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ABSTRACT. We obtain explicit forms of the current best known asymptotic upper
bounds for gaps between cubefree integers. In particular, we show that the
interval (z, z+52"/7 log x] contains a cubefree integer for any = > 2. The constant
5 can be improved further, if x is assumed to be larger than a very large constant.

1. INTRODUCTION

If k> 2 is a fixed integer, an integer n is called k-free if it is not divisible by p*
for any prime p. In the special cases k = 2 and k = 3, the k-free integers are also
known, respectively, as squarefree and cubefree. The distribution of k-free integers,
especially in the squarefree case, has been studied for a long time and by many
mathematicians.

An important part of that research concerns the study of the size of gaps between
consecutive k-free numbers. Its history originates with Fogels’ result [5] that if
6 > 2/5 the interval (x, z + 2% contains a squarefree integer for all sufficiently large
x. In 1951, Halberstam and Roth [6] proved that if & > 2, the interval (z,z + 2]
contains a k-free integer for any 6 > 1/(2k) and for all sufficiently large x. Around
the same time, Erdds [1] proved that there exist infinitely many intervals (z, z + h],
with
b log x 7
log log x
which contain no squarefree integers. Together, these results inspired the conjecture
that for any fixed £ > 0, the interval (z,x + 2°] contains a squarefree integer for
sufficiently large x. This conjecture appears to be far beyond the reach of present
methods, with the sharpest asymptotic bounds known to date going back to the
early 1990s. In 1991, Filaseta and Trifonov [4] proved that there exists a constant
¢ > 0 such that the interval (z,z + cz'/°log z] contains a squarefree integer for all
sufficiently large x. Shortly after, Trifonov [10] generalized this result and proved
that, for each k > 3, there exists a constant ¢ = ¢(k) > 0 such that the interval
(z,2 + cx'/*+V Jog x| contains a k-free integer for all sufficiently large z. The
reader interested in the detailed history of the problem can consult the survey [3]

by Filaseta, Graham, and Trifonov or the introduction of our earlier work [7].
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In recent years, the number-theoretic community has shown an increased interest
in numerically explicit results, so the present authors set on a quest to obtain fully
explicit versions of the results of Filaseta and Trifonov [4,10]. In [7], we proved the
following explicit theorem about the gaps between squarefree integers.

Theorem 1. For any x > 2, the interval (z,x + 112'/°log x] contains a squarefree
integer.

In the present paper, we continue our investigations and obtain a similar theorem
on the gaps between cubefree integers.

Theorem 2. For any x > 2, the interval (x,x + 5z'/"log x| contains a cubefree
integer.

The focus of the above theorems is on providing explicit intervals that work for
all x. The price we pay for this universality are the somewhat elevated values of the
constants 11 and 5 in the theorems. The next result is a version of [7, Theorem 2].
It provides a variant of our main result above, which reduces the constant 5 in
Theorem 2, assuming that one is willing to accept a result that holds only for
sufficiently large x.

Theorem 3. Fvery interval
o (z,7 +2x"/"logx] contains a cubefree number for x > €>°;
o (v,2+ 2"/ "log x| contains a cubefree number for x > €%,

e (z,z+ 2at/Tloga] contains a cubefree number for x > ™%

Mossinghoff, Oliveira e Silva and Trudgian [8] investigated long gaps between
squarefree numbers numerically. Their computational work establishes the size of
the longest gaps up to 10*®, which are all dramatically smaller than the bounds that
we get in this paper. The largest gap that they find is a string of 18 consecutive
non-squarefree numbers, the first of which is 125 781 000 834 058 568. As a result of
their work, we can assume x > 10*® > e*! throughout the rest of this paper.

Our proof of Theorem 2 relies also on several propositions giving results with
larger exponents, which are however superior to the theorem for small x. Those
results may also be of independent interest. For example, we show that the interval
(z,x + 22'/°] always contains a cubefree integer (Proposition 2) and the intervals
(z,7+102"%) and (z, 7+8.52'/%] contain a cubefree integer for x > €% and x > 19!
respectively (Proposition 3).

We conclude this introduction by remarking that the interested reader can find
the SageMath code for the computational part of our work at

https://github.com/agreatnate/explicit-k-free-integer-bounds

This should allow a motivated reader not only to check the numerical values that
appear below, but also the explore the possibilities for future improvements.


https://github.com/agreatnate/explicit-k-free-integer-bounds
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Notation. Throughout the paper, for a real number 6, we use [f] to denote the
greatest integer less than or equal to 6; also, {0} = 6 — [0#]. We write |A| for
the size of the set A, and m(z) for the prime counting function. Finally, we use
c1,Cs, ... to denote constants that appear in the proofs. Those constants tend to
depend on various parameters introduced throughout our arguments (such as A, §
and m); we may indicate such dependencies by labeling our constants as functions
of said parameters—see the constant cz(m) in (3.12), for example.

