DECIMAL EXPANSIONS OF THE INVERSES OF PRIME NUMBERS
SHELLY MANBER, NIZAMEDDIN ORDULU, KUAT YESSENOV

ABSTRACT. In this paper we look at the decimal expansion of % for different primes p.
We find the set of numbers that can occur as the length of the period. We illustrate some
statistics about the density of the primes for which the period is maximal. We also explain
Artin’s heuristic argument about this density.

1. INTRODUCTION

This paper investigates some interesting properties of the decimal expansion of 1/p for
prime numbers p. For example,

% = 0.142857142857142857...,

where the digits 142857 repeat, so 1/7 is periodic, and the period has length 6.

We can look at this expansion in base 10, or in any other base a. The expansion terminates
whenever p divides a, otherwise it is periodic. We are concerned here with the properties of
its period.

We begin by reducing the problem into a problem that is stated in terms of number
theoretic notions. The main result of the paper is that, given a base a # 2,and an integer
d # 2, there is a prime p such that the length of the period of the expansion 1/p is d. There
is a prime such that the expansion of 1/p has period 2 if and only if a # 2 — 1 for any k.
There exists no prime p for which 1/p has period 6 in base 2. For d # 6 there exists p such
that the period of 1/p has length d base 2.

It is not hard to show that the length of the period of the decimal expansion of 1/p is no
more than p — 1. More interesting is the problem of when the length is in fact p — 1, in other
words, when 1/p has maximal period. To investigate this, we present computer-generated
graphs of the density of primes with maximal period in a given base. We prove that if the
base is a square number, there are no primes with maximal period. If the base is not a
square then the graphs suggest that the density of primes that have maximal period is well
defined.

This paper is organized as follows: Section 2 deals with reducing the problem into a
number theory problem, section 3 explores the basic properties of cyclotomic polynomials
and prove the main result, and section 4 illustrates the heuristics and the graphs related to
the density of primes with maximal periods.
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2. RESTATEMENT OF THE PROBLEM WITH NUMBER THEORETIC NOTIONS

In this section, we prove that the decimal expansion of % is periodic in base a whenever

p 1 a and that the length of the period is the order of a (mod p). If pla then the decimal

expansion of % in base a truncates.

First consider the case pla and let ¢ = %. Then % = 2. So the decimal expansion of % in

base a is 0.q and truncates.

Now consider the case p { a and let d be the order of a (mod p). Then d is the smallest
integer such that a? = 1 (mod p), and there is some integer  such that a? — 1 = xp. We
can rearrange the terms to achieve the following expression.

1__ =

p o (al-1)
= 2((2g) + (o) + (7))
= (e + (Va4 ()

So the decimal expansion of ]19 in base a is x(0.0...010...010...01...), thus ]% is periodic with a
period of length d.

3. BACKGROUND AND PROOF OF THE MAIN RESULT
The main result of this paper is as follows:

Theorem 3.1. Given a base a and integer d # 2 we can find a prime p such that a has
order d in ¥, unless a =2 and d = 6. If d = 2 we can find such a prime if and only if a +1
1s a not a power of 2.

Together with our discussion in section 2, this theorem addresses the question, ”What are
the possible lengths of the repeating string of digits in the decimal expansion of 1/p?”

We use alb and a { b to mean a divides b and a does not divide b respectively. ord,a
denotes the order of @ modulo the prime number p. p*||a means p*|a but p**! t a. Z denotes
the ring of integers, Z, positive integers, I, the field with p elements, and Z[z] denotes ring
of the polynomials in x with integer coefficients. ®,, denotes the nth cyclotomic polynomial
defined as follows:

Definition 3.2. The cyclotomic polynomials ®,,n = 1,2,3,... are the unique irreducible
polynomials that satisfy the following formula:

du(e)= J[ -
0<k<n
ged(k,n)=1
Using the below theorems, it can be shown that the order of a in F is the minimum
positive integer d such that p divides ®4(a). This observation leads us to investigate the
properties of cyclotomic polynomials. The next three theorems are the main theorems that
will help us prove our main theorem. Their proofs will follow later in the section.

Theorem 3.3. Let p be a prime and d be a divisor of p—1. Then the order of a in F} is d
if and only if p divides ®4(a).
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Theorem 3.4. Letm, n € Z,,m <n.

