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“God does not care about our mathematical difficulties. He integrates
empirically.”
— Albert Einstein



Abstract

Let S C Z. Polynomials in Q[z] mapping members of S into the integers are called integer-valued over S. The
ring of such polynomials is denoted Int(.S,Z). Because Int(S,Z) does not constitute a unique factorisation
domain, factorisation properties in this ring are especially appealing.

In this thesis, we present a criterion for irreducibility, a detailed analysis of factorisation lengths, and a class
of polynomials that factor uniquely in Int(S,Z).
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Chapter 1

An Introduction to Int(S,Z)

Let S C Z and f(z) € Q[z]. We say that f(z) is integer-valued over S if f(s) € Z for every s € S. The set
of all such polynomials is denoted Int(S, Z):

Int(S,Z) = {f(z) € Qlz] | f(s) €ZV s € S}.

Notice that polynomials in Z[z] are integer-valued over Z, as well as over every subset of the integers. For
convenience, we use the notation Int(Z,Z) = Int(Z). Furthermore, if a polynomial in Q|z] is integer-valued
over all of Z, it will be integer-valued over any subset S of Z. We observe:

Zlzr] € Int(Z) C Int(S,Z) C Q[z],

and remark that although Z[x] and Q[z] both constitute unique factorisation domains, Int(Z) and Int(S, Z)
do not.

Example 1.1. 3 is integer-valued over 2Z but not over Z.

E>|<ar(np1e ;.2. @ € Int(Z), although % ¢ Z[z]. For every integer x, either 2 or  —1 is even; hence,
2 | x(x—1).

Definition 1.3 (See [5]). Let R be a ring. A (left) R-module is an additive abelian group A together
with a function R x A — A (the image of (r,a) denoted by ra) such that for every r,s € R and a,b € A the
following hold:

(i) r(a+b)=ra+rbd

(i) (r+s)a=ra+ sa

(iii) r(sa) = (rs)a,

and if R has an identity element 1z and
(iv) lra=aVac€A,

then A is said to be a unitary R-module.
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Note that if R is commutative, then every left R-module A can be given the structure of a right R-module
by defining ra = ar for every r € R and a € A. So every module A over a commutative ring R is said to be
both a left and a right module with ar = ra for all » € R and a € A.

Example 1.4. If S is a ring and R is a subring, then S is an R-module with ra (r € R,a € S) being
multiplication in S. In particular, R[x1, ... , 2] is an R-module.

Proposition 1.5. In#(S,Z) is a unitary Z-module.

Proof Observe first that Int(S,Z) is an additive abelian group. Let f(z),g(z) € Int(S,Z). Then
f(z)+g(z) € Qz] and Vs € S, f(s),g9(s) € Z so f(s)+ g(s) € Z. Hence, f(x)+ g(x) € Int(S,Z). Moreover,
Int(S, Z) is closed under multiplication with the integers. Since for every integer a, af(z) € Q[z], and Vz € Z,
af(z) € Z, we have af(z) € Int(S,Z).

Thus, Int(S, Z), together with scalar multiplication in Z satisfies the requirements to be a unitary Z-module,
because for every r,s € Z and f(x),g(x) € Int(S,Z) we have the following:

(i) r(f(2) + g(x)) = rf(z) +rg(z)
(i) (r+8)f(z) = rf(z) + sf(x)
(iii) r(sf(z)) = (rs)f(x)

where the properties (i) - (iii) follow from the properties of scalar multiplication in Z. Finally, Z has an
identity element 1, so that

(iv) 1f(z) = f(z) for every f(z) € Int(S,Z). ]

Definition 1.6 (See [6]). Let A be a module over a ring R and let H be a subset of A. We say that H is
a basis of A if H is not empty, if H generates A, and if H is linearly independent. If H is a basis of A, then
in particular A # {0} if R # {0} and every element of A has a unique expression as a linear combination of
elements in H. A module that admits such a basis is said to be a free module.

1.1 The Generalised Binomial Polynomials

By Proposition 1.5, we have that Int(S,Z) is a unitary Z-module for subsets S of the integers. In order to
determine an appropriate Z-basis for Int(S,Z), we turn to Bhargava and his generalisation of the Binomial
Polynomials for subsets of Z (see [2]).

Let S C Z, and fix a prime integer p. Bhargava details the construction of a p-ordering of S as follows.

e Choose an element ag € S arbitrarily.
e Choose an element a; € S that minimizes the highest power of p dividing (a1 — ag).
e Choose an element ay € S minimizing the highest power of p dividing (az — ag)(az — a1).

e In general, at the kth step, choose ay € S minimizing the highest power of p dividing
(ak — ao)(ak — al) e (ak — ak,l).

Bhargava argues that having obtained such a p-ordering {a, }‘]?‘;O, then one obtains a monotone increasing
sequence {vy (S, p)}7,, of powers of p, where the kth element 14 (S, p) is precisely the power of p minimized
at the kth step of the p-ordering process. So
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(S, p) = wp((ar — ao)(ar — a) -~ (ax — ax—1)),
where wy(z) is the highest power of p dividing z. For example, w3(54) = 3% = 27. The sequence {vy(S,p)}

is known as the associated p-sequence of S corresponding to the chosen p-ordering {a;} of S. We now define
the generalised factorial function, denoted k!g:

kls = HVk(Sap)'

Example 1.7. Let S =3Z = {3k : k € Z}. Then the natural ordering, {0, 3,6, ... } also forms a p-ordering
for every prime p. Then

klsz = (3k — 0)(3k — 3) - - (3k — (3k — 3)) = 3"kL.

In particular, k!7 = k!, where k! represents the standard definition of the factorial function. We may now
define the generalised binomial polynomials, denoted B; s(x) for S:

7

By s(z) = (;)S C(@w—an) (@ —ars) (@ —ai1,)

1 - i!s

where {aj,k}]‘?‘;o is a sequence in Z that, for each prime p dividing k!g, is termwise congruent modulo v (S, p)
to some p-ordering of S. In the case that S = 7Z, we have

By () = (m) :x(x—1)~-:(x—i+1),

’ ) 7!

which are the familiar Binomial Polynomials. We now have the tools to offer a basis for Int(S, Z).

Theorem 1.8 (Theorem 23, [2]). The set {(j)s 2, forms a basis for the Z-module Int(S,Z).

Hence, the familiar Binomial Polynomials form a basis for Int(Z).

Suppose that, given a polynomial f(x) € Int(Z) of degree n, one wishes to find its unique expression
explicitly as a linear combination of the Binomial Polynomials: f(z) = fo(5) + f1(5) + ... + fa(2), where
fi € Z and f, # 0. C. Long provides a method of finding these f; [8]. One first finds the set of images
{f(0), f(1),...,f(n)}, and then creates a “difference table”, denoting the entry in the jth row and kth

column D7 (k):

0 2 n
f(0) f(1) f(2) f(n)
D'(0) = f(1) - f(0) | D'(1) = f(2) — f(1) | D'(2) = F(3) — f(2) D'(n) = f(n) — f(n—1)
D".(O) D".(l) D”.(Z) . ~. . D”(n)

Note that in general, D’ (k) = D’=1(k + 1) — Di=(k). After having generated such a table, we have the
following representation for f(x):
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f(x) = D°(0) (3) + DY(0) (51”) + ...+ D"(0) (””) (1.1)

n

It is important to note that as a consequence of this construction, we have the following:

Corollary 1.9. Let f(z) € Q[z] have degree r. If f(0), f(1),..., f(r) € Z, then f(x) is integer-valued over
all integers.

Proof Assume that f(0), f(1),...,f(r) € Z. Then applying the difference table construction, there are
integers fo, f1,..., fr, with f. £ 0, so that

f($)=fo<g) +f1(915> +-.-+f7«<f).

Since (%) is integer-valued on Z for every i € [0, 7], we have that f(z) is integer-valued on Z. |

Example 1.10. Let f(z) = 222 + 3z + 5. Notice that f(0) = 5, f(1) = 10, and f(2) = 19. We construct
the difference table:

£(0)=5 | f(1)=10 | f(2)=19
5 9
1
so we have
o = () 5() 40
— 545p+aZCY

2
= 543z + 222



Chapter 2

The Fixed Divisor

Definition 2.1. Let f(z) = >.I" ja;z" € Z[z], where a; € Z and a,, # 0. The content of f(z), denoted
c(f), is defined as

c(f) = ged(ag, aq, - .. ,an).
If e(f) = 1, we say that f(z) is primitive over Zx].

Definition 2.2 (See [2]). Let f(x) € Int(S,Z). The fixed divisor of f over S, denoted d(S, f), is defined

as
A(5, f) = ged{f(s) : s € 5},
Definition 2.3. Let p(z) € Int(S,Z). If d(S,p) = 1, we call p(z) image primitive over S.

