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Moments of random multiplicative functions,
II: High moments

Adam J Harper

We determine the order of magnitude of [E|Zn§x fn) |2q up to factors of size @) where f(n)isa
Steinhaus or Rademacher random multiplicative function, for all real 1 < g < clogx/loglogx.

In the Steinhaus case, we show that E|Y", _ f(n) |2q — 0@y (log x/(q 10g(2q)))(q’1)2 on this whole
range. In the Rademacher case, we find a transition in the behavior of the moments when ¢ ~ (1 ++/5)/2,
where the size starts to be dominated by “orthogonal” rather than “unitary” behavior. We also deduce
some consequences for the large deviations of ), _ f(n).

The proofs use various tools, including hypercontractive inequalities, to connect [E|Zn<x f(n) |2‘17 with
the g-th moment of an Euler product integral. When ¢ is large, it is then fairly easy to analyze this integral.
When ¢ is close to 1 the analysis seems to require subtler arguments, including Doob’s L? maximal
inequality for martingales.

1. Introduction

In this sequence of papers, we are interested in the moments [E‘ Yoy f(1) ‘251 of random multiplicative
functions f (n). -

We consider two different models for f(n), a Steinhaus random multiplicative function and a Rade-
macher random multiplicative function. We obtain a Steinhaus random multiplicative function by letting
(f(p))p prime be a sequence of independent Steinhaus random variables (i.e., distributed uniformly on the
unit circle {|z| = 1}), and then setting f (n) :=]] P lin f(p)¢ for all natural numbers n, where p? || n means
that p? is the highest power of the prime p that divides n. We obtain a Rademacher random multiplicative
function by letting (f(p))p prime be independent Rademacher random variables (i.e., taking values 41
with probability % each), and then setting f(n) ;=[]
is not squarefree.

pln f(p) for all squarefree n, and f(n) =0 when n

Random multiplicative functions have attracted quite a lot of attention as models for functions of
number theoretic interest: for example, Rademacher random multiplicative functions were introduced
by Wintner [1944] as a model for the Mdbius function w(n). There are also probabilistic and analytic
When this work was started, the author was supported by a research fellowship at Jesus College, Cambridge. The work continued
while the author was in residence at the Mathematical Sciences Research Institute in Berkeley, California (supported by the
National Science Foundation under Grant No. DMS-1440140), during the Spring 2017 semester.
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motivations for studying them, see Saksman and Seip’s open problems paper [2016], for example. The
introduction to the previous paper [Harper 2017] in this sequence contains a more extensive discussion of
some of these connections.

Harper [2017] showed that for Steinhaus or Rademacher random multiplicative f(n), for all large x

we have
2q
E

> fm)

n<x

VO<g <1.

X q
A (1 +( —q),/loglogx>

In particular, taking g = % this implies that [E| Doner [ (n)| = /x/(loglog x)!/# which proved a conjecture
of Helson [2010] that the first absolute moment_should be o(/x).

Our goal here is to investigate the case where ¢ > 1. When ¢ € N is fixed, one can expand the
2g-th power and reduce the calculation of [E‘ Do f(0) ‘Zq to a number theoretic counting problem. For
example, in the Steinhaus case one has B

2q q 2q
Zf(n) :#{nl,...,nzqfx:l_[n[: l_[ n[},
i=1

n<x i=q+1

E

Starting from this, one can obtain an asymptotic for the moment as x — oo, which was carried out by
Harper, Nikeghbali and Radziwitt [Harper et al. 2015], and also independently by Heap and Lindqvist
[2016], and (in the Steinhaus case) in unpublished work of Granville and Soundararajan. The result is
that, for fixed ¢ € N and Steinhaus random multiplicative f(n), one has

Y

n<x

2q

E ~ Csi(q)x? log(q_l)2 X asx — oo, (1-1)

where the constant Cs;(q) satisfies Csi(g) =e™¢ *logg—q?loglogg+0(a*) for large g. For Rademacher random
multiplicative f(n), when g = 1 we have that E| D on<x f(n)|2 =) 1 ~ (6/7%)x, and for
fixed integer ¢ > 2 we have

> fm

n<x

n<x,n squarefree

2q

E ~ Craa(q)x710g9%1=3 x  as x — o0,

where the constant Craq(g) satisfies Craq(q) = e =24 ?log g =247 loglogg+0(4) for large g. As described in
[Harper et al. 2015; Heap and Lindqvist 2016], we actually have much more precise information about
the constants Cs(q), Crad(q) (for example they factor into explicit “arithmetic” and “geometric” parts),
but this will not be important for our purposes here.

We would like to have information about [E| Do f() |2q when ¢ > 1 is not necessarily integral, and
that allows ¢ to vary as a function of x rather than_being fixed.

Regarding uniformity in ¢, Theorem 4.1 of [Granville and Soundararajan 2001] implies that for
Steinhaus random multiplicative f (n), and uniformly for all large x and integers ¢ > 1 such that g*¢ < x,
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we have

o~ ogg—? loglog(2q) (k,g(loi)) O _EH T O pggrowd
qlog2q T xdlog@Dx T
This range of ¢ is essentially the largest on which one could expect a result of a similar shape to (1-1).
Indeed, if ¢ > Alog x/loglog x for some A > 1 (say) then we have

e—qzlogq—qzloglog(Zq)xq log(q_Dz x < ((1 +0(1))A)—qzxq’

which becomes incompatible with the lower bound [E| D e f(0) |2q > ([E‘ Do f(0) ‘Z)q = |x] coming
from Holder’s inequality.! But the bounds of Granville and Soundararajan are imperfect, as the upper
bound doesn’t include the factor e~4°10810229) that we expect to appear, and the lower bound features
the extraneous factor (log(log x /(g log 2q)))_0(q2). They also remain restricted to integer q. There are
fn) |2q, and variants of
them, for integer g, especially for small integers where one can try to obtain lower order terms in the

various other results in the literature that study the Steinhaus moments E| Y, <
known asymptotics. See e.g., the preprint of Shi and Weber [2016]. However, the author is not aware of
any work giving sharp moment bounds for noninteger g, nor improving the dependence on ¢ in Granville
and Soundararajan’s bounds [2001] for the large integer case.

We shall prove the following uniform estimate for all real q.

Theorem 1.1. There exists a small absolute constant ¢ > 0 such that the following is true. If f(n) is a
Steinhaus random multiplicative function, then uniformly for all large x and real 1 <q <clog x/(loglog x)

we have
2q

E = ¢4 108447 loglog2)+0(4*) x4 5 (a—1)" x.

> fm)

n=<x

To avoid any confusion, we restate this first result more explicitly: on the stated range of ¢ and x, we
always have

2q
o4 logg—q*loglog2q)~Cq* [E| 2onsx f(n)| < ¢4 logg—q’ loglog29)+Cq?
J— J— 9
x4 log(q_l)2 X

for a certain absolute constant C. We do not know how to prove an asymptotic like (1-1) when g is not a
fixed natural number.

n this paper we are not particularly concerned with the case where ¢ > log x /log log x, but for completeness we make a
few indicative remarks. Section 6 of Granville and Soundararajan [2001] contains various results on this range of g. Setting
v = log(2g(logg)/logx) > 1, and redoing the calculations on page 2293 with the Rankin shift 1 + ¢g/logx replaced by
1 4+ v/log(q log x) and with qz—smooth numbers replaced by g log x-smooth numbers, one can show that [E| Do ) |2q <
x4+v/loglglogx)+o(D)) ypiformly for g > logx/loglogx. In particular, if ¢ = log!*4 x for any fixed a > 0 then we have
[E| Yon<x [ (n)|2q < x4(+a/@+2)+o()) By only considering the contribution to the expectation from the event that f(p)
is very close to 1 for all primes p < glogx/loglogx = log2+“ x/loglog x, one can obtain a comparable lower bound for

[E| >on < f() |2q (as in Corollary 6.3 of Granville and Soundararajan [2001]).
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In the Rademacher case, even conjecturally the behavior of [E‘ Donex f() ‘Zq is perhaps not obvious.
On a wide range of real ¢ > 2, we might expect that

2q
E| Y f(n)

n<x

5,2 5,2 2 _
= 7247 102q=2q71oglog2q)+0(47) . q 1504 (24— x

as in the known asymptotics. But this certainly cannot be the answer for all 1 < g < 2, since on some of
that range the exponent g (2g — 3) of the logarithm would be negative. (And, by Holder’s inequality, we

must at least have [E‘ D on<x f(n)‘zq > ([E| D on<x f(n)|2)q > x9.)

Theorem 1.2. Let go = (1 4+ /5)/2 ~ 1.618. There exists a small absolute constant ¢ > 0 such that the
following is true. If f(n) is a Rademacher random multiplicative function, then uniformly for all large x
and real 1 < g < clogx/loglogx we have

2q
E[Y fom)| =e

n<x

2 2 2 . 2
—2q°logg—2q~loglog(29)+0(gq )(1 +m1n{log log x, e ‘})xq 1Ogmdx{(qfl) 4(29-3)}

With hindsight, the exponent of log x we obtain in Theorem 1.2 is perhaps quite natural, since one
doesn’t expect slower growth in the Rademacher than the Steinhaus case (where there is “more room”
for the complex valued random variables to cancel), and we expect ¢(2g — 3) to be the correct exponent
eventually. Notice that the golden ratio g is the value at which ¢ (2g —3) becomes larger than (¢ —1). But
the additional factor min{log log x, 1/|qg — go|} that appears for g close to gg seems genuinely unexpected,
and hard to understand except through an inspection of the proof of the theorem.

Next we shall discuss the proofs. Once g is moderately large, namely when g > loglog x, we can
prove the upper bounds in Theorems 1.1 and 1.2 by fairly simple arguments. See Section 3. This is
because, for such ¢, terms like logo(‘]) x can be absorbed into the factor ¢®@) in our theorems, so we
can afford to use simple techniques that are a bit wasteful (e.g., involving Holder’s inequality to reduce to
the case of integer ¢) to reduce matters to a counting problem. Then Rankin’s trick is almost sufficient to
perform the relevant counts. To obtain the terms ¢4’ 10g10829) gang ¢=247102102(29) in the theorems, we use
Rankin’s trick along with a slightly more careful treatment of small prime factors.

Our main work is to prove Theorems 1.1 and 1.2 for 1 < g < loglogx, and also the lower bounds
for larger g. Let F(s) =Y .o 1.p|n=p<x J (m)/n* denote the Dirichlet series corresponding to f (), on
x-smooth numbers (i.e., numbers with all their prime factors < x). We can also write F'(s) as an Euler
product, namely F(s) = ]_[psx(l — f(p)/p*)~" in the Steinhaus case and F(s) = ]_[psx(l + f(p)/p®)
in the Rademacher case. In the author’s treatment [Harper 2017] of low moments, the first step was to

show (roughly) that [E‘ anx f(n)‘ M x4 [E(logx 162 |F( +it)‘2dt)q when % < g < 1. Similarly, our

2q 5 1 1/2
~ 0y f |F(%+
1ng —1/2

first step here is to show that

E[ Y fn)

n<x

.\ 2 1
ey +it)] dt) : (1-2)
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Note the shift by ¢/ log x in the integral, which is analogous to the use of Rankin’s trick in our elementary
upper bound argument for g > loglog x. The basic strategy for proving something like (1-2) is the same
as in [Harper 2017], namely conditioning on the behavior of f(n) on smaller primes; using fairly standard
moment inequalities, like Khintchine’s inequality, to show the conditional expectation behaves like a
power of a mean square average; and using Parseval’s identity to relate the mean square to an integral
average of the Euler product. In [Harper 2017] one could bound terms by using Holder’s inequality to
pass to the second moment, whereas here we need suitable rough bounds for high moments. These are
supplied by a pair of hypercontractive inequalities, see Probability Result 2.3 in Section 2. Applying the
hypercontractive inequalities introduces various divisor functions d,(n), dar41—1(n) into our calculations,
requiring a bit more number theoretic work as compared with the low moments argument of [Harper
2017]. We refer to the beginning of Section 4 for a rigorous formulation of (1-2), and more technical
comparison of this part of the argument with the low moments case [Harper 2017].
Next, we observe that the right-hand side of (1-2) is

1
OO [P+

log®x | <tog )2 log x

q
). (1-3)

+i t)| doesn’t change much on ¢ intervals of length 1/log x.

since heuristically the value of |F (% + 10’; <
One can obtain rigorous statements of this kind using Holder’s inequality in the upper bound arguments,
and Jensen’s inequality in the lower bound arguments, see Sections 5 and 6. Now we can see heuristically
why Theorems 1.1 and 1.2 might hold. In the Steinhaus case, the Euler product F'(s) behaves on average
like an L-function from a unitary family, and then since we have ¢ > 1 (and very differently than in the
low moments case [Harper 2017]) the sum over n essentially gives us log x independent tries at obtaining

a large value of F(s). So the right-hand side of (1-3) is ~ ¢0@’ )xq 10gx[E|F( + %)FQ ~

0@ x4 logz% (%)q as in Theorem 1.1. In the Rademacher case, F ( + fogx +zt) behaves like an
L-function from an orthogonal family when ¢t ~ 0, and like an L-function from a unltary famlly when ¢ &~ ~ 1.
1
Thus, thanks to those (log x)/4 <|n| < (log x)/2 (say) we get a contribution 0@ xa logZT (q l(;)gg(;q) )q to
the right-hand side of (1-3), and thanks to the n = 0 term we get a contribution ~ ¢©(¢’ X 2q - E|F(5+
2 2 24— .
%” 1~ 000 )quogqu(qllé’ggéq)) 771 The factor (1 + min{loglogx, 1/|g —qol}) in Theorem 1.2

arises because of the contribution from intermediate values of n.

