226 30291 2820
PR 30226 9250 9231 2820
RP 30291 9231 9086 2820
RPPR | 2820 2820 2820 2820

These conjectures rely on Heuristics 2.6land [6.2]and a standard birthday paradox
argument. Thanks to Lemma 2.7 we are now closer to making them into rigorous
theorems. All of the conjectures on (B]) are summarized in Table @ which appeared
in [7]. The table also contains new data collected since [6]. As in [6], we distinguish
between the “trivial” solutions to (B]), where h = a, and the “nontrivial” solutions.

As observed in Section [ to estimate the number of solutions to (@) in the
remaining cases we need to look at ([I0]). We start by estimating the number
of nontrivial solutions. This requires a finer version of Heuristic which takes
d = ged(h,a,p — 1) into account.

Heuristic 6.5. Fix d, e such that e divides p — 1 and d divides e. Then the map
z — 2%/% mod p is a random map, even when restricted to a specific order and

greatest common divisor, in the sense that for all p, given y € {1,...,p — 1} such
that ord,y = f/ ged(e, f), then

#{:ce{l,...,pfl}:x””/dzy mod p, ged(z,p—1) =e, ordp:c:f}

_#tze{l,...,p—1}: ged(z,p—1) =, ordyz = f}
~ #{w e {l,...,p—1}: ord,w = ord,y} '

Now we can approximate the number of nontrivial solutions of (I0) using a
similar birthday paradox argument to that used in [6] for Conjecture
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By Heuristic 6.5, we see that the nontrivial part of C}, any o, any (P) is equal to:
> #{(h,a): h# a, () holds, ged(h,a,p—1) = d}

d|lp—1

=> > #{(ha):h#a, @D holds, ged(h,p—1) =e,

dlp—1 e, flp—1
ged(e, f)=d

ng(avp - 1) = f}

SN Y P
dlp—1 e, flp—1 m|p—1 #Lm
ged(e, f)=d

where
S = {x: ord, (z%/%) = m, ged(z,p—1) = r}

U {x: ord,(z) = nm, ged (2, nm) =n, ged(z,p—1) = r}

nl(p—1)/m
= U {z: ordy(z) = nm, ged(z,p—1) =r}
nl(p—1)/m

gcd(g ,nm):n

and T, = {x: ord,x = m}. Then, by Heuristic [Z.6] we have:

1
HSmr = Z — 1#{x: ordy(z) = nm} - #{z: ged(z,p—1) =1}
n|(p—1)/m
gcd(g,nm):n

1 p—1
= > ———¢Omw¢( >.
npym P "
gcd(%,nm):n

Thus

Z #{(h,a): h # a, [I0) holds, ged(h,a,p—1) =d}

d|lp—1

> 2 | X 11¢“m”¢(p_1>
A me—nym P €
d gcd(%,nm):n

NP NP NP IEEDS 2 (v = 1)%(m)

dlp—1 e, flp—1 m|p—1 n|(p—=1)/m  t|(p—1)/m
ged(e, f)=d gcd(%,nm) ngcd(f tm) t
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Proposition 6.6. For any d dividing q,
o(nm)o(tm)e (£) 6 (4)

22 2 2 o(m) =05 ().
e,flg  mlg  nlg/m tlg/m
ged(e, f)=d gcd(% ,nm):n gcd(%,tm):t

where Ja(r) is the Jordan function Jo(r) =32, s (L),

Proof. This can be verified directly when ¢ is a prime power; then use multiplica-
tivity for the general case. (I

It seems likely that a more combinatorial proof of this proposition can be found.
Finally, we see that the nontrivial part of C} any . any(P) 18 approximately

dnm)o(tm)s (2) 6 (271
> X > > (p—1)2¢(m)

dlp—=1 e,flp—1 mlp—1 n|(p—1)/m  t[(p—1)/m
ged(e, f)=d gcd(%,nm):ngcd(%,tm):t

1 —1

=2 sk (;37)
d|p71p
=p—1.

As we saw in Section B Heuristic[5.2limplies that every nontrivial solution to (IQ)
with A ANY and a ANY produces on average one pair (g,h) that is a nontrivial
solution to (2). Thus the nontrivial part of Ty ANY,h any (p) and also the nontrivial
part of C}, any o any () are both approximately equal to p — 1.

