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Higher uniformity of bounded multiplicative
functions in short intervals on average
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Abstract
Let A denote the Liouville function. We show that, as X — oo,

2X
/ sup Z A(n)e(—=P(n))| de =o(XH)

X P(Y)ER[Y] |, .2
degp<k |FSnse+H

for all fixed k and X? < H < X with 0 < 6 < 1 fixed but arbitrarily
small. Previously this was only established for £ < 1. We obtain this
result as a special case of the corresponding statement for (non-pretentious)
1-bounded multiplicative functions that we prove.

In fact, we are able to replace the polynomial phases e(—P(n)) by degree
k nilsequences F(g(n)I'). By the inverse theory for the Gowers norms this
implies the higher order asymptotic uniformity result

2X
- Wlossa ey o= o(X)

in the same range of H.

We present applications of this result to patterns of various types in the
Liouville sequence. Firstly, we show that the number of sign patterns of
the Liouville function is superpolynomial, making progress on a conjecture
of Sarnak about the Liouville sequence having positive entropy. Secondly,
we obtain cancellation in averages of A over short polynomial progressions
(n+ Pi(m),...,n+ Px(m)), which in the case of linear polynomials yields
a new averaged version of Chowla’s conjecture.

We are in fact able to prove our results on polynomial phases in the

5/8+e)

wider range H > exp((log X) , thus strengthening also previous work

on the Fourier uniformity of the Liouville function.
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1. Introduction

Let \: N — {—1,+1} denote the Liouville function, that is to say the
completely multiplicative function with A(p) = —1 for all primes p; we extend
A by zero to the integers. In [23] it was shown that this function exhibited
cancellation on almost all short intervals [z, z 4+ H] in the sense that!

2X
(1) / > An)| de=o(HX)

X r<n<z+H

as X — oo, whenever H = H(X) was a function of X that went to infinity as
X — oo; see also [22] for a simpler proof of (1) in the case of “polynomially large
intervals,” in which H = X for a fixed 0 < § < 1. In [23], [22] the qualitative
gain o(HX) over the trivial bound O(H X) was improved to a more quantita-
tive bound, but in this paper we will focus only on qualitative estimates. The
bounds for A also extend to the closely related Mébius function p, but for the
sake of discussion we shall restrict attention initially to the Liouville function A.
In [25] the estimate (1) was generalized to

2X
(2) sup/ Z A(n)e(—an)| dx = o(HX)

acR J X s<n<z+H

as X — oo for any H = H(X) that went to infinity as X — oo, where we
2mic

adopt the usual notation e(a) == e Informally, this asserts that A does

not asymptotically exhibit any correlation with a fized linear phase n — e(an)

!See Section 2 for our asymptotic notation conventions.
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in short intervals on average. The question was then raised in 34, §4| as to
whether the stronger estimate

2X
(3) / sup Z A(n)e(—an)| dx = o(HX)

X oa€R z<n<x+H

could be established. This is not known unconditionally, although as observed
in [35] it can be deduced from the Chowla conjecture [3]. However, in a recent
paper [26] the bound (3) was established in the regime where H = X for a
fixed 0 < 0 < 1; the case 6§ > 5/8 without needing the z-average was previously
established by Zhan in [41] (and Zhan’s result was recently improved to 6 > 3/5
in [28]).

For any non-negative integer k>0, any interval [z, z-+H|, and any function
f: Z—C, define the weak Gowers uniformity norm

1
(4) I fllur+1 (20 = sup = A(n)e(=P(n))|,
(fe-z-+-HI) PePoly ., (R—R) H x<n§;+H

where Poly,(R — R) is the k + 1-dimensional vector space of polynomial
maps’ P: R — R of degree at most k. This norm is indeed much weaker than
the usual Gowers norm, in the sense that it is well known (see [10, §4]) that it
does not control linear patterns of complexity > 2. Nevertheless, we will need
the weak Gowers uniformity result in Theorem 1.3 below in order to establish
the strong Gowers uniformity result in Theorem 1.5.

The result in [26] is then equivalent to the bound

2X
/X M (oo ) ez = 0(X)

as X — oo, with H = X? for a fixed 0 < 6 < 1; the corresponding (and weaker)
bound for the u! norm follows from the earlier result in [23] or [22]. Our first
main result extends these bounds to higher orders of uniformity:

COROLLARY 1.1 (Liouville does not correlate with polynomial phases on
short intervals on average). Let k > 0 be a non-negative integer, and let 0 <
0 <1 be fizred. Then we have

2X
(5) /X WMl (o) i = 0(X)

as X — oo, where H .= X9,

In the sum in (4), only the values of P on the integers Z are relevant, but in our later
analysis it will be convenient to evaluate such polynomials at non-integer values as well.
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Remark 1.2. In Theorem 1.8 below we show that Corollary 1.1 holds for
H as small as exp((log X)%/3+¢) for any fixed £ > 0.

We remark that previously this was known in the k£ > 1 cases for 8 >
2/3 by |27, Th. 1.4]. In fact, in this regime a uniform bound of the form
suPgerx,2x] I luk+1((,24-m7) = 0(1) is established. It is natural to conjecture
that such uniform bounds extend to all & > 0, but this seems well beyond the
reach of the methods in this paper.

In fact (as in [26]), we can generalize Corollary 1.1 to the case where the
Liouville function A is replaced by a more general ‘non-pretentious” 1-bounded
multiplicative function. Recall that a multiplicative function f: N — C is
said to be 1-bounded if |f(n)|] < 1 for all n € N. To motivate the “non-
pretentiousness” hypothesis, we consider (as was done in [26] in the £ = 1 case)
the character

(6) f(n) = n'"x(n),
formed by multiplying an “Archimedean character” n — n for some real num-
ber t with [t| < eX*+1/H*+1 for some small € > 0, and a Dirichlet character x

of some bounded conductor ¢q. Observe that f is completely multiplicative and
1-bounded, and a Taylor expansion with remainder of the phase n % logn of

the Archimedean character n* = e(3= logn) around a given point z € [X, 2.X]
yields a decomposition of the form
(7) n' = e(Py(n)) + Og(e)

for all n € [z, x + H| and some polynomial P, € Poly.;(R — R) depending on
x (and t). This together with the g-periodicity of x can be used to imply that

2X
/X 1l (omary kg X

if 1 < H < X are sufficiently large.

Our next result asserts that this is essentially the only obstruction to
extending Corollary 1.1 to more general 1-bounded multiplicative functions.
Following Granville and Soundararajan [11]|, we define the distance function

D(f,g;X) = (Z 1 Re(f(P)g(p))>1/2’

p<X p

and we further define the quantity

M(f;X,Q) = inf inf D(f,n~ " X).
(£;X,Q) = jnf inf D= x(n)n®: X)
q<Q
Informally, M (f; X, Q) is small whenever f is close to a function of the form
(6) with |[t| < X and x of conductor at most ). We then have
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THEOREM 1.3 (Non-pretentious multiplicative functions do not correlate
with polynomial phases on short intervals on average). Let k > 0 be a non-
negative integer, and let 0 < 6 < 1/2. Suppose that f: N — C is a multiplicative
1-bounded function, and suppose that X > 1, X0 < H < X'=% andn > 0 are
such that

2X
oy o> X

Then one has
M(f; CXFHM, Q) <o 1
for some Q,C <ppo 1.

The upper bound H < X'~ here is for minor technical reasons and it is
likely that one can replace it with H < X; however our main interest is in the
opposite regime when H is as small as possible. Standard calculations regarding
the “non-pretentious” nature of the Liouville function (using the Vinogradov—
Korobov zero-free region for L-functions) allow one to deduce Corollary 1.1
from Theorem 1.3; see for instance [25, (1.12)]. The k = 0 case of this theorem
follows from the results in [23], and the k& = 1 case is established® in [26,
Th. 1.4]. Our focus here shall accordingly be on the higher order case k > 2,
which we will establish by generalizing the techniques in [26] to the polynomial
phase setting (and in fact further to nilsequences, which are needed in proving
our Theorem 1.5 on genuine Gowers norms of multiplicative functions).

As a corollary of Theorem 1.3 and the decomposition (7) we can also
control the correlation of non-pretentious multiplicative functions with Archi-
medean characters on short intervals on average:

COROLLARY 1.4 (Non-pretentious multiplicative functions do not correlate
with Archimedean characters on short intervals on average). Let k > 0 be a
non-negative integer, and let 0 < 6 < 1/2. Suppose that f: N — C is a
multiplicative 1-bounded function, and suppose that X > 1, >0, X0 < H <
X1=9 andn > 0 are such that

2X
/ sup Z f(n)n"| de > nHX.
X |t|§€Xk+1/Hk+l Z‘SHSI+H
Then one has
M(f; CXFHMY, Q) < 1
Jor some Q,C <ppeo 1.

3In that paper the constant C' appearing in the above theorem was worsened to H” for
some arbitrarily small constant p > 0, but we have found a way to modify the arguments
to eliminate that power loss in this result. In fact, it will be important in the induction
arguments used to establish Theorem 1.5 below that such losses are avoided.
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We also note that He and Wang [18] recently proved that

2X
sup / Z A(n)e(—=P(n))| de = o(HX)

PePoly ., (R-R) /X | " 1

for any H tending to infinity with X, and they also proved an analogous es-
timate for nilsequences. This statement with the supremum outside the inte-
gral unfortunately does not lead to control on Gowers norms (or weak Gowers
norms) of A over short intervals and is accordingly closer in spirit to [25] than
to the current paper. It is the case with the supremum inside the integral (as
in Theorems 1.3 and 4.3) that we need for the applications in this paper, and
such estimates would lead to a proof of the logarithmically averaged Chowla
and Sarnak conjectures (via [35, Th. 1.8|) if one was able to take the interval
length H to grow sufficiently slowly in them; see Proposition 1.7.

As indicated above, we can strengthen Theorem 1.3 further. For any non-
negative integer £ > 0, and any function f: Z — C with finite support, define
the (unnormalized) Gowers uniformity norm

1/2k+1

1f e+ (z) = Z H Clf(y +wihy + - + wiprheg) )
Y,h1,e b1 €2we {0,111

where w = (w1, ..., wkt1), |w| =w1+ -+ wkt1, and C: z — Z is the complex

conjugation map. Then for any interval [z,z+H| with H >1 and any f: Z—C
(not necessarily of finite support), define the Gowers uniformity norm over
[z,z + H] by

(8) | fllom+1 (ot m)) = 1flger mllusr@zy/ N e ermllosi @),

where 1, ;. g1 Z — C is the indicator function of [z, + H]. We then have

THEOREM 1.5 (Non-pretentious multiplicative functions are Gowers uni-
form on short intervals on average). Let k > 0 be a non-negative integer, and
let 0 < 0 < 1/2. Suppose that f: N — C is a multiplicative 1-bounded func-
tion (extended by zero to the remaining integers), and suppose that X > 1,
X< H< XI*Q, and n > 0 are such that

2X
[ £ loe+1 (@24 1)) dz > nX.
X
Then one has
9) M(f;CX* M Q) <o 1

for some Q,C < po 1.
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The corresponding statement on correlations of f with nilsequences n +—
F(g(n)I') on intervals [z, z + H], which we will use to derive Theorem 1.5 (and
which in fact is equivalent to it), is given as Theorem 4.3.

In particular, using the non-pretentious nature of the Liouville function,
this theorem yields the following corollary:

COROLLARY 1.6 (Gowers uniformity of Liouville on short intervals on
average). Let an integer k > 0 and 0 < 0 < 1 be fized. Then for H > X?, we
have

2X
(10) /X Mgt (oo i = ().

Note that in the corollary above the case of larger values of H > X1—°(1)
follows from the case H = X? by a simple averaging argument (by first using
the inverse theorem for the Gowers norms to express (10) in terms of the corre-
lation of A with nilsequences on [z,x 4+ H], and then partitioning this interval
into subintervals of length =< X1~¢). This partially verifies [35, Conj. 1.6], which
asserted that this estimate (or more precisely, a slightly weaker logarithmically
averaged version of this estimate) held whenever H = H (X)) went to infinity as
X — oo. Fully resolving this conjecture would have many implications, includ-
ing the (logarithmically averaged) Chowla and Sarnak conjectures; see [34], [37]
and [9] for the best currently known results in this direction. Correspondingly,
the partial result (10) allows us to make progress on some problems concerning
the Liouville function, including its word complexity and an averaged version
of Chowla’s conjecture, which we discuss in Section 1.2.

Regarding previous results on Gowers norms of non-pretentious multiplica-
tive functions, a result of Frantzikinakis and Host [8] (generalizing work of
Green and Tao [13]) establishes the “long sum” endpoint case of Theorem 1.5
(corresponding to the case H = X, which is strictly speaking not covered by
the above theorem), showing that || f||yx+1p x] = o(1) under the assumption
that D(f,n +— x(n)n'*; X) — oo as X — oo for any fixed real number ¢ and
Dirichlet character y.

It is not difficult to establish a general estimate of the form

Hf”ukJrl([x,cc—i—H]) <k HfHUk+1([x,x+H])

for any f: Z — C; this can be established, for instance, by a minor modification
of the arguments in [38, §11.2]. Thus Theorem 1.5 implies Theorem 1.3. The
converse implication is also routine for £k = 0,1, but as is now well known
(see, e.g., [38, Prop. 11.8]), for higher k, the polynomial phases n +— e(P(n))
appearing in the definition of the weak Gowers norms (4) are insufficient to
control the full Gowers norms (8). To bridge the gap, one needs to replace
these polynomial phases by more general nilsequences n — F(g(n)T'). The
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polynomial phases correspond to nilsequences on filtered nilmanifolds G/I" with
G abelian. We will thus first prove Theorem 1.3 in Section 3 to treat the case
of abelian GG, and we will then use a different and more delicate argument
(presented in Section 4 and outlined in Section 1.3) to handle the non-abelian
case.

1.1. Connection with the Chowla and Sarnak conjectures. As already men-
tioned, estimates such as (10) with slowly growing H are closely tied to the
Chowla and Sarnak conjectures. The logarithmically averaged Chowla conjec-
ture states that

Z Aain +b1) -+ AMagn + by)

— o(l
- o(log 7)

n<x
whenever a;, b; are natural numbers? with a;bj # a;b; for i # j. The logarith-
mically averaged Sarnak conjecture in turn is the statement that

A(n)a(n
3 (ZI()

= o(log )

n<x
for every bounded, deterministic sequence a: N — C (in the sense that a has
zero topological entropy). See [5] for a survey of previous work on these two
conjectures.

In [35], it was shown that the logarithmically averaged Chowla conjecture
and the logarithmically averaged Sarnak conjecture are equivalent, and that
both would also follow from (10) being true for every H = H(X) tending to
infinity with X. In fact these two conjectures are equivalent to the logarithmic
version of (10) in this regime, which states that

XA
1

x

whenever H = H(X) goes to infinity with X. Thus, a potential strategy
towards proving the logarithmic Chowla and Sarnak conjectures emerges from
the possibility of lowering the value of H = H(X) in Theorem 1.5. We observe
in Section 5.3 that we in fact do not need (11) for arbitrarily slowly growing H
to deduce the logarithmic Chowla conjecture; it instead suffices to prove it for
H > (log X)" for every n > 0.

PRrROPOSITION 1.7. Suppose that for every natural number k and every
n>0 for H=H(X) = (log X)", we have

/XWWde:o(logX>
1

T

“In this paper the natural numbers N = {1,2,3,...} begin with 1.
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Then the logarithmic Chowla conjecture holds.

This proposition will be proved in Section 5.3.

Thus, in order to prove the logarithmic Chowla conjecture, it would suffice
to bridge the gap between H > X" (which is the range where Corollary 1.6 is
valid) and H < (log X)" in Proposition 1.7. In Section 6, we already show that,
at least in the case of our result on the weak Gowers norms (Theorem 1.3), we
may lower the admissible H to H > exp((log X)¢) for some ¢ > 0.

THEOREM 1.8 (Shortening the intervals). Let k be a natural number, and
let @ > 5/8 and p > 0 be fized. Suppose that f: N — C is a multiplicative
1-bounded function (extended by zero to the remaining integers), and suppose
that X > 1, X9 > H > exp((log X)?), and n > 0 are such that

2X
(12) | sy do > .
Then one has
(13) M(f; XM /HMP Q) <o 1

for some Q <gpo,p 1.

It is conceivable that a careful reworking of the nilsequence part of our
arguments in Section 4 would yield a similar regime H > exp((log X)'~9) for
Theorem 1.5; we do not pursue this here (see, however, Remark 4.27).

The exponent 5/8 appearing in Theorem 1.8 is significant as it shows that
it is possible to control || f|| s+1[z 44 m) o0 average over x without establishing
cancellations in short sums over primes of the form ) p,<opy p' (with t of
size X*). Instead, using general Dirichlet polynomial techniques, we show
that the set of points ¢t at which the above Dirichlet polynomial exhibits no
cancellation is sparse. We note that the smallest H for which 3 p<) <op p't
is known to exhibit cancellations for ¢ of size X* is H = exp((log X)?/3+¢).
We also note that the proof of Theorem 1.8 crucially relies on cancellation in
short sums of multiplicative functions outside a power-saving exceptional set,
proved in [24] as an improvement to [23]. See Remark 6.7 on how in the case
of f = \, the weaker range H > exp((log X)?/3+¢) can be obtained using only
the method of [22].

It seems nonetheless that the lower bound for H in Theorem 1.8 is close
to the breaking point of several arguments in our proof. Firstly, for H much
smaller than exp((log X)¢) with ¢ > 0, it appears difficult to show (using general
Dirichlet polynomial techniques) that for a large proportion of values [t| <

XOW the sum Y H<p<2H p't exhibits cancellations. Secondly, in the graph-
o log X
log H
while these are harmless for H > X", they become problematic in the regime

theoretic part of our arguments, factors of the type £! with £ < arise, and
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H < exp((log X)), in particular if § < 1/2. Despite these limitations, at least
if one works with certain model cases of the problem (such as a “99% version”
of Theorem 1.5, where 7 is very close to 1) and assumes GRH, then one should
be able to push H further down.

Handling the regime H € [(log X)", (log X)"fl], at the very least, would
likely necessitate an entirely new idea for several reasons. Firstly, even under
GRH cancellation in the Dirichlet polynomials }” ye<,<op- x(p)p®, is known
essentially only for H >, , (log X )(2“‘)5_1. Secondly, the arguments for solv-
ing “approximate functional equations” involving phase functions that are used
in this paper do not seem to work (even in model cases) for such H, as such
arguments rely on the “modulus” []ye<,<op= p being much larger than X (see
footnote 14). Thirdly, the entropy decrement argument (which is applied to
prove Proposition 1.7 that the H > (log X)" range of (11) implies the loga-
rithmic Chowla conjecture) is restricted to the regime H < (log X)", as it is
based on equidistribution of the integers in [1, X] modulo []ga<,<opyap for
A > 1 large enough. (See, however, the recent work [19] for a quantitatively
stronger alternative replacement to the entropy decrement method in the case
of two-point correlations.)

1.2. Applications.

1.2.1. Sign patterns of the Liouville function. Let
(14) s(k) = [{ve {-1,+1}*: v=(A(n+1),...,A(n+k)) for some n € N}|

be the number of sign patterns of length & in the Liouville sequence. A direct
consequence of Chowla’s conjecture (or its logarithmic version) is that s(k) = 2%
for all k£ and that each pattern of length k occurs with positive lower density;
yet, this remains unknown (apart from the £ < 4 cases handled in [37]). In
fact, known lower bounds on s(k) are far from exponential; Frantzikinakis and
Host [9] proved that s(k)/k — oo as k — oo, and recently this was improved
by McNamara [29] to s(k) > k2. In fact, both in [29] and [9] a stronger result
was proved, namely that A is orthogonal (with logarithmic averages) to any
sequence having o(k?) (respectively O(k)) sign patterns of length k. Let us
also remark that the validity of the 2j-point Chowla conjecture for any fixed j
implies by a simple moment computation that there are > k7 sign patterns of
length k that occur with positive density (so, in particular, s(k) > k7). As an
application of Theorem 1.5, we prove a superpolynomial lower bound on s(k).

THEOREM 1.9 (The Liouville function has superpolynomial number of
patterns). We have s(k) >4 k? for every A > 1.

In fact, we prove a more general result (Theorem 5.1), which shows that
any improvement in the range of validity of (10) leads to an improvement in
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the lower bound on s(k). In particular, if (10) holds for H > exp((log X)*~?),
then s(k) >. Je(Qogk)*/0=97 Qa6 also Theorem 5.4 for a generalization to
multiplicative functions other than the Liouville function.

Theorem 1.9 can be viewed as progress towards a conjecture of Sarnak
in [32] that the Furstenberg systems of the Liouville function have positive en-
tropy (so that, in particular, s(k) > c¥ for some ¢ > 1). Sarnak highlighted
this as a key special case of his Mobius randomness conjecture. It is worth
noting that, as was observed in [32], one easily sees that the Mobius system
has positive entropy, but this amounts solely to the fact that the distribution
of squarefree numbers is very well understood, and therefore this does not im-
ply anything about the Liouville system. (Indeed, Sarnak says in [32] that it
appears “pretty hard to show that A is not deterministic.”) In this connection,
it would be very interesting to say more about the frequency of the superpoly-
nomially many patterns produced by Theorem 1.9.

The proof of Theorem 1.9 involves a different approach than the previ-
ous sign pattern arguments, utilizing a type of “structure and randomness”
dichotomy (meaning that if there are few sign patterns, then the Liouville
function is easier to understand, and we can leverage this to eventually get a
contradiction); see Section 5 for the proof and Section 1.3.2 for its outline.

1.2.2. Polynomial averages of the Liouville function. As another applica-
tion of Theorem 1.5, we use it to establish cancellation in averages

En<xEp < xiaA(n+ Pr(m)) -~ A(n + Py(m))

of the Liouville function along polynomial progressions (n + Pi(m),...,n +
Pi.(m)) (with d being the maximum degree of the polynomials P;). Averages
along polynomial progressions are natural objects in additive combinatorics
and ergodic theory, and a particularly important result concerning them is the
polynomial Szemerédi theorem of Bergelson and Leibman [1] that guarantees
for any non-constant polynomials P;(x) € Z[z| with P;(0) = 0 the existence of
a polynomial progression n+ Py(m),...,n+ Px(m) inside any positive density
subset of the integers. This was generalized to polynomial progressions inside
the primes in [39]. However, when one is considering polynomial progressions
weighted by an oscillating function (such as \), these results do not apply (as
they are lower bound results).

It was later shown in [40, Th. 1.4] that if the assumption P;(0) = 0 for all 4
is replaced with the polynomials P; — P; having degree d for all ¢ # j (where d is
the maximum of the degrees of P}), then one has an asymptotic for polynomial
patterns (n + Pi(m),...,n + Pg(m)) weighted by the von Mangoldt function.
(The same argument works for the Liouville function.) Here we remove this
assumption on the degree d coefficients of the P; being distinct in the case of the
Liouville weight, thus obtaining a result that works for any polynomial patterns
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(that are not of “infinite complexity,” such as the pattern (n+1,n+2,...,n+k)).
Moreover, we can take the m average in our results to be of subpolynomial size,
which is important for Corollary 1.11 below.

