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Abstract

An old question of Erd6s asks if there exists, for each number N, a finite set S of integers
greater than NV and residue classes r(n) (mod n) for n € S whose union is Z. We prove
that if 3 .o 1/n is bounded for such a covering of the integers, then the least member of
S is also bounded, thus confirming a conjecture of Erd6s and Selfridge. We also prove a
conjecture of Erd6s and Graham, that, for each fixed number K > 1, the complement in Z of
any union of residue classes r(n) (mod n), for distinct n. € (N, K N], has density at least d i
for N sufficiently large. Here dx is a positive number depending only on K. Either of these
new results implies another conjecture of Erdés and Graham, that if S is a finite set of moduli
greater than IV, with a choice for residue classes (n) (mod n) for n € S which covers Z, then
the largest member of S cannot be O(NN'). We further obtain stronger forms of these results
and establish other information, including an improvement of a related theorem of Haight.

1 Introduction
Notice that every integer n satisfies at least one of the congruences
n =0 (mod 2), n =0 (mod 3), n =1 (mod 4), n = 1 (mod 6), n = 11 (mod 12).

Such a collection of congruences, where each integer satisfies at least one them, is called a covering
system. A famous problem of Erdds from 1950 [3] is to determine whether for every N, there is a
covering system with distinct moduli greater than V. In other words, can the minimum modulus
in a covering system with distinct moduli be arbitrarily large? In regards to this problem, Erd6s
writes in [5], “This is perhaps my favourite problem.”

There are various other problems that have been posed aiming at a better understanding of
what must happen when the minimum modulus in a covering is large. In a covering system with
distinct moduli which have a reciprocal sum that is O(1), must the least modulus also be O(1)?
Erdds and Selfridge ([4]; also see [8], §F13) have conjectured that the answer is yes. Restated,
their conjecture is as follows.

Conjecture 1. For any number B, there is a number Nz, such that in a covering system with
distinct moduli greater than Ng, the sum of reciprocals of these moduli is greater than B.

A version of Conjecture 1 also appears in [6]. Even with B = 1.001, this is an intriguing question
which apparently is difficult to answer. (The conjecture is trivial for B < 1.)

Whether or not one can cover all of Z, it is interesting to consider how much of Z one can cover
with residue classes r(n) (mod n), where the moduli » come from an interval (N, K N] and are
distinct. In this regard, Erdés and Graham [6] have formulated the following conjecture.



Conjecture 2. For each number K > 1 there is a positive number dg such that if N is sufficiently
large, depending on K, and we choose arbitrary integers r(n) for each n € (N, KN], then the
complement in Z of the union of the residue classes (n) (mod n) has density at least d k.

In [5], Erd6s writes with respect to establishing such a lower bound d for the density, “l am not
sure at all if this is possible and | give $100 for an answer.”

A corollary of either Conjecture 1 or Conjecture 2 is the following conjecture also raised by
Erdds and Graham in [6].

Conjecture 3. For any number K > 1 and N sufficiently large, depending on K, there is no
covering system using distinct moduli from the interval (N, K N].

In this paper we prove strong forms of Conjectures 1, 2, and 3.

Despite the age and fame of the minimum modulus problem, there are still many more ques-
tions than answers. We mention a few results. According to [13], the largest known minimum
modulus of a covering system with distinct moduli is 24, a result of Morikawa from 1981. If
r; (mod n;) fori = 1,2,...,1is a covering system, then > 1/n; > 1. Indeed, each residue class
r; (mod n;) covers density 1/n; of the integers, and as the density of the union of these residue
classes is at most the sum of the individual densities, we have the inequality. Assuming that the
moduli n; are distinct and larger than 1, it is possible to show that equality cannot occur, that is,
>>1/n; > 1. The following proof (of M. Newman) is a gem. Suppose that > 1/n; = 1. If the
system then covers, a density argument shows that there cannot be any overlap between the residue
classes, that is, we have an exact covering system. We suppose, aswe may, thatn; < ns < --- <my
and each r; € [0,n; — 1]. Then

l l

L — L — T ritn; Ti+2n; _ 2"
1_Z_1+z—|-z—|- —;(z +z +z +...)_ZZ:1:1_ZW,

The right side of this equation has poles at the primitive n;-th roots of 1, which is not true of the
left side. Thus, there cannot be an exact covering system with distinct moduli greater than 1 (in
fact, the largest modulus must be repeated).

Say an integer H is “covering” if there is a covering system with distinct moduli with each
modulus a divisor of H exceeding 1. For example, 12 is covering, as one can see from our open-
ing example. From the above result, if H is covering, then o(H)/H > 2, where o is the sum-
of-divisors function. Benkoski and Erdds [1] wondered if o(H)/H is large enough, would this
condition suffice for H to be covering. In [9], Haight showed that this is not the case. We obtain a
strengthening of this result, and by a shorter proof.

If one takes moduli ny,no,...,n; that are pairwise coprime, there is no mystery about the
density of the residual set if one sieves with these moduli. For any choice of residues 1, rs, ..., 7,



the Chinese remainder theorem implies that the asymptotic density of the residual set of integers
that are not covered by any of the residue classes r; (mod n;) is

l

[]a-1/n), (1.1)

i=1

which is necessarily positive if each n; > 1.

One central idea in this paper is to determine how to estimate the density of the residual set
when the moduli are arbitrary large integers, not necessarily pairwise coprime. We note that for
any ni,no, ..., n, there is a choice for r{,rq,...,r; such that the density of the residual set of
integers not covered by any of the residue classes r; (mod n;) is bounded above by the product
(1.1). Indeed, this is obvious if I = 1. Assume it is true for [, and say we have chosen residues
r1,T9, ..., 7 Such that the residual set R has density

H 1—1/ny).

o~

The residue classes modulo n;; partition any subset of Z, and in particular partition R, so that at
least one of these residue classes, when intersected with R, has density at least §/n,, ;. Removing
such a residue class, the residual set for the / + 1 congruences thus has density at most

I+1

0= 6/m = (1= 1/n1)d < [ ] = 1/ny).

i=1

Thus, the assertion follows.

