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Abstract

Crittenden and Vanden Eynden conjectured that if n arithmetic progressions, each having modulus at
least k, include all the integers from 1 to k2"~*+! then they include all the integers. They proved this for
the cases k = 1 and k = 2. We give various necessary conditions for a counterexample to the conjecture;
in particular we show that if a counterexample exists for some value of &, then one exists for that k and a
value of n less than an explicit function of k.
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1. Introduction

We will use the following notation. S(m, a) is the set of integers x satisfying x = a
(mod m). We will refer to S(m, a) as an arithmetic progression, although strictly
speaking it is the range of one, with modulus m and residue a. Script capitals
(&7, B, ...) will be used to denote collections of arithmetic progressions, and P (&)
will denote the lowest common multiple of the moduli of the arithmetic progressions
occurring in &7. As usual Z is the set of integers, (a, b) is the greatest common divisor
of a and b, [a, b] is the closed interval from a to b, and log,, x is the logarithm of x to
the base m. The floor and ceiling functions [x ], and [x] have their usual meanings,
alb means a divides b and if p is a prime then p® || b means p®|b but p**' { b.

In 1958, Stein [12] conjectured that if &7 is a collection of n pairwise disjoint
arithmetic progressions with distinct moduli which does not cover Z, then there is
at least one integer in the interval [1, 2"] which does not belong to | j «/. In 1962
Erdos [3] showed that this conjecture would hold if 2" were replaced with n2", and
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made the stronger conjecture that if & is a collection of n arithmetic progressions, not
necessarily disjoint or with distinct moduli, such that | J & 2 [1,2"] then | J & D Z.
A proof of this conjecture was announced by Selfridge [9] at a meeting of the American
Mathematical Society, although apparently not published. A proof was published by
Crittenden and Vanden Eynden [1] in 1970 who in turn made the following conjecture

[2]):

CONIJECTURE. If &7 is a collection of n arithmetic progressions, each with modulus
> k, such that\| ) & 2 (1, k2", then | &/ 2 Z

The conjecture has since been published by Guy [4] and Porubsky [7]. Note that
the cases k = 1 and k = 2 of this conjecture are the same, and are equivalent to
the Erdds conjecture proven by Crittenden and Vanden Eynden. Note also that the
conjecture would not hold if [1, k2"~**!] were replaced by any shorter interval, for
the collection

o ={Sk,i):i=1,... k—1U{SQk 2%k :i=1,....,n—k+1)}

covers the interval [1, k2" **! — 1] but does not cover Z. Also observe that the interval
[1, k2"=*+'] could be replaced by any interval of the form [b + 1, b+ k2"**+!] without
changing the truth or falsehood of the conjecture. This observation will allow us to
simplify some of the proofs.

This paper is a contribution towards a proof of the conjecture. We show that if
the conjecture fails for any k then a minimal counterexample (defined below) must
possess certain characteristics, in particular that the value of n in the counterexample is
bounded above by an explicit function of k. This means that to establish the conjecture
for any value of k one needs only to check a finite number of cases, a process which
has been done elsewhere [10] for the case k = 3. Unfortunately the ‘finite number’
increases exponentially with k.

We begin with several general results which will be applied to the conjecture in
later sections.

Let P have prime factorisation

) p=TT_r
We define a function g by g(P) = 3_;_, ((; — (p; — 1) + 1).

THEOREM 1. If & is such that | J&/ # Z and P is the least positive integer for
which there exists an arithmetic progression S(P, a) which is disjoint from | } &/ then
|| > g(P).
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PROOF. Without loss of generality we can assume a = (. Let P have prime
factorisation as in (1). We fix some i, and for convenience write « for «;, p for p;.
For each of the g(p®) ordered pairs (8, k) in the set

(2) {B.k):Bell,a—1], ke[l,p—-1]}U{(a -1,0)}
we have, by the minimality of P,
U nse/p®,00n S kpP™) # 9,

since the intersection of the two arithmetic progressions is an arithmetic progression
with modulus less than P. Thus for each ordered pair (8, k), & contains an arithmetic
progression, say S(p* D, A) with p { D, such that

3) S(p*D, A)NS(P/p*,0) N S(p”, kp’™) # 0.

The Chinese Remainder Theorem implies that

) A =0 (mod (D, P/p%))
and
©) A =kp®"' (mod (p, p*)).

S(P, 0) is disjoint from this arithmetic progression so we have
A #0 (mod (p"D, P)).

Now S((p* D, P), 0) is the intersection of S((p?, p*),0), and S((D, P/p*),0),s0 A
cannot belong to both of these. However, we know by (4) that it does belong to the
second, so we conclude

(6) A #0 (mod (p7, p%)).
With (5) this implies that y > B, so that S(p” D, A) has the form
(7) S(D,m(D, P/p*)) N S(p”, kp?~' + np)

for some m and n, and with y > B. We get such an arithmetic progression for each pair
(B, k) allowed be (2) and since each is a subset of S(p?, kp?~") for the corresponding
pair (B, k) they are disjoint.

Thus we have g(p;") arithmetic progressions in & satisfying (7) for each prime in
the set {p;, p2, ..., p.}. This gives a total of g(P) arithmetic progressions. Our final
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step is to show that arithmetic progressions of the form in (7) but corresponding to
different values of p; are distinct.