Similarly, we saw that Heuristic implies that every solution to (I0) with
h ANY and a ANY produces on average ¢(p—1)/(p—1) pairs (g, h) that are solutions
to @) with g PR. Combining this with the previous argument, we see that the
nontrivial part of Tgpr nany () is approximately

o p—1 p—1

These calculations justify the following conjectures:

Conjecture 6.7.

(a) Typrnany(p) = 2¢0(p —1).
(b) Tyany,nanv(p) =2(p —1).

These conjectures were made in [6] on the basis of an extension of the “random
map” idea for x — logx. As was explained there, however, it was not clear how
to formulate the idea as a heuristic that could be proved in a rigorous form. The
new analysis explains the complications in the relationship between C} any,q ANY
and Ty any,nany encountered in [6].

Finally, Heuristic can be used to justify the last set of conjectures from [7]:

Conjecture 6.8.

(a) Tyrp.ne(p) = [0(p —1)/(p — 1)] Ty any,he(p)-
(b) Tyrepr,ne(P) = [0(p —1)/(p — 1)] Typr.he (D).
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TABLE 5. Solutions to (2)

(a) Predicted formulas for the nontrivial part of T'(p)

439

g\ h | ANY PR RP RPPR
—1)2 —1\3
ANY |mp-1) |~ —¢§§_i§2 Rop-1) |~ 4;3’_11)23
~ o(p=1)" |  ¢(p=1) o(p—1)
o P =it e e
~ o(p—1 d(p—1)7* | _ s(p—1)*
S EE ST e ST
~ ¢(p—1 p—1 p—1 ~ ¢(—1
RPPRI~ 6 |[* o7 |~ g7 |® 1
(b) Predicted values for the nontrivial part of T'(100057)
g\ h | ANY PR RP RPPR
ANY | 100056 9139.5 30240 2762.2
PR 30240 9139.5 9139.5 2762.2
RP 30240 2762.2 9139.5 834.8
RPPR | 9139.5 2762.2 2762.2 834.8
(c) Observed values for the nontrivial part of T'(100057)
g\ h | ANY PR RP RPPR
ANY | 100860 9231 30291 2820
PR 30850 9231 9231 2820
RP 30368 2882 9240 916
RPPR | 9376 2882 2882 916

The conjectures on () are summarized in Table B, which appeared in [7]. The
table also contains new data collected since [6]. The data sets from Tables [Tl
[, and [ were collected on a Beowulf cluster with 19 nodes, each consisting of 2
Pentium IIT processors running at 1 Ghz. The programming was done in C, using
MPI, OpenMP, and OpenSSL libraries. The collection took 68 hours for all values
of F(p), T(p), and C(p), for five primes p starting at 100000.

7. AVERAGES OF THE MAIN TERMS

Thus far we have considered variants of the Brizolis conjecture for a fixed finite
field with p elements. In the next two sections we consider average versions of these
results and conjectures. The conjectures predict a main term; the results give a
main term and an error term. The following sequence of lemmas gives the behavior
of the main terms, on average. The only result from analytic number theory we
need in order to prove these lemmas is the so-called Siegel-Walfisz theorem. As
usual 7(z;d, a) denotes the number of primes p < z such that p = a modulo d, and
Li(z) = [, dt/Int denotes the logarithmic integral.

Lemma 7.1 ([15, Satz 4.8.3]). Let C > 0 be arbitrary. Then

da) = Li(x)
o) =)

uniformly for 1 < d < In® z, (a,d) = 1, where the constants depend at most on C.

+ O(ze™ Y lnm),

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



440 JOSHUA HOLDEN AND PIETER MOREE

The following result for & = 1 is well known; see, e.g., [12] [16]. For arbitrary k
it was claimed by Esseen [3] (but only proved for k = 3). We present a proof based
on an idea of Carl Pomerance [14]. An analogue of this result for natural numbers
was proved by Issai Schur in his Winter Semester lectures of 1923-24. He proved,
for any complex number s, that

S () (2.

n=1 P
For an instructive discussion of this result see [8, Chapter 4.2].
Lemma 7.2. Let k and C be arbitrary real numbers with C > 0. Then