Let us look for a moment at Conjecture 3 in the specific case K = 3. By the above argument,
there is a choice of residues so that if we use all of the integers in (N, 3N] as moduli, the residual
set has density at most 1/3. Conjecture 3 implies that for N large this density cannot be 0, and
Conjecture 2 implies that, in fact, the density stays bounded above 0 as N grows. If we sieve
optimally does this density approach a limitas N — oco? Is this limit 1/3 or is it smaller?

In general, if S is a finite set of positive integers, let §(S) be the least possible asymptotic den-
sity of a residual set with distinct moduli from S. Thatis, if S = {n,na,...,n},and ri, 7o, ..., 7y
are any integers, we may look at the residual set of integers n that do not satisfy any congruence
n =r; (mod n;),and choose ry, s, ..., r; S0 that this residual set has the least possible asymptotic
density. This minimum density is 6,(.S). Further, let

o(S) =[]0 ~-1/n),

nes
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so that we always have ,(S) < «(S). With this notation we now state our principal results.

Theorem A. Let 0 < ¢ < 1/3 and let N be sufficiently large (depending on ¢). If S is a finite set
of integers n > N such that

1 log N logloglog N
>l
n

= loglog N

then 6o(S) > 0.
Theorem B. For any numbers cwith 0 < ¢ < 1/2, N > 20, and K with

1 < K < exp(clog Nlogloglog N/loglog N),
if S is a set of integers contained in (IV, K N|, then
d0(S) = (14 o(1))(S)

as N — oo, where the function “o(1)”” depends only on the choice of c.

Using Lemma 3.4 below, we can make the o(1) term in Theorem B explicit in terms of NV and c.
Both Theorems A and B, as well as several other of our results, are proved in a more general context
of multisets S or, equivalently, where multiple residue classes are allowed for each modulus. Note
that Theorems A and B prove Conjectures 1 and 2, respectively, and so Conjecture 3 as well.

If we only bound from below the minimum modulus and remove the upper bound on the largest
modulus, then we are able to construct examples of sets of integers S where §,(.S) is much smaller
than «(S). This kind of result might be interpreted as lending weight towards the existence of
covering systems with least modulus being arbitrarily large.

Similar to the definition of (S), let §,(S) be the largest possible density for a residual set with
S being a set of (distinct) moduli. It is known from early work of Erdds [2], that for each e > 0
there is some n > 0, such that if S is the set of integers in (N, N**7], then §,(S) > 1 — ¢ for all
large N. This is achieved by taking the O residue class for each modulus in S. From Theorem 1 of
[7], it follows that for 0 < n < 1/2 and N large depending on 7, the density of integers which lie
in at least one of the residue classes 0 mod n for N < n < N'*7 is between ¢;n’(log 1/1)~%/ and
con’(log 1/n)~3/2, where ¢y, c, are positive absolute constants and # = 1 — (1 +loglog2)/log2 =
0.08607 ... (see also Theorem 21 of [11]). This raises a natural question (also raised in [6]). Is
it the case that for any finite set of positive integers S that are larger than 1, that 4, (.S) is attained
when we choose the residue classes so that there is a single integer that is in each residue class?

In the above example, we have §,(S) < a(S) < (14 0o(1))N~" = o(1) as N — oo, while
61(S) >, 1. What might we expect for the density of the residual set for a random choice of
residue classes with moduli in S? Should the typical case be closer to 64(S), a(S), or 61 (S)? We



show in general that for any finite integer set S, the average (and typical) case has residual density
close to a(5S).

Finally we mention another problem we have not been able to settle. Is it true that for each
positive number B, there are positive numbers Ag, Ng, such that if S is a finite set of positive
integers greater than Ny with reciprocal sum at most B, then 6o(S) > Ag? If this holds it would
imply each of Conjectures 1, 2, and 3.

2 A basiclemmaand Haight’stheorem

Let C be a finite multiset of ordered pairs of positive integers (n, ), which we interpret as a
collection of residue classes  (mod n). We say such a multiset is a residue system. Let .S = S(C)
be the multiset of the moduli » appearing in C. The number of times an integer »n appears in S we
call the multiplicity of n. By R(C') we denote the set of integers not congruent to » (mod n) for
any (n,r) € C. Since R(C) is a union of residue classes modulo the least common multiple of the
members of S(C), it follows that R(C') possesses a (rational) asymptotic density, which we denote
by 6(C). If C = {(ny,71),...,(n, )}, then we set

and

We set P(n) to be the largest prime factor of n. Also, p will always denote a prime.
Lemma 2.1. For any residue system C, we have 6(C) > a(C) — 5(C).

