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Combinatorial identities and Titchmarsh's
divisor problem for multiplicative functions

Sary Drappeau and Berke Topacogullari

Given a multiplicative function f which is periodic over the primes, we obtain a full asymptotic expansion
for the shifted convolution sum ;. f(n)T(n—h), where  denotes the divisor function and / € Z\ {0}.
We consider in particular the special cases where f is the generalized divisor function t, with z € C, and
the characteristic function of sums of two squares (or more generally, ideal norms of abelian extensions).
As another application, we deduce a full asymptotic expansion in the generalized Titchmarsh divisor
problem } ;. = T — h), where w(n) counts the number of distinct prime divisors of n, thus
extending a result of Fouvry and Bombieri, Friedlander and Iwaniec.

We present two different proofs: The first relies on an effective combinatorial formula of Heath-Brown’s
type for the divisor function 7, with « € @, and an interpolation argument in the z-variable for weighted
mean values of t,. The second is based on an identity of Linnik type for 7, and the well-factorability of
friable numbers.

1. Introduction

Understanding correlations of arithmetic functions is a fundamental question in analytic number theory.
In an explicit form, the problem can be stated as determining the asymptotic behavior of the sum

> fmgm—1), (1-1)
l<n=x

where f, g : N — C are arithmetic functions of multiplicative nature. Many important problems in number
theory can be rephrased in terms of correlations of arithmetic functions, the twin prime conjecture or the
Goldbach conjecture being two famous examples (see e.g., [Elliott 1994, Chapter 1]). Sums of the form
(1-1) also come up prominently in the study of growth properties of L-functions in the critical strip. In
this context, the problem is known as the shifted convolution problem and has a long and rich history

(see [Michel 2007] for an overview).
In general, determining the precise asymptotic behavior of the unweighted correlation (1-1) is a difficult
task and only very few unconditional results are known in this direction, all of them requiring at least one
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of the involved functions to be very close — in the convolution sense — to the constant function 1, the
divisor function t(n) or to Fourier coefficients of GL,-automorphic forms. Note that when f and g are
bounded, the logarithmically weighted correlation

Z f(n)gn—1)
l<n<x n

has been the object of a recent breakthrough of Tao [2016]. The case of higher-order correlations of
bounded functions with logarithmic weight was also recently settled in [Tao and Terédviinen 2019].

In the present paper, we focus on the particularly important case g(n) = t(n) of the unweighted
problem (1-1), which is at the edge of current techniques. If the average value of f is not too small, it
was already observed by Vinogradov [1965] (in the case of primes; see also [Rodriquez 1965; Halberstam
1967]) that simple asymptotic equivalences for the sum

Y frn—1 (1-2)
l<n<x
can be obtained from analogues of the Bombieri—Vinogradov and Brun—Titchmarsh inequalities. We
refer to [Green 2018; Granville and Shao 2018; Fouvry and Radziwit 2018] for recent works on this
topic. In particular, Corollary 1.3 in [Fouvry and Radziwilt 2018] leads to a partial asymptotic formula
for (1-2) (including all terms with nonnegative exponent of log x) for a large set of arithmetic functions f,
including the generalized divisor function 7, which we discuss further below.

It is a considerably more difficult problem to obtain full asymptotic expansions for (1-2), say, with an
error term of the form O(x(logx)~") where N > 0 is fixed but can be chosen arbitrarily large. The gap
in difficulty is related to the “x!/?”-barrier for primes in arithmetic progressions on average over moduli.
To our knowledge full asymptotic expansions are known for only very few specific examples of functions
f of arithmetic interest:

« The indicator function of primes [Fouvry 1985; Bombieri et al. 1986].

 The indicator function of integers without large prime factors [Fouvry and Tenenbaum 1990; Drappeau
2015].

o The k-fold divisor functions t;(n), k € N, k > 2 [Motohashi 1980; Topacogullari 2016; 2018].

The methods from the last example can also be used to handle the case where f is given by Fourier
coefficients of GL,-automorphic forms, although this does not seem to be worked out explicitly in the
literature.

The purpose of the present paper is to introduce two new methods which lead to an asymptotic
expansion for (1-2) for a wide class of multiplicative functions. Let A, D > 1 be fixed integers. Define
Fp(A) to be the set of all multiplicative functions f : N — C which are D-periodic over the primes in
the sense that

f(p1) = f(p2) for any primes p; and p, with p; = p> mod D,
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and which satisfy the growth condition,
|f(n)| <ta(n) forallneN,
where t4(n) denotes the generalized divisor function. Our main result is the following preliminary
asymptotic formula for the sum (1-2) for f € Fp(A).
Theorem 1.1. Let A, D, N > 1. Forall f € Fp(A) and all x > 2, we have

Y fre-1H=2 ) Z Z fn )x(n)+(9(( gx)N), (1-3)

l<n<x X primitive  g< q 2<p<x
cond(x) | D cond(x) lq (n,q)=1

where the implied constant depends only on A, D and N.

Remarks. ¢ The main term in (1-3) can be evaluated asymptotically by classical methods, for instance
the Selberg—Delange method [Tenenbaum 1995, Chapter I1.5]. The ensuing expression will in general
take the form

P Cic,t X
x Y (logx) Z logx +0((10gx)w_maxa<f>+1>’ (1-4)

KEKf

for some finite set Ky C C and some sequences (c, g)i,V:O of complex numbers. We spell this out in detail
in three particular cases below.

o If f satisfies a Siegel-Walfisz estimate in the sense that

> Fmx () = Oa(x(logx)™),

n<x
uniformly for all primitive characters of conductor 1 < ¢ < (logx)*, then only the trivial character
contributes to the main term in (1-3), and the formula simplifies to

1
> rmrm-n=2Y ) Y. fm+o ((1 X)N)

l<nzx q=Vx g*<n=<x
(n.q)=1

For the main term one then has an expansion as in (1-4) with K ; = {« r}, where « 7 is the average value
of f(p) over all primes p.

o We stress that the implied constant is uniform in all f € Fp(A), and depends only on A, D and N.
This feature can be useful in applications (see Section 1C).

¢ On the other hand, our result is badly behaved with respect to D, partly due to the use of the Siegel—
Walfisz theorem. The arguments presented here do not seem sufficient to obtain an improvement in this
aspect, although this does not affect our applications.

 The error term in (1-3) corresponds to an application of the Siegel-Walfisz theorem. If the Riemann
hypothesis is true for all Dirichlet L-functions, then it can be improved to O(x!'~%) for some absolute
constant § > 0.
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Theorem 1.1 may also be interpreted as a result of Bombieri—Vinogradov type “beyond /x” for the
average of f € Fp(A) in the residue classes of a fixed integer and without absolute values. By a slight
modification of the method presented here, it is possible to show that for f € Fp(A),

1
Z( otwm-—— 3y f<n>x(n>)=oA,D,N<a%+w).

q</x l<n<x QO(C]) X primitive  l<n<x
n=1 mod g cond(x) | (D,q) (n,q)=1

We refer to [Green 2018; Granville and Shao 2018] for recent works related to this point of view.

In many applications correlation sums with more general shifts appear and it is important to have
results which are uniform in large ranges of the involved parameters. Our methods are robust enough to
be applied to these cases as well, and Theorem 1.1 is in fact the special case @ = & = 1 of the following
more general result.

Theorem 1.2 (general shifts). Let A, D, N > 1. There exists an absolute constant § > 0, such that, for
all f € Fp(A),allx =2 and all a, h € 7 satisfying 1 <a, |h| < x%, we have

X

Z f(n)t(an —h) = Ms(x; h, a) +O(t((a, h))—(logx)N>’

|h|/a<n<x

where M ¢ (x; a, h) is given by

—( h
(-
My(xia, h):=2 Y > E(héq))) Y. Fox(gs).

X primitive  g<./ax q?Ja<n<x

cond(x) | D cond(y) | (q'_’h) (an,q)=(h,q)

and where the implied constant depends only on A, D and N.

Unfortunately, the range of uniformity in / in Theorem 1.2 is comparatively short. This is due to a
known uniformity issue of arguments based on exponential sums estimates underlying our bilinear sums
estimate (see [Fouvry and Iwaniec 1983, page 200]). Out of the same reason, the methods used here are

not able to address the dual problem
N—1

> f)T(N —n)
n=1

(for which results are available for instance when f = 7 or f = 13, see [Motohashi 1994; Topacogullari
2016]).

We mention that results are known for affine correlations whose linear parts are pairwise independent
[Matthiesen 2012; 2016], or when there is an additional, long enough average over the shift [Mikawa
1992; Matomaiki et al. 2019a; 2019b]. See also [Andrade et al. 2015; Bary-Soroker and Fehm 2019] for a
function field analogue in the large ¢ limit.

Finally, we mention the work of Pitt [2013]. He considered an analogue of the Titchmarsh divisor
problem (see Section 1C) with the divisor function replaced by Fourier coefficients of holomorphic
cusp forms. In many situations, these Fourier coefficients and the divisor function exhibit a similar
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behavior, since the latter can also be viewed as the Fourier coefficients of an Eisenstein series (see e.g.,
[Iwaniec 2002, Chapter 3.4]). Remarkably, Pitt obtained an estimate with a power saving in the error
term unconditionally, something which is not known for the original Titchmarsh divisor problem. It
seems possible that his ideas can be adapted to our setting, and that one might obtain an analogue of
Theorem 1.2 with the divisor function replaced by Fourier coefficients of holomorphic cusp forms and
with a power saving in the error term. We do not pursue this here.

We apply Theorem 1.2 to three functions f of particular arithmetic interest:

(1) The generalized divisor functions 7,(n) with z € C.
(2) The indicator function of integers n which are norms of an integral ideal in an abelian extension.
(3) The indicator function of integers n with exactly k different prime factors.

1A. Correlations of divisor functions. Our first application is related to the generalized additive divisor
problem, which asks for an asymptotic evaluation of

Dio(x,h)i= Y wm)w(n+h)

|h|<n<x

for integers k, £ > 2. This problem has received a lot of attention, partly motivated by its connection to
the 2k-th moment of the Riemann zeta function (see [Ivi¢ 1991, Chapter 4] or [Conrey and Keating 2016;
Ng and Thom 2019]).

It is conjectured that for some constant Cy ¢(h) > 0,

Di.o(x, h) ~ Cy o (h)x(log x)* T2,

and it is known [Henriot 2012] that this is the correct order of magnitude. However, this has been proven
only for the cases where either k = 2 or £ = 2. In these cases, the best-known results in the literature are
of the form

Dy o(x, h) = x P p(log x) + O(x%T¢)  for h < x™,
where Py j, is a degree k polynomial depending on /4, with:
e O = % and 1, = % [Deshouillers and Iwaniec 1982a; Motohashi 1994].

o O3 = % and n3 = % [Friedlander and Iwaniec 1985; Topacogullari 2016].
4

o O = max(1 — =z, g—g’) and n; = % (k > 4 fixed) [Linnik 1963; Fouvry and Tenenbaum 1985;
Topacogullari 2018].

