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Abstract

In this paper, we aim to study sequences which are products of facto-
rials and examine the conditions required for them to be integral. Using
the order test, we found necessary and sufficient conditions for these se-
quences to be integral and our study of these conditions led us to study cy-
clotomic polynomials, providing more efficient methods of studying these
sequences.

We undertook this project under the supervision of Prof. Masha Vlasenko
of Trinity College, Dublin, as part of a summer internship program.
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1 Integral Ratios of Factorials

Consider two vectors a € N¥, b € N! with a = (a1,a2,...,a;) and b =
(b1,ba,...,b;). Then define a sequence of rational numbers
k
. (an)!... (agn)! _ igl(am)!
" (byn)!... (bn)! ! (byn)!
j=1

where n is any positive integer. The subject of this paper is to investigate the
conditions for a and b to be such that the sequence {t,} is integral, i.e t,, € Z
foralln>1



There are many examples of sequences of this type which will always be integral,

such as o) .
" )t <n)

. (30n)! B 30n _(30m) (250

" (15n)!(10n)!(5n)!  \15n 10n 5n)  \ 5n ) \10n
can both be expressed as a product of binomial coefficients, and will therefore
always take integer values for all n.
However, sequences such as t,, = % cannot be expressed as a product
of binomial coefficients. To see this, consider a product of m binomial coeffi-
cients. There will be m terms in the numerator and 2m in the denominator. If
k of these can be cancelled, we are left with m — k terms in the numerator and
2m—k in the denominator. In this case, we would have m—k = 2 and 2m—k = 3,
which has no solutions in non-negative integers. Hence ¢,, = % can-

not be the product of binomial coefficients. It can also be shown that it is always
integral, as follows.

or

2 Criterion of Integrality

Definition: Let p be a prime and n € Z,n # 0. The order of n, denoted by
ordy(n), to a prime p is defined as the largest nonnegative integer m such that
p™ divides n. For a rational number x = £, define ord,(z) := ord,(y) —ord,(z).

Clearly a rational number x € Q is integral if and only if ord,(z) > 0 for all
primes p.

Proposition 2.1

ordy(nt) = > 1]

Proof There are | 7] integers below n that contribute a factor p. Of these,
L5z contribute a second factor; and among those |5 ] contribute a third factor

p, and so on. This will be a finite sum as all terms will be 0 for sufficiently large

kol

Note that the order of a product of factorials is additive, so this gives the
condition that for a sequence to always take integer values, the order of the
numerator must be greater than or equal to the order of the denominator for
all primes p and all values of n.

We next provide an alternative proof for a result by Edmund Landau

Definition: Given a sequence t, = = , define the Landau function f,

f:]0,1] = Z such that f(z) = zk: la;z| — > b ]

i=1 j=1



This function seems to apper for the first time in relation to ratios of factorials
in the paper Sur les conditions de divisibilité d’un produit de factorielles par un
autre, Edmund Landau

Theorem 2.2 (Function Test) A sequence {t,} is integral if and only if,
Vo € [0,1], f(z) > 0, where f(x) is the Landau function associated with the
sequence.

Proof First suppose f(z) > 0 Va € [0,1]. We will show this implies that ¢, is
integral.
Consider the expression

k
p 5P

a;n bin
C=>loxl-> 1=x)
for n,k € N and p a prime. Let y; = ﬁ and zx = {yx}, so that
yr = lyr) + zr, 21 €[0,1)

Then( = ZLai lyx| + aizy| — thj Lyr] + bz

= Zai lyr) — ij lyr] + Zlaim = bk

= O a = > b)ly] + flan)
i J
Since Y- a; — Y b;j = f(1) > 0 and f(x) > 0,Vz, this implies ¢ > 0.
5 J
= VL% - YA 2 0 ke N

where p is any prime. Therefore

ordy(t) = S - ST = 0

k k
b1 p p

for all n and p, which implies that the sequence {t,,} is integral.

Conversely, suppose t,, is intergral. We will show this implies that f(z) > 0Vz €
[0, 1].

