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Generalizations of some irreducibility results by Schur
by

T. N. SHOREY (Mumbai) and R. TIJDEMAN (Leiden)

1. Introduction. Let a > 0 and ag,as,...,a, be integers with
(1.1) lao] = laa| = 1.
In this paper we study whether the polynomial
n xn—l T 1
1.2 — [ T = -
(12) J@) = et e i Tt g T

can have a factor of given degree over the rationals. In 1929 Schur [26], [27]
proved that a polynomial of the form (1.2) satisfying (1.1) is irreducible if
a = 0 and also if a = 1 unless n + 1 is a power of 2 when it may have a
linear factor or n = 8 when it may even have a quadratic factor. Also for
a = 2 and many other values of a the polynomial f may have a linear factor.
On the other hand, a factor of degree > n/2 of f has a cofactor of degree
at most n/2. Therefore we consider the question whether f has a factor of
degree k with
2<k<n/2,

which we always assume unless specified otherwise. One of our results reads
as follows.

THEOREM 1.1. Let a and k be integers such that
2<k<n/2, 0<a<3k/2.

Let f(x) be given by (1.2) where ag,aq,...,a, are integers satisfying (1.1).
Assume that f(x) has a factor of degree k. Then

(1.3) (n,k,a) €{(6,2,3),(7,2,2),(7,2,3),(7,3,3),(8,2,1),
(8,3,2),(12,3,4),(13,2,3),(22,2,3), (46, 3,4),(78,2,3) }.
We shall show that all the cases listed in (1.3) can indeed be realized

by some factorizations. The factorizations for the last two cases are due to
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the referee. See after the proofs of Lemma 4.1 and Theorem 1.1. In Theo-
rem 4.4 we give a similar result for £ > 5 with the upper bound 30 for a. In
Theorem 5.1 we show that the requirement that a is bounded by a constant
times k can be relaxed to

loglog k

< cklogh——————
@ chios logloglog k

for some constant c.

We also relax the restriction (1.1). Filaseta [9] showed in 1996 that
if a =0, |ag] = 1 and 0 < l|ay| < n, then (1.2) is irreducible unless
(n,ay,) € (6,%5), (10, £7). He also considered values of a,, less than n3/2 /1/2.
He further proved a theorem due to Lam that (1.2) is irreducible if a = 0 and
ged(agan,n!) = 1. Allen and Filaseta [1] computed for every n the smallest
integer M = M (n) such that the polynomial f(x) given by (1.2) with a = 1,
lag| = 1, |an| = M may be reducible for suitable coefficients a;.

For an integer v > 1, we denote by w(v) and P(v) the number of distinct
prime divisors and the greatest prime factor of v, respectively. Further we
put w(1) =0 and P(1) = 1. We obtain the following result for the situation
that ap = +1 and a,, is a prime power, or conversely.

THEOREM 1.2. Let f(x) be given by (1.2). Let n > 1, 2 < k < n/2,
0 <a < .75k and w(anag) = 1. Assume that f(x) has a factor of degree k.
Then k < 5 unless (n,k,a) € {(22,9,6),(23,9,5),(24,9,4)} and P(apay,)
=23. If3<k <5, thenn + a < 32 unless

(n,k,a) € {(47,4,3),(48,4,3), (48,3,2), (79, 3,2), (80,3,2), (125,4, 3)}.
If k=2, thena = 1.

Theorem 7.1 provides a result in case a,, has more than one prime factor.
For real x and integer j we write (z); = z(x+1)---(x+j —1). We can
express f(x) from (1.2) by

n

(1.4) G'f(x) _ Zaj el

= (CL+ 1)]‘.

Since every product of j consecutive integers is divisible by j!, the hyperge-
ometric polynomial

xT) = Y (a)] JZ. a C
(1'5) ga,b,c( )—]Z:; (b)j(C)j / ( 7b7 EZ)

with ¢ = 1, b = a + 1 is a special case of f(x) in (1.4) by choosing a; =
(a);/(c)j. Some orthogonal polynomials can be expressed in the form (1.5)
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such as the Laguerre polynomials

(—a) = Wgn,aﬂ,m),

inJra (J+1+4a)

= (n—j)!

where n is a positive integer and « a complex number. Schur [26] proved

in 1929 that L%O)(x) is irreducible for all n, and in 1931 that L,(ll)(x) is
irreducible for all n too [28]. Filaseta and Lam [I2] proved the irreduciblity
for all but finitely many n of

(@) (1) = Y nta)(+l+a),

where « is a fixed rational number which is not a negative integer and
ap,ai, ..., a, are any integers with |ag| = |a,| = 1. Filaseta, Kidd and Tri-
fonov [11] proved that either LS{L)(:I:) is irreducible or it is a linear polynomial
times an irreducible polynomial of degree n — 1 and the latter possibility
is excluded when n = 2 (mod 4) with n > 2. This settled completely the
inverse Galois problem that for every positive integer n, there exists an ex-
plicitly given Laguerre polynomial of degree n whose Galois group is the
alternating group A,.

In 2008 Filaseta, Finch and Leidy [10] proved that L' (x) is irreducible
for 0 < @ < 10 unless (n,«a) € {(2,2),(4,5),(2,7)} in which cases A (x)
is divisible by « — 6. A consequence of Theorem 4.4 of the present paper
is that for 5 < k < n/2, 0 < a < 30 the polynomial LES” (z) has no factor
of degree k. We refer to [10] for a survey of irreducibility results connected
with orthogonal polynomials and, in particular, Laguerre polynomials.

First we restrict our attention to integral values of a. We extend the
range of a and c as follows.

THEOREM 1.3. Lete >0 and 1 < k <n/2. Assume
1
(1.6) a:—n—swithszo,b:a+1,021,8+c<(3—6>k
where ¢, n, s and o are integers with 0 < o < k. Suppose that ggp () is

divisible by a factor of degree k. Then k is bounded above by an effectively
computable number depending only on €.

Consider the Bessel polynomials
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A simple calculation gives
(=2)"yn () = LG D (@) = (<2n)n gon—20,1 (7).

In 2002 Filaseta and Trifonov [I3] proved that Lgﬁzn*l)(az), hence y,(x), is
irreducible for all n. We also consider factors of functions g_, ;1 for neg-
ative b. The irreducibility of g_, —n—s1 has been proved by Schur [26] for
s = 0, by Hajir [15] for s = 1, by Sell [29] for s = 2, and for 3 < s < 7 and
n > no(s) by Hajir [16]. We consider s bounded in terms of k and settle the
following result.

THEOREM 1.4. Let2 < k <n/2. Let g, () be given by (1.5) such that
a=-n,b=a+1, c=1 where a = —n — s — 1 and s is an integer with
0 < s <.95k. Then gqp(z) has no factor of degree k.

So far we have been assuming that a is an integer. In Section 10 we study

the case of rational a. Let ¢ > 0 be a rational number such that

o
a=u-+ —

B
where u, «, 5 are integers with u > 0, 0 < o < § and ged(a, §) = 1. Put

(@)pm = ala+f)---(a+ (m—=1)5).
Hence ()1,m = (). Further put

ﬁnxn ﬁnflxnfl
Flx) =F,(x) =ap,——+ap_1——+ - +a1 +ao
@ = ) = o T @ @rre T @
where ag, ay,...,a, € Z with |ag| = |a,| = 1.

The height H(a) of a non-zero rational number a, in its reduced form,
is defined as the maximum of the absolute values of its numerator and
denominator. Then an analogue of Theorem 1.1 for the rational case is as
follows.

THEOREM 1.5. Let 2 < k < n/2 and assume that F(x) has a factor of
degree k. Then there exist effectively computable absolute constants kg and
C1 > 0 such that for k > ko, we have

H(a) > Cyloglog k.

For further results in this direction we refer to Schur [27], and Allen
and Filaseta [2]. In a recent paper Finch and Saradha [14] have given more
precise information in case g = 2.

