PRODUCTS OF SMALL INTEGERS IN RESIDUE
CLASSES AND ADDITIVE PROPERTIES OF FERMAT
QUOTIENTS

GLYN HARMAN AND IGOR E. SHPARLINSKI

ABSTRACT. We show that for any € > 0 and a sufficiently large
cube-free ¢, any reduced residue class modulo ¢ can be represented
as a product of 14 integers from the interval [1,q1/4€1/2+5]. The
length of the interval is at the lower limit of what is possible be-
fore the Burgess bound on the smallest quadratic nonresidue is
improved. We also consider several variations of this result and
give applications to Fermat quotients.

1. INTRODUCTION

As usual, we say that an integer n is y-smooth if all prime divisors
p | n satisfy p <y. We write

L
B = 1€
By a result of Harman [19, Theorem 3] for any € > 0 and a sufficiently
large cube-free ¢, every reduced residue class modulo ¢ contains a ¢°*¢-
smooth positive integer s < ¢**¢. Clearly this result is the best
possible (in terms of /) until at least the Burgess bound [4, 5] on the
smallest quadratic nonresidue is improved. Harman [19, Theorem 3]
also gives similar, albeit weaker, results for non cube-free moduli q.
Here we are mostly interested in the number of small factors of n
rather than in its size. More precisely our goal is to minimize the
values of k£ such that for any € > 0 and a sufficiently large cube-free ¢,
for any integer a with ged(a,q) = 1, there is always a solution to the
congruence

(1) ny...ng =a (mod q), 1<ng,...,n < 7P

We remark that § = 0.1516... and it is certainly the limit of what
one may hope to obtain without improving the Burgess bound [4] on
the smallest quadratic non-residue. For large intervals, several results
in this direction have been obtained by Garaev [14]. For example,
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Garaev [14] notices that for any € > 0 and a sufficiently large cube-
free ¢ every a with ged(a,q) = 1 can be represented modulo ¢ as a
product of k = 8 positive integers up to ¢*/4*¢ (which is an immediate
consequence of [14, Theorem 2]). Tt is a feature of all current methods
that if our variables are of size ¢” then we require k&9 > 2. In that
sense both our result with & = 14 and that of Garaev [14] are best
possible at present (note that 138 < 2). Several related questions, also
involving multiplicative subgroups of the unit group Z; of the residue
ring modulo ¢, have been studied by Cilleruelo and Garaev [9].

Note that although formally [19, Theorem 3] does not give any upper
bound on the number of factors in a ¢°t-smooth positive integer s <
¢”/**¢ with s = a (mod ¢) such a bound can easily be derived via simple
combinatorial arguments. More precisely, one combines together prime
divisors of n in a greedy way into factors of size at most ¢°*¢. The
argument of [19] is flexible enough to impose additional restrictions on
the prime factors of the integers s to solve (1) with k& = 18 and with
more work that can be reduced to £ = 16. We can do a little better,
however, by combining this approach with the ideas of Balog [1] and
Garaev [14] to derive the following result.

Theorem 1. For any € > 0 and a sufficiently large cube-free q, for
any integer a with ged(a,q) = 1, there is always a solution to the
congruence (1) with k = 14.

Some of our motivation to investigate the solvability of (1) for small
values of k comes from studying the additive properties of the Fermat
quotient q,(u) modulo a prime p, which is defined as the unique integer
with

uP™l -1
gp(u) = — (mod p), 0 <gp(u) <p-—1.
We also define
k) =0, ke
Clearly the function g,(u) is periodic with period p?. For any integers
r, u and v with ged(uv,p) = 1 we have

(2) ap(u) + ¢p(v) = gy(uv)  (mod p)
and
(3) g(u—+1p) = gp(u) —ru™'  (mod p),

see, for example, [11, Equations (2) and (3)].

Fermat quotients appear in various questions of computational and
algebraic number theory, see the survey [11] of classical results and
also [2, 21, 27, 32| for results about vanishing Fermat quotients, [7, 8,
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20, 26, 30, 31] for results about the distribution, fixed points and value
set and [6, 15, 28, 29, 30] for bounds of exponential and multiplicative
character sums.

