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1. Introduction

Let ¥(z,y) be the number of integers <z that are free of prime factors >y, ¥,(z,y) be
the number of such integers that are also coprime to ¢, and ¥(z,y; a, ¢) be the number of
such integers in the congruence class a (mod ¢). Good estimates for these functions have
many applications in number theory (for instance, to bounds for the least quadratic non-
residue (mod p) [Bg], to Waring’s problem [Va), to finding large gaps between primes [Ra]
and to analysis of factoring algorithms [Po]), as well as being interesting in of themselves,
and so have been extensively investigated.

Recently Hildebrand and Tenenbaum [HT) have provided a good estimate for ¥(z,y)
for all z>y>2, and a similar method works for ¥,(z,y); however their method applies
to ¥(z,y;a,q) only when q is considerably smaller than y. In general one expects that,

for sufficiently large z,
\I/q(.’l,', y)
1.1
$(q) (L)

whenever g is coprime to ¢, provided that the primes <y generate the full multiplicative

U(z,y;a,q9)~

group of units (mod g). Buchstab [Bu] proved such a result when ¢ and u (:=log z/ log y)
are fixed; and extensions of this, for ¢ up to a fixed power of log y, are considered in [LF]
and [No]. Recently Fouvry and Tenenbaum {FT] have shown that the estimate

V. (z,
¥(z,y;0,9) = —%,5((7)@{1“‘0(6@(—0\/10%))} (12)
holds uniformly for
y>2, z>y>exp(c(loglogz)?), (1.3)

(}) The author is supported, in part, by the National Science Foundation (grant number DMS-
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and all ¢ up to any fixed power of log z; they also gave a similar estimate (which implies
(1.1)) for all g<exp(cy/logy ). As one might guess from these ranges for ¢, the methods
used to obtain these estimates depend on an understanding of the distribution of zeros
of Dirichlet L-functions (mod ¢). Here we avoid this difficulty and so increase the ranges
in which (1.1) is known to hold:

THEOREM 1. Fiz N>0. The estimate
v (:v,y){ <logq>}
U(z,y;a,q)= 222140 —= (1.4)
(@v;0,9) #(q) logy

holds uniformly in the range
(e,9)=1, z>y>2, q<min{z,y"}. (1.5)

Note that (1.4) only provides a non-trivial lower bound for ¥(z,y;a,q) if g<y* for
some sufficiently small £>0.

Fouvry and Tenenbaum also showed that (1.1) holds, in a certain ‘average’ sense, in
a much wider range than (1.5); specifically, that there exists a value of B>0, such that
if log y>>log z log log log z/ log log  then (1.1) holds for almost all g<z*/2/ log? z for all
a coprime to g. We use their theorem to obtain a result for the same values of ¢ and y,
but now for all sufficiently large z (independent of y):

THEOREM 2. For each A>0 there exist constants B=B(A)>0 and C=C(A)>0,
such that the estimate

‘IJQ(J’Ja y) < \P(l‘/;y) (16)

v xl1 ya,49)—

maxX max
2'<z (ag)=1

<@
holds uniformly for
y>100, 1<Q<exp(Clogyloglogy/logloglogy), z>@Q* log? Q. 1.7

Theorem 1 provides a non-trivial lower bound for ¥(z,y;a,q) only when g is less
than a sufficiently small power of y. By using a recent result of Balog and Pomerance
[BP] we can extend the range for g at the expense of a weaker error term:

THEOREM 3. Fiz N in the range O<N <§ and £>0. The estimate
1
¥(z,y;a,9) < —~Ty(z,y) (1.8)
( =5
holds uniformly in the range
(@,9)=1, y>2, ¢<y™, z>max{y¥/?t ye¥/**}. (1.9)

We may also obtain a strong upper bound for ¥(z,y;a,q) in a much wider range
than in Theorem 1, which can be used to improve a result of Friedlander [Fr].
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THEOREM 4. There ezists a constant ¢>0 such that the inequality

, ' (m,y)/ . ( U (z',y) )
T <c2d\®Y) Yo(r'y) _
(@350,0) SC=50" [ acerca ™R 1og2 3\ (B(0) /@) (1.10)

holds for all positive integers q and all £>q.

Acknowledgements. The anonymous referee has made a number of penetrating and
interesting observations, which have significantly improved and greatly simplified this
paper. I'd like to thank him or her, as well as John Friedlander for much helpful advice,
Brian Conrey for his illustrative observation used in Section 4, and also Professors Fouvry,
Moree, Norton and Tenenbaum for their comments.