3 (‘ﬁg’_ll)y = A; Li(z) + Oc <lng:c> ,

p<z

where

Proof. (The implicit constants in this proof depend at most on C and k.) Let g
be the Dirichlet convolution of the Mébius function and (é(n)/n)*. Notice that
g is a multiplicative function and that (¢(n)/n)k = >_dn 9k(d). Using the latter
identity we infer that

k
> (@) =% ) = ge(dn(aid, 1),
p<z p p<zd|p—1 d<wz

If p is a prime, then clearly gi(p) = (1 — 1/p)* — 1 and gx(p") = 0 for r > 2. For
every k there exists a constant ¢ such that |gx(p)| < ¢x/p for every prime p. Note
that

& |u(n))|
n

(11) lgr(n)| < < n e

where w(n) denotes the number of distinct prime divisors of n. Now write

Yg(dr(zd 1) = Y g dn(@d, )+ Y gr(d)m(zsd,1)
d<z d<InBz InB z<d<z

= 51+ 959,

say, where B > 0 is arbitrary for the moment. In order to estimate .S;, we invoke
Lemma [Z.I} This gives

S =Li(z) Y ﬁ((j)) +0c (”é) :

d<InB z

gr(d) i g (d) |9k ()]
> sl el of >
d<InB z ¢(d) d=1 d)(d) d>InB z ¢(d)
We have d/¢(d) = [],14(1 — p )7t < [T,<a1 — p~1)7! <« Ind, using Mertens’
formula. This together with the estimate (IT)) shows that the sum >~ g (d)/é(d)
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TABLE 6. The constants Ay,

k| Ag |
1 10.37395 58136 19202 28805 - - -
2| 0.14734 94000 02001 45807 - - -
3 | 0.06082 16551 20305 08600 - - -
41 0.02610 74463 14917 70808 - - -
5
6
7

0.01156 58420 47143 35542 - -
0.00525 17580 26977 39754 - - -
0.00243 02267 63032 72703 - - -

is absolutely convergent. Since, moreover, gi(d)/¢(d) is multiplicative, we find using
the Euler product identity that >_5° | gx(d)/¢(d) = Ay. Using (1)) we infer that

lnd Blnlnx
Z |£i;( < Z d2—e¢ B(1—¢)
d>InP z d>InB ¢ {E

Invoking the estimates 7(z;d, 1) < #/d and ([[I) leads to So = O(zIn" 219 z). On
putting everything together and taking B sufficiently large, the result follows. [

Remark 7.3. Using, e.g., Maple it turns out that in the range 0 < k < 27 the
2
constant Ay, is quite well approximated by e~ 1-011k+0.0278%% " The constant A, equals

the Artin constant. Let

_ k _
A =T] (1 ; “;/#) and G, (k) = C(k) [T (1= 7).

p>n p<n

If £ is a natural number and n is sufficiently large, then Ay, = [[,>o Cu(r)®*
where the exponents ey, are integers that can be explicitly computed [IT]. In
this way Aj and indeed any other Euler product appearing in this paper can be
evaluated with arbitrary precision; cf. Theorem 2 of [IT]. In Table [6] we present a
few examples.

If a and b are natural numbers, then by (a,b) we denote the greatest common
divisor of a and b and by [a,b] the lowest common multiple.

Lemma 7.4. Let a and b be natural numbers and C > 0. We have

p—1 p—1

(12) 3 W = r(a,b)AsLi(z) + Oupc (1;2 x) ,

pzlpgn'mlod a

p=1 mod b
where

S({4)e([a, b)) p(P*+p—1) p(p* —1)
13 rlab) a, b pl_a[bp:’—p2—2p+l Hb pP—2p+1
(a,b)?
We have
ol ({55

14 ) AR Rt (70) | PAER
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Proof. The proof can be carried out similarly to that of Lemma We introduce
an arithmetic function h,; that satisfies

O(m2s)d(m
’ ha
m¢<ﬁ>m¢<(a b)> =2 haald

dlm

(15)

On noting that the left-hand side of ([IH) is a multiplicative function of m, it follows
that hgp is multiplicative. Then h, is easily evaluated. Taking m = (p —1)/[a, b]
we find that (I2)) holds with constant

o(ied) d a,b))
o([a, b])| abzz ) '

After some manipulations the latter expression, in which the sum has as argument
a multiplicative function, is seen to equal

16 A ‘15(([355 *1 p f2p+1) p(p* —1)
09 e o oy 10050

Pl

On further simplification this is seen to equal r(a,b)As. It can be shown that

(p-DP*-1)
Hp—_p _2p+1<413

This inequality and the fact that the local factors in the two products appearing
in (6] are all > 1 then establishes the truth of (4. O

Lemma 7.5. Let C > 0 be arbitrary. We have

= () <o (5)

p<a I elp 1
P 1) ~ 0.57595 99688 92945 43964 - - -

5:1;[(

is the Stephens constant (see [LT]).