THEOREM 1.10 (Polynomial averages of the Liouville function). Let k,r>1
be integers, and let Py, ..., Py be polynomials in Z[zx1, ..., x,| with degrees < d.
Suppose that P; — Pj is nonconstant for all © # j. Then for any fized 0 < e <
1/d, we have

Emerxep [EncxA(n + Pr(m)) -~ A(n + Py (m))| = o(1).
Here, [N]" stands for the r-dimensional discrete box {1,...,N}".

Specializing to linear polynomials, the following result on Chowla’s con-
jecture with a short one-variable average is an immediate corollary. (In fact,
this corollary could also be obtained more directly from our Gowers uniformity
result, Corollary 1.6; see footnote 22.)

COROLLARY 1.11 (Chowla’s conjecture with a short average). Let k > 1
be an integer, and let ay,...,ar > 0 be distinct. Let € > 0 be arbitrary. Then
we have

Ep<xe[En<xA(n+aih)--- A(n + agh)| = o(1).

We remark that Theorem 1.10 (and hence Corollary 1.11) continues to
hold, with essentially the same proof, if £ — 1 of the k& occurrences of A in the
correlation average are replaced with arbitrary fixed 1-bounded sequences.

Taking h bounded in Corollary 1.11 would amount to settling Chowla’s
conjecture. Previously, the result of Corollary 1.11 was only known for £ < 2
(using the main result of [25]), and for & = 3 without the absolute values
around the n average (using [26, Cor. 1.5]). Note that for k > 3, the averaged
Chowla conjecture of [25] is not applicable in the setting above, since that result
requires averaging over k — 1 independent short variables.

We can also prove an asymptotic similar to the one in Theorem 1.10 for
averages of the von Mangoldt function if one of the terms in the progression is
assigned the Liouville weight. (However, perhaps surprisingly, the proof does
not apply if the weight A is replaced with the constant weight 1.)

THEOREM 1.12 (Polynomial averages of the von Mangoldt function with
Liouville twist). Let k,r > 1 be integers, and let Py,..., Py be non-constant
polynomials in Z[x1, . .., x,] with degrees < d. Suppose that P; — P; is noncon-
stant for all i # j. Let A be the von Mangoldt function. Then for any fized
0 <e<1/d, we have

Emepxepr [Encx A(n + PL(m))A(n + Py(m)) - -- A(n + Pp.(m))| = o(1).
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We remark that the theorem continues to hold, with essentially the same
proof, when the occurrences of A in the correlation average are replaced with
arbitrary fixed sequences that are bounded by A in modulus.

These results will be established in Section 7.

1.3. OQwverview of proofs.

1.3.1. The higher order uniformity theorem. Let us outline the proof of
Corollary 1.6; the proof of the more general Theorem 1.5 follows along similar
lines. By the inverse theorem for the Gowers norms, Corollary 1.6 is equivalent
to a discorrelation estimate between the Liouville function and nilsequences;
more precisely,

2X
19 [ s | S A@FlgmD)] do = olfX),
X  g€Poly(Z—@Q) nelz,x+H|

where G/T" is any fixed® degree k filtered nilmanifold, F' : G/T' — C is any
fixed Lipschitz function, and the supremum is over all polynomial sequences
g(n) taking values in the Lie group G. (For all the relevant definitions and for
the precise statement, see Section 4.)

By using an induction on the dimension of G we may assume that the
function F is “irreducible” in a certain technical sense, which roughly means
that the nilsequences n — F(g(n)I') are “orthogonal” to all lower-dimensional
nilsequences. We split the proof of this estimate (15) into two cases that are
analyzed separately: the case of abelian G and the case of non-abelian G.

For abelian G, the nilsequences that arise on the filtered nilmanifold G/T’
are (Lipschitz functions of) polynomial phases n — e(P(n)) with deg(P) < k,
so this case reduces to the polynomial phase case. This case is handled in
Section 3 and is already sufficient for proving Corollary 1.1. Here the task is
to establish structure in phase functions P, € Poly.,(Z — R) satisfying

(16) > Am)e(Pu(n))| do> H
ne€lz,x+H|

for > X choices of = € [X,2X]|NZ, and eventually to exploit that structure
to show that such functions do not exist. In order to talk about polynomials
being equal up to negligible contributions, we introduce an equivalence relation

5We note that the notion of “complexity” of nilmanifolds plays no role in this paper unlike,
for example, in [13], since the inverse theorem supplies us with a single nilmanifold G, /T,
such that ||f|len; > n with f 1-bounded implies that f correlates with a nilsequence on
G, /Ty.



752 MATOMAKI, RADZIWILL, TAO, TERAVAINEN, and ZIEGLER

on them; in this sketch, we say that P, ~ Q, if% P.(n) = ¢(n)Q(n) holds on
the underlying interval [z, z 4+ H] for some polynomial ¢(n) that is “smooth” in
the sense that [¢()(n)| < H~! for all £ < k. Note that if we can show that

(17) e(Pr(n)) ~e (27;r logn —|—'y(n)> , nElr,z+ H],

with v € Poly..(R — R) being a O(1)-integral polynomial (that is, it maps
from ¢Z to Z for some ¢ = O(1)) and T independent of z and of polynomial size
in X, then e(P,(n)) is essentially a twist of the Archimedean character n + ni’ |
so we can use the results from [23], [25] to obtain the desired contradiction.

As in the linear phase case handled in [26], we begin by establishing an
“approximate functional equation” for the polynomial function P (n) in (16).
Note that if p < H® is a prime, then if A correlates with e(P,(n)) on [z, z + H],
then A correlates with e(P,(pn)) on [x/p, (x + H)/p] for “most” choices of p.
(This is a standard Turan—Kubilius argument; see Proposition 3.4.) Similarly,
for “most” y € [X,2X] and primes ¢ < H®, we must have that A correlates
with e(Fy(qn)) on [y/q,(y + H)/q]. Now, if |z/p —y/q| < H/(2max{p,q}),
then the intervals [z /p, (x + H)/p|, [y/q, (y+ H)/q] have large intersection, and
since by the large sieve for polynomial phases (Proposition 3.3) there can only
be boundedly many polynomial phases that A correlates with on an interval,
we can say that

e(Pr(pn)) = e(Py(qn)), n € [z/p,(z+ H)/p]

for “most” p,q € [P,2P] and z,y € [X,2X]| with 2/p = y/q + O(H/P) for
some P < H¢. This corresponds to an approximate equality of polynomi-
als modulo 1, but using a suitable version of the Chinese remainder theorem
(Proposition 3.5), and shifting P,, P, by integer amounts, which is always al-
lowable, we can eventually upgrade this to an equality modulo the product
[Lyer p’, where P is a “large” set of primes in [P,2P]. Thus with our choice of
H, the modulus is enormous compared to X, so we can essentially treat this as
a genuine equality in R. In this way, we can essentially pass to the approximate
functional equation

(18) Py(pn) ~ Py(qn)
for “most” p,q € [P,2P] and z,y € [X,2X]| with z/p =y/q+ O(H/P).

5The actual equivalence relation used in Section 3 is slightly more elaborate; it also al-
lows for a factor v(n) that is a rational polynomial. To show ideas, let us work with this
slightly simpler equivalence in which we allow the “Archimedean” error £ but not the “non-
Archimedean” error 7.

"Our use of the term approximate functional equation of course differs from its meaning
in the context of L-functions.
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If we now form a graph G on [X,2X] N Z by connecting x,y whenever
x/p =1y/q+O(H/P) and z,y, p, q are satisfying the above conditions, we obtain
a graph whose structure governs the solutions to (18). In particular, (a known
case of ) Sidorenko’s conjecture tells us that G contains many configurations C
consisting of two ¢-cycles and an edge between them for ¢ > log X/log P. When
we unwrap what this means in terms of approximate functional equations, we
obtain (in Proposition 3.7) the approximate dilation invariance

(19) Py(azn) ~ Py(byn)

for many pairs (ay,b;) of polynomial size in X (more precisely, products of ¢
primes from [P, 2P]) and relatively close to each other (with % =<1

We then “solve” the approximate equation (19) using properties of the un-
derlying polynomial algebra, with the conclusion that P, must locally “pretend”

to be a character T
e(Py(n)) ~e <2;3_ logn + ’yx(n)> ,

where v, is O(X?(M)-rational (in a sense specified in Section 4) and T, =
O(XF+1/H*+1); see Proposition 3.8 for a precise statement. Moreover, the
quantities T, can now be shown to satisfy the approximate functional equation
T, =T,+O(X/H)
when z/p = y/q + O(%) for “most” x,y,p,q. As in |26], using mixing prop-
erties of the graph G arising from cancellation in 3 po,<op p' for [t| < X o),
we may deduce from this that T, = Ty + O(X/H) for some Tj of polynomial
size and for “most” values of z. Further, we also have (modulo integer-valued
polynomials) the relation
Ya(pn) = vy(qn)

for the same tuples (z,y,p, q), and solving this eventually leads to v;(n) being
O(1)-rational (with a bit more work than in [25], where ~,(n) was just of the
form %n) Putting everything together, we reach the relation (17), which was
enough for finishing the proof.

For G non-abelian, we can use some of the above arguments, but certain
additional difficulties (indicated below) arise that necessitate a more involved
analysis involving quantitative nilalgebra and some refinements on the graph
theory side. Note that by the factorization theorem for nilsequences [14], we
have a similar splitting of polynomials g : Z — G to a smooth part, an equidis-
tributed part and a rational part, so we may define a similar equivalence relation
for these sequences as for polynomial phases. Moreover, we can make sense of
the sequence g(n) evaluated at real n, and we can define the size of an element
of (G; see Section 4 for details.

Up until the approximate functional equation (18) (now with g,(n) in place
of P;(n)), the arguments in the polynomial phase case are sufficiently general
to work equally well for nilsequences. We can also obtain the analogue of (19)
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similarly but, perhaps surprisingly, in the nilsequence setting the solutions to
(19) for a given pair (ayz,b;) are not all approximate characters; see (95) for
a counterexample. We thus must proceed more carefully and extract more
information from the fact that (19) holds for an extremely large family of pairs
(az,bs). It turns out that the pathological solutions to (19) for a given (ay, by)
generally do not obey (19) for other pairs (al,b)), but demonstrating that
requires some work.

The way we obtain the required extra information is by generalizing the
graph theory argument from [26] a bit (to configurations of two cycles of unequal
length connected by an edge), and this extra flexibility allows us to obtain
(20) 92((1 4+ 0)t) ~ 9o (t)Vz,0(t), t € [2,x+ H]
for t € R and for a “very dense” set of real numbers § = O(H/X) (as opposed
to just a few such numbers), where v, is Q-rational with @ > [[,c(p2p) P*-
(This notion makes sense in Lie algebras; see Section 4.) This is the outcome
of Proposition 4.19.

Remark 1.13. As indicated above, while in the case of polynomial phases it
suffices to have equation (20) hold for a single 6, in the more general nilsequence
case this condition is insufficient due to the existence of exotic “approximately
multiplicative” nilsequences. For example, consider ¢(n) = F(g(n)I') where

g(n) _ 6{1 log n€§2 log nel—2T12T2 (log n)z,
where here eq, e, €12 are the generators of the free 2-step 3-dimensional nilpo-
tent Lie group and I' is the standard lattice. By Taylor approximation of
the logarithm function, g(n) differs from a polynomial sequence by a negli-
gible amount. Moreover, g((1 4+ 0)t) = g(1 + 6)g(t) so that one would get

d((1+0)n) ~ ¢(n) if g(1 + 0) is very close to I', independent of n.

It is a fact (following from the Baker—Campbell-Hausdorff formula) that
if n — v;9(n) is simultaneously very rational and of polynomial size, then
it is a constant; thus, 7,0(n) =: vz 9. Make in (20) the change of variables
1+ 60, =N with o ~ 1 restricted to a very dense set of numbers and with
N = X/H. Then

92(e“Nt) ~ gu()Vpar  t =2+ O(H),
and so by iterating,
92 (€"Nt) ~ 9o (D77
for all integers n = O(1). In fact, by an interpolation lemma (Lemma 2.3),
we will be able to boost this to real n as well. Now we essentially have a two-
variable functional equation for g,, which after some manipulation gives us

(21) 9u(y) ~ TN8W/2) 4 — 2 4 O(H)

for some T'= T, € G of polynomial size. Here, T" is given by the relation

s s
T ~ Vz,a
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for s = O(1) and for a dense set of @ ~ 1 (cf. Proposition 4.20). This is
still not enough for us, since when G is non-abelian, y — F(T™1°8W/*)T) need
not resemble a character at all. With some extra work, which involves quan-
titative equidistribution theory of nilsequences and the mixing lemma to care-
fully analyze the compatibility between (20) and (21), we eventually show that
T = O(1)Ty, where Tj is of polynomial size and lies either in the center of G or
in a proper rational subgroup of G. In the case that G is non-abelian, the former
case is contained in the latter. This is then finally enough, since the O(1) error
turns out to be negligible by Taylor expansion. If 7" lies in a proper rational
subgroup, we ascend to a group of lower dimension, so we can apply induction
to conclude. Thus n — TN 18("/%) myust essentially be a polynomial function on
an abelian nilmanifold, meaning that it is a classical polynomial. This reduces
us back to the polynomial phase case, whose proof we outlined above.

1.3.2. The sign patterns result. We then sketch the proof of Theorem 1.9.
Suppose for the sake of contradiction that s(k) < kA for some A and for k
belonging to an infinite set . Then, expanding the (logarithmic) density of
each sign pattern of length k as a correlation, we must have

1 Z A(n+hy) - A(n+ hy)
" logx n

>l

n<zx

for k € K and for some distinct hy,...,h; € [1,k]. The entropy decrement
argument developed in [34] (see also [37]) allows one to write C' as a double
average,

(22) C:(—l)klolgDP Z 1 Z)\<n+ph1)“')\(n+phj)+o(1),

log n
P<p<2P n<lx

where P = P(z) is suitable. However, P has to be very small here (namely P <
(log 2)°M), which is by far too small in order to apply Corollary 1.6. Instead, we
leverage the assumption that X is assumed to have few sign patterns to show
that the entropy decrement argument can be replaced with a quantitatively
much stronger method of moments computation, and this eventually allows us
to obtain (22) for P > X¢ (along a suitable sequence of values of X depending
on k). Then we are in a position to apply Corollary 1.6, and we conclude from
the generalized von Neumann theorem that actually C' = o(1), which is the
desired contradiction.
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2. Notation and preliminaries

We use the asymptotic notation X < Y, X = O(Y) or Y > X to denote
the estimate |X| < CY for some absolute constant C. (In case of Y > X we
also require that X > 0.) If we allow the constant C' to depend on parameters,
we will indicate this by subscripts unless otherwise specified. Thus, for instance,
X = Ok(Y) denotes the estimate | X| < CrY for some Cj depending on k. We
also write X <Y for X <« Y <« X.

Several of the concepts defined in this paper (e.g., “large family,

7 “smooth

polynomial,” “comparable interval,” etc.) will rely on the above notation, and
thus involve some unspecified implicit constants. If a proposition involves such
notation in both its hypotheses and conclusion, then the implied constants in
the conclusions are always permitted to depend on the implied constants in the

hypotheses.
All intervals in this paper will be closed. If I is an interval, we use |I| to
denote its Lebesgue measure and z; to denote its midpoint, thus I = [z — %,

xr + %] For any z € R, we define the normalized distance

_ diam(I U {x})

(23) <1}>[ :
1]
and similarly for an interval J
diam(f U J
(24) (J)1 = \(I\)

We say that two intervals I, J are comparable,® and we write I ~ J if we have
(I)y,(J)r < 1, or equivalently if |I]| < |J| < diam(I U J). Note that this is an
equivalence relation up to modification of the implied constants; for instance,
if I ~Jand J ~ K, then I ~ K, where the implied constants in the latter
relation can differ from those in the former.

If F is a finite set, we use #F' to denote its cardinality. If F is a set, we use
15 to denote its indicator function, thus 1g(n) =1 when n € F and 1g(n) =0

8Here and throughout the paper, definitions such as this one that depend on an implicit
asymptotic parameter are only called in the presence of such parameters (which will be the
parameters in Theorem 1.5).
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otherwise. Similarly, for any statement S, we define the indicator 1g to equal
1 when S is true and 0 otherwise.

For any subset E of the real line, we use a+ FE = {a+z : * € E'} to denote
the translation of F by a shift a € R, and AE = {Az : z € E} to denote the
dilation of E by a factor A > 0. For instance if I, J are intervals, then I ~ J if
and only if \I ~ AJ. If f: R — S is any function taking values in some set 5,
we use f(A-): R — S to denote the dilated function t — f(At). For an interval
I and function g, we also use the pushforward notation A.(1, g) == ()\I, g (%))

If a, b are elements of an additive group (G, +), and H is a subgroup of G,
we write a = b mod H to denote the claim that a —b € H; by abuse of notation
we also use @ mod H to denote the element a + H of the quotient group G/H.
Similarly, if G = (G, ) is a multiplicative group and H is a normal subgroup,
we write @ = b mod H to denote the claim that ab~! € H.

Summations and products over the symbol p (or p', etc.) are always un-
derstood to be over primes unless otherwise specified, and similarly sums over
n are understood to be over integers unless otherwise specified.

In Section 5, we will need some averaging notation. For a function f :
A — C defined on a set A with A C N nonempty, define its unweighted and
logarithmic average over A by

Eneaf(n): ‘A‘Zf ) and E\%, f(n) : Zf

ncA ZnEA n necA

respectively. Thus, in particular, for a bounded function f : N — C, we have

1 f(n loga:
E'n?il‘ loga; Z and IEa?<p<2scf( Z f + 0( )

n<x z<p<2x

If P is a collection of prime numbers, we use [[P to denote the product

of its elements:
HP = H .

peEP

For any P > 2, we let mo(P) denote the quantity

P
mo(P) = e P’

Note that from the prime number theorem, we see that for sufficiently large P,
the number of primes in [P,2P] or [P/2, P] is comparable to mo(P). Accord-
ingly, we say that a set of primes in [P, 2P] or [P/2, P] is large if its cardinality
is > mo(P). Observe that if P is a large set of primes in [P,2P] or [P/2, P],
then we have an exponential lower bound

(25) [P > exp(cP)
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for some ¢ > 1. In practice, this lower bound means that J[[P is so large
compared with the many “polynomial size” quantities we will encounter in the
course of our arguments that this modulus is effectively infinite.

For a smooth function f: R — C, we use fU) to denote the ;' derivative
for j > 0. We recall the Bernstein inequality (see, e.g., [31, p. 146|)

(26) sup 1 (¢)] < 7|7 sup |£ (1)
tel tel
for all polynomials f € Poly;(R — R), and hence on iteration

(27) sup [ f9(8)] < 1|77 sup | f(1)]
tel tel

for any j > 0. (Note that ) vanishes for j > k.) From Taylor expansion we
then also have

(28) |FO ] < [ sup /()

for any ¢ € R and j > 0, using the notation (23).

If § > 0, we use Poly.,.(0Z — Z) to denote the subgroup of the additive
group Poly (R — R) consisting of polynomials v such that v(0Z) C Z; we
refer to these polynomials as %—mtegml polynomials. We have the following

explicit description of these groups:

LEMMA 2.1 (Discrete Taylor expansion). For any 6 > 0 and k > 0, the
space Poly . (6Z — 7Z) consists precisely of those functions v : R — R of the

form
k
t/6
v(t) = an‘( , )
i=0 \J
for some integers cg, ..., cr, where (;”) = w

In some parts of the paper we will also use a non-abelian version of
Lemma 2.1 (see Lemma B.2).

Proof. By rescaling we may take 6 = 1. The claim is trivial for & =
0, so suppose inductively that & > 1 and that the claim has already been
proven for k — 1. The polynomials (]) for j = 0,...,k all lie in Poly,(Z —
Z), and hence so do all integer linear combinations Z?:O c; (J) Conversely,
suppose that v € Poly.;(Z — Z). On taking k™ divided differences, we see
that the k'™ derivative 4(¥) (which is a constant) is equal to an integer c.
Thus the polynomial v — ¢ (k) has vanishing k' derivative and thus lies in

Poly.j_1(Z — Z). The claim now follows from the induction hypothesis. [

We will need the following application of Bezout’s identity:
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LEMMA 2.2 (Bezout identity). Let a,b be coprime natural numbers, and
let k > 0. Then for any A > 0, we have

A A

and
A A A

Thus for instance every 1-integral polynomial can be decomposed as the
sum of an a-integral and a b-integral polynomial, and a polynomial is ab-integral
if and only if it is both a-integral and b-integral.

Proof. See Appendix C. O

We will need a variant of the Bernstein inequality for exponential poly-
nomials, that is to say real linear combinations of exponential monomials
t — tJ exp(at) for some non-negative integers j and real numbers a:

LEMMA 2.3 (Bernstein inequality for exponential polynomials).
Let dy, ..., dy be non-negative integers, and let No be a sufficiently large natural
number depending on k,dy,...,dy. Let aq,...,ar be real numbers whose abso-
lute values are sufficiently small depending on k,dy,...,dg, Ng. Let P: R — R
be a real linear combination of the exponential monomials t + t/ exp(ayt) for

i=1,...,k and 0 < j < d;. Then for any interval I and any non-negative
integer m, one has, for allt € I,
(29) [PU ()] Shdy,diomNo,t SUP_ [P(n)].
n=1,...,Ng
Proof. See Appendix A. O

3. Local correlations with polynomial phases

In this section, we establish Theorem 1.3, which implies Corollary 1.1
as a special case. Our arguments shall follow those in [26] (although they
will be reformulated in a more general and algebraic setting that applies to
relevant collections of phase functions, such as polynomial phases and later to
nilsequences in Section 4). Some familiarity with the arguments in [26] will be
presumed in this section.

Let k,0, f, X,n, H be as in Theorem 1.3. To simplify the notation we now
allow all implied constants in the asymptotic notation to depend on k, 0, n, thus
for instance

2X
(30) /X Hf‘|uk+1([x,x+H]) dx > X.
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We can assume that X is sufficiently large depending on k, 6, ), since the claim
is trivial otherwise. We can also assume? k > 1, since the k = 0 case follows
similarly to [25, Th. A.1].10

It will be convenient to abstract the properties of the polynomial phases
one is testing against, as this will allow us to easily generalize many of the
arguments in this section to the case of nilsequence correlations in Section 4.
Define a local polynomial phase to be a pair ¢ = (I, P), where I is an interval
in R and P € Poly.,(R — R) is a polynomial. We let ® denote the set of
all local polynomial_phases (I, P) and ®; the set of local polynomial phases
(I, P) with a given I. Intuitively, (I, P) should be viewed as an abstraction
of the phase function ¢ — e(P(t)) on the interval I. If ¢ = (I, P) is a local
polynomial phase and f : Z — C is a function, we define the correlation

(31) (f.6) = ‘}‘ S F(n)e(—P(n)).

nel
Thus we have

[ flluk+1(zormy = sup  [(f, )],

¢€q)[ac,x+H]

and thus from (30),

2X
(32) / sip  |(f,6)] do> X.

X €® atm)

Recall from Section 2 that given any local polynomial phase ¢ = (I, P) € &
and a scaling factor A > 0, we define the rescaling (or pushforward) \.¢ € ®

by the formula
1
o (n.p (L),
¢ A

Note that this gives a multiplicative action on @, in the sense that

(A1)« ((A2)x0) = (M1 A2)«0

whenever ¢ € ® and A;, Ay > 0.