In our proofs we follow the p-adic method of Coleman and Filaseta. See
Lemma 2.13 and Corollary 2.14. This has been combined with a method
arising out of a theorem of Sylvester that a product of k consecutive positive
integers each exceeding k is divisible by a prime greater than k. See Lemmas
2.2-2.5,2.7-2.9, 2.13 and Theorem 2.12. Further we need some results from
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prime number theory and factors of composite numbers; see Lemmas 2.6,
2.10 and 2.11. For the results from prime number theory we refer to [4]
and [I7]. We also use the theory of linear forms in logarithms in the proofs
of Theorems 5.1 and 10.2. In many cases we show that the exceptions in our
theorems are unavoidable by giving examples of factorizations.

2. Lemmas. Let z,k be positive integers with x > 2k. We put

pr)=z(x—-1)---(z—k+1) and (z)p=2z(z+1)---(z+k—1).
Hence (2); = p(x + k —1).

LEMMA 2.1.

(a) If k > 4,2 > 42 and P(x(x)) < 41, then (z,k) = (290,6) or k =5
and z € {52, 58,66, 78,156, 289,290,496, 1521}.
(b) For xz > 100 the inequality P(3(x)) < 29 is possible only if

€ {116,117, 121, 145, 154, 162, 170, 171, 176, 209, 210, 232, 200, 324, 325,
352,392,442, 495, 552, 784, 1276, 2002, 2025, 2432, 3250, 9802, 13312}.
(c) For x> 100 the inequality P(3(x)) < 19 is possible only if
€ {121,154, 170, 171, 210, 325, 352, 442, 2432}
(d) For z > 16 the inequality P(3(x)) < 13 is possible only if
x € {22,26,27,28,50,56,65, 66,100, 352}.
(e) For x> 16 the inequality P(4(x)) < 13 is possible only if
€ {27,28,66).
(f) For x > 100 the inequality P(x(z — 1)) < 7 is possible only if
z € {126,225, 2401, 4375}
(g) For x> 100 the inequality P(x(x — 2)) < 7 is possible only if
€ {128,162, 245}

Proof. (a) We use Table TA of [22]. We collect all the numbers for which
r,x— 1,z —2, x — 3, x — 4 occur in the union of the tables for t < 13.
(b) Check whether z and = — 1 are both in the tables for t < 10. (c) Use (b).
(d) Use (c). (e) Use (d). (f) Use Table IA of [22] for t < 4. (g) Use Table ITA
of [22) fort < 4. m

LEMMA 2.2. Let x > 2k > 4. Then
P(k(l‘)) > 1.8k

unless (z,k) € {(9,2),(10,3),(9,4), (10,4), (27,13), (28,13)} or x = 2k with
ke {2,3,4,58,11,13, 14,18, 63}.
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Proof. For k = 2, the assertion follows from Lemma 2.1(f). For k£ > 3
see [20, Corollary 1] = [I8] Corollary 1.3.2]. =

LEMMA 2.3. If x > 2k > 4, then
P(r(x)) > 1.95k
unless (z, k) € {(4,2),(9,2),(10,3)} orz € {2k,...,2k+ h — 1} for k € E,
with 1 < h < 11 where
Eip = Eyg = {58}, Eo:= Ey:= {58,590}, E;:= Eg:= {58,59,60},
Bs = By == Eg U {12, 16,46, 61,72, 93,103,109, 151, 163},
Es:=FEy:= E,U{4,7,10,13,17,19, 25, 28,32, 38,43, 47, 62,
73,94, 104, 110, 124, 152, 164, 269},
B = B>y U{3,5,6,8,9,11, 14,15, 18, 20, 23, 26, 29, 33, 35, 39,
41,44, 48,50, 53, 56, 63, 68, 74, 78, 81, 86,
89,95,105, 111,125, 146, 153, 165, 173,270}.
Proof. See [20, Theorem 2] = [I8, Theorem 1.3.1]. =
LEMMA 2.4. Ifk > 2 and z > max (2k + 13, 33Lk), then
P(i(x)) > 2k.
Proof. See [20, Theorem 1(a)] = [18, Theorem 1.3.3(a)]. m

LEMMA 2.5.

(a) Between 69 and 7000 there is no block of 21 consecutive integers each
of which is composed of primes < 85.

(b) Let 21 < k < 25 and x > k. Assume that P(x(z)) < 2.5k. Then
x < 90.

Proof. (a) By direct calculation.

(b) By deleting the terms divisible by 11 < p < 2.5k, we check that there
are at least five terms in ;(z) composed of 2, 3, 5 and 7. For each prime we
omit a term which contains the highest power of that prime. There remains
a term x* in () divisible only by primes 2, 3, 5 and 7 such that

x<z*4+24<16-9-5-7+ 24 = 5064.
Note that 2.5k < 85. Now apply part (a). =

LEMMA 2.6. Letp; =2 < pa < --- denote the sequence of primes. Then
6 i p; <89,

14 4f p; <523,

34 if p; <9551,

52 if p; < 31397

Dit1 — Pi <
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and
Dit2 —pi <24 if p; < H41.

Proof. By direct calculation (cf. Lander and Parkin [21]). =
LEMMA 2.7. If20 < k < x < 12k and x > 60, then
P(x(x)) > x — 5k/6.

Proof. We put = 1.072X. Then we observe that x — 5k/6 < X since
x < 12k. By Lemma 2.6, for 60 < z < 128 the gaps between consecutive
primes are at most 14, which is < 5k/6. Further X > 120 when x > 128. It
is a direct consequence of [I, Lemma 3| that for X > 120 there is a prime
in [X,1.072X]. Thus (z — 5k/6, x] also contains a prime for x > 128. m

We write w(x) for the number of distinct primes which divide x.
LEMMA 2.8.
(a) For k>3 and x > 2k, we have

min (7(k) + [37(k)] — 1+ 6(k), m(2k) — 1)  for k < 293,

k(@) 2 {77(/{:) + Br(k)] -1 for k > 293,

where 6(k) =0 for k > 17, (k) = 1 for 7 < k < 16 and 6(k) = 2
for 3 <k <6.

(b) Ifz >3k —1 and (z,k) # (9,4), then
w(k(z)) > m(2k).

Proof. (a) [19, Corollary 1] = [18, Theorem 1.2.1 and Corollary 1.2.2].
(b) [19, Theorem 2] = [I8, Theorem 1.2.4]. =

LEMMA 2.9. Let x > k? and k > 19. Assume fi < --- < fu are all
integers in [0, k) satisfying

P(x = fi)---(x = fu) < k.
Then p < k — w(2k) + w(k).
Proof. [20, Lemma 4] = [18, Lemma 6.1.6]. =
LEMMA 2.10.

(a) For any integer x > 599 we have

x ( 0.992
1+
log

) <o)

log
(b) For any integer x > 1 we have

(@) x <1+ 1.2762)

<
~ logx log
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(¢) For any integer x > 1 we have
pr > xlogx
where p, denotes the xth prime.
Proof. For (a) and (b) see [6] or [7], for (c) see [24, p. 69]. m
LEMMA 2.11. For any integer x > 1 we have

Vorz e el 24 < gt < g e Tael/(127),
Proof. See [23]. =

For s a non-negative integer we put 4()® to be some product obtained
from (z) by omitting any s terms.

THEOREM 2.12. Let k > 10 and = > 2k. Then
(2.1) P(u(zx)M) > 1.5k or (x,k) € {(26,13),(27,13),(28,13), (28,14)}.

Proof. We find by direct calculation that the only solutions with x < 62
are given by the exceptions in (2.1). Let 10 < k < 19 and x > 62. Suppose
(2.1) does not hold. Then P(y(z)())) < 27. Hence at least five consecutive
integers are composed of primes at most 27. This is excluded by Lemma
2.1(a).

Thus k& > 19 and x > 62. Then, by Lemmas 2.9 and 2.8(a), the number
of the integers i such that 2 — i is a term in () satisfying P(z — i) > k
is at least 7(2k) — w(k) if x > k2, min([37(k)/4] — 2, 7(2k) — w(k) — 2) if
r < k2, k <293 and [37(k)/4] — 2 if x < k2, k > 293. Further we observe,
by Lemma 2.10(a),(b) for £ > 2000 and direct computation for smaller x,
that

w(2k) —w(k) > [3n(k)/4] —2 for k > 284.