To prove the lower bounds in Theorems 1.1 and 1.2 rigorously, as we do in Section 6, roughly speaking
. . . 2
it suffices to note that (1-3) is > €@ x4 logiqx EY ni<dogx)2 }F(% + @ +i lo'glx)‘ 7, and then compute
[E| F (% + @ +ij O’;x) |2q. In practice the details are slightly more complicated because the precise version
of (1-3) involves some other terms, including subtracted error terms that must be upper bounded. However,

2 At first glance, one might expect F' (% +

i O‘éx +i t) to behave like a symplectic L-function when ¢ & 0, because averaging
over Rademacher f(n) models averaging over quadratic Dirichlet characters. The reason we actually have orthogonal behavior
is because we restrict our sums ), .. f(n) to squarefree terms. For some other contexts where a transition from orthogo-
nal/symplectic to unitary behavior arises, as for large 7 here, see the papers of Florea [2017], Keating and Odgers [2008], and

Soundararajan and Young [2010], for example.
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we can obtain suitable upper bounds from our main Section 5 argument for proving the upper bounds in
Theorems 1.1 and 1.2.

To prove those upper bounds rigorously, we need to capture the fact that typically there will only be a
few large terms in the sum over z in (1-3). When g > 2, a careful application of Holder’s inequality lets us
bound (1-3) by estimating terms of the form E|F (5 + oy i logx) |2|F(% ot i%) |2(q_1). These
decrease in size quite rapidly as |m — n| becomes large (and, in the Rademacher case, as |m|, |n| become

large), because the parts of the two Euler products over primes > x!/" ="l become decorrelated rather
than reinforcing one another. This indeed says that one doesn’t expect large contributions from many
different m, n. When 1 < g < 2, such a direct argument doesn’t seem to succeed, so we need a more
subtle approach. The rough idea is to treat parts of the Euler products over “small” and “large” primes
differently, so after a (different) careful application of Holder’s inequality, one is led to expectations
where different parts of the Euler product appear to different exponents, to maximize the decorrelation
we capture. The most difficult situation is where ¢ is very close to 1 (i.e., g = 1+0(1) as x — 00). To
handle this without picking up any terms that blow up as g approaches 1, we use a martingale maximal
inequality (see Probability Result 2.5 in Section 2) that essentially lets us maximize over several different
splittings of the Euler product simultaneously.

As just described, we go to quite a lot of trouble to prove Theorems 1.1 and 1.2 when ¢ is just a little
larger than 1. It is satisfying to have a uniform result (and a method capable of proving one), but in
addition this range of ¢ turns out to be relevant for deducing the following corollary.

Corollary 1.3. Let x be large, and let f (n) be a Steinhaus or Rademacher random multiplicative function.
Forall 2 < A < /logx, say, we have

P( > fm

n<x
Proof of Corollary 1.3. Forany 1 < g < %, say, Theorems 1.1 and 1.2 imply that

g

> K«/;) < %ef(logzk)/loglogx‘

2q 1 2
)L\/;) < I]£| anx f(n')| IOg(q ) X _ 1 (qfl)zloglogfo(qfl)logA

D fm]= 2 2 2¢
= (A/x)% A2 by
Calculus implies that the right-hand side is minimized if we choose g — 1 = lololg)‘ , and inserting this
glog x

choice proves Corollary 1.3. (I

In the paper [Harper 2017] on low moments, by considering [E| anx f (n)|2q with ¢ a little smaller
than 1 the author showed that [P’(‘ anx f(n)‘ > z./x/(loglog x)1/4) <« min{log z, \/W}/zz for
all z > 2. Corollary 1.3 is weaker than this when A < eV!°21°2% byt stronger for larger A. In [loc. cit.]
the author also showed (see Corollary 2 there, and the subsequent discussion) that [P’(} an o (n)} >
zy/x/(loglog x)!/4) > ¢~ (log” )/ loglogx /22156 10g x) O on a wide range of z. Together all these results
give a fairly complete description of the tail behavior of Y., __ f(n), up to factors (loglog x)?(M).

n<x
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We end this introduction with a few remarks on other possible approaches to Theorems 1.1 and 1.2,
and connections with the wider literature

The quantity 10; - 162 |F ( + fogx —|—zt)| dt in (1-2) is closely related to (the total mass of a truncation
of) a probabilistic object called critical multiplicative chaos. This connection is discussed extensively in
the introduction to the low moments paper [Harper 2017], since in that case the techniques for analyzing

1/2
[E(loglgx {/2 ‘F( +10gx

When ¢ > 1 the analogous problem does not seem to have been investigated for critical multiplicative chaos,

—+i t) | d t) are heavily motivated by ideas from the multiplicative chaos literature.

since the ¢-th moment of the integral will diverge as x — oo and this seems to be all the information that was
wanted in that case (where the usual interest is in letting x — oo and obtaining a limiting measure whose
properties can be investigated). Theorems 1.1 and 1.2 show very different behavior in the Steinhaus and
Rademacher cases when ¢ is large, whereas in the usual problems of multiplicative chaos one finds rather
universal behavior (and indeed the Steinhaus and Rademacher moments are of the same order when g < 1).

Assuming the generalized Riemann hypothesis for Dirichlet L-functions, Munsch [2017] proved
almost sharp upper bounds for the 2k-th moment of theta functions 8(1, x) as the character y varies over
nonprincipal Dirichlet characters mod ¢, for each fixed k € N. He did this by writing (1, x) as a Perron
integral involving the L-function L(s, x ), and then expanding the 2k-th power and bounding the averages
of products ]_ﬁk:] \L(% +itj, X)| that emerge. This is interesting here because for even characters y,
6(1, x) behaves roughly like an N x (n), which is modeled by the sum an i f(n) of a Steinhaus
random multiplicative function. In our case, using Perron’s formula we have

2q
E| Y f(n)

n<x

x1/2+q/log x+it 2q

X
1 1 q ;
1 F(Ly 9 t dt
2n/;ﬁ (2+10gx+l)1/2+q/logx+it

vx dt 24
0(q? 1 .
< x9e w(/ P+ s i) s ) ,
~Jx [1/2+q/logx +it]

say. We already have asymptotics for [E’ Y o<y f() ’2‘1 for fixed ¢ € N, but we might hope to get an

~ [

alternative proof of sharp upper bounds for ¢ ¢ N by using Holder’s inequality in some way. A direct
application, producing a term ‘F (% + % +i t) ‘Zq, cannot give sharp bounds because it doesn’t recognize
that the size of the expectation will be dominated by the integral of F (% + @ + it) over a very short
(random) ¢ interval. To detect this, one could pull out a few (say d) copies of the bracket before applying
Hélder’s inequality to the remaining ones. This would produce a multiple integral of terms of the form
: 1
[E( j=1 |F( t foux logx +ltj)|)|F(§ + loléx
t; are approximately equal to u, so indeed we would capture the localization of the largest contributions.

+ iu) |2q_d, and the biggest contribution comes when all of the

Based on a few rough calculations, it appears this alternative method can prove sharp upper bounds if we
take d = 3 (we need to pull out enough terms to adequately detect the localization), and if g > 5, say. But
for smaller ¢ this kind of argument doesn’t seem operable to prove sharp bounds, indeed one has already
lost too much information in applying the triangle inequality to the Perron integral. Nevertheless, it might
permit a relatively straightforward extension of Munsch’s results [2017] to noninteger k > 5.
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A standard strategy for proving lower bounds is to calculate

[E( > f(n)) Reg(f) and E|R; ()P40,
n<x
where R, ,(f) is some function that is chosen as a proxy for ( anx f (n))zq_1 that is easier to understand.
Then Holder’s inequality gives

(X ) Reg ([

: T (E|Ry g (f)[24/Ga=D)2a—1

> fm

n=<x
If we can estimate the expectations in the numerator and denominator, and R, ,(f) is well chosen so that
both of them do behave like [E| Zn <x f(n) |2q (up to scaling factors that would cancel out), then one obtains
a sharp lower bound for the 2¢g-th moment. Munsch and Shparlinski [2016] proved sharp lower bounds for
the 2k-th moments of theta functions (1, x), for fixed k € N, by implementing this strategy with a power
of a short character sum chosen as the “proxy” object. Our analysis shows that for Rademacher random

multiplicative functions, we can imagine heuristically that ‘ Yower [ (n)‘ ~ 13{; }F (% + %” (when
log x ) |
or perhaps a small variant of this where primes smaller than ¢©(! are excluded from the Euler product. In

studying 2¢-th moments with g > go). Motivated by this, we could try taking Ry ,(f) = |F ( % +

2

the Rademacher case, rough calculations suggest this will indeed yield the lower bound [E’ Y o<y f() ’24 >
0@ x4 (log x /(g 10g(2¢)))?24=3, which is sharp when ¢ > go. For smaller ¢, and in the Steinhaus

case, our analysis suggests taking R, ,(f) = Z|m|§logx ’F(% + lo‘éx + i%) ‘2(1—1. This choice actually

won’t quite work, but rough calculations suggest that comparing [E| anx f (n)|2 Z\m|glog . |F (% +

. 2(g—1) 1 . 2(g—1) _ . .
@ +i %)\ and E( Y, <iogx |F(3+ 1on +i %H )4/@=D will yield sharp lower bounds

for [E’ Yonex (n)’zq. This does not seem simpler than our original proofs of the lower bounds in

Theorems 1.1 and 1.2, however.

Notation and references. We will say a number n is y-smooth if all prime factors of n are < y. We
will generally use p to denote primes. Unless mentioned otherwise, the letters ¢, C will denote positive
constants, ¢ usually being a small constant and C a large one. We write f(x) = O(g(x)) and f(x) K g(x),
both of which mean that there exists C such that | f(x)| < Cg(x), for all x. Sometimes this notation
will be adorned with a subscript parameter (e.g., Oc(-) and <), meaning that the implied constant C is
allowed to depend on that parameter. We write f(x) =< g(x) to mean that g(x) < f(x) < g(x), in other
words that cg(x) < |f(x)| < Cg(x) for some c, C, for all x.

The books of Gut [2013] and of Montgomery and Vaughan [2007] may be consulted as excellent
general references for probabilistic and number theoretic background for this paper.

2. Preliminary results

Random Euler products. We begin with some “two point” estimates for the expectation of the 2a-th
power of a random Euler product, multiplied by the 28-th power of an imaginary shift of that product.
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These estimates, and small variants of them, will be basic tools throughout our work. The calculations are
closely related to computations of shifted moments of L-functions, as in the papers of Chandee [2011]
and of Soundararajan and Young [2010], for example.

Euler Product Result 2.1. If f is a Steinhaus random multiplicative function, then for any real a, g > 0,
any real 100(1 +max{a?, B2}) <x <y, and any real o > —1/log y and t, we have

[ 1—[ _ J(» f(p)

P! /240 - pl/2totit
X<p<y

_2/3

a® + B2 +2apB cos(t log p) max{a, B, &>, B3}
—e| 2 LetieD) o )
Pty p Jxlogx

Ifwe also have o < 1/log y, then the above is

2_;’_'32 2 B
— Otmax{a.B.a? B2 (1+1]/1og'® x)) logy ’ 1 4+ min logy’ 1 "‘.
log x logx |t|logx

In particular, for any real a > 0, any real 100(1 +a?) < x <y, and any real o > —1/log y, we have

f(p) o? max{c, 0(3}
S

1/2+cr
X<p<y x<p<y

1—

and if o < 1/logy as well then this is = eo(ma"{“’“z})(log y/log x)“z.

Proof of Euler Product Result 2.1. For concision in writing the proof, let us temporarily set M =
M(a, B) :=max{a, B, o>, B7}.
Firstly, using the Taylor expansion of the logarithm we may rewrite

‘1 f(p)

pl/2+a

fip) |7

- pl/2+o+tit

= exp{—Za?R log(l — p{/(—zi)o) — 289N log(l - %) }

_ {20!?7ff(p) aff(p)? | 2BRf(p)p™"  BRSf(p)p~* (max{a,ﬁ})}
= exp +o — 22

pl/2to pl+2e pl/z+o pl+2e PREES

Next, if y > p > x > 100max{a?, B2} then every term in the exponential here has size at most
2 max{a, B}/p'/**t° =2 max{a, Ble 7027 /p!/2 < ¢/5. Therefore we may apply the series expansion of
the exponential function, finding the above is

RAGLNAC) +,35}1f(17)197”) @RS (p)*+BRF(P)* P2 L 2R (p) +BRSf(P)p™")?
pl/Fte pl+2o P+

M
+0 p3/2+30 )’
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Now taking expectations, by symmetry we have ER f (p) = ER f(p)? = 0, similarly for EXf(p)p~"*

and ER £ (p)2p~2". A simple trigonometric calculation also shows that E(R f(p))? = 1, and similarly
Eiﬁf(p)iﬁf(p)p_” = cos(t log p)/2. So we get
el f») I [
p1/2+0 pl/2+o+tit
_ o 2R (p) + BRf(p)p~")? of M
=1+ p1+2<7 + p3/2+'3a
2(PEMR S (p)* + 2aBERf (P)RS (p)p~" + BEORf (P)p™)P) M
=1+ ; + 0 ——
+20 3/2+3c
p 4
_q a? 4 B2 +2ap cos(t log p) 0 M
=1+ plt2o p3/2+30
a® + B% 4 2B cos(t log p) M
=exp T2 +0 3243 ) [

Combining the above calculation with the independence of f on distinct primes, and using that, for
P=Y,

1
3/240 _ ,ologp 3/2 —-1_.3/2
P e plc=e 'p and
I; 3/2 flogx
we deduce that the quantity
-2
£ [T - I [
1/2+a p1/2+a+it

x<p=<y

in the statement of the result is

o 4 B% 4+ 2ap cos(t log p) M
:exp{ Z ( p1+20 +0<p3/2+3a>)}

x<p=<y
2 2 3 p3
o+ B~ +2apB cos(t lo max{a.fB, o,
:exp{ §o 20 o gp)+0< i/_[i ﬂ})}.
xX<p=<y p rlogx

To deduce the second part of Euler Product Result 2.1, we can use standard estimates from prime
number theory. Indeed, the Chebychev and Mertens estimates for sums over primes imply that

2
YO @i Y @ Y

X<p=<y X<])<y X<p=<y

— @48 )logG iy)—i-O(max{a 82,

Zalogp -1

P

using that e 2127 — | « |o’| log p < log p/log y for |o| < 1/log y. We may remove the nuisance factor

p*° from the sum ) (2ap cos(t log p))/p' T2 with the same error term. Then using the prime

X<p=<y
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number theorem in the form 7 (z) :=#{p <z : p prime} = [5 1/logu du + 0(z/(1og'™ 7)), we have

Z cos(tlogp) /y cos(t log z)
p x <

:/y cos(tlogz) dz 40 14z

x zlogz log!% x
/logy cos(u) J +0( 1+ |¢] )

= u _— .
log x u logloox

Now if |f|logy < 1, then the estimate cos(fu) = 1 + O((tu)?) shows the integral is loglogy —
loglog x + O((tlog y)?) = log(log y/log x) + O(1). If instead we have |r|logx < 1 but |t[logy > 1,
then we can evaluate the part of the integral with u < 1/|¢| using the estimate cos(fu) = 1+ O ((tu)?),

dn(z)

x<p<y

and estimate the rest using integration by parts, yielding an overall estimate log(1/(|t|logx)) + O(1). If
|t| log x > 1 then integration by parts shows the whole integral is O (1). In any case, the second part of
Euler Product Result 2.1 is proved.