Notation. Throughout ¢ and ¢ are taken to be absolute positive constants; however,
they may change value from one proof to another. If d is coprime with ¢ then we define
n(z; ¢,a/d) (or ¥(x,y;a/d,q)) to be the number of primes <z (or the number of integers
<z that are free of prime factors >y), which belong to the arithmetic progression a/d
(mod g).

2. The key idea

The function ¥(z,y) has been extensively investigated (see [No] for a review up to 1971):
In 1930, Dickman [Di] showed that for any fixed u>0,

Y(z,y) ~zo(u), x—»oo,y:xl/“ (2.1)

where p(u), the Dickman function, equals 1 for 0<u<1, and is the continuous solution
of the differential difference equation ug’(u)+g(u—1)=0 for u>1.
In 1951 de Bruijn [dB], by carefully treating Buchstab’s equation

U(z,y)=U(z,2)+ Y m(%,;;)

z<pLy
P prime

as an approximate functional equation for zg(u) (that is with ¥(z, y) replaced by zo(u)),

¥(z,) =ze(u){ 140, (2E ) | (22)

for u=log z/logy, when x>y >exp((log )3/8+¢), for any fixed £>0.
Recently Hildebrand [H1] considered instead the equation

U(z,y) loga:zflw Mdt-{- Z \Il(pim,y) log p (2.3)

p™M<x
j 297

gave the estimate
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as an approximate functional equation for zg(u), and proved (2.2) in the much wider
range
22, z>y>exp(c(loglogr)®/3+e), (2.4)

for any fixed £>0.

Any such method has the limitation that the approximation involved (that is, of the
functional equation for ¥(z,y) serving as an approximate functional equation for zg(u))
gets worse as u gets larger, and so limits the range of u for which (2.1) is provable. In
fact, both De Bruijn’s and Hildebrand’s results depend on the size of the error term
in the Prime Number Theorem (to determine the accuracy of the approximation); and
Hildebrand has even shown ([H2]) that (2.3) holds for all y>log®*® z if and only if the
Riemann Hypothesis is true. However we do not believe that (2.1) can hold uniformly
for y=log® ¢ z, for any fixed £>0.

The main new idea in this paper is that we establish a functional identity for
¥(z,y;a,q), which remains valid when we replace each term of the form W(¢,y;b,q)
with (1/6(q))¥,(¢,y). This has the benefit that if we consider this functional identity
for ¥(z,y;a,q) as an approximate functional equation for (1/¢(g))¥,(z,y), then we lose
nothing in this approximation. In Proposition 1 below we show that this means that we
can reduce the question of establishing (1.1) for all z>zg, to that of establishing (1.1)
in an interval of the form zo<z<z;.

Thanks to a suggestion by the anonymous referee, our proof of this is entirely ele-
mentary, and so we shall prove a generalization of the result indicated above:

Suppose that P is a set of primes, each <y, none of which divide the positive integer
q. Define ¥(z, P) to be the number of integers <z whose prime factors all belong to
the set P, and ¥(z, P;a,q) to be the number of such integers that are congruent to a
(mod g¢). Let G=G(g, P) be the multiplicative subgroup of (Z/gZ)* generated by the
primes in P; note that U(z, P;a,q)#0 for some z if and only if a€G. In general one
expects that, for sufficiently large x,
¥(z, P)

|G|

Y(z, P;a,q) ~ for all a € G. (2.5)

We shall prove the following result:

PROPOSITION 1. There exists a constant ¢>0 such that for any non-empty set of
primes P, each <y, none of which divide the positive integer q, and any A>0, To=y“,
Ty =y" 222024, with ; =min{u,,|P|}, we have

¥(z, Pja,q) ¥(z', P;b,q)
' ¥(z, P) (e, P)
|P|(uo+1)log y

41Y(z1, P)

o :

zp<z' <xq
beG

(2.6)
{ max ¥(zo, P;b,q)+A¥(z0, P)}
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for all z2x0 and a€G=G(g, P).

Typically, we apply Proposition 1 with A equal to its ‘expected value’, 1/|G|. If
up<|P| then, in order to deduce (2.5) for all £>z0,a€G from Proposition 1, we must
be able to choose 1 so that ¥(zg, P)|P|log y=0(¥(z,, P)), and also so that (2.5) holds
for all zo<z<x1,a€G. To deduce (1.1) we just consider the case where P is the set of
all primes <y that do not divide ¢. This essentially describes the main ideas behind our
results.