2. PRELIMINARIES

2.1. Outline of the method. Let N(z,h) be the number of integers in (x, z + h]
that are not cubefree. To prove any of our theorems, it suffices to show that
N(z,h) < h—1 for the respective choices of z and h. We first sieve this interval of
the cubes of very small primes. Let J to be a parameter to be chosen later. The
number of integers in (z, z + h| divisible by the cube of a prime up to J is at most

1 - 1 QW(J)
h<1_H(1_E)>+2(J)_h<1_H<1_;¥>+ ; )—:ha[’)(h,J).
p<J p<J

We then count separately the integers divisible by p* for each prime p > J. We

find that
N(x,h) < hoh(h, J) + > Q‘” i hJ - FD , (2.1)

3 3
.y p p

where the sum on the right is over all primes greater than J. To bound the latter
sum, we introduce a parameter H, which we will later choose as H = mh, with
m > 1 of moderate size, and we use this parameter to split the sum in (2.1) as

follows:
(o) (5] [y =mem e

p>H

Beginning with the contribution of the small primes, we find that

ESY <%+1) ghzz%ﬂ(ﬂ)

J<p<H p p>J
1
<h (m -> —3> +n(H), (2.3)
p<J p

where o1, the sum of the reciprocals of the cubes of all primes, satisfies
o1 < 0.1748. (2.4)

Hence,
N(h,z) < h(oo(h,J) +01) + 7(H) + s, (2.5)
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where
1 1 27
ao(h,J):1—H(1——3)—Z—3+ — (2.6)
<J p < P
2SS P>
The term 7(H) in (2.5) can be bounded with the help of the following lemma
due to Rosser and Schoenfeld [9, (3.2)].

Lemma 1. For any x > 1, one has

() < -~ <1+ 1'5>. (2.7)

<
log x log

Applying this lemma, we see that

7(H) < o9(h,m)h, oy(h,m) = % <1 + ﬁ) : (2.8)

The estimation of the sum > occupies the remainder of the paper. We remark
that primes p > v/2z do not contribute to that sum. Moreover, if p > h'/3, we get

T+ h T h
N

Thus, the finite sum X5 counts the primes p € (H RV 2$] for which there exists an
integer m with

or equivalently, such that {zp=} > 1 — hp™® (where {-} is the fractional part).
Thus,

Sy < |S(H, v2z)|, (2.9)
where

h x
S(M,N) = {uEZ:M<u§N, god(u,2) =1, 1 - — < {E} <1}. (2.10)

Putting together (2.5), (2.8) and (2.9), we reduce the problem of bounding
N(z, h) to choosing H so that

|S(H,V2z)| < hay(h,m), (2.11)

for some bounded function o3(h, m) such that

1
oo(h, J) + o1+ oo(h,m) + o3(h,m) < 1 — 7 (2.12)
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3. SOME LEMMAS

Our bounds on |S(M, N)| use the simple idea that if the minimum distance
between distinct elements of a set of integers A is at least d, then

AN (M,N]| <d (N —-M)+1. (3.1)

In particular, we will be interested in the special case of (3.1) when A is a set of
the form

S(M) :=S(M,\M),
where A > 1 is a constant and M is a large parameter, with H < M < 2x. As we
pointed out in the introduction, the computational work in [8] allows us to assume
that x is large. Thus, we assume in the remainder of the paper that

x>etl 1000 < h < H < 22" (3.2)

We will the next lemma to sum the ensuing estimates for |S(M)| to obtain bounds
of the form (2.11). For the proof of this result see [2, Lemma 1] and the comments
in [7, Lemma 2].

Lemma 2. Suppose that Ay, As, A3, b1, by are positive reals and u, v, \ are real
numbers with 0 <u < v <1 < \. Assume that for all M € [z*,z"] the estimate

IS(M)] < AL M™ + AyM ™% + Ay

holds. Then
|S(x¥, 2)| < Aja®Y + Abr2" - Allogx + As,
where 4 4
r 1 r_ 2 r . v—1Uu
A= T b log \
Lemma 3. Suppose that H < M. If uw and u+ a are distinct elements of S(M),
then
a > 0.3333z" ' M*, (3.3)

Proof. This is a variant of [7, Lemma 4], and the proof is similar to the proof of
that result, so we will be brief. Let f(u) = zu™3. If u,u +a € S(M), we have

flu)=n1 — 01, flut+a)=mny— 0y, (3.4)

with ni,ne € Z, 0 < 01,05 < hM~—3 < 107°. Thus, the mean-value theorem yields
a number & € (u,u + a) such that

3ax 3z
|f(u+a) = f(u)] =alf'(§)] = s > DA
If ny = no, we deduce that
3x 1
— < |# < —
O < |0y — 0y < B <S e



6 A. KUMCHEV, W. MCCORMICK, N. MCNEW, A. PARK, R. SCHERR, AND S. ZIEHR

which contradicts (3.2); thus, |nq; — ny| > 1. So, we have
0.9999 < 1— 1|0, — 01| < |f(u+a) — f(u)| = 3azx&™* < 3axM ™,
and the lemma follows. U

Applying (3.1) to the result of the last lemma, we obtain the following bound on
the size of S(M).

Corollary 1. Under the hypotheses of Lemma 3, we have
|S(M)] < 0.333371 (N — D)aM 3 + 1.
We now use the above lemma to prove the following alternative bound, which is
stronger than (3.3) for M < 1.52%/7. This is the first of several results that make
use of polynomial identities, similar to (3.6) below, which are inspired by the theory

of Padé approximations. Such identities play a central role in our forthcoming work
on gaps between k-free integers for general k.