Suppose not. Then there is an arithmetic progression in &, S(p] D, A) say, with
pi 1 D, which by (3) satisfies S(p] D, A)NS(P/p{, 0) # @ for some prime p;, and for
some prime p; distinct from p; satisfies S(p! D, A) N S(P/p;’, 0) # @. But it is also
clear that S(P/p{,0) N S(P/p;’,0) # @, so we have three arithmetic progressions
which intersect in pairs. Under such circumstances the three will have a non-empty
intersection (see, for instance, [5, Theorem 3.16)) so that S(p; D, A) intersects

S(P/p¥, 00N S(P/py,0) =S(P,0),

contrary to the assumptions of the theorem. This shows that arithmetic progressions
associated with different primes p; are distinct. Arithmetic progressions correspond-
ing to the same p; are disjoint (and therefore distinct) by the remarks following display
(7). Thus & contains g(P) arithmetic progressions.

The bound in this theorem can be attained for any P, for instance by using the
collection

[S(p;",kp?“) :Bell,a —11, kell, p, — 1]} ulspr, pih, i=1,...,1}.

The next definition and theorem give a technique which is often used in work on
problems concerned with covering the integers by arithmetic progressions.

Suppose we have a collection & = {S(d;,a;) :i =1,...,s,...,t} wheres <,
and an arithmetic progression S(D, A), and suppose that S(D, A) intersects S(d;, a;)
fori = 1,...,s, and not for i greater thans. Fori = 1,...,s weset§; = (D, d;)
and form another collection &* = {S(d’,a’):i =1, ..., s} where
8 di =di/§
and
9 a’D/8 = (a; — A)/é (mod d).

We call & the reduction of < via S(D, A) and S(d}, a;’) the reduction of S(d;, a;)
via S(D, A).

Note that §; divides a; — A and that D/§; and d; are relatively prime, so af is
uniquely defined modulo 4.

THEOREM 2. Let S(d*, a*) be the reduction of S(d, a) via S(D, A) and n be any
integer. Then A+ nD € S(d, a) ifand only if n € S(d*, a*).
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PROOF. Set 8 = (D, d), so that we have A = a (mod §) and
a*D/8 = (a— A)/8 (mod d/9).
Now A +nD € S(d, a) if and only if

nD=a— A (mod d)
ifand only if nD /8 = (a — A)/§ (mod d/$)
if and only if n = @™ (mod d/J)
if and only if n € S(d*, a”).

COROLLARY 1. If &7* is the reduction of a collection & via S(D, A), then | ) &
includes{A+iD:i=0,...,n— 1} ifand only if | J &* includes {0, ...,n — 1}.

PRrROOF. Immediate from the theorem.

A disadvantage of the reduction technique is that, in general, the modulus of
an arithmetic progression is decreased when it is reduced. This may mean that an
arithmetic progression with modulus greater than & turns into one with modulus less
than k which makes it ineligible for inclusion in a counterexample. We now introduce
another technique which has some of the properties of the reduction technique, but
which does not change the moduli of the arithmetic progressions. We call this
transformation 7,, where p is prime.

Let p be any prime and let S(p®d, a) be an arithmetic progression in which p { d.
We define 7, by T,(S(p“d, a)) = S(p°d, b) where

b=a (mod p%)

(10)
pb =a (mod d).

Similarly we define a transformation on a collection .2/ of arithmetic progressions:
T,(«) ={T,(S(d,a)) : S(d,a) € «}.

THEOREM 3. Let p be a prime and let 2 be a collection of arithmetic progressions.
Then\J &/ =Z ifand only if \JT,(#) = Z.

PROOF. Let P(&/) = p*P where p t P. Let m be any integer, and find another
integer n such that

n=m (mod p*)

11
b pn=m (mod P).
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We will show that m belongs to an arithmetic progression S(p“d, a) if and only if n
belongs to T,(p°d, a), where p does not divide d.

m e S(p°d, a)
ifand only if m = a (mod p*) and m = a (mod d)
if and only if n = a (mod p*) and pn = a (mod d)
ifand only if n € T,(S(p°d, a))

Since (11) describes a bijection from Zp ., to itself, it follows that each integer
belongs to an arithmetic progression in & if and only if each integer belongs to an
arithmetic progression in T,(&).

THEOREM 4. If S(p®d, a) is an arithmetic progression, ptd and 6 > a > 0, then
mp? € S(p°d, a) ifand only if mp®~" € T,(S(p*d, a)).

PROOF. Let T,(S(p°d, a)) = S(p*d, b). Then by (10), mp® = a (mod d) if and
only if mp?~' = b (mod d).

Also by (10) and the hypothesis that 6 > «, mp’ = a (mod p®) if and only if
mp®~' = b (mod p*). The theorem then follows.

2. Characterisation of a counterexample

For a given integer k > 3 we define a minimal counterexample for this k to be
a collection &7 of n arithmetic progressions, each with modulus at least &, and such
that  J & D [1, k2" **'] and | & # Z, and further such that

(a) n is the least integer for which such an & exists, and

(b) in any other collection of n arithmetic progressions having these properties,
the sum of the moduli of the arithmetic progressions is at least equal to the sum of the
moduli of the arithmetic progressions appearing in /.