Furthermore, Chen and Winterhof [8] have recently studied additive
properties of Fermat quotients and their generalisations. In particu-
lar, Chen and Winterhof [8] study the question of solvability of the
congruence

(4)  gp(uwr)+...+qp(ux) =a (mod p), 1<uq,...,u, <U,

for some fixed integer k and a sufficiently large parameter U (and also
a congruence with a generalisation of Fermat quotients). Clearly the
method of [8], based on bounds of exponential sums has a natural
limit of U > p'/?*¢ for an arbitrary small ¢ > 0 coming from the
non-triviallity range of the Burgess bound, see [4, 5] and also [22,
Theorem 12.6] for a modern treatment. Here, we observe that The-
orem 1 applied with ¢ = p* and combined with (2) and (3) allows us
to study (4) for much smaller values of U. Indeed, it follows from (3)
that for any integer b with ged(b,p) = 1, there exists an integer a
with ged(a,p) = 1 such that ¢,(a) = b (mod p). Hence, we derive
from Theorem 1 that for any € > 0, a sufficiently large prime p and
U > p/2""*+= for any integer a with ged(a,p) = 1, there is always a
solution to the congruence (4) with k = 14.

In actual fact it is more efficient to analyse the problem of Fermat
quotients more closely and establish a variant of Theorem 1 for the
congruence

(5) ni...npg=au (mod q), 1<ny,....ny <q¢° ueg,

with a multiplicative subgroup G of Z7. This follows since ¢p(u) =0 if
u = r? for some r with ged(r,p) = 1. So instead of solving (1) we now
have much more flexibility and solve (5) with ¢ = p? and where G is the
group of p-th powers (mod ¢). We note that G has order p — 1 >> ¢'/2.
This motivates the following result.

Theorem 2. For any € > 0 and a sufficiently large cube-free q, and
a multiplicative subgroup G of Z; of order t > q'/? for any integer a
with ged(a, q) = 1, there is always a solution to the congruence (5) with
k=9.

In particular, Theorem 2 implies:

Corollary 3. Let ¢ > 0. Suppose p is a sufficiently large prime and
U > pY/2'"**c Then, for any integer a with ged(a,p) = 1, there is
always a solution to the congruence (4) with k =9.
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Our approach can also be used to study the solvability of (1) for al-
most all reduced residue classes a (mod ¢) and obtain several more re-
sults complementing those of Cilleruelo and Garaev [9] and Garaev [14].
We state one such result as follows.

Theorem 4. For any € > 0 and a sufficiently large cube-free q, for all
but o(q) integers a € {0,...,q — 1} with ged(a, q) = 1, there is always
a solution to the congruence (1) with k =17.

In particular, Theorem 4 implies:

Corollary 5. For any € > 0, a sufficiently large prime p and U >
P2 * %2 for all but o(p) integers a € {0,...,p—1} with ged(a,p) =1,
there is always a solution to the congruence (4) with k =17.

2. PREPARATIONS

2.1. Notation. Throughout the paper, any implied constants in the
symbols O, < and > may depend on the real parameter ¢ > 0. We
recall that the notations U = O(V), U < V and V > U are all
equivalent to the statement that the inequality |U| < ¢V holds with
some constant ¢ > 0.

We define the constants 1) = 21/36_ ¢ =4 —1, and for a real A and an
integer a, write a ~ A to indicate a € [A, 1 A]. We also write p = /2.
We use Z; to denote the unit group of the residue ring modulo g.

As usual, we write ¢(n) for the Euler function and 7(n) to represent
the number of positive integer divisors of an integer n > 1 for which
we recall the following well-known estimates

— oo _ 9
(6) 7(q) = ¢ and ¢ > (q) > oglog g
as ¢ — 00, see [18, Theorems 317 and 328].
In the following s always denotes the ratio

@

q
2.2. Some basic results. The next result is a well-known elementary
consequence of the identity

S i) - {1 if ged(n, q) = 1
)

0 otherwise.

Lemma 6. For any M > 1,q > 2 we have

Y 1=¢(Mr+0(r(q)).

m~ M
ged(m,q)=1
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When M is small in relation to ¢ it is useful to have the following
result.

