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ROOTS OF POLYNOMIALS AND THE DERANGEMENT PROBLEM

LIOR BARY-SOROKER AND OFIR GORODETSKY

ABSTRACT. We present a new killing-a-fly-with-a-sledgehammer proof of one of the oldest results
in probability which says that the probability that a random permutation on n elements has no
fixed points tends to e~ ! as n tends to infinity. Our proof stems from the connection between
permutations and polynomials over finite fields and is based on an independence argument, which
is trivial in the polynomial world.

1. INTRODUCTION.

The derangement problem, first studied by Pierre Rémond de Montmort in 1708, asks what is
the probability P,, that a random permutation on n letters has no fixed points. A simple argument
using the inclusion-exclusion principle, given by Nicholas Bernoulli in 1713, computes P, explicitly

(namely, P, =Y (_Z,l)) and, in particular,

(1) lim P, =e %

n—oo
If X, = {o(k) # k} is the event that k is not a fixed point, then P, = P(X; N---N X,,). Since
P(Xx) =1—1 one gets that [], P(X)) = (1—2)" — e~'. However, this argument does not imply
(@) since the events X} are not independent.

Our goal is to give a new proof of (Il) based on an independence argument of polynomials over
finite fields. This approach may be considered natural for finite field theorists due to the ancient
connection between polynomials, permutations, and integers which goes back at least to Gauss’s
exact formula; see ([@) below. For further reading on recent progress see the survey papers [2] 3], [5].

We approximate P, by the probability P, 4 that a random uniform monic polynomial of degree n
over a finite field Fy with ¢ elements has no root in Fy (here ¢ is a prime power): If n > g, then the
events X, = {f(a) # 0}, a € F, are independent and P(X,) = 1 — ¢~!. (This is straightforward
from Lagrange interpolation or from the Chinese remainder theorem, see §21) Thus,

2) Pog :11»( N XQ) = [[BE)=(-a ) =e, (n=q— o)

a€l, a€l,

A special case of a theorem of Arratia, Barbour, and Tavaré [I, Cor. 5.6] says that

3) 1Pa= Pl = 0(2);

see @ for a simplified proof of (). Substitute ¢ = 282" in @) and take n — oo to get by (@)

that
lim P, = lim P, , = e_l,
n—o0 n—o0

as needed. O
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2. INDEPENDENCE ARGUMENT.

Assume n > ¢. By Lagrange interpolation, for any subset S of F, and any choice of (cq)acs
with ¢, € Fy, there exists a unique polynomial g(X) of degree < #S such that g(a) = ¢, for all
a € S. Thus the monic polynomials of degree n passing through («, ¢o)acs have the form

FX) = g(X)+h(X) [T(X = a),
a€sS

where h is monic and degh = n — #S and there are ¢"~#9 of them. (This parametrization also
follows from the Chinese remainder theorem.) Thus

- n—#5 — 1\ #S
P(() %)= ¥ PU@) =co aes) = 3 T = (422)7,

acs ca#0 ca#0 q

which proves independence. Here the sum runs over all tuples of (¢4 )acs of nonzero elements in
F,. O

3. PROBABILITY MEASURES ON THE SPACE OF PARTITIONS.

Consider the space Q of all n-tuples a = (a1, ag, . . ., a,) of nonnegative integers such that 3 ia; =
n. We define two probability measures on 2, one coming from permutations and the other from
polynomials over a finite field and compare them.

Let S, be the symmetric group on n elements. Each o € S,, has a cycle structure which may be
regarded as an element a in ©: We set a; to be the number of orbits of o of length 7. Then ), ia; = n.
For example, the trivial element corresponds to (n,0,...,0), a transposition to (n —2,1,0,...,0),
(0,...,0,1) an n-cycle, etc. The uniform measure on S,, then induces a probability measure Pg,
on €2, which by Cauchy’s formula is given by

n

(4) Ps, (@) = [ —

kakq!”
k=1 k

Let ¢ be a prime power, F, the finite field with ¢ elements, F,[X] the ring of polynomials with
coefficients in g, and denote by M = M,, ; the set of monic polynomials of degree n in Fy[X].
The unique factorization of f € M to monic irreducible polynomials,

f=P P,
defines an element a of {2; namely,

a; = #{j : deg P; = i}.
We emphasize that the counting is with multiplicity. Hence ), ia; = deg f = n. The uniform
measure on M then induces a probability measure on 2 given by

Hn: T, (i7a/.)
() Prm(a) = %
where 7,(i, a;) is the number of ways to choose a; monic irreducible polynomials of degree i (with
repetition). If we denote by 7, (i) = m,4(4,1) the number of monic irreducible polynomials of degree
i, then my(i,a;) = (”‘I(Z):aifl). Thus, (@) transforms into

)

n a;—1

(6) IPM(a>=Hka,+ak!. HH%
k=1

i=1 j=0
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To connect these probability measures with the derangement probabilities discussed in the in-
troduction, we note that if g is the event that a; = 0, then

(7) Pn = Psn (QQ) and Pn)q = ]PM (QQ)
4. COMPARISON OF PROBABILITY MEASURES.
We prove that the two measures defined above are close in the ¢'-norm.