This section will be concerned with obtaining constraints on the moduli of the
arithmetic progressions in a minimal counterexample.

In obtaining necessary conditions for & to be a minimal counterexample we will
often use proof by contradiction, showing that if ¢ did not possess the specified
property then it would be possible to construct another counterexample with lower
cardinality, or with the same cardinality and the size of one or more of the moduli
reduced. In the proofs we sometimes assume that a minimal counterexample &/ does
not cover 0. This involves no loss of generality.

THEOREM 5. If &/ is a minimal counterexample which does not cover 0, and
S(bc, a) belongs to &7 withb > k, ¢ > 1, then
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(@ UL 22\5(,0),
(b) a =0 (mod b),
() S(bc,a) € Sb,0).

PROOF. Write & = &* U {S(bc,a)}. Now S(b,a) D S(bc,a), so (J&™*) U
Sh,a) 2 U 21, k2" .

This means that &/*U{S (b, a)} is a counterexample to the conjecture, contradicting
the minimality of 27, unless

(12) (U w’*) USph,a) =2,

so we conclude that this is so. We assumed that &, and therefore «7*, does not cover
0, so 0 must belong to S(b,a). Thatis, a = 0 (mod b). This is part (b) of the
theorem. Part (a) then follows from (12), and part (c) from part (b).

COROLLARY 2. Suppose <7 is a minimal counterexample that does not cover 0, and
that S(d, a) is an element of &

(@ If2*|d and2* > k thend = 2°.
(b) If p is an odd prime, p**'||d and p* > k thend = p**'.

PROOF. (a) Suppose d = 2°d, where dj is odd and greater than 1. Then by part (b)
of Theorem 5 we have

(13) a =0 (mod 2%).
Since 2*7'dy > 2* > k, part (b) also implies that
14) a =0 (mod 2*"'dy).
Together (13) and (14) imply that

a =0 (mod 2%d,)

which implies .2¢ covers 0, a contradiction.

(b) Suppose d = p**'d, where dy > 1 and p is an odd prime which does not divide
dy. We again apply part (b) of Theorem 5 twice, first with p®*' in the role of b and
second with p®d, in that role, obtaining a contradiction as in part (a).

Note that Theorem 5 does not enable us to forbid all arithmetic progressions with

modulus p*d, with p* > kandd, > 1.1f d, is a prime or prime power withdyp®~' < k
we cannot obtain a contradiction as in the proof of the corollary. The next few results
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do give an improvement in the case of primes which are at least k. For these we need
the following definition.

An irredundant covering system is a collection of arithmetic progressions & such
that _J & = Z and such that no proper subcollection of & has this property. Such col-
lections are also sometimes called regular covering systems or just covering systems.
We use two properties of such systems, the first of which is proved in [11].

THEOREM 6. If & = {S(d;,a;) : i = 1,...,t}is an irredundant covering system,
and p is a prime dividing P(&), then the set {a; . p | d;} contains a complete residue
system modulo p.

THEOREM 7. If &/ is a minimal counterexample and p is a prime greater than or
equal 1o k, then for all integers b we have | J o/ 2 7\ S(p, b).

PROOF. Suvopose otherwise, so that &/ U {S(p, b)} covers the integers and any
irredundant subcovering of it must contain S(p, ). By Theorem 6, & therefore
contains at least p — 1 arithmetic progressions whose moduli are divisible by p and
which are disjoint from S(p, b).

We now reduce the collection {S(d, a) € & : S(d, a) N S(p, b) # P} via S(p, b),
to obtain a collection &7* with

(15) |@*| <n—p+1.
Now & being a counterexample implies
Ue 2027 1nS(p.by={b + ip:i=0,... [k2"*/p] - 1}.

Here we have assumed, as we may, that 1 < b < p. By Theorem 2 we then have
(16) U 210, (k27 —1).
Also, since | & 2 Z\S(p,b), U« # Z, we have | J& 2 S(p,b). Again by
Theorem 2 we therefore have | &* # Z.

Using the k = 1 version of the conjecture (which is the case proven by Crittenden
and Vanden Eynden) and equation (16) we have [k2"~**!/ p] < 2"=P+! which leads to

p —log, p < k —log, k. This is impossible since the function x — log, x increases
with x for x > 2 and we have p > k > 2. This contradiction proves the theorem.

COROLLARY 3. Suppose o is a minimal counterexample, p is a prime at least k
and S(pd, a) belongs to /. Thend = 1.
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PROOF. Suppose that d # 1. We may form another minimal counterexample o7*
which does not cover 0 and whose elements have the same moduli as the corresponding
elements of «7. Then by part (a) of Theorem 5 we have | #* 2 Z\S(p, 0) which
contradicts Theorem 7.

This corollary gives the first important constraint on the moduli appearing in a
minimal counterexample. We have shown that each such modulus is either a prime
at least k or a product of primes less than k. The corollary to the next theorem will
provide a further constraint on the arithmetic progressions with prime modulus. We
first remark that any arithmetic progression with modulus d is the union of [k/d]
arithmetic progressions each with modulus at least &, since

S, a) =" S(Tk/d\d. a +id)
and [k/dd > k.