The third part follows by setting 8 = 0 in the preceding statements. (I

We will need a version of the above result for Rademacher random multiplicative functions. Unlike in

the Steinhaus case, the distribution of f(n)n~'" is not the same for all real ¢ in the Rademacher case, so

our general statement must allow two different imaginary shifts in our two Euler product factors.

Euler Product Result 2.2. If f is a Rademacher random multiplicative function, then for any real
o, B >0, any real 100(1 + max{ozz, ,82}) <x <y,andany real 0 > —1/logy and t1, ty, we have

26
£ 7] |ie— L2 f(p)

1/2-‘1—0’-‘1—[!1 p1/2+0'+i[2
X<p=y

20
1+

{ o+ ,32 + (0% — @) cos (2t log p) + (,32 — B) cos(2t, log p)
—exp] 3

1420
x<p<y P
N Z 20:5(008(01+tz)10gp)+008((t1—tz)logp))+O<maX{a,ﬂ,a3,ﬂ3}>}
1+20 -
x<p<y p't ﬁlogx

If we also have o < 1/logy, then the above is

O (max{a, B,a%,p2) (14 1LHD1 ) logy |t1]™! o ~a logy |ta]™! B>—B
= o BT (1 4 ming == I+ min] 22
logx logx logx logx

log y \* _[logy |1 +mn|™ _[logy |1 —n|™ 2p
. 1 + min , 1+ min , .
log x log x log x log x log x

As an upper bound, we may replace the error term ¢©Mmaxtep.e’ B0 +n/(og!™ ) py,

’

1/100
O (max{a, B, ) minilOgy 1+ (It1] + 122])

o —ar|+] 82— Bl +4e
logx’ log x }



2288 Adam J Harper

and as a lower bound we may replace it by

1/100
O (max{a, B, ) min{logy, | (1] + 122])
0g x log x

}—(|a2—0!|+|/32—ﬁ|+40!5)

The estimation of the error terms here is rather crude, but will be sufficient as they only depend quite
mildly on the #.

Proof of Euler Product Result 2.2. The proof is a fairly straightforward adaptation of the proof of
Euler Product Result 2.1. We again temporarily set M = M («, B) := max{a, 8, &>, 3}. In the first place

we have
M 0:) N el IO £ ) B
+ p1/2+a+it1 + p]/2+o+it2

\ /() \ f(p)
:exp{Za?hlog(l—i—m +2B%R log 1+m

B {2Otfﬁf(p)p‘”‘ afif(p)?p~2"  2BNf(p)p~'™ BRSf(p)p " <max{a,ﬁ})}
exp — - + 0| —55—

- p1/2+a p1+20 p1/2+a p1+20 p3/2+3a

n 2(Ol§ﬁf(p)p_”' + ﬂfﬁf(p)p‘”z) B (amf(p)zp—%n + ﬂmf(p)Zp—Zitz)-i_

=1 pl/2+o p1+?a -
2(ah —Hh o B9 i M
N (aNf(p)p 1+2€ f(pp™'™) N 0( 3/2+3U)‘
P P

Furthermore, in the Rademacher case we have f(p)? = 1, whilst still

ERf(p)p~"" = cos(tlog p)Ef(p) =0.

So we get
2 2
o P ) Nt PO ) I
pl/2totin pl/2totin

(o cos(2t; log p) + B cos(2t2 log p))  2(a cos(ty log p) + B cos(t log p))? M
=1- plt2e + plio +0 p3/2tio |’

and using standard cosine identities this is all

a? 4 B2 + (a® — &) cos(2t log p) + (B> — B) cos(2t, log p) N
1420

2aB(cos((f1 +12) log p) + cos((t) — 12) log p)) 0 M
+ plt2o + p3/2+30

=14+

a? + B2+ (a? — ) cos(2t1 log p) + (8% — B) cos(2t log p)
= eXp pl+2e +

2aB(cos((t1 +12) log p) + cos((71 — 12) log p)) M
+ pit2o 0 p3ese )|
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The first two conclusions of Euler Product Result 2.2 now follow exactly as in the proof of Euler Product
Result 2.1.
For the final claimed inequalities, we note that the source of the unwanted error term

|l1|+|l2|>
O | max{c, ,ozz, ot
( {o, B B} log® 1

in the exponent lies in our using the prime number theorem to estimate the various sums

Z (o> — ) cos (2t log p)

1420

X<p=y p

3 (B*— B) cosQnlog p)
1+20

X<p=y p

Z Zaﬁcos((tl—l—tz)logp)
1420

X<p=<y p !

2ap cos((t; — 1) log p)
Z pl+2<7
X<p=<y

Instead, if |¢;| > log100 x (which is the only case where it might produce a large error term) we can upper

bound Zx<p<y —a) cos(2t; log p)/p'+%° by
2
o —o a? — a) cos(2t; lo
I
p
x<p=<minfelt''® y) minfelt'™ yj<p<y

As in the proof of Euler Product Result 2.1, the second sum here is <« max{c, «?} (we can use the prime
number theorem to estimate it, since the lower end point is now sufficiently large that we don’t pick up a

big error term), and the first sum is

1 1 t 1/100
|a2—oc|( Z ——i—O(l)) =|a2—a|<min{log(ﬂ),log(l 1 )}—i—O(l)).
100 }p log x log x
Wy

x<p<min{el!

We can handle the other sums similarly when 1, t; + 1, t; — £, are large. In the worst case, as an upper
bound this will produce an extra multiplicative factor

o 1/100
exp{(la —al+ |8 —,8|+4oz,3)m1n{log<l §y>,1og(1+%>}}.

An exactly similar argument gives a lower bound with (lo*> —a|+|B%—B|+4ap) replaced by —(Ja?—a|+
|B* — Bl +4ap). O

Probabilistic preparations. Next we record some moment estimates, mostly fairly simple yet interesting,
that will be input to our arguments in various places.
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Probability Result 2.3 (Rough hypercontractive inequalities). For any real g > 1, the following is true.
If f(n) is a Steinhaus random multiplicative function, then for any sequence of complex numbers

(an)n<n we have
q
[E b

> anfn)

n<N

2q
< ( D lanlPdrg (n))

n<N

where di(-) denotes the k-fold divisor function (i.e., the number of k-tuples of natural numbers whose
product is -, or equivalently the Dirichlet series coefficient of ¢ (s)¥), and [q1 denotes the ceiling of q.
If f(n) is a Rademacher random multiplicative function, then for any sequence of complex numbers

(an)n<n we have

E

2q q
< (Zmnﬁdzrq]_l(n)) :

n<N

> anfn)

n<N

Proof of Probability Result 2.3. By Holder’s inequality, for any real ¢ > 1 we have

2q
Yoaf)| < ([E > anf(n)

n<N n<N
so (replacing g by [q1) it suffices to treat the case where ¢ is a natural number.

E

’

2rq1)q/fq1

For Steinhaus f (n), expanding the 2¢-th power and taking expectations we get
2q

doafm| = Y anccan, D Gm G W el me

n<N Nlyerry, ng<N my,...,myg<N

E

where 1 denotes the indicator function. Using the upper bound
— 1 2 2
|an1 T lpQmy 'amq| =< (j)(lanl e ‘anql + |am1 e ‘amq| )s

together with the symmetry of the n; and the m;, we deduce that

q
doanf®| = Y lanan? Y Mg e S ) |am"'“nq|2d‘f( ”">'
=1

n<N np,e,ng<N mi,..., mg<N ni,e.,ng<N i

2q
E

Finally, since the function d, (-) is submultiplicative we find the above is

< ¥ |an1...anq|2dq(n1)...dq(nq):(Z|an|2dq(n)>

Nlyeeny ng<N n<nN

q

In the Rademacher case, one needs a bit more involved argument. We refer the reader to Lemma 2
of Haldsz [1983], where this result is proved by induction on the exponent 2g. We may remark that,
since Rademacher f(n) is only supported on squarefree n, we may assume that a,, is only nonzero for
squarefree n, and then daf,1—1(n) = (2[g] — D™ where 2 (n) is the number of prime factors of n. The
ultimate source of the factors da41—1(n) is that, when one expands the expectation in the inductive proof,



Moments of random multiplicative functions, Il 2291

the only surviving terms are those where the product n; - - - np, is a perfect square, so all the prime factors
of ny, must be repeated somewhere amongst the other terms n1, ..., nyg_1. O

We describe the inequalities in Probability Result 2.3 as “rough hypercontractive inequalities” because
(if we take 2g-th roots of both sides) they upper bound an L??-norm by a weighted L> norm without any
other terms, but the weights d7(n), dzr41—1(n) will not generally be the sharpest possible unless g is an
integer. One can prove more precise results for noninteger ¢ using more subtle interpolation techniques,
see Section 2 of Bondarenko, Brevig, Saksman, Seip and Zhao [Bondarenko et al. 2018] for the Steinhaus
case, and Chapitre III of Bonami [1970] for the Rademacher case (expressed in rather different notation).
However, for our applications the extra precision in these inequalities will not be needed.

Probability Result 2.4. Let (€,),<n be a sequence of independent random variables, each satisfying
Fe, =0 and E|e,|> = 1, and let (a,),<n be a sequence of complex numbers. Then for any real q > 1, we

Z an€n| = ( Zlan|2>q.

n<N =

have
2q
E

Proof of Probability Result 2.4. Since we assume that ¢ > 1, simply applying Holder’s inequality we get
q 2\ 4
( Zlanlz) = <[E Z QAné€n ) <E Z QAné€n

n<N n=<N n<N
If the ¢, are Rademacher or Steinhaus random variables,? then Khintchine’s inequality (see e.g.,
Lemma 3.8.1 of Gut [2013]) in fact implies that E| }_, _y dné, |2q =4 (ZniNlanlz)q for all real ¢ > 0.
For our purposes here we will only require the simple lower bound in Probability Result 2.4, but it is

2q
O

useful to keep Khintchine’s inequality in mind since it means that when we apply the lower bound, we
are doing something sharp.

The final result we shall record is more sophisticated, and requires some terminology before we can
state it. Suppose that (2, F, ) is a probability space, and (F;),>0 is a filtration on F, in other words
a sequence of sub-o-algebras satisfying 7o € F; C --- € F. We say a sequence of random variables
(Xn)n=0 on (2, F, P) is a submartingale (relative to (F,),>o and P) if it satisfies:

(i) (adapted) X, is measurable with respect to F,, for all n > 0.
(i1) (integrable) E|X,| is finite, for all n > 0;

(iii) (nondecreasing on average) For all n > 1, the conditional expectation E(X, | F,—1) > X,—1 almost
surely.

Condition (iii) says that a submartingale is nondecreasing on average, in quite a strong sense: for any
given value of X,,_; (or, informally speaking, any other “information” from the sigma algebra F,_1), the
conditional expectation of X, will be at least as large. One can apply this property to partition the sample

3We emphasize that here we are referring to ordinary Rademacher or Steinhaus random variables, not random multiplicative
functions.



2292 Adam J Harper

space €2 in useful ways, and prove that the moments of the random variables comprising a submartingale
satisfy the following useful bound. We will use this as an ingredient in proving our 2g-th moment upper
bounds when ¢ is close to 1.

Probability Result 2.5 (Doob’s L” maximal inequality, see Theorem 9.4 of Gut [2013]). Let (X,,)n>0 be
a nonnegative submartingale (on some probability space and with respect to some filtration). Then for
any p > 1, we have

0<k<n

p
E( max Xp)? < (Ll) EXP.

Some miscellaneous lemmas. As in the first paper [Harper 2017] in this sequence, we will need the
following version of Parseval’s identity for Dirichlet series to help with relating [E| >on < f(n) |2q to an
Euler product average.

Harmonic Analysis Result 2.6 (See (5.26) in Section 5.1 of [Montgomery and Vaughan 2007]). Let

o0

n—1 dn/n’ denote the corresponding

(an)22, be any sequence of complex numbers, and let A(s) =)

Dirichlet series, and o, denote its abscissa of convergence. Then for any o > max{0, 0.}, we have

2
OO | anx a”| 1 *
1420 dx = -—
0 X 27 —00

We will use the following estimate to handle sums of divisor-type functions that appear in our

A(o +it)
o +it

2
dt.

calculations.