Lemma 2.4. Let f(x) € Int(S,Z). Then d(Z, f) | d(S, f).

Proof This result is clear since S C Z. |

Example 2.5. Each of the binomial polynomials (:) is image primitive over Z, since (z) =1, foreach i € N.

Lemma 2.6. Let F(z) € Int(Z) have degree v, so that F(z) = Fo+ Fy(}) + ...+ F.(?), where F; € Z and
F. #£0. The following are equivalent:

1 d(Z,F)=D.
2 ng(FQ,Fl,... ,Fr) =D.

3 gcd(F(0),F(1),... ,F(r))=D.
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Proof

(1 & 2) (=) Suppose that d(Z, F') = D. Now, amongst the coefficients F}, there is a smallest j for which
F; #0. For such a j, F(j) = F;. Since d(Z,F) = D, D | F(j) implies that D | F;. Assuming that F; 1 # 0,
we see that F((j+1) = (j+1)F; + Fj41. Since D | F(j+1) and D | F}, we have D | F;;,. We may proceed
in this fashion to see that D | F'(j + 2), implying that D | F 12, and so on until we see that D | F,.. So we
have that D | F; for each j. Hence, we may write

FX) =" EB(X) = DY FBAX),

where each F] is in Z. Suppose that ged(Fj, ..., F)) =W > 1. Then

F(X) = DW Y F/'B,(X),
=0

where each F! is in Z. Hence,

F(X) &
W_;Fi Bi(X) €Int(Z),

implying that d(Z, F) > DW, a contradiction.

(<) Suppose ged(Fo,...,F,) = D. Then, as above, we may write F(X) = > . FB;(X) =
DY F/B;(X), where ged(Fj,... ,F!) =1. Then D | F(z) for every z € Z, implying that D < d(Z, F).
We apply an argument similar to that above. Among the coefficients, there is a smallest j for which F; # 0,
and for such a j, F(j) = F;. Then d(Z,F) | F;. As above, it follows that d(Z, F) | F; for each i. Then
d(Z, F) < ged(Fo, ... , F.) = D. Combining D < d(Z, F) and d(Z, F) < D yields D = d(Z, F).

(1 & 3) Suppose ged(F(0),...,F(r)) = M. Recalling the Difference Table construction for polynomials in
Int(Z) [8], we see immediately that M | F; for each i. Then, by the previous argument, M < ged(Fp, ... , F})
implies that M < D.

On the other hand, by definition, D | F(0),..., D | F(r). Hence, D < gcd(F(0),...,F(r)) = M. Thus
M = D and the result follows.

]
We remark that Narkiewicz found the following [9]:

Theorem 2.7 (See [9], Thm. 3.4). If f € Z[z] is a polynomial of degree n and d € Z, then
f(Z) CdZ if and only if d divides the numbers f(i) fori=0,1,... ,n.

Recall the familiar reducibility test for members of Z[z]:

Theorem 2.8 (Eisenstein’s Criterion, See [5] II1.6.15). Let D be a unique factorisation domain with
quotient field F. If f ="  a;z" € D[z], deg(f) > 1 and p is an irreducible element of D such that

pfay; pla; fori=0,1,... ,n—1; pQXao,

then f is irreducible in Flx|. If [ is primitive, then f is irreducible in D|x].
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Example 2.9. Let f(X) = %. Noticing that f(0) = 3, f(1) = 8, and f(2) = 14, and applying
Corollary 1.9, we have that f(X) € Int(Z). Further, notice that 3 | 6; 3 | 9; and 32 } 6, so that X2+ 9X +6
is irreducible in Z[X] by Eisenstein’s Criterion above.

Theorem 2.10 (See [7], Thm. 3.13). For m > 1, a necessary and sufficient condition that the congru-
ence

axr =b (mod m)

be solvable is that d | b, where d = ged(a, m). If this condition is satisfied, there is a unique solution modulo
T, say xo, and hence there are d solutions modulo m, namely

)T

T =z, x0+1~%, e, o+ (d-1 7 (mod m).

Notice that ged(a, m) = 1 implies az = b (mod m) is solvable.

Theorem 2.11. For every m,n € N, there are infinitely many irreducible polynomials f(X) € Int(Z) with
leading coefficient -.

Proof For ease of notation, let us write the falling factorial polynomials in the following manner:

XM =X(X-1)(X=n+1D)=a"X+a{"x2+  +a x" 1 4aMx"

@

Note that since X (™ is monic for each n, we have a;’ =1 for each i.

Observe that for every m € N, there is a least r € N for which m | r!. Let us denote such a pair as {m,r}.
Given any m,n € N, we find the pair {m, r} and will construct a polynomial of degree r fulfilling the theorem.

If F(X) is an arbitrary integer-valued polynomial of degree r, then F(X) can be written in the form

F(X) = Fo+FX+FBy(X)+...+Fr_1B,_1(X) + F.B(X)

F0+F1X+F2¥+...+FT_1%+FT¥-

Since m | r!, we have m = r!l, some 3 € N. Let Fj,..., F/_; be nonnegative integers such that
Fy=2F},... ,F,_y = (r—1)!F/_, and set F,, = nf. Clearly, F(X) may be written as

X
F(X)=Fo+RX+EX® 4. 4p_ xr-D 02 (2.1)
m

Now, we can rewrite Equation (2.1) as

mFy +mFi X +mF,X® 4+ 4+ mF_ XD 4 X1

F(X) = =

Let us expand about the X (9, so that
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mF0+mF1X+mF2' a§2)X+ag2)X2 +...+rnF/‘72 aﬁz)X+aér72)X2+...+a,(r:32)X773+a(:722)X’”’2
o (o510 R

m

mF!

r—1

(o VX +al VX244l DX D) dn (0l X +al? X 24 ol X7 ) X7

m

Recalling that az(-i) =1 for each ¢ and combining like powers of X, we arrive at

mFg+X(mF1+mF’ (2>+ +mF’ 1a<1r 1)+no¢(r))+X2(mF +mFé (3)—0— +mFT/ 204; 2>+mF’ e gr71)+no¢ér))

F(X) =

m

X2 (mFT’72+mFT'71afjjzl)+na£722) +xr—1 (mF’ 1+no¢(7) ) +nX"

m

o+

Set Fy = p, for some prime integer p such that ged(p, nr!) = 1. Note that ged(p,m) = 1 as well since
m | !, and that ged(p, nB3) = 1 since n3 | nr!. Hence, p | Fy while p?> | Fy and p [ F,.. Consider the system
of congruences:

mFEl_, = { nal” )1} (mod p) (2.2)
mFE._, = [fmF’ 1045,T 21) nafﬂT)Q (mod p) (2.3)
mFy = [ mFas? — . —mF ol —mF_ ol —nal?|  (mod p) (2.4)
mF; = { mFal? — . —mF_o\mY - nagr)} (mod p). (2.5)

Since ged(p, m) = 1, Theorem 2.10 implies that Equation (2.2) has a solution F)_;. Using the value F_,, we
can now recursively solve Equation (2.3) for F/_,. Tterate this process to obtain integers F._, F/_o,... , F}
which solve the system. Now, set

Gi = mFh+ mFQaf) .+ mF’flagrfl) + nagr)
Gy = mF;+ mFéag?’) .+ mF; Qag 24 mkF), 104? Uy na( ")
Gr—a = mF/_,+mF]_ 1a(r 2 —|—na(r)
G,-1 = mF_,+ naijl,
so that
FX) = mFy +G1 X +GoX?+ ... +Gr o X" 24+ G X" L+ X"
= — )
By construction, p | mFy, p*> f mFy, p | G1, ..., p | Gr—1, and p /| n. Hence, the numerator of F(X) is

irreducible in Z[X] by an application of Eisenstein’s Criterion.

To see that d(Z, F') = 1, recall that F,. = n3, and that F{y = p. Since we have chosen p so that ged(p, nr!) = 1,
and nf | nrl, we have that ged(Fo, F-) = 1. Hence, ged(Fy, Fy, ..., Fr_1, F.) = 1. By Lemma 2.6, we have
d(Z,F) =

Finally, to see that there are infinitely many such irreducible polynomials, notice that in Congruence (2.5)
alone, there are infinitely many solutions Fj that we might have chosen. (For, having found one such
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solution, say g, there are infinitely many integers congruent to zy modulo p.) Translating this observation
into infinitely many valid G; completes the claim.

Notice that by our method of constructive proof in Theorem 2.11, we make the following claim (which may
be of greater intrinsic interest to the reader).

