PRETENTIOUSNESS IN ANALYTIC NUMBER THEORY

ANDREW GRANVILLE

ABSTRACT. In this report, prepared specially for the program of the XXViéme Journées
Arithmétiques, we describe how, in joint work with K. Soundararajan and Antal Balog, we
have developed the notion of “pretentiousness” to help us better understand several key
questions in analytic number theory.

THE PRIME NUMBER THEOREM, I

As a boy of 15 or 16, Gauss determined, by studying tables of primes, that the primes
occur with density Eé? at around x. This translates into the guess that

m(x) ;= #{primes < x} ~ Li(x)

The existing data lend support to Gauss’s guesstimate:

where Li(x) :

Todt x
o logt logx’

T

m(x) = #{primes < x}

Overcount: [Li(z) — m(x)]
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Notice how the entries in the final column are always positive and always about half
the width of the entries in the middle column: So it seems that Gauss’s guess is always
an overcount by about y/x. We believe that this observation is both right and wrong:
Although the last column looks to be positive and growing we believe that it eventually
turns negative, and subsequently changes sign infinitely often (see, e.g. [7]). On the other
hand we believe that the error in Gauss’s guess is never much more than y/z — correctly
formulated this statement is equivalent to the Riemann Hypothesis.

In this talk we only need the weaker statement that 7(x) ~ z/log z, the Prime Number
Theorem. We state this in a slightly cumbersome way, as this fits better the perspective
developed herein.

The Prime Number Theorem (version 1). For any € > 0 there exists x. such that if
T > x. then

T T

7(x)

Clogz| T eloga:'

Let 7(x; q,a) denote the number of primes < x that are = a (mod ¢). An analogous
proof reveals that if (a,q) =1 and = > =z, then

X
¢(q) log z

¢ X
~ ¢(g)logx

7T(£L’; q, a) -

A key question is to determine how small we can take z. 4, for a given e. Calculations
reveal that one should be able to take z. , just a tiny bit larger than ¢, say ¢'*° for any
fixed § > 0 (once ¢ is sufficiently large). However the best results known [4] have logz. 4
a power of ¢, way off from what is expected. If we are prepared to assume the unproven
Generalized Riemann Hypothesis we do far better, being able to take z. , just a tiny bit
larger than ¢2, though notice that this is still some way off from what we expect to be
true.

Our research in this area centres around the distribution of mean values of multiplica-
tive functions, that is functions f on the positive integers, for which

f(mn) = f(m)f(n) whenever (m,n)=1.

Typically we will assume f : N — U where U := {2z € C: |z| < 1} and that f is totally
multiplicative (that is when f(mn) = f(m)f(n) for all m,n > 1, not just those pairs of
integers m, n that are coprime). Key examples include f(n) =1 and f(n) = n* for some
t € R, as well as the Dirichlet characters: If x is a Dirichlet character of order m then
X:(Z/qZ)* — G C U where G is the set of mth roots of unity, a finite group. So what is
the connection between the two subjects? The M6bius function p(n) is multiplicative and
we have the remarkably useful identity

Z w(a)logh =

n=ab

logp ifn=p°
0 otherwise



PRETENTIOUSNESS 3

where the sum is over all pairs of positive integers a, b satisfying ab = n, and the first case
is for all powers (with e > 1) of a prime p. If we sum this identity over all n < x we obtain

the identity
Z logp = Z wu(a)loghb.

pe<lz ab<zx

The contribution of the prime powers p® with e > 2 to the left hand side are easily shown
to be negligible, and a good estimate for the remaining sum can easily be shown, via partial
summation, to be equivalent to a good estimate for 7(z).! Therefore a good estimate for
the right hand side must be equivalent to the prime number theorem. One can approach the
right hand side by fixing a and then summing over b; this is easy since ), - 5 logb = log B!
which can be very accurately estimated using Stirling’s formula. This leaves us with a sum
over a, something like

e 30D og(afa) 1),

which can be estimated accurately, via partial summation, provided ), , p(a) can be for
various values of A. Thus we have sketched a justification that the prime number theorem
is “equivalent” to proving that