3. The proof of Proposition 1

We start by giving functional equations for ¥(z, P; a, q) and ¥(z, P), analogous to Hilde-
brand’s equation (2.3): The idea is to evaluate

Z logn

ngz,n=a(mod q)
pin=-p€EP

in two different ways. First by partial summation, and second by writing each logn as
Zp"‘ln log p, and then swapping the order of summation. This leads to the identity

T W(t, P,
\II(w,P;a,q)log:c=/ Lt’a—’q—)dt+ Z W(%,P;%,q) log p. (3.1)
! pEP, p™ KT P P
Summing (3.1) over all integers a€G we get
Ty, P
\Il(x,P)logx:/ —(t—’—)dt+ z T(—%,P) log p. (3.2)
1 peEP, pmg p
Notice that (3.2) is just (3.1) with each term of the form ¥(¢, P; b, q) replaced by ¥(t, P).
LEMMA 1. For q and P as above, and any real k21, we have

1 %

Proof. Replacing x by zy* in (3.2) we obtain

k
U(zy®, P)log(zy®) > > W(%,P)logpzw(w,P)zlogp o

pEP, pm Lyt peEP mipmLy*

which gives the result as 3, m » 1>3klogy/ logp.
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LEMMA 2. For q and P as above, and any positive real u, we have

1
Z (U+z)‘1’(y“+’ P) av(y+, P)’

~ Proof. We begin by proving this when 1<|P|<4. First note that the result for
0<u<1 comes from the result for ©>1 by missing out the first term in the sum and
noting that 4<4. Now, it is easy to establish that ¥(z, P)<]],cp (logz/log p) holds
uniformly for 22y. Therefore

log p logp _
Z (u+z)\Il(y“+’ (H logy) E (u+z)|P|+1 H logac \Il(a: Py’

for u>1, and the result follows as u<4.

So now assume that |P|>5. Let ug=u and for each j>0, let k; be the smallest
integer >20u;/|P| and u;41=u;+k;. Lemma 1 implies that ¥(y“i+!, P)>2¥(y*, P),
and so ¥(y%, P)>2/¥(y*, P) for all 0. Thus

“J+1_u1
Z (U+z)‘1’ vt P) \Z < u;¥(y, P ‘I’(y“ P) 5 Z %2’

and the result follows as each k; /uj<1/u;+1/|P|<1/a.

Proof of Proposition 1. The general form of this argument owes much to the proofs
in [H1]. Define, for each £>1,

U(z, P;a,q)

¥(z, P) -

[(z) =T4(z):=

and [(z)= I‘*(:c)— max [(z')

max
2€G sz’

for each z>x¢. By subtracting A times (3.2) from (3.1), where a€G is selected so that
|¥(z, P;a,q)—A¥(z, P)| is maximal, we have, for z>>2x,

I'(z)¥(z, P) log:rg/ T(t )\I/(tt . P) dt+ z F(E-)T(;)%,P) log p+ Hy(x; P)

pm
To pEP, pm K /xo

where H,(z, P) equals the contribution of those terms ¥(¢, P;a,q) with t<zo in (3.1)
plus )\ times the contribution of those terms ¥(¢t, P) with t<zo in (3.2). Now, using the
trivial inequalities

¥(t, P;a,q) < ¥(xo, P;a,q) and ¥(t,P)< ¥(zg,P) forall t <z,
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we find that
To dt
Ho(eiP) < {max Voo, Pib o) X0, H [ 5+ 5 logp
! PEP, z/z0<pm <2
< {rgleag U(zo, P;b,q)+A¥(zo, P)}(|P|+1) log(zoy),

a constant, independent of x, which we will henceforth denote by h,. Inserting this
estimate into the inequality above, we obtain, for z>2z,

r(x)q/(z,P)logmsr*(%x){L ‘I’(tp)dt+ ) w(pim,P>logp}

0 PEP, pm™<z/x0

© W(t,P) g+ h, (3.3)
t

+(I(2)-T"(32)) p

<I*(32)¥(z, P)log z+(I*(2) I (32))¥(z, P)log 2+hy
by (3.2) and the trivial inequality

/ ‘I’—(tt’i)dtgxp(x,za)/ %:\Il(x,P)logZ
x z/2

/2
For =>4 we get, by dividing (3.3) through by ¥(z, P)log z,
. . . log2 h
34
<3 (Go)+3 I‘*(x)+——hq—— .
2 U(z,P)logz’

as log2/logz<}
Now assume that z>4zg. For any 2/ in the range o<z’ < %x we have

P(') <T*(32) < 31" (3o) + 41" (2),

as I'*(t) is a non-decreasing function of ¢. For any 2’ in the range 1z <z’ <z we use (3.4)

to obtain
hq

U(z!, P)log 2’
hq
¥(5z, P)log(32)’
as I'*(t) and ¥(¢, P) are both non-decreasing functlons of t. Combining these last two
equations, we get