Lemma 4. Let A\ < 1.2, and suppose that 3\°h < H < M. If u and u + a are
distinct elements of S(M), then

a > 0.7934z~ 3 MO, (3.5)
Proof. We recall the algebraic identity
a*2uta)  ut+2a u-—a

= 3.6
w(u+a)d  (u+ta)? u? (36)
From this (and defining nq,ng, 01,02 as in (3.4)), we deduce that
a*(2u + a)x
Bluta)p = f(u+a)(u+2a) — f(u)(u —a)

= (ng —09)(u+2a) — (N1 —01)(u—a)=n+6, (3.7)

where n € Z and 0 = (u—a)f, — (u+2a)f. In particular, using that 0 < 6; < hM 3
and u,u +a € (M, 1.2M], we get

0] < a(20, + 0) +ul — O] < (u+ 3a)hM > < 1.6hM 2. (3.8)
Next, we will prove that n # 0. We have
3 2 2 3 2 3
@(2u+ta)e ¢ T~ 0.6666)A M, (3.9)

ud(u+ a)? ~ w(u+a)® = (AM)®

on recalling (3.3) and the trivial bound a® > 1. On the other hand, if n = 0, the
right side of (3.9) equals 6 (which must be positive), and (3.8) and (3.9) together
yield

0.6666\7° < 1.6AM ' < 1.6hH ',

which contradicts the hypothesis on H. Thus, we must have |n| > 1.
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Similarly to (3.9), we find that

aA2u+a)r _ 2a*(u+a)z 2a3x 2a3x

wu+a)P ~ wdlut+a)P  wdlut+a)? = M

On the other hand, the hypotheses of the lemma and (3.2) yield
0| < 1.6hH 2 < 107,

SO
3
a’(2u+ a)x -

ud(u+a)® in| — 6] > 0.999.

Combining the last inequality with (3.10), we deduce
a® > 0.4995z~ ' M°,
and the conclusion of the lemma follows.
We can use this to obtain the following.

Corollary 2. Under the hypotheses of Lemma 4, we have
|S(M)] < 1.2604(\ — a3 M~2/3 1.

(3.10)

(3.11)

Next, we consider any three distinct elements u,u + a,u + b of S(M), with

0 < a < b, and obtain lower bounds on b.

Lemma 5. Let A < 1.04, m > 3, and suppose that mh < H < M. If 0 <a <b

and u,u + a,u + b are elements of S(M), then
ab* > co(m)a T M®,
where co(m) = 0.4 — 0.05m 1.
Proof. We begin with the identity
a’ _ 6u?—3au+d®  6u?+ 15ua + 10a?

ud(u+a)® u? (u+a)3

By substitution, this yields also the two companion identities

K B 6u? — 3bu +b*>  6u® + 15ub + 10b2‘
uw(u+b)? u? h (u+0b)? ’
(b—a)® _ 6uta)?—30b—a)(uta)+ (b—a)?
(u+a)3(u+0)3 (u+a)?

6(u+a)®+ 15(u+a)(b —a) + 10(b — a)2.

(u+b)3

(3.12)

(3.13)

(3.14)

(3.15)
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In order to cancel out the higher order terms of u, we subtract (3.13) and (3.15)
from (3.14). This gives
(b—a)(a+b—3u) n b(5a — b+ 3u) N a(a — 5b — 3u)
u? (u+a)? (u+0b)?
B v a’ (b—a)®
w(u+b)?  w(u+a)P (uta)(u+b)3
For u; = u, us = v+ a, and uz = u + b, let
flu)) =mn; —0;, 0<60;<hM™? (i=1,2,3).
Multiplying both sides of (3.16) by x, we have that
(b—a)(a+b—3u)f(ur) +b(ba — b+ 3u)f(uz) + ala —5b — 3u) f(us) = n—46,

where

(3.16)

n=(b—a)(a+b—3u)n; + b(ba — b+ 3u)ns + a(a — 5b — 3u)ns,
(note that n must be even, as a and b are even) and
0] = |b(3u — b)(02 — 61) + 5ab(by — 65) + a(3u — a) (01 — 63)|
< hM~3(3bu + 3au + 3ab — (a — b)*) < 3bhM > (2u + a)
< 6bhM > (u + b) < 6ABhM 2. (3.17)

Next, we show that n # 0. Suppose not. A direct check reveals that
v a’ (b—a)® _ P(u;a,b)

WBu+b)3  wu+a)P  (uta)Blutb)d  udlu+a)(u+b)?