Proof. Let « = «(C) and § = B(C). We use inductionon {. If [ = 1, then § = 0 and the
statement is trivial. Let [ > 1; we will describe an induction step from [ — 1 to /. We denote

C'={(n,r1),..., (1, 1)}, C" = {(”j:rj) D g <l ng(”ja”l) =1},

-1
1 1
r_ n o_ o r_ r —
o —a(C)—H(l nj) and 8 = B(C") | §' : ——
j=1 1<j<I-1,
ged(ng,n;)>1




By the induction supposition,

5(C > o - B (2.1)
Also, . .
" ! _ ! _
sCy <sC+ ) o 5(C") + Z - (2.2)
n; €S(C\S(C) j<l

ged(nj,ng)>1
The density of integers covered by the residue class r; (mod n;) but not covered by 7; (mod n;)
for every n; € S(C") is equal to §(C")/n,. Therefore,
8(C") — 6(C) = density{n = r; (mod n;) : n € R(C")}
< density{n = r; (mod n;) : n € R(C")} = §(C")/m,

so that, by (2.1) and (2.2),

, , 1 1
6(0)za(c>—(6(0)+ > n—j)n—l
J<li
ged(nj,ng)>1

i >

i<l
ged(nj,ng)>1

> (1—%) (@ 8) - (B-8) > (1—%)0/—/3:04—&

This completes the proof of the lemma. O
Remark 1. The proof of Lemma 2.1 actually gives the better bound

(C)>a(C)— ) nInH(l_;_u)

i<j U g
ged(ng,nji)>1

There is a very interesting negative result of Haight [9]. As in the introduction, we say an
integer H is covering if there is a covering system with the moduli being the (distinct) divisors
of H that are larger than 1. It is shown in [9] that there exist integers H that are not covering,
yet Zd|H 1/d = o(H)/H is arbitrarily large. Although Haight’s theorem follows directly from
Theorem A (by taking K fixed, NV large and H to be the product of the primes in (IV, NX]), Lemma
2.1 by itself leads to a new (and short) proof of a stronger version of Haight’s result:



Theorem 1. There is an infinite set of positive integers H such that for any residue system C' with
S(C)={d:d>1, d| H}, we have

5(C) > (1+0(1)(C) and o(H)/H = (loglog H)'/? + O(logloglog H).
In particular, for large H in this set, no such C' can have §(C') = 0.
Proof. Let N be a large parameter, and let
H = H p.
evVIoe N log N<p<N

Then

1 1 1 1 loglog N + O(1)
1 c = “+0(=)) = ZloglogN — ,
wTim L (o)) a0

d|H evVIog N Jog N<p<N

by Mertens’ theorem. Thus, as log H = (1 + o(1)) N by the prime number theorem, we have

Zd (log N)¥2? —loglog N + O(1) = (loglog H)*? + O(logloglog H).
dH

Let C be a residue system with S(C) ={d:d > 1, d | H}. We have

log a(C Z log(1—1/d) = Z 1/d+0(exp(—v10gN)>,

des(C desS(C)

so that
a(C —exp( Vieg N + 0O(1 )logN.
Also, . )
HO<Y Y goe Y L Ly 3
d>1 dy,d2€5(C) d/H, d>1 dy a2 d|H, d>1
d|dy, d|da do|H
Further, ) .
Z 7S Z 7 < exp (—\/logN) (log N)™*
d|H, d>1 d>eVIE N log N
Thus,
B(C) < exp (—\/log N) = o(a(C))
and the theorem follows from Lemma 2.1. O



Remark 2. An examination of our proof shows that we have a more general result. Let 7 be the
set of integers H which have no prime factors below exp(y/loglog H) loglog H. As H — occinH
we have for any residue system C with S(C) ={d:d > 1, d | H} that §(C) > (1 + o(1))(C).
In particular, at most finitely many integers H € H are covering.

We also remark that the proof gives the following result. Say that a positive integer H is s-
covering, if for each d | H with d > 1 there are s integers 41, ..., 745 such that the union of
the residue classes r4; (mod d) fori = 1,...,s,and d | H with d > 1 is Z. Then for each
fixed ¢ > 0 there are values of H where o(H)/H is arbitrarily large, yet H is not s-covering with
s = [(loglog H)'~¢]. Indeed, take H to be the product of the primes in (exp ((log N)!=¥/3) , N|
and follow the same proof. This too strengthens a result in [9].

3 Thesmooth number decomposition

What makes our proof of Theorem 1 work is that the members of S(C') have no small prime
factors. We now try to introduce this idea in the general case by splitting the members of S(C)
into a smooth part and a part with no small prime factors. In this section we give some further
lemmas that quantify this decomposition.

Lemma 3.1. Let C be an arbitrary residue system. Let P be an arbitrary finite set of primes, and

set
M = H p'/(p)’

peEP

where v(p) is the exponent of p in the factorization of lem{n : n € S(C)}. For0 < h < M —1,
let C}, be the multiset

Cp = {(m,r) . (n,r) € C, r = h (mod ged(n, M))}.

Then

M—

5(C) = 1= 3 8(Ch)

h=0

—_

Proof. Fix hsothat0 < h < M — 1. For (n,r) € C, the simultaneous congruences
x = r (mod n), x = h (mod M)

have a solution if and only if r = A (mod gcd(n, M)), in which case the system is equivalent to
the system
x = r (mod n/ ged(n, M)), x = h (mod M).

9



Thus, R(Cy)N(hmod M) = R(C)N(hmod M). Observe that all elements of S(C},) are coprime
to M. Thus, the proportion of the numbers in R(C},) in the class ~ modulo A is equal to §(C},).
Hence, the density of R(C) N (h mod M) is 6(Cy)/M and the result follows. O

Lemma3.2. Let K > 1, and suppose S(C') consists of integers in the interval (IV, K N|, each with
multiplicity at most s. Suppose 2 > 2, and let P be the set of primes < Q. Define M and C}, as in
Lemma 3.1. Then e

1 — s21og*(QK

=N 86 < 5" log”(QK) (3.1)

M Q

h=0

Proof. For m|M, let S,, be the set of distinct numbers n/ ged(n, M), where n € S(C) and
ged(n, M) = m. Let

F(ri,my,ro,mo) =#{0<h< M —1:h=r; (modm),h=ry (modms)}.
Then

FLACI =Y Y e Y Feumnm)

h=0 mi|M  ni1€Sm, (nimy,r1)eC
ma|M  n2ESm, (nama,r2)eC
ged(n,na)>1

Since F(ry,my, 19, ms) is either 0 or M /lcm[m1, ms], the inner sum is at most

Next,

n1€Sm, P>Q n1€Sm,
n2€Sm2 HZESMQ
ged(ng,ne)>1 pln1,plna
DI D DI > -
ni ny |’
p>Q \N/m1<n1<KN/m, N/ma<na<KN/mg3
p‘nlang(nl’M):l p‘”%ng(nQ:M):l