_ ) qZ[x] if = = q® where q is a prime
PmZr] + ®n2lz] = { Z[z]  otherwise
Theorem 3.5. Let p be an odd prime and p|d. If p|®4(a) then p||®Py(a).

Following identity about the cyclotomic polynomials is going to be useful for the rest of
the theorems and lemmata.

Lemma 3.6. The following identity holds for all n:

" —1= Hfbd(x)

din
Proof. The roots of 2™ — 1 are the roots of unity: e X" for k = 0,...,n—1. So ™ —1 factors
as -
at—1= H (x—e ).
0<k<n

Then the set of fractions {#7%|0 < k < n} is exactly

2imkd n
U{W’gc‘d(k’, E) =1}
d'|n !

and written in reduced form is simply

U ek ) = 13
d|n

Hence we can group the terms (z — e”n" ) by denominator of the exponent and see the

equivalence
2imk
" —1= H (x—en ):H(I)d(x)

0<k<n dln

0

Lemma 3.7.

A = H (x — 1) (mod p)

1<i<p—1

Proof. The set S = {a € Z|0 < a < p} is a group under the operation of multiplication in
F,. Hence the order, ord,a, of each element of S divides the order, p — 1, of the group. This
means that for every 0 < a < p, we have a?~! = 1(mod p). In other words, each integer
0 < a < pis a root of the polynomial 2P~! — 1 modulo p. From this, we conclude that
(x—a)|(xP~1 —1)(mod p) for every 0 < a < p. Hence (x—1)...(x—(p—1))|zP~* —1(mod p).
Since the degree of (x —1)...(x —(p—1)) is p— 1, and the coefficients of the leading terms
agree, it must be true that 271 —1=(z —1)...(x — (p — 1))(mod p). O

The idea behind the proof of the main result is to choose a prime factor p of ®4(a) and
combine Theorems 3.3 and 3.4 above to relate the ordya and d. Finally, we use Theorem
3.5 to show that if d # ord,a, then p = ®4(a) and a size argument shows that p = ®4(a) is

almost always impossible; hence, d = ord,a except for a =2, d = 6 and p = 3.
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We begin by proving the first step, Theorem 3.3.
Proof of 3.3: Let d be the order of a (mod p). Then a® = 1(mod p), so p|(a® — 1). By

definition,
a—1= H@m(a),
m|d
p| P (a) for some m|d.

Assume that m < d. Then p|®,,(a) and ®,,(a)|(a™ — 1) so by transitivity, p|(a™ —1). The
statement p|(a™—1) is equivalent to a™ = 1(mod p), which contradicts the initial assumption
that d is the order of a(mod p). Hence m = d and p|®4(a).

To prove the other direction, let p|®4(a). By definition, p|(a®—1), so ord,a|d. Furthermore,
p|®4(a) implies that a is a root of ®4(z) in F), so (v — a)|P4(z) in F,,.

Let a have order k < d. Then a* = 1(mod p), so a is a root of ¥ — 1 in F,. This means
that (z — a)|(z* — 1) in F,, or equivalently

(= a)| [[ ®m(z) in F,
mlk

Then (z — a)|®,,(z) in F, for some m|(p — 1) and m < d. Recall that (x — a)|®4(z) in F,.
Lemma 3.7 states that 27! —1=(z —1)...(z — (p — 1)) (mod p), or equivalently,

[[ow@) =(@-1)...(x—(p—1)) modp
wln

Since (x — ap) is irreducible for all ag, each term (x — ag) divides exactly one of the cyclo-
tomic polynomials on the left hand side. Since m|(p — 1) and d|(p — 1), it is not possible
that (z —a)|®,,(x) and (x — a)|P4(x). This is a contradiction, so it must be true that k = d
and ordy,a = d. [

Theorem 3.4, which is the next step toward the main result, relies on several lemmata
providing further results concerning cyclotomic polynomials.