Proof. Using the fact that ¢(n)/n = >_,,, u(d)/d with n = (p —1)/e, we find on
making the substitution de = v and swapping the order of summation that

Sy le(th) - x By

p<w e|p 1 v<zr—1 p<zx
p=1 mod v

where

On splitting the summation range in the range v < In® z and v > In® z for an
appropriate B, the result is then deduced as in Lemma [[.2] O

Remark 7.6. Let V = {V,,}22, be a sequence of integers. We say that m divides
the sequence V' if m divides at least one term of the sequence. Denote by 6(V') the
natural density of primes p dividing V, if it exists. Stephens [I7] proved, subject
to the Generalized Riemann Hypothesis (GRH), that §(V) exists for a large class
of second-order linear recurrences. Moreover he showed, subject to GRH, that
for these sequences 0(V') equals a rational number times the Stephens constant.
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His work is extended and corrected in [9, 10]. For more details on the numerical
approximation to S given in the lemma see [I1], p. 397].
Lemma 7.7. Let C > 0 be arbitrary. We have

T 2o () - oo (7).

p<zx elp—1 In™

where

¢@3) 2p '\ _
A = IT (- 7 ) 7~ 0-27327 30607 85209 15983

Proof. Using the fact that (¢(n)/n)? = >djn 92(d) with n = (p —1)/e (for the
definition of go(d) see the proof of Lemma[72]), we find on making the substitution
de = v and swapping the order of summation that

DR e D i L S}

p<z e|p 1 v<z—1 p<z
p=1 mod v

On splitting the summation range in the range v < In® z and v > In® z for an
appropriate B, the result is then deduced as in Lemma [[.2] [l

Remark 7.8. Lemma [[ 4l suggests that the sum in the previous lemma is asymptot-
ically equal to A2 Y >2, (e, e). Some computation shows that, in agreement with
Lemma [T.7] we have

oo

32 1 3
O S S I

e=1 p|ep -p _2p+1

Lemma 7.9. Let C > 0 be arbitrary. We have
2

(17) Z =Y m) Z¢ ULi(x)+Oc<lg )

p<z m|p 1 n-x

'm

where

3p2+2p+1 )
U= || o TP T ) ~3.4210--- .
( pp+1)(p* 1)

Proof. Let us define hi(n) = (3, #(d)/d)?. Note that h; is multiplicative. Let
us denote the left-hand side of (IT) by I;. We have

L = (m)
p<z mlp—1
ha( (9)
I Z "5
p<x m|p—1 5| ml
v<x p<z

p=1 mod v
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Proceeding as in most of the earlier lemmas, we then deduce that (7)) holds true
with constant

sz 6 %_H< 22”%_”(1_”@)’

2k
v=1 k=1 p

which, after some tedious calculation, is seen to equal U. O

Lemma 7.10. Let C > 0 be arbitrary. We have
2

(18) Z Z¢m2) Z@ :LLi(x)+OC<”é>,

—1
p<z P mlp 1 d| 2=

where

p —|—2p —3p3+p?+1
L=
H( Pl+1)3p-1)

Proof. Let us denote the left-hand side of ([I8]) by Io. We have

3
Zzhlm ¢p—m1
2 151)<(”1)>

) A 1.4446 - - -

p<z m|p—1 m
h
S ID IR PPt
p<T m|p—1 5|t
S Z(;|U5h;(5)g3(§) Y oL
v<z—1 p<lz

p=1 mod v

Proceeding as in most of the earlier lemmas, we then deduce that ([I8) holds true
with constant

Z 25w 071 (9)g3(%)

2w
_H< Z (1+k£Q1 ))2+((1—%)3—1)p(1+(k—1)(1—%))2>
- 2k J
» p
which, after some tedlous calculation, is seen to equal L. O

The final lemma we will present is actually used in our error terms and not our
main terms, but it is of the same character as the others in this section.