S n(n) = o(N).

n<N

(See, e.g. section 2.1 of [14] for a proof that these really are equivalent.) Of course p is
a multiplicative function, but not a totally multiplicative function, which would be easier
to work with. This is easily remedied by replacing u by Liouville’s function A(n) which
equals p(n) when n is squarefree and in general is given by

)\(’I’L) _ (_1)#{prime powers pe|n}‘
One can also show that the prime number theorem is equivalent to proving that
(1) > Aln) = o(N).
n<N
As above we state it in the following form:

The Prime Number Theorem (version 2). For any e > 0 there exists x. such that if
T > x. then

Z A(n)| < ex.

n<x

Moreover if x > x4 then

n<x
n=a (mod q)

ndeed > pe<zlogp ~ x if and only if m(x) ~ z/logz.
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whenever (a,q) = 1.

Now, (1) can be restated as

Since A\(n) = 1 or —1 for every integer n, this is equivalent to the assertion that, asymp-
totically, half the values of A\(n) are 1, and half are —1. In other words

lim % #n<N:Am)=1) and Jim % A< N: A(n) = —1)

N—oo

both exist and equal %

MEAN VALUES OF MULTIPLICATIVE FUNCTIONS

More generally one can ask, for any given totally multiplicative f : N — G, where G
is a given finite group, whether

(2) Jim % #{n<N: f(n)=g}

exists, for each ¢ € G. The answer is “yes”, something that could have been proved
directly from results of Wirsing and Halasz in the early 70s had they been aware of this
nice question of Ruzsa. Once one knows that the limit in (2) always exists one can ask
whether one can obtain upper and lower bounds that depend only on the group G. For
example if f(n) = 1 for all n then the value in (2) is 0 if g # 1, and equals 1 if g = 1.
One can thus ask whether it is possible to get the limit 1 in (2) when g # 1, and whether
it is possible to get the limit 0 in (2) when g = 1?7 To better understand, let’s focus on
the case G = {—1,1}. Evidently we cannot have f(n) = —1 for all n, since f(1) =1, and
also f(4) = f(9) = f(16) = ... =1 since the square of both 1 and —1 equals 1. But even
more, we cannot have all three of f(2), f(3) and f(6) equal to —1, since f(6) = f(2)f(3),
and indeed the same remark applies for any three multiplicatively dependent integers. In
the 1980s Hall showed that for any totally multiplicative f : N — {—1, 1}, we must have
f(n) = 1 for at least a positive proportion of the integers n up to any given point (so
that the answer to both questions above is “no”). His proof can be extended to show that
the answer to both questions above is “no” for any finite group G; that is, there exists
a constant cg > 0 such that the proportion of integers n < N with f(n) = 1 is always
> cq. Heath-Brown and Montgomery then asked for the minimum possible proportion of
f(n)-values that equal 1 when G = {—1,1}. In 2001 Soundararajan and I proved [8] that
at least 17.15% of the f(n)-values must equal 1, where 17.15% is an approximation for

2 e =1 1
1— 2 —log(l log——— +2y  ——— = 1715004931 . ..
o —log(1+Ve) gyt ;nQ(H\/E)n ,

and this is “best possible”. It would be nice to have a combinatorial interpretation as to
why this particular constant comes up here.
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As the limit in (2) exists, we can deduce that
g o S ()
N

exists whenever f : N — G, a finite group. This leads naturally to the question as to
whether (3) exists for all totally multiplicative f : N — U? Let us study the example
f(n) = n™ for given real number ¢: Here the mean value is

1 N Y 1 Nt it
— g n ~ — / utdt = — — = —,
N = N Jy N 1+4d 1+t

for sufficiently large N. This equals 1/v/1 4 2 in absolute value, but varies in angle with
N. That is,

(4) Jm | 3 )
n<N

exists but not (3). In fact, in general, (4) exists for all totally multiplicative f : N — U,
but (3) does not necessarily exist, as we have just seen.
Next we might ask, when is