Following [26, §2|, we perform a convenient discretization. Define an
(X, H)-family of intervals to be a finite collection Z of intervals of length H
contained in [X/10,10X] such that any pair of intervals in Z are separated by
a distance at least 500H. We say that such a family Z is large if #7 > X/H.
By repeating the proof of [26, Lemma 2.1| (which is a pigeonholing argument)

°Indeed, from the results in [26] we can almost assume k > 2, except for the problem that
those results contain an additional loss of H” in the conclusion that is not conceded here. In
any case, the arguments here will also recover the k = 1 case without difficulty.

0The only difference is that in the formula below [25, Th. A.2|, one needs to treat the inte-
gral over |t| > CX/(2H) by the mean value theorem to be able to work with M (f; CX/H, Q)
instead of M(f; X, Q).
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using (32) as a starting point, one obtains a large (X, H)-family of intervals Z,
such that for each I € Z, one can find ¢; € ®; such that

(33) I(f, or)| > 1.

We remark that this step does not require any properties of the polynomial
space Poly,(R — R), as it only uses the fact that e(P(n)) is 1-bounded for
every P in ‘this space.

The next step is to use the multiplicativity of f to relate the various ¢ to
each other. We need a key definition, given as Definition 3.1 below. Given an
interval I in R, we say that a map ¢ € Poly..(R — R) is smooth on I if one
has the bound -

le(t)] <« 1
for all t € I, which by (28) also implies that
j

d i
= J J
T e(t)| < [I|77(t);

for all j > 0 and t € R. In particular, if € is smooth on I, then it is also smooth
on I’ for any I’ ~ I.

Definition 3.1 (Comparability of polynomial phases). Given two local poly-
nomial phases ¢1 = (I1, P1), ¢p2 = (I, P2) of ® and a scaling factor § > 0, we
define the relation

$1 ~s P2
to hold if I; ~ I3, and we have a splitting

P1=€+P2+%

where ¢, € Poly.; (R — R) are polynomials obeying the following axioms:

(i) (e smooth) e is smooth on I7.
(i) (v is j-integral) v € Poly<,(6Z — Z).

Informally, the relation ¢ ~g ¢o asserts that ¢1 “pretends to be” ¢ on
the discrete set 11 Nd7Z. Technically, this is not a single relation, but a family of
relations, depending on the choices of implied constants appearing in (i), but
we shall abuse notation by referring to ~;s as a single relation. It obeys the
following basic properties:

PROPOSITION 3.2 (Basic properties of ~s). Let § >0, and let ¢, ¢, ¢" € D.

(i) (Equivalence relation) We have ¢ ~s ¢, and if ¢ ~s ¢, then ¢ ~;5 ¢.
Finally, if ¢ ~5 ¢' and ¢' ~5 ¢", then ¢ ~5 ¢", where we allow the implied
constants in the latter relations to depend on the implied constants in the
former relations.

(i) (Dilation invariance) If ¢ ~s ¢’ and X > 0, then Aud ~x5 M@’ .

(iii) (Sparsification) If ¢ ~g5 &', then ¢ ~y5 ¢’ for any natural number £.
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Proof. These are immediate from Definition 3.1, together with the previ-
ously made observation that a polynomial smooth on an interval I is automat-
ically smooth on all comparable intervals I’ ~ I. O

The relevance of this relation to the correlations (33) comes from the fol-
lowing lemma.

PRrROPOSITION 3.3 (Large sieve). Let I be an interval of some length |I|>1,
and let f : Z — C be a function bounded in magnitude by 1. Suppose that for
each i = 1,..., K, there are an interval I; ~ I and a local polynomial phase
¢i € @1, such that

[(fs @) > 1.
Then either
K«
or there exists 1 < i < j < K such that
bi ~1 Bj.

Proof. Write ¢; = (I;, P;) and H = |I|. By (31), for each 1 <1i < K, we
can find a real number 6; such that

Re ( e(6:) Y f(n)e(~Pin) | > H,

nel;

and hence on summing in ¢ and rearranging,

K
Re (Z fn)) 1, (n)e(ﬂi)e(—l%(n))> > HK.
i=1

nel

By Cauchy-Schwarz we conclude that
2

K
SIS 1 (m)e@)e(~Fi(n)| > HE®.
nel |1=1
The left-hand side can be rearranged as
K K
Z Z e(0; — 0:) Z e(P;(n) — Pj(n)).
i=1 j=1 nel;Nl;

Thus, by the pigeonhole principle and triangle inequality, there exists 1 < i < K
such that

K
Z > e(Pi(n) - Pi(n))| > HEK,
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and hence

(34) Y e(Bi(n)— Fi(n))| > H
nel;Nl;

for > K choices of j = 1,..., K. Fix this choice of 7.
Let ny denote an integer point in I. For each j such that (34) holds, we
write

k
Pi(t) = Pi(t) = > ajult
=0

for some real coefficients a;;. Then we have

()

ne(Iint)ﬂ(ijnI) =0

Applying Weyl sum estimates such as [33, Lemma 1.1.16], we conclude that
there exists a natural number 1 < ¢; < 1 such that

lgjevjlleyz < H™!

for | =0,...,k, where ||z|r/z denotes the distance of x to the nearest integer.

In particular, there exist natural numbers 1 < a;; < gj such that

. aj7l
45

< H7
R/Z

a-]?l

The total number of tuples (gj,a;1,.-.,a;x) is O(1). Thus by the pigeonhole
principle, either K < 1, or else there exist 1 < j < j* < K such that ¢; = gj
and aj; = aj for all [ = 0,..., K. In particular, by the triangle inequality we
have

vy — ajrillryz < H™

for I = 0,..., K, so we can write ajr; = €;/; + aj; + ;7 for some integer
74,5’ and some real number ¢ ;| = O(H™Y). This gives the decomposition

ZEJJ'lt_nI +P +Z’Y]j’l

=0

Comparing this with Definition 3.1, we see that
¢j ~1 by,

and the proposition follows. O

Using this proposition, we can obtain
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PROPOSITION 3.4 (Scaling down). Let 2 < P < Q < H < X, and let
f N —= C be a 1-bounded multiplicative function. Suppose there exist a large
(X, H)-family T and a local polynomial phase ¢ € ®; associated to each inter-
val I € T such that

for all I € Z. Assuming that P, Egg are sufficiently large (depending on the
implied constants in the above hypotheses), there exist P' € [P,Q/2], a large

(%, g)-family 7', and a function ¢}, € ®p associated to each I' € T', such

that
[(f, o701 > 1

for all I' € T'. Furthermore, for each I' € I', one can find > mo(P’') pairs
(I,p"), where I € T and p' is a prime in [P',2P'], such that the rescaled interval
I%I lies within 3% of I', and such that

(35) <;>* b1 ~1 -

Proof. From Proposition 3.3 and the greedy algorithm, we can associate
to each interval I of length H > 1 and any 1’ > 0 a family ¢1,...,¢x € ®; of
local polynomial phases with K = O,/(1) such that whenever one has

[(f, o) =7
for some ¢ € ®; with J C I and |J| > n/|I|, then one has
¢ ~1 ¢
for some i = 1,..., K (if we permit implied constants in the ~j notation to

depend on 7’). The claim now follows by repeating the proof of [26, Prop. 3.1]
(which is a Turan-Kubilius argument), using the above claim as a substitute
for [26, Lemma 2.2|. For the convenience of the reader, we sketch the main ideas
of this argument as follows. First, by using [26, Prop. 2.5] and the multiplicative
nature of f, one can deduce that

(5.(2) o) =1

for many I € Z and many primes p’ € [P, )], and thence (by the pigeonhole
principle) for many I € Z and p’ € [P’,2P’] for a suitable P’. By further
pigeonholing, we may arrange matters so that the intervals I%I lie close to in-
tervals I’ in a suitable large (%, %)—family 7'. Using the previously mentioned
claim, one can then show that many of the (]%)*qb 7 associated to a given interval
I’ are related via the ~; relation to a suitable phase ¢,, which will give the
claim. O
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We also need the following version of the Chinese remainder theorem.!!

This proposition turns out to be very useful in what follows, since it allows us
to upgrade equivalences between different exponential phases up to the point
where the modulus is so large that we must have a genuine equality in R.

PROPOSITION 3.5 (Chinese remainder theorem). Let I be an interval of
some length |I| > 1, and let P be a finite collection of primes.

(i) Suppose that ¢ € ®r, and that for each p € P, there exists ¢, € ® such
that

d’p ~1 Qb
Then there exists QNS € ®; such that
Op~1 0

~1
P
for all p € P, and furthermore (f,$) = (f,d) for all f : Z — C.
(il) Suppose that ¢ € ®; and ¢' € ® are such that

¢~ g
p
for allp € P, and suppose || is sufficiently large (depending on the implied
constants in the ~1 notation). Then
/
¢ ~ ¢
Proof. See Appendix C. O

One can now conclude

PROPOSITION 3.6 (Building a family of related local polynomial phases).
Let the hypotheses be as in Theorem 1.3. Let € > 0 be sufficiently small depend-
ing on k,0,m, and suppose that X is sufficiently large depending on 0,n,¢,k.
Then there exist P', P" € [X*"/2, X¢], a large (%, %)-family 7", and local
polynomial phases ¢, € @ for each I" € " such that

(36) [{f, &) > 1

for all I" € I". Furthermore, there exists a collection Q of > mo(P')*%
quadruples (I, Il p}, py) with I{, I distinct intervals in I and p', pl, distinct
primes in [P',2P'], such that I} lies within 5OP,P/, of Z—?Iﬁ’ (s0, in particular,
L1~ L1 and such that

Py by

(37 (7)o~ () o

1 The reason we call this a Chinese remainder theorem is that it allows us to combine
mod p conditions for different primes p.
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for a large set of primes p” in [P"/2, P"]. (The implied constants in the con-
clusions may depend on the implied constants in the hypotheses.)

Proof. One basically repeats [26, proof of Prop. 3.2] more or less verbatim,
but replacing [26, Prop. 3.1] by Proposition 3.4. For the convenience of the
reader, we now outline some more details of the argument. By two applications
of Proposition 3.4 (arguing exactly as in the proof of [26, Prop. 3.2] down to [26,
(41)]), we can find P’ € [X=*, X] and P” € [(X/P')",(X/P')¢] C [X=*/2, X¥],
an (X/P',H/P')-family 7' of intervals, an (X/P'P/ H/P'P")-family Z" of
intervals, and functions ¢, ¢/, € ® associated to each I' € 7', I"” € I” with
the following properties:

e One has (36) for all I” € 7".
e For each I’ € 7', there are > my(P’) pairs (I,p) with I € Z and p’ a prime
in [P’,2P’] such that I/p’ lies within 3H/P’ of I’ and

(38) (;) b1 ~1 &)

e For each I"” € 7", there are > mo(P”) pairs (I’,p”) with I’ € 7/ and p” a
prime in [P”/2, P"] such that I'/p” lies within 3575, of I”, and

(39) (57) o~ o

Note that property (36) only depends on the values of ¢7, on the integers.
Thus, by Proposition 3.5(i), we may without loss of generality upgrade (39) to

1
(10) () o~ ol
P . o7

without impacting (36) or any of the other properties listed above. Henceforth
we shall assume that (40) holds. Applying Cauchy-Schwarz (as in the con-
tinuation of the proof of [26, Prop. 3.2] down to [26, (43)]), we can now find
> 7T0(P/)27T0(P”)% octuplets'? (I, I}, I5, I I, ', pb, p"") where

e IcT, Il IeT I Il T,

e p!,ph are primes in [P’,2P'], and p” is a prime in [P”/2, P"], with p} # p;
e Fori=1,2, I%I lies within 3% of I, and ﬁ[{ lies within 3% of Il';

e for each i = 1:2, we have

(41) <pl,) ¢1 ~1 ¢

17 %

12For a visualization of the dependencies between the intervals I, I7, I}, I} and I, we
refer to [26, Fig. 8].
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and
1 / /!
(42) o ¢r ~1, bpr-

From (41) and Proposition 3.2(ii), we have for i = 1,2 that

() o1~ ()

and hence by (42) and Proposition 3.2(i),
1
(p‘p”> b1~
and thus by Proposition 3.2(ii), (iii),

(p1;2p ) b1y, (pg_) .

Thus by Proposition 3.2(i) we obtain (37). The proposition now follows by
repeating the remainder of the proof of [26, Prop. 3.2] (where one estimates
how many quadruples arise from these octuplets). O

One should think of the set Q of quadruples e = (I, I}, p, py) produced
by the above proposition as a family of “edges” of a certain graph with vertex
set Z”. Now, we adapt the graph-theoretic arguments in [26, §4] to locate lots
of quadruples e = (I{, 15, p},p5) in Q for which one has a lot of structural
control on the local polynomial phases ¢’/ e ¢ I7E and their relationship to each
other. For the rest of this section, we 1ntroduce the quantities

X
(43) N = #T" = 7 and di= 7o (P2

We say that a quantity a is of polynomial size if one has a = O(Xo(l)). For
instance, P/, P/ H, X, N, d are all of polynomial size.

ProprosITION 3.7 (Local structure of ¢"). Let the hypotheses be as in
Theorem 1.3, and let ¢, X, P, P/" T, ¢/,;, Q be as in Proposition 3.6. Let {1, lo
be even integers such that

(44) dh,d% > N2q%.

(Note from the lower bound on P’ that we can choose {1,y = Oc(1).) We allow
implied constants to depend on €,€1,ly. Then, for a subset Q' of the quadruples

= (I{, I}, py, phy) in Q of cardinality > dN, one can find a collection Ae of
quadruples @ = (ay,as,by,bs) of natural numbers of cardinality = d®+¢ /N2,
and a large collection P,z of primes in [P"/2, P"] associated to each d € A.,
with the following properties:
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(i) One has

(45) <p2) i ( >¢fé'

Here the implied constants in the equivalence relation do not depend on £y

or {s.
(ii) F07"2i = 1,2, a;,b; are products of £; primes in [P',2P']; in particular,
(46) ai,bi < (P')4,

so a;, b; are of polynomial size. Furthermore, we have
(47) a; —b; < %ai.

(i) Fori = 1,2, we have the approrimate dilation invariance

l Z <l> 7
(48) <ai) ¢I{l ng,a b; (blz{/'

* 17 %

Here the tmplied constants in the equivalence relation may depend on ¢;,
but not on the complementary parameter f3_;.

For the arguments in this section, one could take the parameters £1, /> to
be equal to each other, but in the next section it will be convenient to allow
01,02 to be distinct. (In fact in that section we will take ¢; to be very large
compared to ¢3.) The specified dependence of parameters in (45), (48) on
£1, 45 will be of no relevance in the current arguments, but it will be crucially
exploited in the next section.

Proof. Running the proof of [26, Prop. 4.1] all the way down to [26, (53)]
(with the role of k replaced by ¢; and ¢3, noting that the argument works
perfectly well when the two cycles in the graph have different length), with
Proposition 3.6 playing the role of [26, Prop. 3.2|, we conclude that we can find

> dOtetl N (0 + £o)-tuples

7. 144

I" = (Ig,{i)i:1,2;j€{0,1,4..,&-—1} € (")t
that are “non-degenerate and very good” in the sense that they obey the fol-
lowing axioms:

(i) If i = 1,2 and j = 0,...,¢; — 1, then there exist (uniquely determined)

distinct primes p’lyjyi, p/2,j , € [P, 2P’] such that I’ . lies within 100575, P’P” of

J+12
/
pl,j,i " . . . _ 1
p I. ; (with the cyclic convention I&,i = 072-). In particular, 7 j—‘,—l,i ~
I//
p2 7,1 VY

(ii) There also exist distinct primes p/, p, € [P’,2P'] such that we have
(Z0.1: 1,2, 1, ) € Q-

/
In particular, Ij, lies within 1005757 S5 of pé I, and hence il(’)’g ~ }%,216’71
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(iii) For i = 1,2, the primes p’ljjyi, j=0,...,¢;—1 are distinct from the primes

p'27j72-, j=0,...,¢;—1. In particular, we have the non-degeneracy condition
£;—1 l;—1
(49) H p/2,j,i - H pll,j,i # 0
§=0 j=0
fori=1,2.

(iv) There exists a large collection P(I”) of primes in [P”/2, P"] such that

1 1
(50) — QZ)/,{/_ ~1 ¢ "
p/27j7i * Ij’l Q pl,.% IJ+1 ‘

forall j=0,...,¢; —1and ¢ = 1,2, and sunllarly

]' /!
1) (pf)* W~y (5 ) Py

where @ is the modulus
(52) Q=[P

The relationships between the intervals I ]” ; can be schematically described
by an ¢1-cycle and an ¢o-cycle linked by an edge; see |26, Fig. 10] for an example
of this diagram in the case £; = f = 4.

We note that in [26] the distinctness of the primes p’17j7i and the primes
p’zj’i in (iii) was not established. However one can obtain this reduction as
follows. For the sake of notation, we eliminate the contribution of the case
when one has a collision pj 5, = phg;; the other cases are treated similarly.
Firstly observe that from iterating axiom (i) using the equivalence relation and

dilation invariance properties of ~, we have
l;i—1 4

H] =0 pl,sz/ NI”

HE -1 , 0% 0,

7]7

and hence
l;i—1 l;—1

(53) H p2,]2 H pl,],z ~ N )f

for i = 1,2. If p| 1 = pPh1, we can cancel one factor in the i = 1 case and

conclude that
l1—1 l1—1

H Paj1— H Pl S N P’)Zlfl.
j=1

Using |26, Lemma 2.6], the number of primes p17j7i,p’27j7i that can obey all these
constraints is bounded by
d@l—l d€2 d€1+€2—1/2

N N ST

< 7T0(P/)
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Since the tuple I” is determined by the quadruple (I/ 01> 10, 2,;01,10’2) € Q and
the above primes, and since 1071710,2 uniquely determine p), p), we conclude
that the number of tuples of this type is bounded by O(d“**+*2+1/2/N). Thus
these tuples can be removed without significantly affecting the total number of
tuples, and similarly for other collisions.

In a similar spirit, we may improve the non-degeneracy bound property
(49) to

i—1

1 ,
(54) H P2,]z - H Pl,j,i > N(Pl)el

§=0
by the following argument. Suppose that we have
0;i—1

l;—1

£ 1 é
I 22— TT #hsa| < exg (P)"
=0 =0

for some i = 1,2, and some ¢ > 0 to be chosen later. From (53) with ¢ replaced
by 3 — i we also have
l3_;—1 l3_;—1 ]
l3_;
(55) H Phja—i— H Prjs—i| S N(Pl) 3=,
j=0 j=0
Applying |26, Lemma 2.6] twice, the number of tuples (p;7j7i)l,izl,g;j:()’._"gi_l of
primes in [P/, 2P’] with these properties is O(cd*+*2/N?). Since the tuple I”
is determined by (I Iy, Io 5, P1, Ph) and the above primes, we conclude that the

number of tuples I” arising in this fashion is at most O(cd“+2+1/N). For ¢
small enough, this is less than (say) half of the tuples of I currently under
consideration, so on removing those tuples we obtain the bound (54).

If we apply Proposition 3.2(ii) to (50) with the dilation factor

/ /
H D1 ji H Dajri )

0<5'<y J<y' <

]‘ /! ]‘ /!
7.~ L (b]’,’ .
aj;i Jst Q aj-i—l,i Jj+1,i

* *

we conclude that

for j=0,...,£—1, where

— / /
aji = H P H P2 jrq

0<5'<g J<I' <t

for 5 =0,...,4;. Note that the intervals %I" all have length =< (P’) P{}L,/
7,
and are comparable to each other in the sense of the relation ~. Applying
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Proposition 3.2(i), (iii) O(¢;) times, we conclude that

1 1
< (ﬁII//@ ~1 (ZS/]///‘.
aO,i * 0,7 Q afi,’i 0,7

ES

Since ag, ap, ; are the product of ¢; distinct primes in [P’,2P’], we have

’ (2] p p ) )
(56) a0, agi =< (P')".
Also, from the fundamental theorem of arithmetic, once one fixes Ifj, I},
each quadruplet (ao,1,ar, 1,002, a¢, 2) is associated to at most O(1) tuples I
(Note that from the above axiom (i) that I}, , ;
P jis P, i)

On the other hand, since -=1". ~ 117 . we have
’ ag,; 071 aéi,i 072’

is uniquely determined by 17,

1 1 X H
_ Pl —4; Pl —4;
(am ao,i)( e <)

which simplifies using (56), (43) to

(P

N
From (54) we get the corresponding lower bound. If we set a; to be the larger
of ay, ;,a0; and b; to be the smaller, then we have the properties claimed in

ag; i — Ao K

(ii), (iii) of the proposition, while (i) follows from (51).

The counting argument at the end of the proof of [26, Prop. 4.1] (which
is based on the estimate in [26, Lemma 2.6]) shows that each quadruple e in
Q is associated to at most O(d* /N?) tuples I” of the above form, and Q
has cardinality O(dN), hence there is a subset Q' of Q of cardinality > dN
such that each e € Q@ is associated to =< d2t%2 /N2 tuples I”, which by the
previous discussion generates < d“17% /N2 quadruples (a1, b1, az, by) obeying
the required properties (i), (ii), (iii). The claim follows. O

In this section the precise values of /1, /s are not important; we can se-
lect them to be any bounded even integers obeying (44). In [26], ¢, 2 were
essentially chosen to be the minimal even integer obeying (44), so that one
could make a; — b; as small as possible; however this will convey no significant
advantage in our current arguments.

While the above proposition produces a large family A, of quadruples @
associated to each e € @', in the argument below it will suffice to just use
a single such quadruple @; this was also the case in the previous paper [26].
However, when we work with nilsequences in the next section, it will become
necessary to use multiple quadruples a for each e € Q.

Thus far we have not exploited the polynomial phase structure of functions
in P beyond the properties in Propositions 3.2 and 3.3. Now we make heavier
use of this structure in order to “solve” the approximate dilation invariance
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relation (48) produced by Proposition 3.7, using just a single quadruple from
A.. The following proposition asserts, roughly speaking, that this equation is
only solvable when the local polynomial phases ¢7,(t) “pretend” to be like the

character t'7 on I!” for some real number T = Ty 1y Let us say that a polyno-
mial v € Poly (R — R) is Q-rational for some Q if it lies in Poly 4 (4Z — Z)
for some natural number ¢ of polynomial size.