Corollary 2.12. For every m € Z, there are infinitely-many irreducible polynomials f(x) € Z[x] for which
d(Z, f) = m.

Proposition 2.13. Let f(x) € Int(Z) have degree n, and

fHa) = f@) - flx)
—_—

k factors

in the usual polynomial multiplication. Then

k

Az, f*) = (d(z. 1)) (2.6)
Proof Recall that
d(Z, f) = ged(f(0), ... , f(n)), (2.7)
and express f(0),..., f(n) in their prime decompositions:
0 0
f0) = piteops
fln) = pit--ps,
where we slightly abuse notation: eé € Z is the power of the jth prime p; corresponding to f(z).
By definition, ged(f(0), ..., f(n)) = p{"* -+ p™=, where m; = min(e?, ... ,e?), each i. Notice that
k Y e? k ke ke?
f (0) — (pl "'pss) — Dyt Ds s
k o el ey k o kel kel .
i) = (p1 "D ) = plops
Again employing the definition of the greatest common divisor, we have
ged(f*(0), ..., fE(n)) =pit---ple, (2.8)

where 7; = min(ke?, ... , ke®), each i. But it is clear that

79
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r; = min(ked, ... kel
0 en)

= kmin(e;,... €]

= km; (from above).

Making this substitution into Equation (2.8), we find

d(Z, fH(z)) = pi*--pi
—_ plfm‘ .o .p]:ms

= (py-pl)”
ged(f(0), ..., f(n))*
= d"z, f(x)),

completing the proof. |

Lemma 2.14. Let f(x) € Z[x] be such that d(S, f) =1 over an infinite subset S of Z. The following hold.

(1) f(x) is primitive in Z[x].
(2) If f(x) # £1 and f(z) = fi(z)fa(z) - fx(x), where each fi(x) is irreducible in Z[z], then
deg(fi(x)) > 1 for every i € [1,k].

(3) If f(x) = q1(x) - - ¢r(x), where each q;(x) is irreducible in Z[z], then d(S,q;) =1 for every 1 <i <r.

Proof To see (1), suppose that ¢(f) =m > 1. Then f(z) = mf’(z), where f'(x) is primitive in Z[z], and
% € Int(S,Z) implies m = £1 since d(5, f) = 1, a contradiction.

For (2), f(z) image primitive over S implies that f(x) is primitive in Z[z] by (1) above. Assume without
loss of generality that fi(z) = m € Z. Then

flz) _
) _ f@) s,
and each f;(z), j > 2 is primitive and irreducible in Z[z]. Since f(z) is primitive, % ¢ Z[x], a contradiction.

Finally, for (3), suppose that d(S,¢;) = m > 1 for some i. Then

@) =m B g @) g (@)

m

implies % € Int(S,Z). But d(S, f) = 1 implies that m = %1, a contradiction. |

Notice that the converse of Lemma 2.14(1) is not necessarily true. Consider, for example, the familiar
f(z) = xz(x — 1) over Z. Although f(z) is primitive in Z[z], f(z) is not image primitive over Z, since
d(Z, f) =2.

Lemma 2.15. Let f(x) € Int(S,Z) be of degree r > 1. The following hold.
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(1) f(x) irreducible in Int(S,Z) implies d(S, f) = 1.
(2) If f(x) is image primitive over S, and f(x) = fi(x)fa(x) - fu(x), with each f;(x) € Int(S,Z), then

each f;(x) is also image primitive over S.

Proof For (1), assume that d(S, f) = m. Then

fla) = (5. )51 =m0,

with % € Int(S,Z). Then f(z) irreducible in Int(S, Z) implies m = d(S, f) = +1.

For (2), let v; = d(S, f;). Then for every z € S, y172 - divides f(z). Since d(S, f) = 1, we have
Y172+ Yw = £1, implying v; = £1 for each i € [1,w]. Hence, d(S, f;) = %1 for each i.

Note that the converse to Lemma 2.15(1) is not necessarily true. Consider f(z) = x(z + 2) over Z. Since
f(0) =0, f(1) =3, and f(2) =8, d(Z, f) = ged(0,3,8) = 1. Hence, f(x) is image primitive, yet reducible
in Z[z].

We present an interesting and somewhat surprising example of how the converse to Lemma 2.15(2) fails.

Example 2.16. Consider f3(z) = w and fao(z) = %Q(IW over Z. Now,

d(Z, f3) = ged(f3(0), f3(1), f3(2), f3(3)) = ged(0, —1,0,5) = 1.

Similarly,

d(Z, f2) = ged(f2(0), f2(1), f2(2)) = ged(2,5,9) = 1,

so both f3(x) and fa(z) are image primitive in Int(Z). Let h(x) = fa(x) f3(z). Then

d(Z, h) = ged(h(0), h(1), h(2), h(3), h(4), h(5)) = ged(0, -5, 0,70, 320,945) = 5,

so h(z) = fa(x) f3(z) is not image primitive.

One may easily verify that several familiar polynomial properties (Thm 6.1, [5]) hold for Int(S,Z) as in
R[x1,...,2y] (where R is an integral domain). Let f(z), g(z) € Int(S,Z). Then

e deg(f +g) < max(deg f,deg g)
o deg(fg) = deg(f)+deg(g)

Recall (Thm 6.2, [5]), that if R is a ring with identity and f,g € R[x] are nonzero polynomials such that the
leading coefficient of ¢ is a unit in R, then there exist unique polynomials ¢,r € R[z] such that

f=qg+r, anddeg(r) < deg(g).
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Furthermore, when R = Q, every ¢ € Q is a unit. Notice that this division algorithm does not necessarily
work for polynomials in Int(Z).

Example 2.17. Consider f(z) = %;4)@75) and g(z) = % over Z. Notice that
f(z),g(z) € Int(Z). Applying the above division algorithm, and treating f(z) and g(x) as members of Q[z],
we have

(x —3)(z —4)(x —5) 2(x —3) (x —4)(x —5)
= < 3 > ( 5 > ,  so that
f(x) = q(x)g(z) +r(2),

where ¢(x) = Z(T’T_B) and r(z) = 0. Further, ¢(z) and r(z) are unique in Q[z] by the division algorithm.
However, it is clear that ¢(x) & Int(Z).

We may conclude that given two arbitrary polynomials f(z) and g(z) in Int(Z), there is not necessarily a
way to express them in the form f(x) = g(z)q(x) 4+ r(x) with ¢(z) and r(x) members of Int(Z).

In the following Lemma, we present one specific case where a division algorithm may be applied for members
of Int(Z).

Lemma 2.18. Let f(x),g(x) € Ini(Z). Write

f<x>=%(” wd gl = 201,

where f'(z),g'(z) are primitive in Z[x] and ged(f1, f2) = 1 = ged(g1,92). If f'(z) and ¢'(x) are monic, and
if % is an integer multiple of 9., then there exist unique polynomials q(z) and r(x) in Ini(Z)
(deg(r(x)) < deg(g(x))) such that

f(x) = g(x)q(x) + r(z).

Proof (Existence) Proceed by induction on n = deg(f(z)). Let us rewrite f(z) and g(x) for convenience:

fl@)=> aa’ and g(z)=> ba',
i=0 j=0

where in the notation of the above, a, = %, and by, = 2. 1If deg(g(x)) > deg(f(x)) then ¢(x) = 0 and
r(z) = f(z) satisfies the result. Hence assume deg(g(z)) < deg(f(x)).

Now, if n = 1, then f(z) € Z[z] may be written f(x) = f1f'(x) where f; is the content of f(z) and f'(z)
is primitive in Z[z]. Then either m = 1 and g(z) divides f(x) or g(x) fails to divide f(z). In the former
case, we need not proceed. In the latter, write g(x) = ¢1(z — go), and f(x) = fi(z — fo). The assumption
implies that ¢y divides f1, say ¢15 = f1. In this case, f(z) = Bg(z) + Bg1(fo — go), which fulfills the lemma.
Otherwise, m = 0, and the assumption of the lemma in this case implies that g(x) | f;. We may write
g(x)y = fi. Then f(z) = f1f'(x) = gvf'(z) and we have the desired result with ¢(z) = vf'(z) and r(z) = 0.
Suppose that the existence holds for polynomials of degree less than n = deg(f(x)). Notice that the
polynomial (a,b,,lx""™)g(x) is a polynomial in Int(Z) of degree n, with leading coefficient a,,. Hence,
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() = (anbl2" ™) g(x) = (anz™ + ... + ao) — (@™ + ... 4 anb, hox™ ™)

is an integer-valued polynomial of degree less than n. By the induction hypothesis, there are polynomials
¢'(z) and r(x) such that

f(@) = (anby,'2""™)g(x) = ¢'(2)g(x) +r(z)  deg(r(z)) < deg(g()).