In the case k = £ = 2, a similar asymptotic formula holds in a much larger range of uniformity for 4,
although with a weaker error term (see [Meurman 2001] for the currently best results in this direction).
For k, £ > 3 the problem remains completely open.
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The functions t; are special cases of coefficients of the Dirichlet series

Z 7;(n) o {(S)Z for z € C and Re(s) > 1.

ns
n=1

On prime powers, they are given explicitly by

z+€—1
w.(p") = ( ) (1-5)
14
The functions 7, for z € N have a more complicated behavior than those for z € N. When z = —1 for

instance, we recover the Mobius function 7_;(n) = u(n).
Theorem 1.2 leads to an asymptotic expansion of D, »(x, &) for arbitrary z € C, uniformly in any fixed
disk |z] < 1.

Theorem 1.3. Let A, N > 1 and ¢ > 0. There exist a constant 5 > 0 and holomorphic functions
Mne : C— C, such that, for |z) < A, x >2and 1 < |h| < x°,
N
Ane(2) +O<x(logx)m“(Z))’

(1-6)

where the implicit constant only depends on A, N and e.

The coefficients A;, ¢(z) can be computed explicitly; see (8-4) infra for an expression of the leading
coefficient. If z is a nonpositive integer, all the coefficients Aj ¢(z) vanish and (1-6) effectively becomes
an upper bound.

Our method leads to a power saving error term in Theorem 1.3 when z = k € N. This is solely due to
the fact that in these cases the k-th power of Dirichlet L-functions L(s, x)* can be continued analytically
to a strip Re(s) > 1 — & for some § > 0 (excluding the possible pole at s = 1). We do not focus of the
case z € N here, since the works mentioned above then give quantitatively stronger estimates.

1B. Norms of integral ideals. Let K /Q be a Galois extension with discriminant Ag. We define

Nk :={N(a): o ideal of Ok, a # 0}.
This set has a rich multiplicative structure, described by the Artin reciprocity law. When the extension is
abelian, the Dedekind function ¢k (s) factorizes into Dirichlet L-functions mod Ak, so that the integers

in Ng can be detected by looking at the congruence classes of their prime factors mod Ag. Theorem 1.2
eventually applies and leads to the following result.

Theorem 1.4. Let K /Q be an abelian field extension. Let N > 1 and ¢ > 0. There exist a constant § > 0
and real numbers ky, ¢(K), such that, for x > 2 and 1 < |h| < x°,

N
. K)
S t(n—h) = x(log vk Y KB ,
T(n ) = x(log x) par (logx)z + (logx)N-i-l/[K:@]—a

(1-7)

|h|<n<x

nENK
where the implicit constant depends only on K, N and ¢.
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An interesting special case is given by the extension Q(i)/Q. In this case, Mg is simply the set of
integers which can be written as a sum of two squares, and Theorem 1.4 takes the following form.

Corollary 1.5. Let B be the set of all integers which can be written as a sum of two squares. Let N > 1

and € > 0. There exist a constant § > 0 and real numbers By, ¢, such that, for x > 2 and 1 < |h| < X%,

N

— ) = x( 1/2 Ph,e o x | s

|h|<Zn<x 7(n—h) = x(logx) ; (log x)¢ + (log x)N+1/2=¢ (1-8)
neB -

where the implicit constant depends only on N and e.

The first term in the asymptotic formula for the left-hand side of (1-8) can also be obtained using a
recent extension of the Bombieri—Vinogradov theorem due to Granville and Shao [2018], along with the
Brun-Titchmarsh inequality. The coefficients k;, ¢(K) and B ¢ can be computed explicitly; see (8-5) infra
for an evaluation of the leading coefficient B, ¢ in (1-8). Note that, since the indicator function b(n) of
the set B correlates with both the principal and the nonprincipal character mod 4, there are two genuine
contributions on the right-hand side in (1-3) when f(n) = b(n). This also explains the discrepancy
between the conjectures made in [Iwaniec 1976] and [Freiberg et al. 2017] on autocorrelations of b(n).

We stress that the multiplicity of representations as ideal norms in Corollary 1.5 is not taken into
account. Thus the estimate (1-8) is more difficult to obtain than an estimate for the correlation sum

Z )t —h) with () == |{(r,s) € 2> : r* +s* =n}|,

|h|<n<x

for which classical methods suffice.

1C. Integers with k prime divisors. The Titchmarsh divisor problem [1930] asks for an asymptotic
evaluation of the sum
> tp—h, (1-9)
|hl<p=x
where p runs over all primes up to x. Following the initial works by Titchmarsh [1930] and Linnik

[1963], the best known result was obtained independently by Fouvry [1985] and Bombieri, Friedlander
and Iwaniec [Bombieri et al. 1986]: For any fixed N > 0, we have, for 1 < || < (logx)",

L T =G Gt ¢ (og 7)) (1o
where
£(2)¢(3) ( p ) , ( log p p*log p )
Cp=>2"2 1-—=), C=(y-Y —=—+ C.
"7 ) [1 PP—p+1 =\ sz_p+1 Z(p—l)(pZ—pH) "

plh p plh
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An interesting generalization of this problem concerns the sum

> tn—h, (1-11)
|h|<n<x
w(n)=k

where w(n) denotes the number of distinct prime divisors of an integer n. An asymptotic equivalence for
this sum was proven by Khripunova [1998, Theorem 3], uniformly for k < loglogx and & < x.

Our methods allow to obtain a full asymptotic expansion for (1-11), at least for small shifts /4. In order
to circumvent the obstacle that the indicator function for integers n with w(n) = k is not multiplicative,
we use a classical method due to Selberg [1954], which allows us to reduce the evaluation of (1-11) to
the evaluation of the correlation sum of the divisor function with the multiplicative function n > z®®.
This eventually leads to the following result.

Theorem 1.6. Let N > 1 and ¢ > 0. There exist a constant § > 0 and polynomials P,f’ (X)) of degree
k — 1 such that, for 1 <k <« loglogx and |h| < x°,

P} ,(loglog x) loo log x )k
> rn-m=x 30 O +O<k)!6(10g Oﬁfl)_s) (1-12)
h|<n<x ooy (ogx) '(log x)
w(n)=k

where the implicit constants depend only on N and e.

The case k = 1 recovers the best-known asymptotic formula (1-10) for the Titchmarsh divisor problem.
As before, the polynomials P,f’ , can be computed explicitly; in particular, the leading coefficient in the
asymptotic expansion is given by Cp,/(k — 1)!.

This result is nontrivial throughout the range k <« loglogx. The case k/loglogx — 400 is an
interesting question which would require different tools, due to the sparsity of the set of integers under
consideration (not unlike the situation for friable integers [Harper 2012]). We do not address this here.

1D. Overview of the proof of Theorem 1.2. For the sake of clear exposition, we will focus here on the
case D =1, as our arguments extend without much difficulty to the case of general moduli and the arising
complications are mainly of technical nature. Note that any f € F;(A) can be approximated (in the
convolution sense) by a suitable generalized divisor function, so that it suffices to consider the case f =1,
with z € C.

We will give two distinct proofs of Theorem 1.2. They are based on two different kinds of combinatorial
identities for the generalized divisor function 7., both of which we believe are of independent interest.
Our first approach relies on an effective combinatorial formula of Heath-Brown’s type for the divisor
function 7, with o € (I, and an interpolation argument in the z-variable for weighted mean values of
7,. Our second approach, which is more direct and avoids the interpolation step, is instead based on an
identity of Linnik type for 7, and the well-factorability of friable numbers'.

IThe second proof was found only after a preliminary version of the present manuscript was uploaded online.
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1D.1. Proof by Heath-Brown’s identity and interpolation. Our first proof of Theorem 1.2 divides into
two parts: We first prove the theorem for rational z, and then extend this result to all z € C.

For z € Q, the general structure of the proof of Theorem 1.2 follows the setup of [Fouvry 1985;
Bombieri et al. 1986] (see also [Fouvry 1984]). The strategy naturally splits into two steps:

(1) We decompose the function f into convolutions with either large smooth components (type I) or
suitably localized components (type II).

(2) We solve the question for both types of sums.

The bulk of the present work concerns the first step. Combinatorial decompositions for prime numbers
have a long history since the works of Vinogradov [1937] (we refer to the survey [Ramaré 2013] for
an account and further references). Yet, it was not until recently that analogous identities emerged
for generalized divisor functions. Montgomery and Vaughan (private communication) have recently
developed a combinatorial identity of Vaughan’s type [1975] for 11,2, which initially motivated largely
the present work. Unfortunately, as for primes, the bilinear sums coming from a raw application of this
identity are not quite localized enough to be effective for Titchmarsh’s problem, and even though this can
sometimes be fixed by iterating the formula [Fouvry 1981], our early attempts were unsuccessful. Instead
we follow the more flexible approach of Heath-Brown [1982] (which is related to [Gallagher 1968]).

Our first result (Theorem 3.2 below) is a uniform combinatorial formula of Heath-Brown’s type for the
divisor function tx with u/v € Q. In the simplest case 0 < u < v, it reads

K
fu/v(n):ZCZ,K,u/v ZZ f—l/v(nl)"'r—l/v(niv—u) forn <x, (1-13)
=1

my---mgny---Ney—y=n

where K € N is arbitrary and where ¢y g ,/» € Q. A more general formula holds for any rational
number u# /v (see Theorem 3.2). A crucial property of this formula is that it is sensitive almost only to the
archimedean size of u/v. Indeed, for |u/v| < A, the coefficients c¢ k ,/v, the length of the £-sum and
the value at primes n = p of each ¢£-summand on the right-hand side are bounded in terms of A and K
only (but not of v). Thus, the only loss due to the size of v comes from the number O(v) of terms in the
convolution, which has essentially no effect on what follows.

In the same way, we can express any rational convolution power *x“/ f of a multiplicative function in
terms of higher convolutions s* f with 1 <k < K and a bilinear term with one component supported on
the interval [x?, x!/X]. However, to our knowledge asymptotic formulae for the correlation sums

Y HmTm A+, (1-14)
n<x
for k > 2 are currently known for only very few functions f (essentially constant functions and Dirichlet
characters). This is the main obstacle towards using decompositions of this form to prove Theorem 1.2
for complex-fold convolutions of multiplicative functions.
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Regarding the second step, we are mostly able to use the harmonic analysis arguments underlying
[Fouvry 1985; Bombieri et al. 1986]. They are based on bounds on Kloosterman sums on average
[Deshouillers and Iwaniec 1982b], along with Voronoi summation (for type I) and Linnik’s dispersion
method (for type II). We will follow the treatment made in [Drappeau 2017; Topacogullari 2018], although
some work is needed in order to cast the main terms from these works in a form suitable for us.