PROPOSITION 3.8 (Solving the approximate dilation invariance). Let the
notation and hypotheses be as in Proposition 3.7, and write ¢, = (I", Ppr)
for each I". Then for any of the quadruples e = (I7, I}, p},ph) € @', and any
a = (a1,b1,a9,b2) in A., there exist a real number

T = TI{’,Ié’ < NF+1

and decompositions

T
PI{I (t) =¢ei(t) + Gy logt + ()

fori = 1,2 and t > 0, where &;: R™ — R is a smooth function obeying the
derivative bounds

e(t) < |17
for all j >0 and t € I, and ~; is a Q-rational polynomial with

Q:=[]Pea

Here T, e; and ~; may depend on e and @.
Also, we have

(57) M(Py) = 72(py) mod Poly,(Z — Z).
Proof. We abbreviate Prs as P;. From (48) we have an identity of the form
Pi(ait) = €] (t) + Pi(bit) + (1),

where €] € Poly (R — R) is smooth on a%_]{’ and 7, € Polygk(éZ — 7) is
Q-integral; by a change of variables, we can write this as

(58) Pi(ait) = ei(ait) + Pi(bit) + vi(t),

where &} € Poly.,(R — R) is now smooth on I{. Taking k™ derivatives to
make all functions independent of ¢, we conclude, in particular, that

af P = af(e)® 4 pF PP 4 () ®)

)

or equivalently

(59) G P = af(eh)® + (vH®),
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where!® ¢; = af — bf. As ; is Q-integral, we see on taking k' divided dif-
(k)

ferences (or using Lemma 2.1) that ~;
Thus

is an integer multiple ¢;Q* of QF.

k —
P = Ol |I/]™%) + Q"
From (46) we also know that ¢; is a natural number of polynomial size; and

from the mean value theorem and (47), we have

a; — bz k 1 k
a;

We thus have

P = Q- o).

(2

Recalling that z;/ is the midpoint of I}', we can write the above estimate as
C;

(60) Pi(k) _ Gigky (—1)*1(k — 1)!£

qi 27

o,

for some real number T; with the bounds

T; < N <P,P/,) ') < N
Motivated by the Taylor expansion around x 1, we write
- T; ~ -
(61) Pi(t) = &(t) + ﬁ logt + Fi(t) +7(t)
for t € R", where &; : RT™ — R is the Taylor remainder
k ; j
. T; T; (-1 (¢ — )
i(t) = ——logt+ —1 ” -

which is a smooth function obeying the bounds
9ty <, (H/P'P")
for j > 0 and ¢ € I]'. Futhermore, ¥; € Poly; (R — R) is the function

G (Qt

and
~ k J 1T t— I‘I//) T
Pi(t) = Pi(t Z " — ﬁ log s
j=1 IZ(’

13Note that this choice of ¢; explains why our bound on ¢; in this lemma is a lot weaker
than in [26 Prop. 4.1], even if we try to take ¢1,¢2 to be as small as possible. Indeed, if
¢ = af — b¥ with a; — b; small, then a¥ — b¥ may still be relatively large.
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is an element of Poly.;_;(R — R). By (5 ) and (61), we can then write
(62) Py(ait) = €7 (ait) + Py(bit) + 7 (1)
for t € RT, where

3001 00) + (i) — 5t + | 3 10g 2

and

bi T,. b
(t) = el(t }(’t)—y-t {11 Z}.
ey =ein) e () ) + (5 los

By construction, 7/ is an element of PolySk(%Z — Z) that has vanishing k*®
derivative, so ;" in fact lies in Poly<;_;(R — R). From (62) we conclude that
g7 (a;t) also lies in Poly ;4 (R — ), and from the triangle inequality we have

(V) < (H/P'P")7

for all j > 0 and ¢t € I}. In conclusion, P; obeys similar properties to P; except
that all polynomials involved have degree at most k& — 1 instead of at most k,
and the polynomial v lies in Polygk_l(%Z — Z) rather than Polygk_l(éZ —
Z). One can iterate this procedure k times, and after collecting terms in the
telescoping series, one ends up with a decomposition of the form

Pi(t) = €1°(t) + o logt 4+ P 47 (1)
for t € RY, where T;* is a real number with
T < Nk
ef* :RT™ — R is a smooth function obeying the derivative estimates
(7)) < (H/P'P")

for all j > 0 and ¢t € I/, P’* € R is a constant, and ~;* is Q-rational. By
splitting P* into integer and fractional parts and redistributing these parts to
v and €* respectively, we may assume that P/* = 0, thus

%

3
2T

(63) Bi(t) = &7 (8) +

fort € RT.
This is almost what we need for the claims of the proposition (excluding

logt + ;™ (t)

(57)), except that the two real numbers 77, T5* are allowed to be unequal.
From (51) and Definition 3.1 we have

Pi(pyt) = ' (pht) + Pa(pit) +'(t)
for t € RY, where ef € Poly (R — R) is smooth on I, and A1 is Q-integral.
Inserting (63), we conclude that

k% k%

T
o loa(pat) = e (pht) + o log(pit) + AT (),
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where £7T: Rt — R is given by the formula

el (pht) = " (wyt) + e3* (pt) — e7* (pt)
and ~T is given by the formula
(64) AT(#) = A1) + 13" (1) — 1 (0at).
Here e'f obeys the derivative estimates

(eMV(t) < (H/P'P")

forall j > 0 and t € I, and 417(¢) is Q-rational. Let npy be an integer point of
Iy ;. From Lemma 2.1 we see that the first derivative ('y“)’(n[ézl) takes values

in %Z for some ¢ of polynomial size. We conclude that

k k P/Pl/) T** Q
1 2
= d Z.
(65) 27’['%]// O < H + 27’[’%[// o qkk"
0,1 0,1

Since Ppy qy is a large set of primes in [P”/2, P"], we see from (25) that Q >
exp(cP") for some ¢ > 1, so in particular'? @ exceeds X¢ for any fixed C
if X is large enough. But both sides of (65) are of polynomial size, and thus
have magnitude less than %
modulus restriction and conclude that
Tl** P/P// TQ**
=0 < H > *

for X large enough. Hence we may remove the

)
27TTL16/‘1 27”11(/]11

which we can rearrange using (43) as
17" =T5" 4+ O(N).
If we set T':= 17,

X%

vi(t) =~ (t) + Lil o log nl(/)(lJ , and

e T T T
gi(t) =e*(t) + ’Tlogt - L’Tlogm&lJ ,

then we obtain all the required claims except for (57). But observe that the

previous argument in fact showed that the first derivative of y!T vanished at

all integer points of I, and thus vanished identically thanks to Lagrange

1 We remark that it is this need for @ to be bigger than X that puts a limit on the range
of H where one could possibly prove Theorem 1.3 using the strategy of this paper. Since
P" < H®, we must have H > (logz)? for any fixed A. It turns out that there are further
restrictions on the size of H in our proof, coming from the graph theory part of the proof,
where factors of ¢! appear, and also from the Vinogradov—Korobov zero-free region. For these
reasons, H actually needs to be at least exp((log X)°) for some ¢ > 1/2.
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interpolation; hence 7' is in fact an integer constant. The claim (57) now
follows from (64) since 4 is already 1-integral. O

We now follow the arguments in [26, §5| (starting after the proof of [26,
Cor. 5.2]). Let § > 0 be a sufficiently small quantity (depending on k,¢,7,6) to
be chosen later. We assume X (and hence H) to be sufficiently large depending
on ¢, and we allow implied constants to depend on §. Define a good quadruple
to be a tuple (I”,T, q,) satisfying all the following properties: We have that
I" € 7", T is a real number with

1
(66) 7] < SNH
q is a natural number with
(67) 1<qg< X0

and 7 is an element of Polygk(ﬁz — Z) for some collection P of primes in

[P"/2, P"] of cardinality > émy(P”) that do not divide g. Furhtermore we have
to have a decomposition

(68) Pp(t) = e(t) + % log t + (1)

for all t > 0, where ¢, = (I”,Pr»), and e: Rt — R is a smooth function
obeying the estimates

(69) €9 (@)] < S(H/P'P")

SeIR

for t € I" and 0 < j < k. Finally we also require that ¢ is the least natural
number for which v € Poly.,(¢Z — Z). We also require that g be the least
natural number for which v € Poly ., (qZ — 7).

We will shortly show that Proﬁosition 3.7 yields a lot of pairs of “compat-
ible” good quadruples.

Each interval I” is only associated with a small number of essentially
distinct good quadruples. Indeed, we have

PROPOSITION 3.9. Let I" € I”, let K be a sufficiently large natural num-
ber depending on §, and let (I”,T5,q;,7;),7 = 1,..., K be a collection of good
quadruples associated to the interval I". Then there exist 1 < j < j' < K with
the following properties:

(i) ¢ = g5
(ii) 75 = v mod Z. (Here we view Z C Poly,(R — R) as the group of
constant integer functions).
(iii) T; =Ty + O(N).

(Recall that we allow implied constants to depend on §.)
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Proof. We modify the proof of [26, Prop. 5.3]. For j = 1,..., K, let
P; denote the set of primes in [P”/2, P"] associated to the good quadruple
(I",Tj,q5,7;)- Then

Z Z 1 plep; > K(S?TQ(P”)
P///2 P// ] 1
and hence by the prime number theorem, we have that

K

Z lyrep; > K9
j=1
for > dmo(P”) primes p” € [P"”/2, P"]. For K large in terms of d, we can then
find 7,5/ € {1,..., K} such that P := P; N P; contains >s mo(P") primes
/! E [P///27 P//].
From (68), we have for all j =1,..., K that

T.
Pp/(t) = Ej(t) + ﬁ logt + ’Yj(t)

for all ¢ > 0, where ¢/, = (I”,P") and £;: R — R is smooth with sg.l) (1) <
(H/P'P")~! for all t € I" and 0 <[ < k. Taking first derivatives, we see that
the function

(70) D)+ 52 + (1)

is independent of j. We now specialize ¢ to an integer point ny» of I”. From

Lemma 2.1, we have 7;(nj) € %Z Thus we have

) T., ! DI
T +O(PP> dHP

2w 2w H k k!

for all 4,5 € {1,...,K}. Both sides of this equation are of polynomial size,

while the modulus ;]?UL is far larger than this thanks to (25). We may thus

k LI
i q]-/ k!
remove the modulus and conclude that

L o _ Ty +O(P/PH>.
27T7’L[ll 27T’I’LI// H

Hence by (43),
Ty = T; + O(N),

giving the conclusion (iii). If we now return to the independence of (70) in j,
we conclude that

350~ =0 (2F)
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for all t € I”. By the Bernstein inequality (27), we can thus obtain the bound

ESYVANL
'y](-l)(nj) - ’Y](»f)(m) =0 ((P; ) )

for all 1 <[ < k. On the other hand, from Lemma 2.1 the left-hand side lies
in E,%Z. Using (25) as before, we conclude that
g

Wng) =) =0

i
for 1 <1 < k. Hence by Taylor expansion, 7; and ;. differ by a constant, which
must lie in Z since v;, v, € Poly<..(¢;q;:Z — 7). This gives the conclusion (ii).
Finally, since ¢; is the minimal natural number for which v; €Poly «1.(¢;Z—7Z),
and ~;,7; differ by an integer shift, we conclude (i). - O

From this and the greedy algorithm, we conclude the following analogue
of [26, Cor. 5.4]:

COROLLARY 3.10. For each I" € I", there exists a set F(I") of triples
(T',q,7") of cardinality
#F(I") < 1
such that for any good quadruple (I",T,q,~), there exist a real number T' and
a vy =~ mod Z such that (T',q,~') € F(I") and

T =T +O(N).

Henceforth we fix the finite sets F(I”). Now we can obtain many pairs of
compatible good quadruples:

PROPOSITION 3.11. For > Nmo(P')? pairs (I, 1)) € (Z")?, there exist
T17T27Q7 V1,72 with (1—‘27Q7’Y’L) € ]:(Iz//) fOT 1= 172 and

(71) Ty = Ty + O(N).

Furthermore, for each such pair, there exist primes py,ph € [P’,2P'] coprime

to q such that I} lies within 100557 of %Iﬁ’ with

(72) Y1(p3) = v2(py-) mod Poly 1 (Z — Z).

Proof. This will be a modification of the arguments used to establish |26,
Prop. 5.5]. From Propositions 3.7 and 3.8, we can find a collection Q' of quadru-
ples e = (I7, I}, py, py) in Q of cardinality > Nmy(P’)?, such that to each such
quadruple e there exists T, 1, €2,71, V2, @ obeying the conclusions of Proposi-
tion 3.8 (for some quadruple @, which will play no further role in the arguments).
In particular, each e € Q' generates a pair of good quadruples (17,71, q1,71),
(15, T3, q2,72) for some 71 € Poly<y(q1Z — Z), 72 € Poly<;(qaZ — Z) obeying
(71), (72). By Corollary 3.10 we may adjust these good quadruples so that
(T3, gi,vi) € F(I!') for i =1,2.
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At present it is possible that p/ divides ¢; for some 4,5 = 1,2. But as
noted in 26, Prop. 5.5], for each g;, there are only at most O(1) such p} that
can do this. By the bounded cardinality of the F(I/'), the total number of
quadruples e = (I{, I}, p}, p5) that generate such a situation is O(Nmo(P’)),
which is negligible compared to the cardinality of @'. Thus by refining Q' we
may assume that p), p, do not divide ¢; or ga.

We now claim that g1 and ¢s are equal. By the definition of a good
quadruple, ~; lies in Poly.,.(¢1Z — Z); by (72) this implies that ~, lies in
Poly <. (p5q1Z — Z). On the other hand, go is the minimal natural number for
which v2 lies in Poly ., (g2Z — 7Z); by Lemma 2.2, this implies that go divides
pha1, and similarly ¢; divides p/go. Since p}, pb do not divide g1, ga, We obtain
q1 = g2, and the claim follows. O

As in [26, §5|, on the space Z of triples (T,q,7v) with T € R, ¢ > 1,
v € Poly(qZ — 7Z) we define the metric

1 1
d((T1,q1,7m), (T2, q2,72)) = C(&N’Tl — Tl + 1gq, + ﬁlvﬁéw

with some sufficiently small constant ¢(d) > 0. Proposition 3.11 provides one
with a collection S of sextuples (I7, I, (T1,q1,71), (T, g2,72), P}, py) of cardi-
nality > Nmo(P’)? such that

1
< —.
— 10
Applying the mixing lemma in |26, Cor. 5.2], we conclude that there exist a
triple (7o, go,70) € Z and a collection T of quadruples (I"”, T, q,~) with I" € Z”,
(Ta q, ’Y) € ‘F(I/,)v and d((Tv q, ’y)a (TOa QOKYO)) < % such that

#T > N

and such that there are > Nd sextuples (I{, 15, (T1,q¢',71), (T2, ¢, v2), P}, Ph)
such that (I”,T;,¢',v) € T and p), p), distinct primes in [P/, 2P'] with I{ lying
within 100% of %Ié’ (so in particular I ~ %IQ’), with pf, p}, coprime to ¢/,

d((T1,q1,7m), (12, g2,72))

and obeying the properties (71) and (72).
In particular, if (I”,T,q,7v) € T, then ¢ = qp and

(73) T =Ty+ O(N).
From this and (66) we conclude, in particular, that
(74) Ty < NFL,

At present our upper bound (67) on ¢ = qo is quite large (and significantly
worse than in [26]). Nevertheless, we can improve the bound on gy after first
establishing the following variant of [26, Lemma 2.6|:
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LEMMA 3.12. Let m,f € N and P', N >3 be such that (P')*"' > N. Let
q > 1. Then the number of 2¢-tuples (P .- Py P 1s---,Dyy) Of primes in
[P’,2P'] not dividing q obeying the condition

¢ ¢
(P
i=1 i=1

and
¢

¢
[ =T[),)™ mod q
j=1 J=1

for some C > 1 is bounded by

dt [ me@ 1
“een N olg) TogN )

where w(q) denotes the number of prime factors of q.

Proof. This follows the same Dirichlet character argument used to prove |26,
Lemma 2.6], with the one main difference being that the indicator 1,—,, is
replaced by 1ym—,,. This latter condition is attained for at most m®(@ charac-
ters x with period ¢, explaining the additional factor of m®(@ here compared
with |26, Lemma 2.6]. O

We now have
PROPOSITION 3.13. Let qp be as above. Then qy < 1.

Proof. This will be a modification of the proof of |26, Prop. 5.6, using
Lemma 3.12 in place of [26, Lemma 2.6|. Let ¢ be the first even natural number
such that d* > N%*¢. Arguing as in the proof of [26, Prop. 5.6], we can find
> d* tuples

(Qo--- Q1) €T*
such that if we write Q; = (I}, T}, g0,7;) for j = 0,..., ¢ (with the convention
Q¢ = Qo), then for each j = 0,...,£— 1, there exist primes p} 1, p} 5 € [P, 2]
such that
5 (Pj27) = vj+1(P}1-) mod Poly (Z — Z)

/

I .

p?’g I ]H+1 From the first claim we have
i1

7—1 -1
o7 (H p2,1> B2
i=0 i=j

and such that I J’-’ ~

(-1

J
= Yj+1 (th) H Pio | - | mod Poly\(Z — Z)
i=0

i=j+1
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for  =0,...,£— 1, which by transitivity implies that

-1 —1
(75) 0 ((H p;g) > =0 ((H pal) ) mod Poly_(Z — Z).
=0 =

Similarly, we have that ] ~ H} ﬂif 2]}/, which implies that

=0 Fi,1

/-1 /-1

HP§,2 - Hp;',l

i=0 i=0
Now we analyze the condition (75). We write the polynomial g as

k
a

t)y=Y ™,
)=, -

m=0

where b, are natural numbers and each a,, is an integer coprime to b,,. Clearly
Yo € Polycy(b1---brZ — Z), and hence qo < by---by. In particular, there

exists 1 < m < k such that b,, > ql/k. From (75) and Lemma 2.1, and
extracting the t™ coefficient, we see that

-1 m a -1 m a 1
/ mo_ / m
<E}Pi,2> E = (g%;) E mod EZ

0—1 m -1 m b
/ _ / m
(L) = (o) oot 2y

By Lemma 3.12 (and bounding m(<§ < q~1/2, say), we conclude that the total

and hence

number of tuples of primes (p} ,p} 5)o<i<e is at most

d€<—1/2k 1 )
<<N o +logX '

Since there are < N choices for the interval Iy, and I} and (p;’l,péz)ggd
determine the other I/, and since we have #F'(I]) < 1, we deduce that the
number of tuples (Qo,...,Qg,l) € 7' is in fact < d*(qq —L/2k + (log X)71).
Comparing with the lower bound we had for the number of these tuples, we
must have

—1/2k 1
o + log X
giving the claim. ([

Let (I",T,qo,7v) € T. Then from (36) one has

> 1,

> f(n)e(=Pr(n))| > [I"].

nel’
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Let H* == c% for a sufficiently small ¢ > 0. Then one has

S fn)e(~Pr(n H/ S° fm)e(—Puw(n)) da + O(H").

nel’” nez,z+H*|

Thus by the triangle inequality, we have (for ¢ small enough)

(76) /] Z f(n)e(=Pp(n))| do > |I"|H*.

n€zx,x+H*|
For n € [z, 4+ H*] N 7Z, we have from (68) that
T
PIN(TL) = E(n) + % logn + ’y(n),

from (69) we have
e(n) =e(z) + O(c),

while from (73) one has

— 1o log z 4+ O(c).

T To T
—logn = —logn +
27 27

The effect of the O(c) error to (76) is negligible if ¢ is small enough, and the
constant terms &(x), T;:‘) log x disappear once the absolute value signs in (76)
are applied. We conclude that

[ X s et dos 1

" n€x,z+H*|

The function e(—v(n)) is periodic modulo gy. Since gy = O(1), we can expand
e(y(n)) as a linear combination of O(1) functions of the form 1,,x(n/q1),
where ¢; divides g and x is a Dirichlet character of period gg/q;. We conclude
that there exists q1, x of this form such that

/ S T, (/)| do s |17,

n€lz,x+H*|

Since each I” is associated to O(1) quadruples in T, there are > X/H intervals
I"” € T” for which we have an estimate of this form. At present gi, x can depend
on I but there are only O(1) choices for these quantities, so by the pigeonhole
principle we may make ¢1, x independent of I”, while still retaining > X/H
intervals. Summing in these intervals, we conclude that

4X/P'P" ‘ X
/ > fnT 1 X(n/q)| do> H*.

P/P//
X/AP'P" | ]
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Arguing exactly as in the final part of [26, §5] (namely, applying the complex-
valued version [25] of the main result from [23]), we conclude that

M(f;T,Q) <1

for some T' <« % and (Q < 1, and Theorem 1.3 follows.

4. Local correlation with nilsequences

4.1. The set-up. In this section we prove Theorem 1.5. Our argument shall
closely follow in large parts the proof of Theorem 1.3, except that the space
® of local polynomial phases will be replaced by a different family ¥ of local
nilsequences, and significantly more effort needs to be expended to “solve” the
approximate dilation invariance “equations.”

Recall that a degree k filtered nilmanifold G /T is a quotient space G/T,
where

e (7 is a connected, simply connected Lie group equipped with a filtration
Ge = (Gi)i>0 of closed connected subgroups G;, with Go = G; = G, G; D
Git for all i, G; = {1} for i > k, and [G;,G;] C Giyj for 4,5 > 0. (In
particular, note that this implies that G is nilpotent).

e [ is a discrete subgroup of GG such that the subgroups I'; := G; N I" are
cocompact subgroups of G; for each i, so that the quotient spaces G;/I'; are
all compact.

Let G be a connected, simply connected nilpotent Lie group. Then G is
isomorphic to a matrix Lie group (a Lie group consisting of invertible n x n
complex matrices for some n); see, e.g., |20, Prop. 16.2.6]. Thus for the follow-
ing discussion, we may assume without loss of generality that G is a matrix Lie
group. The Lie algebra of GG, defined as the tangent space of G at the identity,
will be denoted log G. The matrix exponential map exp: log G — G is then a
diffeomorphism (see, e.g., [20, Cor. 11.2.7]), and hence we have a well-defined
logarithm map log: G — log G inverting this map; similarly, we have the dif-
feomorphism log: G; — log GG;, where log G; is the Lie algebra of G;. We define
exponentiation g’ for any g € G and t € R by the familiar formula

(77) g' = exp(tlogg)

so, in particular, log(g?) = tlogg. We place an arbitrary Euclidean metric on
the vector space log G, and we allow implied constants to depend on G and
this metric. If g € G and X > 0, we then write g = O(X) as shorthand for
|logg| = O(X). We also place an arbitrary smooth metric d on G/T". (For
instance, one could take the Carnot—Carathéodory metric associated to the
metric on log G, although it is not essential here that we do so.) We define the
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Lipschitz norm of a function F': G/T' — C to be

1Pl = sup [F(a)|+ sup T =L
z€G/T z,yeG /Tty d(1:7 y)
and call a function F' Lipschitz continuous if its Lipschitz norm is finite.