Lemma 7. For q > 2, M > logq we have

> 1=0(Mr).

m~ M

Here the implied constant is absolute.
Proof. This follows from [17, Theorem 2.2]. O

Combining the above results enables us to establish a result which
is needed in Subsection 2.3.

Lemma 8. For N > ¢"/* > 1,0 < ¢ < 1 we have

S S 1= (€log(1/Q) +o(1)kN.

NC<p<N  m~N/p
ged(p,q)=1 ged(m,q)=1

Proof. From Lemmas 6 and 7 together with a trivial bound we have

Z 1=¢ENkp 4+ 0(0,)

m~N/p
ged(m,g)=1

where
m(q) ifp<N/7(q),
(7) Up =4 6N/p if N/7(q) <p < N/logg,
N/p it p> N/logq.
(note the ranges may partially overlap and the second range may be

empty). By the Mertens formula, see [22, Equation (2.15)], for any real
Y > X > 2 we have

1 logV 1
- =1 O .
Z P ©8 log X * (logX)

X<p<y

Hence

> ENkp' = (Elog(1/¢) + o(1))kN
g]géﬁi\fl

gives us the main term (where we have also noted that there are only
O(1) primes p | ¢ with p > N¢).
For the error term we consider the 3 possible ranges in (7) separately.
For the first range, by Prime Number Theorem and the bound

k> ,
log log q
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see (6), we derive

Yoo YT 1+o(1))10‘;VN o(kN).

p<N/7(q) p<N/7(q)

For the second range (provided it is not empty) using the above Mertens
formula and (6), we obtain

1
> ey
N/r(@)<p<N/logq N/r(@<p<N/logq T
log N — loglog q 1
=rN (1 O
8 ( °8 log N —log 7(q) * log N
log N + o(log N) 1
N O
" (O log]\/—i—o(log]\/)+

log
_ N <1og(1+0(1)) (logN))

Finally, for the third range, similarly, we have

Y <N Y 2

N/log q<p<N N/log g<p<N

log N 1
=Nl @)
(og log N — loglogq+ <logN>>

log N 1
=N{(l
(og log N + O(loglog N) O (logN))

loglog N
log N

The desired result now follows. O

<N = o(kN).

2.3. Using a simple idea of Balog. Instead of establishing a variant
of [19, Lemma 1] which uses an idea of Friedlander [12] to obtain a
lower bound of the correct order of magnitude for the integers we wish
to count, we return to the original idea of Balog [1]. That is, we count
products of two numbers mn, and note, for any set A,

oot > 11— > L
mneA mneA mneA
plmn=p<z® plm=p<z® Ip|n,p>z®*
We do this for simplicity as it would take considerable effort to obtain
the correct order lower bound in view of the complicated structure we
impose on the numbers we have eventually to count. We write for
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convenience B = {n : ged(n,q) = 1}. Our main auxiliary result is

then as follows.
Lemma 9. Suppose R > N > ¢*/*. Let € > 0 be given and a sequence
b, supported on the interval [R,v3*R]. Suppose that A C B is a set

such that for some X > 0 and n = &3,

(8) > anby =X ) anh +O0(')

rnmeA rnmeB
m,n~N m,n~N

for any sequence a,, = O(1). Write ( = p(1 +¢). Let

1 difpln=p<N¢
" 10 otherwise.

Then

(9) D brcacm > (24 o(1)Alog(L +&)(EN)? Y b, + O(Aa' 7).
rmneA reB
m,n~N

Proof. Using the observation of Balog [1], we have
Z b.cpcm > E — F

rmneA
m,n~N
where
E = E bycm ) F= § b, hy, )
rmneA rmneA
m,n~N m,n~N

and h, =1 —c¢,. By (8)
E=X Y bewm+0a'™),

rmneB
m,n~N
Now
E chng Cm E 1 E b, .
rmnéeB meB neB reB
m,n~N m~N n~N

Lemmas 6 and 8 then give

> 1= (1+0(1))rEN, > e = (1+1log¢ +0(1))KkEN

neBb meB
n~N m~N

where we have noted (since p > 1) that

dem=> 1= > > 1L

meB meB NSé<p<N meB
m~N m~N m~N/p
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Thus

E = A1 +1log ¢+ o(1))(kEN)* ) b, + O(Aa' ™).

reB

Similarly

F = A(—1log¢ + o(1))(kEN)* > b+ O(\z' ™).

reB
Since 14 2log ¢ = 2log(1 + ¢) we obtain (9). O
Now we define the multiset

(10) K={k=mn : myn~N,p|mn=p< N},

where the integers k£ are counted with multiplicity. For a real z > 1
and integers a and ¢ with ged(a,q) = 1 and a subgroup G of Z; we
define by A, ,(G; x) the set of integers s € [z, 22| with s = au (mod q)
for some u € G. We record a special case of Lemma 9 that applies to

the set A = A, 4(G; ).