D(a') < 31" (') +30*(a)+

<M (3z)+ 3T (@) +

2h,
¥(iz,P)log(3z)
Adding together this equation for x=2x1,4x1,8z1,... we obtain
1 h
I'(x)<IT* 2 - — I — ],
(@) ST (@) + hq; V(@27 P)log(m:2) <1 (z1)+0(ﬁ1\11(x1,P))

for all >z¢, by Lemma 2, which is (2.6).

I*(z) <T*(3z)+
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4. Estimates for small z-——the proofs of Theorems 1, 3 and 4

In [Sa), Saias gave an asymptotic series for ¥(z,y) in the range (2.4); and the analogous
result for ¥,(z,y) was proved in [FT], for a wide range of ¢q. An easy consequence of
their result is

LEMMA 3. The estimate

V(2 )~ %q—)W(x,y)

holds uniformly for any positive integer g which has <log?y distinct prime factors, all
of which are <y, and any z=y*, 1 <u<logy.

At the end of this section we shall prove
PROPOSITION 2. The estimate (1.4) holds uniformly for ¢<y*/*<z<y?.
Using this it is easy to give the

Proof of Theorems 1 and 4. We shall use Proposition 1 with P as the set of all
primes <y, except those dividing g.

For ¢>y'/? take zo=g,,; =q¢max{y,log® ¢} and A=0 in Proposition 1. Using the
trivial upper bound ¥(z', y; b, )<z’ /q we obtain the bound

¥(z,y;a, 1 ’ 1 1 !
¥(z,y;0,9) <_{ max —Z= (uo+1)yzo }<<_ x
Uo(z,y) g lzo<e'<an Yy(a',y)  1%4(21,0)

max ———,
gzo<z'ST ‘I’q (wlr y)

as 1 was chosen so that ((uo+1)/@; )yzo < z1, which implies (1.10). Now, if y*/2<q<y"
then x;=qy, and so Lemma 3, together with (2.2), gives the upper bound here to be
O(1/¢(q))=0(log q/$(q) log y), which implies (1.4) for g>y*/2.

For q<y/? (so that (G]=¢(q)), take zo=y'/2, z1=y? and A=1/¢(g). Applying
Lemma 1 for k=1 and 4=0 and 1, we get ¥(z1, P)>|P|?>/8 as ¥(1, P)=1. Moreover, by
Proposition 2,
¥(z0,P) _y'/?

o(e)  #la)

Thus, as |P|logyxy by the Prime Number Theorem, we obtain

rt?eac):( U(zo, P;b,q)+A¥(z9, P) K

{max (zo, P;b, q)+ M (z0, P)} < log"y_
Igleaé( Zo, 50,9 0 ¢(q)y1/2 .
Thus, by Proposition 1 (with (2.6) multiplied through by ¢(g)), and Proposition 2, we

get

|P|(uo+1)logy
’L_Ll\I/(l‘l, P)

¥(z,y;0,9) | logg log’y logg

V(z,y)/8(q) logy  y'/? logy’
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for all z>y'/? and (a,q)=1.
These estimates combine to establish both theorems.

Remark 1. If we can obtain a particularly accurate estimate for ¥(z,y;a,q) in the
range y<z<y? then we can improve the error term in (1.4), by Proposition 1. For
instance, if ¢ is less than some fixed power of logy then we can apply the Siegel-Walfisz
Theorem, and so obtain the estimate (1.2) for all z>y>2. If g<exp(y/Togy) then, by
expressing the terms 7(z/d;q,a/d) of (4.4) below as sums over zeros of the Dirichlet
L-functions (mod ¢), we get a large amount of cancellation that enables us to prove a
stronger estimate than (1.4) for all z>y>2. Such results are already obtained in [FT],
and so we do not pursue this here.

Remark 2. One reason that we are unable to estimate ¥(x,y;a,q) when g is much
larger than y, is that we have no good method to estimate |G|. Trivially, |G|2¥,(q,y);
if this were equality, then we would expect that ¥(z,y;a,q)~¥4(z,y)/¥,(q,y) for each
a€G, which is (¥o(z,y)/(9))/(¥e(z',y)/(#(q)/q)2'), evaluated at z'=¢g. This perhaps
explains the form of the bound in Theorem 4.