Lemma 3.8. Let m,n € Z,. Then
(a™ = DZ[a] + (2" = 1)Z[a] = (27" — 1)Z[z]
Proof. Let h(x) € Z[z] be the polynomial of the smallest degree such that
W) = (2" = 1) f(z) + (& = 1)g(x)

for some f(z),g(x) € Z[z]. Equivalently, we can write h(z) = ged((z™ —1), (2™ —1)). Notice
that

ged((2" — 1), (2™ = 1)) = ged((2™ — 1), (z" = 1) — 2" "(@™ — 1))
=ged((2™ —1),(z"™ = 1))
We can apply the Euclidean Algorithm on n and m by subtracting m from n repeatedly until
the remainder r is less than m, then subtracting r from m repeatedly and so on, concluding
with
h(z) = ged((a" = 1), (2" — 1)) = (290" — 1),

Hence (z9°4mm) — 1) C (2™ — 1)Z[z] + (2" —41)Z[x].



Since h(z) is the polynomial of the smallest degree in (z™ —1)Z[x] + (2" — 1)Z[x] and Z[z]
is a principal ideal domain, h(z) must generate (z™ — 1)Z[z] + (™ — 1)Z[x]. So
(™ = 1)Z[x] + (2™ — 1)Z[z] = (ngd(m’”) — 1)Z|x].
U

Lemma 3.9. Let m,n € Z, and 7= = p® where p is a prime. We have the following equalities
modulo p.

O, () = @y ()" (mod p) if plm
D, (z) = O ()" 7" (mod p) if ptm
Proof. 1t follows from the definition 3.2 of cyclotomic polynomials that
@, (7) = ,,(z"") if p|m
o, (z) = % if ptm
Looking at this in [, gives
®, (1) = @,,(x)"" (mod p) if plm
D, (z) = P, (2)”" 7" (mod p) if ptm

O

We are now ready to present the proof of Theorem 3.4. Recall that the statement of
Theorem 3.4 is that for m, n € Z,, m <n.

_J qZ[x] if 2 = ¢~ where ¢ is a prime
PmZr] + ®n ] = { Z[z]  otherwise
Proof of 3.4 We divide the proof onto three cases.

Case 1: Let m,n € Z and m { n.
From Lemma 3.8, there exist polynomials f(z), g(z) € Z[x] such that

(2" = 1) f(z) + (=™ = 1)g(x)

($gcd(m,n) . 1)

Equivalently,

[[ou@)f@@) + [[Pu(@)gx) = ] @ul@)

wln ulm v|ged(m,n)

Clearly, if v|gcd(m,n) then v|n and v|m so
©,(x)] [ [ Pw(z) and @, (x) [ ] ®ul2).
wln ulm
for all v|ged(m,n). Furthermore, since m doesn’t divide n, v|ged(m,n) = v < m < n so
Hv|gcd(m,n) (I)U ('T) Hv|gcd(m,n) (I)v(ﬂj')

Then there are polynomials f(z), j(z) € Z[z] such that

O (2)f(z) + ‘fm(w)é(x) =1

D, ()] and @,,(x)|



so ¢, Z[z] + ¢, Z[z] = Z[z].

Case 2: Let m,n € Z, m|n, and p, q|% where p and ¢ are distinct primes.
Because ®,(z) € Q[z], there exists a polynomial f(z) such that

®y(z) = Op(a) = f(z)(z —a)
Reducing the above expression and evaluating at a = 1 yields

P —1

- — 1) =p.
@) -1 =p
Substituting x = y%, we have
y"—l n n
— — fly»)(yr —1) =p.
yr —1

Notice that @, (y)|y" — 1 and ®,,(y) { y» — 1. Similarly, ®,,(y)|y» — 1. So we can rewrite the
above expression as

9(Y)Pn(y) + h(y)®m(y) = p

for some g(y), h(y) € Q[y]. We can make the same argument for ¢, so we can find §(y), h(y) €
Q[y] such that

W) @uly) + (y)P(y) = q.

But p and ¢ are distinct primes, so ged(p, ¢) = 1 and there exist integers a and b such that
ap +bg =1. So

(ag(y) + b3(y))Pn(y) + (ah(y) + bh(y))Pm(y) = 1.
so ¢, Z[z] + ¢, Z[z| = Z[z].

Case 3: Let m,n € Z, m|n, and = = p® for some prime p .
Applying the argument of Case 2, it is clear that we can find polynomials ¢(y), h(y) € Qly]
so that

9(Y)Pn(y) + h(y)Pm(y) = p.