THEOREM 8. If & is a minimal counterexample and S(dy, ap) is an arithmetic
progression such that | ) &/ 2 S(dy, ap) then

a7 Z [k(d,dy)/d] +log,dy > |{S(d,a) € F(d, dy) > 1}].

S(d.a)esal . (d.dp)>1,
a=ay (mod (d.dp))

PROOE. We set

& ={Sd,a) e & :(d,dy) > 1, a =ay (mod d, dy)},
2h ={8Sd,a) e & :(d,dy) > 1, a # ay (mod d, dy)},
ot =1{Sd,a) e o : (d,dp) =1} and |&,| =N, fori =1,2,3.

No arithmetic progression in 2% intersects S{(dy, ag) so
| U #h) 2 S(do, ao) N (1, k2",
If we assume, as we may, that 1 < gy < d, then we have
U@t uas) 2 (a0 +ido i =0, k2" — ag)/dl}.
We now reduce @/ and % via S(dj, ao) to get &7* and &7 so that by Corollary 1,
Ut v 210, 14277 /do) — 1.
From this we see that

(18) LJIS@.a+1): 56, a) € @ Uag)) 2 (1, 162" /dy 1.
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By Theorem 2 and our assumption that |_J & does not include S(dy, ay) the collection in
(18) does not cover the integers. It thus has some of the properties of a counterexample.
However the reduction of an arithmetic progression S(d, a) via S(dy, ao) has modulus
d/(d, dy) and in the case of those arithmetic progressions in &7 this may be less than k.
To overcome this difficulty we replace each arithmetic progression that appears in the
collection in (18) and that originated in &/ with [k(d, dy)/d] arithmetic progressions
each having modulus at least k, as described in the remark preceding Theorem 8. We
combine this collection with {S(d,a + 1) : S(d, a) € &4} to form a new collection
PB; | ) & is then identical to the left-hand side of (18), each modulus appearing in it is
at least k and

(19) |Bl= ) [k do)/d1+N;=N, say.

S(d.ayess,

By (18) and the remarks following it, we also have

(20) Uz v *van (Jz#z

Now the sum in (19) is the sum that appeared in (17). If it is at least N, + N, we
have already established inequality (17) since the right-hand side of that inequality is
N+ N,. We therefore assume it to be less than Ny+ N, sothat |B| < N\+N,+Ny = n.
Since &/ is a minimal counterexample, we have |k2"**!1/dy| < k2VN—**1 This
leadsto N > n — log, d,.
On substituting for N and n and recalling the definitions of & and @ we obtain
the required inequality.

COROLLARY 4. [f & is a minimal counterexample and p is a prime number, p > k,
then the number of arithmetic progressions in of having modulus p is less than log, p.

PROOF. By Corollary 3 the only arithmetic progressions in %/ having modulus
divisible by p have modulus equal to p. We can therefore choose a residue class
modulo p, S(p, ap) say, which intersects no arithmetic progression in & with modulus
divisible by p.

We now use S(p, ag) in the role of S(dy, ap) in Theorem 8. By the preceding
remark we see that the sum that appears in the statement of that theorem is empty. We
then have

log, p > 1{SWd,a) € & : (d, p) > 1}]
= |{S(d,a) e & :d = p}|.

The final results of this section concern those moduli which are divisible by primes
less than k.
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THEOREM 9. If &7 is a minimal counterexample which does not cover 0, p is a
prime less than k and < includes a subcollection {S(p*,ip* ") :i=1,...,p—1},
then a = [logk/log p1.

PROOF. Notice that with 8 = [logk/ log p], the least power of p which is not less
than k is p?, so we must have

@1 a > Tlogk/log p1.
Suppose we have strict inequality in (21) and write & = & U o U o4 where

o ={Sd,a) e & : p"*' | d},
oh ={5(d,a) € & : p* | d},
o = {S(d,a) € & : p* {d}.

Now by hypothesis || > p — 1, and by our supposition p*~' > k.

Corollary 2 and Theorem 5 then imply that any arithmetic progression in % has
the form S(p®, ip*~') and that o 2 Z\S(p*~', 0).

Since & does not cover 0, 2% does not contain S(p®, 0) so | 2% € §( p"“, O\
S(p*, 0).

Similarly we have U2, C S(p©, 0).

These last three inclusions imply | 24 U S(p*~', 0) = Z.

We now use the transformation 7, introduced in the first section. By Theorem 3
the above display implies

UL @) U, ", 0) =2
Since S(p*~', 0) is not changed by T, this is equivalent to
(22) U T (a) 2 \8(p", 0).

We now turn our attention to the collection ;. If S(d, a) is an element of this then
by its definition and Corollary 5 both a and d are divisible by p. We form another
collection &* = {S(d/p,a/p) : S(d, a) € &} and note that each modulus appearing
in & is at least p* which is at least k.

Since we have shown that | ) &% is disjoint from S(p*, 0) we have

Ut uas) 2 5%, 0 NI k2
={ip*:i=1,..., k2" /p*]}.