Therefore, if q¢(x) = a,b'a"~™ + ¢/(x) € Int(Z), then

f(@) = (anby,'2""™)g(@) + ¢ (2)g(2) + () = q(2)g(x) + r(2).
(Uniqueness) Assume that f(z) = q1(z)g(x) + ri(x) = q2(x)g(x) + r2(z), where ¢1(x),r1(z), ¢2(z) and
ro(x) are members of Int(Z) and that deg(r;(x)) < deg(g(z)) for i = 1,2. In this case, we have
@ (2)g(x) — g2()g(x) = ri(z) — ra(z)

and hence

(@1(%) = @2(2))g(2) = r1(2) — ra(2).

But recall from the above that deg(ri(x) — r2(z)) < deg(g(x)). Furthermore, if gi(x) — g2(z) # 0, then
deg((q1(z) — q2(x))g(x)) > deg(g(x)). Combining these observations necessitates that

q1(7) — ga(x) = 0 =71 (x) — ra(2),

or, equivalently, ¢1(x) = ¢2(z) and ri(x) = ro(z). [ ]

Corollary 2.19. If f(
are reduced to: if d(f

x),g(x) are irreducible in Int(Z), then the sufficient conditions in Lemma 2.18 above
) |
(deg(r(z)) < deg(g(z)))

),
d(g), then there exist unique polynomials q(x) and r(x) in Int(Z)
such that
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Chapter 3

The Structure of Irreducibles in
Int(S,7Z)

Let f(z) € Z[z]. Recall [5] that if f(z) is primitive in Z[x] and is irreducible in Z[x], then f(z) is irreducible
in Qx].

Lemma 3.1. Let f(z) € Int(S,Z) be image primitive over S. Then there is a unique (up to associates)
primitive polynomial f'(x) € Z[z] and unique n € Z such that

flz) = : (3.1)

Proof Write f(z) = "2 h(z) € Z[z] and m € Z. If h(z) is not primitive in Z[z], then write

m

h(zx) = c(h)h1(z), where c(h) is the content of h(zx) in Z[z] and hq(z) is primitive in Z[z]. Then

m

Since d(S, f) =1, d(S, c¢(h)hi(z)) = m. Now, d(S, c(h)hi(z)) = c(h)d(S, h1(z)) so

c(h)hy () hi(x)

flw) = c(R)d(S, ha(z)) — d(S,h1)’

Setting f'(z) = hyi(z) and n = d(S, h1) yields the desired representation.
Suppose

£ _ '@

n n

with f'(z), f”(x) primitive in Z[z] and n,n’ € Z. Then unique factorisation in Z[z] and n'f'(z) = nf”(z)
yield f'(z) = f"(z) and n =n/.
|
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Lemma 3.2. Let f(x) be primitive in Z[x], with deg(f) =r > 1. If

f(@) = fi(z) f2(2),
where fi(x) and fa(z) € Z[z], then d(S, f) > d(S, f1)d(S, f2).

f1() f2 ()
Proof Assume that f(z) = f1(z)f2(z) and d(S, f) < d(S, f1)d(S, f2). Notice that disro and sy e

members of Int(S,Z). Then d(S, f1)d(S, f2) | fi(z)f2(z) = f(z) for every z € S. By definition of the fixed
divisor of f over S, d(S, f) > d(S, f1)d(S, f2), a contradiction. ]

Theorem 3.3. Let f(x) be primitive in Z[x], and assume that deg(f(x)) > 1. The following conditions are
equivalent:

@) 1 i

(1) dsp irreducible in Int(S,Z).

(2) Either f(x) is irreducible in Zlx] or d(S, f) > d(S, f1)d(S, f2) for every pair of nonunit polynomials
fi(x) and fa(x) such that f(x) = fi(x)fa(x).

Proof [(1) = (2)] Assume that f(z) is not irreducible in Z[z]. Assume that d(S, f) < d(S, f1)d(S, f2),
where deg(f1),deg(f2) > 1, and fi(z)f2(z) = f(x). Applying Lemma 3.2, we must have
d(s, f) =d(S, f1)d(S, f2). Then

flz)  _ [i(@)fa(x)
d(s; f) Sd(S )
_ ;&ﬂﬂﬂ_
d(sS, f1)d(S, f2)
filz)  fa()

d(Sa fl) d(S7f2)’

f(x) o
so that dsp 8 reducible in Int(S, Z).

[(2) = (1)] Assume that

where each h;(z) is irreducible in Int(S,Z). Since -1 is image primitive, deg(h;(z)) > 1 for each i. By

Lemma 3.1, we may write this product as

fa) W) W)

d(S.f) — d(S,hy)  d(S, k)

where each h}(z) is primitive in Z[z]. If f(x) is irreducible in Z[z], then unique factorisation in Z[z| forces

f(x)
des.n

r =1 and = hy(x) is irreducible. Otherwise, we obtain, using unique factorisation in Z[z], that
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contradicting (2). [

Lemma 3.4. An element z € Z is irreducible in Int(S,Z) if and only if it is irreducible in Z.

Proof (=) Suppose z € Z is irreducible in Int(S,Z). Then z = g(z)h(x), where g(x), h(z) € Int(S,Z),
implies that either g(x) or h(x) is a unit in Int(S,Z). Furthermore, the degree of both h(z) and g(z) must
be zero as deg(z) = 0. Since the units of Int(S,Z) are 1, z = +¢, for some integer ¢, implying z = ¢ as Z
is a unique factorisation domain. Hence, z € Z is also irreducible.

(<) Let us assume that z = p(x)g(z) for p(x),q(z) € Int(S,Z). By the same argument as above, both p(z)
and ¢(x) must be constants, so that p(z) = « and ¢(z) = 8, and «, 8 € Z. But since z is irreducible in Z,
either &« = £1 or § = £1. Hence, z is irreducible in Int(S,Z), as +1 are units for Int(S,Z) as well as Z.

The next Corollary characterizes the irreducible elements of Int(.S, Z) and follows directly from Theorem 3.3
and Lemma 3.4.

Corollary 3.5. Let f(z) = @ be a non-unit image primitive polynomial in Int(S,Z) expressed in the

form of (38.1). f(x) is irreducible in Int(S,Z) if and only if
(1) deg(f(z)) =0 and f(x) is a prime integer in Z.
(2) f'(x) is irreducible in Zlx] and n = d(S, f').

(8) n=d(S, ') and for every factorisation f'(x) = fi(z)f2(x) into non-units of Zx],
d(S, f') > d(S, f1)d(S, f3)-

We now apply the results of this chapter to construct some irreducible elements of Int(.S, Z) which will later
be of interest.

Corollary 3.6. Let the integers i1,12,... ,ip form a complete set of residues modulo a prime p and an
incomplete set of residues modulo every prime q # p. Then the polynomial

_ (i) (@ —i2) - (x —dp)
fo(z) = D

is irreducible in Int(Z).

Note for any prime p, such a sequence {ij}le outlined above exists and may be chosen by the Chinese
Remainder Theorem.

Proof Let Z denote the set {i1,... ,%,} outlined above, and f(z) = (x —i1)(x —42) --- (z — 7). Note that
f(z) is primitive in Z[z] with deg(f(z)) = p.

Claim: d(Z, f) = p. For every integer z, z = 4; (mod p) for some j € [1,p]. For such a j, p | (# —i;), so

p | d(Z, f), and pa = d(Z, f) for some « € Z. Notice that for no prime g # p does ¢q | d(Z, f), since T fails
to form a complete set of residues modulo every such q. Thus a« =1 and d(Z, f) = p.

Finally, by construction, any subset of Z is also an incomplete set of residues modulo every prime ¢ # p. It
follows that for every polynomial fi(x) and fo(z) in Z[x] with f(z) = fi(x)fa(x), we have

d(Z, f1) = d(Z, f2) = 1 (recall f(z) is primitive implies that deg(fi(x)) and deg(f2(x)) > 1). Hence
d(Z, f) = p > d(Z, f1)d(Z, f2) = 1 for every such fi(x) and fo(x). Applying Theorem 3.3 completes the
proof.
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Theorem 3.7. For each n > 1, B, g(x) is irreducible in Int(S,Z).