The presence of the logarithm here may seem strange to those accustomed
to more “abelian” analysis, but for nilpotent groups (written multiplicatively),
one should view log, exp, and (g,t) — g¢* as polynomial maps, as the following
example illustrates:

Ezample 4.1 (Heisenberg group). Take G to be the Heisenberg group G =

g
(é”f%),with filtration Go = Gy = G, Gy = (6?%),%(1 G = {(6?8 }for
001 001 001

all i > 2. Then log G = (§”§§) and
0 = =z 1 =z 2+ %
exp|l 0 0 y|]=(01 Y ,
0 00 0 0 1
and hence
1 z =z 0 z z—%
log{ 0 1 y|]=10 0 Y
0 0 1 0 0 0
for any z,y, z € R. In particular we have
1 =z =z ! 1 tx tz+ @xy
01 y|] =(0 1 ty
0 0 1 0 0 1
for any z,y, 2,t € R, and (é E z,?) = O(X) if and only if 2,9,z — F = O(X).
From the identity logg~! = —log g we see that if g = O(X), then g~! =

O(X). Similarly, from the Baker-Campbell-Hausdorff formula (175), (176)
we see that log(gh) is a polynomial function of logg,logh (with degree and
coefficients O(1)), and hence if g, h = O(X) then gh = O(X°W),

We define Poly(R — G) to be the space of all maps g: R — G of the form

k
g(t) = exp (Z Xiti> :
=0

where X; € logG; for ¢ = 0,...,k. From the Baker-Campbell-Hausdorff for-
mula (175), (176), (179) we see that Poly(R — G) is a group with respect to
multiplication. For any § > 0, we define Poly(6Z — G) to be the set of all
maps ¢: 6Z — G such that

8h1 . 'ahig(t) e G;
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for all @ > 0 and hi,...,h;,t € §Z, where Opg(t) = g(t + h)g(t)™1. We
similarly define Poly(dZ — I") by replacing G; with I'; in the above definition;
equivalently, Poly(6Z — I') consists of those elements of Poly(dZ — G) that
take values in I'. We refer to elements of Poly(R — G) and Poly(dZ — G) as
polynomial maps. We have the following basic fact:

LEMMA 4.2. Let § > 0. Then every element g of Poly(R — G) restricts to
an element g of Poly(0Z — G); conversely, every element g of Poly(0Z — G)
has a unique extension to an element g of Poly(R — G). Finally, Poly(6Z — T)
forms a group.

Proof. See Appendix B. O

In view of this lemma we shall abuse notation by identifying Poly (6Z — G)
with Poly(R — G) and viewing each of the Poly(dZ — T') as subgroups of
Poly(R — G). We will refer to polynomial maps in Poly(6Z — T') as being
%-mtegml.

Applying the inverse conjecture for the Gowers norms as in [35, §4]|, [15,
§C| we see that Theorem 1.5 follows from (and is, in fact, equivalent to) the
following claim:

THEOREM 4.3 (Non-pretentious multiplicative functions do not correlate
with nilsequences on short intervals on average). Let k > 0 be a non-negative
integer, and let 0 < 6 < 1. Let G/T be a degree k filtered nilmanifold, and let
F: G/T' — C be a Lipschitz function. Suppose that f: N — C is a multiplicative
1-bounded function, and suppose that X > 1, X0 < H < X% andn > 0 are
such that

2X
[ s | smFn)| de> .
X g€Poly(R—G) nelzr,z+H]

Then one has
(78) M(f;CXH /R Q) L0, 7,G)T 1
for some C,Q <y 0.7,a/7 1.

We note that in order to prove Theorem 1.5 it suffices to prove Theorem 4.3
with F' fixed since by Arzela—Ascoli, the family of Lipschitz functions F' on
G/T of bounded norm is precompact in the uniform topology, and moreover
we can modify F' in the uniform norm by anything less than 7/10, say, without
significantly affecting the assumption of Theorem 4.3 (i.e., changing > nHX
to > nHX/2, say). As a result we can restrict to a finite set of F’s and thus
to a fixed F' by pigeonholing.

As in the previous section, at present it is only the values of g on Z that are
relevant, but once one begins exploiting the dilation structure of R it becomes
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convenient to view g as a polynomial map on all of R and not just on Z. As
remarked in the introduction, in [18] a variant of this estimate was established
in which the supremum in g was placed outside the integral, and in which H
was allowed to grow in X arbitrarily slowly rather than at a polynomial rate;
see also [6] for an earlier partial result in this direction.

We prove Theorem 4.3 by induction on the dimension dim(G/T") = dim(G)
of the nilmanifold G/T" (keeping k fixed). When dim(G/T") = 0, the function
F(g(n)T') is constant, and the claim corresponds to the k& = 0 case of Theo-
rem 1.3, which in turn essentially followed from the result in [25]. Hence we
assume inductively that dim(G/T") > 1, and that the claim has already been
proven for all G of smaller dimension. We now fix k,n, 60, F,G/I" and allow
implied constants to depend on these quantities. Thus we have

2X
(79) / sup Z F(n)F(g(n)D)| dz>> HX,

X g€Poly(R—QG) né(z,z+H]
and our objective is to show that
M(f;CXMHM Q) < 1

for some C, @ = O(1). We may normalize F' to be bounded in magnitude by 1,
so that the sequences n + F(g(n)T') are 1-bounded. As in the previous section,
we also introduce a small parameter € > 0 that can depend on k,n,0, F,G/T,
and we allow implied constants to also depend on € unless otherwise specified.

4.2. Initial reductions. We first make a minor but convenient reduction,
namely that we restrict to the case when f is completely multiplicative rather
than merely multiplicative (cf. [34, Prop. 10]). If we let f; be the completely
multiplicative function that equals f at each prime p, then we can write f
as a Dirichlet convolution f(n) = Zgil Lapn f1(5)h(d) for some multiplicative
function h with h(p) = 0 and |h(p’)| < 2 for all j > 2. (In fact, h(p?) =
f@) — f()f(pP"~1).) From (79) and the triangle inequality, we thus have

2x .
Z“L |/ sup Z 1d\nf1(3)F(g(n)F) dr > HX.

g€Poly(R—G) nelz,at+H]

From Euler products we see that Y 2 dé/??' < 1 (say), so by the pigeonhole

principle there exists d > 1 such that

2X
n.—

/ sup Z 1d|nf1(E)F(g(n)F) de > d23HX.

X 9€Py(R=G) |z at H]
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The left-hand side can be trivially bounded by O(d~'HX), hence d = O(1).
Making the change of variables n = dn’ and = dx’, we then have

2X/d -
/ sup S AM)F(gldn)D)| do s> (H/d)(X/d).
X/d g€Poly(R—G) n'€l’ o' +H/d)

Note that if ¢ lies in Poly(R — G), then the dilation g(d-) does also. Applying
Theorem 4.3 for the completely multiplicative function f; (adjusting 6 slightly
to retain the hypothesis X¢ < H < lee)’ we conclude that

M(fi: C(X/d)*/(H/D)*, Q) < 1,

and the claim follows.

It remains to establish the claim for completely multiplicative f. Assume
for contradiction that this claim is false. Then we can find a sequence X =
X, > 1 of real numbers and a sequence f = f, of 1-bounded completely
multiplicative functions, such that (79) holds uniformly in n, but such that

(80) M(f; CX"1/H1,Q) = oo

as n — oo for any fixed Q,C, where H = H, lies in the interval [X9, X179].
Among other things, this implies that X — oo as n — oco. We now restrict
attention to n sufficiently large, so that X can be made larger than any fixed
constant. Henceforth we suppress the dependence of X, H, f on n. We refer to
a quantity as fized if it is independent of n, and we use the asymptotic notation
Y = o(Z) to denote the claim |Y| < ¢(n)Z for some quantity ¢(n) that may
depend on fixed quantities, but goes to zero as n — co. From the induction
hypothesis, we conclude that

2X T T
[ s S ) FGD)| de = o(Hx)
X gePoly(R—G) |ne[z,z+H]

whenever G / [ is a fixed degree k filtered nilmanifold of dimension strictly less
than that of G/T', and F : G/T" — C is a fixed Lipschitz function. More
generally, for any fixed Dirichlet character y, we see from (80) and enlarging
Q that

M(fx; CX*/HR, Q) — oo

for any fixed C', and hence

2X —= ~
[ s | Y @G de=ofHX),
X GePoly(R—QG) n€lz,z+H]
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By multiplicative Fourier expansion we thus have

2X — ~
(81) / sip | S )l moa oF@D)| di = o(HX)
X  gePoly(R—G) n€lz,z-+H)

for any fixed natural number ¢ and any fixed a coprime to ¢. Because f
is completely multiplicative, we also see that the same claim is true when a
shares a common factor d with ¢, after rescaling X, H, x,n by d as before (and
expressing sum over the shrunken interval [z/d,z/d + H/d] as an average of
sums over intervals of length (X/H)?/?2, plus negligible error).

Among other things, this allows us to eliminate “major arc” cases of (79).
Define a rational subgroup of G to be a closed subgroup G of G for which GNT
is cocompact in G.

PROPOSITION 4.4 (Major arc case). Assume that f satisfies (80). Let G
be a fized connected rational subgroup of G, and suppose that G is a proper
subgroup in the sense that dlm(G) < dim(G) (or equivalently,'® G # G). We
endow G with the filtration G; = G; N G induced from G. Let q be a fized

natural number, and let E be a fized compact subset of G. Then

2X
[ sw | X f0FEamnen)| d = ofX)
X eelk
GePoly(R—@) M€z +H]
~y€Poly(¢qZ—T)

Proof. Since F'is a Lipschitz function and E is compact, it suffices to verify
the theorem for a single choice of €. Next, we claim that the quotient space
Poly(¢gZ — T')/Poly(Z — T') is finite. Indeed, from Taylor expansion we see
that if v € Poly(¢Z — T), then «(Z) takes values in the group I generated
by the roots {fyl/qk : v € T} of I'. As noted at the end of Appendix B, T'
has finite index in I, so there are only finitely many possibilities for the tuple
(7(0),...,7v(k)) modulo right multiplication by elements of T**1. As this tuple
uniquely determines the polynomial map -y, we conclude that there are only
finitely many possibilities for v modulo right multiplication by elements of
Poly(Z — T), giving the claim.

Since the quantity F'(g(n)vy(n)I') is unaffected if one multiplies v on the
right by an element of Poly(Z — T'), we see that we may restrict v without
loss of generality to a set of coset representatives of the finite quotient space
Poly(¢Z — T')/Poly(Z — T'). Thus, by the triangle inequality, it suffices to
prove the claim for a single fixed choice of ~.

15This is because G # G is equivalent to log G being a proper subspace of log G.
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Fix 7. As T has finite index in I, there is a finite index subgroup I'y of
I that is normal in I”. (For instance, one can take I'y to be the kernel of the
left-action of T" on the finite space T'/T".)

The sequence n +— 7(n)lx is then a polynomial map from Z to the finite
group I/T', (it is the composition of v € Poly(Z — TI) with the quotient
homomorphism 7 from IV to I'"/T'., where we equip I''/T', with the filtration
7(I'})) and is hence periodic of some fixed period @Q; this implies that n +— ~v(n)I'
depends only on the residue class n mod @. By the triangle inequality, it now
suffices to show that

2X
6 [ sw | Y f00lma e @F (G000 | do = o(ITX)
X  GePoly(R—G) n€lz,x+H]

for any fixed a and any fixed 79 € I".

Since G NT is cocompact in G, so is G NT,. As I, is normalized by 0,
this implies that -y, 1@70 NI’y is cocompact in 7y 1@'70 so, in particular, the
group fyo_léfyo is rational. If we let F : 70_1@70/(70_16‘70 NT.) — C be the
function

F(v5'g7l.) = F(gyl),

then F is Lipschitz, and the left-hand side of (82) can be rewritten (after
conjugating g by o) as

2X _
/ sup S F0)laca mod @F @) d.

X gePoly(R—75'G10) |nelz,a+H]

Here of course we give 761@70 the filtration (761@70)i = Valéﬂo and note
that composition with the Lie group isomorphism g — v, Lgv0 gives an isomor-
phism between Poly(R — G) and Poly(R — 5 Go). Since the dimension of
the nilmanifold v5'Gvo/(75 *Gro N Ty) is strictly less than that of G/T, the
claim now follows from (81). O

We now eliminate some components of F' that arise from lower-dimensional
nilmanifolds.'® Suppose that there is a non-trivial normal rational connected
closed subgroup N of G. Then inside the Hilbert space L?(G/T') of square-
integrable functions on G/I' (with respect to the Haar probability measure
pcyr) there is the closed subspace L*(G/T)N of functions that are invariant
with respect to the left-action of IV; from normality this space is also preserved
by the left-action of G.

1The need for dealing with these arises from the large sieve for nilsequences that we
present as Proposition 4.11.
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PROPOSITION 4.5 (Invariant case). Assume that f satisfies (80). If N is a
fized non-trivial normal connected rational subgroup of G, and Fn € L*(G/T)N
1s a fized Lipschitz continuous function, then

2X
[ s | FN(gn)| de = o(HX).
X  g€ePoly(R—G) nelz,z+H)

Proof. Let m: G — G/N be the quotient map from G to G/N. As N
is normal, closed, and connected, G/N is also a nilpotent connected, simply
connected!” Lie group, with a degree k filtration (G/N); == m(G;). Because I
is discrete and cocompact in G and N NI is discrete and cocompact in N, we
see that 7(I') = I'/(N NT) is discrete and cocompact in 7(G) = G/N. Thus
m(G)/7(T) is a degree k filtered nilmanifold, whose dimension dim(G)—dim(V)
is strictly less than that of G/I. Then we can write Fy = F o 7 for some
F:7(G)/n() = C with 7: G/T — 7(G)/n (") being the obvious projection;
this function Fy can be seen to also be Lipschitz continuous by working in
local coordinates. Since 7o g € Poly(R — 7(G)) whenever g € Poly(R — G),
the claim now follows from (81). O

We let F' + E(F|N) denote the orthogonal projection from L?(G/T) to
L?(G/T)¥; it can be described explicitly as

E(FIN)D) = [ Flgo) duxyven (@
N/(NAT)
for almost every g € G, where we view N/(N NT') as a subset of G/I" in the
natural fashion. One can check (using the normality of N and the unique-
ness of the Haar probability measure pin/(nnr)) that this gives a well-defined
self-adjoint projection from L?(G/T') to L?(G/T)", and so must indeed agree
with the orthogonal projection to the latter space. It is also clear from this
definition that if F' is Lipschitz continuous, then so is E(F|N). In particular,
from Proposition 4.5 one can remove the component E(F|N) from F while
making a negligible impact to (79). In our arguments we would like to perform
this maneuver not for a single NV, but for a large (but fixed) finite collection of
such N. To do this we need the following observation:

LEMMA 4.6 (Composition of projections). Let N1, Ny be two normal con-
nected rational subgroups of G. Then N1Ns is also a normal connected rational
subgroup, and

E(E(F|N1)|N2) = E(F|N1N2)

Indeed, from the Baker—Campbell-Hausdorff formula the space G /N is homeomorphic
to the vector space log G/log N.
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for all F € L*(G/T). In particular (since NyNo = NyNy), the projections
F — E(F|N1) and F — E(F|N2) commute with each other.

Proof. Tt is clear that N1 Nj is a normal connected subgroup of G. Because
Ny NT is cocompact in N1 and Ny NI is cocompact in Na, and Nj is normal,
(N1 NT)(NoNT) is cocompact!® in N1 Na, so NNy is rational. The function

F — E(E(F|N1)|N2) = (F = E(F|N1)) + (E(F|N1) — E(E(F[N1)|N2))
is orthogonal to L?(G/T")™ N L2(G/T)N2 = L?*(G/T)MN2. The function
E(E(F|N1)|N2)

is clearly Ns-invariant, and can also be seen to be Nj-invariant using the nor-
mality of No. Thus E(E(F|N7)|Ng) lies in L2(G/T)N1N2 | and is thus the or-
thogonal projection of F' to this space. The claim follows. ([

Given any fixed finite collection Ny, ..., Ny of non-trivial normal connected
rational subgroups Ny, ..., Ny of G, let Iy, : L*(G/T') — (L*(G/T')i)* denote
the complementary orthogonal projection to L?(G/I")"i, thus

HNJ-F =F - E(F|NJ)

From the above lemma, the II N, all commute with each other. Let Iy, N, =
Iy, - - -II, denote the composition of these projections. Then one can express
F —1IlIy, .. n,F as a finite sum of Lipschitz functions, each of which lies in one
of the L?(G/T")Ni. From Proposition 4.5 and the triangle inequality, we thus
have

2X
(83) / sup S F0)(F = Tx, o F)(g(n)T)| do = o(HX)
X g€Poly(R—G) nelz,aotH]
as n — oQ.
We can also use Theorem 1.3, proven in the previous section, to obtain

PROPOSITION 4.7. Let the hypotheses be as in Theorem 4.3, but assume
that f satisfies (80). Then G is not abelian.

Proof. Suppose for contradiction that G was abelian. Then G/I" is a con-
nected abelian Lie group and is therefore a torus. (This follows, for instance,
from Pontryagin duality.) One can approximate F' uniformly by finite linear
combinations of characters e(§), where £: G/T' — R/Z are continuous homo-
morphisms. By the triangle inequality (and passing to a subsequence of X if

8Indeed, we have N; = K;(N1NT') and N2 = K»(NoNT) for some compact K, Ko, hence
N1N2 = N1K2(N2 ﬂF) = KQNl(NgﬂF) = K2K1(N1 ﬂF)(Ng ﬂF), glVlng the cocompactness.
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necessary), we may thus find £ such that

2X
/ sub > fm)e(=&(g(n)D))| da > HX.
X ge€Poly(R—G) nelzat H]

But from Taylor expansion we see that ¢ — &(g(¢)T') is of the form ¢ —
P(t) mod Z for some P € Poly (R — R), and Theorem 1.3 supplies the
required contradiction. O

4.3. Studying the structure of local nilsequences. Now we start following
the arguments of the previous section. Define a local nilsequence to be a pair
¢ = (I,g), where I is an interval and g € Poly(R — G). We let ¥ be the
collection of all local nilsequences ¢ = (I, g), and we let Uy be the collection
of local nilsequences (I, g) with a fixed choice of I. One should view (I, g) as
an abstraction of the function ¢ — F(g(¢)I') on I. For any ¢ = (I,g) € ¥ and
f: R — C, we define the correlation

M@:;Zﬂwwwm

nel
where F': G/T' — C is understood to be a fixed Lipschitz function, with G/I"
a fixed filtered nilmanifold. As before we have the dilation action

it (s 1)

for any (I,g9) € ¥ and A > 0. The family ¥ will play the role of the family
® from the preceding section (which can be viewed as the special case when
G/T' = R/Z with the filtration G; = R for j < k and G; = {0} for j > k, and
F(z) = e(z)). From (79) we have

2X
/ sup  |(f.6)] dr> X

X ¢€lll[z,z+H]

and hence by repeating the proof of |26, Lemma 2.1] as in the previous section,
we can find a large (X, H)-family of intervals Z, such that for each I € Z, one
can find ¢; € ¥y such that [(f, o) > 1.

For subsequent analysis we will need to somehow import the decay esti-
mates in Proposition 4.4 and (83) into this context. This is achieved via the
following application of Markov’s inequality. Call a (X, H)-family of intervals
small if it has cardinality o(X/H).

PROPOSITION 4.8 (Local decay outside of exceptional set). Assume that
f satisfies (80). Let 1 < P < X% and let T' be a (X/P, H/P)-family of
intervals. Then there exists a small exceptional subset £ of ' such that the
following properties hold uniformly for all I € T'\E:
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(i) (Magjor arc estimate) If G is a fived connected closed proper rational sub-
group of G, E is a fixred compact subset of G, and q is a fixed natural
number, then

wp  sup | fm)F(ean)r ()| de = ofH/P).
c€E _ I'Ch001 £
gePoly(R—G)
~y€Poly(¢Z—T)

where I' ranges over all intervals contained in 5001 .
(i1) (Invariant estimate) For any fized finite collection N1, ..., Ny of non-trivial
normal connected rational subgroups N1,..., Ny of G, one has

sup sup | Y f(n)(F =Ty, 5, F)(g(n)T)| = o(H/P).
g€Poly(R—G) I'C5001 |, £ =% 1

Proof. We begin with (i). We will shortly establish that

(84) > swp sup | Y f(n)F(eg(n)y(n)T)| = o(X/P)
7z €€Bg(lr)  I'C5001 | =7
GEPoly(R—Q)
~vEPoly(qZ—T)

for each fixed G,q,r, where B&(1,7) denotes the ball of radius r centred at
the identity in G, and the decay rate in the o(X) right-hand side may depend
on G,q. Assuming this bound for the moment, we can perform the following
“diagonalization” argument. There are only countably many rational subgroups
G of G (because log G can be described as a subspace of log G cut out by
equations with rational coefficients). Enumerate the countable set of triples
(G’,q,r) with 7 a natural number as (él, qi, ;). For each i, we see from (84),
the triangle inequality, and Markov’s inequality that we can find an exceptional
set & C T of cardinality at most %%, and a threshold x;, such that

_ 1
> s swp | f)F(ea(n)y(n)T)| < ~H/P
=i €€Bg(Lr;) I'C5001 | 2T t
" GePoly(R—G})

~v€Poly(q;Z—T)

whenever x > x; and I € Z\&;. By increasing the x; as necessary we may
assume that x;41 > x; for all i. If we now set £ = &;,, where i, is the largest
natural number for which x > x;_, then £ is well defined for sufficiently large z,
and the claim (i) follows (since any compact set F is a subset of some ball

Ba(1,1)).
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It remains to verify (84). Set H* := (X/P)?/%2. Then we can use the
triangle inequality to write

S foFEamn ) < 7 [ |3 ) Feamnmn)| o)

nel’ n€lz,x+H*|

and thus (since the intervals 5007 in Z' have bounded overlap in [X/2P,4X/P))
we can bound the left-hand side of (84) by

| AX/P -
Hx /X 2P Sk Y. f)F(eg(n)y(n)D)| dx + o(X/P).
€ *
/ §€Poly(R~>é) n€z,o+H*]
~vEPoly(qZ—T)

The claim now follows from Proposition 4.4 (which is also valid if one replaces
X by a quantity comparable to X/P).

The claim (ii) is proven similarly (using (83) in place of Proposition 4.4),
noting that there are only countably many rational closed connected subgroups
N of G (since such groups are determined by their intersection N NI" with T,
which is a finitely generated subgroup of the countable group I'), and hence
only countably many finite tuples (Ny, ..., Np). O

Thus, for instance, using this proposition (with P = 1 and 7’ = 7), we
could now delete a small set of intervals from Z and assume without loss of
generality that the conclusions of this proposition hold for all I € Z. As it
turns out, however, it will be more useful to apply this proposition to a different
family Z’ of intervals than Z, as we shall shortly see.

As in the preceding section, the next step is to relate the various ¢; to
each other. We need a variant of Definition 3.1. If I is an interval, we say that
a polynomial map ¢ € Poly(R — G) is smooth on I if ¢(t) = O(1) for all ¢ € I.
Taking logarithms and applying (28) to the polynomial map loge: R — log G,
this implies, in particular, that ]%log e(t)| < [I]77 (t)IO(l) for all j > 0 and
t € R. In particular, ¢ is also smooth on any interval I’ ~ I that is comparable
to I. Also observe from the Baker—-Campbell-Hausdorff formula (176) that if
€1,&2 are both smooth on I, then so are 51_1 and e€1e9 (with slightly different
implied constants).

Definition 4.9 (Comparability of nilsequences). For two local nil-sequences
o=(1,9),¢ = (I',g") € ¥ and a scaling factor § > 0, we define the relation

¢ ~5 ¢
to hold if I ~ I, and we have the relation

g(t) = e(t)g'(t)7(#)
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for all t € R, where ¢, € Poly(R — G) are polynomials obeying the following
axioms:

(i) (e smooth) € is smooth on I.
(ii) (v is %-integral) v € Poly(6Z — T).

We have the following analogue of Proposition 3.2:

PROPOSITION 4.10 (Basic properties of ~s). Let 6 >0, and let ¢, ¢', ¢" € V.