Eventually, the arguments described above yield a proof of Theorem 1.2 for f = 7« uniformly in the
range v < (log x)". As it turns out, this is already sufficient information to be able to conclude.

To see why, we return to the correlation sum

D)= Y  z(mtan—h)
|hl/a<n=x
with z € C, |z|] < 1. The main observation is that this expression is a polynomial in z, and that we know
how to evaluate it on rational numbers with small denominators. Even though D(z) initially has degree of
the order of log x, we can use large deviation bounds on the function w(n) (and a convolution argument)
to approximate it, up to an admissible error, by the polynomial

D(z) :== Z °Wr(an —h),
|h|/a<n<x
w(n)<Kloglog x

which has degree at most O(loglog x). This enables us to use Lagrange interpolation on a suitably chosen
set of rational sample points to transfer our estimates for z € Q to estimates of the same quality for z € C.
Indeed, this process introduces an error which grows exponentially in the degree of the polynomial. As
our estimates for D(z) for z € Q save an arbitrarily large power of log x, we are still able to obtain an
asymptotic formula at the end.

Note that for the above arguments to work it is crucial that estimates with a saving of a large power
of log x for D(z) for z € Q are available, which we can fortunately obtain here from the Siegel-Walfisz
bound (an unfortunate consequence of the last fact, however, is that most of our results are not effective).

We mention that, as in Heath-Brown’s work [1982], the arguments sketched above can be used to
obtain asymptotic formulae for short sums

> f

x<n<x+y

for y > y1/12+¢

and f € Fp(A), as well as theorems of Bombieri—Vinogradov type. However, unlike
Titchmarsh’s divisor problem, such results could in principle also be obtained by zero-density estimates

for Dirichlet L-functions (see [Iwaniec and Kowalski 2004, Chapter 10.5; Bombieri 1965]).

1D.2. Proof by Linnik’s identity. Our second proof uses a different decomposition for 7., which has
the major advantage that it holds uniformly for all z in a fixed bounded subset of C. This avoids the
interpolation step necessary in the first proof, although the resulting combinatorial identity is not as
elegant as the identity of Heath-Brown’s type described above.



Combinatorial identities and Titchmarsh's divisor problem for multiplicative functions 2393

A naive attempt to find a combinatorial formula for 7, which is uniform in z might start with Linnik’s
formula [Iwaniec and Kowalski 2004, Section 13.3], which relies on the Taylor series expansion

(@) =+ @@ -1 = ()€1',
Jjz0
The main technical difficulty at this point is to truncate the sum over j. In the context of Linnik’s formula,
this truncation is performed by restricting to almost-primes from the outset (or inserting a sieve weight),
see [Linnik 1963, page 21], but unfortunately this approach is not available in our situation.
Instead we write ¢ (s) = ¢, (s)M,(s), where

-1
gy(S) = 1_[ (1 — %) and My(s) e &

P<y &y (s)”

with y = x!/X for some K € N, and then apply the Taylor series expansion only on the second factor
M, (s), so that
Z .
(@ =67 Y () -1y,
jz0

This expression has the advantage that the j-th summand has no coefficient for n < y/ in its Dirichlet
series expansion. After expanding and comparing the Dirichlet coefficients on both sides, we are therefore
led to the following “raw” combinatorial decomposition (see Theorem 3.3),

)= Y o Y, Tem)nn) forn<x,

0<{<K n=nin;
ny is y-friable

where the ¢, are some complex numbers which depend on z, but which can be bound uniformly for z < 1
(we recall that an integer is said to be y-friable if all of its prime factors are bounded by y).

In order to apply this formula, it is of course necessary to be able to control the factors 7,_;(n1).
However, the characteristic function of y-friable numbers has good factorability properties (see [ Vaughan
1989, page 66; Fouvry and Tenenbaum 1996, Lemme 3.1]): we can essentially replace them in the formula
above by convolutions of sequences supported on [1, y] (see Lemma 3.4). This in turn enables us to apply
estimates of type I and type II, leading eventually to the desired asymptotic formula.

Plan. In Section 2, we introduce our main notations and the subsets of functions of Fp(A) we will
mainly work with. In Section 3, we present the combinatorial decompositions for t,, on which our proofs
are based. In Section 4, we state some auxiliary computations in order to use the results of [Topacogullari
2018; Drappeau 2017]. In Sections 5 and 6, we proof Theorem 1.2 using the combinatorial identity of
Heath-Brown’s type, first by treating the case of rational parameters, and then by interpolating the obtained
results to all functions in Fp(A). In Section 7, we sketch an alternative proof using the combinatorial
identity of Linnik’s type. Finally, in Section 8, we estimate the main terms and prove Theorems 1.3, 1.4
and 1.6.
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2. First reductions

2A. Statement of the main proposition. Forn,h € Z withn>1andn—h > 1, let

. 1 -
R Y o Y ) @

g<viTi P\@aa) x modq/hg)
n,q)=(.q) cond(x)<R

Note that 7, (n; R) =t(n—h) if R > </n — h and n — h is not a perfect square. We will eventually choose
R of size (logn)?". We have a trivial bound

Ty (n; R) < n°R'T. (2-2)

The function 7;,(n; R) should be thought of as an approximation to t(n — &) on average. The main
work in proving Theorem 1.2 consists in showing that, for any f € Fp(A), we have

> fmytan—h)~> " f(m)T(an; Ry) for x — oo, (2-3)

n<x n<x

where R, is some slowly growing function in x (some appropriate power of log x). Once this is established,
we can evaluate the sum on the right by standard methods. In view of this, it is convenient to define

Ap(n: R):=t(n—h)—T(n; R) and Xy(;a.h;R) =Y f()A(an; R),
nel
for any interval / € R™". The main part of this article is concerned with proving the following proposition,
which puts the statement (2-3) into precise terms, and from which the results described in the introduction
can be deduced easily (see Section 8).

Proposition 2.1. Let A, D > 1 be fixed. Then we have, for x >3, 1 C [x/2, x] an interval and f € Fp(A),
the following estimate,

x(log x)B

oz~ Jforl=alhl, R=<x’, (2-4)

XI5 a, h; R)| < Ct((a, h))
where § > 0 is some absolute constant and where B, C > 0 are constants which depend only on A and D.

2B. Restricting the set of functions. It is known in multiplicative number theory that, to a certain degree
of precision, the magnitude of the mean value of a multiplicative function f depends mostly on the values
f(p), p prime. The following lemma quantifies the analogous phenomenon in our case.

Lemma 2.2. Let f, g : N — C be multiplicative functions, which satisfy the following conditions:

1) lgn)| <ty(n) forsome M >1andalln e N.

(i) H := anl |(f * g~ (n)|/n° < +o0 for some o < 1, where g~' denotes the Dirichlet convolution
inverse of g.
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Furthermore, assume there are constants 0,8 € (0, 1] and B, C > 1 such that, for all x > 1 and all
intervals I C [x/2, x],

x(logx)B

o for1<a,l|h|, R <x’. (2-5)

|Xe(I5a, h; R)| < Ct((a, h))

Then there exists C', 8' > 0 depending only on ¢, 8, o and M, such that, for all x > 1 and all intervals
I C[x/2,x],

x(logx)8

o for 1<a,l|h|,R<x". (2-6)

|25 a,h; R)| < HCC't((a, h))
Proof. Let h:= f +g~'. We have

Sr(a,h; Ry= Y gn)h(ny)Aj(aning; R)

ninyel
= Z h(n2)Zg(I/n2; any, h; R) + Z h(n2)Zg(1/n2; anz, h; R),
ny<T ny>T

for some parameter 7 > 1. For the sum on the left we use the assumption (2-5), so that

x(log x)?
R

’

Z h(n2)Xg(I/n2; ana, h; R) L, CHt((a, h))

ny<T

provided that the parameters a, h and R satisfy
B s

l<a<—— and 1<|h|,R<—.
— —T1+6 - —T(S

For the sum on the right we use the trivial bound X, (1 /n; any, h; R) K¢ m Rx”s/nz, and get

Z h(n2)Eg(I/no; any, hy R) Keg x' T RT T H.

ny>T
The lemma follows on setting 7 = x%/3 and 8’ = min(§/3, 8(1 — o) /(4(1 + p))). O

In view of this, in order to prove Proposition 2.1, we will restrict to the following two subsets of
Fp(A). The first subset, denoted by F,(A), consists of functions f : N — C, which are the coefficients
of Dirichlet series of the form

DAL, § RETRSSCS @

ns
n=1 x mod D

where the parameters b, are complex numbers such that |b, | < A. Note that 7, € F},(A) for |z] < A. A
particularly important role will be played by the subset ]-'lr)@ (A) C F,(A) formed by functions of this
form where all the parameters b, are rational.
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The second subset F7;(A) is defined to be the set of functions f : N — C, which are the coefficients of
Dirichlet series of the form

Zf(n)_ 1—[ 1—[ (1+p_1> (2-8)

re(Z/Dz)* p=r mod D

where the coefficients z, are complex numbers such that |z,| < A. This includes the functions n > 7
for all |z] < A.

Lemma 2.3. For any f € Fp(A), there exist g\ € F[,(A) and g, € Fj,(A) which satisfy the conditions
(1)—(i) stated in Lemma 2.2 for o = % and M, H bounded only in terms of A and D.

Proof. We first prove the lemma with respect to the set 7},(A). Let f € Fp(A) be fixed, andletv;:Z— C
be the D-periodic function defined by

f(p) if there exists a prime p such that (p, D) =1 and p =r mod D,
ve(r)= . (2-9)
if (r, D) > 1.
We then set
1 _
by = D Z vr(r)x(r) for any character x mod D,
(,0( ) r (mod D)
and define g; as the coefficients of the following Dirichlet series,
81 (I’l) b
Z =[] LG (2-10)

x (mod D)

We have (f*gl_l)(p) =0if p{D. Moreover, since |b, | < A, we get |g1(n)| < tap(n) for all n. Therefore,

—1 1 1
R oI oe() -orn

n>1 p|D ptD

This proves the first part of the lemma.
For the second part, we define g, by its Dirichlet series

Zgz(n)_ 0 1 (Hvsfm)

-1
re(Z/DZ)*  p prime P
p=r mod D

The fact that g, satisfies the required conditions can be shown using similar computations as above. [J

Let us at this point also note the following result, which is an easy consequence of the proofs of
Lemmas 2.2 and 2.3, and which will become useful later on.
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Lemma 2.4. Let f € Fp(A) and let yr mod q be a Dirichlet character. Then the Dirichlet series associated
to y f is given by

=Hy(s) [] LG.vx)™ for Rels)>1,

n=1 x mod D

i ¥ (n) f(n)
nS

where Hy (s) is some holomorphic function defined in Re(s) > % and where

1

by =0 vr(r)x(r),

r mod D

with vy(n) as defined in (2-9). Moreover, for any fixed oy > %, we have Hy (s) < 1 uniformly in
Re(s) > ag, with the implicit constant depending at most on oy, A and D.