By standard sieve methods (e.g., Theorem 3.3 of [10]), uniformly in z > 2, z > 2, the number of
integers < x which have no prime factor < z is < z/log z + 1. By partial summation,

I 1 1 1 /[logK _ log(QK)
S = X i< (et - hee

lo
N/mj<n;<KN/m; 7 Ny KN plogQ
p|n;,ged(nj,M)=1 pmg Py

7 J’ ged(t,M)=1

10



for j = 1,2. We have the estimate > _,p * < 1/(Qlog@), which follows from the prime
number theorem and partial summation. Thus,

1 log’(QK)
Z N7 < Qlog’Q’

ni Esml
n2€Sm2

ged(ny,ne)>1

so that
M-1

1 5%log’(QK) s 21og’(QK) 1
Mhz_;ﬁ(c") Qg Q> 1cm[m1,m2] Qlogg 2 2

my|M m|M  mi|M,ma|M
mao|M lem[m1,m2]=m

The double sum is equal to
_ 1+1/p
m~tr (1 + - —|— —|— ) — 7 < log®Q,
2 <1] == <t

and this completes the proof. O

Lemma 3.3. Suppose that C' is any residue system, (Q > 2, P is the set of primes < (), and define
M and Cj, asin Lemma 3.1. Also let C" = {(n,r) € C : n|M} and suppose §(C') > 0. Then

M-1
17 3 alG) = (a(C)) O
h=0

Proof. Note that 1 € S(C}) if and only if there is a pair (n,r) € C' with h = r (mod n). Let
Mo={0<h<M-1:1¢5(Ch)}, M= |Mol

Then M
0 !
a7 = 9@ 3.2)

The hypothesis 6(C') > 0 thus implies that M, > 0. Observe that 1 € S(C}) implies a(C}) = 0.
By the inequality of the arithmetic and geometric means,

1 My /Mo
11 e = 3 a@ = 3 ( TT atew)

(I 0=3))

11



Since log(1 — 1/k) > —(1 + 1) for k > 2 and since each n’ > @, we have

1
1— > exp (= A/n), whereA=1+1/Q.

Thus,

g

-1

1 M,
i a(Ch) > 27 &P ( >y )

0 hEMo n'€S(Ch)

My (A = My) AM1 1
TV By —

>
Il

MO n'
h=0 n'eS(Cy)

where the last inequality uses that 1 € S(C},) for h & M,.
Each pair (n,r) € C produces the pair (n/ ged(n, M), r) in exactly M/ ged(n, M) mulitsets
Ch, namely for each h € [0, M — 1] satisfying h = r (mod ged(n, M)). Hence,

M-1

1 1
> Y =My L
h=0 n’€S(Cy) n€S(C)
so that
M-1
1 M, MM — My) M 1
_ > _ ~ 1.
M M%Mm< M, szn
h=0 nes(C)
Also, (My/M) exp ((M — My)/M,) > 1. Thus,
M—-1
1 AM 1 AM /M,
a(Ch) > exp (—]\/[0 Z n) > (a(0)) o
h=0 nes(C)
The lemma follows by (3.2). 0J

We now combine our lemmas into one easily-applied statement.

Lemma 3.4. Suppose K > 1, N is a positive integer, and C' is a residue system with S(C)
consisting of integers in (N, K N], each with multiplicity at most s. For each number @ > 2, let
C'=C"(Q) ={(n,r) € C: P(n) <Q}. If6(C") > 0, then

&QZa@wﬂmmm+O<ﬁﬂ%@Q)

where the implied constant is uniform in all parameters.

12



Proof. Let P be the set of primes < @ and define M and (j, as in Lemma 3.1. By Lemmas 2.1,
3.1, 3.2, and 3.3, we have

1 M-t 1 M-1 1 M—1
6(C) = i §(Cp) > i a(Ch) — i B(Cy)
h=0 h=0 h=0
2
> o(C) 1+ | (5108 (QK))
Q
Thus, we have the lemma. 0

4 Lower boundson §(C)

In this section we prove stronger versions of Theorems A and B. The main results will involve
absolute constants c; which are of minor interest. Nevertheless, in each case, we indicate a specific
value of ¢; for which the stated result and subsequent proof follows.

We begin with a useful lemma about smooth numbers.

Lemma4.1. Suppose @ > 2 and Q@ < N < exp(y/@). Then

1 log N

E — < (logQ)e™v"8"  where u = log .

on " 08
P(n)<Q

Proof. We use standard upper-bound estimates for the distribution of smooth numbers. Say n
is @-smooth if P(n) < Q. The number of -smooth numbers at most ¢ is < t/uj*, where
u; = logt/log @, provided Q < ¢ < exp (Q'*) ([12], Theorem 1.2 and Corollary 2.3). Further,
fort > exp (6\/@) the (Q-smooth numbers are distributed more sparsely than the squares. We
thus have

NQH'1 e 1
Z / 5 >, ldt< ) / 3 1dt+/exp(6m)t—2 o 1dt

e Pm<a psisive P<Q Plm<Q
log Q > logQ
< Z U + Z u+z / m dt <
exp(6v/Q)
implying the lemma. O
Let
loglog(slog N)
L(N,s) =exp | logN log(s Iog N)

13



Theorem 2. Suppose 0 < b < 1,0 < ¢ < 3(1 —4b?) and let N be sufficiently large, depending
on the choice of b and ¢. Suppose C' is a residue system with S(C') consisting of integers n > N,
each having multiplicity at most s, where s < exp (b\/logNlog log N), and such that

1
Z — < clog L(N, s). (4.1)
nesS(C) "

Then 6(C) > 0.