(i) (Equivalence relation) We have ¢ ~s ¢, and if ¢ ~5 ¢, then ¢/ ~5 ¢.
Finally, if ¢ ~5 ¢’ and ¢’ ~s ¢", then ¢ ~s ¢", where we allow the implied
constants in the latter relations to depend on the implied constants in the
former relations.

(ii) (Dilation invariance) If ¢ ~s ¢’ and X > 0, then Aud ~x5 M@’

(iv) (Sparsification) If ¢ ~s ¢, then ¢ ~i5 ¢ for any natural number [.

Proof. These are immediate from Definition 4.9, together with the previous
observation that a polynomial map that is smooth on I is also smooth on I’
for any I’ ~ I, and the observation that the product of two polynomial maps
smooth on [ is also smooth on 1. [l

Now we have the analogue of Proposition 3.3:

PROPOSITION 4.11 (Large sieve). Let I be an interval of some length |I|>1,
and let f: Z — C be a function bounded in magnitude by 1. Suppose that for

eachi=1,...,K, there are an interval I; ~ I and a local nilsequence ¢; € ¥,
such that
(85) [(fs @i > 1.
Then at least one of the following claims hold:
(i) K < 1.

(ii) There exist 1 <i < j < K such that ¢; ~1 ¢;.

(iii) (Correlation with major arc nilsequence) There are a connected closed
proper rational subgroup G of G (drawn from a fized finite collection of
such subgroups) and a natural number q (drawn from a fized finite collec-
tion of such numbers) and a compact subset E of G (again drawn from a
fized finite collection) such that

sup sup f(n)F(eg(n)y(n)l)| dx > |I|.
c€E _ I'C5001 | *=7,
gePoly(R—G)
~v€Poly(¢Z—T)
iv orrelation with invariant nilsequence ere is a tuple (N1,...,Ny) o
i Correlati ith 4 ' 1 Th ; le (N N,

non-trivial normal connected rational subgroups Ni,...,Ny of G (drawn
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from a fized finite collection of such subgroups) such that

sup sup | Y f(n)(F =Ty, .5 F)(g(n)D)| > |1].
g€Poly(R—G) I'C5001 | =7,

As one might expect, we will be able to use Proposition 4.8 to eliminate the
options (iii), (iv) from this proposition, after removing a small set of exceptional
intervals.

Proof. We let K be a sufficiently large fixed natural number (depending
on F,G/T), to be chosen later, and write ¢; = (I}, g;). We can assume that
K > K, since otherwise we are in case (i). We will initially just analyze the
first Ko local nilsequences ¢;, and return to the remaining ¢; later.

Let S: RT — RT be a sufficiently rapidly growing but fixed function
depending on F,G/I', K to be chosen later. The tuple § == (g1,...,9x,) can
be viewed as a polynomial map in the product group G*° (endowed with the
obvious filtration (GX0); == G]KO). The subgroup I'*0 is a discrete cocompact
lattice in G¥0. We may thus apply the quantitative factorization theorem
in [14, Th. 1.19], using the function S in place of the function M ~ M4, to
obtain a factorization

(86) g=¢q7,

where £, 7,7 € Poly(R — G%0) obey the following properties for some quantity
1< M <Lg,s 1:

(i) (Smoothness) One has |logé(t)] < M for all ¢t € I (and hence by (27),
| 4= log &(t)| < M|I|~ for all t € I and j > 0).

(i) (Equidistribution) ¢ takes values in some rational connected closed sub-
group G’ of GX0 which is M-rational (in the sense of [14, Definition 2.5], us-
ing some arbitrarily chosen Mal’cev basis on G0), and is totally 1/5(M)-

equidistributed in the sense that

1 -
< ——||F||ni

1 . . .
— Fg’nfl—/ Fduz =
5 L FG@ = [ F d

nepP

for any Lipschitz function F:G / I’ — C, and any arithmetic progression
P in I NZ of length at least %m, where IV := G’ N5 (and we endow
G' /T with the metric induced from (G/I')0).

(iii) (Rationality) 7(Z)I'50 takes values in the set {y['50 : 49 € TKo} for some
1 < ¢ < M, and the sequence n + 7(n)['5° is periodic on Z with period
at most M.
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Arguing as in the proof of [14, Cor. 1.20], this gives a summation formula of
the form

(87)
S
D=0\ o H ”Llp
> A= 4 [ P, iy o+ Ont ( 1
el Py xi@/yiFKO/FKO G y;FKO/FKO 0 S( )1/2

for any interval I’ C I, where the A; are positive quantities summing to O(|I]),
the x; are elements of GX° with logz; = Op(1), of magnitude Ops(1), and
the y; are elements of GKo with y! € T. (The argument proceeds by splitting
I' into Oy, (S(M)/?) arithmetic progressions of diameter Oy x, (%)
and spacing equal to the period of VFKO.) One could be more precise about
the values of A;, x;,1y; here, as well as provide upper bounds on the quantity s
but it will not be necessary for our argument to do so.

We write & = (e1,...,€K), § = (915, 9%,)s and 7 = (41, -+, VKo)-
We now divide into several cases, depending on the nature of G'. For each
1 <j < Ko, let m;: G¥o — G be the projection to the j factor of G. Then
Wj(é, ) is a closed connected rational subgroup of G. Suppose that there exists
j for which 7; is not surjective, so that Wj(é/ ) is a proper subgroup of G.
Because G’ is M-rational, it belongs to a fixed finite family of subgroups of

G0 and hence Wj(é’ ) also belongs to a fixed finite family of subgroups. From
(86), (85) we have

> fn) gj(n)y;(n)T)| > |1|

nel;

so, in particular, |I;| > |I|. Let o > 0 be a small quantity to be chosen later.
Then by covering I; by intervals I j’ of length o|I| and using the pigeonhole
principle, we can find one such interval I ]’ for which

> F()F(ej(n)gj(n)y;(m)D)| > ol1].

nel’
From property (i) and (26) we see that
F(ej(n)gj(n)y;(n)T) = F(ej(xr;)g;(n)y; (n)T) + O (o)

for n € I;. For o sufficiently small depending on M (but with o =)/ 1), we
can then neglect the error term and conclude that

> F)F(e(xr)gi(n)yi(m)D)| > ol1].

ne[’

Now we have conclusion (iii) of the proposition.
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Henceforth we assume that 7; is surjective for all 1 < j < K. For distinct
i,7 €{1,..., Ky}, consider the group

N;j = {mi(h) : h € G';7j(h) = 1}.

This is a normal connected closed rational subgroup of G; indeed one can check
that

log N; ; = {#i(h) : h € log G'; @j(h) = 0},

where 7;: log G¥0 — log G are the coordinate projections, and then the claims
are easily verified. Let IT be the projection on L?(G/TI') formed by composing
together the Ily, , for all distinct i,j € {1,..., Ko} for which N;; is not triv-
ial. Note that because G/ belongs to a fixed finite family of subgroups of G0,
N; j belongs to a fixed finite family of subgroups of G (depending on M, Kj).
Thus, if

> f)(F —TF)(g;(m)D)| > |1

nel;

for some i = 1,..., Ky, then we have conclusion (iv) of the proposition. Oth-
erwise, by (85) and the triangle inequality, we may assume that

> F()TIF(g:(n)T)| > |1]

nel;

for all ¢ = 1,..., Kg. We may now apply Cauchy—Schwarz as in the proof of
Proposition 3.3 and conclude that

(58) S S| S R TG > K2

i=1 j=1 |nel;NI;

We now dispose of the diagonal terms by claiming that

(89) > IIF(g(m)D)? < 1]

nel;

for each i. A key point here is that the implied constant does not depend on
Ky, M. Here we have a technical difficulty because IIF is not well controlled in
L*>*(G/T") norm (one has a L bound of Ok, as(1) rather than O(1)); however
it is still bounded in L?(G/T) by 1 since II is an orthogonal projection, and it
also has a Lipschitz norm of O, a(1). Nevertheless, by applying formula (87),
one can write the left-hand side of (89) as

ol

1
IF o m;|* du_ A, 0O (7 I)
2;G'y,;TKo /T Ko Lo i HeejGry;rico rico T OM Ko 1]

S(M)1/2
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for some A;, x;,y; (which can depend on 7) with the properties listed after (87).
As m; is surjective, it pushes forward Haar measure to Haar measure by the
uniqueness properties of Haar measure, so the above estimate simplifies to

. 1
A; / ILLE? dpcr + Ok (m).
2 Jon / "ASQn

Since the L? norm of IIF is bounded by 1, and >i=1Aj = O(|I]), we obtain
the claim (89) if S is chosen to be sufficiently rapidly growing.

Using (89) to remove the diagonal terms from (88), we conclude (for K
large enough) that there exist distinct 4,5 € {1,..., Ko} such that

Y OF(gi(n)D)ILE(g;(n)T)| > |1].

nELL'ﬂI]‘

Applying (87), we can bound the left-hand side by
>
=1 z

for some Ay, z;,y; obeying the properties after (87); in particular, for S suffi-

F e B 1]
,Gy DKo /T Ko (ILE 0 mi) (L 0 705) dpty, Gy, prco jrsco + On kg <S(]\/f)

ciently rapidly growing, there exists [ such that
/xl@ylFKO/FKO (ILF" o ;) (ILF o ) d'ul'lé'ylFKO/FKO £ 0.

We can project the nilmanifold ;G350 /T50 down to (G/T')? using the pro-
jection map (m;, ;) to the i,j coordinates. The image of this nilmanifold is
then invariant under the left action of the normal group N;; x {1}. If N, ; is
non-trivial, then IIF" has mean zero along all orbits of NV; ; by construction, and
the above integral will vanish. Thus /V; ; must be trivial. A similar argument
shows that NV;; is trivial.

Now consider the subgroup

Gij = {(m(9),7;(9) : G € G'}
of G?; this is a closed connected rational subgroup of G2. By the preceding

discussion, the projections 71 : G; j — G, m2: G; j — G are both surjective and
injective. By the Goursat lemma, G ; then takes the form

(90) Gij ={(9,¢i(9)) : g € G}

for some group isomorphism ¢; j: G — G. As there are O, pm(1) = Og,,5(1)
possible choices for G’, there are Ok,,s(1) choices of ¢; ;. As G ; is rational,
the map ¢; ; (when expressed in the standard basis for log G) is a polynomial
map with rational coefficients, hence (by Baker-Campbell-Hausdorff) ¢; ;(I")
is covered by finitely many translates of I', and conversely; thus ¢; ;(I') must
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be commensurate with I', in the sense that ¢; ;(I') NI" has finite index in ¢; ;(I")
or I'. Since g takes values in G, we see from (90) that

g9; = 0i,i(97)
and thus by (86)
(91) 95 = €ijbi;(9i) Vi,

where
€ij = €iij(ei) !
and
Yij = bij(v) "
From the smoothness properties of €;,; we see that
log e, (t) <ko,n 1
for t € I, and hence (since M = O, s(1))
(92) log 8i,j(t) <Ko,S 1.

By rationality, the functions ¢; j(v;)I', 74" each map Z to {yI" : 44 € T'} for
some ¢ = Ok, m(1) = Ok,,s(1) and are also periodic with period Og, s(1),
which (as discussed at the end of Appendix B) implies that

(93) i ()L C {7l :? €T}

for some ¢ = Ok, s(1), and 7; ; is periodic with period Ok, s(1).

Call a pair (4, j) of distinct elements of {1,..., K} good if there is an iden-
tity of the form (91), where ¢; ; ranges over one of O, s(1) isomorphisms of G,
€i,j obeys (92) on I, and ~; ; obeys (93) for some g = Ok, s(1) and is periodic
with period Ok, s(1). By relabeling, we have shown that every Ky-element
subset of {1,..., K} contains a good pair (7,j). Averaging over all such sub-
sets, we conclude that there are >, K? good pairs. In particular, by the
pigeonhole principle, there exists i € {1,...,K} such that (¢,7) is good for
>k, K values of j. Note that there are only O, (1) possible values of ¢; ;
and of the coset ; ;Poly(Z — TI'). Thus, if K is large enough, we see from
the pigeonhole principle that there exist distinct 7, j" such that ¢; ; = ¢; ;7 and
7i,jPoly(Z — T') = ~; #Poly(Z — T'). From (91) we conclude that

9; = 5i,j5i_’j1/gj”}/i?;%,j
and hence by Definition 4.9
i ~1 Dy,
and the claim follows. O
Using this proposition as in the previous section (but now also using Propo-
sition 4.8 to eliminate the unwanted options (iii), (iv) from Proposition 4.11),
we obtain the following variant of Proposition 3.4.
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PROPOSITION 4.12 (Scaling down). Let 2 < P < Q < H < X, and

let f: N — C be a 1-bounded completely multiplicative function. Assume that

log Q
P’ log P

there exists a large (X, H)-family Z and a local nilsequence ¢; € W associated
to each interval I € T such that

are sufficiently large (depending on the parameters k,6,n). Suppose

holds for all I € Z. Then there exist P' € [P,Q/2], a large (%, g)-family 7,
and a local nilsequence ¢, € Wy associated to each I' € ', such that

|(f, &) > 1

for all I' € T'. Furthermore, for each I' € T', one can find > m(P’) pairs
(I,p'), where I € T and p' is a prime in [P',2P’], such that the rescaled interval
I%I lies within 38, of I', and such that

(94) <;,)* o1 ~1 O

Proof. Repeat the proof of [26, Prop. 3.1] down to the paragraph after (36).
Then one can find P’ € [P,Q/2], and a collection Zy of intervals in [0, 10X /P’
that are separated by distance at least 2H/P’, with the property that for
> %ﬂ'o(P/) pairs (I,p') with I € Z and p’ a prime in [P, 2P'], }%I lies within

3% of some interval I’ € T, and furthermore

(5(2) 0]

Note that each I’ is associated to at most O(my(P’)) such pairs. In particu-
lar, we have the freedom to remove a small set of intervals from Z’ without
significantly diminishing the set of pairs (I,p’) in the above claims.

From Proposition 4.11 and the greedy algorithm, we see that for each
I' € I, at least one of the following claims hold:

(i) There is a family ¢y 1,..., ¢k, € ¥ of functions with K = O(1) such

that whenever (I,p’) is one of the above pairs with Z%I within 3% of I,
one has
1
(7) o1 ~ b oK,
D/
for somei=1,...,Kp.

(ii) There are a connected closed proper rational subgroup Gof G (drawn from
a fixed finite collection of such subgroups) and a natural number ¢ (drawn
from a fixed finite collection of such numbers) and a compact subset E of
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G (again drawn from a fixed finite collection) such that

H
dr > —

f(n)F(eg(n)y(n)I) o

neJ

sup sup
c€E_ JC5001

GePoly(R—G)

yEPoly(qZ—T)

(iii) There is a tuple (IVy, ..., Ny) of non-trivial normal connected rational sub-
groups Ni,..., Ny of G (drawn from a fixed finite collection of such sub-
groups) such that

H
> =

sup sup o

g€Poly(R—G) JC500I”

f(n)(F — HNl,m,NzF)(g(n)F)
neJ

By Proposition 4.8, we can eliminate the options (ii), (iii) by removing a small
set of intervals from 7y, leaving only option (i). One can now continue the
proof of [26, Prop. 3.1] (making only the obvious changes) to conclude the
proposition. [l

We continue to follow the line of argument from the previous section. We

will need an analogue of Lemma 2.2 for nilsequences:
LEMMA 4.13 (Bezout identity). Let a,b be coprime natural numbers, and
let A\ > 0. Then
A A
Poly | =Z — T" ) - Poly EZ —I') =Poly(\Z — T)
a

and
A A A
Poly| -Z —-T ) NPoly| -Z -1 ) =Poly| —=Z —T).
a b ab
Proof. See Appendix C. O

As a consequence, we can now establish the analogue of Proposition 3.5
for nilsequences (though with a slightly weaker version of part (ii)):

PROPOSITION 4.14 (Chinese remainder theorem). Let I be an interval of
some length |I| > 1, and let P be a finite collection of primes.

(i) Suppose that ¢ € W, and for each p € P, suppose that there exists ¢, € ¥
such that

d)p ~1 ¢
Then there exists ¢’ € Uy such that

(bp ~1 Cb,
P
for all p € P, and furthermore (f,¢) = (f,¢') for all f: Z — C.
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(i) Suppose that ¢ € Uy and ¢’ € ¥ are such that
¢ r~1 ¢’
for allp € P, and suppose |I| is sufficiently large (depending on the implied
constants in the ~1 notation). Then there is a subset P’ of P with #P’ >
#P such that
¢ ~ 1

/
7 ¢

Proof. See Appendix C (]

One can now conclude an analog of Proposition 3.6:

PROPOSITION 4.15 (Building a family of related local nilsequences). Let
the hypotheses be as in Theorem 4.3. Let € > 0 be sufficiently small depending
on k,0,n, and suppose that X is sufficiently large depending on 0,7n,¢,k. Then
there exist P',P" € [X52/2,X5], a large (%,%)—f@mﬂy I", and a local
nilsequence ¢, € W for each I" € I" such that (36) holds for all I" € T";
also, each I" € T obeys the conclusions (i), (i) of Proposition 4.8 (with P =
P'P"). Furthermore, there exists a collection Q of > 7T0(P/)2% quadruples
(17, I3, py, phy) with Iy, 1Y distinct intervals in " and p', ply distinct primes in
[P',2P'], such that I} lies within 50 5157 of %Ié’ (so, in particular, I ~ %Ié’),
and such that (37) holds for a large set of primes p” in [P" /2, P"].

Proof. One repeats the proof of Proposition 3.6 verbatim, using Propo-
sitions 4.10, 4.12, 4.14 in place of Propositions 3.2, 3.4, and 3.5. To ensure
the conclusions (i), (ii) of Proposition 4.8, one simply removes the exceptional
set produced by that proposition, which has only a negligible impact on the

cardinality of Q. O
For the rest of this section, we introduce the quantities
X
N =#T" =< —
# H
and
d:= ™0 (P/)2

as in the previous section. We now establish an analog of Proposition 3.7:

PROPOSITION 4.16 (Local structure of ¢”). Let the hypotheses be as in
Theorem 4.3, and let ¢, X, P, P/"T,” ¢, be as in Proposition 4.15. Let {1, (s
be bounded even integers obeying (44). We allow implied constants to depend
on e,01,03. Then, for a subset Q" of the quadruples e = (I7, I}, p},ph) in Q of
cardinality > dN , one can find a collection A, of quadruples @ = (a1, a2, b1, b2)
of natural numbers of cardinality < d“+% /N?, and a large collection Pea of
primes in [P"/2, P"] associated to each @ € A, obeying the properties (i), (ii),
(iii) of Proposition 3.7. In particular, the implied constants in (45) do not
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depend on (1, 0y, and the implied constants in (48) may depend on ¢; but do not
depend on l3_;.

Proof. One repeats the proof of Proposition 3.7, using Propositions 4.10,
4.15, and 4.14 in place of Propositions 3.2, 3.6, and 3.5. Note that Proposi-
tion 4.14(ii) will force us to refine the set of primes Ppy j» somewhat, but it
will still remain large. O

In the previous section, the values of ¢1, ¢y were not of particular signifi-
cance. In this section it will be convenient to choose ¢ to be significantly larger
than ¢o, because we will need to work with many quadruples simultaneously.

4.4. Solving the approximate dilation invariance. The next step is to solve
the approximate dilation invariance equation (48) for a given quadruple e.
In the previous section, we were able to obtain a satisfactory description of
the solutions just by using a single choice of @ = (a1,b1,a2,b2) € A.; see
Proposition 3.8. Here, however, the situation will be more complicated, because
for each @, there can be some unwanted “exotic” solutions /1/2' to (48) that do not

pretend to behave like a character ¢*7, and which therefore cannot be treated
using the results from [23], [25]. For instance, consider the situation in which

(95) By = (It > 770

for some v = 74,5, € I' of polynomial size v = X9 and some polynomial

P(t) that is a partial Taylor expansion of the analytic function ¢ log}z%

around the midpoint zy of I7. If the filtration G; is defined suitably, ¢ — AP
will be a polynomial map. On the other hand, since

log(aqt) log(by t)
f}/log(a1/b1) = fylog(al/fn)f}/7

one can verify that the approximate dilation invariance (48) will be obeyed for
i = 1if P(t) is a sufficiently long partial Taylor expansion of ¢ — bg}‘;%. f
v is a central element of G, the local nilsequence (95) will then “pretend” to
be like /T for some T depending on ~ and log(a1/b1), but if y is not central,
then one would not expect this to be the case in general. As a consequence,
merely having (48) for a single tuple @ will be insufficient for our arguments.
However, as we shall see, if the approximate dilation invariance (48) holds for
a very “dense” collection of ratios aq /b1, then one cannot have a representation
such as (95) for all of these a; /by simultaneously unless the bases v involved are
essentially central, or if lfli’ can be modeled by a lower-dimensional nilsequence.
Actually the first case is contained in the second thanks to Proposition 4.7, so
we will be able to proceed via Proposition 4.4.

We now begin the formal arguments. The first step is to decouple the “con-
tinuous” (or “Archimedean”) aspects of equation (48) (associated to the smooth
polynomial maps € in Definition 4.9 and the dilation structure in (48)) from the
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“rational” (or “non-Archimedean”) aspects (associated to the rational maps 7 in
Definition 4.9). It will be possible to do this thanks to the exponentially large
size of the modulus [] Pe g occurring in (48), which enable a sort of “Lefschetz
principle” to pass to the continuous setting. To describe this more precisely we
need some more notation. As in the previous section, a quantity a (which could
be a number or an element of G or log G) is said to be of polynomial size if
a = 0(X9%W). We similarly say that a map g € Poly(R — G) is of polynomial
size if the coefficients g, . .., gr of the Taylor expansion

g(t) = gogfi) = -g,@

of g around the origin are all of polynomial size. Observe from many applica-
tions of the Baker-Campbell-Hausdorff formula (Appendix B) that a polyno-
mial map g € Poly(R — G) is of polynomial size if and only if the polynomial
map logg: R — log G has all coefficients of its Taylor expansion around the
origin of polynomial size. In particular (from a further application of Baker—
Campbell-Hausdorff), if g, h € Poly(R — G) are of polynomial size, then so are
g~! and gh (though with different implied constants in the O() notation); also
one has ¢(t) of polynomial size whenever g, ¢ are. Next, for any modulus @ > 0,
we say that a map v € Poly(R — G) is Q-rational if v € Poly(%Z — T') for
some natural number ¢ of polynomial size. From Lemma 4.13 (and a rescaling
by q) we see that if y,7" € Poly(R — G are Q-rational, then so are y~! and v/,
again with different implied constants in the O() notation. The key fact that
allows us to decouple is the following “transversality” between the collection of
maps of polynomial size and the collection of maps that are extremely rational:

LEMMA 4.17 (Transversality). Let P be a large set of primes in [P" /2, P"].
Suppose g € Poly(R — G) is both of polynomial size and Q-rational, where QQ =
[IP. Then g is equal to a constant g(t) =~ for some vy € I' of polynomial size.