From Lemmas 2.2 and 2.3, we deduce the following statement.

Lemma 2.5. To prove Proposition 2.1 in full generality, it suffices to prove it under either one of the
additional hypotheses f € F,(A) or f € Fj(A).
3. Combinatorial identities for z,(n)

In this section we describe the two combinatorial identities for the generalized divisor function t, on
which the proofs of Theorem 1.2 are based.

3A. A generalization of Heath-Brown’s identity. We first derive a combinatorial decomposition analo-
gous to [Heath-Brown 1982] for the function n + 74(n) in the case o € (0. Our argument is based on the
following polynomial identity.

Lemma 3.1. Let u and v be integers such that v > u > 0. Let K > 1 and N > 0. Then there exist rational

coefficients a,, and by such that there holds

Z an(X — 1" =14 xN? Z b Xt (3-1)

K<m<(K+N)v—u 1<¢<K

The coefficients (by) are unique and given explicitly by

P i [T (i+n-2 (3-2)
Tk —ey 11U v)
I<j<K
J#
Proof. An identity of the form (3-1) exists if and only if we can find by, ..., bx such that the first K — 1

derivatives of the polynomial on the right hand side of (3-1) vanish at X = 1. This is equivalent to saying
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that the by, ..., bx solve the equation
1 1 by —1
v+Nv—u Kv+Nv—u by 0
W+ Nv—uw)X1 ... (Kv+Nv—uw)X-1] \bg 0

(3-3)

Let C be the matrix on the left, and B, the same matrix but with the upper row and the £-th column

removed. Note that C is a Vandermonde matrix, and B, is a product of a Vandermonde matrix with a

diagonal matrix. Hence, we deduce

detC= [[ Gv—iv)=2131- (K — HwKE-D2

I<i<j<K

detBy= [] Gv—iv) [] Gv+Nv—w.
I<i<j<K 1<j<K
LA J#t

Since det C # 0, we obtain by Cramer’s rule that there is a unique solution (b;), given by

det By
detC’

by = (—1)"

which yields (3-2).

(3-4)

g

Theorem 3.2. Let v > 0 and r be integers such that v >u > 0andr > 0. Let K > 1 and x > 1. Then for

any n < x, we have

K
Trtuo(n) = ZCX Z e Z Totp(nn) - Topp (Mev—u),
e=1

myMyqrphyNegy—y=n

1/K
Ny Ngy—u <X /

and, forr > 1,

K
T ruv(n) =ZCZ ZZ To1p(m1) - Tt (v (r—1yv—u)s
=1

my--myg— 1NNyt (r—y—u=n

1/K
nyye.es Noy+(r—v—u=X /

where the cZ and c, are certain rational numbers, which can be bounded by
c;,cé_<<1 forl1 <t <K,

the implicit constant depending only on K and r.

Proof. Let

0 . I/K
G(s):zzf—l/v(’?g(n) with g(n)::{l ifn<x'/%,

= n 0 otherwise.

(3-5)

(3-6)
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We first look at (3-5). Here we use Lemma 3.1 with N =0and X =¢ (s)%G(s), and then multiply both
sides by ¢ (s) "/, which leads to the identity

Y an@®YG ) = D"y =)+ Y bt () MGy
K<m<Kv—u 1<t<K
Then (3-5) follows by comparing the Dirichlet coefficients on both sides and noting that, by construction,
the left-hand side has no Dirichlet coefficient for n < x.
In order to show (3-6), we use Lemma 3.1 with the same X as before and with N =r — 1, and then
multiply both sides by ¢(s)~"*%. This gives

> am(as)”vc(s)—l) ()T =0T Y bt () TG )

K<m<(K+r—1)v—u 1<t¢<K
and (3-6) follows again by comparing the Dirichlet coefficients on both sides. O

Remark. With r =v =1 and u = 0, the identity (3-6) leads to the decomposition of w(n) described in
[Iwaniec and Kowalski 2004, (13.38)].

3B. A combinatorial identity of Linnik’s type. Here we derive a combinatorial decomposition for t,
using an approach analogous to [Linnik 1963].

We denote by P (n) the largest, and by P~ (n) the smallest prime factor of an integer n > 1, with the
convention that P*(1) = 1 and P~ (1) = oo. Given an arbitrary multiplicative function f and a complex
number z € C, we define the z-fold convolution of f as the multiplicative function given by

f<*z><p“>:=2(z) Z FOM) - FP = ).

r
I<sr<v A, A=l

The notation is motivated by the fact that if F(s) := anl f(n)n~* is the Dirichlet series associated to f,
then for fe(s) large enough the function log F (s) is well defined and we have F(s)* =), f G2 (n)n 5.
Indeed, by expressing F(s) as an Euler product, we see immediately that

ror =11+ X 222) 1_[<1+Z( (2 102)) - 1—[<1+Zf(*”(p))

14 v>1 r>1 v>1 v>1

Note that f*?(p) = zf(p), and that for £ € N the £-fold convolution as defined here coincides with the
{-fold convolution defined in the traditional sense. We will be eventually interested in the case when
f = x is a Dirichlet character, in which case we have f*? = /.

Theorem 3.3. Let K € N.g and A, x > 1. Then for all 7 € C there exist complex numbers (c¢)o<e<k
such that for all x > 1 and all multiplicative functions f, we have the following identity for n < x,

fm= e Y, fH0) 0, (3-7)

0<t<K n=niny
PT(ny)<x!/¥

where the coefficients cy can be bound by c; = Ok 4(1) uniformly for |z| < A.
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Proof. Let y := x!/K_ As before we set F(s) := anl f(n)n=%. We may certainly assume that f(p*)
vanishes if p > x. Let

k
Fs,y) = H(Z fl(f,fs)), G(s,y) = H(Z

p<y “k>0 p>y k>0

f(pH
pks

For fRe(s) > 0, the decomposition F(s) = F(s, y)G(s, y) yields

F(s)*=F(s, y)*(1 4+ (G(s, y) = D)

= F(s, y)* Z (Ii) (G(s,y)—DF

k>0

= F(s, y)* Z (f{) (G(s,y) — DF+R(s)
0<k<K

with
R(s):=F(s,9)° Y (;)(Gu, ¥ — DE.

k>K

Note that the series converge absolutely if $Re(s) is large enough in terms of f. By expanding, we get

F(s)*=F(s,y)* Y_ cG(s, ») +R(s),
0<l<K

cei= (=Dt Y (—1)"(?{)(’2).

<k<K

with

We read the coefficients of n™%, for n < x, on each side. Note that for k > K, the series (G (s, y) — l)k
has no corresponding Dirichlet coefficients, so there is no contribution from R(s). The claimed equality
follows on writing G (s, x'/X) = F(s)F (s, x'/K)~1, O

Remarks. « Compared with (3-5)—(3-6), this identity has the significant advantage that it is uniform for
7 < 1 complex.

o The case K =2 only involves the exponents £ € {0, 1}. It follows, for instance, that if f (2) satisfies a
Siegel-Walfisz estimate (in the sense of [Granville and Shao 2018, equation (1.2)]), and if f satisfies a
Bombieri—Vinogradov theorem, then f*% satisfies a Bombieri—Vinogradov theorem as well.

o The case K =2, f =1 leads to Eratosthenes’ sieve identity: for all n € (/x, x], we have
ln prime — Z M(d)
d|n
pld=p<x

For any 5 € (0, 1/2), either we have d < x" (which corresponds to type I sums), or d > x”, in which case
we can localize a factor of d in the interval [x”, x'/>*"] (and this corresponds to type II sums).
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The main property which allows Theorem 3.3 to be used in our arguments is the following factorization
lemma, in the spirit of Lemma 3.1 of [Vaughan 1989, page 29]; see [Hmyrova 1964] for an early use of
this property, and [Fouvry and Tenenbaum 1996] for an application in a context similar to ours.

Lemma 3.4. For any multiplicative function f : N — R, any compactly supported function g : N — C,
and all y, w > 2, we have
Y. fgn) = Tuy+ 1+ O(w), (3-8)
PH(n)<y

where

Ti= Y fgm), Zuv= Y f)gm), Zu=(ogy)sup

> D amBag(mn)

’

n<w n>w a.p w<m<yw n
PHm)<y P (m=<y
Ap” ln,p'>y

the supremum in Xy being taken over all sequences (o), (B,) of complex numbers satisfying

lam| <1 f )], 1Bal = (1 fI*|f D).

Proof. If an integer n with P™(n) < y is not counted in the first two sums on the right-hand side, then
n > w and all prime powers p” || n satisfy p* < y. By incorporating these prime powers as p increases,
we may factor n = nn, uniquely in such a way that

PT(n) < P (m), w<n <wQ (m),

where Q" (n1) is the prime power corresponding to the largest prime of n1: Q% (n1) = P (n)" || n;. Note
that this implies (n1, np) = 1. Our statement follows after separating variables [Iwaniec and Kowalski
2004, Lemma 13.11] in the condition P* (n;) < P~ (n»). Il

4. Auxiliary estimates

In this section we collect some estimates on Ay (n, R), which will be needed in the following sections.

4A. The second moment of Ap(n; R). On several occasions, we will require the following rough upper-
bound for the “main terms”.
Lemma 4.1. For x >3, R > 1 and (a, h) € Z? such that 1 < a, |h|, R < x'/4, the following estimate
holds,

Y 1Antan; B < t((a, 1) x(log x)*.

x/2<n<x
Proof. We have
Yo lAwans BP < Y tlan—h*+ Y |(an; B = G+ Gy,
x/2<n<x x/2<n<x x/2<n<x

and we now proceed to estimate the two sums G| and G, separately.
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We first look at G ;. For notational convenience, let

/ a / h
a:=——, h = and t:=(a,h).
(a, h) (a, h)

We start by splitting the sum according to the size of t* = (an — h, t*°) as follows,

Gi= ». > tan—h>+ Y > t(an —h)? =: G, + Gp.