where
P(u) = 5ab(b — a)(b* — ab + a*)u® + 3ab(b* — a*)u®
+ 3a*b*(b* — a®)u + a’*b*(b* — a?)
> 5ab(b — a)(b* — ab + a*)u® > 5a*b*(b — a)u® > 10a*bu’. (3.18)
In particular, the two sides of (3.16) are positive. When n = 0, this entails that
0 <0, and
_ P(u;a,b)x - 10a®buz - 106(0.4995M°)
w(u+a)*(u+0)3 " wd(u+a)(u+b)d — (AM)S 7
after appeals to (3.18) and (3.11). Hence, comparing the bound above to (3.17),
499507 M~ < 6ADhM 2 < 6AbR(HM) ™!,

or

H 65
m=—<

h 4.995
which contradicts the hypotheses of the lemma. As such, we must have that |n| > 2.
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On the other hand, bounding the numerator P(u;a,b) from above, we find that
P(u) < 5ab(b — a)(b* — ab + a*)u® + 3ab’u® + 3a*b°u + a’b°
< 5ab*(b — a)u® + 3ab’u® + 3ab’u + ab”
< ab*(5u® + 3bu® + 3b*u + b*) < 5ab*(u + b)>.
Thus,
o= P(u;a,b)x Sab'x
Cwdu+a)P(u+d)3 T udlu+a)
Further, recalling that b < (A — 1) M, we deduce that

4,06
5 < bab’rM™". (3.19)

0] < 6ABRM 2 < 0.25hM ' < 0.25hH " (3.20)
From (3.19) and (3.20), we deduce that
P(u;a,b
Sabiz M6 > (wab)r o, 0] > 2 — 0.25hH ",

~w(u+a)P(u+b)3
which implies the conclusion of the lemma. 0
Corollary 3. Under the hypotheses of Lemma 5, we have
|S(M)| < 20\ = 1)eo(m) Yoz P M =15 42,

4. MAIN BOUNDS ON |S(M)]

In this section, we first study a special family of quadruples u, u+a, u+b, u+a+0b
of elements of S(M). The special form of the spacing between the four numbers
allows us to use several algebraic identities to obtain a series of lower bounds on
products of the form a‘b’. These yield bounds on b that are stronger than those
for general quadruples in S(M). Later in the section, we will average these bounds
over b.

Lemma 6. Let A < 1.04, m > 3, and suppose that mh < H < M. If0 <a <b
and u,u + a,u+ b,u+ a+ b are elements of S(M), then

a*b > 0.0999z~* M°. (4.1)

Proof. Note that under the hypotheses of the lemma, we have
1
a < é(a +b) < 0.5(A—1)M. (4.2)

Recall that, by (3.7) and (3.8), we have

a®(2u + a)x

ud(u+ a)? =mto
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with n; € Z and |0;| < 1.6hM 2. Indeed, using (4.2) we can strengthen this to
01] < 1.06hM 2. Similarly,

a®(2u + 2b + a)x
(u+b)3(u+a+b)
with ny € Z and |6y] < 1.06hM ~2. Combining these identities, we find that

a*(2u + a)x a®(2u+2b+ a)x
- =n+0
w(u+a)P  (u+b)B3(u+a+b)?
with |0] < |61 + |62] < 2.12hM~2. Now, we note that when the right side of the
above identity is combined into a single fraction, the numerator can be written as

3:n2+92

a*z[4bu?(u + a)® 4 3abu®(u + a)® + 3b(2u + a)u®(u + a)? + other positive terms).
Since
3abu*(u + a)® + 3b(2u + a)u®(u + a)* > 6bu’(u + a)®,
we can use (3.11) to obtain the lower bound
10a®bu®(u + a)’x
w(u+a)d(u+b)3(u+a+b)3
B 10a3bx S 20a3x S 999
C(ut bR (uta+b)d T (AM)S T NM
In particular, if n = 0, we see that

9.99\7% < M0 < 2.12hM ' < 2.12m™ 1,

n+60>

which contradicts the hypotheses. Thus, we must have |n| > 1.
We now observe that (note the first equality can be checked using a computer
algebra system)

(2u+ a)(u + b)*(u + a + b)* — (2u + 2b + a)u*(u + a)®
= 10bu*(u + a + b)* 4+ b(3(a + b)* + 70> + 9ab)u*(u + a + b)?
+ b%(3(a + b)* + ab® + 2a*b — b*)u(u + a + b) + ab*(a + b)?
< 10bu®(u + a + b)* + 10b(a + b)*u?(u + a + b)?
+ 3b%(a + b)*u(u + a + b) + ab’(a + b)*
<100’ (u+ a +b)* + b*u*(u+a+b)* + b*u(u + a + b)* + b*(a + b)?
< b(u+a+ b)*(10u® + bu® + b*u + b*) < 10b(u + b)*(u + a + b)>.
Thus,

10a%
T 10a3ha MO,

1— < <
Pl<n+0< u(u+ a)
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Since 0| < 2.12hH 2 < 0.001, we conclude that
0.999 < 10a3bzM 5,
and the lemma follows. O