Proof. The group element g(0) lies in I' and is of polynomial size. By
dividing this out we may assume g(0) = 1. We first prove the claim for abelian
groups G. Since g in a map in Poly(%Z — I'), we have

o(3) =20 ()

=0

ke,
o= 3 (1)

1=0

with a; € Z, so that

Since ¢ is polynomial size, we conclude that [%]k %ak must be of polynomial

size; as ¢ is also of polynomial size, we therefore have

ap = O(Xo(l)Q_k).
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On the other hand, as P is a large set of primes in [P”/2, P”], we have from

(25) that
Q > exp(X=/?)

(say). Since ap € Z, we conclude that ar = 0. Proceeding by induction we
obtain that a; = 0 for all 7 > 0.

Note that if g € Poly(R — G) is of polynomial size, then g = ¢g[G, G| €

t t
Poly(R — G/[G,G]) is also of polynomial size, since if g(t) = gogl(l) . -glg’“),
t t

then g(t) = gogl(l) i .g,g’@), where g; = ¢;|G, G]. Consider g now as a polynomial
map in Poly(%Z — I'/[T', T]), then by Lemma B.2 we have the Taylor expansion

3(&e) =40

where 7; = ~;[I",T']. By the claim for abelian groups, we have for each i > 1
that 7; = 1, so that v; € [[',I']. The claim now follows by induction on the
derived sequence. O

Using this lemma, we obtain the following:

PROPOSITION 4.18 (Splitting). Let the notation and hypotheses be as in
Proposition 4.16, and assume €1 > 3. Let e = (I7, I}, p|,ph) € Q and a =
(a1,b1,a2,b2) in Ae, and write ¢ = (I, grr) for i = 1,2 and some gy €
Poly(R — G). Then we may factor

(96) 917 = e diVe,,i

fori=1,2, where g.z,; € Poly(R — G) is of polynomial size (with exponents
that can depend on l, but are independent of £1) and e g is [| Pea-rational.
Furthermore, we have the approximate dilation invariance

~ a; ~
(97) Jedi (;) = €iJe,ai i
i
for some v; = 7 ca € T’ of polynomial size, and some €; = ¢; . 57 € Poly(R — G)
that is smooth on Il'. In a similar vein we have
(98) Jea1 () = €'Geaa(p))
for some et = 51’5 € Poly(R — G) that is smooth on ilz’l’, and

(99) Vet (D) = Yea2(P1)!

for some T = 'YZ,a' € Poly(H%e’aZ —T).

The fact that the polynomial size bounds for g.z; depend only on the
smaller exponent ¢ rather than the larger one ¢; will be crucial in our subse-
quent analysis.
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Proof. Let i = 1,2, and set Q := [[ Pe,g. From (48) and Definition 4.9 one
has

(100) gry(air) = 5grr (bi')s,

where v/ is Q-rational and € is smooth on a%_[{’ . Applying (28) to the polyno-
mial loge; we conclude that €} is of polynomial size (with exponents that do
not depend on ¢1, ¢3). We now claim inductively for every j = 1,...,k+1 that
we can factor

(101) 911" = Ye,di,j9e,d,ij Ve,dyirj o
where g z;; € Poly(R — G) is of polynomial size (with exponents that may
depend on ¢; but not on f3_;), Vea.; € Poly(R — G) is Q-rational, and
Geaij € Poly(R — G;) takes values in Gj; setting j = k + 1 then gives the
desired claim (96) for i = 2 at least; for i« = 1, we will have the issue that the
exponents depend on ¢1 rather than £5, but we will return to fix this issue later.
The inductive claim is trivial for j = 1 (set gc g1 = gry with ge 7415 Ve,d,i,1
trivial); now suppose that the claim has been established for some 1 < j < k.
In this argument all exponents are allowed to depend on ¢; but not on f3_;.
Then from (100) we see that

9e,diri (@it) = €59e,d,i,5(bi*)V;
for some ¢ of polynomial size and @Q-rational v;. (We suppress the dependence
of these maps on e, @, for brevity.) Quotienting by G; we see that 5;1 and ;
agree modulo G, and hence by Lemma 4.17 applied to G/G; are both equal
modulo G; to a constant v € I' of polynomial size. Thus we have

Geqij(air) =&y  geaij(bi)VA;

for some £; of polynomial size taking values in G, and @)-rational 7; taking
values in G;. In the abelian group G;/Gj4+1, we thus have the identity

Gedij(@i') = Eje,ij(bi-)y; mod Gjp1.
On taking logarithms and working in the abelian Lie algebra log G;/log Gj+1

(noting from Appendix B that the logarithm map is a homomorphism from
Gj/Gjt1 to logGj/log Gj41), we have from (180) that

108 ge i, (i) = log €j 4+ 10g ge .. (bi-) +log¥; mod log Gjt1.

For d = 0,...,7, we may differentiate d times at 0 and rearrange to conclude
that

(af = b)(log ge.2.1,5)(0) = (log &)V (0) + (log 7;)'? (0) mod log Gjy1.
As €; is of polynomial size, we have

(log ;) (0) = O(X°W).
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Similarly, as 7; is @-rational, (log’yj)(d)(O) mod log Gj11 takes values in
%log I'; mod logGj41 for some positive integer ¢ of polynomial size. Since

af — bf is also a positive integer of polynomial size, we conclude that
(108 ge..i,5) Y (0) = O(XOW) + Z’Yd mod log Gj+1

for some 4 € I'; and positive integer ¢4 of polynomial size. By Taylor expansion
(and clearing denominators with the g4), we may then write

log ge @.; = log g;f + log ’y]’-‘ mod log Gj41,

where g7 € Poly(R — Gj) is of polynomial size and v; € Poly(R — Gj)
is Q-rational. Exponentiating (noting that G;/G,1 is abelian), we conclude
that

Ye,dij = g;ge,a',i,jﬂ’ﬁ
for some gc g j+1 € Poly(R — Gj41). Inserting this into (101) we close the
induction and establish (96) (with the above caveat regarding the exponents

depending on ¢; rather than /s).
From (45) we have

g1 (Py) = ' gry(pr-)y'

for some £ € Poly(R — G) smooth on I%I{’, and some ' € Poly(%Z — T);
2

in particular, 4 is Q-rational with exponents that do not depend on ¢; or fs.
Combining this with (96) and rearranging, we see that

Geaa (1) HEN T e (Ph) = Yeaa (@) e an (ph) 7t
The left-hand side is of polynomial size and the right-hand side is @-rational.
Here the exponents depend on both £, /5; since ¢1 > {5, we can view these
exponents as depending on ¢; only. Applying Lemma 4.17, both sides are
equal to a constant 7 € T" of polynomial size (with exponents depending on
! (and .z on the left by v),
we can assume that v = 1, without significantly worsening any of the claimed

(1, 02). By multiplying ge 1 on the right by v~

properties of these objects, thus we may assume without loss of generality that
~v = 1. Once one makes this normalization, one obtains the factorizations
(98), (99). Furthermore, since the right-hand side of (98) is of polynomial size
with exponents depending only on £5, the left-hand side is also. Hence we have
now resolved the previously mentioned caveat in (96) in that the exponents for
the polynomial size nature of g, z1 were depending on /; rather than /5.
Inserting (96) back into (100) and rearranging, we conclude that

Jeai(bir) (€7 (1) Geai(ait) = Yeas(bit)V} (), 5.4 (ait)-
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As the left-hand side is of polynomial size and the right-hand side is Q)-rational,
we conclude from Lemma 4.17 that both sides are equal to a constant v; € '
of polynomial size. This rearranges to give

Ge,ai(ait) = &7 (t)Je,aq:(bit)vi,

and therefore the claim (97) follows from reparametrizing ¢ and defining ;(t)
= 62‘(&#). U

At this point we encounter a minor technical complication due to the fact
that the factors ge g4, Ve,a,i generated by the above proposition depend on @ so,
in particular, as one varies a;, b; the polynomial map g. z; appearing in relations
such as (97) also varies. Fortunately, using some arguments of a graph theoretic
nature, and taking advantage of the ability to make the two parameters ¢1, fo
differ significantly from each other, we can eliminate this dependence:

PROPOSITION 4.19 (Approximate dilation invariance for a dense set of
dilations). Let e = (I{,I3,py,py) € Q', and let grr, g1y € Poly(R — G) be
the maps associated to ¢y, dry. Assume that {1 is sufficiently large depending
on la. Then there are a large set Pe of primes in [P" /2, P"] and a factorization

(102) g1 = Ge,iVei
for each i = 1,2, where ge; € Poly(R — G) is of polynomial size and ~ye; is
[ Pe-rational. One has the relation
(103) ge,l(pé') = 5T§e,2(p1')
or some 7 € Poly(R — G) that is smooth on +-I!, and one has the relation
p 1
2

(104) Ye1(Ph') = Ve (D))

for some vt € Poly(ﬁZ — T'). (In all these cases we permit the exponents to
depend on both £y and l3.) Furthermore,

(i) There exists a measurable subset Q. of the interval [14 &, 1+ €1 for some
fized constant C > 0 of measure > 1/N, such that for each o € Q., one
has the approximate dilation invariance

(105) ge,l (04) = Eage,lf}/a

for some v, € T' of polynomial size, and some e, € Poly(R — G) that is
smooth on I} .

(ii) We have ge,1(zp) = O(1).

Proof. We first observe that we may drop the conclusion (ii) as follows.
Suppose we have already obtained all the conclusions of the proposition other
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than (ii). Then ge1(zy) is already of polynomial size. Since G/I is compact,
we may write
ge,l(l'[i’) = 0(1)7

for some v € I' of polynomial size. If we then multiply g1 on the right by
~~1, multiply Ye,1 and v on the left by ~, and replace the lattice element 7,
appearing in (105) by 77,7~ !, we thus see that we may recover the claimed
property (ii), without significantly impacting any of the other claims.

Henceforth we focus on establishing the remaining conclusions of the propo-
sition. For i = 1,2, let V; denote the set of ratios Z—: of coprime positive integers
a;, b; that are products of ¢; primes in [P’,2P'] with

By [26, Lemma 2.6], V; has cardinality O(d“/N). From Proposition 4.16, we
see that for any e € Q', the set
ayp ag

E. = {<b1 b2> (a1, b1, a2, b2) € Ae}

is a subset of V} x V5 of cardinality > d“ 72 /N2, thus #V; =< d% /N and #E, =
(#V1)(#V2). We view E. as a dense bipartite graph on Vi, V5. Each edge

S ey aon s . . . o
a= (H’ E) in E, is associated to a large set of primes Pe g := P (a;.b;,a2,b2) I

[P"/2, P"]. In particular,
N #Peq > (FV)(#Va)mo(P”),
acke
which we rearrange as
Z Z #{v1 € Vit (v1,02) € Ee;p” € Pe,uy.00)}
p”E[P"/Q,P”} vaEVa
> mo(P")(#V1)(#V2).
By Cauchy—Schwarz, this implies that
Y D #Hor eV (v1,02) € Besp” € Peuy )Y
p”G[P”/Q,P”] vaEVo
> mo(P")(#V1)* (#Va),
which we rearrange as
Z Z #(Pe,(vl,vg) N fPe,(vi,vz)) > WO(P”)(#V&)Z(#%)
(v1,02)€Ee v] €V1:(v],v2)EE,
Hence by the pigeonhole principle there exists (v1,v2) € E. for which
Z #(Pe,(vl,vg) N Pe,(v’l,vg)) > WO(PH)#VL

v1€Vh:(v],v2)EE.
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which implies that
#(Pe,(vl,vz) N ,Pe,(vi,vg)) > WO(P”)

and (v}, vq) € E, for all v} in a subset V, of V; of cardinality > #V; > d‘1/N.
Set Pe = Pe(v,00)- From Proposition 4.18 applied to the quadruple
(v1,v2), we obtain factorizations

(106) g1 = Je,iVe,i

for i = 1,2, where gei = Je (v,,00),i € Poly(R — G) is of polynomial size and
Veyi = Ve,(vi,v2),i 18 || Pe-rational, obeying

(107) Gea(Py) = €'Ge2(p1”)

for some ef = ¢! ) € Poly(R — G) that is smooth on é]{’. For any v} € Vg,

6,('!11,’1)2
we also have a factorization

(108) gry = ge,(vﬂ,vg)Jer,(vi,vg),h

where ge (vf ,),1 18 of polynomial size and e (4 v,),1 18 [ [ Pe, (v} )-Tational, and

(109) ge,(v’l,vg),l(vll‘) = 81}1.@6,(1}3,1}2),1%}{

for some &,; smooth on I and Y, € I' of polynomial size. From (106) and
(108), we have

~—1~ _ -1
gealgev(v/hUQ)vl - 76’1767(1117’02),1'

The left-hand side is of polynomial size and the right-hand side is [](Pe, (v, vy) N
7367(Ui7v2))—rational. By Lemma 4.17, both sides are then equal to a constant
7, €I of polynomial size, and thus

1

= *
Ge,(v)w2),1 = 967171;1'

We conclude from (109) that

?]e,l (vll) = 51}’1 ge,lﬁv’l

for all t € R, where 7,/ := 7:1 Vo, ('y:i)_l is an element of I' of polynomial size.

This gives the bound (105) for all « in the discrete set V.. This is not yet what
we need because V. has measure zero. However we can use the hypothesis
that ¢, is large compared to £5 to remove the discretization as follows. Recall
from Proposition 4.18 that g. 1 is of polynomial size, with exponents depending
only on the smaller parameter #» and not on the larger parameter 1. As a
consequence, if (105) holds for some real number v = 1 4+ O(4;), then one can
perturb o by at most d—¢1/10 (say) and still retain (105) with only a negligible
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change in all the implied constants. Hence we have (105) for all o € Q,, where
. is the d_gl/lo—neighborhood of V.. We have

/ Z 1[a—d_el/10,a+d_£1/10](5) d/B = 2d—£1/10#‘/€ > d9é1/10/N'
Qe pev,

To obtain the desired lower bound of > 1/N on the measure of €2, it suffices
to establish the pointwise bound

Z l[afd*@1/107a+d—£1/1o} (ﬁ) < d951/10
acV,

for any f =14 O(1/N). The left-hand side can be written as
#aeV,:|a—p| <d /19,

This in turn can be bounded by the number of pairs (a,b) € S? with 7=
B+ O(d~/19) where S is the collection of products of ¢ primes in [P, 2P"].
This can then be bounded by

a0 [7 rsen .

where

Ft) = #(SN[(1 = Crd 10, (14 Crd~"/1)))

for some absolute constant C; > 0. By Cauchy—Schwarz, the previous expres-
sion may be bounded by

d€1/10 /OO f(t)Qﬂ,
0 t

which is in turn bounded by the number of pairs (a,b) € S? with =1+
O(d=%/19). Applying [26, Lemma 2.6], this quantity is O(d%/1), and the
claim follows. 0

Now that we have established an approximate dilation invariance (105)

for a large set of dilation parameters «, we can begin solving this equation
effectively. The first step is as follows.

PROPOSITION 4.20. Let e, 1], ge1,Qe, Vo be as in Proposition 4.19. Then
for any a € Q., we have the estimate

105(1/111/ )
(110) Gea(t) = O(1)ya *°

for real t with <t>1{/ < 1. As a consequence, for any a, o’ € Q., we have

log o

(111) vE = 0(1)7a
for all s = 0O(1).
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Proof. From iterating (105) we see that for any fixed natural number n
and any « € {2, we have

ge,l(anxli’) = O(l)geJ(%Ii’)ﬁyZ?
which we rearrange as
(112) e (exp(nlog a)zry)y,™ = O(1).

The left-hand side is a (matrix-valued) exponential polynomial in n, with the
exponents in the exponentials being bounded multiples of loga and thus of
size O(1/N). Applying Lemma 2.3 to each component of this matrix-valued
function, we conclude that (112) holds for all real n = O(1). Rearranging
using the fact that loga < %, we conclude the estimate (110). Applying this
estimate twice we conclude that

Je1 (€18 z ) = O(1)78
and
- 1 ! SIIOga/
e (€” % ) = O(1)ya "

for a, o’ € Q. and s = O(1), giving (111). O

Now we give some satisfactory control on g. 1, which roughly speaking

log(t/z ) for some T that is either

asserts that g.1 “pretends to be like” ¢t — T
nearly central, or nearly contained in a proper subgroup of G. Following [14],
we define a horizontal character to be a continuous additive homomorphism
1 : G — R/Z that annihilates I'; its derivative dn : log G — R at the identity

is then a linear functional on log G, and is related to n by the formula

(113) n(g) = dn(log g) mod Z,

as can be seen by starting with the formula n(g) = nn(exp(L log g)) and taking
limits as n — oco. In particular, n is the descent of the homomorphism dnolog :
G — R to R/Z.

Example 4.21. Let G be the Heisenberg group from Example 4.1, and let
I" be the lattice

Then every horizontal character n: G — R/Z takes the form

= azr + by mod 1

o = 8
— e W

1
n 0
0
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for some integers a, b, and the corresponding map dn: log G — R is given by

0
dn 0 = ax + by.
0

[
o W

PROPOSITION 4.22 (Description of ge1). Let e,ge,I] be as in Proposi-
tion 4.19.

en there exists 1' =1, € G of polynomaal size such that the map
1) Then th ists T =T, € G [ jal st h that th
(114) t s log (ge,l(t)T‘ log(t/ ””fi'))

is bounded by O(1) and has a Lipschitz norm of O(|I}|~1) whenever )1y
< 1.

(2) There is a non-trivial horizontal character n = n. : G — R/Z such that
dn :log G — R has operator norm O(1), and such that

(115) dn(log T) = O(N).

Proof. Let €, and v, be as in Proposition 4.19. Let ag be an arbitrary
element of 2., and let T' € G be the quantity

1
T

Since 7, is of polynomial size and ag—1 =< -+, we see that T is also of polynomial

size. From (110) one has

(116) Jea() = O()T*#)

whenever (t);y < 1. In particular, after substituting u := Nlog(t/xyy), the
function

u — log (gal(e“/NQ:If)T*“/N)

is bounded for v = O(1). By the Baker-Campbell-Hausdorff formula (see
Appendix B), this map is an exponential polynomial involving O(1) terms with
exponents of order O(1/N). (Note that the quantity 7-*/~ = exp(—ulog T/N)
is actually a polynomial in u, rather than an exponential polynomial, due to the
nilpotent nature of G.) Applying Lemma 2.3, we conclude that this map has
a Lipschitz constant of O(1). Undoing the substitution, we obtain the claims
regarding (114).
Applying (110) again and combining with (116), we see that

1 = oS
for all @ € Q. and s = O(1). If we then write

Ja = Tloga70717
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then g, =T7"%% mod I' and g, =0(1). Furthermore, for any s=0(1) we have

T$ log ag Tfslogoz _ T(s+1)loga,)/71Tfsloga
fel = e

=01 (0 )) ™
=0(1),

and thus

T'go T~ =0(1)
for all « € ¢ and t = O(%) Taking logarithms and applying the Lie algebra
identity (178), we may rewrite this as

(117) etadios T 1og g, = O(1)

for all t = O(%;) and a € Q..

Let Cy > 0 be a sufficiently large fixed quantity to be chosen later. Suppose
first that %adlogT has operator norm less than Cy. The map ad : X — adx is
a fixed linear map from log G to the space End(log G) of linear endomorphisms
of log G, and its kernel is log Z(G), where Z(G) is the center of G. The image of
+ log T under this map has size O(Cp), hence 3 log T lies at a distance O(Cj)
from log Z(G). On the other hand, from Proposition 4.7, log Z(G) is a proper
normal subalgebra of the Lie algebra log G; using Mal’cev bases (for the defini-
tion, see Appendix B) it can also be seen to be rational. By lifting a non-trivial
horizontal character of G/Z(G) (which can be in turn obtained by lifting a non-
trivial character from the horizontal torus formed by quotienting out G/Z(G)
by both I'Z(G)/Z(G) and the commutator group [G/Z(G),G/Z(G)]), we may
thus find a fixed non-trivial horizontal character n that annihilates log Z(G)
and such that dn has operator norm O(1), so that (115) holds, in which case
we are done.

Henceforth we may assume that %adlog;r has operator norm at least Cj.
As %adlogT is nilpotent, we conclude (on finite Taylor expansion of the loga-

rithm map) that the linear map enadiosT g operator norm > Cf for some
constant ¢ > 0. From this and the singular value decomposition, we conclude
that the set

Q={zxelogG: enadiosTy — O(1)}

lies in the O(Cj “)-neighborhood of a hyperplane II in logG. From (117) we
conclude that for a € €., log g, lies within O(C|, “)-neighborhood of II. Since
we have g, = O(1) and g, = T'°8® mod T', we thus have

(118) T"8°T =g, € {wexp(W)T : k € G;h € I; 5 = O(Cy©); h = O(1)}.

Thus, for t = O(1/N) in a set of measure < 1/N, T'T is contained in the
O(C{ “)-neighborhood of the set

Y={exp(h):hell;h=0(1)}.
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Discretising this using the polynomial size of T', we conclude (for A > 0 a
large enough constant) that T'T" lies in the O(Cy¢) neighbourhood of ¥ for
> XA/N values of t = O(1/N) with t € X~4Z. If Cj is large enough, this
implies that the sequence n — T ~nD fails to be Cy C—equidistributed on the
interval [-CX4/N,CX4/N] N Z for some fixed C > 0, in the sense of [14,
Def. 1.2| (by testing this equidistribution hypothesis against a suitable cutoff
function adapted to the O(Cj “)-neighbourhood of ¥). Applying [14, Th. 1.16],
this implies that there is a non-trivial horizontal character n: G — R/Z with

dn having operator norm*’ O(Coo(l)), such that

In(TX ) — (X D) g < X AN
for n €[-CX4/N,CXA/N]NZ, which by (113) implies that
X Adn(logT) = O(X~*N) mod Z.

For A large enough, both sides here are less than 1/2 in magnitude, so we may
remove the mod Z constraint. The claim follows. U

Remark 4.23. Proposition 4.22(2) is the first place where the non-abelian
nature of G plays a role. Part (1) of Proposition 4.22 is valid for abelian groups
as well. However in part (2), if the group G is abelian, then we cannot find a
character n with the desired properties since the action of adjog 7 is trivial.

Having established satisfactory control on the “continuous” (or “Arch-
imedean”) component g1 on the factorization from Proposition 4.19, we now
need to control the “rational” (or “non-Archimedean”) component . ;, with the
ultimate aim being to establish an analogue of Proposition 3.13. We begin
with a variant of Corollary 3.10. We view I' as a subgroup of Poly(R — G), by
identifying each element ~ of I' with the constant polynomial map ¢ — . In
particular, we may form the quotient space I'\ Poly(R — G).

PROPOSITION 4.24. For each I" € I", there exists a set F(I") of elements
of the quotient space T'\Poly(R — G) of cardinality O(1) such that for any
quadruple e = (I{, 15, p},ph) € Q' and functions ve; as in Proposition 4.19,
one has

(119) [yei € F(I")

ifi=1,2 and I/ = I". Furthermore, each element in F(I") is 1-rational, that is

to say, it lies in T'\Poly(qZ — T') for some positive integer q of polynomial size.

19More precisely, [14, Th. 1.16] shows that 7, when expressed in Mal'cev coordinates, is

given by a linear functional with coefficients O(C’OO (1)), from which it is easy to verify that

dn is also a linear functional with coefficients O(COO(I)).
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Proof. We just prove the claim for ¢ = 1, as the ¢ = 2 case is similar,
and then we can obtain the joint case ¢ = 1,2 by taking the union of the two
sets F(I") thus produced. We let F(I”) be the collection of all cosets I'ye
whenever e = (I{, 1, p},ph) € Q with I = I"”. Since ~.; is Q-rational for
some natural number @), it is also 1-rational.