Corollary 10. Assume that the conditions of Lemma 9 holds with
x = N?R > xo(e) for the set A = A, (G;x) with X\ = t/p(q), where
t = #G and zo(e) depends only on e and is sufficiently large. Then

262 N2
> bz S b0 ).
rk€Aa,q(G;x) §0<Q) reB
kek
In particular, for the extreme case G = {1}, we write A, (x) for
Aqq({1}, ) and obtain:

Corollary 11. Assume that the conditions of Lemma 9 holds with
x = N2R > xo(e) for the set A = A, (x) with X = 1/¢(q), where
xo(g) depends only on e and is sufficiently large. Then

2¢2 £72
Y b2 SN S b0 (¢ ).
rk€Aq,q(x) SD(Q) rel3
kek

2.4. Character sums. Let X be the set of all ¢(¢) multiplicative
characters modulo ¢ and let X* be the set of nonprincipal characters
X # Xo- We now recall the Burgess bound for sums of multiplicative
characters modulo cube-free integers which we present in the following
simplified form, see [22, Theorems 12.5 and 12.6].

Lemma 12. There is an absolute constant ¢ > 0 such that for any fixed
§ € (0,1/2), a cube-free integer q and an arbitrary integer M > ¢'/4+9,
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for any x € X* we have

< Ml—c52 )

> x(m)

m<M

Finally, we need the following simple bound which follows from the
orthogonality of characters and which we refer to as the mean-value
estimate for character sums.

Lemma 13. For N > 1 and any sequence of complex numbers a, we

have
Z Z anx(n)

xX€X In<N

<o(@)(N/g+1)) Janl”

n<N

2.5. Products in arithmetic progressions. We now define
(11) §=1/200 and o= (3+e)(2+0+2)"

For a given ¢, we consider the set of integers r that are products of 33
primes of the form

(12)  r=4...apr...pssi...s4  and ged(r, q) =1,

where

3/20 1/20

(13) El,...,églf\-’qé, P1y-.-,P8 ~ (@ S1,82,83,54 ~ (¢

and let b, be the characteristic function of this set. We note that b, is
supported on the interval [R, ¢ R] with R = ¢*/?*9.

We now show that for any sufficiently small € > 0 the conditions of
Lemma 9 are satisfied for this choice of b, with N = ¢'/**¢ = 2® upon
writing * = N2R.

Lemma 14. Let ¢ > 0 be sufficiently small, ¢ > 1 and N = ¢'/*t=.

Suppose that the sequence b, is the characteristic function of the set
defined by (12) and (13). Then for integers a and q with ged(a,q) =1
and such that q is cube-free we have

Z aan=$Zanb —i—O( 11”)

rmn€Aq,q(x) rmneB
mn~N m,n~N

with n = €%, R = ¢*/*™ and x = N?R, and any sequence a,, satisfying
la,| < n° (1)

Proof. We start with the observation that if b, # 0 and m,n ~ N then
due to the choice of our parameters we always have

rmn € [N*R,¢y* N*R] C [z,2z].
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In particular, if b, # 0 and m, n ~ N then the condition rmn € A, ,(x)
is equivalent to the congruence rmn = a (mod ¢) and the condition
rmn € B is merely equivalent to ged(mn,q) = 1.

Using the orthogonality of characters we write

Z apb, = Z ZX rmna 1 )

rmn€Aq,q(x) rmneB XEX
m,n~N m,n~N

Changing the order of summation, we obtain the asymptotic formula

(14) > anb, =M+ 0(€),
rmnG.AaJ,%(z)

where the main term

1
(15) Sﬁzm > anb,

rmn€B

m,n~N

comes from the contribution of the principal character yo and the error
term is given by

1 1
¢ = @ Z Z anb,x(rmn)| = —) Z\; 1;2 anb,x(rmn)|,

X ek
where R is the set of r defined by (12) and (13) (note that due to the
presence of characters the condition rmn € B can now be dropped).
Hence

(16) @:LZ

v(9) .