Therefore, by Lemma 2.10(c),
P((2)V) > pg > Klog K

where
K = K(k) = {min([37r(k:)/4] + (k) —2,m(2k) — 2) ?f k < 293,
[3m(k)/4] + (k) —2 it £ > 293.
We check by using exact values of 7 function that px > 1.5k for & < 5393

unless k € {20,21,28,29}. For k > 5393, we derive from Lemma 2.10(a)
that K log K > 1.5k. Hence

P((x)M) > 1.5k.

Let k& € {20,21,28,29}. We apply Lemma 2.9 when x > k? and Lem-
ma 2.8(b) when x < k?. Then the assertion follows if z > 22k — 1 since

P((x)M) > priar)-1 > 1.5k.
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Thus we assume 2k < z < %k — 1. Then the assertion follows by direct
computation. m

For a prime p and integers a and b with ab # 0 we make use of the p-adic
notation

v(a/b) = vp(a/b) = e — ez where p || a and p® || b.
We define v(0) = oco. Let f(x) =37, fiz? € Z]x] with fof, # 0. Let
5= {(Ov V(fn))’ (17 V(fn—l))a AR (n -1 V(fl))v (n’ V(fo))},

a set of points in the extended plane. We consider the lower edges along the
convex hull of the elements of S. The slopes of the edges are increasing when
calculated from left to right. We define the Newton function with respect to
the prime p as the real function Fj,(x) on the interval [0,n] which has the
polygonal path formed by these edges as its graph. Hence F},(i) = v(fn—:)
for ¢ = 0,n and at all points ¢ where the slopes of the edges change.

The next lemma plays a fundamental role in this paper. It is a refinement
of a lemma due to Filaseta [8] which is based on a result of Dumas [5].

LEMMA 2.13. Let k, n and r be integers with n > 2k > 0. Let h(z) =
> i=0 bjx) € Z[x] and let p be a prime such that ptb,. Denote the Newton
function of h(x) with respect to p by Hy(z). Let ag, ar, . .., an be integers with
ptao, ptan. Put f(z) =37, ajbjz?. If Hy(k) > r and Hp(n)—Hy(n—k) <
r+ 1, then f(z) cannot have a factor of degree k.

Proof. Suppose f(x) has a factor g(z) of degree k. Let G,(x) be the
Newton function with respect to p of g(z). Then G,(0) = 0 and G,(k)
is an integer m, hence G)p(z) has average slope m/k on the interval [0, k.
It follows from Dumas’s theorem ([5], cf. [8, Lemma 1]) that the Newton
function Fj,(x) with respect to p of f(z) has segments corresponding to the
irreducible factors of g(z), which has average slope m/k. Since the slopes of
the segments of F(z) are increasing and F,(0) = 0, we obtain F,(k) < m
and Fj,(n) — Fp(n — k) > m. From the definition of f we see that Fj,(x) >
H,(x) for 0 <z <n, F,(0) = Hy(0) = 0 and Fj,(n) = Hy(n). It follows that
F,(k) > r and Fp(n) — Fp(n — k) < r + 1. We conclude that » < m and
m < r + 1. Since m and r are integers, this yields a contradiction. m

Almost always we apply Lemma 2.13 in the following form which is
equivalent with Lemma 2 of [§].

COROLLARY 2.14. Let k and n be integers with n > 2k > 0. Let h(z) =
> i—0 bjx’) € Z[x] and let p be a prime such that ptb,. Denote the Newton
function of h(x) with respect to p by Hy(x). Let ag, ..., a, be integers with
p1tao, p1ay Put fx) = Z?:()ajbjazj. If p|bj for j =0,...,n —k and
the left derivative of Hy at n is < 1/k, then f(x) cannot have a factor of
degree k.
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Proof. Since p|bj for j =0,...,n—k, we have Hy(k) > 0. Since the left
derivative of H, at n is < 1/k and the derivative of H), can only change at
integer points, we have H,(n) — Hy(n — k) < 1. Apply Lemma 2.13 with
r=0m

LEMMA 2.15. The positive integers n for which

P(12(n)) < 173
are precisely those with either n < 178 or n € {305, 306, 329, 330}.
Proof. See Bauer and Bennett [3]. =

3. Some preliminary estimates. We introduce the following nota-
tion. Let N = P/ Py?... P% where P, > P > --- > P, are primes and
ai,as,...,a, positive integers. Then we set

P(N)=P(N)=P,, P(N)=PFP, ..., P.(N)=P,.

LEMMA 3.1. Letl >1,s>0,68>1,p> 1,k > 200, m = kp and
x > kP be such that

(31) k*S*(W(m)—ﬂ'(k‘))f(lil) >7T(k‘).
Assume that

(3.2) Pi(i(2)) < m.

Then

(3.3) 1> eéékﬁ—l—lo";;Alﬂgff)—Hfm(l _ kﬁ:)_

Proof. Assume (3.2). For every prime p with k < p < m dividing (),
at most one term of ,(z)®) is divisible by p and we omit it. We also omit the
terms of 1(z)® divisible by Pl = P;(x(2)®)) for each j < I with Pl > m.
The remaining product is

(x—=f1)-(x—fu) where 0 fi<---<fu<k

and

(3.4) k= s — (n(m) = x(k)) = (1 1)
satisfying

(3.5) P((@—f)- (@~ f,)) < k.

Notice that
@)= £l (}).
Thus

(@—f1)(x— f) <K Hpordp((i)) < k1 T plose/1057 = kla™®),
p<k p<k
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On the other hand

@= o= g > @ =an(1- 2]

T

By combining upper and lower estimates for (z — f1)--- (z — f,) we derive

“w
M>xwww<1_k>.

X

Since x > k% and 7(k) < u < k by (3.4) and (3.1), we obtain

1 k
Blu—m(k) (1 _
(3.6) k> k <1 k5—1> .

By (3.4) and Lemma 2.10(b),

m 1.2762
—akY> k-1 —l— >k—1— - .
7 (k) > k (m)—l—s+1>k—-1—-s+1 o m(l—f—l m)

Thus, applying Lemma 2.11, we get

k
1
Vark e Fkkere > Km0t ) o) (1 k,@—l) .

By taking kth roots on both the sides we have

ket > 00D (1LY,

Since k > 200, we see that
log(27k) 1 1

2k 12k2 < 95

Thus

5 _ 1.2762 I+s—1 1
1> B k01 D -pH— (1 - kﬁ_1>. .

COROLLARY 3.2. Under the conditions of Lemma 3.1 with 8 > 1.1 in-
equality (3.2) implies

p 1.2762 l+s—1
1———|1 — 1.
B< logm< + logm> k <

Proof. For k> 200 and § > 1.1 we have €**/5°(1 — k=(#~1)) > 1 and the
assertion follows from (3.3). m

COROLLARY 3.3. Letl =1, s =0, 8 >3/2, p=5/2, m = kp and
x> kP. Then (3.2) implies
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310 if B=3/2,
97  if B=1T/4,
(3.7) E<{48 if B=2,
34 if B=9/4,
25 if B=5/2.

Proof. Suppose the assumptions of Corollary 3.3 are satisfied. If k£ > 20,
then (3.1) and (3.6) are valid. Corollary 3.2 implies that £ < 3000. By
using (3.6) and the exact values of the function 7(z), we obtain the claimed
bounds. =

COROLLARY 3.4. Lete >0, 3 =3/2, p=2 and
[+ s<(1/3—¢€)k.

Then (3.2) implies that k is bounded by an effectively computable number
depending only on €.

LEMMA 3.5. Letl =1,s=0, p=5/2, m = kp and v > k3/2. Then
(3.2) implies that k < 20.

Proof. Assume (3.2) holds with & > 20. Then (3.7) is valid. Further we
may suppose that none of the terms in () is prime, otherwise

P((x)) >z — k> k2 — k> 5k/2

contradicting (3.2). If k£ > 310, then the assertion of the lemma follows from
Corollary 3.3.