Lemma 7.11. Let k and C be arbitrary real numbers with C >0, k > 0. Then

> U(Z(]iiz)? = Telile) + Oc (lngé x> |

p<z
where
n) = Z d"
d|n
and
7 =[] (1 + P ) .
(p—1(pFtt —1)

P
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TABLE 7. The constants T},

L+ [T |
T [ 2.20386-
1.38098 -
115762
107163 -
1.03397 -
T.01646 -
T.00808 -

| O Y | W N

Proof. Using the fact that oy (n)/n* = Zd‘n d*[n* =374, 1/d", we see that

S Y =% g,

p<z p<z d|p— 1 d<z

On splitting the summation range in the range v < In? 2 and v > InP & for an
appropriate B, the result is then deduced as in Lemma [.2] O

We have not yet computed the constants T} using the techniques described in
Remark [Z.3], but a rough approximation using Maple gives the results shown in

Table [1

8. AVERAGES OF THE CONJECTURES AND RESULTS

Given the lemmas from the previous section it is trivial to establish average
versions of some of our results. For example, we have:

Theorem 8.1. Let C' > 0 be arbitrary. We have

Fypr,nrPPR(D) . < x )
ng D— 1 2 ( ) C hlcaj

Proof. This follows at once from Theorem ] Lemma [.22] and the observation
that, for every € > 0, Zp<w dp—1)y/p(1 +1np)/(p—1) = O(x1/2+5), 0

Similarly, we have:

Theorem 8.2. Let C' > 0 be arbitrary. We have

Z GgpR,hANY (D) — 4 @) Li(z) 4+ O¢ ( g >

= op-1 ¢(2) In®
and
Z GgAN;,ﬁAlNY(p) — S Li(z) + Oc <1ngx> '
p<z
Proof. This likewise follows from Theorems and 2 T7 and Lemmas [[.5] and [[71

O
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Propositions 3] and [£I4] are unfortunately more problematic, due to the
presence of the exceptionally large error term. As remarked there, the factor of
o(p—1) —3(p —1)/2 in the error term can be averaged as

op—1)-3(p—-1)/2 i c

p—

p<z

z0.70386Li(x)+Oc( a >
In™~ x

(Apply Lemma [LTTl) The factor of |/p, however, will still result in an error term
with an order of magnitude larger than the main term.

On the other hand, almost all of the conjectures on (), @), and (2]) lend them-
selves easily to average versions of the sort treated above. For instance, we have:

Conjecture 8.3.

(a) Z Fyany,nany (p) ~ Ti(x).

p<z p-1
F .
(o) 3 FeraP) o g i)
p<z

These conjectures and the average versions of our other conjectures are summa-
rized in Tables [§, @ and [[0] The data sets in these tables were collected on the
same Beowulf cluster with similar software. The collection took 17 hours for all
values of }° _ %, Y op<a %, and > . %, for x = 6143.

The results of the preceding section unfortunately do not allow us to evaluate
the average value of the right-hand side of Conjecture [(.4)@). Let us put

wp)= Y om) (320

m|p—1 d|m

2

Numerically it seems that
o1 w(p)
lim — > —2 =1.644-- -,
00 7(2) ; p—1

with rather fast convergence. We are thus tempted to propose the following con-
jecture.

Conjecture 8.4. Let C > 0 be arbitrary. We have

Caany, hany (P) ) < x )
E —_— - =20644---L + 0 .
p—1 i() ¢ In¢

p<z

Although we cannot prove (or even completely justify) this at present, we can
establish the following result.

Lemma 8.5. For every x sufficiently large we have

1
L4 < -3 wP) 5490

() ot 1
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TABLE 8. Average solutions to ()

(a) Predicted approximate values for ﬁ > p<a F'(P)

g\ h | ANY PR RP RPPR

ANY |1 Ay Ay Ay

PR | 4, A, A, A,

RP Ay As Ay As

RPPR | A, As As As

(b) Predicted approximate numeric values for ﬁ > < F(P)

g\ h | ANY PR RP RPPR

ANY |1 0.1473494000 | 0.3739558136 | 0.1473494000
PR 0.3739558136 | 0.1473494000 | 0.1473494000 | 0.1473494000
RP 0.3739558136 | 0.0608216551 | 0.1473494000 | 0.0608216551
RPPR | 0.1473494000 | 0.0608216551 | 0.0608216551 | 0.0608216551
(¢) Observed values for = = 6143

g\ h | ANY PR RP RPPR

ANY | 0.9904034375 | 0.14851987375 | 0.37592474125 | 0.14851987375
PR 0.3749536975 | 0.14851987375 | 0.14851987375 | 0.14851987375
RP 0.3739629175 | 0.0612404775 | 0.15122619375 | 0.0612404775
RPPR | 0.14792889125 | 0.0612404775 | 0.0612404775 | 0.0612404775