(5) v 3 s

n<N

large? That is, when is there not very much cancellation between different values of f(n)?
Evidently (5) is large when f(n) = 1 for all n > 1, and, as we have just seen, more
generally when f(n) = n® for all n > 1. Moreover we would not expect the mean value
(5) to change much if we simply alter the values of f by a suitably small amount (though
keeping f totally multiplicative). In other words if f(n) is more-or-less n' for some small
real ¢ then we would expect the mean value to be “large”; or, more colloquially, if f(n)
pretends to be n'®. Are there any other examples of f for which this mean value (5) is
large? The remarkable result of Halasz [9,10] states that the answer to this question is
“nO” :

Halasz (1975). If the mean value of f is “large” in absolute value then f(n) pretends to

be n't for some “small” real t.

As you might expect Halasz was a little more precise in his formulation, but here
we can make do with “large” meaning > €, “small” meaning |t| < 1/¢, and “pretends”
meaning that

p

is bounded.

p<N
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This last quantity is worth discussing in a little more detail: If f(n) = n® for alln < N
then f(p) = p* for all p < N, that is f(p)/p** = 1, or 1 — Re(f(p)/p**) = 0. In other
words, the quantity in (6) above would equal 0. As f(n) varies more from n®, we see that
the quantity in (6) grows. We can extend this to define a useful distance function for pairs
of multiplicative functions: If f and g are two multiplicative functions with values inside
or on the unit circle define

(s g5t o= Y2 LRI,

p<z

This has the desirable properties that D(f, g; z) = 0 if and only if f(p) = g(p) and |f(p)| =1
for all primes p < x, and that it satisfies the triangle inequality

D(f,g;x) + D(F,G;x) > D(fF, gG; x).

LARGE CHARACTER SUMS, I

One is interested in proving, for a non-principal character y (mod q), that

(7) > x(n) = o(z)

n<x

in as wide a range for x as possible. Burgess [3] showed that (7) holds uniformly for
x> ¢'/*t°(M) and the outstanding question in this area is to show that (7) holds uniformly
for x > ¢°. In [9] we showed that (7) holds whenever log z/loglog ¢ — oo, assuming the
Generalized Riemann Hypothesis; and that (7) cannot hold for smaller x, that is when
r = (logq)? for any fixed A > 0.

Now suppose that (7) fails for some character x. By Halasz’s theorem we know that
x(n) pretends to be n' for some suitably small ¢. Hence x?(n) pretends to be n?* and we
might expect (7) to fail with y replaced by x2. Indeed, in [11], we prove that if (7) fails
for x = x; (mod q) for some z; > ¢¢ for i = 1 and 2, then (7) fails for y = x1x2 for some
x> ¢° with 6 = §(e) > 0.

THE PRIME NUMBER THEOREM, II

Now that we have seen what pretentious means, a potentially complicated function
looking very much like something far simpler, let us study an early example from the history
of analytic number theory. By 1896 researchers only needed to show that (1 +it) # 0 for
all non-zero real ¢, in order to complete the proof of the Prime Number Theorem. Both
Hadamard and de la Vallée Poussin established that if {(1 + it) = 0 then ((1 + 2it) = oo
contradicting the fact that ((s) is analytic except at s = 1. In his book [4], Davenport
explains this by noting that if ¢(1 + it) = 0 then the p? would “predominantly” point
towards —1, so that the p?* would “predominantly” point towards 1. A clever identity of
Mertens allows one to establish this connection rather elegantly, but here we go back to
the original heuristic and see that it can be viewed as an early example of pretentiousness.
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A pretentious proof of the Prime Number Theorem: We know that ((s) is analytic in
Re(s) > 1 except at s = 1. Suppose that ((1+1it) = 0 and that the zero at 1+ it has order
r > 1. Then ((1+A+1it) ~ cA" for some non-zero constant ¢ when |A| is sufficiently small,
as may be proved by studying the Taylor series for ((s) around 1+1it. Taking A = 1/logz
for sufficiently large = one can show that this is equivalent (see Appendix 1) to