Lemma 7. Let A\ < 1.04, m > 8, and suppose that mh < H < M. If0<a <b
and u,u + a,u + b,u + a + b are elements of S(M), then

a®b® > 0.0664z~ "M, (4.3)
Proof. First, we observe that if b > 0.01M, Lemma 6 gives
a*b® > 0.0999b%z ' M® > 0.000009z ' M® > 0.07z ' M",

since M > mh > 8000. Thus, we may assume for the remainder of the proof that
0<a<b<00IM. Let u1 =u, uo = u+a, u3 =u+ b, and uy = u + a + b, and
recall that by the definition of the set S(M), there exist integers nq,...,n, and
reals 61, ...,604 such that

flu))=n;—0;, 0<O;<hM™> (1<i<4). (4.4)
We begin by constructing a rational function of the form
Pi(u;a,b) N Py(u;a,b)  Ps(u;a,b)  Py(u;a,b)
u? (u+ a)? (u+b)?  (u+a+0b)?3
where P;(u;a,b) are homogeneous quadratic polynomials, which are at most linear
in u. Clearly, any such rational function can be rewritten as
C(u;a,b)
ud(u+a)d(u+ b)3(u+a+0b)3
for some homogeneous polynomial C'(u;a,b) of total degree 11, which has at most

degree 10 in u. We choose the polynomials P;(u;a,b) as to minimize the degree of
C with respect to u. The identities

u+2a u—a a*2u+a) 1 1 a(3u®+ 3ua+a?)

(u+a)? W WButap ud (uta)P  wB(uta)]

R(u;a,b) =

(4.5)

R(u;a,b) = (4.6)

Y

imply that any choice of the form

Pi(u,a,b) = a(—u+a) — B, Py(u,a,b) = a(u+ 2a) + B,

Ps(u,a,b) = Pi(u+b,a,b) + 20, Py(u,a,b) = Py(u+b,a,b) — 205,
where «, 8 depend only on a, b, reduces the u-degree of C' to at most 7. The choice

« = 3b and 3 = a® then ensures that the coefficients of u” and u® in C(u;a,b) also
cancel out. Thus, we choose

Py(u,a,b) = —3bu + 3ab — a®, Py(u, a,b) = 3bu + 6ab + a?,
Ps(u,a,b) = —3bu — 3b* + 3ab+a*,  Py(u,a,b) = 3bu + 3b* + 6ab — a*.
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With the above choice, a straightforward (but tedious) direct calculation reveals
that

C(u; a,b) = 6a*b(5b* — a*)v® — 15a°b(a + b)(56*> — a*)v* + D(v;a,b), (4.7)

where v = u+a+b and D(v;a,b) is a homogeneous polynomial of total degree 11,
which is cubic in v. In particular, the coefficient of v in D(v;a,b) is

72ab° + 150a*b* + 52a°b* — 30a°b* — 12a"b < 74a’b*(a + b)?,
on recalling that 0 < a < b. Note that we have also
72a°b° + 150a*b* + 52a°0* — 30a°0* — 12a"b > 58a3b*(a + b)*.
Similarly, the coefficient of v? is bounded above and below as
—36a’b*(a+b)* < 3a®b+18a"b? —3a°b* —93a°b* —108a*b® —33a°b° < —27a*b* (a+b)?;
the coefficient of v is bounded above and below as
6a°b* (a +b)* < —3a®b* — 6a7b* + 18a°b* + 48a°b° + 33a*0° + 6a°b" < 14a®b*(a +b)%;
and the constant (in v) terms are bounded as
—4.25a*b(a + b)* < a®b® — 6a°0° — 8a°b® — 3a*b” < —3a*b°(a + b)*.
Moreover, since M < u < v < AM and 0 < a,b < 0.01M, we find that
a*t®(a + b)* < 0.01a*v*(a + b)*v, a®*b*(a + b)*v < 0.01a°6*(a + b)*v?,
a*b®(a + b)*v? < 0.02a°6%(a + b)*v>.
From these and the earlier bounds on the coefficients of D(v;a,b), we deduce that
0 < D(v;a,b) < 74ab*(a + b)*v. (4.8)
Inserting this upper bound into (4.7) we now have
C(u; a,b) = 6a*b(5b* — a*)v° — 15a°b(a + b)(56* — a*)v* + D(v;a, b)
< a’b? (6(5b2 — a®)v* — 15(a + b)(56* — a*)v + T4b*(a + b)2).

We expand v = u+a+b (and use a+b < 0.02u) to bound the term in parentheses
above as

6(5b% — a*)v? — 15(a + b)(50* — a?)v + 74b*(a + b)?
= 6(5b% — a®)u? — 3(a + b)(56* — a®)u — 9(a + b)*(50* — a?) + 74b*(a + b)?
< 6(5b6% — a®)u® — 3(a + b)(56* — a*)u + 38b*(a + b)?
< 6(5b% — a®)u* — 12(a + b)b*u + (a + b)b*u < 30b%u>.
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Thus C(u;a,b) < 30a®b*u?v3. We can also use (4.8) to bound C' from below:
C(u;a,b) = 3a*b(5b*—a*)v*(2v — 5(a+b)) + D(v;a,b)

> 12a°6%0* (2u — 3(a+b))

> 12a°b*0* (v + 2(a + b)u) (2u — 3(a + b))

> 12a°b°uv® (2u® 4 0.98(a + b)u) > 24a’b°u’v?.
From these bounds and (4.6), we deduce that
24a3b?
(AM)T
On the other hand, multiplying both sides of (4.5) by x, we get from (4.4) that

zR(u;a,b) =n—10

18.238a** M7 < < R(u;a,b) < 30a*0* M. (4.9)

where n € Z is even (since all of the coefficients in each of the P, are even) and

4

0 = Z Pi(u;a,b)b;.