> aim

m~N

Z Z anbyx(rn)

reR n~N

We now use the argument deployed in [14], we however put it in a
different form which optimally extracts all available information about
the character sums involved (thus in case the bound on error terms is
important it leads to stronger estimates). This approach also seems
to be more direct and since it may have some other applications, we
present it in full detail.

For a real w > 0 we consider the character sums over primes

Vo) =D x(©).

lr~qw
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which we use with w = 3/20 and w = §. We also consider the weighted

W)=Y D> anx(mno),

m~N n~N veY
where v runs through the set V of ¢'/?t°() products v = prpss1525354

over all pr7, ps, $1.52, 83, S4 as in (12). Recalling the definition of b,, we
write (16) as

(17) ¢ @2}; Vi OO V001 W ()]

We now note that the currently available information about the sums
Vis20(X), Vs(x), and W (x) consists of the inequality

> x(m)

m~N

(1) max [W()| < N2 mag

< N2—0052q1/2
X< XEX*

with some absolute constant ¢y > 0 for all sufficiently small € > 0 that
follows from Lemma 12 and also the inequalities

(19) 3 Vi) W0 <’ Dm0l <o

XEX XEX
and
2
5|5 ¥ 0 Yo
(20) XEX |[m~N n~N veEV

< N2q3/2+o(l) (1 + N2q71/2) :

implied by Lemma 13. Since for the above choice of parameters we
have N2 > ¢'/2, the inequality (20) simplifies as

(21) DD D an )y x(mno)

< Nigite),
XEX |m~N n~N veY

We now write [W(x)| = [W ()" [W(x)['** and apply (18),
deriving from (17)

1 g2 1/200 6
¢ < @ <N2 0 q1/2> > [Vamo(x))|
(22) v xex

V50Ol W (o).

Finally, since

1+ 1 N Ly
2 400  400/199
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by the Holder inequality, applied to the sum in (22), and extending the
summation to all y € X, we obtain

1/2
1 ) 1/200
¢ < =0 (Nz coe 1/2) (E | Vaj20(x) 215001 >

XEX

1/400 199/400
(Z !Va(x)|40°) (Z |W(X)|2> :

XEX XEX

Recalling (19) and (21), we derive

1 g2 1/200 o(1)) 199/400
) ¢ < D (Nz 0 q1/2> g +1/200 (N4q1+ (1))
< N2q1/2+6+o(1)N—0062/200 _ mq—lN—c052/200+0(1).

The proof is completed by combining (15) and (23) with (14). O

2.6. Products in subgroups. Before embarking on the proof of The-
orem 2 we also require one additional result, that gives an upper bound
on the number of solutions to the congruence

(24) ru=y (mod q) 1<z,y< X, ueg,

with a multiplicative subgroup G of Z;, which is given in [23, Corol-
lary 7.9]. We note that in [23] only the case of a prime modulus ¢ = p
is considered, but it is easy to check that the argument works for any
integer g > 1.

Lemma 15. Giwen a multiplicative subgroup G of Z; with order t sat-
isfying t > ¢'/3
to the congruence (24) is at most X*tq~

and an integer X > ¢*/*t=1/*, the number of solutions
1+0(1)

We also recall that several more bounds on the number of solutions
to (24) are given in [3, Theorem 1].
We replace (11) to define § and o now with

§=1/200 and a=(G+e)(3+0+2)7"

For a given ¢, we consider the set of integers r that are products of
28 primes of the form

(25) r=1V1...031P1P2P351525384 and ged(r,q) =1,
where

3/20

(26) 517-~,f21’“q57 b1,P2,P3 ~ 4 ) 81,32,83784’“(11/20
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and let b, be the characteristic function of this set. We remark that
we need r to be expressible as two factors of size about ¢%/® as well as
having the right combinatorial properties for our final argument.