H 1— AN ~ 4
pltit (log )"’

p<z

which can be rewritten as

e—it logp) Co
1+ ~ )
() ~ sy

p<z

for some non-zero constants c¢1, co. Now Mertens’ theorem states that

1 -
1)~
P log

p<z

Since |1 —1/p**%| > 1—1/p, the last two estimates are incompatible unless r = 1. In that
case we can directly compare the two estimates to deduce that p~# = e~#*1°8P pretends
to be —1; more precisely that D(p~%, —1;z) is bounded. Squaring, we find that p—2%
pretends to be (—1)? = 1 (or, more precisely, D(p~2,1;2) < 2D(p~*, —1; z) is bounded),
and then reversing all of the steps above we deduce that (1 + A+ 2it) ~ ¢’ /A for A >0
sufficiently small, that is ((s) diverges at s = 1 + 2it, contradicting the fact that it is
analytic at this point. [

In this proof we deduced that p~% pretends to be —1; we note that, if that were the case
then n'’ pretends to be A(n).

LARGE CHARACTER SUMS, 11

Let x be a character mod ¢ > 1. How large can
max n
XZ}U

be? By periodicity we know that this is < ¢. The first important result on this question
is the 1919 Pélya-Vinogradov inequality [17,19] which states that

> x(n)| < Valogg,

n<x
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which was improved by Montgomery and Vaughan in 1977 [15], assuming the Generalized
Riemann Hypothesis, to

(8) Z x(n)| < y/qlogloggq.

n<x

In 1932 Paley [16] showed that this bound is best possible, up to the evaluation of the
constant, by constructing quadratic characters x (mod ¢) which pretend to be 1 for the
primes p < clogq. Similarly if there are quadratic characters x (mod ¢) which pretend to
be 1 for the primes p < ¢¢ then the Pélya-Vinogradov inequality cannot be improved.?

So when can |y, ., x(n)| be large? Say > ,/g(logq)'~° for some fixed small § > 0.
Soundararajan and I [1_0] proved that if the character sum is this large then x pretends to
be a character v (mod m) where m < (logq)'/?. In fact x(p) ~ 9 (p) for a surprisingly
large proportion of the primes p < ¢, which is surely impossible, though that is hard to
prove.

One extra observation: If one has such a large character sum then one can show that
X(—1)1(—1) = —1. This allows us to get a contradiction for y of fixed, odd order.

Proof sketch when x has order 3. In this case x(n) = 0,1,w or w? for all integers n.
Now x(—1)? = x(1)?> = 1 so that x(—1) = 1, as x cannot take the value —1. Therefore
P(=1)=1-9(-1) = x(=1) - ¥(—1) = —1. Hence for most small primes p = —1 (mod m)
we have x(p) ~ ¥(p) = ¥(—1) = —1, which is impossible since none of 0,1,w or w? are

close to —1.
In [10] we proved the following result:

Theorem. If x (mod q) has odd order g > 1 then

Z X < \/* logq)l 1) —|—o(1)

n<x

where 64 = (1 — %%g)) > 0 (for example 1 — §3 ~ 11/12). Moreover, assuming the

Generalized Riemann Hypothesis we have

> x(n)| < v/g(loglogg)' .

n<x

A surprising revelation was that Montgomery and Vaughan’s result (8) does not re-
quire the Generalized Riemann Hypothesis nor the Riemann Hypothesis for L(s, x) but
rather the Riemann Hypothesis for L(s,x%)). Note that xi) is a character with large
conductor which pretends to be 1.

2We do not believe that such ¢ exist, but we do not know how to prove that they don’t.
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Suppose that we have a large character sum for y, so that y pretends to be ¥, a
character with relatively small modulus, and y(—1)¥(—1) = —1. Then x? pretends to
be 1? with x2(—=1)1?(—1) = (=1)? = 1, and x> pretends to be ¥3 with x3(—1)y3(~1) =
(—1)3 = —1, so we might guess that there is a a large character sum for x®. More generally,
we prove in Theorem 2 of [10] that if characters x1, x2 and x3 (mod ¢) have large character
sums then so does x1x2x3. In particular note that if we have a big character sum for y
(mod q) of order 6, then we do for x* (mod ¢) which has order 2.