i=1
We can bound |0] as follows:
+ 3ab(91 + 292 + 93 + 294) + a2|91 - 92 - 93 + 94|
< (3b(u+ b) 4 3bu + 18ab + 2a*)hM >
< (6b(u + a + b) + 11ab)hM > < (6 + 0.11)bhM 2,

upon recalling that v +a+0 < AM and a < 0.01M.
Next, we will show that n # 0. Suppose that n = 0. Then we have

18.238ab*x M7 < |Cx| = 0] < (6A + 0.11)bhM 2 < 6.35bh M 2.
Combining this inequality with (4.1), we obtain
1.8226° M ' < 18.238¢*b*x M " < 6.35b(mM ),

which is a contradiction under the hypotheses of the lemma. Thus n > 2, and we
get

Cr=mn—0>2—6.35bhM ?>2—0.0635m " > 1.992.
Combining this with the upper bound in (4.9), we get that

1.992 < Cx < 30a®b32z M7,

and the desired conclusion follows. O
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Our last lemma differs from the spacing lemmas established hitherto. In this
lemma, instead of proving that the distance b between the two pairs exceeds some
lower bound in terms of x, M, and possibly, a, we establish a kind of a dichotomy for
b: either b > B; for some lower bound By, or b < Bs, with By significantly smaller
than B;. Note, however, that this dichotomy is not complete, and conditions (4.10)
and (4.11) below are not always mutually exclusive—when M is close to H and
m < 15, the two inequalities may hold simultaneously.

Lemma 8. Let A < 1.04, m > 8, and suppose that mh < H < M. If0 <a <b
and u,u+a,u+b,u+a-+b are elements of S(M), then at least one of the conditions

a’b < 2\ ha ' M®, (4.10)
or
a®b > (3 —2X*m )z ' M", (4.11)
must hold.

Proof. As in the proof of the last lemma, let uy = u, us = u + a, u3 = u+ b, and
uy = u+ a+ b, and recall (4.4). We rely on the identity

a’x (6u? — 3au + a®)r  (6u? + 15ua + 10a?)x

w?(u+ a)? u? (u+a)3
= (6u® — 3ua + a®) f(v) — (6u* + 15ua + 10a®) f(u +a) =n' — ¢,

with n’ € Z, even and
0 = (6u® — 3ua + a®)6; — (6u” + 15ua + 10a*)6s.
Using this relation and the analogous one for the pairs u+ b, u+a + b, we find that

xa® xa®

WBu+a)®  (u+b)3(u+a+D)
with n € Z even and
0] < (6u® + 6(u+ b)? + 12au + 15ab + 11a*)hM 3
< (6(u+a+b)*+6(u+a)’)hM > < 12X\*hM .

s =n+0, (4.12)

By the mean-value theorem,
(u+b)*(u+a+0b)® —u’(u+a)® =3bE%(€ + a)* (26 + a)
for some £ € (u,u+b), so
6bu’(u + a)® < (u+b)*(u+a+b)* —u*(u +a)® < 6b(u + b)*(u + a + b)®.
We use this to bound the left side of (4.12) and get that

6a’bx
u?(u+ a)3(u+b)

n+6< < 6a’ba M.
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Similarly, we have
6a’bx

(u+a)(u+b)>(u+a+b)3

Since M > H, we have that || < 12\*m~!. So, it follows from the upper bound
on n + @ that if b < (% —2X2m HaSx M7, we have

n+60 < 6a’bzM" <2 —10);
hence, n < 2. On the other hand, if b > 2A\%°ha~'M?®, then using the lower
bound for n + @, we have that
n+0>6\"a’ba M~ > 12X*hH ! > |0],

implying that n > 0. Since n > 0 and n < 2 cannot occur simultaneously when n
is even, the lemma follows. O

Let

> 62" Ta’bae M.

n+6>

A= (0.4 —0.05m )P~/ p6/5, (4.13)

In Lemma 5, we proved that b > A whenever u, u+ a,u + b are distinct elements

of S(M). Therefore, if ug, uy, ..., us are the elements of S(M), listed in increasing
order, the set S'(M) = {ug, uz, uy, ...} has no gaps < A and satisfies

|S(M)| < 2|S"(M))]. (4.14)
We will use (4.14) and Lemmas 7 and 8 to prove the following result.

Proposition 1. Suppose h = 5z'/"logx, let A = 1.04 and z > €, and suppose
that 11h < M < z*7. Then

|S(M)| < h(os(M) + o4(M)), (4.15)
where
o3(M) = (0.42122"7 4 0.19002 =" M) L™ + 0.0374z"/* M ~/3, (4.16)

and

951 —2/3M11/3 if M <1 1/6
04(M):{095 O if M < 182/, (417

5.1698x /MY if M > 18x1/6.
Remark 1. Notice that when z is relatively small, the condition M < 18z'/6 is

impossible, and so only the second condition will be used in the range of “small”
values of z.