Then pZz] C ©,,Z[x] + ®,Z[x]. In order to show the opposite inclusion, recall from Lemma
3.9 that

()" (mod p) if plm
(2)P" """ (mod p) if ptm.

®,, ()
2,

o,
n :L‘) q)m

Hence, ®,,(2)|®,(x) (mod p). If there were an element ¢ € Z and polynomials A(z), B(x) €
Z[z] such that A(x)®,(x) + B(z)®,,(x) = ¢ then A(z)®,(x) + B(z)®,,(z) = ¢ (mod p).
Since ®,,(z) divides the left side of the equation, it must divide ¢ (mod p). But ¢ € Z so
®,,(x)|c (mod p) if and only if ¢ = 0 (mod p). Hence, p|c and pZ[z| D ®,,Z[z] + ¢,Z[x].0]
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The third and last step toward the main result follows directly from two Lemmas. Recall
the statement of Theorem 3.5, which says that for p an odd prime such that p|d and p|®4(a),
we have p||®4(a).

Lemma 3.10. Let p be an odd prime and a an integer such that pla — 1. If p®|la — 1 and
p°||n, then p**7ja™ —1

Proof. The proof is based on induction on . For g = 0 the proof is obvious. Assume that
the hypothesis holds for 3. Let a” — 1 = p*™Pk,p t k. The induction step is as follows:

a?—1=((a"=-1)+1P -1
_ (pa+ﬁk+1>p_ 1

- (i) (P k)P + (pf 1) TRl L (?)p‘”ﬁk

In the above sum all the terms are divisible by p®™5+2 except for the last term, which is
divisible by p®*#+1. Therefore, the whole sum is exactly divisible by p+#+1. O

Lemma 3.11. If p divides ®,,(a) and not m, then m is the order of a mod p.

Proof. Assume that d is the order of @ mod p. Then p|®4(a) by 3.3. We also know that
p|®m(a). Therefore, ®,,Z[x] + ®4Z[z] can not be Z[x]. If m # d then by 3.4 either d/m or

m/d must be a power of p. Since both of the cases are impossible, we deduce that m = ord,a.
O

Lemma 3.12. Let p be an odd prime, m an integer such thatptm, o, 5 > 1 and p®||®,,(a).If
d = p’m, then p||®4(a).

Proof. We prove the statement for 8 = 1. Let d = mp. By 3.9 ®,,,(z) = @,,(2)?~! (mod p).
Since p|®,,(a) we get p|P4(a). Since p { m and p|P,,(a) by 3.11 it must be that m = ord,a.
Therefore p®||a™ — 1 (because among the cyclotomic factors of a™ — 1 only ®,,(a) is divisible

by p). It follows from 3.10 that p®™'||a® — 1 . Since p\@daﬂ% we get p||®P4(a). The

induction step 8 — 3 + 1 is very similar and left to the reader. [J

Proof of 3.5. Let d = pm, ptm. Since ®y(z) = &,,(z)?" """ (mod p) from Lemma 3.9
it follows that p|®,,(a). It follows from 3.12 that p||®4(a).O0

Notice that Theorem 3.5 only covers the cases in which p is odd. The following lemma
proves the equivalent result for p = 2.

Lemma 3.13. Let d > 2 and a an integer. Then ®4(a) is either odd or 2||P4(a).

Proof. If a is even then ®4(a) is odd b/c ®4(0) = 1. If a is odd then ®4(a) = P4(1)(mod 2)
and we know that ®4(1) is 1 unless d = p* in which case ®4(1) = p. Therefore we just
need to consider d = 2, k > 2, in which case ®or(z) = 227 4 1. It’s easy to show that
Py (a) = 2(mod 4) if a is odd. Therefore ®4(a) is odd unless a is odd and d = 2%, in which
case 2||®4(a). O



We are finally prepared to prove the main result for a,d > 2.

Proof of 8.1 We show that there is a prime divisor p of ®4(a) for which ord,a = d. Let
p be a prime divisor of ®,(a) and m = ord,a and assume that d # m. It follows from 3.3
that p|®,,(a). Consider the ideal U = ®,,Z[z] + ®,Z[x]. We know that U # Z[z] because
p|®rm(a) and p|®q(a). From 3.4 it follows that either 2 or £ is a power of p. The former is
impossible because m < p — 1. In the case of the latter, m|p — 1 so p is the greatest prime
divisor of d.