Number Theory Result 2.7. Let 0 < § < 1, let m > 1, and suppose that max{3, 2m} <y <z < y'® and
that 1 < u < v(l — y~%). As usual, let Q(d) denote the total number of prime factors of d (counted with
multiplicity). Then

-1
ow  W—wm _m
Z m < Jog y 1_[ .

u<d=<v, Y=p=z p
pld=y<p=<z
This is a slight generalization of a result of Lau, Tenenbaum and Wu [2013, Lemma 2.1] (see also
[Haldsz 1983, Lemma 3]). See [Harper 2017, Section 2.1 ] for the full (short) proof.

3. Easier cases of the theorems

As remarked in the Introduction, since we allow a multiplicative error term ¢9@ in our theorems, it
turns out that proving our claimed upper bounds when loglogx < g < clogx/loglogx is somewhat
straightforward. We present these arguments in this section. Some of the techniques involved, including
the use of Rankin’s trick with an exponent roughly like 1 + ¢/ log x, and a special treatment of prime
factors that are < ¢2, will recur later when we develop our main arguments.
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The upper bound in the Steinhaus case, for very large q. For g > loglogx we have log("_l)2 x =
log? 0@ x — ¢0@” |og?” x. Thus to establish the upper bound part of Theorem 1.1 for loglogx < g <
clog x /loglog x, it will suffice to show that

Z o)

where as usual we write |-||, := (E|-|")!/".

< e~ (@/D1ogq=(q/Dloglog2)+0@) /3 10g9/? x

To prove this, we first apply Minkowski’s inequality to obtain that

> fm =H Yoo fm Y o) = > ‘ > fo)

n<x m=x, n<x/m, m<x n<x/m,
m is q2 smooth pln:p>q m is q smooth pln:>p>q

Recall here that a number is said to be g2-smooth if all of its prime factors are < ¢>. Using the first part of
Probability Result 2.3, and then using Rankin’s trick of upper bounding 1<,/ by (x/ (nm))'*4/1%ex (and
recalling that the divisor function d[,7(n) is the Dirichlet series coefficient of ¢ (s) lq] = Zzozl dig(n)/n® =

[1,(1—1/p) ), we get

1/2
‘ > fm 5( > dm(n))

n<x/m, n<x/m,
pln=p>¢* pln=p>¢*
14+g/1 1/2
<((X e Z diq(n)
- m nl+aq/logx
n<x/m,
pln=p>q>
T o | f1/2
q
l_[ ( 1+q/logx) '

p>q>

Finally, the product over primes here is ¢ (1 4 ¢ /log x)[41/2 ]_[ 2= 1/p'ta/loexy[q1/2 Using the
fact that the zeta function has a simple pole at 1, this equals ¢ (log x/q)!41/2%¢ = Epzp (1/2/(HE
e?@(log x/q log ¢)?/? on our range loglog x < ¢ < clog x/loglog x. And when we sum over m we have
> m<x.m s g2 smooth 1/ /M =< ez OU/VP) < 0@ 5o putting everything together we get an acceptable
upper bound for ||, _ f(1)ll2g-

O

The upper bound in the Rademacher case, for very large q. Similarly as in the Steinhaus case, to prove
the upper bound part of Theorem 1.2 for loglogx < g < clogx/loglogx it will suffice to show that, for
Rademacher random multiplicative f(n), we have

> fo)

n=<x

< e~ 9102q=qloglogCN+0@) [y |09 x.
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Using Minkowski’s inequality, the second part of Probability Result 2.3, and then Rankin’s trick, we

Zf(n) > H > o)

n<x m<x n<x/m,
m is g% smooth pln=>p>q>

12
Z ( Z dZ[zﬂl(n))

m<x n<x/m,
m is g% smooth pln=p>q*>

0@ —(2[q1-D/2
q
I (= A

m<x
m is g% smooth

get

I/\

A

IA

We can estimate the product over primes as in the Steinhaus case, finding it is

@l1-n/2 g
60<q>(10gx) o X pep(@lg1-Dy2)pi el e _ eO(q)( log x )
q qlogq

on our range loglogx < ¢g < clogx/loglogx. And when we sum over m we again have
3 L X 0010 _ 0w,
m=<x, ﬁ

m is g2 smooth

so putting everything together we get an acceptable upper bound for H Donex f() ” 2 U

4. The reduction to Euler products

In this section we shall prove four propositions that make precise the assertion in (1-2) that [E| anx f(n) |2q
may be bounded by studying integrals of Euler products.

Upper bounds: statement of the propositions. We will need a little notation, which is exactly the same
as in the author’s previous paper [Harper 2017] dealing with low moments. Given a random multiplicative
function f (n) (either Steinhaus or Rademacher, depending on the context), and an integer 0 < k <loglog x,
let Fj denote the partial Euler product of f(n) over x¢~“"" _smooth numbers. Thus for all complex s with
N(s) > 0, we have

—1 o0
ro= T[] (1—f;f)) _ 3 f,gl)
p<xe kD n=1,

kD)

nisx smooth

in the Steinhaus case, and
o= T (1H02)- 5w

p&‘

—(k+1) n=1,
(

p=<x¢ “
. —(k+1)
nisx¢ smooth
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in the Rademacher case (the product taking a different form because f(n) is only supported on squarefree
numbers in that case).

Proposition 4.1. Let f(n) be a Steinhaus random multiplicative function, let x be large, and set L :=

oglogx . Uniformly for a <qg <log"" x, we have
L(loglog x)/10]. Uniformly for all 1 < g < 1og™% h
1/2
Le0@ [ X
q log x

1/2 1 —k

X

VIO RENE DS f Fk<—+" +it>
2 0gx oar /=172 2 logx

n<x
In the low moments case, Proposition 1 of [Harper 2017] gives an analogous upper bound for all

2
dt

% < g <1, but with the quantity £ replaced by the smaller quantity X = |logloglog x|, and the shift

(¢ —k)/log x in the Euler product replaced by —k/log x.

The additional shift by g /log x here corresponds to applying Rankin’s trick with exponent 1+ ¢/ log x
in our treatment of very large ¢ in Section 3. We can introduce this at the acceptable cost of a prefactor
¢?@ in the proposition, and it means that when we analyze the Euler product we can restrict attention to
numbers that are x!/¢-smooth, which is crucial to obtaining the desired factor e~ *1024 in Theorem 1.1.
The significant contribution from very smooth numbers, when g becomes large, also explains why we
must let k£ run over a wider range than in the low moments case to obtain acceptable bounds. Finally, we

remark that the range 1 < g < log?®

x allowed in Proposition 4.1 is somewhat artificial, but more than
sufficient since we already proved the Theorem 1.1 upper bound for all loglog x < g < clog x/loglog x
in Section 3. It could be increased somewhat, but it seems hard to obtain an upper bound of a similar
shape to Proposition 4.1 on the full range 1 < g < clog x/loglog x, since for very large ¢ the significant

contribution from very smooth numbers changes the behavior in parts of the proof.

Proposition 4.2. Let f(n) be a Rademacher random multiplicative function, let x be large, and set
£ := | (loglogx)/10]. Uniformly for all 1 < g <10g%% x, we have

> fm)

n<x

2q

X I NHZ) (1 g—k 12 X
< /=D Y max —— f Fl-+2"% 4y 0@ [
log x o5, NeZ (IN[+ 1) Bl In=12 2 logx g log x

One has to deal with translates by N in the Rademacher case because, unlike in the Steinhaus case, the
distribution of ( f(n)n'’) is not the same (for ¢ # 0) as the distribution of ( f(n)) for Rademacher random
multiplicative f(n). However, as in the low moments argument in [Harper 2017], the main contribution

2
dt

will come from small N.

Lower bounds: statement of the propositions. For our work on lower bounds, we again connect the
size of H Do f() qu with a certain integral average, and thence with random Euler products. Let F
denote the partial Euler product of f(n), either Steinhaus or Rademacher, over x-smooth numbers. (Thus
F = F_,, if we slightly abuse our earlier notation).
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Proposition 4.3. If f (n) is a Steinhaus random multiplicative function, and x is large, then uniformly for

el

In particular, for any large quantity V < (log x)/q we have that || > < f(n) ||2q is

172 4Vq 172 1 2Vq
> Vo LG ) [l Gigee)
IOg X 12 IOg X —1/2 2 IOg X

where C > 0 is an absolute constant.

all g > 1 we have
1/2

> fm

n<x m<z

2 2

1/2 C
dt

dt -
Vq/2
q e

1/2)
q

Notice that we don’t need to impose any upper bound on g here (although, for the second statement,
there is an implicit upper bound g < log x in order that we can choose large V < (log x)/¢q). This means
we can use Proposition 4.3 to prove the lower bound in Theorem 1.1 on the full range of ¢ there.

Proposition 4.4. If f(n) is a Rademacher random multiplicative function, then the first bound in

Proposition 4.3 continues to hold, and the second bound may be replaced by the statement that

172 1 4vg 2 12
Exﬂm » “ (“ F(—+ +n) dt
e ogx —12 2 logx q
C 1 N+1/2 1 qu 2 1/2
— Fl| - it dt .
eVl 'Nez (IN|+ 1)1/ fN_l/z <2+logx+l> . )

These results are again of the same general shape as the corresponding Propositions 3 and 4 of [Harper
2017] from the low moments case. In fact, the propositions here are a little simpler as they don’t involve
an additional subtracted error term —C \/m . This is accomplished by some reorganization of the
proof, and shrinking the range of integration over z to [1, x!/4] rather than [1, \/x] from the low moments
case, which makes no difference when applying the results. The other difference, similarly as in Section 3
and in our discussion of upper bounds, is that here we introduce shifts of the shape 4V ¢ /log x in our
Euler products, as opposed to 4V /log x in the low moments analogues.

Proof of Propositions 4.1 and 4.2. We begin with Proposition 4.1. Let P(n) denote the largest prime
factor of n, and recall that a number 7 is said to be y-smooth if P(n) < y. Recall also that the divisor
function d[41(n) is the Dirichlet series coefficient of ¢(s)[71 =[] L, =1/ p*)~ 141, By Minkowski’s

inequality, we have

> fm

n=<x

<y > £ +H Y. S

2q 0<k<(l n<x, 2q n<x, 2q
xei(k+l)<P(n)§xeik P(n)<x®¢
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Furthermore, the first part of Probablhty Result 2.3, followed by Rankin’s trick with exponent 1—1/log®?

09
(boundmg 1, by ( )1 1/ leg xe~log"! W), implies that
n ogv-7 x
1/2 J 12
~log"! 1q1(n)
n < d n < | xe log”" x ‘
H g; fn) 5 _[ ; 1q1( )] _[ }; Y
P(n)Sxe*(CJrl) P(n)fxe*(l:+l) P(n)5x67(£+l)

Here the sum over n is <[] p<xe <£+1) (1—1/p'- 1/logog)‘) [91, and recalling that £ := [ (loglog x)/10]
this is < T _ue00. (1 — 1/p1 1/10g"?x) =141 which is = 0@ [] peei09: (1= 1/p) 711 = =1og?? x by
standard Chebychev and Mertens estimates for sums over primes. Since we assume in Proposition 4.1
that g < logo'o5 x, this whole contribution is < ﬁe“’logo'l *, which is more than acceptable.

Next, if we let E®) denote expectation conditional on ( f( p))p 0+, then the first part of Probability Re-

sult 2.3 applied, after conditioning on (f(p)) —&+1), with

p=x¢

ay = 1p|m:>x“_(k+])<pixe_k : Z f(n)

n<x/m,
nis xe_(kH) -smooth
implies
> Yoo ot =) > fmy > fm
0<k<L n<x 29 o<k<cL l<m<x, n<x/m, 2q
xe ®HD <P(n)§x"7k Pl m=sxe” *TD <p§x"7k nis x¢“T smooth
29\ 1/29
= > (EE[E“‘) > fomy Y fm) )
0<k=<L l<m=<x, n=<x/m,
Pl m=sye” *TD <p§x”_k nis x¢~ Y smooth
2\ g\ 1/2q
=y (fE( > dm(m)' > S )) .
0<k<Ll l<m=<x, n<x/m,
a2l m:>xei(k+l) <p§xe7k nis xei(kﬂ)-smooth

To proceed further, we want to replace | Zn<x Jm. s x % Smooth f (n)| in the above by a smoothed

version. Set X = ¢V!°¢¥ say, and note that (uniformly for any 1 < g < log®® x) the above is

1/2
> T aww T e
0<k<L l<m<x, n<x/m, q
pl m:>xei(k+1) <p§x“7k nis xei(kH)—smooth
x [m+1/X) 2 1/2
<y X ey | > o
m Jm
0<k<”l l<m<x, n<x/t, q
Pl m=xe” €Y <p§xffk % smooth
X m(1+1/X) 2 1/2
(3% BEED SRR AR > s
0<k<Ll l<m=<x, m x/t<n<x/m, q (4_1)
—(k+1) —k —(k+1)
p |l m=x° <p=<x°® x¢ -smooth
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We next want to show that the second term in (4-1) may be discarded as an error term. Using
Minkowski’s inequality again, followed by Holder’s inequality with exponent g applied to the normalized
integral £ fr:l"(“rl/x) dt, this second term is

[ m(1+1/X) 2 1/2
=5 31 D I AT Ly | > s al |
O<k<L™ l<m<x, x/t<n<x/m, q
p|m:>x"7(k+l)<p§xe -+ xe_(k+1)—sm00th
- x m+1/X) 2q 1/gq1/2
< dr,1(m) —/ E (n)| dt .
> awe(y [ >
O<k<L™ l<m=x, x/t<n<x/m,
Pl m=xe” D <p§x"_k x¢ D _smooth

The length of the sum over n here is x(t —m)/(mt) < x/(mX), so when x/ X <m < x there will be at

most one term in the sum, and we simply have

>

x/t<n<x/m,
o~ (k1)
x

2q
<1.