The proof of these proposition uses the set
T(M;a) = {u: u,u + a are consecutive elements of S’(M)}
to bound |S'(M)|. The starting point is the elementary identity
|S'(M)| =1+ |T(M;a)] =1+ Y |T(M;a)], (4.18)

a=1 a>A
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which is a direct consequence of the definition of T'(M;a). Further, for any B > A,
we have

> aT(M;a)| <) alT(M;a)| < (A= 1)M +1,

a>B a>A
SO

Y IT(M;a)| < (A= 1)MB™ + B,
a>B
Applying this inequality to the right side of (4.18), we find that, for any param-
eter B > 2,

S (M) <15+ (A=1)MB™ + > [T(M;a)]. (4.19)
A<a<B

Proof of Proposition 1. We select

B=06z"Y"M, §=0.19, (4.20)
in the application of (4.19). Fix an integer a, with A < a < B. By Lemma 8, if we
consider an interval I of length

1] < (3 —2X°m N2~ ' M7,
we must have b < 2A\°ha=?z~' M?® for any elements u,u +b € T(M;a) N I. Then
we can use (4.3) to get

2\%ha Sz MC

(0.0664)/3q=1z=1/3M7/3
< 7.0298a*ha~2E MM 4 1.

I T(M;a)N 1| < +1

Since we need at most
A—-1)M
(5 —2Xm~Y)a~ M a5z~ M7
intervals of length |I| to cover (M, AM], we conclude that
IT(M:;a)| < (0.2929¢°xM ¢ +1)(7.0298a*ha =23 M3 + 1)

< 2.0591ahz' P M~73 +0.2929a° 2 M ¢ + 7.0298a *hax 23 MM™/3 4+ 1.
(4.21)

Next, we use this to bound the right side of (4.19). With our choice of parameters,
(4.19) yields

+1<0.2929¢° 2 M6 + 1

(M) < 1.5+ 0046727+ > |T(M;a)|. (4.22)

A<a<B
a even

Next, we sum each of the four terms on the right side of (4.21) over a € [A, B).
Recall the inequality

Zk‘”<M (s > 0),

P s+1
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and note that B = dMx~ Y7 > 11hdz~"/" > 10.45log z > 2090. Thus,

. (B+2) (1.001B)s+
2, * < 2(s + 1) o(s+1)

2<a<B
a even

and we deduce

2
2.0591ha'PMTTE N 4 < 20591 (LOOLB)” s -3
4
A<a<B
< 0.0187ha /2 M—1/3, (4.23)
0.2929 - (1.001B)°
0.2929xM % Y d® < 1(2 VM5 < 0.0000121/7. (4.24)
A<a<B
Combining (4.20)-(4.24), we conclude that
|S'(M)| < hol(M) + 7.0208ha M3 N a7, (4.25)
A<a<B
where
o (M) = (0.2106z"7 4 0.0952 Y7 M) h~" + 0.0187z" /2 M~ 1/3. (4.26)

We estimate the sum on the right side of (4.25) in different ways, depending on
the size of M. When M < 182/%, we use that

4 4
Y oat< %) - 12 15 < 0.0677. (4.27)
A<a<B

a even

On the other hand, when M > 1826, we have A > 0.8306 - 18%/° > 26.6513, so

1 (A -
Y at< 2ot (5 - 1) < 0.2107TA™ < 0.36772%/ P M~18/5. (4.28)

A<a<B
a even

The proposition follows from (4.14) and (4.25)—(4.28). O

5. PROOF OF THEOREM 2

As stated in the introduction, the theorem can be checked by brute force for
x < e*!. Thus, we focus on proving it for x > e*!.
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5.1. Large z. Let x > €2 and set H = 11h in (2.2) and (2.11). We will use
Proposition 1 and Lemma 2 to bound |S(H,x/7)|.

Suppose first that H < 18x'/%, (in this case we can assume x > €?®!) we again
split S(H, %) according to the two cases in (4.17). When we apply Lemma 2 to
the bound (4.15) for M € [H, 182/, we find that

0.9519 - 18'1/32=1/18  0.03742 /21 H—1/3 3.8z1/42
10413 T 1_104/3 ) 1104
log log (22 log x) )

421og(1.04) log(1.04)

< 0.1552h + 0.25572Y " log 2 — 72.239627 < 0.2064h.

284)

|S(H,182'%)| < h (

+0.421227 (

Similarly, when we apply Lemma 2 to (4.15) for M € [182'/6, 22/7], we get
5.1698z 1/ L 0.0374- 187 1/3y—1/126 0.192/7
1—1.04-1/15 1—1.04-1/3 1—-1.04-1

5log x log 18
— 1
421og(1.04)  log(1.04)

< 0.1180h + 1.27852" " log & — 25.67912"/7 < 0.3737h.