Let 97 < k < 310. Then, by Corollary 3.3, z < k7/* < 3107/* < 22903
and we observe that p;11 —p; > 85, since none of the terms in y(x) is prime.
This is not possible since p;+1 — p; < 52 for p; < 31397 by Lemma 2.6.
Similarly, if 48 < k < 97, then x < 972 < 9409, and if 34 < k < 48, then
x < 4894 < 6065. But pjy1 — p; < 34 for p; < 9551 by Lemma 2.6.

Let 25 < k < 34. Then 132 < 26v/26 < = < (34)%/% < 6741. By (3.2) we
have P(i(z)) < 5k/2 < 85. Now we apply Lemma 2.5(a).

Let 21 < k < 25. Then 96 < 21v/21 < x < 90 by Lemma 2.5(b). u

For proceeding further, we need Lemma 3 of [25] which equals Corol-
lary 4.2.4 of [18].

LEMMA 3.6. Let 2k < z < k%% and assume (3.5). Then

(”Z) < (2.83)kHVER—n,

We observe that inequality (3) of [25] is not used in the proof of Lemma 3
of [25].

We apply the above result in the proof of the following lemma.
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LEMMA 3.7. Let x <k? and p=2. Assume (3.2) and l+s < 1.05k/log k.
Then there exists an effectively computable absolute constant kg such that
for k > ko we have x < 25k.

Proof. Put v =25 and assume x > k. Then, by Lemma 3.6,

(3.8) (7;) < (”Z) < (2.83)kHVE R,

Now, by Lemma 2.11,

. (ka) B k!((gf)llm! > 7o ((v _Vfw—l)ke”“”l’“-

Let & > ki where kq is a sufficiently large effectively computable number
depending only on 7. Then

e_ﬁﬁ - 999
1000
and
0% Y
(3.10) (1) e -,
(y =1t v—-1
Thus

NE\ 999 1 i
> — — —1))".
(%) > 1006 et~ )
On the other hand, by m = 2k, (3.8), (3.4) and Lemma 2.10,

<7kk> < (2.83)k K S (r(2h)—m(k)+lts—1)

< 3k 1.2762 3k 3
< (2_83)k+k3/4k10g(2k)(1+1og(2k))_zlogk_1 tolts—1) _ 4116k

By combining upper and lower estimates for (Wkk), we have
1000
(6(’}/— 1))I<: < 999 \/ﬂe4.116k < 64,12]6.

Thus 24 = v — 1 < €32 < 24, a contradiction. =

LEMMA 38. Letl =1,5s=0, p=5/2, m = kp and v < k3/2. Then
(3.2) implies that x < 12k.

Proof. Let k > 1000 and x > 16k. Put v = 16. Then (3.8) and (3.9) are
valid. Further we observe that

Y 1
e 112k > 999,
Thus, by (3.9) and (3.10),

(3.11) (7]5) > .999\/;7(8(7 — 1)k,
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On the other hand, as in the proof of Lemma 3.7, we have

1.2762 ) 3k

(71{3) < (2'83)k+k0‘75k102i§§m(1+1og(2.5k> T Zlogk |
e S

This combined with (3.11) implies & < 1000.
Let 12k < z < 16k. Put v = 12. Then (3.8), (3.9) and (3.11) are valid.
On the other hand, as in the proof of Lemma 3.7, we have

1.2762

(7k> < (2.83)F4VR(16k) etz om (1 wit250) " TouE

k

This combined with (3.11) implies & < 1000. The lemma is trivial for k <
144, since k%2 < 12k for such k. We use exact values of ('Ykk) and the
7 function in

(ka) < (2‘83)k+k0‘75k1.5(7r(2.5k)—7l'(k))

to show that this inequality is wrong for 144 < k < 1000. =

4. The basic results. First we prove Theorem 1.1 for a < k, which
extends Schur’s results for ¢ = 0, 1. In fact his result for a = 0 is used in the
proof. We tacitly assume in Sections 4-7 that a > 0.

LEMMA 4.1. Let a and k be integers such that
2<k<n/2, 0<a<k.

Let f(x) be given by (1.2) where ag,a1,...,a, are integers satisfying (1.1).
Assume that f(x) has a factor of degree k. Then

(n,k,a) € {(7,2,2),(7,3,3),(8,2,1), (8,3,2)}.

In this section we assume that the conditions of Theorem 1.1 hold. The
proof of Lemma 4.1 depends on the following criterion for irreducibility.

LEMMA 4.2. Assume that f(x) has a factor of degree k. Suppose that
there exists a prime p > k + a such that p divides p(n + a). Then p divides
anl,.

COROLLARY 4.3. Let |ag| = |an| = 1. Assume that f(x) has a factor of
degree k. Then P(p(n+a)) <k+a.

Proof of Lemma 4.2. Suppose that ;(n+a) is divisible by a prime p with
p >k + a and p { apa,. Consider the Newton function G,(x) with respect
to p of

B BT
G(z) :== jz;b]xj = (n+a)!z G+a) with  b; = G+a)l

J=0
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On the one hand p|i(n + a), hence p|b; = ((?IZ)): for j < n — k. So, by
Corollary 2.14, it remains to show that the slope ¢ of the rightmost edge of
the Newton function of Gy, is < 1/k. Denoting 1, by v we have
bo) — v(b; j !
6= max L) =V) o VG
1<j<n ] 1<j<n ]
We may assume p < j + a, otherwise v((j + a)!) = 0. Thus j > p — a and

' 1 E+1 1 1
¢ < max ,J ta -_P < + = —.
izp-ajlp—1) p—1p—a ko k+1 &k

By Corollary 2.14 the polynomial G(x) cannot have a factor of degree k. m

Proof of Lemma 4.1. Let 2 < k < mn/2 and (n,k,a) # (8,2,1). We assume
that f(z) has a factor of degree k. Then a > 1 by the result of Schur [26].
If (n,k) = (8,2), then a = 2, which is not possible by Corollary 2.14 with
p = 5. From now on (n, k) # (8,2).

First, we suppose that a < .5k. By Corollary 4.3, we see that

P(p(n+a)) < k+a < 1.5k,
which by Lemma 2.2 implies that (n + a,k) = (4,2), (9,2), (10,5). Further
we observe that @ = 1 if &k = 2 and @ € {1,2} if k = 5. Then (n,k) €
{(3,2),(8,5),(9,5)}, which is ruled out since n > 2k. Thus a > .5k, implying
a> 2.

Let .5k < a < .8k. Then k > 3. Further we see from Corollary 4.3 that
P(x(n+a)) < k+a < 1.8k. Now we apply again Lemma 2.2 with z = n+a
to conclude that

(41) (n +a, k) € {(107 3)7 (107 4)7 (287 13)}
since x = n+a > 2k + 2. In all cases but (10,3) we have £ > 4 and
n+ a < 2k + 2 and therefore

k<n/2<k-+1—a/2<3k/4+1,

a contradiction. If (n+a, k) = (10, 3), then a = 2, hence (n, k,a) = (8,3,2).
Thus we conclude that a > .8k.
Assume that .8k > 12. Then

541
> — .
n+a> max<2k+13, 262k>

Now we derive from Lemma 2.4 that P(y(n+a)) > 2k > k+a contradicting
Corollary 4.3. Thus .8k < 12, i.e. k < 15.
Let .8k < a < .95k. By Corollary 4.3, we see that

P(x(n+a)) <k+a <1.95k.
Now we apply Lemma 2.3 to conclude that
n+a€{2k,...,2k+h—1}
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with k € Ej, and 1 < h < 5. Let h € {4,5}. Then k > 12 and n+a =2k +j
with 0 < j < 4. On the other hand, 2k <n =2k+j—a < 2k+4— .8k < 2k
since k > 12. Let h € {2,3}. Then n +a = 2k + j with 0 < j7 < 2 and
2k <n <2k+2— .8k <2ksince k > 4. Let h=1. Then n+a =2k +j
with j =0 and 2k < n < 2k — .8k < 2k. Hence .95k < a < k. Since k < 15,
we have a = k. Now we see from Corollary 4.3 that

(4.2) P(e(n+ k)) < 2k.