11 x/2<n<x 11 x/2<n<x
(t*,a)=1 a'n=h' mod * (t*,a’)=1 a'n=h' mod t*
rF<x1/2 ((@'n=h"/t*,1)=1 F>x1/2 ((@'n—h")/1*,1)=1

In order to estimate G1, we choose b, y € Z such that a’b = 1 + yr* and write

Guau= Y t("t)’ > t(yh' +n'a’)?

t* |t (x—=2bh")/2t* <n’ <(x—DW')/t*

(t*,a")=1 h'+n'a’ \t)=1

1+ <x1/2
< > @)’ > 7 (m)>.
151> (@'x=2h")/2t* <m<(a'x—h")/t*

(t*,a")=1 m=yh’ mod a’

<y /2

The sum over m can now be estimated via [Shiu 1980, Theorem 2] or [Barban and Vehov 1969, Theorem 1],
which leads to

3 T(1*1)? 2 4
Gra<xlog’x > <T@, m)’xlogx. (4-1)
tiil;l/z

In G we bound all the summands trivially and get

1
Glb < Z Z t(t(a’n _h/))z <<xl+s Z < x3/4+£’

t*
11 Xx/2<n<x 11
(t*,a’)=1a’'n=h" mod r* x2<r*<2a'x
t*>x1/2

so that together with (4-1) we deduce
G < t((a, h))*xlog* x.

Next we look at G,. Here we first rewrite 7, (an; R) as

Ban;R):=2 Y Y > L > x(E)x ().

¢(q)
[(a,h) &|(h/a,n) _ (mod q)
o (&a/fxo;ﬁlqim/(aa) c)(()nd(x)gR

so that after expanding the square we are led to

Gy<4 ) > S > Sz 5557

aronlah) g = '7ax—h/(a181)(p(q1)(p(q2) 1 Cod )

81 | hjay,82 | h/ar — x2 (mod g2)
Q=vax—h/(2d) cond(x1).cond(x2)<R
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with

S(x,y):= max
Y y/2<yo<y

> x|,

yo<n=<y
If x; and x, are induced by the same primitive character, we use the trivial bound S(x1x2,y) < y.

Otherwise, the Pélya—Vinogradov bound applies and S(x1x2, ¥) < 7(q192)Rlog R. Inserting these
bounds, we eventually obtain

G, < t((a, h))*xlog* x + x*R® < t((a, h))*x log* x

by our assumption R < x!/4. This concludes the proof. O

4B. Comparison of main terms. We begin by two technical lemmas related to the main terms that will
appear later. Let X > 1, and let f and v be two smooth functions which are both compactly supported
inside R% . We assume that supp f C [C1X, C2X] and suppv C [Cy, C2], where Cy and C; are some
positive constants, and that for some 2 € (0, 1], we have

0o < 1, 1P le0 < (RX) 7, / I FU < (@x), (4-2)
R
for all j > 0. Furthermore, we define
Cd( ) S
My (b, h; M) := b (log(§ —h) +2y —2logd) f(§)v dg, (4-3)
d|b

where

cah):= Y e(h/d)= Y su(d/s)

v(mod*d) 81 (h,d)
denotes the Ramanujan sum.

Lemma 4.2. For (b, h) € 7%, b, M > 1,and R > 1, we have

> f(bm)v(%)fh(bm; R) =My, (b, h; M) + (’)<X5R3/2 + X1/2+8(h;9—b)),

where the implied constant depends on ¢, C1, Co and on the implied constants in (4-2).

Proof. By partial summation and the Pélya—Vinogradov inequality, given a character x (mod ¢q/(q, h))
of conductor 1 < r < R, we have

b
Zf(bm)v( )((hn;)) ((b q))/ Fla'@ Y7 xmdndn < R'q".

htq
mzag DD
11 /b+Mity
M= G )

By definition (2-1), we deduce

Zf(bm)v( )rh(bm R)= 2Zf(bm)v< ) > m+O(X€R3/2).

qg<~/bm—h
(bm,q)=(h,q)
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The condition (bm, q) = (h, q¢) in the sum on the right-hand side is equivalent to

(h,q) o (m(b,q) q ):
(b.q) | (h,q) " (h,q)

Using Mobius inversion and our hypotheses on f and v, we can replace the m-sum by the corresponding

(b, q) | h,

integral and obtain

m . ' 2 3 (b.q) & p3/2
> f(bm>v(ﬁ)rh(bm, R)=> / f(%‘)v(m) Y. T dEFOXCRY).
m q=v&—h
(b.q) | h
The main term on the right-hand side may be rewritten as

ca(h) §—h ¢ p3/2
SR RMERE

d|b d

where H(x) = Zqix 1/qg =logx +y 4+ O(x~"). This gives the claimed estimate. (|
Next, we define

M%, (b, i M) =Y x(@My,.,,(bD. h—ab; M/D) (4-4)

a mod D
(a,D)=1

where fup(€) := f (§ +ab) and vg/p (§) == v(E +a/M).

Lemma 4.3. If b = b°b* with b° | D* and (b*, D) = 1, then

1 h _ b cq(h) 3
b1 M) = ((h b)) ((h,m)dlb* /( <(Db°d>2)+ V)f(g)”(bM)dg'

(4-5)

Moreover, if x mod D is primitive, we have
Zf(bm)v( )x(m)rh(bm R)

X (log X)? h, b*
=M%, (b, I M)+O(1D>R(b p XU08X” | yepiaga g xioee D) ))

bD b*

where 1p- g = 1 if D > R and 0 otherwise.

Proof. We rewrite

1 h b
ME G =5 Y @ 3 O [oge -2y - 210gd)f(€)v<§)d€-

a (mod D) d|bD
(a,D)=1
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Using Gauss sums,

—bD h
> X<a>6d<h—ab>=G<x>7<<7) > z(v)e<7").

a (mod D) v(mod*d)
(a,D)=1

This last expression vanishes unless D (b, D*°) | d. Denoting b° = (b, D*°) and b* = b/b°, we obtain
for d | b*

> x@eppalh —ab) = GOOX(—b*/d)G(X) Y Sx(h/8)u(b°d/8)x (b°d/5)

a (mod D) 3| (bod,h)
(a,D)=1

=b°Dlpe |, X (0") x (h/b%)cq(h)

%Y [ Py h
- X((h,b))x<<h,b>)cd( )

For the second, the computations are similar to the previous lemma. If D > R, we get

This yields our first claim.

Zf(bm)v( )x(m)rh(bm R) < X*D'?R?, (4-6)

while on the other hand M X ,(b, by M) KL (b, h)(bD)™ Ix (log X )2 by a simple computation from (4-5).
If D < R, the bound (4-6) apphes to all the characters involved in the definition of 7, (bm; R), except all
those which are induced by y. We obtain

Z f(bm)v( )X(m)fh(bm R)

2y KOORO0) (M) o pinen,
D1g/(q.h) ¢(q/(.q) (b, )=h.q)

q 2<bm—h
Similarly as above, the main term in the right-hand side can be rewritten

2 () x (-2 ; @.b) 8
_X(m b)) <(h,b)>ff@>v<,,—M) ) s o)
q

<V&—-h
(b,q) | h, D|q/(h,q)
(D,(b,h)/(b,q))=1

The yx-factors impose the conditions b° | h and (D, h/b°) = 1. We rewrite the g-sum as

> o G0l y @R Lsal (o)

q q Dbed
q=«§—h q=<E=h/(Db°) d|b*
(b,q) | h, D|q/(h.q) ®*,q) | h

(D,(b,h)/(b,g))=1

whence the claimed expression. O
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4C. Type T estimates. The following estimate is relevant for convolutions with one smooth component
of size > x!/37¢, It can be viewed as a generalization of a result of Selberg [1991, page 235] on the

equidistribution of 7, in arithmetic progressions.

Lemma 4.4. Let ¢ > 0, let Cy > C; > 0, let v : (0, 00) — R be a smooth and compactly supported
function, and let x mod D be a Dirichlet character of modulus D > 1. Then we have, for any X, M > 1
and R> D,any 1 <bD, |h| K X't and any interval I C [C1X, C2X],

Z x(m)v(M)Ah(bm R) < X*(DX'? 4+ (b, hD®*YMX~'/?> + D'2R3/2). (4-7)

m:bmel
The implied constants depend only on the function v and the constants ¢, C| and Cj.
Proof. Note that we can always assume bM =< X, since otherwise the sums in consideration are empty.

Let f : (0, 00) — [0, 00) be a smooth weight function, which is compactly supported in supp f C
[C1X/2,2C,X], which has value f(§) =1 for all £ € I, and whose derivatives satisfy

V) « forv>0 and /|f(”)(§)|d€<< ! for v > 1,

(2X)Y (QXx)v-1

for some constant 2 < 1. We can then encode the condition bm € I by using the function f (&) via

> X(m)v( )Ah(bm R) = Zf(bm)v( )X(m)Ah(bm R)+0O(QX'ep, (4-8)

m:bmel

so that it suffices to consider the smoothed sum on the right-hand side.
Assume first that y is the trivial character. In [Topacogullari 2018, Section 3] it is shown that

Z f(bm)v( )r(bm h) = My (b, h; M) + O(X*b'2Q™1/2), (4-9)
where the main term M, (b, h; M) is given by (4-3). By Lemma 4.2, we obtain

Z f(bm)v(%)%h(bm; R) = My, (b, h; M)+ O(X R + (b, )b~ X 1/21%), (4-10)

The estimate (4-7), in the case D = 1 and x = 1, now follows from (4-8) with the choice Q2 = bX~%/3.
Now assume that yx is a primitive character modulo D, where D < R and bD < X 1=¢ We write

Zf(bm)v(%)x(m)r(bm—h)= > x<a><Zf<bm>v( )r(bm h>)

a (mod D) m
(a,D)=1

with

b:=Db, M:=M/D, h:=h—ab, F&):=f(E+ab) and ﬁ(é)::v(é—l—%),
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so that we can use our former result (4-9) to get

m

Z f(bm)v(M>X(m)t(bm —h)= M7} (b, h; M) + OXED?p'2Q~117),

where M }( ,(b, h; M) is defined in (4-4). By Lemma 4.3, we obtain

Zf(bm)v<%)x(m)f(bm —h)

m

h, b*
=Y fbmu (%)X(m)fh(bm; R)+ O, <XED3/2b1/2sz—1/2 +X¢D'?R3? 4 X‘/M%)
m
We choose 2 = bDX%/3, and hence get (4-7) also in this case.
The case when x is not necessarily primitive follows at once using Mdbius inversion. 0

4D. Type 75 estimates. The following estimate is a uniform version of the 7, — 1 shifted convolution
problem obtained recently by the second author.

Lemma 4.5. Let ¢ > 0, let Cy > C| > 0, let vy, vy : (0, 00) — R be smooth and compactly supported
weight functions, and let x and x» be Dirichlet characters mod D. Then for any X, b > 1 and R > D, any
My > M, > 1 with X'/> < MM, any h € Z with 1 < |h|, D < X'/* and any interval I C [C1X /2, C2X],
we have

S w5 Yoo ( B2 ) xa 0m) xa(ma) A (bmima; R)
= 1M1 2 M, Xilmyp) x2(ma) Ay 1ma;

bm1m2€I
11, M1,
XD

The implied constant depends only on the constants €, C and C,, and the functions vy and v,.