Lemma 16. Let ¢ > 0 be sufficiently small, ¢ > 1 and N = ¢/**=.
Suppose that the sequence b, is the characteristic function of the set
defined by (25) and (26). Then for integers a and q with ged(a,q) =1
and such that q is cube-free and a subgroup G C Z; of order t > q'/?
we have

t
nbr = —— nbr+0 t gt
2. ¢ v(q) 2, (ta™"™)

rmn€Aq,q(G;z) rmn€eB
m,n~N m,n~N

3/4+6

withn =3, R=q and v = N*R, and any sequence a,, satisfying

|a,| < n°).

Proof. We proceed as in the proof of Lemma 14. We note that we count
each desired solution ¢ times by considering

mnr = auv  (mod q),
where
r as in (26), m~ N, n~ N, u,v €G.

As before in the proof of Lemma 14 we use multiplicative characters
to obtain a main term

t2
(27) Mm = @ > anb,

rmn€eB
m,n~N

for the corresponding sum, which we write as

> anb, = M+ O(€).

mnr=auv (mod q)
mon~N
u,WEG

We also write

Vs(x) = > x(0),

o

W00 =YD ) > > x(mpipasity ... 451),

m~N p1,p2 s1 {1,...,05 uEG

Wa(x) = Z Z Z Z Z an X (np3s283Sale . .. logD) .

n~N p3 $2,53,54 Lg,...,L20 VEG
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So the expression for the error term & corresponding to (16) is now

1

¢ = @X;* Va0l W00 Wa(x)! -

Working in a similar manner to previously we estimate this as

1/400
1
Wl (X)‘LS (_ Z |‘/5(X>|400> 511199/400521/2’

v(9) 7

1 2
Sj = mz W01

XEX
From Lemma 12, we have, for y € A,

Wi (x)] < N7t Z,

where Z is the maximum number of all admissible products of the form
pipesily ... U5 satisfying (26), so

(28) 7 < 101204100 _ (378,
This and (19) imply the bound
29) ¢ < (Warign) rgiig
Also, we can estimate S; as S; < Rq"(l) where R is the number of
solutions to the congruence
m1p1p281€1 Ce €5u = m2p3p482f6 e fl(ﬂ) (IﬂOd q),
where
pj,S;,{; are as in (26), my,mo ~ N, u,vEG.
Now R < t@ where @ is the number of solutions to (24) with
X< NZ<X,
where Z is given by (28). Ast > ¢'/? and N > ¢!/, we have
NZ > Nq3/8 > q5/8 > q3/4t_1/4.
Hence Lemma 15 applies and we obtain
We also proceed similarly for S;. Hence

(30) Sy < N22g~M4+o)  and 5, < N2g2qV/Ate),



PRODUCTS OF SMALL INTEGERS IN RESIDUE CLASSES 15
We can now substitute the estimates (30) in (29), to deduce that

5 _
¢ < (leCOEth3/8) ¢ (N2t2q’1/4+0(1))(1 8)/2 (N2t2q’1/4+°(1))1/2

< N2t2q—1/4+6+0(1)N—c05€2 .

Hence

(31) ¢ < xt2q—1M—coe2/200+0(1)‘

The proof is completed by combining (27) and (31) upon recalling that
we are counting each solution ¢ times. U

3. PrROOFS OF MAIN RESULTS

3.1. Proof of Theorem 1. We fix some sufficiently small ¢ > 0. Let
a and 0 be as in (11) and let n be as in Corollary 11. We also choose
z as in Lemma 14. We remark that N¢ < a8+

For integers a and ¢ with ged(a,q) = 1 and such that ¢ is cube-free
we consider the number T of solutions to the congruence

(32) rk=a (mod q)

where r is defined by (12) and (13) and k& € K, where the multiset
is defined by (10).
Combining Corollary 11 and Lemma 14, we see that

2¢2 072
(33) T= > b N > b+ 0 (g2 ).
rk€Aa,q(x) SD(Q) reB
kek

Y

By the prime number theorem there are ¢%/279+t°() values of r given
by (12) and (13) and for each of them ¢%?*° < r < ¢*/**9. Hence, for
a sufficiently small ¢ > 0, after simple calculations, we obtain

T > xq—1+a(1).