Now ip® belongs to an arithmetic progression in <7 if and only if i p*~! belongs to
the corresponding arithmetic progression in 7*. Also, by Theorem 4, i p” belongs to
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an arithmetic progression in % if and only if i p*~' belongs to the equivalent arithmetic
progression in T,(2%). Thus

U uT,(aa) 2 {ip™™" i = 1., (k277 p* ),
e uT,(a)) 2 {0},

Since by (22) the collection @7* U T, (%) covers all integers which are not divisible
by p*~', the least positive integer not covered by the collection is at least

Lkzrl—k+1/paJ pa—l + pa—l - I_kzn_k+l/pJ-
We therefore have

Ut U T, () 2 10, k2" /11,
e u T, (a9 # 2,
| UT, ()| <n—p+]1,

and each arithmetic progression in the collection has modulus at least k. Since & was
assumed minimal we must have [k2"**!/p| < k2"~P~*+2 which leads to 27 < 2p,
which is impossible for p > 2. This contradiction proves the theorem.

COROLLARY 5. Suppose that 2/ is a minimal counterexample that does not cover (.
(a) The highest power of 2 dividing P(</) is at most 2/°&2%1,

(b) If pisanodd prime less than k, the highest power of p dividing P (&) is at most
[log, k1+1
g

PROOF. (a) Let 2% be the highest power of 2 dividing P (7). Then & contains an
arithmetic progression of the form S(2°d, a). If 2* < k we are done, and if 2* > k
we have, by Theorem 5 and Corollary 2, $(2°d, a) = S(2%,2*7").

By Theorem 9 we then have o = [log k/ log 2] as required.

(b) We prove this part by contradiction. Suppose that p**! is the highest power pf
p dividing P (%) and that

23) a > [logk/log p].

Then & contains an arithmetic progression of the form S(p*™'d, a). By Theorem
5, part (a), we have | & D Z\S(p®,0). Thus | J & covers S(p*,ip*~') fori =
I,..., p— 1 but does not cover S(p*, 0). For this to occur & must contain p — 1
arithmetic progressions of the form S(p“d;, a;) with

a—1

a=ip* (mod p*) fori=1,....,p—1.
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By Theorem 5 each d; equals 1, so these arithmetic progressions are precisely
{S(p*,ip*H:i=1,....,p—1}.
But now Theorem 9 says that @ equals [log k/ log p], contradicting (23).

3. A ssieve for the problem

In this section we are concerned with arithmetic progressions having prime modulus
> k, and derive an upper bound on the length of an interval that can be covered by n
such arithmetic progressions. In the next section we apply this result to the conjecture.
We begin with some notation.

Throughout this section &/ is a collection of arithmetic progressions, each with
prime modulus, and & a positive integer > 3. For each prime p set

c(p)=1{Sd,a) € & : d = p}|.

The collection & also satisfies the following conditions

(24) || =n,
25 c(p)=0 if p <k,
(26) c(p) < |log, p] otherwise.

The section’s first theorem gives some lower bounds on the number of positive
integers < N which do not belong to Ug?. It is similar to Lemma 2 of [1].

THEOREM 10. With the above notation, let {p;, p, ..., p;} be the set of primes for
which c¢(p) # 0, and write ¢; for c(p;). Let N be any positive integer and let s be an
integer satisfying 1 <s <.

(a) [m:lgmsN,mQ’Ud

s—1

t t s—1
>N (1 - Zci/pi) l_[(l —ci/pi) — (1 + ZQ) l—[(l + ).
i=s 1 i=1

i=s

i=

(b) {m:lfmsN,mQ’U;a/’

>N —c(IN/pil+ 1) =Y cllN/pi] — i LN/pipi) + D).

i=2

© {m:lfmfN,méU,Qi I
>N - ¢(IN/pi]l+ 1) +cic:|N/pip2]

i=l

+ Y _ciellN/pipi] + 2N/ papi] — c12(LN/ pipapi] + D).
i=3
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PROOF. We shall use 3"’ to denote a sum in which at most one of the subscripts is
> s and all allowable subscripts are covered. Note that, with this notation, for any

X1y X250 005 Xpy

27
! s—1
LY 0+ Y i et Y s, <1+Zx,.> [T+ .
i=s i=1
Fori = 1,2,...,t we let §; denote the union of those arithmetic progressions

in & which have modulus p,. From the Chinese Remainder Theorem each set of
Pi, Pi, - - - Pi, consecutive integers contains exactly ¢; ¢;, - - - ¢; elements of S;, N S;, N
---N S; and hence

(28) 1S, 08, NS, N LN =N/ [T el [Te, + E] e
j=l j=l1 j=1

where E satisfies 0 < E < 1. It follows that

(29) 1S, NS, N---NS, NILNI=N][]e,/p, + E[]ey
j=1 j=l

where E' satisfies —1 < £ < 1.
We denote the characteristic function of a set A by x,. With this notation

4 s—1
Xewe = [ (1= xs) [0 = xs)
i=s i=l

1 5—1
> (1 - ZxS,.> [Ta - xs.
i=s i=1
Using identity (27) with — . in the role of x; we obtain

X2\ = 1 _Z,XS:‘ +Z,XS;XSj — .
i ij

Using the fact that for any sets A and B we have xsnp = XaXxs We obtain

N
Hm :1<m<N,m &’Uﬂ}‘ =ZXZ\Ud(m)
(30) m=I
>N-Y ISNLNI+ D ISNS0L N =
i ij
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Using equation (29) we see that the right-hand side of (30) is greater than

N—Z’(N%+ci)+2'<Ncicj —c,—c,)—m

ij pip;

We now collect those terms involving N and those not involving N, apply identity
(27) to each collection of terms, and obtain part (a) of the theorem.
To obtain part (b), we set s = 1. Using (30) and (28), we obtain

[mtsmsn mgJa}| 2 N3 GNP+ e+ 3 calWN/pipid),
i=] i=2

and the right-hand side simplifies to the right-hand side of part (b).
Part (¢) is obtained in the same way as part (b) after setting s = 2.