First define L = lem(aq, ..., ag,b1,...,b;). Next suppose f(x) < 0 for some z,
implying f(z) < 0 Vz € (%, kzl) for some k, as jumps in f(z) can only occur
at = such that a;x € Z or bjxz € Z, for some iorj, and that can only occur when

T = % =forr= bi = {. Next take p > L to be rpime. Suppose there does
i j
not exist some m, 0 < m < p— 1 such that = € [£, 5£1] This means 2 < k

and % < mTH. Therefore mL < kp and similarly kp +p < mL + L.
= mL < kp < mL+ L—p But this implies L—p > 0 = [ > p, a contradiction,
so 3 m such that f(%}) <O0.

Note that, as p? > Lp > GmaezP > Gmaz™ > a;m and



p? > Lp > bimauP > bmazm > bym we must have | 4 | = Lbjkmj =0 Vk > 2.

Henceordy(tm) = 3% —ZLbij J=Ylal =30 = (5 <o

This implies ., ¢ Z, implying ¢, is not integral, a contradiction. Therefore we
must have f(z) >0V x.
Therefor ¢, is integral if and only if > a; > > b; and f(z) >0V z € [0,1]. |

3 Some Examples

There are several families of sequences which will always produce integer values.
Sequences which are simply products of binomial coefficients, as were discussed
earlier are trivially integral. It can also be shown that sequences of the general

form
B (2an)!(2bn)!

by =
(an)!(bn)!((a + b)n)!
will always take integer values, where a and b are any positive integers. This

can also be generalised to sequences with more terms. We will now prove that
the above sequence is always integral, where a and b are positive integers.

Proof The sequence is integral if and only if the associated Landau function is
non-negative. Graphing f(z) = |2ax] + |2bz] — |az| — |bx| — | (a + b)x| we get

01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

As this is non-negative, our sequence must be integral |

4 Jumps of the Landau Function

Graphing the Landau function, we notice that it is a step function and hence
is piecewise constant and right continuous. So, to check if f(z) >, it is suffi-



cient to check that f(z) > 0 at each of the jumps. These jumps occur when
a term in f(z) take a new integer value and so, it is in fact sufficient to check

that f(z) > 0 for all # = ; where L = lem(ay,as,...,ax, b1, ba, ..., b) and

i=1{0,1,..., L}. However, we do not get a jump at each of these points. In this
section our goal is to determine precisely at which of the points % these jumps
occur. First, we need to introduce a family of polynomials known as cyclotomic
polynomials.

Definition: A Cyclotomic Polynomial, ®,(x), where n is a positive integer, is
the unique monic polynomial defined by the following formula:

d,(z) = 11 (z — e2™in)
1<k<n:gcd(k,n)=1
Cyclotomic polynomials have the following properties
Proposition 4.1 o O, (x) has integral coefficients

o O, (x) is irreducible over Q, that is, it cannot be written as a product of
two polynomials with rational coefficients

o 2" —1=][(D4(x))

d|n
Below are the first 7 cyclotomic polynomial:
o Oy(x)=x—1
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Next we define a(z) = [[ (2% — 1) and b(z) = [] (z% —1).
j=1

=1

We then define p(x) and ¢(z) such that % = Z((g, but p(z) and ¢(x) have
no common factors. p(z) and ¢(x) can then be written as a product of cyclotomic
polynomicals. These cyclotomic polynomials have roots at e2™ (%) 1 < i < s,
and 2™ (%) 1 < j < t, respectively, with a;,B; € (0,1] and s < k and t < [.We
call a; and B3; the argument of the associated root. We will show that jumps
upward occur exactly at a; and jumps downward occur exactly at 3;, leading

to an alternative definition of the Landau function.

Theorem 4.2 Given a sequence {t,}, we have the following identity for the
associated Landau function.

fl@) = #{i-ow <a}—#{j: B <alr €[0,1]
where {o; },{B;} are defined as above.