Let 7 < k < 14. Then there are three consecutive terms in r(n + k) divisible
by primes < 13 and we derive from Lemma 2.1(d) a contradiction with (4.2).
Let 4 < k < 6. Then, for n + k > 16, we refer to Lemma 2.1(e) and use the
fact that P(4(n+k)) < 12. Hence we may assume 12 < n+k < 16 implying
k € {4,5} and we check that P(x(n + k)) > 2k. Let k = 3. Then n = 7 by
n > 6 and Lemma 2.1(d). Thus (n,k,a) = (7,3,3). Let k = 2. Since a = k,
we see from (4.2) that P((n+1)(n+2)) < k+ a = 4 implying n = 7. Thus
(n,k,a) =(7,2,2). m

The following examples show that the exceptions in Lemma 4.1 are nec-
essary. In fact, it is possible to derive congruence conditions on the a;’s to
guarantee that there is a factor of the indicated degree. In this way one can
give infinitely many examples for each triple.

567 6 5 2 1
a+23§—73;+16—+83' +5
1
=3 — (2% — 3z — 6)(2° + 2102* — 46202 — 1260022 — 655202 — 30240),
1.7 .T,'6 x5 x4 3 $2 1
2T 44 415 44 105 4
101 T Egr T T T 53l
1
= o — (23 + 202% — 60z — 120) (2 + 4202° + 25202 — 5040),
28 3567 6 2 2 2P T 1
LTI T TR TR IR TR TR T
1
=i — (2% 4 62 + 12) (25 + 212° — 2102 + 252022 + 30240),
8 z7 x5 x? x? 3 x? 1
104~ 1217 56 150 465 46T 4 As
10! 9! 8! 7! IR TIRRE TR

1
10‘( 3 41022 +30m+60)( —10502* — 42023 — 252022 +25200x+30240).
We use Lemma 4.1 to derive an explicit result in case 0 < a < 30.

As already stated in Section 1, the cases @ = 0 and a = 1 are due to
Schur [26], [27].
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THEOREM 4.4. Let f(x) be given by (1.2) with (1.1) and 3 < k < n/2.
(a) If0 <a <30 and k > 5, then f(x) has no factor of degree k unless
(n,k,a) € {(17,5,11), (19,5, 9), (40,5,12)}.

(b) If 0 < a <10 and 3 < k < 4, then f(x) has no factor of degree k
unless

(n,k,a) € {(7,3,3),(8,3,2), (12,3,4),
(18,4,9), (18,4, 10), (46, 3,4), (56,4, 10)}.

Proof. Assume that f(x) has a factor of degree k. By Lemma 4.1 and
Corollary 4.3 we may assume k < a and P(x(n+a)) < a+ k.

(a) Let 5 < k < 6. Then n > 10, n +a > 15 and P(x(n + a)) < 31.
By Lemma 2.1(a) this is only possible if n +a < 36 or kK = 5, n+a €
{52,58,66,156}.

Let 23 <n+a < 27. Then 23| (n + a), hence a + k > 23 and a > 17,
contradicting that n > 10, n+a < 27. Similarly contradictions are obtained
for 19<n+a<23,17<n+a<19,n+a = 16.

For 34 <n+a <36 we find 17 |p(n+a), hence a+k > 17,10 <n < 25
and eliminations by Corollary 2.14 with p = 17 for a > 17, with p = 31
if K = 6, a = 16 and with p = 11 for the other values of (n,k,a). For
29 < n+a < 34 we find a = 23, n = 10 and elimination by Corollary 2.14
with p = 29. For n+a = 28 we find a + k£ > 13, n < 21 and eliminations by
Corollary 2.14 with p = 23 for k = 6, and for £ = 5 by Corollary 2.14 with
p =13 for 10 < n < 15 and with p = 7 for n = 20,21 and by Lemma 2.13
with p =3, r = 2 for n = 16 and n = 18. For n+a = 27 we find a + k > 23,
n =10, a = 17, k = 6. This is eliminated by Corollary 2.14 with p = 13.

Let n + a = 156. Because 31 divides 155, we see that a + &k >
P(x(n 4+ a)) > 31, and thus we need only consider a’s with a > 26. The
resulting cases (n,a) = (126, 30), (127,29), (128, 28), (129, 27), (130, 26) can
each be eliminated by Corollary 2.14 with p = 13. For n + a = 66 a similar
reasoning gives a + k > 31, 36 < n < 40 and eliminations by Corollary 2.14
with p = 13. For n + a = 58 we obtain a + k > 29,28 < n < 34 and elimi-
nations by Corollary 2.14 with p = 19. For n +a = 52 we find a + k£ > 17,
22 < n < 40. These cases are eliminated by Corollary 2.14 with p = 17 for
24 < n < 35, and with p = 13 for the remaining values of n except for n = 40.

Let 7 < k < 10. Then n > 14, n 4+ a > 21 and P(x(n + a)) < 37. By
Lemma 2.1(a) this is only possible if n+a < 40. Let 37 < n+a < 41. Then
a+ k > 37, hence a > 27, contradicting n > 14. Similarly contradictions
are obtained for 29 < n+4+a < 33,23 < n+4+a < 27, n+ a = 22. Let
33 < n+a < 37. Then a+k > 31, hence a > 21. This implies n+a € {35,36},
a € {21,22}, k > 9. These cases are eliminated by Corollary 2.14 with
p=17. Let 27 <n+a < 29. Then a + k > 23, hence a > 13. This implies
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a € {13,14}, k > 9. These cases are eliminated by Corollary 2.14 with
p=13.

Let k € {11,12}. Then n+a > 33 and P(x(n+a)) < 41. By Lemma 2.1(a)
this implies n +a < 42. If 37 < n + a < 42, then a + k > 37, hence a > 25
in contradiction with n > 22. A similar reasoning excludes 34 < n+a < 36.

Let 13 < k < 16. Then n + a > 39 and P(x(n + a)) < 43 and we see
that there are seven consecutive terms in i (n + a) composed of primes < 41
or two pairs of six separated by an integer x with P(x) = 43 in between.
By Lemma 2.1(a) the latter possibility is excluded and the former implies
n + a < 46. The remaining possibilities lead to contradictions by using
Corollary 2.14 with p = 37.

Let 17 < k < 22 and (n,k,a) # (34,17,18). Then n + a > 51 and
P(rx(n+a)) <47 and there are six consecutive terms in ;(n + a) with prime
factors < 41 or three blocks of five prime factors < 41 such that consecutive
blocks are separated by one integer. This is excluded by Lemma 2.1(a). The
case (n,k,a) = (34,17,18) is excluded by Corollary 2.14 with p = 47.

Let 23 < k < 28. Then n+a > 69 and P(;(n+a)) < 53 and the previous
argument applies.

Let 29 < k < 30. Then n+a > 87 and P(;x(n+a)) < 59 and the previous
argument applies again.

(b) Let k € {3,4} and (n,k,a) # (7,3,3),(8,3,2). Then we see from
Lemma 4.1 that a >4, n>6if k=3 and a >5,n>8if k =4.

Let a € {4,5,6,7} if k = 3 and a € {5,6} if k = 4. Then, by Corollary
4.3, P(x(n+a)) <7, which implies k¥ = 3 by Lemma 2.1(e). Further we see
from Lemma 2.1(d) that

(n,a) € {(6,4),(9,7), (10,6), (11,5), (12,4), (43, 7), (44, 6), (45, 5), (46, 4)}.

We observe that (6,4) is excluded by Lemma 2.13 with p = 3, r = 1,
(n,a) = (10,6),(11,5), (44,6), (45,5) by Corollary 2.14 with p = 5 and
(n,a) =(9,7),(43,7) with p = 7.

