The Degree of the Splitting Field of a Random
Polynomial over a Finite Field

John D. Dixon and Daniel Panario

School of Mathematics and Statistics
Carleton University, Ottawa, Canada
{jdixon,daniel}@math.carleton.ca

Mathematics Subject Classifications: 11T06, 20B99

Abstract

The asymptotics of the order of a random permutation have been widely studied.
P. Erd6s and P. Turdn proved that asymptotically the distribution of the logarithm
of the order of an element in the symmetric group S, is normal with mean %(log n)?
and variance %(log n)3. More recently R. Stong has shown that the mean of the order
is asymptotically exp(C'y/n/logn + O(y/nloglogn/logn)) where C' = 2.99047....
We prove similar results for the asymptotics of the degree of the splitting field of a
random polynomial of degree n over a finite field.

1 Introduction

We consider the following problem. Let I, denote a finite field of size ¢ and consider the
set Py, (¢) of monic polynomials of degree n over F,. What can we say about the degree
over F, of the splitting field of a random polynomial from P,(q)? Because we are dealing
with finite fields and there is only one field of each size, it is well known that the degree
of the splitting field of f(X) € P,(q) is the least common multiple of the degrees of the
irreducible factors of f(X) over IF,. Thus the problem can be rephrased as follows.

Let A be a partition of n (denoted A - n) and write A in the form [1]‘“2’“2...71]““”] where
A has kg parts of size s. We shall say that a polynomial is of shape A if it has k, irreducible
factors of degree s for each s. Let w(A, q) be the proportion of polynomials in P,,(¢) which
have shape A. If we define m(\) to be the least common multiple of the sizes of the parts
of A, then the degree of the splitting field over F, of a polynomial of shape A is m(\). The
average degree of a splitting field is given by

En(g) =Y w(X q)m(\).

An analogous problem arises in the symmetric group S,,. A permutation in S, is of type
A = [1k2k2  pkn] if it has exactly k, cycles of length s for each s, and its order is then

THE ELECTRONIC JOURNAL OF COMBINATORICS 11 (2004), #R00 1



equal to m(A). If w(\) denotes the proportion of permutations in S, which are of type
A, then the average order of a permutation in S, is equal to

B, =) w\)m(N).

AFn

We can think of m()\) as a random variable where A ranges over the partitions of n and
the probability of A is w(\, ¢) and w(A) in the respective cases.

Properties of the random variable m(\) (and related random variables) under the
distribution w(A) have been studied by a number of authors, notably by Erdés and Turan
in a series of papers [1, 2, 3] and [4]. In particular, the main theorem of [3] shows that in
this case the distribution of log m(\) is approximated by a normal distribution with mean
5(logn)? and variance % (logn)? in a precise sense. In our notation the theorem reads as
follows. For each real x define

1 T
U, () :=AEFn|logm(N\) < =(logn)? + —=(lo n?’/Z}.
(@)1= {0l togm(3) < 5Iogn? + - (ogn)
Then for each zg > 0:

1 x
Z w(A) — \/T/ e~ ¥/2dt as n — oo uniformly for = € [z, 7).
AW, (2) T J—oo

In particular, the mean of the random variable logm(}) is asymptotic to 1(logn)?, but
this does not imply that log E, (the log of the mean of m(X)) is asymptotic to (logn)?
and indeed it is much larger. The problem of estimating FE, was raised in [4], and the
first asymptotic expression for log F,, was obtained by Goh and Schmutz [6]. The result
of Goh and Schmutz was refined by Stong [9] who showed that

log 1
log B, = C, [ 1 o (¥ loglogn
logn logn

where C' = 2.99047... is an explicitly defined constant.

The object of the present paper is to prove analogous theorems for the random variable
m(A) under the distribution w(\, ¢). Actually, it turns out that these theorems hold for
several important classes of polynomials which we shall now describe. Consider the classes:

o M;(q): the class of all monic polynomials over [F,. In this class the number of
polynomials of degree n is ¢" for each n > 1.

o My(q): the class of all monic square-free polynomials over F,. In this class the
number of polynomials of degree n is (1 — ¢~1)g" for each n.

o Ms(q): the class of all monic square-free polynomials over F, whose irreducible
factors have distinct degrees. In this class the number of polynomials of degree n
is a(n, q)q"™ where, for each ¢, a(n,q) — a(q) := [[,>1(1 +ix(¢)g*) exp(—1/k) as
n — oo where i;(q) is the number of monic irreducible polynomials of degree k over
[F, (see [7] Equation (1) with j = 0).
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For x > 0 define

o, (z) = {)\ Fn| [logm(A) — }(logn)Q

5 > %(logn)?’ﬂ}.

Then for each of the classes of polynomials described above we have a weak analogue of
the theorem of Erdos and Turan quoted above, and an exact analogue of Stong’s theorem.