If ®4(a) has a divisor ¢, ¢ # p, then let m' = ord,a we can apply the same argument to
show that d # m’ = ¢ is the greatest prime divisor of d. As p and ¢ cannot both be greatest
prime divisors, either d = m or d = m/. Hence there is only one prime divisor py of ®4(a),
whether p or ¢, for which ord,,a = d.

If ®4(a) does not have a divisor ¢, ¢ # p, then ®4(a) = p®. Let d > 2. By theorem 3.5
and 3.13, we must have ®4(a) = p. As concluded above, p is the greatest prime divisor of d.
Recall the definition of ®4(a),

0<k<n
ged(j;n)=1

Examining each term as an element of C, we have

2ink
(@)= ] la—e|

0<k<n
ged(j,n)=1

2imk

Assume that a > 2 then |a —e™ | > 2 s0 |®,(x)| > 2%(9) where ¢(d) represents the number
of integers m < d such that ged(m, d) = 1. Since p|d, we have p — 1|¢(d), so |®,(z)] > 2P~1.
But |®,(x)| = |p| = psop > 2P"L. But p < 2P~ for all p, so this is impossible. Hence we
must have m = d.

Now assume that a = 2, pin, ®,(2) Let w = *™/™. We have:

®,(2) = I[I e-vhe-vh
ged(ln)=1, l<n/2

= (5 — QCOS(Q—WZ))

n
ged(ln)=1, l<n/2

> 3%M)/2 > 3%

We find that if ®,,(2) = p and p|n then 3" < p. This only holds if p = 2 or p = 3. It also
follows from above that if p = 2 then ®(n) < 2 so n has to be 2. We see that ®5(2) = 3
so this is not a solution. If p = 3 then ®(n) < 2. This leads us to the following possible
solutions (n, p, a): (6, 3, 2), (4, 3, 2), (3, 3, 2). Trial and error shows that the only
solution is n = 6, p = 3 and a = 2 (P¢(2) = 3). Indeed there is no prime p for which 2 has
order 6 in F),. [J



4. DISTRIBUTION OF PRIME NUMBERS FOR WHICH a IS A PRIMITIVE ROOT

Although the values of the order of the base a modulo prime numbers can attain arbitrary
values, it is an interesting question to study the distribution of primes such that a has some
special order modulo these primes. One such approach could be to look for all prime numbers
p such that a has order £ modulo p for some fixed positive integer k. However, all such primes
must be divisors of n* — 1, so there are finitely many of them.

A more interesting question arises if we look at the primes which give the mazimal order
of a. As we know, the maximal order is p — 1 for prime number p, and a has order p — 1 if
and only if it is a primitive root modulo p. Let us denote the set of all prime numbers for
which a is a primitive root as S(a). We would like to study the density of this set within
the set of all prime numbers. The density can be defined in a natural way as follows:

#{n e S(a)|n< N}
#{neP|n< N}

D(n,N) =

D(n) = J&EIlmD(n, N)

If the sequence under the limit converges, then the density is well-defined, and it tells us
the “probability” that for a randomly chosen prime number, a is a primitive root. Note,
it is not even immediate whether S(a) is finite or not. In fact, one might easily notice the
following fact:

Proposition 4.1. If a is a perfect square, then S(a) is empty.

Proof: Assuming a = b?, we obtain 'z =bl=1 (mod p) from Fermat’s theorem. [J

Using computational software (see section 6 for the code), we can plot the sequence ele-
ments under the limit, and observe that the sequence appears to stabilize. Moreover, after
calculating the final probabilities for various values of n we also notice that this density
value is the same for the majority of the numbers. This observation led us to the following
conjecture, first discovered by Artin in 1927 [1]:

Conjecture 4.2 (Artin). For any positive integer a which is not a perfect square, the set
S(a) is infinite. Moreover, if a is a squarefree number, then the density of S(a) in prime
numbers is independent of a.