Proof. Throughout we assume N is sufficiently large, depending only on b and c. Let g = %(1 —
4b?) and put e = (8 — ). First, we have

_loga(€) < Y <%+%)g (1+%> )9 %S(c+a)logL(N,s)=G,

nes(c) nes(c)
say. Define
Qo= L(N,5)'™%,  Qj = exp (ijf) (U =>1) (4-2)

and

K; = exp (Qf-ffs) (7 >1).
Let

Cj={(n,r) €C: P(n) < Q;}.
Also, define

So=1—¢, §=e 7CUH/Q/G-1  (5>7) (4.3)

where G is defined above. Since C'is finite and () tends to infinity with 7, it follows that C' = G
for large j. Thus, the theorem will follow if we show that

0(Cj) 2 6; (1 20). (4.4)
First, by Lemma 4.1,

log N
log Qo

1 —ulogu
1-6(Co)<s ), — < s(logQo)e ",  whereu =
n>N
P(n)<Qo
By the definition of ¢, we have
log(slog N)
(1 —¢)loglog(slog N)

14



so that X
ulogu > (i - 52) log(slog N) > (1 +¢)log(slog N).

Hence, 6(Co) > do. Next, suppose j > 1 and 6(C;_1) > 0,_;. Observe that N large and
s < sq := exp (by/log Nloglog N) imply

loglog(slog N) loglog so loglog N S (1 —¢)loglog N
log(slog N) — log(sglog N) — 2log(splog N) — 2by/log Nloglog N’

Therefore,

s? < exp (2by/log Nloglog N) < L(N, 5)*/0=2) = Q§b2/(1_2)2 < Q?bjl(H?’E).

Let
Ci={(n,r) € Cj:n< K;}, Cf={(nr)eCj:n>K;}.

Observe that
5({(n,r) € Cj: P(n) < Q;-1}) 2 6(Cj1) > 6;-1 and  a(C)) > a(C) > e “.
By Lemma 3.4 with Q@ = Q;_; and K = K;/N, there is an absolute constant D such that

s”log*(Q;-1K;)

5(0}) > a(c})(lﬂ/@j—l)/ﬁj—l - D

Qj—1 (4.5)
> e G(+1/Qo)/8j-1 _ Q]f_lf4b2(1+35)+2,3+56 > 26, — ij_ﬂl—}—Ss‘
Also, by Lemma 4.1,
1 e
1-6(C) <5 Y — < s(logQy)e ™=, (4.6)
7L>Kj
P(n)<Q;
where
log K .
U; = = A
J log QJ j—1

Thus, 1 —6(CY) < Qj_fl. Together with (4.5), this implies
8(Cy) 2 6(Cy) — (1=8(C))) = 26; — Q71 (4.7)
To complete the proof of (4.4) and the theorem, it suffices to prove that

QA <s (=1 (4.8)
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First,
Qaﬁ-l-gs — L(N, S)(—,B—I—Qs)(l—s) < L(N, s)—,B—l—lOs — L(N, 8)_0_105,

while
5, > e~ 1-G(1+1/Qo)(1+1.1¢) > L(N, S)—c—zs'

This proves (4.8) when j = 1. Suppose (4.8) holds for some 57 > 1. Since G < log )y, We have
—logdj = 1+ G(1+1/Qo)/8; < 2GQ7)" < Q7.

And, by (4.2), we have —log(Qj’ﬂ*gs) > QP*. Thus, Q;“gs < 6,41 and by induction (4.8)

j—1
holds for all 5. This completes our proof. 0J

Theorem 2 implies Theorem A of the introduction by setting s = 1. Observe that the bound
on the sum in Theorem 2 given in (4.1) decreases as s increases. If one is interested in a result
similar to Theorem A but with an emphasis on allowing the multiplicity of the moduli to be large,
one may take b arbitrarily close to 1/2 in Theorem 2.

Theorem 2 should be compared with Theorem 5 of the next section which shows that coverings,
even exact coverings with squarefree moduli, exist when we allow the multiplicity of the moduli
to be of size exp (y/log Nloglog N).

We can also consider the case that S(C') consists of integers from (N, K N| with multiplicities
at most s < exp (by/Iog NloglogN), where b < {/3¢/4. 1f 0 < & < 1/3, N is large, and
K = L(N, s)(/3=¢)/s then Theorem 2 implies that §(C') > 0. By a different argument, we can
extend the range of K a bit.

Theorem 3. Suppose 0 < & < (1 —log2)™%, b < 14/(1 —log2)e and N is sufficiently large,
depending on the choice of € and b. Suppose that C'is a residue system with S(C') consisting
of integers from (N, K N] with multiplicity at most s, where s < exp (by/Iog Nloglog N) and

K = L(N, s){(1-182)7"=€)/s_Then §(C) > 0.

Note that for s > log N, K =1 + o(1). Before proving Theorem 3, we present a lemma.

Lemma 4.2. Suppose s is a positive integer and C' is a residue system with S(C') consisting of
integers from (1, B] with multiplicity at most s. Let

Co={(n,r) € C : P(n) < VsB}.
If 5(Cy) > 0, then §(C) > 0.
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Proof. Suppose that 6(C,) > 0. Denote by P the product of all primes in (v/sB, B], and let L be
the least common multiple of the elements of S(C)).

Let p be a prime divisor of P. Since p > +/sB implies sB/p < p, there are at most p — 1
multiples of p in the multiset S(C). Call them my, ..., m,, and let rq, ..., r; be the corresponding
residue classes. Then there is a choice for b = b(p) € {0,1,...,p — 1} such that each integer
satisfying z = b (mod p) is not covered by (i.e., does not satisfy) any of the congruences z = r;
(mod m;) with1 < j <t.