Consider, for example the sequence t,, = % The corresponding func-

tions are given by
a(z) = (27 = 1)(2® = 1) = @1 (2)P3(2) Py () @1 (2) 2(2)
and
b(z) = (z — 1)(z* = 1)(2°® = 1) = ®1(2)P1 (2) Py (2) Py () Py () P5 ()

which gives b((z)) = p(m) 1mply1ngp( ) = ®3(x)Pg(z) and g(z) = @1 () Py(x)P5(x).
This gives a; = % 2 3, ag 97 014—%7 045237 aszg, 04725, ag = %
while ﬁl =1, 52 ﬁ?) 47 /84 57 55 %a ﬁ6 = %7 ﬁ7 = %7 WhiCh7 as we
can see corresponds to the jumps in the graph below.

42 _I 1 T

1] 02 0.3 0.4 0.5 06 0.7 0js 0.9
1 1.2,1 1 2,4 5, 3 2 3.7.4 3 1
hovsn o s %% % ah s %

This holds in general and we can prove this as follows.

Proof Note that |[m] = #{k € N:k <m}.

Hence |mxz| = #{k : k < mz} = #{L£ : % <z}

So f(z) = Ylaw) - Xlbiw) = S #{E L <a} -V #H{E £ <o}

= #{Roots of a with argument < z} — #{Roots of b with argument < x}
I: #los <a} - #{B; <=z}

This allows us to quickly and easily find the graph corresponding to a sequence
by hand.

5 Reconstructing a Sequence

Another question which arises from our study of these polynomials is if we can
reconstruct a sequence given p(x) and ¢(z) as products of cyclotomic polynomial.
We will now present an algorithm to do this:



Definition: Define:maz{¢a,, ¢ass Pas,-- -+ Pa.} = Pmaz{ar,as,....as}

Suppose p(z) = [[7_, ba, and g¢(z) = [['_, ®v,; Let Ag be the set of ¢, and By
the set of ¢p,. We then proceed with the following algorithm:

1. Let ¢s, = maz{¢; : ¢; € A; U B;}
If ¢Si S Ai, let A1 =S
If ¢Si € B, let bi+1 =S

2. Let C; ={¢g:d|s;,0<d<s;}
If ¢Si € Al o let Ai+1 = Az \ {¢s} Let Bi+1 = Bl U 01
If ¢si € B; :, let Ai+1 = A, UC;. Let Bi+1 =B; \ {¢s} .

3. If | Ajx1 | + | Bit1 |> 0, then repeat. Else, end.

Note that this algorithm will terminate, as s; is decreasing and when s; =
1, |C;| = 0 and so |A4;| + |B;] is strictly decreasing and must eventually become
0. We then have two sequences {a;}, {b;} and can cancel any common values,
giving us a, b and t,.

Let us illustrate this algorithm with and example. For example,consider
p(z) = ¢6 and q(x) = ¢d1¢2 Then Ag = {¢ps} and By = {¢1, d2} and @5, = ¢6.
So we get a; = 6 and Cy = {¢1, P23}

This gives A; = {0} and By = {¢1, ¢1, _phia, P2, 93} So ¢s, = ¢3 and we have

b1 =3 and Cl = {¢1}

This give Ay = {¢1} and By = {¢1, b1, P2, P2} Repeating this process we

find a; = 6,(12 = 1,a3 = 17(14 =1 and b1 = 3,()2 = 2,b3 = 2,b4 = 1,b5 =1.

Cancelling common terms, we get that the corresponding sequence is given be
1 1

tn = T otz

The existence of this algorithm further cements the relationship between our

sequences and cyclotomic polynomials, implying there may be a condition on

p(z) and ¢(z) to test if the corresponding sequence is integral.

6 Remarks

On completing this project we had determined some necessary and sufficient
conditions for such sequences to be integral and have developed efficient methods
for testing sequences, We created a new proof of Landau’s function. as well as
finding an alternative formulation of the Landau function from our study of
cyclotomic polynomials. Were we to pursue this research further we would
investigate the conditions on the associated products of cyclotomic polynomials
for a sequence to be integral. We would also try and identify other families of
integer sequences as were discussed previously.