Proof Suppose that B, s(z) = g(z)h(z), with g(z),h(x) € Int(S,Z) such that deg(g(x)) = r and
deg(h(z)) = s. Then n = r + s. Because {(f)s};ﬁo forms a basis for Int(S, Z), write

g(l‘) = QOBO,S(I) + 913175(.%) + ...+ g,anS(x)

and
h(l‘) = hoBo’s(ai) + hlBl,S(l‘) +...+ hsB&s(Jj).
Then
r! r! ”
rlsg(a) = ( = ) goBos(x) + ( > ) g1Brs(z) + ... + gl
0'g 1lg
and

| |
S!Sh(l‘) = b hoBo,S(l‘) + 58 hlBl,S(l‘) + ...+ hsl‘(;).
0ls 1lg

Now, 25 € Z for every | < p (see [2]), so

lls

(rlsg(z))(slsh(z)) = (rlssls)(g(x)h(z)) = (1'ss!s)Bn,s € Z[z]. (3.2)
Then we must have
(T!SS!S) o 7’13813
P P

But (by Theorem 8, [2]) rlgsls | (r + s)!s. Hence, to avoid contradiction, we must have s = n or s = 0. We
are left with one of two cases:

(i) s = 0 = h(x) is constant (or)
(ii) s=n=r=n—s=0= g(z) is constant.

Without loss, let us take s = n, so that g(x) = w € Z. Then from Equation (3.2) we have
nlswh(z) = nlgB, g € Z[z]. Since nlgB, s is monic in Z[z], n!swh(zr) must be monic in Z[z]. Hence
w = £1.

Thus B, s(z) = g(z)h(z) implies B, s(z) = £h(z).
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Chapter 4

Some Elements With Unique
Factorisation in Int(S,Z)

Theorem 4.1. Let f(x) € Z[z] be of degree d > 1. If d(S, f) =1, then f(x) factors uniquely in Int(S,Z).

Proof Z[z] is a unique factorisation domain, so let f(z) = ¢1(z) - - - q:(x), with ¢;(x) irreducible in Z[z], be
a unique factorisation up to order and multiplication by 1. Since d(S, f) = 1, f() is primitive in Z[z] by
Lemma 2.14(1), and d(S, ¢;(x)) =1 for each g;(z). Assume f(x) factors in Int(S,Z) as

where each j;(z) is irreducible in Int(S, Z).

Claim I: No j;(x) is a non-unit integer.

Proof of Claim I: Assume without loss that ji(z) = z € Z is not a unit. Then

f(z) = zja(x) - - jr(x) € Int(S,Z) and thus @ € Int(S,Z). Since d(S, f) =1, z = 1, a contradiction.
Claim II: No j;(z) € Q[z] — Z[z].

Proof of Claim II: Applying Lemma 3.1, j;(z) = dj(;s(zj)()' Then

@)
@) = 38— d8.5

Gauss’s Lemma gives that the product of primitive polynomials in Z[z] is primitive, so the product
ji(x)---jl(x) is a primitive polynomial. Since d(S, f) = 1, f(z) is primitive as well. Then d(S, 51) - --d(S, j;.)
divides each coefficient of the polynomial ji(z)---j.(z), and so d(S,j1)---d(S,j.) = 1 implies that
d(S, ji) = £1 for each i € [1,7]. Hence, j;(x) = £ji(x) € Z[z] for each i, completing Claim II.

Finally, each j;(x) must be irreducible in Z[x], hence

f@)=g1(@) - Gr(2) = () -~ qe(2)

implies that » = ¢ and for some permutation of the j;’s, each j;(x) = ¢;(x). |
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Example 4.2. While image primitive polynomials in Z[z] factor uniquely in Int(S,Z), the same cannot be
said for those in Int(S,Z). For example, let f(z) = w (x) = mléﬂ
Int(Z). Since

and ¢ be polynomials in

and

d(Z,g) = ged(£(0), £(1), £(2)) = ged(1,3,6) = 1,

we have that both f(z) and g(x) are image primitive on Z. Let h(x) = f(z)g(x). Since

d(Z, h) = ged(h(0), h(1), h(2), h(3), h(4), h(5)) = ged(0,3,0,—10,0,105) = 1,

we have h(z) is image primitive over Z. However,

hiz) = z(x —2)(z —4) . (z+1)(z+2) _ z(x —2)(x +2) . (x+1)(z —4)
3 2 3 2

yields a non-unique factorisation in Int(Z).

Theorem 4.3. Let f(x) = @ € Int(Z), where z € Z and f'(x) is primitive in Z[x]. f(z) factors uniquely
in Int(Z) if the following hold:

(1) deg(f(x)) = p, where p is a prime integer
(2) p| dZ, f')
(3) p [ dZ,f)

Proof Assume that (1-3) hold. If f(z) is irreducible in Int(Z), the claim is trivial. So assume that f(z) is

reducible in Int(Z). By (1), z < p!, and by (2) and (3), p | z, so pg = z for some @ € Z. Thus, f(x) = %.

By (3), say d(Z, f) = r = p{'p§? -~ pir, where p fr, and f(z) = (p{'p§? -+~ pr) % Now, elther

pB(pipy
W is irreducible in Int(Z) or can be factored into irreducibles. In either case,
1 P2 "Pr

— (C1,€2 . er f/(x)

yields a factorisation into irreducibles in Int(Z).

Suppose that f(x) = fi(z)f2(z) - - fj(x), where f;(z) is irreducible in Int(Z) for every %, so

_ e e J1(@) fi(x)
f(m) - =4y 4y d(%,f{) d(]Z,fj/),
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where each ¢; is a prime integer, 1 < deg(f/(z)) < p and f/(z) is primitive in Z[z] for every i. Since f'(z),
fi(x),..., fj(x) are primitive in Z[xz], unique factorisation in Z[z| implies that p | d(Z, f]) for some i.

Now suppose that 1 < deg(f/(x)) < p for some i. Then f/(z) divides f/(z) in Z[z] and
deg(fi(z) - fi_1(2)fip1(2) - fj(@)) < p. Then, p [ d(Z, f]) and p f A(Z, f1--- fi_1fi11 - [}) implying
that p [ d(Z, f1)---d(Z, fi_)A(Z, fi11) - d(Z, f}). Thus, p f d(Z, f1)---A(Z, f])---d(Z, f}), a contradic-

tion.

Thus, j = 1 and Equation (4.2) is of the form

fx) . . fi(@)
flx) = =q7' g . 4.3
=05 =49 gz 3
Since dzrn is image primitive in Z, it follows that

qfl .. .qfl’" = d(Z’ f) :pil .. .pfj'.

Moreover, the primitive condition in Z[z] implies that f'(z) = fi(x). Thus, the factorisation given in (4.3)
is of the form

fa) = e (1.4
= pft...per I'(x) (4.5)

peps P

Hence, the factorisation in (4.1) is actually an irreducible factorisation in Int(Z) and is obviously unique.
]

We consider a very interesting and well-known set of integer-valued polynomials named the Fermat polyno-
mials (see [1]). If p is any positive prime in Z, let

Fermat’s Little Theorem implies that F,(x) € Int(Z) for all positive primes p in Z. Chapman et. al. [1]
showed that if F,(x) factors non-trivially in Int(Z), then at least one factor must be a non-unit in Z. In
fact, it is shown in [1] that one possible irreducible factorisation of F,(x) is

P —z
q| (4.6)
q€Tlp_[{p} (quTp q)

where

T, ={q | ¢ > 2is prime and ¢ — 1 divides p — 1}.
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P—gx

Corollary 4.4. For every prime p, Fp(x) = £ 5 factors uniquely in Int(Z). Moreover, its unique irre-

ducible factorsiation is given by (4.6).

Proof Clearly F,(x) satisfies conditions (1), (2) and (3) of Theorem 4.3, and hence has a unique factorisation
in Int(Z). The factorisation given in (4.6) follows from Corollary 2.9 in [1].

Example 4.5. Consider Fs3(z) € Int(Z). In this case, Ts3 = {2,3,5,53}, and the unique irreducible
factorisation of Fs3(x) in Int(Z) is

1‘53—.13

Faslr) = (2-39) 5 55 5

Let p > 2 be a prime integer and B,(X) denote the usual pth Binomial Polynomial

B,(x) = XX U"p'!(X —p+ 1)

The following theorem is contained in a private communicate we obtained from Bullington [3]. Using the
techniques and tools we have developed, we obtain a much more concise proof.

Theorem 4.6. For each k > 1, BY(X) factors uniquely in Int(Z).