In particular, "> 0. Let (k,r) be one of the solutions to (32). Clearly
r has 8 prime factors of size ¢*/? < ¢%+¢. We return to the other 25
factors after an initial discussion of m and n showing that they are both
products of at most 3 integer factors of size at most u = ¢°*¢. Indeed,
let p1 > ... > p, be prime divisors of m. Define h by the condition

Pr---Ph < U<DPi...DPhPhtl

Then for
n

U1 =P1---Dh, V2 = Ph+1, V3 = ——
V102

we obviously have v;v9v3 = m and also

max{vy, vg, v3} < max{u,u,m/u} < u,
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provided that € > 0 is sufficiently small. In particular, in what follows,
we always assume that
1(5
e < 50
Now, clearly min{v;, vy, v3} < m!/? < ¢(1*9/12_ For convenience,
suppose that vy > vy > vs. So, if vy > ¢'/10 then vz < ¢'/2°+9/4. Hence
we can combine s; and sy with vy and vs to produce new variables not
exceeding ¢3/20t%/% So we have written ms;s, = g1g2g3 say with each
positive integer g; < ¢°*¢. However,

9192931 .. . L1 < q2/5-|-55/47
So, suppose g; < ¢*?°%. We can include variables /1, .../, so that
q3/20—6 <gily... 0, < q3/20.
3/20—6

We can do this for each g; < ¢
¢, we have

and since, for a sufficiently large

G1gagsly - .l < q2/5+55/4 < ¢—3q3><3/20—35
< q3><3/20 (max{é - qa})—?’

we use up all £y, ..., ¢1;. In this way msysaf; ... ¢11; has been expressed
as the product of three variables not exceeding ¢°*¢.

The same argument also applies to n, although in this case we need
only use 10 of the ¢; variables. We have thus reduced our product to
14 variables as desired.

3.2. Proof of Theorem 2. We now proceed as in the proof of The-
orem 1 by using Lemma 16 instead of Lemma 14 and applying Corol-
lary 10. We have 3 variables of the correct shape immediately in
1, P2, p3- We can use the same argument as before to reduce ¢; . .. fo157 .
to a product of 6 variables not exceeding ¢°*¢. This gives the 9 vari-
ables as required.

3.3. Proof of Theorem 4. Suppose that R is the set of multiplicative
inverses (mod q) of the exceptional set of a. All we need do is prove
that for any set R with |R| = ¢'*°() there is a solution to

rmy...n7 =1 (modq), 1<mng,....,n; < reR.

To modify the proof of Theorem 1 we keep the definiton of «, 6 from (11)
and we initially solve

rmnps18283S4ly ... €33 =1 (mod q),

3/20

5 1/20
l,... U3 ~q P~ q, 31,32,33,s4~q/ .

..Samn
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As before mnssa5354 = g1 . . . gs With each g; < ¢%+¢. Now
G gely .. Og < g /204004 )y =66x3/20-63
—6
< q6><3/20 (max{f -~ qé}) '

We can therefore combine some of the ¢; variables with each g; in turn
to obtain 6 new variables not exceeding g; < ¢®*t¢. We thus end up
with 7 variables of the required form as desired.

4. ADDITIONAL RESULTS

A natural question is to see how far short our results fall from what
would be known assuming the Generalised Riemann Hypothesis. Under
that assumption we quickly obtain the well-known conditional bound
for a short sum over a non-principal multiplicative character y modulo

q:
(34) > x(m) < Mg,

m<M
as ¢ — 00, see [25, Section 1]; it can also be derived from [16, Theo-
rem 2.
We also obtain the following conditional extension of Theorem 2
without any need to use Lemma 9, where as usual we use |z | to denote
the integer part of real x.

Theorem 17. Assume the Generalised Riemann Hypothesis. For any
B € (0,1) and a sufficiently large q, a multiplicative subgroup G of Z,
of order t = ¢°, for any integer a with gcd(a, q) = 1, there is always a
solution to the congruence (5) with k= |2(1 —19)/8] + 1.

Proof. Since G is a group, for fixed u the number of solutions to vw = u
with v, w € G is t. Hence the number of solutions to (5) is 1S where
S is the number of solutions to

ny...ng =avw (mod q), 1<ng,...,ne < ¢ v,weg.