Theorem. Let n be a positive integer and q a prime power. Then
1
(8) IPs, = Padlli i= 3 IPs, (a) = Pu(a)| = O(-).
ac) q
The bound (B)) immediately implies @) using ([@). Indeed, by the triangle inequality,
1
[Po = Pagl £ Y Ps, (a) = Pa(@)| < [Ps, —Paclli = O(=).
acg 4
The key tool in proving the theorem above is Gauss’s exact formula for the number of prime
polynomials, which may be regarded as comparison of the measures on the event {a = (0,...,0,1)}.
It is given in terms of the M&bius function defined as
(-1)", n=p1---p, for distinct prime numbers p;
p(n) =

0, otherwise.

Then Gauss’s formula is
9) img(i) =q¢' + Y p(d)g"".
15d|i
The proof is elementary and easy, but beautiful, see [4, Thm. 2.2]. From (@) one readily derives the
useful bounds

(10) q" >img(i) > q' —2- gli?!,
Proof of the Theorem. We may assume that n > 1 and we put
(11) X =Py —Pg, |1
We write Paq(a) as

(12) Pr(a) = pa1 + pas;

where pa,1 and pa 2 are the respective contributions from squarefree and non-squarefree polynomials.
Apply the triangle inequality to ([[I]) to obtain
X < P(f is not squarefree) + Z |Ps, (a) — pa1|-
aeQ(n)
Here f is sampled uniformly from M. It is well known that P(f is not squarefree) = = (see, e.g.,
[4, Prop. 2.3]); thus it remains to show

Y= 3 P —parl =0(7).

aeQ(n)

1
q

We write Y = Y7 + Y5, according to whether there exists j with a; > my(j) or not and show
that each Y; is bounded by O(1/q). To bound Y3, we recall that a; corresponds to the number of
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irreducible factors, so the pigeonhole principle tells us the corresponding polynomial has a repeated
factor, hence does not contribute to pa 1, S0 pa,1 = 0. It then follows by (@) that

W sy B @@= Lo S T T oo

Jj=1 aeQ(n) J=la;>mq(j bGQ (n) i#j >7rq()
a;>mq(j) bj=a;

where Y heqm) H#J— ﬁ < 1 as the probability of a permutation on n — ja; letters not to have
bj:aj

an orbit of size j. Since ,ajﬂ(l +1)l/j“fla-' = @ _1+1) < %, we may bound the inner sum in the
J aj ! 3 3J

right-hand side of (I3) by twice the first summand, so by using the lower bound in (I)) we obtain

vi<2) ﬂqm“(l 22 o(l).

j>1 J q

Now we bound Y»; i.e., considering only a’s with a; < m,(j) for all j. Similar to the derivation
of (@); namely, using > ia; = n, we have

& o= T () = Tt T T

i=1 i=1 j=0
SO
n a;—1
) = Y Ea@-rl= Y g [-11]
acQ(n) acQ(n) k=1 i=1 j=0
Vria,<mq(r) Vria,<mq(r)

By the upper bound in (I0) and the assumption j < a; < m4(i), we have 0 < ”"(;# < 1. So we
may use the Bernoulli-type inequality

Ms

(16) 0§1—ﬁ(1—xk)<

k=1 k=1
with {zx}r = {1 — ”"(Z —41, ; to obtain
L, (i) — g
img(i) —if
(17) Yy < Z H kaka | Z Z )
acQ(n) k=1 i=1 57=0
Vjia;<mq(j)

From the lower bound in (0] we conclude that

a;—1 . . .. .

N - ; i(a; — 1 i
(18) Z(l_mq(zq#)gzaiq—m +é% < 4aliqg 121

=0
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Plugging ([I8) in (I7)) yields

SR | =

acQ(n) k=1

_42 Z Z H kbkbk'z“a' f%]
i=1 0<a<n beQ( n)k;él

b»; =a

<4Z > al;ia,z ,

1=10<a<n

where as before Zbeﬂ (n) Hk ! kbkb ; < 1. Thus,

Y2<4zlq[]za' ()’

i>1 a>0

1—(1

as needed to finish the proof. g
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