151826, 2% T)| < h (

1+ 0.4212247 (

Hence,
|S(H,z*7)| < 0.2064h 4 0.3737h = 0.5801h. (5.1)

Next, we consider the case H > 182!/, noting that we must have z < ¢***. We

use the latter case of Proposition 1 for M in the full range (H, %], and we find
that

1—1.04-1/15 + 1—1.0471/3 1—1.04-1

logz  log(55logx) 1
7log(1.04) log(1.04)

< 0.2742h 4 1.53422Y/ " log z — 94.574227 < 0.5148h, (5.2)

1 —1/21 037421/21 [7—1/3 1921/7
(S(H, 27 <h<5 698 0.0374x ) 0.192

+0.421227 (

on noting that 94.57422Y7 > 0.0663h when x < .
To complete the estimation of |S(H, v/2z)|, we apply Lemma 2 to the bound in
Corollary 1 for M € [2%/7, ¥/2z]. This yields

0.1202z/7 log = log 2
S22 V22| <
IS V20)l < 777005+ S og(1.08) T 3Tog(1.04)

Combining (5.1)—(5.3), we obtain (2.11) with

+1<0.0011h.  (5.3)

0.5812 if H < 18z'/9,
03 = . 1/6
0.5159 if H > 18x'/9,
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for all z > €?9. Taking J = 100 in (2.6), we have oo(h, 100) < —0.0066 in the

same range. Furthermore, we have

0.2256 if > e84,

h.11) <
o>(h,11) {0.3020 if 7 > 200
Thus,

0.9750 if H < 18x'/9,

h. 100 h.11 h,11) <
00(h,100) 4 01 + 03(h, 11) + o3(h, 11) {0,9861 if H> 1826,

which establishes (2.12), and therefore the theorem, for z > ¢2%.

5.2. Intermediate z. Suppose that z > e*'. We take h = 22Y/°, H = 2.7h, and
A = 1.06, and apply Lemma 2 to the result of Corollary 2. We obtain

1.2604(0.06)(zH )3 log v/2x — log H

S(H,V2x)| < 1
ISUH, V20l < —— 5= log(1.06)
2log x log(5.4) — % log 2
< 0.3225h — 3 1 < 0.3354h.
* 151og(1.06) log(1.06) *

That is, (2.11) holds with o3(h,2.7) = 0.3354. As o3(h,2.7) < 0.3146, and
ao(h,6) < —0.0047 we get

Uo(h, 6) + 01+ O'Q(h, 27) + Ug(h, 27) < 0.8201.

This establishes that the interval (z,z 4 22'/°] contains a cubefree integer for all
x > e*'. Moreover, recalling the results of [8], we obtain the following proposition.

Proposition 2. For any x > 2, the interval (z,z + 2x1/5] contains a cubefree
integer.

Since 2z/° < 5217 log z for < €% the main result follows from Proposition 2
for < e%. Next, we prove that h = 102"/¢ is admissible when = > ¢%. With this
choice of h, we let H = 4h and A = 1.03. An application of Lemma 2 to the bound
of Corollary 3 yields

0.0726(zH—1)1/° 2log x
1—1.03-1/5 6log(1.03)

or o3(h,4) = 0.5891 in (2.11). Since o¢(h,20) < —0.0066 and o5(h,4) < 0.2207 for
x > €%, we deduce that

o(h,20) + oy + o5(h, 4) + o3(h, 4) < 0.9780.

|S(H,V2zx)| < < 0.5891h,

Since 1026 < 52Y7log x in the range z < 6, this establishes the theorem for
r < el



20 A. KUMCHEV, W. MCCORMICK, N. MCNEW, A. PARK, R. SCHERR, AND S. ZIEHR

By the same method we show that h = 8.52'/6 is admissible when z > e''.
With this choice of h, we let H = 5h and A = 1.01. In this case, applying Lemma 2
to the bound of Corollary 3 yields
0.0242(z H1)1/° 2logx

1-1.01-5 " 6log(1.00)
or o3(h,5) = 0.6767 in (2.11). Since oo(h,20) < —0.0066 and o5(h,5) < 0.1465 for
x > ' we deduce that

O'O(h, 20) + 01+ O'Q(h, 5) + 0'3(]1, 5) < 0.9914.

Since 8.52'/6 < 52Y7logx in the range x < €293, this completes the proof of
Theorem 2.

IS(H, ¥/2z)| < < 0.6767h,

As we close this section, we take a moment to record the following result, which
we just proved.

Proposition 3. For any x > %, the interval (x, 2z + 102'/%] contains a cubefree
integer, and for any x > ', the interval (x, x+8.52'/%) contains a cubefree integer.

6. ASYMPTOTIC RESULTS

We conclude by noting a few of the explicit bounds that can be obtained by
these methods if one no longer requires the bounds to be admissible for all values
of x > 2, allowing instead results valid for sufficiently large values of x.

Some of the possible results that can be obtained by tweaking the parameters
used in the proof of Theorem 2 are given in the statement of Theorem 3. To prove
any of those results, we reset the parameters m, J, A\, § that appear in the proofs of
Proposition 1 and Theorem 2 and then update the various constants. (When z is
as large as in Theorem 3, the inequality H < 182/¢ always holds, so only the first
case in the proof of Theorem 2 can occur.) To establish the claims of Theorem 3,
we always select J = 20, A = 1.002, and m = /log x(, where x; is the lower bound
on z in each result; we only vary the choice of . For example, when h = 227 log z,
x > €0 (hence, m = 23.4520---), and § = 0.38, we have

oo(h,20) + o1 + oa(h,m) + o3(h,m) < 0.9914.

For h = zY/7logz and = > 2% the choice § = 0.66 yields an upper bound of
0.9919; and for h = 3z'/"logz and x > ™%, § = 0.9 gives a bound of 0.9977.
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