1/4
< b°D5/2(XM1M2)1/3+8(1 - ( ) ) + XTPERPBO(h, )M M5, (4-11)

Proof. Note that we can make the assumption b < as otherwise the sum in consideration is empty.

_X
MMy’
Also, as in Lemma 4.4, we can exchange the original sum by its smoothed version,

Y fmimyv, (ﬂ)UZ(@)Xl(ml)XZ(WZ)Ah(bmlm% R),
M, M,

my,ny

with an error of the size of O(QX'tep—1).
Let xo := X1x2- The results of [Topacogullari 2018] cannot be quoted as a black box, however, the
computations of [Topacogullari 2017] on which they are based may be adapted with little change. We write

Zf(bmlmz)vl(]”V’I—ll)vz(@)m(mlm(mz)r(bmlm—h)= Y xi@b@),

M
my,my 2 a (mod D)

where D(a) is the defined as

D(a)::Zwl(i”lnx—l-fl)wz(rznx-iz-ﬂ)r(rln—l-fl) > X0 h (1),

1 ni,na
niny=ran+fa

n
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with
X
ri:=bD, r:=D, fii=ab—h, fr:=a, x5 :=X, xzzzz,

and

wi ) 1=y FXE+R).  wa®) =y FXE). Ny, (n1.m) 1= vz(%)vl (1"“4—"‘1)
The sum D(a) is now of the same shape as the sum D4 (x], x7) defined in [Topacogullari 2017, page 157],
with the function f (a, b) there replaced by yo(a) f (a, b). The computations of Section 3 of [loc. cit.] can
then be adapted with the following changes. In Section 3.1 of [loc. cit.] the expressions Zg p and ijB
have an additional factor xo(au/u3) in the summands. In the sums in the definition of RfB, [loc. cit.,
page 159], the summand has to be multiplied by an additional factor xo(c), and the altered relation

u RE
IVEDD xO(u—i) > x@=4E
uy | uy 2 d

* *Y__
r;‘ |72 (d,r1 szuz)—l

holds. Consequently, the relationship between RXB (N; x) and K;fB (N; x) becomes
Riz(N:x)= Y tm8(x:n)Kip(xx0:n).
N<n<2N

The rest of the argument of [loc. cit.] is adapted with the only change that the Kuznetsov formula is
applied with nebentypus y xo instead of x. This has no effect on the error terms, since the bounds in
Theorem 2.6 and Lemmas 2.7, 2.8 and 2.9 of [loc. cit.] are uniform with respect to the nebentypus.

By the bound (3.4) of [loc. cit.], with b° = (b, D*°), ro < Db° and h < h D, we obtain

D(a) = Z % Z cq(abmaimiy — h)

bDmy 415D d

% /(log(é; —h)+2y —2logd) - f(%‘)m(bMSlmz) dg

1 b, X\’ 1h|\ /4
O boD3/2X1/2+£ 1 - s
+ < o2 T\ "ow *\sp

where m, denotes any integer such that m; - my = 1 mod D. We sum over a (mod D), exchange the a-

and m,-sums, and change variables a <— am,. We obtain

Y xi@D(a)

a (mod D)

0 1/4
_ m2 X ) ons2yl/2te( | (b, )X 7]
= m§2 U(Mz)xz(mz)M -, (m2b, I M1)+(9(b D=X <91/2+ Di? 1+ ) ,

with M }("U] (myb, h; M) defined as in (4-4), for which we can use Lemma 4.3. The bound (4-11) follows
after choosing Q = X /3(M; M,)~2/3. O
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4E. Type II estimates. The following estimate, the first version of which was obtained in [Fouvry 1985],

concerns convolutions with one component supported inside [x*, x!/37¢].

Lemma 4.6. For all n, A > 0, there exist §, B > 0 such that the following holds. Whenever X, R > 1,
(a,h) e 72, an interval I C [X/2, X], and two sequences (B,), (yn) are given, under the conditions
1 <R, |al, |h| < X°, and

Bul <Ta®).  |val STAM). YuAO=>ne[X", X377,

we have

> (Bxy)m)Anan; R) Kap t((a, k)R> X (log X). (4-12)

nel

Proof. Recall that Ay (an; R) < RX?. In the left-hand side of (4-12), the contribution of those n such
that (n, (ah)™) > X? is therefore at most

RX® Z 1 < RX!79te,
n<X
(n,(ah)®)>X°

Next, we have

Yoo BEnmAan R = Y > BumVamAu(@iiiomn: R).

d | (ah)*® nel Mo | (ah)® mrlE()n])\,z)_]I
<X’ jlz =1 MA<X®  (mn,ah)=1
(/dal= (m.A2)=1

Finally, we note that there are at most O(X 1/2+ey tuples (A1, Ay, m, n) with AjAomn € I for which the
expression aijlomn — h is a perfect square, and

Ap(ariiomn; R) =2 Z Z UR (mn%)%, Q) + O(la)\l)»zmn—h isa square),

A3 | (h,ahir2) g</arirgmn—h/r3
(q.ar1dah/2)=1

where the notation ug(n; ¢) is defined in formula (5.1) of [Drappeau 2017]. Now, for each (A1, A3, A3),
the sum

S04l = Y > ur(mn2lig)

g=<ardgmn—h/rz mne(iir2)~
Jarah/AH=1  (mn,ah)=1
(@arirah/33) (m,A2)=1

is of the same shape as in formula (5.6) of [Drappeau 2017], with three differences:
(1) The quantity t4(A1)T4(X2) has to be factored out for the condition (5.4) of [loc. cit.] to hold.

(2) The sums over m and n must be restricted to dyadic intervals, which is done at the cost of an
additional factor (log x)2.

(3) The sums over m, n and g are not separated.
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The last point can be implemented by a standard argument (see e.g., page 720 of [loc. cit.]), cutting the
(m, n) sums into intervals of type [M, (1 +&)M] x [N, (1 +&)N] with § < R™1/2, Assuming § is small
enough in terms of 7, we obtain

S(h1s A2, A3) L TAADTAM2) (M 1A2) ' X (log X)B (s +£71R7Y)
L Ta(r)Ta(A) (A122) TTRT2 X (log X)B.

We sum this over (A1, A2, A3) satisfying
Mizl@)®, Mra<x°, A3l (h,ariro).
Since Y7, | (any AW TMA™! <4 (loglog x)24™M | we obtain

Y (Bxy)m)An(an; R) L t((a, D{RX'™? + R7'/2X (log X)PH},

nel
which yields our claim by reinterpreting § and B. O
5. The case of rational parameters

Let xi, ..., xr be distinct Dirichlet characters mod D, and the function f € ]-'Z)@ (A) be defined by

oo T
fn) .

> =1L, (5-1)
n=1 j=1

with by, ..., by € Q, which we write in the form

U; .
bj=rj+—J withr; € Zand uj, v; € Nsuchthat 0 <u; <v;.
vj

For notational convenience we also define
Flhe= Y Il Ioll= Y vy,
1<j<T 1<j<T

Our goal is to prove estimate (2-4) for the function f defined in (5-1). In fact, we will prove a result
which is slightly more precise in term of uniformity in D and 7.

Proposition 5.1. Let A, D, T > 1 be fixed. Then we have, for x > 3,1 C [x/2,x] and f € ]:g@ (A) as

described above, the following estimate,

Ds/zx(logX)Ber(D)

mir vl for1<a,|hl, R <", (5-2)

|Z¢(I;a,h; R)| < Ct((a, h))
where 6 > 0 is some absolute constant, and where B, C > 0 are constants which depend only on A and T.

The rest of this section is now concerned with proving Proposition 5.1.
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5A. Application of the combinatorial identity. Denote T/ (n) := 1,(n)x (n), so that
f(n) = rlfl' ERERE IZ(TT. (5-3)
The expression on the left-hand side of (5-2) now reads

Siahi R = Y g m)--- g (mr)Ay(am, - -mr; R). (5-4)

my---mr€l
By Theorem 3.2 with K = 4 we can write 7:;(/_" (mj) as

4
Glm) =Y e Y ey xim) e x g )T, )T g ), (555)
=1

my--mg, ,-”l"'"kz =mj
J

where (kg j);le and (kéy ,')fz':l are two sequences of integers satisfying
0<kej<Irjl+4, 1<k ;<(rjl+Hvj,

and where (Ce,j)fg':l is a set of complex numbers whose moduli are bounded in terms of A. We replace
each factor r[j(jj (m ) in (5-4) by its decomposition, and after expanding the resulting expression, we end
up with a linear combination (whose coefficients are bounded by O4(1)) of Or(1) sums of the form

Ei= Y oim)--oxmooi(nn) - op () Alamy -+ -myny - i R), - (5-6)
m1~~-mkn1~~-nk/el
Nyyeeny nk/§x1/4

where each function o; is some Dirichlet character mod D, where each function g; is equal to T i“l Jv; for
some j, and where k and k' are integers bounded by

0<k<4T+[rl; and 1<Kk <4vli+ Y Irjlv;.
1<j<T

We consider each sum E separately.
For technical reasons, it will be necessary to use a smooth dyadic decomposition for the variables

my, ..., mg. Letu : (0, 00) — R be a smooth and compactly supported function, which satisfies
suppu C [‘l‘, 2] and Zu(%) =1 forall ¢ € (0, 0),
tez
and define

uo(g):zu(M%) and uAS)::u(%) for ¢ > 0,

£<0 t

where we have set
ME = x1/4+7]2[’
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with 0 < n < 2—14 an arbitrary, but fixed constant. For a k-tuple £ = (£, ..., ¥;) € N, we then define
Bei= Z ug, (mp)or(my) - - - ug, (mp)ox (mi)oi (n1) - - o () Alamy - - - mgny - - -n; R),
m1~-~mkn1~--nk/el
nl,...,nk/§x1/4

so that the sum E can be split as

[l
[1]

L.

-y

LeNk

Note that this last sum is in fact finite, since E, becomes empty if the coordinates of ¢ are large enough,
namely if £1, ..., £ > logx. We will now estimate the sums =, in different ways, depending on the
sizes of the supports of the variables m;.