Theorem 1 Fiz one of the classes M;(q) described above. For each A = n, let w(\, q)
denote the proportion of polynomials in this class whose factorizations have shape A. Then
there exists a constant co > 0 (independent of the class) such that for each x > 1 there
exists ng(z) such that

Z wi(A, q) < coe F/* for all q and all n > ng(x). (1)

AED, ()

In particular, almost all f(X) of degree n in M;(q) have splitting fields of degree exp((% +
0(1))(logn)?) over F, as n — oo.

Theorem 2 Let C' be the same constant as in the Goh-Schmutz-Stong theorem. Then
in each of the classes described above the average degree E,(q) of a splitting field of a
polynomial of degree n in that class satisfies

log 1
log E,(q) =C n +0 m uniformly in q.
logn logn

2 Properties of w(\, q)

First consider the value of w(), q) for each of the three classes. Let is = i5(q) denote the
number of monic irreducible polynomials of degree s over F,. Then (see, for example, [8])
we have ¢° =) dis dig so a simple argument shows that

L > >L1+22)
S S

Let A - n have the form [lkl...nk"}. Since P, (q) contains ¢" polynomials, and there are
(’s+:_1) ways to select k irreducible factors of degree s, we have

1 vy (s +ks— 1 S g (e ke — 1Y .
w(A, q) = q_nH( 1 ) :Hq ks( I ) in Mi(q).
s=1 s s=1 s

Similarly, since there are (1 — ¢~ !)¢" polynomials of degree n in Ma(q), and there are (Zk)
ways to select k distinct irreducible factors of degree s, in this case we have

= et 1) - = 2) s

s=1
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Finally, since there are a(n,q)q™ polynomials of degree n in Mj3(q) and each of these
polynomials has at most one irreducible factor of each degree, we get

n n

00~ g L () =g Lo () m

s=1 $

when each part in A has multiplicty < 1, and w(}\,q) = 0 otherwise. As is well known
we also have
1

w(A) = 1k19k2_pknfey gl ol

We shall use the notation II,, to denote the set of all partitions of n, I, j to denote the
set of partitions [1%2%2..n*n] in which each k; < k and IT}, ;, to denote the complementary
set of partitions.

It is useful to note that in M;(q) and Ms(q) we have w(A,q) — w(A) as ¢ — oo.
However, this behaviour is not uniform in A. Indeed for each of these two classes the ratio
w(A, q)/w(A) is unbounded above and below for fixed ¢ if we let A range over all partitions
of n and n — oco. This means we have to be careful in deducing our theorems from the
corresponding results for w(A). In M3(q), we have w(], q) = 0 whenever A € IT] ,, and a
simple computation shows that a(n, g)w(X,q) — w(\) as ¢ — oo whenever A € II,, ».

Lemma 3 There exists a constant ag > 0 such that

1
<agand 1<

1<
11— qil o CL(TL, q)

for all n > 1 and all prime powers q > 1.

Proof. The first inequality is satisfied whenever ay > 2, so it is enough to prove that
the set of all a(n, q) has a strictly positive lower bound.

We shall use results from [7, Theorems 1 and 2]. In our notation [7] shows that
a(q) increases monotonically with ¢ starting with a(2) = 0.3967..., and that for some
absolute constant ¢ we have |a(n,q) — a(q)| < ¢/n for all n > 1. In particular, a(n,q) >
a(q)—c/n > a(2)—c/n. Thusa(n,q) > 3a(2) > 0 for all ¢ whenever n > ng := |2¢/a(2)].

On the other hand, as we noted above, in Ms(q), a(n,q)w(A, q) — w(A) as ¢ — oo
whenever A € II,, » and is 0 otherwise. Thus

a(n,q) = Z a(n,q)w(A, q) — Z w(\) = b(n), say, as ¢ — oc.

AETT, AETT,

Evidently, b(n) > 0 (it is the probability that a permutation in S, has all of its cycles of
different lengths). Define by := min {b(n) |n = 1,2,...,n9}. Then the limit above shows
that there exists gy such that a(n,q) > %bo whenever n = 1,2, ...,n¢ and ¢ > qo.

Finally, choose ag > 2 such that 1/ag is bounded above by $a(2), $by and all a(n, q)
with n =1,2,...,n9 and ¢ < qp. This value of ag satisfies the stated inequalities. ]
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We next examine some properties of the w(A, q) which we shall need later. In what
follows, if A := [1¥..nk»] € II,, and p = [1"..m!"] € II,,, then the join A V p denotes
the partition of m 4+ n with ks + [; parts of size s. We shall say that A\ and p are disjoint
if kI, = 0 for each s.

Lemma 4 Let ag be a constant satisfying the conditions in Lemma 3. Then for each
class M;(q) we have w(AV p,q) < apw(X, q)w(u,q) for all X and p.  On the other hand,
if X\ and p are disjoint, then w(AV u,q) > agw(\, Q)w(p, q).