By assumption, there is a residue class ¢ mod L contained in R(Cy). Let A be a solution to
the Chinese remainder system A = a (mod L) and A = b(p) (mod p) for each prime p dividing
P. Then not only do we have A # r (mod n) for each (n,r) € Cy, we also have for each prime
p| Pand (n,r) € C withp | n,that A Z r (mod n). Since this exhausts the pairs (n,r) € C, we
have A € R(C), so we have the lemma. O

Proof of Theorem 3. We may suppose that ¢ > 0 is sufficiently small and K > 2. Let (3 be as in
Lemma 4.2 where we take B = K'N. Then

1 1 1 1
D DL L D D D D

nes(Co) N<n<KN N<n<KN N<n<KN
P(n)<vsKN P(n)>VsKN

—slogK+0(s/N)—=s 3 3 %

VSKN<p<KN N/p<m<KN/p

SRR

Now,

Z 1 Jlog K+ O(p/N), p<N
log(KN/p) + O(1), N <p<KN.

N/p<m<KN/p
Thus,

> ooy -

p
VSKN<p<KN N/p<m<KN/p

-y <loiK+O(1/N))+ S <logK+logN—logp+O(1)>

VSRN<p<N N<p<KN p p
log K log N —lo
= Z 5= 4 Z u—i—O(logK/logN)
VikN<p<kN T = N<p<KN p
log K'1 K
— log2log K + O (%ng(s)) = (log2 + 0(1)) log K.
og

17



Hence, since —log a(Co) < 3~ c5(c) 1/n + O(s/N), we have
—loga(Cp) < s(1 —1log2+o0(1))log K < (1 — (1 —log2)e + o(1)) log L(N, s).
Let @ = L(N, s)*#, where 8 = 1((1 — log2)e — 4b%). Also let C" = {(n,r) € Cy : P(n) < Q}.

As before, using Lemma 4.1 yields

(5(0'):1+O<s > %)zl—i—o(l) (N — c0).

n>N

P(n)<@Q
Hence,
a(Co) Y (C) 5 [(N, 5)71H(1-log2)e=h
On the other hand, ,
52 logQ(QK) < L(N, 5) 1+ 428

By Lemma 3.4, we have 6(Cy) > 0 for N sufficiently large. Thus, §(C) > 0 by Lemma4.2. [
We now show that if K is a bit smaller than in Theorem 3, then in fact
5(C) > (1+0(1))a(C).
The following result generalizes Theorem B from the introduction.

Theorem 4. Suppose 0 < ¢ < 1/2,0 < b < %\/E and N > 100. Suppose that C is a residue
system with S(C') consisting of integers from (N, K N| with multiplicity at most s, where s <
exp (by/Iog Nloglog N) and K = L(N, s)(/2=)/s. Then

5(C) > (1 +0 (W)) a(C),

where 3 is a positive constant depending only on ¢ and b.

Proof. We follow the same general plan as in the proof of Theorem 2. Since the sum of 1/n for all
n € (N,KN]islog K + O(1/N) we have

a(C) > L(N, s) Y/,

Let @ = L(N, s)/27#, where 8 = L(e — 4b?). In particular @ > log® N. Let u = log N/log Q,
and let C" be as in Lemma 3.4. By Lemma 4.1, we have

slog @ slog N
1—46(C
(@) < uv <<(slogN)2+ﬂ’

18



sothat1/6(C") =1+ O ((slog N) ' #). Since | loga(C)| < log N, we have
a(C)IH/D/C) = (1 + 0(1/(log N)?)a(C).

So, by Lemma 3.4 it suffices to show that #(log QK)?/Q = O(a(C)(log N)~?). But, for large N
we have s? < L(N, s)***#. Thus,

s*(logQK)?  s’log®> L(N, s) 1 < 1 < a(0)
Q L(N,s)127 = LN, 5)/2-25-% = LN, 5)12=+5 = L(N, s)P
This completes the proof. O

5 Coveringsand near-coveringsof theintegers

In this section, we address two items. The first shows that there are coverings of the integers with
the moduli bounded below by N and the multiplicity of the moduli near the upper bound on the
multiplicity of the moduli given by Theorem 2. The second shows that, when we allow K to be
large, the density of the integers which are not covered by a covering system using distinct moduli
from (IV, K N| can be considerably smaller than what is suggested by Theorem 4.

Theorem 5. For sufficiently large NV and s = exp(+/log N loglog V), there exists an exact cover-
ing system with squarefree moduli greater than NV such that the multiplicity of each modulus does
not exceed s.

Proof. Let p denote a prime and let X; = (j + 1)7*! for j = 0,1, .... We first show that
>oX/pl > X (> 1) (5.1)
Xj-1<p<X;

Here [x] denotes the largest integer which is < z. Note that (5.1) holds for j < 5. Suppose then
that j > 6. Using the estimates (3.4), (3.17), and (3.18) in Rosser and Schoenfeld [14], we have
that

oo X=X, ) 1p—n(X))

Xj1<p<X; Xj-1<p<X;
log X 1 1
2Xj<log o 3 - 3)'
log X; 1 log"X;_1 logX;—3
The expression in the parentheses is
log (+Dlogi+1) 1 1
jlog j 7?log’j  (j+1)log(j +1) -3
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1 (j+1_j+1 j+1 1 ) 0.43

> - . o — — . . > —.
j+1\ j 252 j2log?j log(j+1)—3/(25 +2) j+1
And X; = (5 +1)79(1 +1/5) > 2.5(5 + 1)57. Thus,
25(j+1)0.43 .
Z [Xj/p]>¥]3 i,