Proof of Theorem 3. Recently Balog and Pomerance [BP)] gave the estimate
U(z,y;a,q)= %\p(x, y)u—u{iteD}

in the intersection of the ranges (1.3) and (1.9) for any N<3%.
We shall take P to be the set of all primes <y, except those dividing ¢,

¥(z', P;b,q)

3 5
o= I = and A= max ——————=
v y zosbz’GS::l \Il(.'L", P)
€

in Proposition 1. From Balog and Pomerance’s result, we see that ) is bounded above
by an absolute constant times 1/¢(g), so that the final term in (2.6) is

y¥e(yy) 1
¥V (v%,y)  yé(@)’
by Lemma 3. Thus, by Proposition 1 we see that, for any z>xo and (a,q)=1, we have

¥(z,y;0,9) - ¥(z,y;b,9) ( 1 ) 1
—=2 > min ————Z -0 ——= | >»—,
Ug(z,y) ~ =ose'sm Yg(a',y) yo(a)) = é(a)

| P}(uo+1) logy{

%1 U(z1, P) U(zo, P;b,q)+A¥(z0, P)} <

using Balog and Pomerance’s result in the last step.

We now proceed to the proof of Proposition 2, but first we need the following easy
lemma:

18-935202 Acta Mathematica 170. Imprimé le 30 juin 1993
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LEMMA 4. For all positive integers q,

> % d’E;I) log g+0(w(q))-

d<gq, (d,g)=1

Proof. Define S(z) to be the number of integers <z, that are coprime to g, and let
E(z):=5(z)—(¢(q)/q)z. By partial summation we get, for z,=22(9,

q q q
R I el n AT
d<gq, (d,q)=1 2t 172 J1/2

_ ¢ ¢(q) “dt [ E(t) 1E®)
q qg Jip't / dt+/q t2 at

using the trivial facts that E(t)gt and E(t)<z, in the last two integrals. The result
follows immediately.

Remark. The Prime Number Theorem implies that

log g and ¢—(Q > !

w(g) K

loglogq q logloggq’
and so Lemma 4 implies
Z ¢(q) —=log q. (4.1)
d q
d<gq, (d,q)=1

Proof of Proposition 2. If y!/2 <z <y then, trivially, ¥(x,y; a,q) and (1/¢(q))¥4(z, )
can both be estimated by z/¢+0O(1). Thus (1.4) holds as 1<« (z/q)(logg/logy) for all
g<y*/?.

Henceforth we will assume that y<z<y?. Now, ¥(z, z;a,q)~¥(z,y;a,q) counts the
number of integers n<z of the form n=pd where p is prime, p>y and ptq, and d=a/p
(mod ¢). We count these integers n by first considering those with p<z/z and then the
others (where z=min(g, z/y)), so that

U(z,y;0,9)=U(z,7;0,9)— Y, #{d<z/p:d=a/p (mod g)}

S orime.nta (4.2)
- Y {n(z/d;q,a/d)—n(z/2 q,a/d)}

d<z
(d,g)=1

(note that the first sum is empty if z=z/y). Now ¥(z,z;a,q)=z/q+0(1), and

#{d<z/p:d=a/p (mod q)}=z/pg+0O(1)
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for any prime p that does not divide ¢g. Also

n(z/d;q,a/d) <

z

¢(g)dlog(z/qd)

for any d<z with (d, ¢)=1, by the Brun-Titchmarsh Theorem; and log(z/qd)=<log z for
any d<z, as g<y'/2. Substituting these estimates into (4.2) gives

U(z,y;a, q)~*<1* > p)+0( ( ) ; ¢(q)dlogw)

y<p<a/z
p prime,ptq (d.)=1

!
(i ¥ L)so(zls)
q y<psz/z p qlog®

P prime,piq

(4.3)

by the Prime Number Theorem and (4.1). Summing this over all a coprime to g with 1
a<g—1, and then dividing by ¢(q), we see that (4.3) is also an estimate for ¥,(z,y)/d(q).

Therefore
zloggq )

Ui = g ba(e)+0( 58

and the result follows as ¥,(z,y)=<(#(q)/q)z for y<z<y?, by Lemma 3.