Parts (b) and (c) of this theorem are used in the next section. We use part (a) to
derive a corollary, but first we need some more notation: we set

M) =max {N: | o 211 M)}
If | & does not include 1, we set M(«Z) = 0.
COROLLARY 6. Let py be a modulus appearing in & such that 1-) _ »20,C(P)/ P> 0.

(This will hold for sufficiently large py since the number of non-zero c(p)’s is finite.)
Then

I+3 ., c(p) 1—[ I +c(p)

(31 Mo .
) =T ewiir LT

PROOF. By the definition of M (&) we have
Hm:lSmSM(d), m&’U%H =0.
Thus we may use part (a) of the theorem with O replacing the left-hand side of the

inequality and M (<) replacing N on the right and p; in the role of p;. An easy
rearrangement then gives (31).

The rest of this section is devoted to getting upper bounds for M (). This requires
getting an upper bound for the right-hand side of (31) which is independent of the
values of the variables c(p). To do this we need yet more notation.
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We set :
p is an odd prime,
p’ is the prime preceding p,
x is a positive real number,
, , T+x
a0 =[]-2. wm=p-logpl. Va.p= 27,
pex P 1 1—x/p

and r (k, n) is the least prime r such that

r—1+ ZLlogszzn.

k<p<r

We notice that the left-hand side here increases with r and so the function is well
defined.

LEMMA 1. For p > Twe have p — 4 > W(p) > 2.

PROOE. Forsuch p, |log, p'] > 2andso W(p) < p'—2 < p—4. Also,forp’ > 5
we have log, p’ < p’/2andso W(p) > p'/2 > 2.

THEOREM 11. For fixed p > 7 the function V(x, p) is strictly decreasing as a
function of x in the interval [1, p — 2].

PROOF. We write f(x) = V(x, p). Then f(x) > O in the interval [1, p — 2] and
by logarithmic differentiation we have

£ p+l |
= —log?2
f)  d+x)(p—x)
p+1
S2p-1n €%

since the minimum of (1 + x)(p — x) on [1, p — 2] occurs at one of the end points.
For p > 7 we have

p+1
- < log?2
2p—1 -3 %8
and since f(x) > O it follows that f'(x) < 0. Thus f(x) is strictly decreasing on

[, p - 2l.

COROLLARY 7. If m is an integer satisfying 0 < m < |log, p], then

(32) Vim,p) < p/(p—1D.
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PROOF. It is easy to check that this holds for p = 2, 3, 5 and whenever m = 0. For
p > 7 we use Theorem 11, which says that V (m, p) attains its maximum value in the
interval [1, p — 2] whenm =1, and clearly V(1, p) = p/(p — 1).

COROLLARY 8. The function A(p)V (W (p), p) is strictly decreasing for p > 5.

PROOF. 1t is easily checked that

AMDVW(D,T) < AB)V(W(),5).
and

AQHVWAD, 1) < A(HVW(D), T).

We therefore assume p > 11 and let p* be the prime immediately succeeding p.
Using Lemma 1 and the definition of W we then have

l<WP)+1<W(ph) <pt -2
Applying Theorem 11 we then have

VWD, pH) < VIW(p)+1,pH) < VIW(p)+ 1, p)

1 1 1
=—f{14+ ——— 14—\ V(W . D).
2( +1+W(p))( +p—(W(p)+1)> Wip).p)

Using the bounds on W(p) in Lemma 1 this is at most

-1
P _vwp). p).

1 1 1 8
5 (1 + 5) (1 + 3) V(W(p), p) = §V(W(p), p) <

for p > 11. Since A(p*) = p/(p — 1)A(p) this establishes the corollary.

LEMMA 2. If m is an integer, m > 2, we have A(m) < 2logm.

PROOF. By direct calculation we find that the inequality holds for m < 18. For
higher values we use the following known result (see [8, Theorem 8, Corollary 1]),

l_[ P logm (1 + (logm)™?),
p<m P~ 1

where y is Euler’s constant. This holds for all real m exceeding 1. If m > 19 then the
right side is less than

1.79 (1 + (log 19)™*) logm < 2logm.
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LEMMA 3. With r = r(k, n) as defined above, and with r' = r'(k, n) being the
prime preceding r(k, n), we have fork > 3 andn > 10 :
(@) r(k,n) > 2n/5,
) r'tk,n) >n/3,
() rk,n) <2n.