The constant mentioned in the conjecture carries the name Artin’s constant and it is equal

to
oo

1
Ca IH <1 o 1)) 0.3739558136 . ..,
where p;. is the k-th prime number.

There have been numerous attempts to prove this conjecture, and it is commonly believed
to be true. However, apart from the conditional results relying on the Generalized Riemann
Hypothesis, it is not known whether the qualitative form holds, i.e. given any positive integer
a whether the set S(a) is infinite [2]. An interesting non-constructive result by Heath-Brown
states that there could be at most three squarefree numbers a with finite set S(a), but

unfortunately, the proof does not show what these exceptions might be.
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FIGURE 1. The plot of intermediate values of D(10,p;) for prime numbers p; <
10000. The horizontal axis shows the index ¢ of the prime number.

It is important to understand the reasoning that led Artin to his conjecture as it might
give us some insight into why the conjecture might hold. In particular, it can provide a
“heuristic” explanation of the Artin’s constant. His argument relies on certain probabilistic
assumptions and employs notions of algebraic number theory. We would like to explain the
details of his argument below.

Proposition 4.3. For any positive integer a and a prime number p the following statements
are equivalent:

(i) a is a primitive root modulo p;
-1
(ii) for any prime divisor q of p — 1, a'T # 1 (modp);
(iii) for any prime divisor q of p — 1, x9 — a is irreducible modulo p.

Proof: Let us first show the equivalence of (i) and (ii). If @ has order d which is less than

p — 1, then we can pick a prime divisor ¢ of p%l as d divides p — 1 by Fermat’s theorem. In
—1
that case, a7 isa power of a? and it is 1 (mod p). On the other hand, a is a primitive root

if and only if p — 1 is the minimal power of a which is congruent to 1 modulo p.
Now we would like to prove the rest by showing that the negatives of (ii) and (iii) are

equivalent. If 29 — a has a root modulo p, then a is a ¢g-th power and so T =1 (mod p).

p—1
For the other side, note that if @ @ = 1 (mod p) then if we write a = g for the primitive
10
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FIGURE 2. The composite plot of intermediate values of D(a,p;) for a range of
values of a up to 200 and p; < 10000. The color indicates relative order of a with
red being the highest one.

root g modulo p, the power d must be divisible by ¢, and so g% is a root of the polynomial. [J

Given a prime number p, we are interested in the factorization of the prime ideal generated
by p in certain algebraic number fields. The following theorem [3] gives us an easy way to
factor ideals in extensions:

Theorem 4.4 (Kummer). Suppose R is a Dedekind ring with quotient field K, and R’ is its
integral closure in a finite dimensional extension L of K. Let p be a nonzero prime ideal of
R. Suppose there is an element o € L such that the integral closure of R, in L is Ryla]. Let
f(x) be the minimal polynomial of o over R,. Suppose f(x) factors modulo p after reduction
of its coefficients as f(x) =[] g:(x)¢ where g;(x) are irreducible polynomials. Then:

pR = H(pagi(a»ei
where the ideals (p, g;(«)) in the factorization are prime and distinct.

Here we use the notation R, to denote a localization of the ring R at the multiplicative set
R — p. An interesting implication of using localization is that if L = K[0] for some element
¢ € R’ and the ideal p does not contain the discriminant A(¢), then we have R) = R,[¢] and

we can apply the theorem. A reader may refer to [3] for the proof of this fact.
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Proposition 4.5. Given a positive integer a and prime numbers p and q such that p does
not divide a, the following statements are equivalent:

(i) p=1 (mod q) and T =1 (mod p);
it) principal ideal generated by p splits completely in K, = Q(¥/1, ¥a).
q

Proof: (i) => (ii). By the previous proposition, the polynomial 2? — a has a root modulo
p. We can easily obtain all the other roots through multiplication by a nontrivial root of
x99 — 1 modulo p as there exists one for ¢ being a divisor of p — 1. Hence, x? — a splits
completely modulo p. The discriminant of #/a can be calculated by the following well-known
formula:

AYa) = (-1 T N (7 0) L) = (1) 5

Since it is not divisible by p, we can use Theorem 4.4 to deduce that p splits completely
in the ring of integers of F' = Q(a). Finally, for any prime ideal p in the factorization, we
can repeat the same reasoning for the polynomial ¢ — 1 and the field extension K, over F'.
After combining the two factorizations, we deduce that p splits completely in K.