MULTIPLICATIVE FUNCTIONS IN ARITHMETIC PROGRESSIONS

Earlier we saw that if }% D on<N f(n)} is large then f(n) is n‘t-pretentious for some
“small” real . What about if

1
N Z f(n)

n<N
n=a (mod q)

is large? There are several obvious examples for which this sum is large, for examples
f(n) =n® and f(n) = x(n) where x is a Dirichlet character mod ¢ (since then f(n) =
x(n) = x(a) for each n in the sum). One also has the two multiplied together, that is
f(n) = x(n)n®, and no more (as shown in [1]):

Theorem. If the mean value of f is “large” in an arithmetic progression mod q then f(n)
pretends to be x(n)n' for some Dirichlet character x mod q and some “small” real t.

PRETENTIOUSNESS IS REPULSIVE

Can a multiplicative function f be pretentious in more than one way? In other words,
can there exist two characters ¢» and x with small conductors such that f(n) = (n)n®
and f(n) ~ x(n)n™ for most n < 2? If so then x(n)n™ =~ (n)n* for most n < z, and
hence (xv)(n) ~ n*»~t) for most n < x, which we know is impossible as Y is itself a
character with small conductor. More precisely we have

D(f(n), x(n)n"; ) +D(f(n), p(n)n'; 2) = D((x) (n), n'“~;z) > (loglog z)'/2.

EXPONENTIAL SUMS
If > -, f(n)e*™*| is large then

e « is close to some rational a/b with b “small” (by [15]);
e f(n) pretends to be 1(n)n® where 1) is a character of conductor b and ¢ is “small”.

This characterization (given in [11]) has tremendous impact on questions that can be
attacked by the circle method. For example, the number of solutions to

at+b=c



10 ANDREW GRANVILLE
in integers a, b, c < x with f(a) = f(b) = f(¢) =1 where f: N — {—1,1}, is
1
> 5% of #{a,b,c e N: a,b,c<x and a +b = c}.

Here 1% is really (17.15%)3, where we have the 17.15% from before.
More generally, if fi, fo, f3 are three totally multiplicative functions whose values all
lie in U, such that

N2
> fi(a)f2(b) fa(e)| > Y
a,b,c<N
a+b=c
then fi(n), f2(n), f3(n) pretend to be 11 (n)n™t, o(n)nt2, 13(n)n's, respectively, where
the t; are bounded, the 1); are characters to small moduli, and 11513 is principal.

PRIME NUMBER THEOREM FOR ARITHMETIC PROGRESSIONS

We saw earlier that the primes up to x are equi-distributed in the arithmetic progres-
sions mod ¢ provided = > z.,, and that this has been proved unconditionally only for
T q exponential in a power of g. However, in the late 1960s, Bombieri and Vinogradov [2]
proved that one can take x., just a little bigger than ¢? for “most” ¢q. It takes a little
explanation to give the precise definition of “most” here, so we shall instead describe a
variant, due to Gallagher, which is useful in many applications since it gives an explicit
description of the exceptional moduli ¢ if there are any:

Theorem. (Gallagher, 1970) Let A be Liouville’s function. Given € > 0 there exists A > 1
such that

n<x
n=a (mod q)
for all (a,q) = 1 and all ¢ < /A, except perhaps those q that are multiples of some
exceptional modulus r. If such a modulus r ezists then there is a character 1 (mod r)
such that

S - v Y. Al Seg

n<x n<x
n=a (mod q) n=1 (mod q)
whenever (a,q) = 1 and r divides q, with ¢ < x4, If this occurs then \(n) is 1(n)n' -
pretentious for some small real t.

If this last case occurs, it would contradict the Generalized Riemann Hypothesis.
In fact since A\(n) is real-valued one can deduce that ¢ = 0, that ¢ must be a real-valued
character, and that there is a zero of the L(s, ) lying very close to s = 1. This exceptional
zero is known as a “Siegel zero”, and is typically believed to lie deep in the theory of
Dirichlet L-functions.