Proof Let k > 0 be given. Notice

XF(X —1)F (X —p+1)F
(ph)* ’

By(X) =

and since B,(X) is irreducible, d (Z, B,(X)) = 1 and d (Z, BE(X)) = (d(Z7Bp(X)))k = 1% = 1. Assume
that

BE(X) = fi(X) fa(X) -+ fr(X),

where fi(X) is irreducible in Int(Z) for each i. Since d(Z, B¥(X)) =1, deg(f;(X)) > 1 for each i.
By the unique factorisation of Q[X],

£(X) = XX -1 (X —p )
J d(Z,Xa(lj)(X—l)aéj)-~-(X—p+1)a§“j))7

where 0 < agj) < k for each i, j. Recalling that B,(p) = (g) =1,

BE(p) = filp) fo(p) -+ fr(p) =1
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implies that

pam(p B 1)a(2j) ...(1)a2j)

@ 5 oy = £l
d(z xot (X — 1)08 --~(X—p—|—1)°‘P>

fi(p) =

[€)

Hence, d (Z,Xai“(x —1) (X —p+ 1)@2")) +1p07” (p— 1) .. (1) for every j. So

[€) (J)

)
X (X -1 - (X —p+1)%
fi(X) =+ e N ()
pr(p— 1) - (1)
for every 1 < j <r. Theset P ={0,... ,p—1} form a complete set of residues modulo the prime p, so every

integer z is congruent to exactly one member of P. So, for example, if z = p — 4 (mod p), p will divide the
(X —p+4) term in the numerator of f;(X) evaluated at X = z.

We claim that agj ) = ozéj J=...= 0‘1(9]21 = ozz(,j ) for every j. Notice that upon justifying the claim, the proof
will be complete, for the irreducibility of each f;(X) implies that a(J) = agj) =..= a;jzl = a,(,j) =1so

each f;(X) = B,(X) and r = k.

Assume that a(J) > agn) for some 2 < m < p. Then f;(p+m—1) ¢ Z. To see this, notice that p+m—1=m—1
(mod p) in P uniquely, and

<J> (4) ()
(p+m—1) - (p)*n - (m)*
filp+m—1) = o @) RO

pl .(p_m+1>am.(1>p

(4.7)

p 1) is the only multlple of p in the numerator of f;(p+m —1) in Equation (4.7), because p+m —1 < p+p.

However, we have p®i " in the numerator of fi(p +m — 1) in Equation (4.7), and since agj) > o) by

assumption, f;(p+m — 1) € Z. Since j was arbitrary, we conclude that a(lj) < 045,{) for each 1 < j <r and
1<m<p.

()

Now, assume that o’ < a%) for some 2 < m < p. We write

BEX) = f;(X)g(X) |
( i (x—1)¥ (X —pt1)® p”> ) (xk of (x_1yp=ed” (X _pr1)h “(J)>

( ) ( ) ( ) (7) (7) (7)
por (p—1)od 1y pe=et” (poye-ed 1)k el

(3

Since a7’ < agn), k— a( DS k‘—a%), and this implies that g(p+m—1) € Z by the previous argument. Hence,
ozg] ) > a(] ) for each m, j. Combining the two inequalities yields a(J )=...= az(,] ) for each j completing the
claim.

Finally, it is clear that f;(X) irreducible in Int(Z) implies that agj) =...= a,(f) = 1 for every j, and so

fi(X) = B,(X) and r = k, as desired.
[ ]

It may be tempting at this moment to conjecture that if f(z) is irreducible in Int(Z), then (f(x))* factors
uniquely in Int(Z). However, this is not the case.

Example 4.7. Let f(z) = 22 + 10x + 15. Applying Eisenstein’s Criterion for reducibility in Z[x], we
see that f(x) is irreducible in Z[z] and d(Z, f) = 1. Similarly, g(z) = 522 + 14z + 84 is irreducible
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in Z[z] and d(Z,g) = 1. Now, let h(z) = g(z)f(x). Since d(Z,h) = ged(h(0),h(1),h(2),h(3),h(4)) =
gcd(1260, 2678, 5148,9234, 15620) = 2, we have p(z) = 12l = 1
one can verify as above that d(Z, f2g) = 4, so

is a non-unique factorisation in Int(Z).
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Chapter 5

Elasticity in Int(S,Z)

Definition 5.1 (See [6]). A set M with binary operation x is a monoid if

(1) VYa,b,c € M, ax(b*xc) = (axb)*c.

(2) 3 e € M such that exa =axe = a for every a € M.

M satisfies the group axioms of closure, associativity, possesses an identity element, but may fail to possess
inverses. In general terms, if D is an integral domain and

D* = D\{0},

then D* is a monoid under multiplication.

All monoids throughout the remainder of this work are commutative (i.e., a x b = b* a for every a,b € M).

Definition 5.2 (See [6]). Those elements of a ring which possess both a left and a right inverse are said
to be units of the ring.

Definition 5.3. In a commutative monoid M, z is irreducible if and only if whenever x = yz then y or z
is a unit in M (with z,y,2z € M).

Example 5.4. Let Ny = {0,1,...}. Then Ny, together with the operation + is an additive monoid.

Definition 5.5. Let S C Ny be a submonoid of Ny. We call S a numerical monoid generated by
215 R2y -+ y Rk if:

S =<z,29,...,2p >={x121 + X222+ ... + 2Rz | ; € No}.

The irreducible elements of S are those in the minimal generating set of a numerical monoid.



Factorisation Properties of Integer-Valued Polynomials 25

Example 5.6. Consider the numerical monoid generated by 3, 5 and 7:

S =<3,5,7>=140,3,5,6,7,8,9,10,11,12,13,14, ... }.
Note that we do not have unique factorisation in S:

15 = 3+3+3+3+3
= 54545
= 34547

Definition 5.7. Consider an element n in a monoid S. We define the set of Lengths of factorisations
of n into irreducibles, £(n), as follows:

L(n)={m |3 a1,as,...,q,, irreducible in S, with n = a1 + s + ...+ an }.

Note that these a; are not necessarily unique. In the context of Example 5.6, £(15) = {3,5}. For ease of
notation, if S is a monoid, then let S® denote the set of nonunits of S.

Definition 5.8. The elasticity of n, denoted p(n), for some element 7 in a monoid S, is defined as follows:

pln) = )

Calling once again upon Example 5.6, we see that p(15) = g Observe that the elasticity of elements within
monoids is a local character. We may extend this local character to a global character for S by setting:

p(S) = sup{p(n) | n € S*}.
Definition 5.9. The set of elasticities of nonunits in S, denoted R(S), is given as follows:

R(S) = A{p(z) | x € 5°}.

Chapman et. al. [4] concluded the following about the global character of elasticity for numerical monoids:

Theorem 5.10 (See [4], Thm. 2.1). Let S =< ay,...,a; > be a numerical monoid with t > 1, where
ayp < ag < ...<a is a minimal set of generators for S. Then p(S) = &

The following definition of full elasticity was also established by Chapman et. al.,:

Definition 5.11 (See [4], Defn 1.2). Let M be a commutative cancellative monoid!. If p(M) < oo, then
M is fully elastic if

LA monoid (M, ¥) is cancellative if for all a,b,c € M, a * b = a * ¢ always implies that b = ¢ and b * a = ¢ * a always implies
that b= c.
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R(M) = QN1 p(M)].

If p(M) = oo, then M is fully elastic if

R(M)=QnN|[1,00).

We say that an integral domain D is fully elastic if its multiplicative monoid D* is fully elastic.

Chapman et. al., showed that any numerical monoid S which requires more than one generator is not fully
elastic [4, Thm 2.2]. Furthermore, in this same reference, it is shown that if D is a ring of integers in finite
extension of Q with class number p*, where p is a prime, then D is fully elastic [4, Cor 3.10].

Proposition 5.12. Let S C Z with |S| = oo.
(1) The elasticity of Int(S,Z) is infinite (i.e., p(Int(S,Z)) = o0).
(2) For every f(x) € Int(S,Z) with f(x) # £1 or 0, 1 < p(f(z)) < 0.

Proof For (1), see Proposition 1.7 of [1].

For (2), any irreducible polynomial p(z) € Int(S,Z), has p(p(z)) = 1. What remains to be shown is that
max L(p(x)) < oo for every polynomial p(x) in Int(S,Z). Let p(z) be a polynomial in Int(S,Z) of degree m,
and let p(z) be reducible. Then

p(x) = (21 2)pa(2) - - pu(2),

where each z; is a prime integer and each p;(z) is an irreducible member of Int(S, Z) of degree greater than
or equal to 1. So max L(p(x)) > k + t. For max L(p(z)) = oo to be true, either deg(p(x)) = 0o or k = oo
or both deg(p(z)) = oo and k = oo simultaneously. We know that the degree of p(z) is defined as some
finite number m; hence, deg(p(z)) < oo. If k¥ = oo, we would have that some positive integer could be
written as an infinite product of primes, which contradicts the Fundamental Theorem of Arithmetic. Hence,

max L(p(z)) < oo for every polynomial p(z) in Int(S,Z), and p(p(x)) = %((5((5)))) < 0.

|
Consider f,(X):
X —i)(X —idg) (X —ip_1)(X —1
fx) = KX ) (X i) (X i) 51)
p
where Z = {i1,49,... ,9p—1,%p} form a complete set of residues modulo the prime p and fail to form a complete

set of residues modulo every prime ¢ < p. To see that f,(X) is irreducible over Int(Z), apply Theorem 3.3,
and let g(z) and h(z) € Z[X] be such that 1 < deg(g(z)), deg(h(z)) < p and

g(X)R(X) = (X —i1)(X —ia) -+ (X —ip_1)(X —ip).