We also have w(AV p) < w(N)w(p), with equality holding when X and u are disjoint.

Proof. First note that in each of the classes, w(AV p, q) is 0 if either w(\, ¢) or w(u, q)
is 0. Suppose neither of the latter is 0 and put r := w(A V u, q)/w(, ¢w(y, q).
First consider the class M;(q). Then r can be written as a product of terms of the

form
bs+ ks +1s—1 / bs+ ks — 1\ [is+1s—1
ks + 1 ks ls '

The numerator of this ratio counts the number of ways of placing k, + [, indistinguishable
items in ¢4 distinguishable boxes. The denominator counts the number of ways of doing
this when k, of the items are of one type and [, are another, and so is at least as great as
the numerator. Hence we conclude that » < 1 < aq in this case. Moreover, when A and
p are disjoint then each term is equal to 1 and so r = 1 > ay 2. This proves the claim for

the class Mj(q). Taking limits as ¢ — oo also gives a proof of the final statement.
Now consider the class My(q). In this case 7/(1 — ¢~ ') can be written as a product

of terms of the form
lg s\ [ s
(051G ()

The numerator counts the number of ways to choose ks + I, out of iy items, whilst the
denominator is at least as large as (;j ) (isl_sks) which counts the number of ways to choose
ks+ 1, items when kg are of one type and [, are another type. This shows that each term is
at most 1 and so r < (1 — ¢ ') < ag as required. Again, in this case, when the partitions
are disjoint, each term is equal to 1 and so r = 1 — ¢~! > ay%. This proves the claim for
the class Mas(q), and the proof for the class Ms3(q) is similar (in this case w(A V u,q) is

0 unless A and p are disjoint). [ ]

Lemma 5 For all partitions of the form [s*] and all ¢ we have

o)< okt
U)([S :| 7Q) S 0(28)k

in each of the classes M;(q).
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Proof. Fix ¢ and k and define

qfsk: k qs

J

Since is < ¢°/s we have w [ } ) < agu; for each of the three classes. We also note that

- k—1
1 1 k1
== 1 “ Tl +5/2 .
j=0 ]=0
Finally since
[ k—1 k
q s+1)+7 _ qs s
USH/US:QRH //s+ <q¢* s+1:(s+1> 7
=0 J 3=0
we obtain w( [sk} ,q) < agus < ags *v; so the result follows. []

Lemma 6 Let \ = [1’“...71’“”] be a partition of n. The following are true for each of the
classes M;(q).

(a) If each ks < k for some fized integer k > 0, then w(), q) < age®**F—Dw(N).

(b) There exists a constant ¢, such that, if each ks < 1, then w(\, q) > cqw(A).

Proof. (a) For each of the classes we have

=11,
w(A, q) < ag H o ﬁ(zs + ks — 1)k
s=1 s*

Using the bound is < ¢°/s we obtain

tol s(ks —1)\™
U)()\, Q) S Qg | | (]- + s )
poe sks k! q

< apw(A) exp (Z sks(ks — 1)q_8) :

s=1

Since > oo sq° < > o2 275 = 2, this proves (a).
(b) Similarly, for partitions with no two parts of the same size we have (for any of the
classes)

n

. ) ks
w(A, q) >H sk:s ls —HskSks! <1—|—2qs/2)
\) exp ( 2stqs/2>

so the lower bound follows with ¢; := exp (=232, 27%/2) = 0.007999. |

Recall that the set II,, ;, consists of all partitions of n in which each part has multiplicity
< k, and I}, consists of the remaining partitions.
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Lemma 7 For all classes M;(q), and all n and q

k+1
Z w(A, q) < a(2)2k—+1 whenever k > 2.
AETL, o

Similarly

E+1
E w(A) < 2:1 whenever k > 2.
AL

Proof. Each A € IT),, can be written in the form [s*] V p for some p b= n — ks in at
least one way. Hence using Lemmas 4 and 5 we obtain

Swhg <> Y w(lst Vg <apd w(lstq) Y w(n,q)
AGH;L,k s=1 ulkn—ks s=1 ukn—ks
ki Zk+1 k+1
_ k 2 2
_aogw([s ]Jq) Sa(); <2S)k Sao 2k71 :
This proves the stated inequality. The corresponding inequality for w()\) is similar. [ ]

3 Proof of Theorem 1

Since ®,,(x) and ¥,,(z)\ ¥, (—x) are complementary sets for x > 0, and the error function
is even, the theorem of Erdos and Turan quoted in the Introduction shows that for fixed
x> 0:

W, (z) == Z w(A) — n(z) as n — oo,

AeD, ()

where

1 —r 2 & 2 2 & 2
n(z) := er {/ e /Zdt—l—/ e’ /th} = \/—2_7r/ e U2t

A simple integration by parts shows (see, for example, [5, Chap. 7]) that
( ) 26712/2

) <
1 V2mx

Thus, for > 1, there exists no(z) > 0 such that W, (z) < e */2 whenever n > no(x).
Define ®,, () := ®,(z) N, and @), (z) := &, (x) NI}, ;. Now using Lemma 6 we
have, for each of the classes M;(q), that

Whk(z,q) = Z w(X, q) < age? k-1 Z w(N) < ape* VW, (2).