Remark. Taking z=z/y in (4.2) we see that we need to estimate

> {n(z/d;q,a/d)~n(y;q,a/d)}.
(s
Usually one attacks such estimates by first solving the corresponding problem with “7”
replaced by “” (that is the sum of logp over the prime powers p™ in the arithmetic
progression under consideration); and then deducing an answer to the original problem
through partial summation. Here, when q is a small fixed power of y, we can obtain
an extremely accurate estimate with “#” replaced by “3”, but are unable to convert
this to an accurate estimate for the original problem. Brian Conrey gave the following
explanation for this surprising phenomenon:
Take y=1 in the sum above (when “x” is replaced by “3”) to obtain

> ¢(z/d;q,a/d)= Z > logp

d<z pm<z/d

(d,q)=1 (d '1) 1 p™=a/d(mod gq)
= E E logp= E logn,
< <
nEaﬂ{m::d q) p’“ln 'nEan(mzd q)

where we take n=dp™; it is easy to estimate this sum with an error term O(logz). On
the other hand, if we do the same series of steps for 7 then we obtain the identity

Y ne/dga/d= Y wln) (44)

dgz nge
(d,g)=1 n=a(mod q)
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which is far harder to estimate as accurately.
This leads to the further observation that a “good” uniform estimate for ¥(z, y; a, q)
is (essentially) equivalent to a “good” uniform estimate for

Y. wn),

ngz
n=a(mod q)

in the range gy <z <y?: To see this, add (4.2) for z=z/y to (4.4), and swap the order of

summation for d and p, to obtain,

U(z,y;0,9)+ Y, wn)=¥(z,zia,9)+ Y, #{d<z/p:d=a/p (mod g)}

n<@ p<y, Plg

n=a(mod gq)
T 1 Y
_zhe ¥ Teo(2)
q{ 2 P logy

<y, Plg

in the range y?>z>y for each (a,¢)=1. Summing over the arithmetic progressions
a (mod g) with (a,¢)=1, and dividing through by ¢(g), we see that the right side of this
equation also serves as an estimate for

ﬁ{\l@(m, v+ Z w(n)},

nge
(n,q)=1

and so

Vo) gotlen)|=| T wm-gm O w)

nge nge
n=a(mod q) (n,@)=1

+0(—y—).
logy

5. Estimates on average—the proof of Theorem 2

We now give an upper bound for ¥(z, P) for all >y, using a modification of the method
of Section 3.

LEMMA 5. Fiz €>0. The estimate
1
U(z, P)<K cp¥(z,y), where cp:= H <1——) (5.1)
p
P<y, pgP
holds uniformly for all sets of primes P, each <y, and for all z>y°.

Proof. Let zo=y° and x;=2yzo, so that ¥(z1,y)>¥(zo,y)|P|logy, by (2.2). An
easy consequence of the Fundamental Lemma of Sieve Theory ([JR]), is that

¥(z,P) < Z 1< ¢—(qq—)x<<cpm,

nge
(n,q)=1
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holds uniformly for all >z, where ¢ is the product of the primes <z that are not in
the set P. This implies (5.1) for zo<z <z, by (2.2).
For each 2>z, define r(z)=¥(z, P)/cp¥(z,y) and r*(z)=maxs, <z <z 7(), so that
7*(x1) is bounded. We will proceed in a similar manner to the proof of Proposition 1:
When z>2z,, we can give an upper bound on ¥(z, P) by bounding each term of
the form ¥(¢, P) on the right side of (3.2) in the following, trivial, way:

U(zg, P)=1(z0)cp¥(z0,y), for 1<t zo;
U(t, P)<q r*(32)cp¥(t,y), for £ <t < %z;
r™*(z)cp¥(t,y), for lz<t<a.
This leads to the formula

¥(zo, y) log(zoy)
¥(z,y)logz

r(z) < 3" (32)+57"(@)+ r(z0)(|P|+1)

which may be compared to (3.4); and then to

* * ¥ (x0, y) log(zoy)
r(@)<r (%x)+r(wo)(|Pl+1)‘I,(%$, Wlog(a)’

From this we deduce that

r*(z) <r*(z1)+0 <r($°)lpl%%))g—y) ’

which we already know to be bounded.

In order to prove Theorem 2, we shall need the following lemma which may be of
independent interest (this is based on Lemma 1 of [HB]):

LEMMA 6. For any given sequence of integers, and positive integer q, define Dg(x)
to be the mazimum, over those integers a that are coprime to q, of the absolute value
of the difference between the number of elements of the sequence <z that belong to the
congruence class a (mod q) and 1/¢(q) times the number of elements of the sequence
<z that are coprime to q. Suppose that for all fited A>0 there exists a constant By =
B;(A)>0 such that