By the construction of Z, deg(h(x)) < p implies d(Z,h) = 1, and a similar argument implies d(Z, g) = 1.
Hence, for every such g(z) and h(x), we have d(Z, g(x)h(z)) = p > d(Z, g(x))d(Z, h(z)) = 1, implying f,(X)
is irreducible in Int(Z).
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From Equation (5.1), let us denote f,(X) = %, so that hp(X) = (X —i1)(X —d2) -+ - (X —ip—1)(X —ip)
is monic in Z[X].

Lemma 5.13. In Int(Z), £ (h’;(X)) ={2j+(k—j)p : 0<j<k}

Proof Let h,(X) be as above. We induct on k. Suppose that k = 1. Then

hp(X):(X—i1)(X—i2)-~.(X_Z'p):p((X_il)(X—iz)“-(X—ip))7

p

so that p,2 € L(h}(X)). Assume that h,(X) = g(g)f) h;ff), where ¢(X),h(X) € Z[z] are such that

deg(g(X)),deg(h(X)) < p, g1, € Z, and L2 MY ¢ Int(Z). Since deg(g(X)),deg(h(X)) < p, by

our construction of Z, d(Z,g) = 1 =d(Z,h). Hence g; = £1 = hy, and we have exhausted all factorisations
of hy(X). Then, £ (h}(X)) = {2, p} and the claim holds for the base case.

Suppose that the claim holds for every k& < n. Then, by assumption,

L (h2(X)) = {np,(n—)p+2,...,p+2(n—1),2n}. (5.2)
Consider hpt!(X):
FUX) = (XD - hy(X)
= (hy (X)) [(X —i1) - (X —ip)] (5.3)
_ (pn (X =) (X —idp)
= (hy(X) [P( 5 )} : (5.4)

Combining Equations (5.3) and (5.4), we see that for every z € L (h7(X)), both z 4+ p and z + 2 €
L (hpt(X)). Hence, {2j+(n+1—j)p : 0<j<n+1} C L(hT!(X)). To complete the proof, we must
show that L(h) ™' (X)) C{2j+(n+1—j)p : 0<j<n+1}.

Suppose that

B (X) = ag(X), (5.5)

where g(X) € Int(Z) and « € Z. Then a | d(Z, hpt!) = p™*'. We have two cases to consider.

Case 1: @« > 1. Then a = p", some r (1 <r <n+1). Notice that we may write g(X) = #, where ¢'(X)
is primitive in Z[X] and § € Z. Then

r9'(X)

n+1 _

(5.6)

By unique factorisation in Z[z], we have ¢'(X) = (X —i1)" ™.+ (X —i,)" ™!, and by our choice of the
congruence system Z, we have § = p°, some s (1 < s <n+1). We rewrite Equation (5.6) so that

g (X)
pS

n+1
it (X) =

)
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and since h ! (X) is monic in Z[X], we have r = s and hence

(X X — i) (X — )
hg—i—l(X) :prg](jr ) :pr( 1) o ( P) 7 (57)

where 1 < r < n+ 1. Since we consider lengths of factorisations of hg“‘l(X ) as products of irreducibles in
Int(Z), we rewrite Equation (5.7):

n+1 (X =)
hp (X) = »p ( o
= p (fP(X))T (X — Z‘l)nle*T R (X _ ,L'p)nJrlfr.

(X — ip)r> (X - il)n+177« (X - Z-p)n+1fr

We have constructed the above set of factorisations in the only ways possible given the constraints of Z, and
the length of such a factorisation is 2r+ (n+1—r)pe{2j+(n+1—-3) : 0<j<n-+1}.

Case 2: o« =1. Then

B (X) = 91(X) __.gm(X)7

z1 Zm

where g;(X) is primitive in Z[X] for each j. Then the product g1(X) - - g (X) is also primitive in Z[X], so
it must be that (zq---2z,) = 1. This factorisation is just a factorisation in Z[X], with length (regardless
of the value of m, for L(h]*!(X)) concerns factorisations into irreducibles), of

(n+1)pe{2j+(n+1—j) : 0<j<n+1}
Hence, £ (h7t(X)) C{2j+ (n+1—j) : 0<j<n+1}, and the induction is complete.
]
Lemma 5.14. In Int(Z), £ (RE(X)f3(X)) ={2j+(k—j)p+s : 0<j <k}, for natural numbers k and
s.

Proof Let hy,(X) and f,(X) be as prescribed. Having Lemma 5.13, we induct on s.
Suppose s = 1. Then

BOORC0 = (6 =it (x =iy (S0,

p

Recall that L(hF(X)) ={2j+ (k—j)p : 0<j <k}. Since fp(X) is irreducible in Int(Z), we know that
for every factorisation of h’;(X), we may add 1 to its length, so that {2 + (k—j)p+1 0 < j <k} C
L(hE(X)f,(X)). We must show that L(h}(X)f,(X)) € {2j + (k—j)p+1 0<j <k}. Suppose that

hy(X) fp(X) = ag1(X)g2(X) - gm (X), (5-8)

where g;(X) is irreducible in Int(S,Z) and a € Z. By Lemma 3.1, we have g;(X) = cf(é);))
9;

9;(X) is primitive in Z[X]. Then o | d(Z, hy(X) fp(X)) = p*. We consider two cases.

for each j, where
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Case 1a: a« = 1. Then

hy(X) fp(X) =

91(X) I (X)

d(z.g1)  d(Z,gm)’

and the product g¢i(X)---g¢,,(X) is primitive in Z[X]. By the unique factorisation in Q[X],
d(Z,91)---d(Z,g;,) = p, implying that d(Z,g;) = p for some j and that d(Z,g;) = £1 for each i # j.
Moreover, ¢;(X)---g,(X) = (X —i)"--- (X —i,)F*!. By construction of Z, d(Z,g}) = p and
9;(X) 9;(X) T
d(z.g)) dzg) — fp(X). Hence, the length of such a factorisation is
pk+1e{2j+(k—j)p+1 0<j <k}

Case 1b: o> 1. Then a = p", some r (1 <r < k), and

irreducible in Int(Z) implies that

hE(X) fp(X) =p (5.9)

By unique factorisation in Q[X], we have that g} (X) - g,(X) = (X —ip)**1 ... (X —i,)k*1 and by our
choice of Z, we have d(Z,g.) | p***, for each i. Hence, d(Z,g!) = p*, where 0 < a; < k + 1. We rewrite
Equation (5.9):

X)) gh(X)

k _
by (X 1p(X) = "= 3 pr (5.10)
and for g;(X) to be integer-valued over Z, we rewrite Equation (5.10):
X —i)® (X —gy,) X —ig)¥m (X —gy)m
hg(X)fp(X) :pr <( 1) pal( P) > <( 1) pam( p) > . (511)

Notice that this is the only way to write Equation (5.10) as a product of irreducibles in Int(Z) given our
construction of Z. For ease of representation, we condense Equation (5.11):

hiy (X) fp(X) = p"

CENETEUAYEEURIRE
-

p

i) )((X—z'n---(X—z'p))’”,

and the length of such a factorisation is 2r + (k —r)p+1 € {2j+ (k—j)p+1 0 < j < k}. Hence,
L(AE(X)fp(X)) C{2j + (k—j)p+1 0<j <k}, and the hypothesis holds for the base case.

Suppose that the claim holds for every s < n. Then

L(hy(X)fy (X)) ={2j + (k= jlp+n : 0<j <k}
Consider hf(X) f7(X):

MOOSX) = (BREOS0) ()
= RE(X) () (St
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Hence, for every z € L(hE(X) f1(X)), z+ 1 € L(hE(X) fp1(X)). Thus,
{2+ (k—-7p+(n+1) : 0<j<k}C ﬁ(h’;(X)fg“(X)). As in the base case, we need to show that
LX) f (X)) C{2i+ (k—jp+(n+1) = 0<j <k}

As above, suppose that

ho (X) f P (X) = agy(X) - gm(X), (5.12)
where g;(X) is irreducible in Int(Z) and o € Z. By Lemma 3.1, we have g;(X) = dg(JZ( for each j, where
g5(X) is primitive in Z[X]. Then o | d(Z, hE(X) f7(X)) = p*. We consider two cases.