-smooth

)]

When x
obtaining that

<m < x/X, we take a fairly crude approach and use the Cauchy—Schwarz inequality,

2q 2 2(2g—-1)q1/2
El Y, fw] < [[E Yo fm > S ]
x/t<n<x/m, x/t<n<x/m, x/t<n<x/m,
¢ mooth ¢ smooth Y smooth
- 202¢-1)71/2
< | —E
— > fm ]
- x/t<n<x/m,
x”_(kH) -smooth
- 2g—1 12
X X
<L|—= (—) logo("z) x]
| mX \m
X qlogO(ﬂlz)x
- (n_1> X2

Here the crude upper bound (x/m)%?~! logo(qz) x for the 2(2¢g—1)-th moment may be proved as in
Section 3.
Putting things together, we find that the second term in (4-1) is

X logO(q) dﬁ]] (m) 1/2
«T [ T e Y o]
0<k=<L l<m<x/X, x/X<m=<x,
o~ (k1) ok o—(et1) o
plm=x <p=<x plm=x <p<x
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To bound the first of these sums we use the simple estimate

d _
3 [q,wﬂ(m) - [T (-% a

l<m<x/X, xe‘(’<+1)

—k
<p=<x¢
o~ k1)

—k
plm=x <p=<x®

which is = ¢?@ by the Mertens estimate for products over primes. To bound the second sum, by
submultiplicativity of dj,1(-) we always have dp,1(m) < [q1%"™, where Q(m) is the total number of
prime factors of m. And we note (to obtain good dependence on k) that if m > x/X only has prime

factors from the interval (xef(kﬂ), xefk], then we must have Q (m) > ¢*/2, say. So we get that

Z drq1(m)

x/X<m<x,
—(k+1) —k
plm=x* <p=x‘
is at most
k -1 0(q)H—e*
Lk _kmefgx 57q] eV V27 x
5712 3 Sl <522 1T (1-2) « 1
log x p log x
x/X%nffx, . x“_(k+1)<p5xe_k
plméxei( * )<p§x"7

where the first inequality uses Number Theory Result 2.7. Recalling that we have
g <10g®®x, £=[(loglogx)/10] and X = eV/logx

the second term in (4-1) is

0(q) 1/2
=y [%Jremq)z—eki] <0 [ X
ot X1/2q log x log x

which is an acceptable contribution for Proposition 4.1.
Turning to the remaining first sum in (4-1), this is equal to

X 2 1/2
X
Sl T e X Ragma
O<k<g ' VX n<x/t, t/(1+1/X)<m<t, q
oD ol s xe~ (D <p§x“_k

Now we set u = u(k, t) := ek (log )/ log x, and notice that (by submultiplicativity) d41(m) < [q] §20m)
—(k+1)

and if m > t/(1 + 1/X) only has prime factors from the interval (x° ,xe_k] then we must have

Q(m) > u — 1. So using Number Theory Result 2.7 (whose conditions are satisfied since X = eV 1°8*

isn’t too large, and k < (loglog x)/10) we get



2300 Adam J Harper

X X
—d —5 5Tq1)m
> ~drg)(m) < 3 (5Tq1)
t/(1+1/X)<m<t, t/(1+1/X)<m<t,
—(k+1) —k —(k+1) —k
p | m=x¢ <p=<x‘ plm=x° <p=<x®
kg—u
5 5
< q 1—[ (1 _ fcﬂ)
log x p
xf(k+1)<p§x”7k
0@
< )
log ¢t
provided x is sufficiently large. Consequently, the first sum in (4-1) is
2 g V2
0(q)
<00 3 f | X o) o]
0<k<Ll n<x/t,
—(k+1)
x€ -smooth
l—e— (kD)
e 2 12
dz
=e Z FO| o5
Mol = zlog(x/2) |,
—(k+1)
-smooth

where the second line follows from making the substitution z = x/t.

To obtain a satisfactory dependence on k in our final estimations, we now note that if z < \/x we have
log(x/z) > log x, whereas if \/x <z < x17¢7" we have log(x/z) > e ¥log x. Thus in any case we
have log(x/z) > z72*/1°8¥ Jog x. As discussed earlier, we also want to introduce a Rankin style shift,
which we will achieve by adding a factor (x/z)??/108% = ¢0(@)7=24/102* into the integral. Inserting these
estimates, we find the first sum in (4-1) is

(S
_ V/xe0@ x o 2 dz 2
—— E E n
- / 242q/log x—2k/log x
logx 0<k<L 1 n<z, < q
o~ (k+1)
X -smooth

Finally, using Harmonic Analysis Result 2.6 and then Minkowski’s inequality, all of the above is

0@ Z
Vlogx orer
o™ TSt

< /—e
= 2
log x oTer n-+1

neZ

* |Fe(1/2+q/logx —k/logx +it)[>  |'/?
oo 11/2+¢q/logx —k/logx +it|?

n+1/2 1 q —k 172
[ i)l ]
n—1/2 2 lOgX q

where Fj denotes the partial Euler product of f(n) over x¢ ™ _smooth numbers. In the Steinhaus case,

q
2
dt

since the law of the random function f(n) is the same as the law of f(n)n'’ for any fixed t € R we have

n+1/2 1 —k q k
I =l Ao )
n—1/2 log x logx

Proposition 4.1 now follows on putting everythlng together. U

2

dt dt

Vn.

1L

1/2 q
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The proof of Proposition 4.2, covering the Rademacher case, is very similar to the Steinhaus case.
We use the Rademacher part of Probability Result 2.3, producing various terms db,1—1(n) in place of
dr41(n), but this doesn’t alter the analysis. The only nontrivial change comes at the very end of the proof,
where (since it is no longer the case that the law of the random function f (n) is the same as the law of
f(n)n'") we apply the bound

1/2
|

2
dt

/Vl-H/Z q k
+it
n2+1 n—1/2 IOgX

1
< [’}3?%‘ L

2
dt

N+1/2 1 —k 172
[ m (3t a] 17 o
N—1/2 2 logx q
Proof of Propositions 4.3 and 4.4. We proceed somewhat similarly to Section 2.5 of [Harper 2017] or
Section 2.2 of [Harper et al. 2015].

Again we let P(n) denote the largest prime factor of n, and we introduce an auxiliary Rademacher

random variable € that is independent of everything else. Then we find that

H 2 f(”) Yoo fm+ Y fm+ Y fm— Y f(n)

1
2

n<x, n<x, n<x, n<x, n<x,
P(n)>x3/* P(n)>x3/* P(n)<x}/4 P(n)>x3/* P(n)<x%/4
5%( Yoo+ > o) ot Yoo fm—= > f )
n=<x, n=<x, n=<x, n=<x,
P(n)>x3* P(n)<x3/4 P(n)>x3/4 P(n)<)cx/4
e Y fm+ Y, fo)
n<x, n<kx,
P(n)>x3/* P(n)<x’/4
Zf(n)

n=<x

Here the first inequality is Minkowski’s inequality; the second is Holder’s inequality (with exponent 2¢g)
applied only to the averaging over €; and the final equality follows since the law of

Yo fm=e > fp) Y. fom)
n=x, xM<p<x m=x/p

P(n)>x3/4

conditional on the values (f(p)) ,<,3+ is the same as the law of anx, Py=x3s J ().
Now in the decomposition

Yoo fm= Y fp) Y fm),
n<x, P(n)>x3/4 x3*<p<x m=x/p

the inner sums are determined by the values (f(p)),<,34 (and in fact by the values (f(p)),<,1/4), which
are independent of the outer random variables (f (p))y3/4< p<,- So conditioning on the values (f(p)) <34
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determining the inner sums and applying Probability Result 2.4 witha, =, _. /p J(m), it follows that

211/2 1 2)1/2
H > fo) -z D fm | =——| D logp| > f(m)

n=x, X3t <p<x m=x/p log x x3<p<x m=x/p g
P(n)>x3*

Next we want to replace the sum over p by an integral average. We can rewrite

> logp| > f(m)‘ Yoo > logp

x34<p<x m=<x/p r<xV4x/(r+1)<p=<x/r

m=<r

and noting that x /r —x/(r +1) =x/(r(r +1)) > (x/r)*3 on our range of r, a Hoheisel-type prime
number theorem in short intervals (see, e.g., Theorem 12.8 of [Ivi¢ 2003]) implies that

Y logp| D f 2>>r§ </x;/:+1)1dt> Sf / o

x3/4<p§x m<x/p 1/4 m=<r m<x/t
. e .. . 174 2 .
Making a substitution z = x /7, we see this integral is the same as x || ]x ‘ Yome: f (m)‘ ‘ZJ—ZZ. Checking

dt

back, this completes the proof of the first part of Proposition 4.3.
To deduce the second part of Proposition 4.3, we note that for any large V and any ¢ > 1 we have

I

dz
2

m=<z

>
— / 2+8Vq/logx
1 m=<z, q
x-smooth
>
- / 2+8Vq/ log x 2+8Vq/ log x
m=z, m=<z,
x-smooth x-smooth
>
- f 2+8Vq/ log x qu f 2+4Vq/ log x
m=<z, m=<z,
x-smooth x-smooth

By Harmonic Analysis Result 2.6, provided that V < (log x) /¢ (so that V ¢ /log x is uniformly bounded) the
first term here is > || flﬁz |F( +10gq +ir)|P di |, and the subtracted second term is < e~ " | [ |F(
%-‘rlt” /|§ + 2 log +zt| dt|| , which in the Steinhaus case is < e~V ” flﬁz |F( + logq +zt)| dt H

by “translation invariance in law Putting everything together, this finishes the proof of Proposition 4. 3.

O
The arguments in the Rademacher case are exactly the same until the final line, Where we don’t have
“translation invariance” so we must upper bound || ffooo \F( + logq + 1t)| /\2 + 2 log +zt| dt|| by

N+1/2

maxyez gy | Sv—12 [F (3 +logq +it)[*dt|

oS- U
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5. Proofs of the upper bounds in Theorems 1.1 and 1.2

In view of Proposition 4.1, the key to obtaining the upper bound in Theorem 1.1 will lie in proving the
following. Recall here that Fy(s) denotes the partial Euler product of f(n) over x¢ ™ _smooth numbers,
and in the special case where k = —1 we usually write F(s) (rather than F_;(s)) for the partial Euler
product over x-smooth numbers.

Key Proposition 5.1. Let f(n) be a Steinhaus random multiplicative function. For all large x, and uni-
formly for 1 <q <1og'” x (say) and —1 <k < L= | (loglogx)/10] and —e* /log x <o <1/(100log(2q))

(say), we have
1 2 q 0 0@ log x q° 1 1 q*—q+1
F| = it )| dt in{ —, ——— )
k<2 Fot ) ) < log?~! x (10g2Q) mm{ek“ Ivllogx}

1/2
(/
~1/2

Key Proposition 5.1 is actually much more general, in terms of the allowed range of ¢ and o, than we

immediately need (and the proof would let us extend the range of ¢ quite a lot further if we wished, all it
really requires is something like e /logx < 1/(10010og(2¢))). The increased generality will be useful
in Section 6, where Key Proposition 5.1 will play an auxiliary role, and also in clarifying the essential
features of the proof.

Proof of the upper bound in Theorem 1.1, assuming Key Proposition 5.1. In view of the discussion in
Section 3, it will suffice to prove the Theorem 1.1 upper bound for 1 < g <loglogx. And to do that, in
view of Proposition 4.1 it will suffice to show that

2

0<k=L

1/2 1/2
- cy (2 _ _ _
/1/2 |Fk(% + ﬁ)g’; +zt)| dt <e (q/2)log g—(q/2) loglog(2¢)+0(q) log"/z 1/2+1/2q .

q

Applying Key Proposition 5.1 with o = (¢ — k)/logx (which is indeed < 1/(1001og(2¢)) on our
range of ¢g), we find the left-hand side is

0@ [logx \ (1 1 )99t /2
= Z g—1 iy 2= 7
log?~" x \log2q et g —kl

0<k<”C

2og+1\ 1/2
= 3 (e0w logx [ 1 LTIV
log 2¢ ekt g

0<k<”L

It is easy to see that this satisfies our desired bound. (Il
For Theorem 1.2, we need a Rademacher analogue of the above.

Key Proposition 5.2. Let f(n) be a Rademacher random multiplicative function. For all large x,
and uniformly for 1 < g < 10g'®x (say) and —1 < k < £ = |(loglogx)/10]| and —e*/logx < o <

1/(1001og(2q)) (say), we have
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172 ) q
E(/ |Fi(3 40 +it)| dt)
—-1/2

« 0@ R 1 log x max{2g>—q,q>+1} . 1 1 max{2¢g>—2q,q°—q+1}
min{log log x, min{ ——, ——— ,
log? x 285 — g0l [ \log2g 1 g log x

where gy = (1 + «/5)/2.
Furthermore, for any |N| > 1 we have

N+1 5 \4
E(/ Fe(d 4o +ir)| dt)
V-

log x 1 )99th 0@/ ogx \T 1 1!
miny —, ———
} log‘f‘1X<10g261) {e"“ Iffllogx}

min{ |N|1/100 ’
< {' | ekt1llog2q’ |o|log2q
Proof of the upper bound in Theorem 1.2, assuming Key Proposition 5.2. Similarly as in the Steinhaus
case, in view of Proposition 4.2 and the discussion in Section 3 it will suffice to show that for all

1 < g <loglogx, we have

max — Fk(— + +it) dt
o2 Ve NI+ DYy 2 2 logx .
1/2q
< em9'08q—qloglog2)+0(g) (1 + min{log log x (log x)mxla—1.4/2-1/2+1/2q)
B " 1g = qol

We apply Key Proposition 5.2 with o0 = (¢ — k)/log x (which is indeed < 1/(1001og(2¢g)) on our
range of ¢g). When g < 15, say, we have min{|N|'/190, logx/(ek+1 log2g), 1/(|o]| log2q)}‘1(‘1+1) <
|N|9/> < |N|?4/3, so (on taking 2¢-th roots in Key Proposition 5.2 and then multiplying by the prefactor
1/(IN|+1)'/8) we see the contribution from |N| > 1 to maxycz will never exceed the contribution from
the N =0 term. So overall, when 1 < g < 15 the left-hand side will be

0@ 1 log x max{2g*—q.q>+1} /| \ max{2¢’~2q.q°—q+1}\ 1/2¢
< Z minj loglog x, —_—
log? x lg —qol J \log 2q ekl

0<k=<L

2
1 log x max{2q(q—1),q"—q+1}\ 1/2q
< E minj loglog x, }( ) ) .
( { lg —qol J \ ek+!