Z Dy(z)<a L;Tg )
q<z'/2 /LB
where, for this lemma, L:=logz. Then, for each fited A>0, there exists a constant
By=B3(A)>0 such that

x
Z rgaxDq(m') <a 'L—A
g<at/2/LB2 " s
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Proof. Let E=A+1, C=B;(3E) and B=B3(A):=C+E/2+1. Choose any Q<
¢'/2/2LF and let M=[LF]. Choose integer z,<x so that Dy(z,) is maximized and
then take j=[z,M/z]. As there are <y/q+1 integers in any arithmetic progression
(mod g) in any interval of length y, we have Dy(z,)< Dg(jx/M)+z/Mg+1. Therefore,
as Dy(jz/M)<z/Q for any g in the range @ <¢<2Q, we obtain

2 M
Y Dylm)< Y (%) +> ) Dy(jz/M)

Q<q<2Q Q<q<2Q 7=1Q<q<L2Q

z? & .
<<Z’§—E~(—2‘+a E E : Dq(]£/M)
i=1Q<q<2Q

2 2

T
< L2EQ

T r

T
+ < pEg

QMIE

by the hypothesis, as 2Q < (x/M)'/2/LC. Then, by the Cauchy-Schwarz inequality,
vz

Z Dy(zq) < (Q Z Dq(mq)2> < 1E’

QR<qL2Q Q<q9K2Q

and the result follows from summing over the relevant such diadic intervals up to 2Q=
212/,

Using this, we can now give the

Proof of Theorem 2. In [FT], Fouvry and Tenenbaum proved that for any given
E >0 there exists a constant B; =B1(E)>0 such that the estimate

v.(z, T
) max "I’(w,y;a,q)— ‘;(( )y) <E %
4<21/2/ logP1 z (a,q)=1 q og

holds uniformly for z>y>2. Then, by Lemma 6, for any given A’>0 there exists a
constant By=B3(A")>0 such that the estimate

‘I’q(x’)y)

Z max max !lll(:c,y;a,q)— 2)

z’'<x (a,q)=1
an:l/?/logB? z <z (a,9)

z
Lt —— 5.2
A logA T ( )

holds uniformly for z>y>2.

Let A’=A+3C+3 and B=2B,(A’)+2. Let P=P, be the set of all primes <y
except those dividing ¢, and define I'y and I'; to be as in the proof of Proposition 1, with
A=1/¢(q). For any y and Q in the range (1.7) let u; =3Clog, y/logs; y and z; =y*!, and
zo=y" =max{Q?log” Q,y>*1/3}.
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It is well known (see [dB] for instance) that if u>1 then log g(u)~—ulogu. Thus,
if <z then, by (2.2),
U(z,y) > z/log’+Wy. (5.3)
Therefore (5.2) and (5.3) imply (1.6) for Q%log® Q<z< ;.

Let N=[logy] and z;=z¢(x1/z0)"/N for i=0,1,..., N. By Lemma 3 and (5.2), we
get

Wz, .
G S ma s Y| max T¥n) <a g
Q Q<q<2QZ¢<z<zt+ Q<q<20zl<z<z,+1 IOg y

and s0, as zi11/%(2,y) <log®®+°M y by (5.3), thus

1
Z Ha)Ta(@r) < Z Z z,<z<z,+1 )Fq(z)<<logA"3c‘1+0(1)y. &4

Q<q<2Q Q<q<2Q

Now, using Lemma 3 and (5.3) to estimate each ¥(z,, P), and also using the trivial
bounds |G|<¢(q), |P|logy<y and ¥(x, P;b,q)<xo/q we obtain, for the final term in
(2.6),

|P|(u0+1)108y
Ul\Il('Tla )

U(zg, P) Yo 1
#(0) } <Ly <oy

Therefore, by Lemma 5, we get that if 2o <z'<z then

{rlgleag U(xo, P;b,q)+

Y(z, . 1
S0 (sarsen+y ) 69
using Proposition 1.

Now, by summing (5.5) over all g in the range Q<¢<2Q, and by using (5.4) to
estimate the resulting sum, we obtain

V(&' y)Ta(2') < Uyl y) () < %aqm(w) <

Z max max |¥(z',y;a,q9)—

o<z’ <z (a,q9)=1
Q<q2Q ST ST (@9)

q(x 'Y) ’ ¥(z,y)
A+2+o(1)

Finally, if we sum this over suitable diadic intervals and add the result to (5.2) with
z=zp (in case the maximum occurs for some <z, for some ¢ in the sum), we obtain
the theorem.