5B. Case I. First assume that £ has at least one coordinate, say ¢;, satisfying M,, > x!/3+7. Let
mo :=my---myny ---np. Denoting o1 = x; for some j, we can use Lemma 4.4 with X = ax, b =am,
and M = M,, to get

M
E ug, (mp)oy(my) Ap(amomy; R) K¢ a x° (l)amxl/3 + (amo, th)—lfé + D1/2R3/2).
X
my:momi €1

This leads to
By <o x5(Da'Px'"" + (a, hD®)(log x)* P x /2 4 231 pl/2R3/%) (5-7)

where we have made use of the fact that

x (10 x)a)(D)xH—s
Y (me.hD®)< > D* ) (mo. h) e h* Yo 2T

< * o0 * Zl * o] Mgl
m()ix/Mgl D *|D mo<x/(D M[I) D lD
D*<x D*<x

5C. Case II. Next assume that £ has at least two nonzero coordinates, say £; > £, > 1. We can also
assume that x /417 « M, , My, < x'/3+7  since the case of larger My, and My, is already treated above.
Let mg:=ms---myny - --np. We use Lemma 4.5 with X = ax and b = am(, which gives

Z g (my)or(mpug, (my)oa(mz) Ap(amomyma; R)
mp,mo:
momima€el

My M
<e.a (amg, D®)x* (DS/Z(C!XM@. M) + (h, amo) R == lfg),
a X

so that altogether we are led to

B¢ Kea (@, h)(a, D®)(log x)*Px*(D>?a'Px!=*3 + (a, h)R¥*x'/?). (5-8)
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SD. Case IIl. Finally, we need to consider the case, where £ has at most one nonzero coordinate, say £,

. 1 . .
for which we have My, < x37. We split the sum E, into two parts,

m .= 2@
= sy “l_ue ,

according to whether ny -+ -ngp > x"Torny -+ -np < x7.
We look first at Eél). We split this sum according to the value of

w=min{l <p' <k': ny---ny>x",

and write accordingly
k/

~(1 (1

&) = 3" 5P (w).

n=1
After defining
B = Z e, (mi)or(my) - - - uo(m)ok (M) Q1 (Mt 1) - - 0w (),
My Ml )Ty =M
S nk/SX1/4
and
Vi 1= Z o1(n1) ---ouny),
np-nyp=n
nyny_1 <xXNng,.,n, <x 4

. . ,_,(])
and renaming n <= ny---ny, and m <= my -+ - MmNy - - -, We can write E, (i) as

~(1
2y (w) = > BuvaAn(amn; R).
m,n: mnel
xT<n<x1/4tn
Note that y, =0 if n > x /41 Moreover, we can bound the quantities §,, and y,, by
1Bl < T2prp+87 (M), |Val < Tjryy a7 ().
Hence we can apply Lemma 4.6 with A < 2||r||; + 8T, and we see that
2 (w) < t((a, )R~ x(logx)B1 for 1 <a,|h|, R <x",

where &1, B; > 0 are certain constants which depend solely on n and A. Summing over u, we deduce

2" <4 t((a, )R~ x(ogx)P1|[v]l; for 1 <a,l|h|, R <x. (5-9)

The other sum Ef) can be estimated similarly — the role of the variables ny, ..., ny is now played by
the variables mo, . .., my. Eventually, we get

2 «a t((a, )R x(logx)B  for 1 <a,|h|, R <x*, (5-10)

where &,, By > 0 are certain constants which again depend solely on 1 and A.
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5E. Conclusion. Grouping the different bounds (5-7)—(5-10), setting B := max(Bj, B,) and choosing

6 > 0 small enough, we get
E < t((a, ) D?R™V2x(log x) Bt |y||, for1<a, |h|, R <x°,

with the implicit constant depending only on A and T'. This finally proves Proposition 5.1.

6. Interpolation to complex parameters

Letry, ..., ryp) be the residues mod D which are relatively prime to D. Any f € Fj;(A) is given by
00 @(D)
Sn) Zj
IO T (1+52), &
n=1 j=1 p=r; mod D
forz=(z1,...,29p)) € C?D)| with |zj| < A. After setting
w,(n) :=#{p prime : p|n, p=r mod D}, (6-2)

we can also write
(D)

f="3 [lz™"

ny-nyp)y=n j=I1

Our aim here is to show that the bound (2-4) holds for X ¢(/; a, h; R), for all f € F(A). By Lemma 2.5
this will imply Proposition 2.1.

Let x1, ..., xo(p) be the Dirichlet characters mod D, let Q be the unitary matrix
x1(r)  x2(r) o0 Xey(r1)
0= 1 x1(r2)  x2(r2) - Xep)(r2)

V(D) : : : ’
X1(rop) x2(re)) -+ Xo0) (o))
and let Mg : C¥P) — C#P) be the bijective linear map associated to Q.

Let K > 1. We define F};(A, K) to be the set of functions f € F}5(A) of the same form as in (6-1),
but with the additional property that the parameters z are given by

7= MQ(b)
for a tuple of rational numbers b = (by, ..., byp)) € Q) satisfying
bjl<A and b;=-L withu;, v;eZand|vj| <K,
vj

forall j =1,...,¢(D). By Proposition 5.1, Lemma 2.2 and Lemma 2.3, we deduce that the bound (2-4)
holds for all f € Fj(A, K) in the following form.
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Proposition 6.1. Let A, D > 1 be fixed. For K > 1,x > 3,1 C[x/2,x] and f € Fj5(A, K), we have

x(log x)®

[Zp(ia. i R)| < CK((a, ) =5

forlfas |h|’R§x3a (6_3)
where § > 0 is some absolute constant, and where B, C > 0 are constants which depend only on A and D.

Our goal is to interpolate this result to all functions in Fj5(A). Let f € Fj;(A) be fixed, with z as in
(6-1). For L € [1, oo, we define two polynomials in the variables Z = (Z, ..., Z,(p)) as follows,

@(D)

PuZy:=Y > [z auan;R), Pu(Z):=PL(Mo(Z)).
el

n ny-ngmmy=n j=1
Vjio,m<L "

By definition, both these polynomials have degree at most L in each variable. Furthermore, let
-l
b:=M, (Z),
and note that ||b|| < D'/?A. Using this notation, we can now write the sum X ¢(/; a, h; R) simply as

Y f(m)An(an: R) = P (b).

nel

In order to have better control over the degree of P+ (Z), we cut off all the terms of degree larger
than some fixed real number L > 1. For a tuple ¢ = ({1, ..., {y(p)) satisfying [{;| < AD'? and any real
number E > 1, this leads to an error term of the following form,

1Poao(0) = PO < Y 1p(m)(AD)*™|Ay(an; R)|

nel
w(n)>L

<E™") () (ADE)*™|Ay(an; R)|

n<x

12
<e* (Z TADZE(n)z) (ZIAh(an; R)Iz)

n<x n<x

1/2

The different factors can be estimated via [Tenenbaum 1995, Theorem I1.6.1], and Lemma 4.1, and we
get

1Poo(¢) — BL(0)| < E~F (x(log x)APE 112 (x (log x)*z ((a, 1))/
< E~Lt((a, h))x(log x)APE) /242 (6-4)

where the implicit constants depend at most on A, E and D.
Next, we set
_ 2(t+1)|AD'/?]

il —|AD'?] for¢=0,...,L.

B :
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Obviously, all these numbers are bounded by |8¢| < AD'/?, and are rational numbers with denominators

not larger than L + 1. Furthermore, we have the bound

12

A
|Be, — Be,| > [€1 —£2| for £y # £5.

For any tuple £ = (¢4, ..., Lyp)) €{0, ..., L}*D), denote B¢ = (B, .- -, Bt ). The value Poo(By) can
be interpreted as an instance of the sum X iUsa, h; R) for an appropriate function f € Fp(AD, L+1),

Poo(Be) = =I5 a, h; R).

Hence, by Proposition 6.1 and the estimate in (6-4) we can deduce
BL(B) <ap (@ h)x(logx) AP (T y (©-5)
L(Be) Ka,p T((a, h))x(logx RI2ZTEL) )
uniformly for 1 <a, ||, R < x°.
By Lagrange interpolation, we bring P (b) into the following shape,

PLby= )

£ef0,...,L}9D) j= 10<1<L
i#L

(D)

which is allowed since the Vandermonde determinant associated to (8,) does not vanish. We can now
estimate P;, (b) via the already known bound (6-5) for the expressions P (Be). Namely, we have

(D)
PL®) < Y 1PLBOI ] H _ﬁ |
£€{0,...,L}¢(D j= 10<z<L ¢

i#L;
(D)

< t((a, h))x(log x) PP /2+B(R€/2 %)(4@”’(0) Z [1 1_[

L) j=10<i<L
i#L;

J_’|

.....

L 1 ) (8L)LeD

(ADEY*/2+B o
<L 7((a, h))x(log x) (RI/Z (LN)#D) °

which after using Stirling’s approximation for the gamma function simplifies to
~ 1 1
|PL(B)] < T((a, h))x(logx) APEN/2+B (Rl/z + _)<4e)2DL

with the implicit constant depending at most on A, E and D.
After adding all the terms we had cut off earlier, we are finally led to

1 1
¢l a, h; R) <a,p,p T((a, h)x(logx)APE) /2+B<R1/z + ﬁ>(4e)2m.
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With the choices
log R

=——2="_  and E:=4e)®?,
12D log(4e)

and after reinterpreting the constant B, we get

x(log x)B s

Ef(l;a,h;R) <La.p t((a, h)) R/ for 1 <a, |h|, R <x°,

which is exactly the statement we wanted to prove.

7. Proof of Theorem 1.2 using Linnik’s identity

We now sketch how Theorem 1.2 can alternatively be proven using Theorem 3.3. The details of the
computations being very similar, we will restrict to discussing the main differences in the arguments.

As mentioned above, it is enough to consider the case f € F},(A), or in other words we can assume
that f = ‘Eb - % ‘L’b , where x1, ..., xr are distinct Dirichlet characters mod D, and where by, ..., by
are complex numbers whose moduli are bounded by A. The sum in consideration is then given by

Silia, b R = ) gl m) - Tl mp) Ayamy - my; R).

my---mré€l

Here we replace each ‘L';(jj (m ) by its decomposition as given in Theorem 3.3 with K = 4, and after
expanding the resulting expression, we end up with a linear combination of sums of the form

Ei= Y. om)--oum)pi(ny) - pr(ng)Alamy - --mgn - -nr; R),
my---mgny---nr€l
PF(ny-ng)<x'4

where each function o is some Dirichlet character mod D, where each function p; is equal to r,fj;’_ , for
some j and £ € [0, 3], and where k < 37. We consider each sum & separately
To each factor p; in the sum E we apply Lemma 3.4 with y = x4 and w = x" for some arbitrary, but

fixed n € (O, 5 4) By compa01ty, it follows that for each j =1, ..., T there exist arithmetic functions o
and B;, such that the sum E can be written as

53

[I]

T
1)+ZEZ)+E(3)

Jj=1 j=1
with
—~(1
:45'):: Z (o1 %---xop)m)p1(ny) --- pr(ny)A(amny ---nt; R),
mny--nt €l
P+(n1‘..nT)le/4
Nlyeeey "_i—lix'7,n_/>x'/’7

pk nj,pr>x/4
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5P = > (m*---*ak)(m)( I1 pk(nk))aj(n})ﬁJ-(n;f)A(amnl---nT;R),
mn1~~~nj1n’jn’j’nj+1~~nrel 1%k§_T
PH(uynj 'y -ong) <x'/4 #J
Ny n_f,lfx",x’7<n;-§x]/4+"
V= Y (orx---x0)m)pi(m) - prng) Alamny ---nz: R).
mny---nyel
ny,..ny<x"

H(‘l)

The sums E ; can be bound trivially. Indeed, we note that if a prime power p* > y divides #, then

since P+(nj) <y we must have k > 2. Hence

—~(1
g < > T(ater (M) Adan; R)|

nel
Eipk |n:pk>xl/4, k>2

1/2 172
<e <Z|A(an; R)|2) ( 3 1)

nel nel
Ip* | nipk>xl/4, k=2

Lar x¢((a, b)),

which is an acceptable error term.