0<k<L

This certainly gives our desired bound for 1 < g < 15.
When 15 < g < loglog x, we note first that max{2¢g> — 2q, ¢> — g + 1} = 2g> — 2¢. (In fact this is
true as soon as g > ¢o.) So using the bound

2

log x 1 ¢ a1
ektllog2q’ |o|log2g

min{lNWlOO log x 1

q(g+1)
“ektllog2q’ |o] log2q}

5 |N|(2q+l)/100 mln{
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we again find that the contribution from |N| > 1 to maxycz Will never exceed the contribution from the
N =0 term. Overall, in this case we get a bound

o ( logx . 1)\ o logx 24> ~2q\ 1/2q
< Z e log 24 min prEsE c_] Lle @ )
0<k=<”L

as desired. |

We shall prove Key Propositions 5.1 and 5.2 in several steps over the course of this section. For
convenience in the writing we set X := min{log x /¢**!, 1/|o |}, and note that under our hypotheses this
is always > 1001og(2¢g). The point of this definition is that the contribution from primes p > e¢? in our

Euler products will ultimately contribute only to the €0 term.

Preliminary maneuvres. We begin with a few manipulations to discretize and set up the problem, in
both the Steinhaus and Rademacher cases. For any ¢ > 1, we have

1/2
Hf |Fi(L 40 +if)[*dr 5

1/2%) )
[ % aGreriGen)fa
172

1/QX) jp<x /241
“ ]/ZX

q

|Fe(A o +i(%+0)[di
|n\<X/2+1

1/2X g

Applying Holder’s inequality with exponent ¢ to the normalized integral [ 1{52(;2{) X dt, we see the

1 1/(2x) | o 2\ 4 1/q
§E<f X[E( )3 |Fk(§+0+l(§+t))|)dt) .

—1/C0) [n|<X/2+1

right-hand side is

In the Steinhaus case, where |Fy(3 + o +i(% +1)) |2 has the same distribution for any given shift ¢,
we can simplify the above to give the bound

1

< —
q

’

q

> |AG+e+g)P

[n|<X/2+1

H/ ‘Fk +O‘+ll ‘ dt
172

so we have indeed passed to studying a discrete sum rather than an integral. Finally, we rewrite the
right-hand side as

%([E 2. ‘Fk(%”*%W( 2. |Fk(%+o+i7m)|2)q_l)l/q

[n|<X/2+1 |m| <X /2+1
1 1 2 1 im\|2 =\ Ve
<z (XEFG+)( D0 [AG+o+3)| . 6D
|m|<X

where the inequality again uses the distributional “translation invariance” (shifting n to zero in the outer
sum, and replacing m by m — n in the second sum).
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1 1/2x 1 o 5 1 o ) g—1 1/q
5}(/_ XE ) |Fi(3+o+i(%+N+1))] ( > ]Fk(§+o+z(§+N+z))\) dt) . (5-2)

122 1<x 241 Im|<X /241

In the case of Rademacher f(n), if we mimic the above calculations we obtain that

N+1/2 )
/ |Fe(3 +o +it)|dt
N-172

q

Proof of Key Proposition 5.1, for ¢ > 2. When g > 2, we are helped by the fact that we can use Holder’s
inequality again to analyze (Zlm\sX ‘Fk(% 4o+ %) ‘2)51—1 in (5-1). If we let u := ZlmlsX 1/(jm| 4+ 1)2,
so that ¢ =< 1, then first we have

) q-1 1 )
( Z ‘Fk(%+0+%)‘2> =Mq_1<ﬁ Z W(Iml-i-l)z‘Fk(%-i-a-i-%)‘z)

|m|<Xx |m|<X

g—1

Using Holder’s inequality with exponent g — 1, we deduce

iy (2) - 1 im 124G —1
( Z |Fk(%+0+7)|> <t l'ﬁ Z (|m|—+1)2((|m|+1)2|Fk(%+0+7)| )q

|m|<X |m|<x

1 _ im\ 12(g—1)
— 0@ 1N2@—-D| g (L im)|=q=4)
e Z (|m|+1)2(|m|—|— ) | k(2+a+X)|
|m|<X (5 3)

We remark that the choice of weights 1/(|m| 4 1)? that we introduced is fairly arbitrary. The key point
is that we expect, in (5-1), that the only significant contribution should come from small m (for which
|Fe( +0+ )
up a factor like X' (inefficiently reflecting the total length of the sum) in our application of Holder’s

* will be highly correlated with the outer term ‘Fk (% + a) |2), so we don’t want to pick

inequality.
In view of the above computation, to bound the right-hand side of (5-1) when ¢ > 2 we need to bound

terms of the form

(|m|+l)z(q’l)[E|Fk(%+a)|2|Fk(%+g+%)|2(‘1*”‘

Recall that —ef/logx < o < 1/1001log(2q) here. Inserting the definition of Fy(s), and using a trivial
1/240
bound eo(zpslqu a/p') _ e\ X102 9/VP) = (0@ /1920) for the parts of the Euler products over

primes < 100q2, this is

S

1- pl/2to

e0@/1080) (|| 4 1)2@—DE 1—[

100g2 < p<xe~*+D

) —2(q—1
f(p) @
- pl/2totim/X :

Now if ef*1/logx <o <1/10010g(2¢), (and so X := min{log x /e**!, 1/|o|} = 1/0), then the first part
of Euler Product Result 2.1 implies that the expectation of the part of the Euler product over primes
ell" < p< x¢ s equal to exp{O( Zel/gqiﬂ-(m) q*/p' 27 +43/e'/?7)}, which is all 0@, Using
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this fact, as well as the independence of f(p) for different primes p, we find the above is always equal to

0@ (|| + 1)2a-DE 1—[ f(p) f(p)

pl/2+o o pl/2+otim/X
100g2<p<e™

—2(g=1)
1—

Notice that our size assumptions on o, k, g guarantee that e? is larger than 100g2. Finally, the second
part of Euler Product Result 2.1 implies this is all equal to

x O\ 1+’ X 2(4-1) x \?
O(q )(|m|_|_1)2(q D 1+ 260(42)
loggq (Im| +1)logq logg

Putting this together with (5-3) and (5-1), we find

1 0w 1 X\
< 3 )
X( Z (Im|+1)?\logq

lm|<X

a’\ /4
_ ! X0 X .
X logg

Raising everything to the power ¢ and inserting the fact that X = min{log x /e**!, 1/|o}, this gives the
statement of Key Proposition 5.1. U

1/2
H/ |F(L+o+ir)[*di
1/2

Proof of Key Proposition 5.2, for ¢ > 2. We begin with the second part of Key Proposition 5.2, where
N| > 1. Then similarly as in the deduction of (5-3) in the Steinhaus case, for any |n| < X' /241 and any
[t] <1/(2X) we can use Holder’s inequality to show

(T 1nGrorigen )

Iml<%+1

1 _ . 2(q—1)
S T G DR )P
ml<%

So to bound the right-hand side of (5-2), we need to bound terms of the form
(=l + DX VER( o i (% + N +0) R o i (4N +0) 7

As in the Steinhaus case, the contribution from primes p < 100g? to this expectation is trivially e0(@*/10gq),
Using the first part of Euler Product Result 2.2, the contribution from primes et < p < x¢ " s 0l 2),

and overall (noting that the imaginary shifts n/X + N +¢,m/X + N 4t are > |[N| > 1 and also < |N|)
the above expression is at most

X ) @D*+3@-1) x A\ 1ta-? x 2g-1)
s | (men+ 0200 (2) )
0ogq log g (jlm—n|+1)logg

Apart from the factor min{X /log g, [N |'/190}(@=D@+2) this is precisely analogous to the estimate we
had in the Steinhaus case, so when |N| > 1 we indeed get the same bound as in the Steinhaus case apart

0@ min{1
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from a multiplier

X (g—1D(g+2) X q(g+1) log x 1 q(g+1)
min ———, [N]'/1% <min{ = |N|/10L " —pmin{ - 08T NI RA S
log g log g ektllogq’ |o|logg

It remains to address the first part of Key Proposition 5.2, where N = 0. In this case, when g > 2 we
expect the main contribution to (5-2) to come from terms with n, m = 0, so rather than splitting up the
sum over m according to the size of |m —n| we shall just split it up according to the size of m. Proceeding
in this way, using Holder’s inequality as in the Steinhaus case we find for any |7| < 1/(2X) that

> IatroriG )l X |AG+orig+)l)

In|<%+1 Im|=<x/2+1

qg—1

1 .
<@ 37 F(3ro+i(5H)[ D —(|m|+1)2(|m|+1)2<"‘”\Fk(%+a+i(§+t))\2” V(54
In|<X/2+1 Im|<X/2+1

So to bound the right-hand side of (5-2), we again need to bound terms of the form

(Im|+ D> DE|F (3 +o +i(% +t))‘2|Fk(% to+i( _H))‘Z(q—l).

Using the second part of Euler Product Result 2.2, this is

X @=D=@=D ;3 \I1+@-1?
0@ (jm| + 1)2@—“(1 + —) ( )
(Im[+1)logq logg

X X 2((]—])
| ((1 T —nl+ 1)1ogq)<1 T mal+ 1>1ogq>) |

Now depending on the signs of m, n, one of the terms |m — n|, |m + n| will be equal to ‘|m| — |n|’ and

the other will equal |m| + |n| > |m|. So the above is always

alg-1) 14+(g—1)? 2g-1)
< 0@ 20 X X ad
<e (Im|+1) + .
(Im|+1)logq logg (Jlm| = nl| +1) loggq

Putting this together with (5-4) and (5-2), if we first perform the sum over |n| < X /2 + 1 we get that
I flﬁz |Fk(% +o +it)|2dt||q is at most

eO(q)( Z (|m|+1)2(q—1) <1+ X )q(q—1)< X >1+(q—1)2+2(q—1))1/q
X (Im] + 1)2 (Im|+1)logg logg '

Im|<X /241

Finally performing the sum over m, the dominant contribution comes from small terms (note that for
terms with [m| > X /log g we have (1+ X /((Im|+ 1)log ¢))?4=D = ¢2@") 50 overall these contribute
at most 2@) x20-3(x /log ¢)1 =D +24=D = 00" (x /log )4’ +29-3 inside the bracket), and gives
us a bound < [e9@/X](X /log q)(2‘12*q )/4 Raising everything to the power ¢ > 2 and inserting the fact
that X = min{log x /e**!, 1/|c |}, this gives the bound claimed in Key Proposition 5.2. ]
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Proof of Key Proposition 5.1, for 1 < q < 2. When 1 < g < 2, it is not immediately obvious how
to analyze the term [E\Fk(% + G)|2(Z|m|§( |Fk(% +o0+ %)|2)q_1 in (5-1). We may begin by letting
C = C(g) = ¢"@D, and noting that E| F¢ (1 +a)|2( Y mi<x |Fe(3+o + ’%)|2)q—1 is

staGra’( X X |AG+a+r)

d<(g—1)log X+1 cd-1<|m|<CH

Here we adopt the convention that the term m = 0 is included in ) a1 <im|<c¢ When d =1, and that any
terms with |m| > X are omitted from all sums (so the imaginary shift in the second copy of F; always
has size |m/X’| < 1). The motivation for splitting things up like this is that we expect our estimates for all
terms with chflﬂm'fcd to be roughly the same, up to a factor C?V. And, when everything is raised to
the power g — 1, this factor simply becomes a constant multiplier. Next, if we let D = D(q) € N be a
parameter, to be fixed later, we can split things up further and find

trG+o)f( T aG+o+ )

qg—1

|m|<Xx
. (I_l
< > [E\Fk(%+a)|2( > > |Fk(%+a+%)|2)
r<(g—1)log X/D+1 (r—1)D<d<rD Cd- <|m|<C4
gqg—1
_ 2 i\ |2
<« D171 Z [E(r—l)r?)i)flfrD|Fk(%+U)’ ( Z |Fk(%+o+%)| ) . (5-5)
r<(g—1)log X/D+1 Cca-1<|m|<Cd

Notice that we may further assume that all terms d for which C¢~! > X’ are omitted here, since for those
the sum over m is empty (by our earlier convention).
Now in the sum over m, we expect (thinking about Euler Product Result 2.1) that the part of the Euler

x/cd will be roughly the same size for all ci-1 < m| < C4, and

product Fk(% +o+ %) on primes < e
indeed roughly the same size as the corresponding part of Fk(% + cr). To simplify our writing about this,

foreachd > 1 and |m| < X let us set

Ga(m):== []

pfeX/Cd

-2

Fo (L im)|2
, and Hd(m):| k(2+G+X)|

Ga(m)

f(p)

1- pl/2totim/X

(These quantities of course depend on x, k, o as well, but we suppress that in our notation.) We will also
set G4 := G4(0) and Hy := H;(0). Then the expectation in (5-5) may be written as

q—1
E  max Gde( Z Gd(m)Hd(m)) .