Using character sums we obtain S = M + O(FE) where
k

M1 e 5eite
> xo(n) | =d"Fp(g) T+ O (¢FDP e
n<gh

2 o)

and
2

E:—)Z ZX(”)

1
¥ (q X#X0 |n<gb

> x(u)

u€eg
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Using (34) applied to the sum over n and the mean value theorem for
character sums for the sum of the sums over u gives

E < ¢"8/2+oy,
We thus obtain that the number of solutions to (5) is
S/t =t *p(q)F 1 + O (tghDB=1+0(1) y kB/2+o(1))
Hence S > 0 for ¢ sufficiently large when
k6—1>(k—-1)p—-1 and v+ kB —1>kG/2.

The first inequality is always satisfied as § > 0, analysing the second
inequality we obtain the result. U

Comparing this (taking G to be the trivial subgroup) with our un-
conditional result we see that for 3 = 1/4e'/? we make no saving on
the number of variables. However, we can reduce § to 1/7+ ¢ and still
only require 14 variables. The real benefit, of course, is that we can
take any [ > 0 to obtain factors essentially as small as we wish. The
major constraint imposed by this approach is that the product of the
variables must be of size at least ¢?*=.

Now let G be the group of pth powers modulo p? as in the proof of
Theorem 2. We immediately deduce the following result which saves 2
variables on Theorem 2 for 8 = 1/4¢'/2 .

Corollary 18. Assume the Generalised Riemann Hypothesis. For any
g € (0,1/2) and a sufficiently large prime p for any integer a with
ged(a,p) = 1 and U > p*, there is always a solution to the congru-
ence (4) with k = |1/8] + 1.

The next natural question is: what happens for almost all moduli?
The auxiliary results used in proving the Bombieri-Vinogradov Theo-
rem (see [10, Chapter 28]) immediately show that Theorem 17 is true
for G = {1} unconditionally for all ¢ € [Q,2Q)] with o(Q) exceptions
as well as for almost all prime p = ¢ € [Q, 2Q)] with o(Q/log Q) excep-
tions. One can obtain results for non-trivial G, but the results become
complicated and do not have the full strength of Theorem 17.

An alternative approach to results for almost all ¢ is via a bound of
Garaev [13] of character sums for almost all moduli (which can be used
in place of Lemma 12). This approach may lead to stronger results for
some group sizes.

Next, we would like a result for almost all p? in order to obtain the
appropriate version of Corollary 3 for almost all prime squares. This is
possible since Matoméki [24] has obtained an analogous version of the
Bombieri-Vinogradov theorem for prime-squared moduli. Using the
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Type II sum estimates in [24, Section 3], we are able quickly to deduce
the following.

Theorem 19. For any f € (0,1/2) and a sufficiently large Q, for
all but o(QY?/1log Q) exceptional prime squares p* € [Q,2Q), for any
integer a with ged(a, p) = 1, there is a solution to the congruence

ny...npy=a (mod p?), 1<ng,...,ny <Q°,
with k = |2/B) + 1.

Corollary 20. For any 8 € (0,1/2) and a sufficiently large T, for all
but o(T/logT) exceptional primes p € [T,2T), and U > p*3, for any
integer b with ged(b,p) = 1, there is always a solution to the congru-

ence (4) with k= |2/8] + 1.

Of course, for # = 1/4e'/? this is worse than our Theorem 2 which
is true for all p, but Corollary 20 does hold for all 5 > 0.

Finally, we mention that a version of Theorem 2, which involves mul-
tiplicative subgroups G of Ly, of certain sizes is possible via a version

of a result of Garaev [13] for almost all prime squares, of the type given
in [30, Theorem 8].

5. COMMENTS

We note that the choice of parameters (25) and (26) is optimised
for subgroups of order t = ¢/?>t°)_ The chief reason for this is that
our main application to Fermat quotients corresponds to subgroups of
this size. However, one can easily obtain a series of other results of the
type of Theorem 2 for subgroups of other sizes. Furthermore, for other
choices of parameters several other versions of Lemma 15 may be of
use. For example, one can use [3, Theorem 1] with other values of v
and also a similar estimate from [9]. Furthermore, for some ranges of ¢,
t and X, one can obtain better estimates via bounds of multiplicative
character sums.
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