ES.Z), we can bound them following the arguments of Case III, Section 5D, since

Concerning the sums
we have a variable localized in [x", x1/41"], and since ;ll +1 < % The remaining sum E®, which is
analogous to (5-6), can be estimated for all sufficiently small n > 0 by the arguments of Sections 5B, 5C

and 5D, according to the size of the involved variables. As a result, we get for these sums the estimate

x(log x)OM

=2 =0
T <<A,T T((a, h)) R1/2

Together with the bound for Ey), this eventually proves Theorem 1.2.

8. Proof of Theorems 1.2, 1.3, 1.4 and 1.6

In this section we want to deduce Theorem 1.2 from Proposition 2.1, and afterwards apply this result to
the problems mentioned in the introduction. Before doing so, we first need to prove an auxiliary result,
which is concerned with bounds on average for functions in Fp(A) twisted by a Dirichlet character.

Lemma 8.1. Let f € Fp(A) and let B > 1. Then there exists a constant ¢ > 0, such that, for all Dirichlet
characters x mod q satisfying cond(x){D and g < (logx)®, we have

ZX(n)f(n) & xe~eVloer, (8-1)

n<x

Both the constant ¢ and the implicit constant depend at most on A, B and D.
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Proof. Let F, (s) be the Dirichlet series associated to the function x (n) f(n). By Lemma 2.4 we know
that F, (s) can be written as

F(s) = Hy(s) ]_[ L(s, xy)?  for Re(s) > 1,
¥ mod D

where H, (s) is a holomorphic function in $Re(s) > % + ¢, bounded in terms of A, D only.

Due to the assumption cond(x)tD we know that none of the characters x v is principal, which means
that none of the L-functions L(s, x ) has a pole at s = 1. It follows from Siegel’s theorem that for
any 8 > O there exists a constant c(8) such that all L(s, x ) are zero-free in the region defined by the
condition Re(s) > 1 — y(TJm(s)), where

(8-2)

y(t):= min{ c©) c©) }

log(gD(It|+2))" (¢D)°
Using this zero-free region, the bound (8-1) follows using a standard contour integration argument; see
e.g., [Montgomery and Vaughan 2007, Section 11.3]. O

We now proceed to prove Theorem 1.2. We set R = (log x)” where L > 1 is some constant which
depends only on A, B and D, and which we will determine at the very end. Note that in any case we can
assume x to be large enough so that D < R is satisfied.

We start by splitting the sum D ¢ (x; a, h) into two parts as follows,

Dy¢(x;a, h) = Df(ﬁ; a,h)+ Z f(m)t(an — h).
Jx<n<x
While the first sum can be estimated by trivial means, we can use Proposition 2.1 to evaluate the second
(after first dividing the range of summation into dyadic intervals). This eventually shows that there exists
an absolute constant § > 0, and a constant B depending only on A and D, such that, for all 1 <a, |h| < X8,

x(logx)B>

Df<x;a,h>=Mf<x;a,h>+o<r<<a,h>> Ik
with

Mf(x;a,h):= Z f(n)Ty(an; R).

|h|/a<n<x

It remains to evaluate this last sum.
After expanding 7 (an; R), it can be written as

1

My(xia,hy=2 Y o) Yoo x(@s) Dl fmx() + o6t
g=vax P\ y modq/h.q) o Jan<r
cond x <R (an.q)=(h.q)

We now split the remaining sum into two parts, denoted by M}l)(x; a, h) and M}z) (x; a, h), depending
on whether cond(y) | D or not. A simple reordering of the sums shows that the first part is equal to
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M (x; a, h) as given in Theorem 1.2. The second part can be written as

1 _ 2,2
MPean=23 3 3 3 RS =55 (5 )
tl(a.h) wlh/t qu/(zu)(pq x mod g
(u,a/t)=1 cond x<R
cond(x)tD

with S, (x, u) given by
Spx(eu):= " fun)x®).

n<x/u

This last sum can be estimated via Lemma 8.1, namely we have

Sp (X, u) = Z fwu™)x W) Z F(n)x () +O(x'/2+e)

u* | u® n=<x/(uu*)
u*<./x (n,u)=1
< xemelorr 37 TAGU) | i
sk
Wy uu

u

for some constant ¢ > 0 depending on A, D and L. Hence

MP(x;a, h) < (@, h)Rx(log x)* e~ VI8* « 7((a, h))xe™/P/loex,

Eventually, we get

B
Ds(x;a,h)=M¢(x;a, h)+ O(r((a, h))x((lzij? + e /v logx>),

and Theorem 1.2 follows with the choice L =3N + 3B.

8A. Proof of Theorems 1.3, 1.4 and 1.6. The applications mentioned in the introduction are essentially
all immediate corollaries of Theorem 1.2, except for the fact that it remains to evaluate the main terms.
This is a rather tedious task, but can be done using standard techniques from analytic number theory, in
particular the Selberg—Delange method, which is for example described in detail in [Tenenbaum 1995,
Chapter I1.5]. In order to not further lengthen this article, we only want to indicate very briefly the main

steps of the procedure.
In the case of Theorem 1.3, the main term takes the form

1
M (x;1,h)=2 Z m Z . (n),
qSﬁ(p @)/ g2<n<x
(n,¢)=(h,q)
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which after a few simple transformations can be written as

3 D(x; uq, uv) — D(u*q?; uq, uv)

+O(x1/7re), (8-3)
v(q)

MG Lhy= > z(uv)

ulh,v|lu>® q=</x/u
v=yx (q.vh/w)=1

where

D(y;r,t):= Z 7,(n).

n<y/t
(n,r)=1

This sum has been studied in detail in [Tenenbaum 1995, Chapter I1.5]. In particular, following the proof
of [loc. cit., Theorem II.5.2], we see that there exist complex numbers jj(r, t) such that

1§~ s ylogy)t | ((ogn)™*! y(log y)?
PinD=57 ; [z —6) (log y)t* O( t (logy)t+>-s )
where .
WE(r, 1) = Af(‘/’;s(r) il 11 £6) ) with () := ]_[(1 = %) :

plr
and where the differential operator A® is defined as

Al 9*
CT st

s=1

By Leibniz’s rule and the Taylor expansion of (s — 1)¢(s) at 1, it remains to evaluate the sums

Al (ug) ALy (ug) g*(2log(ug))*
2 T ™ML Ty Gl
q=<v/x/u q=<y/x/u
(g,vh/u)=1 (g,vh/u)=1

For the first sum this is a standard exercise in using counter integration, the result being

L.z z vh) w/2
3 Asws(uq):AfRe(s)(Ciwl/fs(u)pw(u)x ;(w+l)>+0( 1 )

Sy AC) w= vieh)  u® w PeTEar
(q,vh/u)=1
with
1 W(p)—1>
Couwi= <1+ + :
s, w 1;[ (p_l)pw+1 (p_l)pw
and

: . pr(Wsi(p) =1 _ p
ys’w(n) = H(l + w2 — putl 1 1) and oy (n) := 1_[(1 - pwt2 — pwtl 4 1)

pln pln
An asymptotic formula for the second sum now follows via partial summation. After putting the resulting
formulae back in (8-3) and completing the sum over v, this eventually leads to the main term described in
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Theorem 1.3. In particular, the first coefficient is given by

1 1—1/p)1—1
)\h,O(Z):% l—[ <1+( /P) )

(p.m)=1 P
1 1 z+1 £-1 0 — i j 1 z—1 4
'1—[(1__+(1__> Zw+(1__) ’Z(éﬁl)). (8-4)
Pt b g J=l P P g

For Corollary 1.5, we have from [Narkiewicz 2004, Proposition 8.4, Theorem 8.6] that the characteristic
function n — bk (n) of the set Ny is multiplicative with b(p) = 1 if and only if erX(K) x(p) >0,
where X (K) is a subgroup of the Dirichlet characters modulo the discriminant D = Disc(K) and ptD.
The subgroup of residue classes a mod D such that > yex(k) X (@) > 0, corresponding to the subgroup H
in [Narkiewicz 2004, Theorem 8.2], has density 1/[K : Q] inside (Z/DZ)*. Thus we have a factorization

> @ =" H ()

n>1
where H is holomorphic and bounded in the strip $Re(s) > % The rest of the argument the follows the
path described above. We leave the details to the reader.

In the case K = Q(i), the first coefficient is given by B0 = BoB(h), where

1 I 1\ "2
Boi=— <1——2) : (8-5)
ﬁp53m0d4 p
and ,
h* 1 —1 1
B(h):=(1+xz(ho)> (1— -+ ¢ )1) I1 (1+—2),
et p+1 - pip+D/ _F s p
p=3 mod 4

with h° := (h, 2%°), h* .= hﬁ and x4 the nonprincipal character mod 4.
Finally, the proof of Theorem 1.6 rests upon the fact that

1 9k _
Z T(n—h) = Ea_zkax’h(()) with B, 5 (z) := Z MW (n—h).

|h|<n=<x |h|<n<x

Since the function n — z®™ is an element of Fj(A) for |z| < A, Theorem 1.2 can again be applied in
this case. After evaluating the arising main term in the same manner as described above, we see that there
exist functions yj, ¢(z), which are holomorphic in a neighborhood of z, such that

L

Vh,e(2) x(log x)*®)

Een(@) = x(logx)* ) | S O(— -
= (logx) (logx)L+i-e

At this point Theorem 1.6 essentially follows by taking derivatives with respect to z on both sides. The
procedure is however not completely straightforward, since we also need to have control over the error
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term on the right hand side. In our case we can simply cite [Tenenbaum 1995, Theorem 11.6.3], where a
result of this type is proven in very large generality.
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