Let a € {8,9} if k =3 and a € {7,8} if k = 4. Then P(x(n +a)) < 11.
Then we derive from Lemma 2.1(d),(e) that (n,a) is in

{(7,9), (8,8),(13,9), (14, 8), (41,9), (42,8), (47,9), (48,8),(91,9), (92,8) }

with k = 3. All these cases are excluded by Corollary 2.14 with p = 7.
Let £ = 4 and a € {9,10}. Then P(x(n + a)) < 13. We derive from
Lemma 2.1(e) that
(n,a) € {(17,10), (18,9), (18,10),(19,9), (56, 10), (57,9) }.

The cases (n,a) = (19,9), (57,9) are excluded by Corollary 2.14 with p = 7,
the case (n,a) = (17,10) by Lemma 2.13 with p = 3, r = 2.
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Let K = 3 and a = 10. Then we derive from Lemma 2.1(d) that n €
{6,12,16,17, 18,40, 46, 55,56, 90,342}. The case n = 18 is excluded by
Corollary 2.14 with p = 7 and all others with p=15. =

Proof of Theorem 1.1. Let the assumptions of Theorem 1.1 be satisfied
and (n, k,a) not in the set given in (1.3). Then

kE<a<3k/2

by Lemma 4.1.

Let £ > 2. Then k > 5 by Theorem 4.4(b). Now we see from The-
orem 4.4(a) that @ > 30 implying & > 20. We put z = n + a. Thus
x>2k+k=3k>60. Let l =1, s =0, p=5/2, m = kp. By Corol-
lary 4.3 we have

(4.3) P(i(x)) < 5k/2.

Consequently, = < k3/2 by Lemma 3.5. We derive from Lemma 3.8 that
x < 12k. Now we derive from Lemma 2.7 that

P(x(z)) >z — 5k/6 > 3k — 5k /6 = 13k /6.

Now, by Corollary 4.3, we see that a > %k‘, implying that z > %gk. Another
application of Lemma 2.7 gives P(p(z)) > %k‘ whence a > %k‘, x > %k‘,
P(r(x)) > 2.5k, contradicting (4.3).

Let k =2. Then a =3, n+a > 7 and P(2(n+a)) <5 by Corollary 4.3.
Now we apply Lemma 2.1(f) to obtain n € {6,7,13,22,78}. m

REMARK. Examples of factorizations for (6,2,3), (7,2,3), (12,3,4),
(13,2,3), (22,2,3), (46,3,4), and (78,2, 3) are as follows:

$6 .’E5 .’I,'4 .’L'3 $2 T

1
5‘1‘4? 6?+a—§+21+§

is divisible by 2% — 6z + 12,

1,7 6 5 4 ZL‘3 2 1
— 10— 24— 72 5— of 4ol =
10'+ + + 7'+ + 5'+ 4|+3|
is divisible by 22 + 30z + 60,
56‘12 9 6 3 1
S V0 AT S R
16! 13! 10! + 7! +
is divisible by 23 + 840,
13 12 11 10 9 8 7
x x x x x
—_— - 44——94 9l 1158 9T
16! 15! + 14! + 12! + 11! 10!
6 5 4 3 2 1
+x——8x—+5"i— 127 427 — T4

9! 8! 7! 6! 5! 4! 3!
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is divisible by 2% — 30z + 60,

222 220 218 46 24 21
z ) Yl 27 —
g T 70551 955 gy + 2+ 2y g
is divisible by 22 + 60,
246 243
L 1554183979460315542910267363 - —
50! 47!
$12 4 3 1
+ 128776 + 251180615006? + 184; —i— —
is divisible by % + 840. For the triple (n, k,a) = (78,2, 3), one can use
78 276
% — 699547017649181565404859682868563695329144745169587091ﬁ
262 258 254 46 212 24 21
L 138200 4150 + T 18133850 22T 25
gy 3820y + 15y T T BIB3SE T 4 225 + 20+ o

which has the factor z2 + 60.
Factorizations for (7, 2, 2), (7, 3, 3), (8, 2, 1), (8, 3, 2) have been given
after the proof of Lemma 4.1.

5. A better estimate for ¢ when k is sufficiently large. We prove

THEOREM 5.1. Let f(x) be given by (1.2). Let n > 1,1 < k <n/2 and
lap| = |an| = 1. Assume that f(x) has a factor of degree k. Then there exist
effectively computable absolute constants ky and C > 0 such that for k > kg,

we have los log &
a> Cklogh—2 8%
log log log k

Proof. Let k be sufficiently large. We show that there exists a prime
p > k+ a dividing ,(n + a). Let n < k3/2. Then the interval [n +a — k + 1,
n + a] contains primes and each prime is at least n+a —k+1 > k + a.
The existence of the primes follows from a well-known result on differences
between consecutive primes [17]. Thus we may suppose that n > k%2, Then
we see from [30] that P(x(n+a)) is at least constant times k log k%.
Hence there is a positive constant C such that P(x(n+a)) > k+a whenever
a < Cklog k%. Then, by Corollary 4.3, f(z) has no factor of degree k,
a contradiction. Hence we conclude that

loglog k
> Cklogh———————.
4= o8 logloglog k .

6. The leading coefficient is a prime power. In the next two sec-
tions we shall relax the condition that both ag and a,, are £=1. In this section
we prove Theorem 1.2.
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LEMMA 6.1. Let f(z) be given by (1.2). Letn > 1,2 <k <n/2,0<a
< .5k and w(anap) = 1. Assume that f(x) has a factor of degree k. Then
k <5 unless (n,k,a) = (24,9,4), P(apan) = 23. If 3 < k <5, thenn+a
<28. If k=2, thena=1.

Proof. Let the assumptions of Lemma 6.1 be satisfied. We may suppose
w(an) =1, |ag| = 1 since the proof of the case w(ag) =1, |a,| = 1 is similar
and the case a,, = p", ag = p® can be reduced to it by multiplying by p"™*~"
and replacing p"z by z. Assume that f(x) has a factor of degree k. We omit
a term in g (n + a) divisible by P(a,) and denote the remaining product by
k(n+ a)(l). Then, by the proof of Lemma 4.2 applied to any prime different
from P(a,),

(6.1) PG(n+a)M) < k+a < 1.5k
Now we derive from Theorem 2.12 that kK <9 or
(n+ a, k) € {(26,13), (27,13), (28,13), (28, 14)}.

Let (n+a, k) € {(26,13),(27,13),(28,13), (28,14)}. Then a < 2 because
n > 2k. Hence we find that there is no factor of degree k by applying
Corollary 2.14 with the primes p = 19 and p = 23.

Let k = 9. Then a < 4. We may suppose by (6.1) that there is at most
one term in i(n + a) divisible by a prime greater than 13 and we omit this
term. There is at most one term divisible by each of 13 and 11 and there are
at most two terms divisible by 7 and we omit all of them. Thus we are left
with a term n* composed of primes < 5, and for each of these primes, there
is another term in which it appears to a power which is at least the power
inn*. Thusn+a—-8<8-3-5=120. Thus n+a < 128 if £k = 9. Similarly
n+a<67ifk=8n+a<18if k=7 and n+a <65 if kK = 6. Further we
check that for each of the above cases, x(n + a) has two terms each divisible
by a prime > k + a, contradicting (6.1). This follows by direct computation
except for (n,k,a) = (24,9,4) in which case we apply Corollary 2.14 with
respect to the prime 23. Thus k < 5.

Let 3 < k <5 and n+a > 28. As above, we see that there are two
terms in g(n + a) composed of 2 and 3 in each of the cases 3 < k < 5.
On using the fact that all powers of 2 and 3 which differ by 1 are < 9 (cf.
[22, Table 1A]) we derive that n + a < 36. By checking the possibilities we
find that (6.1) is not satisfied. Consequently, k = 2. If a = 0, then either n
or n — 1 is a power of 2, and 2 does not divide a,. These cases have been
excluded in [9]. =

For integers N > 1 and k > 1, we write wy (V) for the number of distinct
prime divisors > k of N. Further we put wi(1) = 0 and wi(N) = wi(|N|)
for any non-zero integer N.
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Proof of Theorem 1.2. By Lemma 6.1, we may suppose that a > .5k.
Also

(6.2) PGn+a) V) <k+a
by Lemma 4.2. Let k¥ > 19. We observe that n+a > 2.5k. Further we derive
from Lemma 2.9 when n + a > k? and Lemma 2.8(b) when n 4 a < k? that
wi(i(n +a)V) = m(2k) — (k)
and
wi(p(n+ a)V) > w(2k) — (k) — 1,

respectively. On the other hand, in view of (6.2) and a < .75k, we may
suppose that
wr(p(n +a)M) < 7(1.75k) — 7 (k).