Xj—1<p<X; J+1
which proves (5.1).
We describe now an explicit construction of a covering system, which we will then show satis-
fies the conditions of the theorem. For J > 1 and s = X, we establish that there exists an exact
covering system C'; with squarefree moduli greater than

J—1
NJ == H X]
§=0
such that the multiplicity of each modulus does not exceed s. Set
Pi={p: Xj1 <p< X}

We construct C';, through induction on J, by choosing moduli of the form p, - - - p; where each
p; € P;. Observe that such a product p, - --py is necessarily > N;. One checks that C; =
{(2,0),(2,1)} satisfies the conditions for C; with J = 1. Now, suppose that we have C; as above
for some J > 1. Thus, we have an exact covering system C'; with moduli of the form p; ---p;
where each p; € P;. Fix suchamodulusn = p; ---py, and let (n, ry), ..., (n, ), witht < X, be
the pairs of the form (n,r) in C;. Let ¢; < g, < --- be the complete list of primes from P, ;. To
construct C; .1, we replace each pair (n,r;), 1 < [X;11/q:1], with the ¢; pairs (ng;, r; +nu), where
1 =0,...,g1 — 1. Notice that the multiplicity of the modulus ng; isat most [X;.1/q1]¢g1 < Xy11.
Next, we replace each pair (n,r;), [Xy11/¢1] < i < [Xs11/q1] + [Xs11/¢e), with the g, pairs
(ngo, i + nu), where = 0,...,¢2 — 1. We proceed with this construction until all the pairs
(n,r1),-..,(n,r;) are replaced with new pairs. As ¢ < X, this will happen at some point by
(5.1). This completes the inductive construction of our exact covering systems C';.

To complete the proof of the theorem, it suffices to show that log N; loglog N > log® s for

large J. Now
J

J
1 1
log Ny = ilog 7 > tlogtdt > =J%1 —ZJ?
og Ny EJOgJ_/ og >2J ogJ 4J,

j=1 !

so that

loglog N; > 2log J + loglog J — log2 + log(1 — 1/(21log J)) > 2log J + loglog J — 1,
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for J > 7. Thus,

loglog J
2logJ

1
log Nyloglog Ny > J%log? J+§J2 log J (loglogJ —1.5— ) > J?log® J+3J log? J,

for J > 350. Butlog®s = (J 4+ 1)%log?(J + 1) < J?log® J + 3.J log® J in the same range. This
completes the proof of the theorem. O

Remark 3. A more elementary proof, that does not use the estimates from [14], is possible by
defining the sequence X; inductively as the minimal numbers for which (5.1) holds.

Suppose s = 1 and N, KN are integers in Theorem 4. Then S(C) consists of distinct integers
chosen from (N, K N] so that

Thus, Theorem 4 implies a lower bound of approximately 1/K for any 6(C) with S(C) C
(N, KN], provided K is not too large. It is clear that the expression 1/K is not far from the
truth, since the argument of the introduction gives a residue system C with §(C') < 1/K. How-
ever, we might ask about the situation when K is large compared to N. The following result shows
that 6(C') can in fact be considerably smaller than 1/ K when K is much larger than .

Theorem 6. Suppose N and K are integers with N > 1 and K sufficiently large. Then there is
some residue system C' consisting of distinct moduli from (N, K N|] such that

5(C) <~ exp <—1°gK> .

K 3N

Before giving a proof of the above theorem, we give a lemma that will also play a role in the
next section. For a multiset 7" of positive integers, we let C(T") be the set of residue systems C with
S(C) =T and where (n,r) € C implies 1 < r < n. Also, define

W(T) =#C(T) =] n

neTl

Lemma 5.1. Let T be a multiset of positive integers. Then the expected value of 6(C') over C' €
C(T), denoted E6(C), is a(C).
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Proof. Put W = W(T) and say 1 < m < W. The number of systems C' € C(T') withm € R(C)
is [[,,er(n — 1), since for each n € T, there are n — 1 choices for r with 1 < r < nandr #Z m
(mod n). Thus,

> 0= % 5 ¥y izl

cec(T cec(T 1<m<W m: cec(T
meR(C) mER(C)
1 w
:WZH(n—l): [[n-1).
m=1neT neT
The result follows by dividing this equation by W. 0J

Proof of Theorem 6. There is a known covering system with distinct moduli and smallest modulus
24 (a result of Morikawa; see [13]), so Theorem 6 follows for N < 23. Henceforth we assume
that N > 24. We shall construct a residue system C' = {(n,7(n)) : N < n < KN} as follows.
We will randomly choose the values of r(n) € [1,n] for N < n < 2N so that each residue class
modulo 7 is taken with the same probability 1/n and the variables r(n) are independent. Based
on the random choice of such r(n) for N < n < 2N, we then select the remaining values of r(n)
with 2N < n < KN via a greedy algorithm. In fact, we show that, under our construction, the
expected value of 6(C') over all randomly chosen values of 7(n) € [1,n] for N <n < 2N is

1 log K
g—exp<—og )

K 3N

The result will follow.

Let Con = {(n,r(n)) : N < n < 2N}, where each r(n) is chosen randomly from [1, 7).
From Lemma 5.1, it follows that E6(Can) = 1/2. Hence, by the arithmetic mean—geometric mean
inequality,

Elogd(Con) < —log2. (5.2)
We will also make use of Lemma 5.1 in another way. If D is a subset of the integers in (N, 2]
and C = {(d,r(d)) : d € D}, then it is not difficult to see that the expected value of () over
all randomly chosen values of r(d) € [1,d] for d € D is the same as the expected value of §(C)
over all randomly chosen values of 7(n) € [1,n] for n € (N, 2N]; in other words, the random
selection of extra residue classes not associated with C will not affect the expected value 4 (C)
Thus, Lemma 5.1 implies E5(C) = a(C) where the expected value is over all randomly chosen
r(n) € [1,n] for N <n < 2N.