(r—=1)D<d<rD
Cd=l<|m|=<C?

We want to apply Holder’s inequality to this expectation, in such a way that the bracketed sum is raised
to the power 1/(g — 1), and so we can connect up the expectation with the terms inside. Prior to doing
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this, we rewrite the expectation again as

1=(g—1)? ;1—(g—1 G 'Hy 7!
E max Gy 9V H,79" >c2<4—1><2—q>d(—" > Gd(m)Hd(m)) .

(r—1)D<d<rD C2C-qd
Cd-l<im|<C?

Simplifying the various exponents, this is all

2 2 G4 ' H, a-!
< [E( max GZ( q)quCZ("_l)(z_")d)< max —d4 "2 Z Gd(m)Hd(m)) ,

(r—1)D<d<rD (r—1)D<d<rD C2Q2—q)d
Cd=1<im|<C?

and now using Holder’s inequality with exponents 1/(2 —¢) and 1/(g — 1), we get a bound

2(q—1d i chz_lHd !
<|(E max G!H,C*~ E  max —S—— Ga(m)Hy(m
_< (r—1)D<d=rp 44 ) ( (r—1)D<d<rD C22—q)d Z a(m)Ha( ))

Cd—lflmlfcd

q 2g—1)d 2a folHd g1
<|(E max G H;C"1~ E—5—— E Gys(m)H;(m .
- ( (r—1)D<d<rD atid ) ((r—l)D2<:d<rD C22—q)d d( ) d( ))

Cd-1<|m|<C?

We remark that the motivation for the uneven splitting of the Euler products here (moving G;q_l)z and
H 5 ~!into the second bracket) is that, as noted above, [EG([’}_1 G4(m) will behave in approximately the
same way as EGY, but on the large primes the shifts im /X provide extra cancellation in EH; Hy(m). So
the best way to split up the G, terms is “evenly”, i.e., such that the total exponent of G, terms in both
brackets after Holder’s inequality remains g, whereas for the H; terms it is better to move a larger piece
inside the second bracket (with the sum over m) to maximize the cancellation we pick up. As we shall
see, the powers of C that we have introduced will serve to balance the final sizes of all the terms.

Using the independence of f(p) for different primes, together with Euler Product Result 2.1, the sums

inside the second bracket are

1 _
Z C20—9)d Z EG] "G 4(m)EH Hy(m)
(r—=1)D<d<rD cd-1<im|<cH

! X\ 2D min{X, C4}\?
< X @ ) (1 + —) ( ) (min{, cd}>2<—>
2—q)d d
(r—1)D<d<rD ¢ Cd-1<|m|<C? C 1+ |m| 1+ |m|

com

9> ~(3—q*d
< Z C20—q)d 7 c
(r—\)D<d<rD

— COW x4’ Z c—a—0d _ c00) ya* c—(g=1*(r—)D
(r—1)D<d<rD

When performing this calculation, we noted that the contribution to EH; Hy(m) from primes p > e? is

uniformly bounded (by the first part of Euler Product Result 2.1), similarly as in our analysis of the case
q > 2. Some of our estimates here were a bit crude, but there seems to be no way to avoid losing some
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factors COW), which further explains why our choice of C = e!/@~1 is essentially the largest we can
make without incurring unacceptable losses.

To bound Emax(—1yp<g<rp G#HyC*9~ D4, where we need to handle the maximum in a nontrivial
way rather than replacing it by a sum (because this term will not be raised to the small power g — 1), we
will use Probability Result 2.5. To do this, we first rewrite Emax(_1)p<a<,p G HyC*4~D4 as

E[F(3+0)  max  (G,C2)1!
(r—=1)D<d<rD -1
f(p) 1 Cc2a—nd

pl/zto

2~
=EAGHo)lE max [T |1-
~ p=eXrc?

where F is expectation under the “tilted” measure defined by [IED(A) = [E| Fk(% + o) |21A/[E| Fk(% + o) |2
for each event A (and 1 denotes the indicator function). We note, for use in a little while, that if A is an
event not involving certain primes then those terms factor out from the expectation and cancel between
numerator and denominator in the definition of I]S’(A). Furthermore, the random variables f(p) are still
independent under the measure P, since if A, B are events involving disjoint sets of primes then we
can split up the Euler product |Fk(% + 0) |2 into subproducts over the corresponding sets, and then the
expectation E will split up correspondingly.
Now Euler Product Result 2.1 implies that [E’ Fk(% + o) ‘2 = X. Furthermore, if we write

Ly = l—[ f(p)

1/240
pyx/cd p

—2(g—1)/1.01

(say), and Aq := ELg4, then Euler Product Result 2.1 and the independence of the f(p) imply that

. [El_[pigX/C‘l |1 _ f(p)/pl/Z-i-o|—2(1+(q—1)/1.01) (1 N X )2((11)/1.01+(q1)2/1‘012
d= = sy .
E ]_[pSeX/Cd 11— f(p)/pl/*o|=2

Cd

We similarly get that [EL;Z'Ol = (1+ X/Cd)z(q_l)+(‘1_l)2. So we have shown that

_ Ly 1.01 X (g—1)?/1.01
E max GZHdCZ(q_l)d = X-E max — CT+ x4 b1+ =
(r—\)D<d<rD (r—)D<d<rD\ Ag cd

2
PN K LM
x4 E  max — ,
< + C(r—DHD+1 (r—1)D<d<rD\ Ay

where we used the fact that CY < CX (given our convention that those d for which C¢~! > X are
omitted) and C?“~1 « 1. Finally, since the f(p) are independent under the measure P (and so the
“increments” of different primes in the Euler product are independent), the sequence of random variables
(Lrp/* D), (Lrp=1/AD=1)s ..., (L¢—1)D+1/A¢—1)D+1) (taken in that order) form a nonnegative sub-
martingale relative to P and to the sigma algebras generated by (f(p))pSeX/CrD, (f(p))pieX/CrD—l, -

(f( p))p <eX/CO=DD1 . For example, we may calculate the conditional expectation
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=({ Lrp-1 _ Lip =
E(( Do ) | (f(P))pSeX/ch) = D1 IE( 1_[

eX/CrD <p§eX/CrD—l

LrD" f(P)
r=a O

eX/CVD <p§eX/CrD71

S

p1/2+<7

—2(g—1)/1.01
| (f(P))pSeX/ch)

—2(4—1)/1.01>

>

rD
which gives the “nondecreasing on average” property from the definition of a submartingale. Thus

Probability Result 2.5 is applicable, and gives that E max(, _1)p<g< p(La/ra)' ! is

)2(q—1)+(q—1)2

1.01 X _1)2_=D?

o L(r—l)D-H - (1 + Cr—DDT1 ~ (1 X (¢=D 1.01

< AMr—D D4l - 3,101 =1+ Cr—DD+1 :
(r=DD+1 (—1)D+1

Putting together (5-1), (5-5), and the above calculations, we get that
1/2 2
T

(5 +o +it)| di

q
2

1 1 X 2 0) vq% ~—(g—D2(r—=1)D 1 V4

_ q— 2 : 9 —(@q-D(r— q—

< X(XD (C(r_l)D(q_l)z) (e X1 C ) ) .
r<((g—1)log X)/D+1

Recalling that C = e!/@~D and collecting terms together, we find this is all

1/q 1/q
< % (X1+q2Dq—l Z C—(r—l)D(q—1)2> — % (Xl-i-quq—l Z e—(r—l)D(q—l)) )

r<(g—1)logX/D+1 r<(g—1)log X/D+1

So if we finally choose D := [1/(g — 1)], then both the sum over r and the term DY~ will be « 1.
Recalling that X = min{(log x)/ ek*1.1/]0|}, we see this bound is as claimed in Key Proposition 5.1.
(Il

Proof of Key Proposition 5.2, for 1 < ¢ < 2. We again begin with the second part of the proposition,
where |N| > 1. In this case we can analyze the terms [E|Fk(2 +o —H(X + N+ t))| (Z‘m|< Y |Fk(

o +l( +N —|—t))| )qi in (5-2) by splitting the sum over m into subsums where C¢~! < |m —n| < C¢,
and otherwise following the argument from the Steinhaus case. We obtain the same estimates as there,
except the error term in Euler Product Result 2.2 produces an additional factor

|1/100

mln{l +

D2 —(g— _
2|y j1/100} e g-D g 1>min{cd,x’l+ |

4
rggca) S v

when estimating (the analogue of) the terms [EGZ_1 G,(m)EH;H;(m), and an additional factor min{1 +
X/CU=DD+1 1 N |1/1001 g =D« min{X, |[N|/100}4@~D when estimating (the analogue of) the term
Emax—1yp<d<rD GZHdC 2q=1d S0 overall we get the same bound as in the Steinhaus case, apart from
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a factor
(min{X, |N|/190)9@=Dy2=4 (min{ x| |N|/190)4) @D « min(x, |N|1/100)@-D@+20-¢")

A small calculation shows that for 1 < ¢ <2, we have (¢ —1)(44+29 —¢?) <5(q —1) < q(g + 1), giving
the factor min{X, [N |'/190}2@+D) = min{(log x)/e**!, 1/|o|, |N|'/199}4@+D claimed in the second part
of Key Proposition 5.2.

When N =0, to prove Key Proposition 5.2 we need to bound

> HnrosiGr)( X aGrorief)

In|<X/2+1 lm|<X/2+1

in (5-2). Following the same argument that led to the bound (5-5) in the Steinhaus case, but now splitting
the sum over m according to the size of |m| — |n| rather than the size of |m|, one obtains that

> dadroriGe)l( ¥ AGroriG)l)
[n|<X/2+1 |m|<X/2+1
<ot Y Y E max RGoiG)f

(r—1)D<d<rD
[n|<X/2+1r<(g—1)log X/D+1

q—1
< > {Fk(%+a+i(%+t))]2) . (5-6)
Im|<X/2+1,
=l <||m|—|n||=C?

g—1

Here we again have C = ¢!'/@~D and D = D(q) € N is a parameter, and we adopt our usual conventions
(analogously to the Steinhaus case) about including the |m| = |n| term when d = 1 and omitting overly
large terms from all sums.

Now for each d > 1 and |m| < X/2+ 1, and treating ¢ as fixed, we shall set

Gy(m) := 1—[ f(p)

. p1/2+a+i(m/X+t)
p<eX/C

_ B rotia )P

2
1+ , and Hy(m):=
G4(m)

This is the same notation that we used in the Steinhaus case, but with the Euler products now replaced
by their Rademacher versions (supported on squarefree numbers only). Splitting the expectation and
applying Holder’s inequality as in the Steinhaus case, it follows that (5-6) is

2—q
« DI71 Z Z ([E max Gd(n)‘IHd(n)c2<‘l”d) :

(r—1)D<d<rD
[n|=X /241 r<(g—1)log X/ D+1

Gq.(n)?'H, -1
(3 S e mm)

(r—=1)D<d<rD Im|<X/2+1,
Ci=<(m|—|n||=C?

Continuing to follow the argument from the Steinhaus case, but using Euler Product Result 2.2 in place
of Euler Product Result 2.1, we can bound these terms further. Proceeding to do this, and noting that one
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of the terms |m — n|, |m + n| that arise in Euler Product Result 2.2 will always equal ‘|m| — |n|| and the
other will equal |m| + |n| > |n|, we find the sums in the second bracket are

1
Z C22—q)d Z EG4(n)? ™' G 4(m)EH,(n)Hy(m)
(r—=1)D<d<rD |m| <X /2+1,
= <||m|—|n||=C?

2 2

| - X X q—1)*—=(q-1 X I+(g—1)

< ) 20— > mm{ﬁ’m_l} <1+E>
(r—1)D<d<rD Ca=1<||m|—|n||<C4¢

2(g—1 . d : d 2

X X X X, C X, C

<— min{—d,—}> (min{X, cd})2< min{ ) (1+ min{ })> .
1+ ||m| — |n|| Ccd’ |n| 1+ ||m| — |n|| 1+ |m| + |n|

Collecting terms together, and then upper bounding min{X'/C¢, X/|n[}44~D by (X /(1 +|n]))9“~D and
upper bounding min{X', C¢} everywhere else by C¢, the above is

q(g—1) o) q(g—1)
< ( X ) Z ¢ quc(3—q2)d — ( X ) CO(l)XqZC—(q—l)z(r—l)D.
(r—=1)D<d=<rD

1+ |n| C22-q)d 1+ |n|

We can also adapt the Steinhaus argument to bound Emax—1yp<d¢<rp Ga(n)? Hy(n)C 2q=Dd Tp this
case we again have E| Fy (3 +o +i (2 +1)) |2 = X, and we may define the “tilted” measure P and set Ly :=
HPSeX/Cd 114 f(p)/pl/?Hotin/X+D2@=D/1.01 apalogously to the Steinhaus case. Then Euler Product
Result 2.2 implies that ELy = min{X /C?, X /|n|}0FT@=D/1L0D@G=D/101 (] 4y /Cd)2q=1/1.01+@q-1)*/1.01*
and ELLO" < min{x/C?, x/|n[}9@~V (1 + x/C4)2a=D+@=17 S0 the same submartingale argument as
in the Steinhaus case shows that

gD 2001 X (g—1)* X x 194D
q q— q- ~ ~
[E(r—l)nDlaififrD Gyn)1H;(n)C L X (1 + C(r_])D+]) mm{—c(r—l)DH w }

2

P X q(g—1)
< Cr—DD(g—1) (1 + |n|) '

Putting everything together, recalling that C = ¢!/~ and choosing D := |1/(g — 1)|, we deduce
that (5-6) is

2

x4 X q(g—1) 5 X q(g—1)
DI~} X .
< 2. 2. C—DDg—1? (1 T |n|> < 2 (1 + |n|>

X — X
In|< T4l p<@=loe® 4 In|<3+1

Since go = (1 + +/5)/2 ~ 1.618 satisfies go(qo — 1) = 1, and we have 1 < g < 2, the sum over
n here is « x™*{La@=Dtminflog X', 1/|q — qol}. Substituting into (5-2), and recalling that X :=
min{log x /e*T1, 1/|o |}, this gives the first (N = 0) bound claimed in Key Proposition 5.2 when 1 < ¢ < 2.