Thus

(6.3) 7(2k) — w(1.75k) <0 if n > k?

and

(6.4) m(2k) — w(1.75k) <1 if n < k?

whence, by Lemma 2.10 for £ > 400 and direct calculation for 65 < k < 400,

k < 65.

Hence Pp.((n 4 a)M) < 1.75k < 114.

Let 24 < k < 65. Then there are 12 consecutive integers composed of
primes at most 114. According to Lemma 2.15 this is only possible if n 4+ a
< 330. But such triples (n, k,a) do not satisfy (6.2) in view of Lemma 2.6.

Let 21 < k < 24. Then 7(2k) — w(1.75k) > 1, contradicting (6.3) and
(6.4).

Let 13 < k£ < 20. Then n 4+ a > 33, k 4+ a < 35 and there are six
consecutive terms with prime factors < 31, which possibility is excluded by
Lemma 2.1(a).

Let 10 < k < 12. Then n 4+ a > 25, k 4+ a < 21 and there are six
consecutive terms composed of primes < 19 or one block of four and one
block of five such terms separated by one integer. This is also excluded by
Lemma 2.1(a) unless n 4+ a = 57 in which case (6.2) is not satisfied.

Let k = 8 or 9. Then n + a > 20 and we see from (6.2) and a < .75k
that there are four consecutive terms in g(n + a) divisible by primes at
most 11 or 13 according as k = 8 or 9, respectively. Now we derive from
Lemma 2.1(e) that £ = 9 and that they are given by 4(27), 4(28) and 4(66),
and these are excluded by (6.2) unless (n + a,k) = (28,9). This gives the
exceptions (n, k,a) = (22,9,6) and (23,9,5) where P(apay,) = 23 in view of
Corollary 2.14 with p = 23.
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Let k =6 or 7. Then n + a > 15 and there are three consecutive terms
in x(n 4+ a) composed of primes not exceeding 7 or 11 according as k = 6
or 7. Next we see from Lemma 2.1(d) that they are given by 3(16), 3(50) if
k € {6,7} and moreover 3(22), 3(56), 3(100) if £k = 7. By (6.2), a < .75k and
n + a > 2.5k are all excluded.

Let k=5 and n+a > 32. Then a = 3, n > 30. Further there is at most
one term divisible by a prime py > 7. Suppose that pg { n + a — 2. Then
there are three consecutive terms divisible by primes < 7 and we derive from
Lemma 2.1(d) that n < 49. By (6.2) we find that there are no exceptions.
Assume that pg|n + a — 2. In that case, we see that

P((n+a)n+a—1))<7, P((n+a—3)(n+a—4))<T.

Now we apply Lemma 2.1(f) and we see that the above inequalities do not
hold.

Let Kk = 4 and n+a > 32. Then ¢ = 3 and n > 30. In this case,
there are two consecutive terms divisible by primes < 7 and another such
number at distance at most 2. By Lemma 2.1(f),(g) this is possible only if
n € {47,48,125}.

Let k =3 and n+a > 32. Then a = 2 and n > 31. Now there are either
two consecutive terms or two terms differing by 2 divisible by primes < 5.
We again apply Lemma 2.1(f), (g) to conclude that n € {79,80} in the first
possibility and n € {48,160} in the second. The cases n = 48,79,80 are
mentioned as exceptions in Theorem 1.2. The case n = 160 is excluded by
Corollary 2.14 for the primes 7 and 23.

Let k = 2. Then there is no integer in (k/2,3k/4]. =

7. The leading coefficient is divisible by more than one prime

THEOREM 7.1. Lete > 0,1 <k <n/2,0<a<(1l—-e€k and f(z) be

given by
x
1.2 =ap— 4 _ v
(12 J@) =am i e ot a
where ag,ay,...,a, are integers with a, # 0 and |ag| = 1. Then there exist
effectively computable numbers ¢y > 0 and ko depending only on € such that
for k > ko, the polynomial f(x) has no factor of degree k whenever

n n—1
+ a(]*'
a!l

wi(an) < 1 og k'

Proof. Let € > 0 and wg(ay,) < k/logk. We may suppose that k > kg

with kg sufficiently large. By Lemma 4.2 it suffices to find a prime p > k+a
satisfying

(7.1) ple(n+a), ptap.
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Let n < 25k. We consider the interval (n + a — €k, n + a]. By the prime
number theorem, the above interval contains cok/log k primes where cg > 0
is an effectively computable number depending only on €. Each of the primes
divides p(n + a) and is greater than n + a — ek > (2 — €)k > k + a, since
a < (1 —€)k. If we choose ¢; = c2/2, then there exists a prime p > k + a
satisfying (7.1).

Next we consider n > 25k. For each prime p > k dividing a,, we take
the unique term from g(n + a) divisible by p if it exists and we omit it.
The number of these omitted terms is less than 1.04k/log k. Now we apply
Lemma 3.7 and Corollary 3.4 with [ = 1, m = 2k, s < 1.04k/logk, z = n+a
if n+a < k3?2 and if n+ a > k%2, respectively, to conclude that (3.2) does
not hold. Therefore there exists a prime p > 2k > k + a satisfying (7.1). =

Thus we see from Theorem 7.1 that there exists an effectively computable
number c3 > 1 depending only on € such that |a,| > ¢& whenever f(z) has
a factor of degree k.

8. Generalized Laguerre polynomials with a non-negative. We
consider polynomials

_ ~ (a); j
(1'5) ga,b,c(x) - Jgo (b)](Z)]x

where
a=-n—s, b=a+1, c>1.

For s = 0, ¢ = 1 this is the classical Laguerre polynomial. We prove Theo-
rem 1.3 stated in the introduction.

Proof of Theorem 1.3. We may assume that k > k1 = ki(e) with &y
sufficiently large. Put

zn:(n )--(j+1—|—oz)$j

M) =(tste=DI) o e r - 1)

7=0
- —1
_ <n+5—'kcl nj(n + )z
= c+j)—
Since
c—Dn+8s) < (n4+a)--(+1+a ;
gfnfs,aﬂ,c(x):( )+ s) ( ) )(_$)17
n(n+ ) (n+s—j) (c+j5-—1)

Jj=

we observe that h(x) has a factor of degree k if and only if g(x) has a factor
of degree k. Therefore it suffices to prove Theorem 1.3 with g(z) replaced
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by h(z). For 0 < j < n, we put
n+s+c—1
a; = )
I c+j5—1

<n+s+c—1) (n+c)---(n+c+s—1)
an: =
n+c—1
n+s+c—1 (n+s+1)---(n+s+c—1)

apg = = )

0 c—1 (c—1)!
Because of Lemma, 4.2 it suffices to show that there exists a prime p > k+ «
with p|g(n + «) such that
(81) ptn+c)---(n+c+s—1), pt(n+s+1)---(n+s+c—1).

Let n < k%2 and a < .5k. We consider the interval (n — (.6k —a — 1), 7).
It contains a prime p > n + o — .6k + 1 > 1.4k + o. Assume that p divides
(n+¢)---(n+c+s—1). Then

Then

)

s!

n—j=0(modp), n+i=0 (modp)

for some 4,5 with 0 < 5 < .6k, ¢ < i < c+s. Thusi+j = 0 (mod p),
implying 1.4k + o < i+ j < .6k + ¢ + s, contradicting (1.6). Consequently
pt(n+c)s. Similarly pt (n+s+1)._;. Next we consider n < k%2, a > .5k.
Then we take the interval (n 4+ ¢+ s,n + «a]. By (1.6) and [I7] we see that
it contains a prime p > n+ c+ s > 2k > k + «. By a similar reasoning we
deduce that p satisfies (8.1).