AED,, 1 (2) AED, k()

for z > 0.
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On the other hand Lemma 7 shows that for £ > 1:

k1 )
Wrk(z,q) = Z w(A,q) < Z w(X,q) < af ST < 8ape (k+1)/2

AeP!, , (2) el , ()
Thus for z > 1, £ > 1 and n > ng(x) we have

S wha) = Wakl,0) + Wi s(,0) < age™Dee"/2 1 8ade (-2
XD, (z)

If x > 2, then we can choose k := |z/2] and obtain
2R kD =222 4 8aoe (T2 < ¢ 4 8aoe ™/t < (1 + 8ag)e /4,

uniformly in z. Thus taking ¢y := ag(1 + 8ay) we obtain (1) for x > 2. However, by
adjusting the value of ¢q if necessary we can ensure that the inequality (1) is also valid
for  with 1 <z < 2. Then the inequality is valid for all x > 1.

Finally, we prove the last assertion of the theorem. Given any € > 0 and 6 > 0, choose
x > 1 so that cpe™*/* < §, and then choose n; > ng(z) so that 2 < ey/3logn;. Now (1)
shows that for all n > n; the proportion of f(X) of degree n in M;(q) which have splitting
fields whose degree lies outside of the interval [exp((3 — ¢)(logn)?), exp((3 + ¢)(logn)?)]
is bounded by coe=*/* < §. This is equivalent to what is stated.

4 Proof of Theorem 2
We start by proving an upper bound for E,,(q). Define
E, :=max{E,|m=1,2,..,n}.
(It seems likely that En = E, but we have not been able to prove this.)

Lemma 8 There exists a constant c; > 0 such that, in each of the classes M;(q), En(q) <
coE, for all g and all n.

Proof. Let k > 2 be the least integer such that

sxm (b +1)s
aOZ%gl/Q.

s=1

We shall define ¢y := 2age?#—1.
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We shall prove the lemma by induction on n. Note that FE; () =1 < ¢ = coEy.
Assume n > 2 and that E,,(¢) < coE,, for all m < n. Now Lemma 4 shows that

n/k
k@)= > w W= > wlls'Tvmam([s] v
)‘EH;,k s=1 utFn—ks
n/k
< ag st([sk} ,q) Z w(p, g)m(p)
s=1 pFn—ks
n/k
= aqo Z sw( [Sk} ,Q)Enka(Q)‘

1
7_C2En ks C2E

because the sequence {En} is monotonic. On the other hand, Lemma 6 shows

Enx(q) = > w(Xgm(N)

€L, 4
< qgektk=1) Z wA)m(A) < ape?* -V E < %cgEn
A€ETL, 4
by the choice of ¢;. Hence
En(q) = Bux(@) + By 1(a) < 2B,
and the induction step is proved. [

To complete the proof of the theorem we must prove a lower bound for E,(q). Let
A,, denote the set of partitions 7 of the form:
(i) 7 is a partition of some integer m with n —r < m < n where r is the smallest
prime > /n;
(ii) the parts of 7 are distinct and each is a multiple of a different prime > /n.
Note that if the parts of 7 are kyrq, ..., ki where 7, ..., 7 are distinct primes > /n then
w(mym(r) > [[rs/ (ki)' 10 =TT, 1/
Consider the partitions of n which can be written in the form 7V w where m € A,, and
w € I,_jz. In Sect. 3 of [9] (see especially the bottom of page 3) Stong notes (in our
notation) that since 7 and w are disjoint:

E,>> Y wrVwm(rVw)

TEAR whn—|7|

> Z w(m)m(m) Z w(w) = Z w(m)m().

TEAR whn—|m| TEAR
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He then proves that the last sum is greater than E, exp (—O (M)).

logn
Similarly, using Lemma 4 we obtain

Z Z w(mVw,q)m(rVw)

TEAn whn—|x|

> ag? Z w(m, g)m(m) Z w(w,q) = ag? Z w(m

TEA whkn—|x| TEAR

Since each m € A,, has all its parts of different sizes, Lemma 6 shows that w(r, ¢) > cyw(7),
and so from the result due to Stong quoted above

nlogl
q) > ay clz ) > E, exp( (M))
TEA, ogn

The lower bound in our theorem now follows from Stong’s theorem.
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