6. Some remarks and extensions

For any set of primes P and modulus g we are able to prove that (2.5) holds once z is
sufficiently large; specifically, if z is the smallest positive integer for which ¥(z, P;a,q)>1
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for all a€G, then we can show that (2.5) holds for |P|log z+|P|?logy=o(log z). We
conjecture that log 2<|G|logy/|P| (which leads to the range |G|+ |P|?=0(u) in (2.5));
currently, we can only prove that log z< |G| logy (which leads to the range |[G||P|=0(u)
for g2y in (2.5)). In general one might expect that = can be taken to be substantially
smaller than this; but, one can construct examples where (2.5) fails to hold with | P|log z=
log z. However, in such examples, P tends to be a fairly ‘thin’ set of primes, and so one
might conjecture that if P contains a ‘reasonable’ proportion of the primes <y then (2.5)
holds uniformly when log(z/z)/log y— o0 as z— 0.

An important shortcoming of the method presented here is that the error term
doesn’t shrink as z gets larger (though it doesn’t get much bigger, either). However,
given that Selberg examined similar functional equations in his elementary proof of the
Prime Number Theorem for arithmetic progressions [Se], we might hope that a suitable
modification of the proof of Proposition 1 will allow us to improve the error term in (1.4)
as u gets larger; this viewpoint will be explored further in the sequel.

It is straightforward to prove that the estimate

\Il(:z:,y;a,q)=%y—){l+0(quoﬁzy)} (6.1)

holds uniformly for all x>y >2 with ¢<y/2/log?y under the assumption of the Gen-

eralized Riemann Hypothesis: A well known consequence of the Generalized Riemann
Hypothesis is the estimate

n(z;q,a) = () +0(z'/? log? qz).

#(9)
We substitute this into (4.2) with z=z/y for y'/2<z<y*?/log®y and z=z'/3/log? z for
y3/2/log® y<z<y?, to obtain (6.1) for y?/2<z<y?. The result then follows by Proposi-
tion 1 with A=1/¢(g). A similar result can be obtained by the method of [FT] though
with the restriction that y>log?t® z. By more careful considerations, along the lines of
[BP], we might hope to further extend the range for ¢ in which (1.1) is valid, under the
assumption of the Generalized Riemann Hypothesis as well as certain conjectures about

Kloosterman sums.

7. Related problems

Our iteration method can be used to attack many related questions. For instance, we
can show that

lo
Yeyix)= 3, x(n) <Yz, y)ﬁg (7.1)
nge

pin=>pKy
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holds uniformly for any non-principal character x (mod ¢) in the range (1.5). This is
proved by first showing (7.1) in the range y'/2<z<y?, and then by establishing a result
similar to Proposition 1, which comes from comparing the identity

T U(t,y; z
‘I’(x,y;x)Ing=/ 263X gy > ‘I'(I—)-,;,y;x)x(p’”)logp
1

t Py, p™<z
riq

with (3.2). We thus extend the estimate ¥(z,y; x)=0(¥,(z,y)) to a much wider range
than previously known, although Theorem 4 of [FT] provides a much sharper estimate
in a limited range.

Another interesting function to examine is ¥(z,y, 1) =3 <, pinmpgcy #(7), Where
w(n) is the Mobius function, which plays a prominent rdle in Daboussi’s recent proof of
the Prime Number Theorem [Db}. Alladi [Al] showed that

U(z,y, ) < ¥(z,y)/logz (7.2)

for all z>y>exp((logz)3/3+%), and later extended this to the range (2.4). In [H3],
Hildebrand proved a somewhat stronger estimate for y<exp((log z)'/?!), which allowed
him to extend the range of (7.2) to all z>y>2; and Tenenbaum [T2] has recently given
a superior estimate for all of the range x>y'**, using the saddle point method. We can
use our methods to show that ¥(z,y, 1) < ¥(z,y)/log? y for all z>y? with y>2, by first
showing this in the range y?> <z <y* (see [Al], Theorem 2), and then from a result similar
to Proposition 1, which is obtained from comparing the identity

T U(t,y, 1) T
W(w,y,y)logz:/l ——t—dt— Z v ";,%# logp

P K=
Py

with (2.3).

A similar method works for the corresponding sum of Liouville’s function, A(n), and
indeed of many multiplicative functions, f(n), with values inside or on the unit circle.
Recently Hildebrand [H4] and Elliott [El] have given strong results of this type, using
the large sieve.

Our method may also be applied to Selberg’s formula [Se], to show that if an estimate
of the form

(z)

m(z;q,a)— —— (=)

e} = o)

holds whenever (a, q)=1 for, say, To<z<Zi, then a slightly weaker bound holds for all
2o
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