Let n > k%/2. We omit all the terms n+c,...,n4+c+s—1and n+s+1,
...,m+s+c—1fromn+a—k+1,...,n+a. The number of omitted terms
is at most v < s+ ¢. Now we apply (1.6) and Corollary 3.4 with x = n + «,
s =wv and | = 1 to conclude that (3.2) does not hold. Therefore we find a
prime p > 2k > k4« dividing 1, (n4a)®). Assume that (8.1) is not satisfied.
Then

n—j=0 (modp), n+i=0 (modp)

with —a < j < k and 0 < i < s+ c. It follows from the construction that
i+ j # 0. This implies that

2k <p<li+j| <s+c+k<4k/3,

a contradiction. =

9. Generalized Laguerre polynomials with o negative

Proof of Theorem 1.4. In view of results of Schur [26], Hajir [I5] and
Sell [29], already mentioned in the introduction, we may assume without
loss of generality that s > 2, hence k > 3.
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It suffices to show that the polynomial

- (n+s—j'n : n+s—j\al
g(x)'_jzo (n —j)ij! ';)( n—j )j!

has no factor of degree k. For 0 < j < n, we put
<n +s— j>
aj = 3 .
n—17
an =1, ao—(n+8).
n

By Lemma 4.2 it suffices to show that there exists a prime p > k such that
plr(n) and p t s(n + s). We derive from Lemma 2.3 that, unless £ < 270
and n < 2k + 10, there exists a prime p > 1.95k dividing i (n). Assume that
this prime divides 4(n+s). Then n—j = 0 (mod p), n+i = 0 (mod p) with
0<j<k 0<i<s,implying 1.95k < p<i+j < s+ k. For each k£ < 270
we consider n € [2k, 2k + 10] and ¢ to be the greatest prime < n.

We shall check that ¢ > n—k, 2¢ > n+0.95k unless (n, k) = (10,5). For
this, we may assume that k > 10, otherwise the assertion follows by direct
computation. Then 2k < n < 2k+10 < 2.95k implying n—k > (n+0.95k) /2.
Now the assertion follows from Lemma 2.6 and n > 2k by observing that
the interval ((n + 0.95k)/2,n] contains a prime. Finally we check that the
polynomial gq .. is irreducible for (n,s) € {(10,3),(10,4)}. =

Then

10. The rational case. Let u, a, § and a be as in the paragraphs
preceding Theorem 1.5 in Section 1. Let

n mnfl

X
Yt 1+
(a)ﬂ,n+u " (Oé)ﬂ,nflJru (O‘)ﬁ,1+u

where ag, a1, ...,a, € Z. Here F(x) = G(fz). We put
Gi(2) = (@) gn+uG(2).

G(z) = an +aop

1
(@) ,u

Thus

G1(z) = apz" 4 an_1(a+ (n+u—1)B3)z" ' +---
ta(a+mt+u—1)8) - (a+ (ut+1)B)z
+aglat (n+u—1)8) - (a+uf).

We begin with the following result.
LEMMA 10.1. Let 1 <k <n/2 and
(10.1) B<2a+2 if (ku)=(1,0).
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Assume that the prime p satisfies
k -1 1 if u>0,

(10.2) p> (k+u B+ a+ z.fu
(k+u—-1)0+a+2 if u=0,

and
plla+(n+u—Fk)p)--(a+(n+u—1)5), pftaan.
Then G(z) has no factor of degree k.

Proof. 1f suffices to show that G(z) has no factor of degree k. Denote
vp by v. We consider the Newton function H(z) with respect to p of the
polynomial h(z) obtained from G;(z) by putting ag = a3 = -+ = a, = 1.
By Corollary 2.14 and p| (o + (n +u — k)3) g, it suffices to show that the
slope ¢ of its rightmost edge is less than 1/k. We have

< I/((Ox + uﬂ)ﬁ,n) - V((a + (] + u)ﬁ)ﬁ,n—j)

1<j<n j
oy @8t (G u—1)8)
1<j<n J
< oy @G Hu=1)B)
1<j<n j
Now .
W(at (G +u-1gp < THLELZDP
Thus

¢<a+(j+u—1)ﬁ:a+(u—1)ﬁ 6]

(p—1)j p-1j p-1
We may assume that p < a+(j+u—1)8, otherwise v((a+(j+u—1)5)!) = 0.
Thus

j>p—Oé—(U—]_)ﬁ
B B

and

o+ (u — 1) s By
Do w-D8) p-1 r-Do—a_(a_1p)

It suffices to show that

Bp
(p—Dp—-a-(u-1)p)

1
< 7.
~— k
ie.,
pPP—((k+u—-1)p+a+Dp+a+(u—1)>0,
which is satisfied by (10.2) and (10.1). =

It has been proved in [31], [32] that for x = a+ (n+u —1)3 and € > 0,
there exists an effectively computable number C' > 0 depending only on €
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such that
(10.3) P:=P((a+ (n+u—k)B)sr) > Ckloglogx if x > k(logk)“.

Recall that the height H(a) of a non-zero rational number a, in its reduced
form, is defined as the maximum of the absolute values of its numerator
and denominator. We write N(a) for the absolute value of the numerator
of a and D(a) for the denominator of a. Now we combine Lemma 10.1 and
(10.3) with the prime number theorem for arithmetic progressions to prove
the following result which implies Theorem 1.5 immediately.

THEOREM 10.2. Let |an| =1, 2 < k < n/2 and assume that G(z) has a
factor of degree k. Then there exist effectively computable absolute constants
ko, C1 > 0 and Cy such that for k > ko and P(ag) < Cok/loglogk, we have

H(a) > Ciloglogk.

Proof. In fact we shall prove the more precise assertion that there exist
effectively computable absolute constants C3 > 0 and C4 > 0 such that for
k > k07

N(a) > Cskloglogk whenever D(a) < Cyloglogk.

Assume that G(z) has a factor of degree k. Put x = a4+ (n +u — 1)5 and
suppose that
x > klogk.

Then we see from (10.3) with e = 1 that
P > Cskloglogk

where C5 > 0 is an effectively computable absolute constant. Now we choose
Cy < C5 and apply Lemma 10.1 and (10.2) to conclude that

P<(k+u—-1)0+a+2.

The assertion follows by combining the above lower and upper bound for P
and choosing C3 + Cy < C5/2.

Thus we may suppose that
(10.4) x < klogk.
We observe that

at+n+u—k)f>(k+u—1)F+a+p,

and that G > 2. Therefore, in view of Lemma 10.1, it suffices to show that
there is a prime among
(10.5) at+(n+u—Fk)B,...,a+(n+u—1)p3

which does not divide ag. By the prime number theorem for arithmetic
progressions with error term and (10.4), we see from [4, pp. 132-133] that
the number of primes among (10.5) is at least 3C2k/(log kloglog k) if Co is
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sufficiently small and k exceeds an effectively computable absolute constant.
Therefore we can find a prime in (10.5) which does not divide ag since
w(ag) < 203k/(logkloglogk). We observe from [4, p. 133] that we have
used the version of the prime number theorem for arithmetic progressions
where the constant implied in the error term is effective and uniform with
respect to G since § < Cyloglogk. =

COROLLARY 10.3. Let |an| = 1, and suppose that P(ag) is bounded. Fix
u, a and 3. Then there is an ng = no(u, o, 5, P(ag)) such that if n > nog,
then G(x) is irreducible or G(x) has a linear factor, and a linear factor can
only occur if k=1, u=0, and 8 > 2a + 2.

Proof. By Theorem 10.2 and a = u + «/f3, we see that k is bounded
in terms of u,a, 3. By (10.3) we see that P becomes arbitrarily large by
choosing n sufficiently large. Choose n so large that (10.2) is satisfied for
p = P. Then the assertion follows from Lemma 10.1.
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