Suppose then that the values of »(n) € [1,n] for N < n < 2N have been chosen randomly. For
2N < j < KN, we describe how to select r(j). For this purpose, we set C; = {(n,r(n)) : N <
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n < j}. We use the greedy algorithm to choose () to be a residue class modulo j containing the
largest proportion of R(C;_;). As in the introduction, this gives trivially

6(C;) < (1 — %) 5(Cy_1).

We can sometimes do better. If j has a divisor d with N < d < 2N, then there are residue
classes modulo j not intersecting R(C;_1). In particular, the residue class r(d) (mod d) contains
r (mod j) when r = r(d) (mod d). Let

D(j)={d: d|j,N <d < 2N}, C;={(d,r(d)):de D(y)}.

Let f(j) be the number of residue classes r (mod j) for which r # r(d) (mod d) for each d €
D(j). If we choose 7 () appropriately from among these f(j) choices for r, we have

1
5(C)) < <1 - m) 5(Cy_1). (5.3)

(, and the theorem is

The last equality is nonsense if f(j) = 0, but in that case we have R(C,_;) =
= (). Throughout the following

trivial. Also, there is nothing to prove if f(j) = 1 since then R(C;)
we assume that f(j) > 1.
We see from (5.3) and linearity of expectation that

Elog§(C;) — Elogd(C;_1) < Elog (1 - ﬁ) < -E <ﬁ) . (5.4)

Using Lemma 5.1 as described above, we have
~ 1
Eé(C)) = H. <1 - 3) .
deD(j)

Since j is a common multiple of the members of D(5), it follows that 5(5]-) = f(4)/J, so that

Ef(j)=jBs(C;) =5 [] (1——)

deD(yj)

By the arithmetic mean-harmonic mean inequality, we thus have
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After substituting the last inequality into (5.4), we get

1 1
Elogé(C;) — Elogd(Cj_1) < —= — Z —.

I sny ¥
Thus,
KN
Elogd(C) — Elogd(Cay) < — Z - Z Z —
j:2N+1‘7 j=2N+1deD(j
Sy ey oy oL
d?l
j= 2N+1 d=N+12N/d<I<KN/d
2N
log K + O(1)
= —log(K/2)+ O(1/N) - > —
d=N+1
We have for N > 4 the estimate
2N gy N 1
/ 2_]\/' 1)(2N 1229N'
d= N+1 ¢ +1)( +1) )
Therefore, by (5.2),
log K + O(1
The theorem now follows. O

6 Normal valueof 6(C)

It is reasonable to expect that 6(C) ~ «(C) for almost all residue systems C with fixed S(C).
In this section, we establish such a result when S(C') consists of distinct integers, by considering
the variance of §(C) over C' € C(T'), where, as before, C(T') is the set of residue systems C' with
S(C)=T.

Theorem 7. Let T be a set of distinct positive integers with minimum element N > 3. Let « be the
common value of «(C) for C' € C(T). Then,

Z |5 2 a2 IOgN
2 .
CEC(T N
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Proof. From Lemma 5.1, we have E§(C) = a(C’) = o. Writing W = W (T'), we deduce then that
— Z 6(C) — af? = Z . (6.1)
CGC CEC
We have
) 1 21
200 = > 5w 2 1) = 2 >, L
cec(T) cec(T) 1<m<w 1<mime<W  CeC(T)

meR(C) mi1,ma€R(C)

As in the proof of Lemma 5.1, the inner sum is

I e-n JI (n—2)=WH<1—%) m 2,

neT neT neT neT
mi1=mz (mod n) m1Zma (Inod n) mi1=mz (mod n)
=ao'W oW l1— — .
=a H _) Il = 11 ( T ) 1l =
nET nel nel neT
n|(mi—ms) n|(mi—my)

Letu =), .1/n*and note that u < 1/N. Also, define

f(mlamQ): H n_l'

Thus,
2
Y s(C)y= O‘W (1 —u+0 (%)) > flma,my). (6.2)
CEC(T) 1<my,mo<W

For S a finite set of integers which are > 3, let M (.S) denote] ], .(n—2), and let L(S) denote
the least common multiple of the members of S. We have

flm,m) =[] <1+ni2>= > ﬁ

neT SCT
n|(mi—ma) L(S)|(m1—m2)
Thus, . .
= N 1=Ww? —_— 6.3
> flmmy) ZM(S) > w ZM(S)L(S) (6.3)
1<my,ma<W scr géﬁ%,ngw) scr
mi—ms
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We consider in this last sum the terms with #S < 1 and the remaining terms with #S > 2. We

have
P —
22 M(S)L(S)
#5<1

If S C Tand #S > 2, let £k > h be the largest two members of S. Then L(S) > lemh, k] =

hk/ ged(h, k), so that

— 1 ged(h, k) 1
B= D 956 S 2 hoo(—oik 2= WD)

ing E>h>N UC[N,h—1]
>2

o 1+u+0(1/N?%). (6.4)

The inner sum here is identical to [ [y, ,(n —1)/(n —2) = (h — 2)/(N — 2), so that

d(h, k) 1 1 1
Pey ¥ EEV Y Y v ¥ mm<y

k>h>N d>1 k>h>N d>1 v>u>N/d d>1 u>N/d
dh, dlk

In this last double sum, if d < N, then the sum on u is < d/N, so that the contribution to E is
< (log N)/N?. And if d > N, the sum on u is < 1, so that the contribution to £ is <« 1/N?. We
conclude that F < (log N)/N?. Thus, with (6.3) and (6.4) we have

> flmi,ma) =W (1+u+0((log N)/N?)),

1<my,ma<W

so that from (6.2) we get

> i W (1 +O((log N)/N?)) .

cec(T)

The result now follows immediately from (6.1). O
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