We have proved the following generalization of Gallagher’s theorem in [1]:
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Theorem. (Balog, Soundararajan, Granville) Let f : N — U be any totally multiplicative
function. Given € > 0 there exists A > 1 such that

Z f(n) SG&

n<x
n=a (mod q)

for all (a,q) = 1 and all ¢ < /A, except perhaps those q that are multiples of some
exceptional modulus r. If such a modulus r exists then there is a character v (mod r)
such that

Yoo fm) = ) D> fn) geg
n<x n<x
n=a (mod q) n=1 (mod q)

whenever (a,q) = 1 and r divides q, with ¢ < z%/4. If this occurs then f(n) is (n)n™ -
pretentious for some small real t.

Gallagher’s theorem is the special case f(n) = A(n) of this theorem. If we let f(n) =
(n)n' then the second case of the theorem does occur quite naturally. I am not sure what
this implies about Siegel zeros, except to say that we are unlikely to rule out the possibility
of their existence from an approach involving only the arithmetic theory of multiplicative
functions.

This result gives mean value theorems for the coefficients of the Dirichlet series
L(s, fx) (where L(s, f) := >~ f(n)/n®) with proofs quite different from the usual
“Tauberian methods” (indeed I can not see how these can be applied here).

One can write down a more precise version of our theorem: For z¢ > x4 > 3 one

can take
1

Viog A

For small ¢, that is ¢ < (log )%, one can take

€ =

1 q ‘
(log z)1/3+0(1) + (log ) 1+o(1)”

€ =

and we can show that 1/3 + o(1) cannot be replaced by 1.

One step in the proof of this theorem is reminiscent of some of the recent developments
in additive combinatorics. It can be paraphrased as “if a periodic function looks like a
character then it more-or-less is a character”. Specifically, if g has period ¢, with g(1) =1
and |g(ab) — g(a)g(b)| < € (< 1/4) whenever (a,b) = 1 then there exists a character x
(mod q) such that |x(a) — g(a)| < 2¢ whenever (a,q) = 1.

How deep is the proof of our theorem? Given how far it generalizes Gallagher’s
theorem one might believe that it is necessary to use even deeper facts about the zeros
of Dirichlet L-functions. On the other hand, given the generality of the result, one might
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expect a proof that is more combinatorial in nature and less tied in with the distribution
of prime numbers:

In our proof we require, for B and C sufficiently large and for each (a,q) = 1, “lots”
of primes = a (mod ¢) in an interval [¢®, 2¢®], or “lots” of P2s = a (mod ¢) in an interval
[¢%,2¢°] (where a “P2” is the product of two different primes.)

Our original proof used the theory of L-functions non-trivially: We noted that by
Gallagher’s theorem we have enough such primes except when there is a Siegel zero for
some character ¢ (mod ¢) and ¥ (a) = 1. In that case almost all primes of this size satisfy
¥(p) = —1, so that most of the P2s n made up of these primes satisfy ¢(n) = 1.

Subsequently we observed that our result follows if something like

2z logx
logz Y logp+ > logpilogps ~ 3 %
p<z p1p2<x q
p=a (mod q) pipz=a (mod q)

holds for each (a,q) = 1 for a suitable value of x. Selberg [18] showed this for z > €? in
his elementary proof of the prime number theorem for arithmetic progressions, a value of
x which is far too large for our purposes. However in 1981 Friedlander [5] conveniently
showed something close to this for all x > ¢3” using sieve methods, which means that our
theorem can be proven, avoiding deeper consideration of the zeros of L-functions.

APPENDIX 1: TRUNCATING EULER PRODUCTS

If A = 1/logz then A > 0 so that ¢(1 + A +it) = [[,(1 —1/p'+2+%)~1. Hence
log(C(1+ A +it) [T, (1 - 1/p**)) equals

S log (1= 1/p ) (1 = 1/p 2 71) = $log (1 - 1/pH+4%)

p<lz p>x

The absolute value of this is

1 1 1 1
<2 [pl+it] (1_197) Jrzp”A +221¥
p

p<z p>x

Alogp du
<L | gt

p<w

—A

x
1< 1.
Alog x T

< Alogx +

Hence

. 1
CA+A+it) <] (1—p1+¢t)

p<z
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