PRrROOF. (a) It is sufficient to show that this holds for ¥ = 3. To do this we show
that if » < 2n/5 the inequality defining r (3, n),

(33) r—1+ Y llog,pl=n

3<p<r

does not hold. We note that

Z Llog, p| < Zl(’gzp -1

3gp<r p<r

<0O()/log2 -1,

where ®(x) = Zp log p. Now [8, Theorem 9], states that for x > 1, ®(x) <
1.01624x. Applying this we find that for r < 2n/5,

r—1+ Y llog,p] <r+(1.017/log2)r <n

3<p<r

contradicting (33).

(b) This may be checked for valuesof 9 < n < 57. Ifn > 57 we have r(3, n) > 31.
Nagura [6] has shown that for p’ > 29 we have p’ > 5p/6. Applying this and part (a)
of the lemma gives the result.

(c) Let s(n) be the least prime satisfying s(n) — 1 > n. Clearly s(n) > r(k,n)
for all k so it is sufficient to show that s(n) < 2n, and this follows from Bertrand’s
Postulate.

We can now prove the main result for this section.

THEOREM 12. If & is a collection of arithmetic progressions satisfying the condi-
tions specified at the beginning of this section with k > 3 and n > 12 and p, being
the least prime satisfying py > Y c(p), then

(a) M) < f;((’]’( ")) V(W (po), po)2", and furthermore,

(b) ifr =r(k,n), then

PZ=po

A(r) .
M) < MV(W(r), ry2",
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PROOE. It follows from the fact that > c(p) = n > 12 and from inequality (26)
that py, > 7. We set

(34) X=7 clp

PZpPo

which implies X < po. We then have

(39) 1= c(p)/p=1—X/py>0.
pPZpo
From (34) we have
]2 =1
P<po

Using this and (34) in Corollary 6 (the use of which is justified by (35)) we obtain

1+X e 1 Hc(p)
M JZ{ on X 2 copy__ -~ M7
“D <X/ ll 1 —c(p)/p
=2'V(X, po) [ [ Vc(p), ).
p<po

We see by equation (25) that the product is not affected by factors corresponding to
primes less than k. Applying Corollary 7 to each of the other factors we obtain

2 A(Po)
(36) M) <2 _A(k) V(X, po)-

We now obtain some bounds on X in terms of p,. The first comes from the
definitions of X and py:

37 po—1=X.

Next, let p; be the prime preceding py. By the definitions of X-and p, and by
inequality (26),

Py < Y c(p) < X + [log, pyl.

Pzp
This and inequality (37) give
(38) W(py) <X < po— 1.
Since X is an integer we have, by Theorem 11,

39 V(X, po) < max{V(W(po), po), V(po — 1, po)}.
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Using Lemma 1, Theorem 11, and the definition of V (x, p) and the fact that p, > 7
we obtain

VW), po) _ V(Po—4 pPo) _ yPo— 3 -

= 1.
Vipo—1,p0) — V(pe— 1, po) Po

Thus the maximum in (39) is V(W (ps), po) and so by (36),

A(po) n
(40) M) < mV(W(Po), Po)2".

This is part (a) of the theorem. We note that

X=n=> cp)zn— Y llog,p].

P<po k<p<po

Combining this with inequality (37) we obtain

po—1+ > llog, p] = n,

k<p<po

So that py > r(k, n). Using this inequality, Corollary 8 and (40), we obtain part (b)
of the theorem.

For applications in the next section we use the following weaker but more conveni-
ent bound on M ().

COROLLARY 9. If & is a collection of arithmetic progressions satisfying the con-
ditions specified at the beginning of this section with k > 3 and n > 12 we have

M() < 16log2n°2* [ A(k).

PROOF. With r = r(k, n) and r’ being the prime preceding r we have, using part
(b) of the theorem and the definitions of V and W:

A(r)(l +r - Uog2 rlJ)rz—r'+Llog2 r'l+n
A(K)(r —r' + |log, r'])

- AT Yr or'ta

A(k)log, r

M) <

Using the estimates of Lemmas 2 and 3 we obtain the required inequality.
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4. Bounds on the cardinality of a minimal counter-example

In this section we obtain an upper bound on the cardinality of a minimal counter-
example for arbitrary values of k > 3. This means that the conjecture could be verified
for such values of k by checking a finite number of cases. The final section of the
paper discusses this.

Let & be a minimal counterexample that does not cover 0; then by Corollary 3
each arithmetic progression in .2 lies in one of the following collections:

& = {S(d, a) € & : dis aproduct of primes < k},
& ={S(d,a) € & :disaprime > k}.

Let |7 | = n; and |;| = ng, and let P be the least modulus such that there exists an
arithmetic progression S(P, A) satisfying S(P, A) N (Ugs,) = @. It follows from the
Chinese Remainder Theorem that P divides P (%), that is, P is a product of primes
less than k.

We now obtain two inequalities involving P. With g the function defined in the
first section and using Theorem 1 we have

(4D np > g(P),

and by Theorem 8 with S(P, A) in the role of S(dy, ap) if P > 1 and noting that
n; = 0when P = 1, we have

42) n; <log, P.

THEOREM 13. With P and <&/ as defined in the previous paragraphs, mw(x) being
the number of primes less than x and ©(x) = Zp log p, where the sum is over all
primes less than x, we have
(a) log, P —g(P) >0,

(b) log, P — g(P) < ©(k)/log2 — m(k),
(c) 3log, P—2g(P) < [log, k1+(3log,3—4)[log; k1 +3O(k)/log2—2r (k) —1.