TABLE 9. Average solutions to (8]

(a) Predicted approximate values for the nontrivial part of
1

a\h | ANY PR RP RPPR
ANY | 1.644- A, A, A,
PR | A, A, A, A,
RP | 4, A, A, A,
RPPR | A, Ay A, A,

(b) Predicted approximate numeric values for the nontrivial part of
7] op<a C(0)
7 (x) p<x b

a\h | ANY PR RP RPPR

ANY | 1.644--- 0.3739558136 | 0.3739558136 | 0.0608216551
PR 0.3739558136 | 0.1473494000 | 0.1473494000 | 0.0608216551
RP 0.3739558136 | 0.1473494000 | 0.1473494000 | 0.0608216551
RPPR | 0.0608216551 | 0.0608216551 | 0.0608216551 | 0.0608216551
(c) Observed values for the nontrivial part for z = 6143

a\h | ANY PR RP RPPR

ANY | 1.6113896337 | 0.3655877485 | 0.3765792535 | 0.060552674
PR 0.3655877485 | 0.14608992975 | 0.1478925015 | 0.060552674
RP 0.3765792535 | 0.1478925015 | 0.146740421 | 0.060552674
RPPR | 0.060552674 | 0.060552674 0.060552674 | 0.060552674
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TABLE 10. Average solutions to (2])

(a) Predicted approximate values for the nontrivial part of

ﬁ Epﬁw T(p)
g\ h | ANY PR RP RPPR
ANY |1 As Ay As
PR Ay Ao Ao As
RP Ay Az As Ay
RPPR | A, As As Ay
(b) Predicted approximate numeric values for the nontrivial part of
Y, T()
g\ h | ANY PR RP RPPR
ANY |1 0.1473494000 | 0.3739558136 | 0.0608216551
PR 0.3739558136 | 0.1473494000 | 0.1473494000 | 0.0608216551
RP 0.3739558136 | 0.0608216551 | 0.1473494000 | 0.0261074463
RPPR | 0.1473494000 | 0.0608216551 | 0.0608216551 | 0.0261074463
(c) Observed values for the nontrivial part for x = 6143
g\ h | ANY PR RP RPPR
ANY | 0.9933146575 | 0.14884923375 | 0.3772284725 | 0.06150940625
PR 0.37381320625 | 0.14884923375 | 0.14884923375 | 0.06150940625
RP 0.36701980375 | 0.06089004625 | 0.146029115 0.02640389625
RPPR | 0.14697618875 | 0.06089004625 | 0.06089004625 | 0.02640389625

Proof. Note that

>

m|p—1

¢(m)*

m?2

o(d
>
dje=t

2

m|p—1

2

<wp) < Y om | 3 A

—1
dl2o=

where the first inequality, by the way, is exact if p— 1 is squarefree. The result now
follows on invoking Lemma [.T0l and Lemma O

9. CONCLUSION AND FUTURE WORK

Most of the theorems of Section [ suffer from an error term that is larger than
the main term. This seems to be a direct consequence of the use of Lemma 2.7] and
may be unavoidable. However, we have shown that we can put some limits on how
often the error actually approaches the worst case, and we have conjectured that
even better limits exist. The best next step may be further data collection in order
to empirically count the number of primes with the potential for large errors.

We have begun to put our conjectures on a firm footing, deriving them from
as few heuristics as possible. We hope to be able to prove these heuristics in the
future. Then we should be able to convert the conjectures into theorems by merely
estimating the error term.

The project of extending our analysis to three-cycles and more generally k-cycles
for small values of k, mentioned in [0], still remains to be done. Along similar lines,
Igor Shparlinski has suggested attempting to analyze the average length of a cycle,
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which could have many practical applications in the analysis of cryptographically
secure pseudorandom bit generators, as mentioned in [6].
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