Case 2a: a« = 1. Then

RS0 = L e (5.13)

(X)---g,,(X) is primitive in Z[X]. By the unique factorisation of Q[X],
pntl 1mp1y1ng that d(Z, ;) = p? (0 < 3 <n+1). Further,
(X —ip)b for 0 < b; < k+n+ 1, by unique factorisation in Z[X]. Then

and the product g1
9:(X) = (X —il)

GX) (X i) (X i)
A(Z, ) »

irreducible in Int(Z) implies that, given our construction of Z, either gJ(X) = fp(X)

(with by = ... =b, = 3= 1), or g}(X) is irreducible in Z[X] with d(Z,gj) = 1. But such a factorisation can
be reduced to

—dq) - — n+1
RO = (X =i (x it (=)

p

whose length ispk+n+1€{2j+(k—Jjp+(n+1) : 0<j <k}
Case 2b: o> 1. Then a = p”, some r (1 < r < k). In Equation (5.12), have

h];(X)f;H_l(X) :pr gi(X/) g;n(X) (514)

d(z,9)  d(Z,g;,)

By the unique factorisation of Q[X], we have (g1(X))--- (g0, (X)) = (X —ip)**" .. (X —ip)ktnFL and
by our choice of Z, we have d(Z, g}) | p**"*! for each i. Hence, d(Z, g}) = p®, where 0 < a; < k+n+ 1 for
each i. We rewrite Equation (5.14):

hE(X) fRHH(X) = ’“g;(f ). g;;g ) (5.15)

and for g;(X) to be integer-valued over Z, and given our choice of Z, we rewrite Equation (5.15):
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e x) = (SR SR ) (SR )T g

Notice that this is the only way to write Equation (5.15) as a product of irreducibles given our construction
of Z. For ease of representation, we condense Equation (5.16):

BE(X) f7(X) = 7 ((X —i1)" 'Z');(X —im)r> <(X —i1) p (X —ip))n+1 (X — i)k (X — i)

and the length of such a factorisation is 2r + p(k —r)+n+1€{2j+ (k—j)p+(n+1) : 0<j <k}
Hence, L(hj(X)fitH(X)) C{2j+ (k—j)p+ (n+1) : 0<j <k}, and the induction is complete.

Corollary 5.15. In Int(Z), for all primes p and k,s € N,

_kp+s
2k +s

p(hy (X) f5(X)

Lemma 5.16. FEvery rational number larger than 1, written in lowest terms, can be written in the form

gziz, fork>s>0€Z and p > 2 a prime integer.

Proof Let t > u > 2 be given, so that ged(¢,u) = 1. We wish to show that there are integers k > s > 0,
and a prime integer p for which we can write

kp+s

2%k+s u

Set k =t —wu and s = up — 2t, and choose p so that s > 0. In this case,

kp4+s  (t—u)p+up—2t
2k+s  (t—u)2+up—2t
_ tp—2t
N up — 2u
_ tp=2)
u(p —2)
ot
= -

since p > 2.

Theorem 5.17. Int(Z) is fully elastic.
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Proof For every ¢ € Q larger than 1, we may write ¢ = £, where ged(t,u) = 1. Further, by Lemma 5.16,

u

there are integers k > s > 0 and a prime p > 2 for which q = % = gZ—E. For such k, s and p,
p (X)) = s !
P P 2k+s  u’

by Lemma 5.14. Hence, Vg € Q larger than 1, there is an f(X) € Int(Z) for which p(f(X)) = q.

We now proceed to show (analogously) that Int(S,Z) is fully elastic for every S C Z, |S| = co.
Definition 5.18. Let S C Z and p a prime integer. Define

CRSs(p) = {m1, ... ,m,} with the properties that

e m; =m,; (mod p) = j =1, and

e s=m; (mod p) for every s € S and some 1 < j <r.

Lemma 5.19. Let S C Z with |S| = co. For every m € N, there is a prime p € Z for which |CRSs(p)| > m.

Proof Let m > 0 be given, and suppose that |[CRSg(p)| < m for every prime p € Z. Since S C Z, S is
countable and so we may list the members of S: {s;}52;.

Either

i infinitely many s; <0, or

ii infinitely many s; > 0.

Without loss, suppose that S is such that (ii) holds. We may order the positive {s;}32; such that

51 <82 <+ <8y < S <

Choose a prime ¢ > s,,,. Then there are at least m (mutually incongruent) elements of S less than ¢, so
|CRSs(q)| > m, a contradiction.

Lemma 5.20. For every n € N there is an irreducible polynomial p(x) € Int(S,Z) of degree > n which is a
product of linear factors in Q[x].

Proof Let n € N be given. We construct an irreducible polynomial p(z) € Int(S, Z) such that deg(f) > n.
By Lemma 5.19, there is a prime p such that [CRSg(p)| = j > m. Let

CRSS(}?) = {al, PN ,aj}.

Then f(z) = W’w € Int(S,Z), since for every z € S, * = a; (mod p) (some 1 < i < j). Let

{b1,...,b;} be such that
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by = a1 (mod p)

b, = a; (modp)

and {b1,...,b;} does not form (or contain) any CRSg(¢) for any other prime ¢. (This is possible by the
Chinese Remainder Theorem). Let

B (x—b1)--~(x—bj)
g(z) = ’ :

Then d(S, ¢g) = 1, and since any proper subset of {b1,... ,b;} does not constitute CRSg(p), % ¢ Int(S,Z)
for any [(x) that properly divides (z—b1) - - - (x—b;) in Z[z]. Hence, applying Theorem 3.3, g(z) is irreducible
in Int(S, Z).

Theorem 5.21. Let ¢ = % €Q,t>u>2¢€eN be given. Then there is a polynomial f(x) € Int(S,Z) for
which p(f(z)) = L. Equivalently, Int(S,Z) is fully elastic for S C Z, |S| = oo.

Proof Let ¢ = % be given as above. Set k =t — u, s = up — 2t, and choose the prime p large enough so

. kp+s __ t
that s > 0. Then, as in Lemma 5.16, 572 = ..

kp'+s _ t

2k+s — w”
So by Lemma 5.19, find a prime p’ > p such that |CRSg(p’)] = j > p. As in the constructive proof of
Lemma 5.20, let

Notice that for any choice of p’ € N, p’ > p, and k =t — u, s = up’ — 2t, we will still have

_(@—=b1)--(z—by)
gP’(x)* % )

where 7 = {by,...,b;} forms a CRSg(p’) and fails to form a CRSg(g) for primes ¢ # p’. Notice that by
our choice of p/, j > p. Then gy (z) is irreducible in Int(S,Z). Set hy(x) = (x —b1)---(z — b;), and
f(x) = W It is then straightforward to verify that if one replaces h,(z) and f,(x) with h,(x)
and fy (), respectively, in Lemmas 5.13 and 5.14, we have the following results:

L(hy () ={2i+(k—1i)j : 0<i<k}

and

LWk (@) f3 (2) = {20+ (k—i)j+5 : 0<i<k}

since no steps in the proof of either of the Lemmas 5.13 or 5.14 were specific to Int(Z). Moreover, one may
freely replace d(Z, f) with d(S, f) when necessary as they behave identically in such a context.

Hence, we conclude that

_kj+s

ol ()13 (2)) = S
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34

Recalling our initial analysis and choice of p’ so that j > p, we have



Factorisation Properties of Integer-Valued Polynomials 35

Bibliography

[1]

[9]

D. F. Anderson, P-J. Cahen, S. T. Chapman and W.W. Smith, Some factorization properties of the
ring of integer-valued polynomials, Lecture Notes in Pure and Applied Mathematics, Marcel Dekker,
171 (1995), 125-142.

Manjul Bhargava. The Factorial Function and Generalisations. The Mathematical Association of Amer-
ica (Monthly 107) November 2000.

Grady Bullington, private communication.

S. T. Chapman, et al. Full Elasticity in Atomic Monoids and Integral Domains. To appear: Rocky
Mountain J. Math.

Thomas W. Hungerford. Algebra. Holt, Rinehart and Winston, Inc. 1974.

Serge Lang. Algebra. 2nd Ed. Addison-Wesley Publishing Company, Inc. 1984.

William J. LeVeque. Fundamentals of Number Theory. Dover Publications, Inc. 1996.

Calvin Long. Pascal’s Triangle, Difference Tables and Arithmetic Sequences of Order N College Math

Journal, 15 (1984), 290-298.

W. Narkiewicz, Polynomial mappings, Lecture Notes in Mathematics, Springer-Verlag. 1995.