PROOF. Part (a) is an immediate consequence of inequalities (41) and (42). For
parts (b) and (c) we suppose P has prime factorisation P = [[;_, p{". Then

log, P — g(P) =Y (a;log, pi — (@; — )(p; = 1) — 1)
i=]

t
= Y (ai(log, pi — pi + 1) + p; — 2).
i=1
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The term in the inner brackets is at most O for any prime p; so the expression is
maximised when each «; = 1. Thus

log, P — g(P) < ) (log, pi — 1)

p<k

= 0O(k)/log2 — m(k),

as required. This proves part (b). For part (c) we obtain

t
3log, P — 2g(P) = Y (ci(3log, p; — 2p; +2) +2p: — 4).

i=]
This time the term in the inner pair of brackets is negative for p; > 3. If p; equals
2 or 3 we apply Corollary 5. This leads to
3log, P —2g(P)
< flog, k1(3log,2 — 2) + (1 + [log; k1)(3log, 3 —4) + 2 + Z (3log, p —2)

3<p<k

< [log, k] + (3log, 3 — 4)[log, k1 + 30 (k)/log2 — 2w (k) — 1,

as required.

We can now prove our main theorem.

THEOREM 14. If &7 is a minimal counterexample for some k > 3, then n is less
than

3(O(k)/log2 + k) — 2m (k) + 36log, k + [log, k1 + (3log, 3 — 4)[log, k] — 4.

PROOF. We assume, without loss of generality, that 2/ does not cover 0. Since
U N S(P, A) = @ we must have | J &% 2 S(P, A) N[1, k2"~*+1].

Reducing <7; via S(P, A) we obtain a collection &7;* which satisfies conditions
(24) to (26) and such that U&/;* contains [k2"~**!/P| consecutive integers. By
adjusting the residues of the arithmetic progressions in &/;* we can form another
collection &/ **, say, for which M (| &% * *) > [k2"~**!/P]. We use this to obtain
an upper bound for ng in terms of k and P. We first assume that n; > 12. From
Corollary 9 we then have

16log2nk2¢ 3/ A(k) > k2" /P — 1.
Noting that

43) n=nsg+ng,
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and rearranging we obtain

(44) 161log2n}27"6/* > kA(k)2 *H+mloe P _ A(k)2no,

We claim this implies

(45) ng <3k —1-~n, +log, P+ 12log, k).

To show this suppose that this inequality does not hold. Then, for & > 3 and using
inequality (42) we see that ng > 12. For such ns the left-hand side of (44) is
decreasing, so it is sufficient to consider the value of the left-hand side of (44) when

ng =3k —1-n; +log, P+ 12log, k).
We find, using inequality (41), part (b) of Theorem 13 and this value of n¢ that,

16log2n} 27"/
< 432log2(k — 1 4+ ©(k)/log2 — m(k) + 12log, k) k13~ +1+n—low P

Now
432log2(k — 1+ ©(k)/log2 — m(k) + 12log, k)*k"*
is decreasing with k, and when k = 3 it equals 0.6574 . .., and so
161log 2n}27"6/3 < o k+!tn—log. P

and is certainly less than the right-hand side of (44). This establishes inequality (45)
in the case ng > 12.
If ng < 12itis easy to see that inequality (42) still holds using our assumption that
k > 3 and inequality (42). We now obtain our bound on n. Using (43), (41) and (45)
we have
n<3k-—1—n,+1log, P+ 12log, k) +n,
<3k —3436log, k +3log, P — 2g(P).

Applying part (c) of Theorem 13 gives the inequality of the theorem.

5. Discussion

We have shown that if a counterexample to the conjecture exists for a given k then
one exists for that k£ and n bounded by the expression in Theorem 14. For such an n
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there are a finite number of ways the interval {1, ..., k2"~**'} can be partitioned into
n sets, so we could examine each of these to see whether any corresponds to a set of
arithmetic progressions with common differences greater than or equal to k. If none
did the conjecture would hold for this value of k.

Although possible in principle, the time required for such an undertaking would
be prohibitive, even for low k. A more practical method is to run through the values
of n allowed by Theorem 14, and for each of these consider the casesn, =0, ..., n.
We can get a bound on the maximum value the function M (&) can take for these
values of k and ng using part (b) of Theorem 12. Note that this is much stronger than
Corollary 9 since the value of the bound can be calculated exactly rather than relying
on the weak bounds of Lemmas 2 and 3. As in the proof of Theorem 12 we have
M(/) > k2"~%*1/ P which becomes

log, P > log, (k2" **' /M (7)),

which gives an explicit lower bound on log, P. Using part (b) of Theorem 13 and
(41) we get a lower bound on n;. For most values of n and n; this bound will be
incompatible with n; + n; = n. This process will get rid of most {n;, ns} pairs.
Those remaining must be considered separately: in each the set of allowable arithmetic
progressions is restricted by the various conditions obtained in Section 2. In estimating
M (<) primes which are greater than M (&7) can only cover one integer in [1, M (&7)]
so such primes are all equivalent. The process has been performed successfully for
the k = 3 case [10].
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