(ii) => (i). Given that p splits completely in K, it must also split completely in the
subfields Q(+/1) and Q(a). By Theorem 4.4 and unique factorization of ideals, the poly-
nomials 7 — a and x? — 1 must both split completely modulo p. The conditions of (i) follow
directly in the same way as above. [J

qq aq—l

As a direct consequence of the above propositions, we have:

Proposition 4.6. a is a primitive root modulo p if and only if p does not split completely
in K, = Q(v/1,¢/a) for any prime q.

Now we note an implication of the Chebotarev theorem [3] on the splitting behavior of
primes in field extensions. The notion of density for a subset of prime numbers is the same
used before.

Theorem 4.7 (Chebotarev). The density of primes p which split completely in a Galois
: 1

extension K of Q is ®a

By this theorem, the probability that a given prime p does not split completely in K, for

some prime q is:
1

1—- —
(K, : Q)
Therefore, one would expect that the density of primes for which a is a primitive root is
a product of such probabilities over all fields K, for prime integers g¢:

1
[0~
qeP [Kq . @}

The latter expression can be used to calculate the constant C'4. Indeed, in a generic case
the degree of K, over Q is ¢(q — 1) since both polynomials z¢~ '+ 2972 +...+1 and 27— a are
irreducible (here a is not a ¢g-th power.) If @ has a square divisor, then some of the fields K,
have a lower degree, so that the constant needs a rational correction factor to cover integers

a which are not squarefree. Looking at the statistical data we collected, one can notice on
12



the plots that the density for some of these integers a is lower than C4 and in fact, it is a
rational multiple of Cy.

In conclusion, the last step of the argument given above is rather questionable as it relies
on the independence of the infinite number of probabilities over fields K, and that prevents
the above reasoning to become a valid proof.

5. GROUP WORK

We decided to break our work as follows. Introduction and section 2 were written by
Shelly, outlines of the theorems are written by Nizam. In section 3, first half of the proofs
were written by Shelly and the second half of the proofs were written by Nizam. Kuat wrote
section 4 including the plots and the code to generate them.

6. PROGRAM CODE

The following source code is written for SAGE open source math software, which is well-
suitable for number theoretical computations.

The software package can be obtained at:
http://modular.math.washington.edu/sage/.

The complete source code can be obtained at:
http://mit.edu/kuat /www/18821.

""" Excerpt from utility methods to study the Artin’s conjecture"""

def get_order(n, p):
"""Return the order of $n$ in the group $ZZ/pZZ$"""
F = GF(p)
k = F(n).multiplicative_order ()
return k

def get_orders(n, max):
"""Returns the list of orders of $n$ for primes up to $max$"""
L=
for p in prime_range (max):
if not ZZ(p).divides(n):
L.append(get-order(n, p))
return L

def order_probability (n, max):
"""Returns a line showing the asymptotic probability that a prime has maximal order
for given $n$"""
count = 0
max_count = 0
L = [[0,0]]
for p in prime_range (max):
count = count + 1
if not ZZ(p).divides(n):
k = get_order (n, p)
if k = (p — 1):
max_count = max_count + 1
L.append ([count , max_count / count])

n

print "Last proportion: , max_count / count

return L

def plot_probability (n, max):
13



return line (order_probability (n, max), rgbcolor=(1/4, 1/8, 3/4))

def get_sorted_orders(n, max):
"""Qutputs the set of values which the order $n$ can take with respect to primes up

to $max$ nnn
L = list(set(get-orders(n, max)))
L.sort ()

return L

def possible_order(n, max):
"""Checks if every number up to $max$ is an order of $n$ for some prime; outputs all

invalid samples"""

R =[]
for k in range (2, max):
print "Checking order ", k
L= (n"k — 1).factor ()
check = false
for t in L:
p = t[0]
if k = get_order(n, p):
check = true
print "Found prime factor: ", p
break

if not check:
R.append (k)
return R

def get_primes(n, d):
"""Returns a list of primes for which $n$ has order $d$ modulo that prime"""
primes = map(lambda x: x[0], cyclotomic_polynomial(d)(n).factor())
divisors = map(lambda x: x[0], Integer(d).factor())
s = set(primes).difference (set(divisors))
return list (s)
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