O
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6. Proofs of the lower bounds in Theorems 1.1 and 1.2

Recall that F(s) denotes the Euler product of f(n) over x-smooth numbers.

The lower bound in the Steinhaus case. To prove the lower bound part of Theorem 1.1, in view of

Proposition 4.3 our main work will be to prove a suitable lower bound for || /- 162 |F ( + ]qu —|—zt)| dt

’

where V is a large fixed constant. (We also need an upper bound for the subtracted quantity H f 12 ‘F (

2v

log()ic +1 t) | dt
To obtain our lower bound, we note first that for any ¢ > 1 we have

12 Y 2 \¢ (k+1/2)/ log x
(LalrGriger) ) =( 2 [
—1)2 2 logx i<(ogn1y/2 " k=1/2)/ logx

, but this will follow directly from Key Proposition 5.1.)

1 4vg N\ \¢
F{-+ + it dt
2 logx
(k4+1/2)/ log x 1 4v 2 q
/ F(——i— 1 +it) dt) .
(k—1/2)/logx 2 logx
(k+1/2)/log x |F( +

This step could be wasteful if many of the pieces [ (k—1/2)/ log x logq +1 t)| dt made substantial
contributions to the full integral. But for large ¢ we expect instead that the dominant contribution should
come from just a few large (and therefore rare) contributions, so we will not lose too much. In the

Steinhaus case, since the distribution of |, (gckjll/zz))/ lLOggxx |F(3+ 1 gq + lt)| dt is independent of k we get

the simpler lower bound
2 q 1/(2log x) 1 4Vg 2 q
dt) >>logx-[E(/ F(—+ —I—it) dt) .
—1/(2logx) 2 logx

172 1 4vg
E F| <+ + it
—1/2 2 Ing

Now we want to remove the remaining short integral over ¢, which is a technical obstacle to connecting

>

|k|<(1ogx—1>/2<

up the expectation with the random product F. Heuristically, since the Euler product shouldn’t vary
much on intervals of length 1/log x we should simply obtain something like (@ | F (% + ﬁ)‘;')’c) iz)q in
the bracket. It turns out that a neat way to handle this issue is using Jensen’s inequality (applied to the

normalized integral |~ lﬁ;igx log x dt), which implies that

1/(2log x) 1 4V 2 q
E(/ F(—+ q+it> dt)

—1/logx) 2 logx

1/(2log x) g

= lq [E(// e 10gx.62108F(1/2+4Vq/logx+it)|dt)
log? x —1/2logx)

1 1/2logx) I 4vg .
= Jogd [E(CXP{/ logx -2log F<—+ +it)‘dt})

log? x ~1/(21ogx) 2 logx

p(L v,
~ l
2 logx

1/(2log x)
[Eexp{Zq/ log x - log
—1/(2logx)

- log? x
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Here the exponential, inside the expectation, may be rewritten as

1/(2logx) f(P)
exp —Zq/ logx-iﬂlog(l— . )dt}
IQE { —1/(2logx) p1/2+4Vq/logx+zt
f(p) Velen
= [T expl2g 1ogxsrt(— emitlogr gy
1_[ { pl/2+4Vq/10gx _1/Qlogx)

p=x
21

+f(—p)2/1/( 0gx) e—ZillogPdt)-i-O(L)}

2pl+8Valloex | 1 0100x) -

1/(2logx) 2
—,0(@ : f(p) —itlog p f(p)
=e exp qu(—logx e dt+ ————F—— ) ¢.
g { pl/2+4Vq/logx —1/Qlogx) 2pl+8Va/logx

The first equality here uses the Taylor expansion of the logarithm, and the second equality uses the
estimate

1/Qlogx) 1/(2logx) 1 1
f e~2itlogp gy =/ (1+ O(|t| log p)) di = + 0( ngp)
—1/(2logx) —1/(2logx) log x log” x

and also the fact that

log p
Z pl+8Vq/logx < Ing.
p=x

Putting things together, using the independence of f(p) for different primes p to move the expectation
inside the product, we have shown that our original object

V2| /14y 2\
[E(/ F<—+ q+it> dt)
—1/2 2 1ng

0(q) 1( 1/2logx) 2
e— p) —itlogp f(p)
= log‘]_1 X IE [EeXp{zqm<pl/2+4Vq/10gx log x /_l/mogx) ¢ dt + 2plt8Va/logx | |* (6-)

It will be convenient to note some simple bounds for the quantity inside the exponential, which we will
use shortly. Firstly, this quantity is always trivially bounded by O(g/,/p). Secondly, using our previous

calculation that
1/(2logx)
/ ! e—it]ogpdt: 1 —I—O(k)gp),
~1/logx) log x log? x
we can obtain that

1/(2logx) ) 2
qu(—f(p) log x / emitloer gy 4 S )
p —

1/244V q/log x 1/ logx) 2p1+8Vq/logx

2gN f(p) 0( qlogp q).

= p1/2+4Vq/logx pl/2+4Va/logx [og ;
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To conclude, we note that certainly when 100> < p < x we have, in view of the Taylor expansion of

the exponential and the simple bounds noted above and the fact that E(R f(p))? = 1, that

2
[ fp VRloeD e p f(p)?
Eexp{Zqﬂm(—pl/2+4vq/logx log x . e dr+ —2p1+qu/10gx

1/(2log x) 2 2 2
=[E<1+2q57i<Llogx/ ¢ pitogp gy TP )+261 R f(p)

p1/2+4Vq/logx _1/Qlogx) 2p1+8Vq/10gx pl+8Vq/logx

2 3
q~logp q
+0 (pl—l-SVq/logx IOgX + p3/2)>

2 2 3
_ q q-logp q
=1+ p1+8Vq/logx + 0<p1+8Vq/logx10gx + p3/2)'

When p < 100g2, we shall instead use the trivial bound exp{O(q/ /P)}- Inserting these into (6-1), we
get an overall lower bound

o [ G+t ifar)

O(q) 2 21 3
€ q q q-10g p q
= logq—l X l_[ €Xp{0<ﬁ>} 1_[ exp{ p1+8Vq/10gx + 0<p1+8Vq/10gx IOgX + p3/2)}

p<100g2 100g2<p<x
20(d*/108(29)) 2
- logq—lx l_[ eXp p1+8Vq/logx
100g2<p=<x

_ e0(42)< log x )q2
~log?'x\Vqlog2q))

Here the final equality follows because, similarly as in the calculations in Section 3, we have

2 q 2
4q _ 0@ 8Vq =2 10042 W/lex
[ expipl-i-SVq/logx}_e G\ 1+ | e Tr=io priiarioer,

10047 < p<x log x
Then
2 2 2 0(q?
C(l + i )" = eo(qZ)COﬂ)q and ¢ Zr<iooe? pIEEVaE _ e
log x Vg log?’ (2¢)

by Mertens’ estimates for sums over primes.

Inserting this into Proposition 4.3 we find that

1> s, > i logx_ )¢ /1/2 F(L 2V 1/2
n — - l .
= 2 logx log¢=D724 x \ Vqlog(2q) eVarlz||l J_y 2 logx g

And using Key Proposition 5.1 with k = —1 to control the subtracted term, provided that 2V g /log x <

2
dt

1/(1001og(2g)) we can bound everything below by
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x %@ logx \?? €0 (vg)ambr logx \??
]ng log(Q*l)/Z(I x Vq ]og(Zq) eVal? log(f]*l)/zq X Vq ]0g(2q) )

If we set V to be a sufficiently large fixed constant, the subtracted term will be negligible compared with

the first term, and our Theorem 1.1 lower bound will be proved. It only remains to note that the condition
2Vg/logx <1/(1001og(2q)) is then satisfied provided g < (clogx)/loglog x, for a sufficiently small
fixed constant ¢ > 0. O

The lower bound in the Rademacher case. To prove the lower bound part of Theorem 1.2, we shall invoke

Proposmon 4.4 and adapt the argument from the previous subsection to lower bound || /- 1{32 |F ( +4 log L4

zt) | dt - where V is a large fixed constant and now F'(s) denotes the Rademacher random Euler product.
Indeed, exactly the same argument as on page 2315 gives, for any g > 1, that

12 q (k+1/2)/ log x q
[E(f |F(3 +logq+zt)| dt) > Z [E(/ |F(3 +logq+zt)| dt) .
(

12 lk|<(logx—1)/2 k—1/2)/logx

Using Jensen’s inequality, also as on page 2315, shows this is all

1 (k+1/2)/log x
> 1 Z [Eexp{Zq/Q

q
0g" X [k]<(logx—1)/2 k—1/2)/log x

logx -log |F (3 + logq +lt)|a’t}.

And recalling that in the Rademacher case we have F(s) = ]_[pgx(l + f(p)/p’), with f(p) € {1}, we
find this is all

1 (k+1/2)/logx f(P)
zlogqx Z nEexp{Zq[ logx-iﬁlog(l—i-p1/2+4vq/logx+it>dt}

[k|<(logx—1)/2 p=<x k=1/2)/logx

1 (k+1/2)/log x f(p)cos(tlog p)  cos(2tlog p)
E | | Eexpj2g log x - —
(

T ool 1/2+4Vq/logx 1+8Vq/logx
log? x |k|<(logx—1)/2 p<x k=1/2)/log x p 2p

wo(m)) o}

At this stage we cannot efficiently remove the integral of cos(z log p) in the first term, but for the second

term we can write cos(2t log p) = cos(2k log p/log x) + O (log p/log x). The total contribution from
these “big Oh” terms for all p, as well as from the O(1/p>/?) term, is a multiplicative factor ¢?“). So
we obtain that

[E(/_ll/;\F( + ool +i 1) dt)q

o _ f»
Ik\<(logx 1)/2 p<x
(kﬂ/z)/ logx cos(2k lo lo
[ otog a0
(k—1/2)/logx 2p q/logx

which is the Rademacher analogue of (6-1) from the Steinhaus case.
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Next, when 1006]2 < p < x we have, in view of the Taylor expansion of the exponential (and the fact
that f(p)?> = 1), that

E ) f(p) ) (k+1/2)/logx | J cos(2k log p/log x)
N BAVTEE Tl RV cos(tlog Pl =75 L sva e

- () (k+1/2)/log x cos(2k log p/log x)
B E(l 2 (m log (k—1/2)/logx costtlog p)dt = 2p!H8Va/logx

247 cos?(k log p/log x) 0 g*log p q°
p1+8Vq/10gx p1+8Vq/logx logx p3/2 :

Using the cosine identity cos?(k log p/log x) = (%)(1 +cos(2k log p/log x)), and the fact that E f (p) =0,
we find the above is

_ |, 9’ +@®—q)cos(klog p/log x) q*logp g
=1+ p1+8Vq/logx p1+8Vq/10gx10gx p3/2 :

When p < 100q2, we shall instead use the trivial bound exp{O(q/./p)}. Inserting these into (6-2), we
get

12 A Y
[E(/_ F(L+ 2 i) dt)

1/2

. 2 0(@*/108(29)) q” + (g% — q) cos(2k log p/log x)
q Z I I eXp 1+8Vq/logx '

log? x p
[k|=(ogx—1)/2100g2<p=<x

Now when 2 < g < clogx/loglogx, say, we can afford to discard all the terms in this lower bound
except the k£ = 0 term, which gives us that

1/2 q 0(q°/1og(2q)) 292 —
1 4Vgq .\ 2 4 q q
E(/;1/2 }F(Z + log x +lt)| dt) = logq X 10012_[ ) exp{ p1+8Vq/10gx
q?<p=x
0@ log x 2q%—q
- logx (Vq log(zq)> '
Inserting this into Proposition 4.4, and applying Key Proposition 5.2 with k = —1 and ¢ =2V ¢g/log x to
control the subtracted term there, we find that || > <x fn) qu is

> X 9@ log x =12 0@ (Vg)l/? log x 9-1/2
logx \log!/? x \ Vg log(2q) eVa/2 10g'? x \ Vqlog(2q) '

If V is a sufficiently large constant, the subtracted term is negligible compared with the first term and we

obtain the lower bound claimed in Theorem 1.2.
When 1 < g < 2 (or really when 1 < g < go = (14+/5)/2), we cannot afford to take quite such a crude
approach. Using Chebychev’s estimates and the prime number theorem as in the proof of Euler Product
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Result 2.1, we have

cos(2k log p/log x) cos(2k log p/log x)
Z pl+8Vq/logx = Z +0(1)
100g%2<p=<x 2<p=x/V
log(x!'/V) 2k /1
:/ cos((2k/log x)u) du+ 0D
log2 u

= log min{log(x'/"), log(x /T kDyy + O (1).

Using this estimate, we get a lower bound for E( fj{?z |F(3+ % +it) |2 dt)? that is

1 [logx ¢ logx logx 4’
>1‘1<v) 2. min{v’l k} ’
08" X Ik <(ogx—1)/2 Ik

and (remembering that gg satisfies qg —qo=1) this is

1 [logx\¥ Fmaxila’=a) 1
(—) min{log log x, —}
log?x\ V lg — qol
Again, inserting this in Proposition 4.4 produces the lower bound claimed in Theorem 1.2. ]
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