Clearly we have property (119) by definition for ¢ = 1. To complete the
proof of the proposition, we need to show that F(I”) has cardinality O(1).
Suppose for contradiction that F(I"”) has cardinality at least K for some large
fixed K to be chosen later. By construction, we can then find K quadruples
ej = (I”,Ié:j,pﬁ’j,p’27j) € @ for j =1,..., K and associated factorizations

(120) grr = er,l%j,l

for j=1,..., K, with g, 1 € Poly(R — G) of polynomial size and 7e; 1 [] Pe;-
rational for some large set P, of primes in [P”/2, P"], and such that the cosets
Iye; 1 are all distinct. As each P; is large, we have

K
> #Pe, > Kmo(P").

j=1
The left-hand side can be written as )~ c(pr /o pr) #{1 <j < K : p € P;}. By
Cauchy—Schwarz we then have

Y #{1<i<Kipe Py}’ > Kom(P").
pe[P///27P//]
The left-hand side may be written as
> #(P,NPe,).
1<5,)'<K

For K large enough, we may delete the diagonal contribution j = j” and then
use the pigeonhole principle to conclude that there exists 1 < j < 5/ < K for
which P, N Pej, is large. For this j, 5/, we use (120) to conclude that

1~ -1
gej“lge]-,l = ’Yej/,l’}’eﬁl.

The left-hand side is of polynomial size, and the right-hand side is [ (P, ﬂPej/ )-

rational. By Lemma 4.17, we conclude that 763-/717%}1 €, thus Ty, 1 = F%j/,b
contradicting the construction of the e;. The claim follows. ([

We can now establish an analogue of Proposition 3.13 that dramatically
improves the bound on q.

PROPOSITION 4.25. There exists a subset Q" of Q' of cardinality > dN ,
such that for each e € Q" and functions ~ye; as in Proposition 4.19, one has
Ye,1 € Poly(¢qZ — T') for some ¢ = O(1).
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Proof. Let gy be a sufficiently large fixed quantity to be chosen later. Sup-
pose for contradiction that the proposition fails. Then we can find a subset Q"
of @’ of cardinality at least %#Q’ > dN such that v, 1 & Poly(¢qZ — T') for any
1 <gq<gqoande=(I{,I},p),p,) € Q". By Proposition 4.24, T'y.1 € F(I{).
By randomly selecting one element F Iy from each F(I]') and using the proba-
bilistic method, we conclude that for at least one such choice of elements F’ e
there is a subset Q" of Q" of cardinality > dN such that

]-—")/e,i = FIZ(/
for all e = (17, I}, p,ph) € Q" and i = 1,2. In particular, we have
Fyy & T'\Poly(qZ — T)
whenever e = (I{, I, p},ph) € Q" and 1 < ¢ < qp.
Let ¢ be a bounded integer, large enough so that d > Nd'°. Viewing
Q" as a (directed) graph with vertex set Z” and applying the Blakley—Roy

inequality [2] (see also [30]) and Cauchy—Schwarz to count cycles of length 2¢
in this graph, we conclude that there exist > d?¢ 2¢-tuples

(121) (I} o<j<t—15i=12 € (z")*

with the property that for each 0<j </—1, there exist primes p, 1, p; 5,9} 3,0 4
€ [P’,2P’] such that

1" " " / / /1
(]17 ]27p]l sz) (j+1,17 j,27pj3’pj,4) €Q

for j=0,...,f—1, with the periodic convention Ié 1 =15, In particular, I”1 lies

within O(p757) of pj . ;’2, and similarly 17, ; lies within O(pf57) of pﬂ 4[”

Iterating this we conclude that If; lies within O(5%57) of Hﬁ éz] 4? 141

which implies that

(122) ja — b <« = (P)*,

N(

where
/-1
__ A/
a-= H PjaPj1
=0
and

/-1
L ;o
b= []#)sv)
=0

By the pigeonhole principle, we may find an Ij; € Z" that is associated to a
family 7 of tuples (121) of cardinality
(123) 4T > d*/N.

We now fix this interval Ig; and the family 7.
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Let ¢ be the least positive integer for which
FI(Ijll S F\POly(qZ — F)

By construction we have

g < g < XOW.
Intuitively, the lower bound ¢ > ¢op means that polynomials in the coset F 1,
have at least one coefficient with some “large denominator” n,,. The strategy is
to locate this coefficient and this denominator, and then to study equation (104)
to obtain some non-trivial congruence conditions relating a and b modulo n,,
that will restrict the size of 7 enough to obtain a contradiction.

We turn to the details. We arbitrarily select a coset representative vg,1 €
Poly(¢Z — T') of FI(’]fl- For any | = 1,...,k+ 1, we let 791 mod G; be the
projection to Poly(¢Z — I'G;/G;) C Poly(R — G/G), and we let g; be the
least positive integer for which v9; mod G; € Poly(¢qZ — I'G;/G;). Then

¢1 =1, gg+1 = ¢ > qo, and from Lemma 4.13 we have ¢;|g;+1 fori =1,... k.
In particular, by the pigeonhole principle we can find [ € {1, ..., k} such that
i—1
q < Q()k
and
i 1
(124) Q1> G0 > 45 Q-

We now fix this [. By lifting the Taylor coefficients of 79 mod G; from G/G|
back to GG, we can factor

(125) 0,1 = 70,170.1-

where 75, € Poly(¢Z — T') and 7, € Poly(R — G)), hence also 7, €
Poly(¢Z — T;). We then see that g1 is the least multiple of ¢; for which
Yo.1 mod Giy1 €Poly(qi41Z—T1Giy1/Gry1). 1f we perform the Taylor expansion

(126) 2.(t) = gogt -+ g1, "

for go,...,gr € Gy, then on setting ¢ = 0 we conclude that gy € I';; also, by
taking repeated differences with spacing g;+1, we see that foreachm =1,... k,
we have gt € I'/G4; for some positive integer a,, of polynomial size. Note
that g1,..., gm do not depend on the choice of coset representative vo 1. If we
let n,, be the least positive integer such that g:f{”qlm /m! € I'Gy41, we see that

each n,, is of polynomial size and
7671 mod Gl+1 S Poly(k‘!nl ceenpqlde — FlGl+1/Gl+1)
and thus

ny - NEqE > Q-
Thus by (124) and the pigeonhole principle we can find m = 1, ..., k such that

(127) > /"
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Henceforth we fix this m. We will shortly use this large integer n,, as a modulus
to which one can apply Lemma 3.12. A key technical point is that this modulus
does not depend on the tuples in 7.

Next, we claim that after removing a negligible fraction of tuples from
the family 7, we may assume that none of the p;ﬂ. divide n,,. For sake of
notation, let us just remove the contribution where p()’l divides n,,. There are
O(N) choices for I§y. As ny, is of polynomial size and py , € [P, 2P'], we see
that there are only O(1) choices for p ;. After fixing this choice, there are at
most O(mo(P)?~1) = O(d*~'/?) choices for the remaining choices of P4 P
j=20,...,0—1. Then we see from (122) and the fundamental theorem of
arithmetic that there are O(+ (P')%) = O(d*"°®M /N) choices for the D)3, P
After making all these choices, the tuple (121) is fixed, so the total number
of tuples generated in this fashion is O(d*~1/2t°()/N), which is negligible.
Similarly for the cases when some other prime p}z divides n,.

Foreach 0 < j </fandi=1,2, let 7;; € Poly(R — G) be a representative
of the coset fl]'-fi e I'\Poly(R — G), thus fIJ/_ii = I'v;; for (j,7) = (0,1), we use
the same choice 7,1 of coset representative that was made earlier. From (104)
we have for all 0 < 7 </ —1 that

Y1 (Ph27) = V2 (@1
for some v; € I', and some 7} € Poly(Z — T"), and similarly

Vi1 (0 4) = 37520 3)7]

for all ¢ € R and some 7; € I', and some ’?;f € Poly(Z — T'). Concatenating

these estimates, we conclude that

Yo,1(a) = vy0,1(b-)7"

for some v € T and #' € Poly(Z — I'). By (125), this implies that

Yo.1(a) = 776,1(5')7_1’~YT,

where 37 € Poly(¢;Z — TI'). Since Yp.1(a-) and 77671(6-)7*1 both take values
in G;, 4% does also, thus 47 € Poly(qZ — T). If we now project to the torus
G1/(I'G41), we see that
0.1 (aqn) = 75 1 (bgin) mod T1Giyq
for all integers n. Using the Taylor expansion (126), we conclude on taking m
divided differences with spacing ¢; at the origin that
gt = gla" mod TuGi,

and hence by definition of n,,

a™ = b" mod ny,.
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Applying Lemma 3.12, we can then bound the number #7 of tuples as
J2¢ kw(nm) 1
#T < — ( + )

N \ 60nm) FlogN
which by the divisor bound and (127) gives

1 20
—mz d”

#T << q() N 9
which contradicts the lower bound (123) if g is large enough. O

Note that each I7 appears in at most O(d) quadruples e = (17, I}, p}, pb)
€ Q". Combining this observation with Propositions 4.25, 4.22, we conclude

COROLLARY 4.26. For all I"” in a large subcollection I" of I", we can
find a representation

(128) F(gI//F) = F(glu")/[ur)
for some gy, vy € Poly(R — G), and T € G of polynomial size such that
(i) The map

(129) t 1 log(gn (£)T;, 20 *1m))

is bounded by O(1) and has a Lipschitz norm of O(|I"|7') whenever (t)
< 1.

(ii) There is a non-trivial horizontal character ny: G — R/Z such that the
derivative dnyr: log G — R has operator norm O(1), and such that

(130) dnrr(log Tyr) = O(N).
(iii) yy» € Poly(qZ — T') for some qp = O(1).

Let I”, gpu,~ypr, Ty, qpe be as in the above corollary. Observe that as
the number of possible g7~ is bounded, we may refine the family 7" of intervals
in the above corollary by a bounded factor to assume that

arr = q

is independent of I”. (One could also simply clear denominators here.) In a
similar spirit, as 1y~ takes values in the lattice of horizontal characters (which
one can identify with the Pontryagin dual of the torus G/I'[G,G]) and is a
bounded distance away from the origin, there are only finitely many choices
for nrv, so we may assume that

nrr=mn
is independent of I”.
Now we will be able to descend from G to the lower-dimensional nilpo-
tent group ker(n) as follows. Since n: G — R/Z is a homomorphism to the
abelian group R/Z, it annihilates the commutator group [G, G], and hence (by
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(177)) the derivative map dn: log G — R annihilates the commutator algebra
[log G,log G]. In particular, from the Baker—Campbell-Hausdorff formula, we
have

—1 T ~
iy (1og ( o (8T, o8 ))) — dn(log Gy (t)) — log(t/ap)dn(log Trm).
If we then apply dn to (129), we conclude that the map

t — dn(log gy (t)) — log(t/x)dn(log Ty)
has a Lipschitz norm of O(|I”|~!) whenever (t);» < 1. Combining this with
(130), we see that the map
> dn(log (1))

also has a Lipschitz norm of O(|I”|~1) in this region. From the definition of
Poly(R — G, this map is also a polynomial of degree k, with the #/ coefficient
lying in dn(log G;) for each j > 0. By the Bernstein inequality (27), we may
thus write

d loggp/ 29 t—m']//

where the 6; are real numbers with 6; € dn(log Gj) and 0; = O(|I"|77). Lifting
this polynomial back to G, we may thus write

k
log gy (t) = > X;(t — x77)’ mod ker(dn)
j=0
for some X; € log G; with X; = O(|I"|77). If we set
k
e (t) == exp ZXj(t—:L'p/)j ,
j=0

then e € Poly(R — G) is smooth on I”, and if we then define g},: R — G to
be the map for which

g (t) = e (t)gpn(t),
then from the Baker-Campbell-Hausdorff formula (176) we see that g7, €
Poly(R — ker(n)) takes values in the kernel ker(n) = exp(ker(dn)) of G, which
is a proper rational normal subgroup of G. By (128), (36) we then have

S™ F)F (e (n)giy (n)yen (WD) > 1],

nel”

Let H* = c% for a sufficiently small absolute constant ¢ > 0. Then we have

L1 X P mgiem n)| s 1"

n€z,z+H*|
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As eyn is smooth on I”, e#(n) is O(1) and varies by at most O(c) on [z, x+ H*],
hence by the Lipschitz nature of F|,

LI X reFeo@aimmemn) dos

" nelx,z+H*]

Summing over I” € 7", we conclude that

2X
/ sup Z f(n)F(eg(n)y(n)T)| dz > HX
X e€E;gePoly(Z—ker(n));yePoly(qZ—T) n€le,a+H]

for some compact set £ C G. But this contradicts Proposition 4.4. This
contradiction (finally!) concludes the proof of Theorem 1.5.

Remark 4.27. It seems plausible that the proof of Theorem 1.5, combined
with the quantitative work in Section 6 for lowering the value of H, would
allow lowering the length of the intervals to H > exp((log X)'~%) for some
0 > 0. We do not pursue this further here, however, as that would further
lengthen this paper. Let us note, however, that at least the convenient notion
of polynomially large elements in Lie groups used in this section would have to
be replaced with a more cumbersome notation in the case where H is no longer
polynomially large in terms of X.

5. Sign patterns

5.1. The Liouville case. Our main goal in this section is to use Theo-
rem 1.5 to prove Theorem 1.9, which asserts a superpolynomial lower bound
on the number s(k) of sign patterns of the Liouville function, defined in (14).
We will also prove a generalization of Theorem 1.9 to sign patterns of other
multiplicative functions (Theorem 5.4), and prove Proposition 1.7.

Regarding Theorem 1.9, we will in fact prove a more general implication,
which gives a lower bound on s(k) whenever one has local Gowers uniformity
of the Liouville function on short intervals:

THEOREM 5.1 (From local Gowers uniformity to lower bounds on sign
patterns). Let 0 < k < 1/2. Let ¥ : R>; — R be a strictly increasing function
with X < U(X) < exp(X'/27%) for all large enough X. Suppose that (10)
holds for H(X) = U=Y(X") for every fited n > 0. Then s(k) > W(k) for all
large enough k.

Taking ¥(X) = X4 and applying Theorem 1.5, we see that Theorem 1.9
follows directly from the above theorem. Furthermore, we have the following
conditional corollary.
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COROLLARY 5.2. Let ¢ > 0. Assuming that (10) holds with H(X) =
exp((log X)1=%) for some & € (0,1), we have s(k) ¢ k1R’ " pyrher.
assuming (10) with H(X) = (log X) for some C > 2, we have s(k) >
exp(k/C~).

Remark 5.3. In the proof of Theorem 5.1 below, one may on first reading
want to assume that U(X) = X4, which corresponds to H(X) = X°1), in
which case we wish to show that s(k) >4 k4 for all A. This simplifies vari-
ous expressions involved; in particular, expressions involving ¥ are just large
powers of the argument and expressions involving U1 are small powers of the
argument.

We now begin the proof of Theorem 5.1. Fix x > 0; we allow all implied
constants to depend on k. Suppose for the sake of contradiction that s(m) <
U(m) for infinitely many m. We will use this to show that s(k) = 2* for
all k. Since W(k) < 2F for all sufficiently large k, this will give the required
contradiction.

Fix k; we now allow all implied constants to depend on k. We now select
additional parameters €, w, m, R, x, arranged so that

1
k<<g<<w<<m<<R<<a:,

by the following scheme:

e First, we choose € > 0 to be a sufficiently small quantity depending on k, .

e Then we choose a quantity w > 1 to be sufficiently large depending on ¢, k, &.

e Next, we choose m to be a natural number with s(m) < ¥(m) that is
sufficiently large (depending on w, ¢, k, ). Such an m always exists by hy-
pothesis.

e One then sets R := ¥U(m)® ~ and z := ¥(m)°

By construction and the hypothesis X <¥(X) <exp(X/27%), we have R=2a¢,

-3

(131) (logz)2tF <m < 2°,
and
(132) s(m) < 2=’

Now suppose for contradiction that s(k) < 2¥. Then by (14) there ex-
ists a sign pattern (e1,...,ex) € {—1,+1}* that never occurs in the Liouville
sequence so, in particular,

lo
(133) Enézl)\(nJrl):sl e 1/\(n+k):€k =0.
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1+e;A(n+j)
2

Writing 1y(nyj)=¢; = , we may expand the left-hand side of (133) as

the sum of the 2¥ quantities of the form
(H Egl> 2_’“Ef§$)\(n + 61) R )\(TL + 62), where {61, R ’EZ} - {1, 2,..., ]{:}
=1
The i = 0 term is equal to 27%. Thus by the pigeonhole principle, there must
exist 1 <i<kand1l</ <---<¥; <k for which the correlation
(134) C=EXE An+0) - An+L)

is such that

(135) |IC| > 1.
The precise choice of 7, ¢1,...,¢; may depend on z, but this will not concern
us. Henceforth let 4,1, ...,¢; be chosen so that (135) holds.

Set P := gz. By using the multiplicativity relation A(pn) = —A(n) and

the fact that the correlation C' in (134) involves a logarithmic average, for all
primes p < 2P, we deduce

C = (—1)'Eg, A(pn + pl1) - A(pn + p;)
(—1)Z'Elog An' +ply) - An' + Pli)plyns + 0(53)
(,1)1'[@10% A +ply) - A + p&)plpw + 0(53),

n' <pzx

n/<x

where the final estimate follows from (131). Hence, by averaging over p,
C = (—l)iEp§p<2pE}$§m/\(n +ply)--- )\(n —i—p&-)plp‘n + 0(63).

The contribution of n < R = z° to the average is trivially < €, so

(136) C = (—1)iEP§p<2pE1§g§n§$)\(n +p€1) s )\(n + pei)plpm + O(E)

We will shortly exploit the sign pattern bound (132) to obtain the bound

(137) Ep§p<2pEEg§;n§x)\(n —i—pgl) ce )\(n —i—p&)(plp‘n — 1) L e.

Assuming this bound for the moment, we may then simplify (136) to

C = (—1)iEp§p<2pElR?in§x)\(n —|—p€1) s )\(n —i—p&) + O(E)

For d € [P, 2P], the von Mangoldt function A(d) is equal to (1+0(¢)) log P
when d is prime and is only nonzero (and of size O(log P)) for O(P/?*¢) other
values of d. Since P is large compared to e, we easily conclude that

C = (—1)'Ep<carMd)ERE ,_ A(n + dly) -+ A(n + dl;) + O(e).
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We now apply the “W-trick.” If we set W := [[,<,, p and split d into residue
classes b mod W, then the contribution of the non-primitive classes (b, W) > 1
is negligible, and we have

C = (=1)'E1r<o<w Epjw<i<arywAwp(d)
(138) (b:W)=1
: EggngmA(n + (Wd+b)y) - A(n+ (Wd+ b)) + O(e),

where Aw(d) = %A(Wd +b), and ¢ is the Euler totient function. By
splitting the average over n into intervals of length P/W and applying the
Gowers uniformity of Ayp(d) — 1 (established in [16], [13], [15]) as in [35,
Prop. 3.3|, we find
for any b € (Z/WZ)*. (Here we use the fact that P is large compared to W, e.)
We conclude that

C = (-1 Ei1cp<w EP/ng<2P/WE1§g§ngz)\(n + (Wd+b)ty)

(b,W)=1
- An+ (Wd+b)4;) + O(e),
or equivalently
, W o
= (_1)1WEP§d<2P1(d,W)=1ERg§n§z)\(n +dly) - Xn+dt;) + O(e).

Splitting the n sum into intervals of length m = 3k P and using the triangle
inequality, we obtain

w o
¢< WEP§d<2PE1n§x|En§n’§n+m)‘(n/ + dgl) T )\(TL/ + d£1)| +e.

Embedding [n,n + m| into a cyclic group of prime order, and applying the
generalized von Neumann theorem in the form of |16, Prop. 7.1], we have

w

WEP§d<2P’En§n’Sn+m/\(n/ +dly) - A(n' + dt;)|

< OW(’{(HAHU’C[n,n+m])) te

for some bounded function k(z) tending to 0 as x — 0, and so we conclude
that

(139) C < Ow (B, 5 (I [k o)) + €.

n<x

Since m = ¥~1(z¢"), we conclude from the assumption of the theorem (and
the fact that x is sufficiently large depending on w, k, €) that

C<Ke,
but this contradicts (135) for & small enough.
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To conclude the proof of Theorem 5.1, it remains to establish the bound
(137). This is reminiscent of the bounds one can establish by entropy decrement
arguments as seen, for instance, in [35]; however the size of P compared to z is
too large here for such methods to apply (and furthermore these methods need
to exclude an exceptional set of bad scales P). The key observation is that one
can instead exploit the small number (132) of sign patterns of length m = 3kP
to obtain a strong estimate via the moment method. Firstly, by approximate
translation invariance we can write

Ep<peaPEpS <, A+ plh) - A(n + ply) (plyy, — 1)
as
1 ) .
Ep<pcaPERl,c A+ +pli) - A+ j + pli) (plyjnyj — 1) + O(e)

for any 1 < j < P. Thus on averaging we may also write it as

EfS i Br<p<aPBjcpA(n+ j + pl1) -+ A0 + j + pli) (Plyjnsj — 1) + O(e).
Therefore by the triangle inequality, it suffices to show that

Egggngm |EP§:D<2PE]'§P>\(TI +j +p€1) cee )\(n +j +p€i)(p]-p|n+j — 1)\ <L e€.

By the triangle inequality, the quantity inside the absolute values is bounded
by O(1). Thus it will suffice to establish the probability bound

]P’lﬁingg (JEp<pcapBjcpA(n +j +pli) - A(n+j+pli) (plypr; — 1)| > ) <,

where Pl}%ingx(A) = Elﬁ?gsngxlA(n) is the probability measure associated to
the averaging operator Ellgggn <o

Observe that the numbers n + j + pf; that appear in this expression all
lie in the interval {n+1,...,n+m}. By (132), there are at most = possible
choices for the sign pattern (A(n+1),...,A(n+m)). Thus, by the union bound,
it will suffice to show that

1 _e3
(140) P2, <, (|Ep<p<aPBicpajipe, - japt, (Plypnrj — 1)| 2 €) < e27°

for each choice of sign pattern (aq,...,a,) € {—1,+1}™.
Fix ai,...,am. Let 2r be the largest even integer such that P?" < 2=,
From (131) and the definition P = m/(3k) we observe the estimates
5 logx 22 log
log P loglogx’

1
(141) -<Krxe
€

From Markov’s inequality we may bound the left-hand side of (140) by

—2rmlog ) 2r
e ERS <o |EP<p<2PEi<pajype, - Qjypt; (Plpjnyy — D]

which by expanding out the 27" power and applying the triangle inequality is
bounded by

— 1 . .
€ 2TEPSP1,..-,p2r<2PEj1,--.,j2r§P|Eﬂ?g§;n§x€m (n+gj1)- Epa, (n + jar)l,
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where {,(n) = ply, — 1. From (141) we have g2l > 27" 50 it will thus
suffice to establish the estimate

I . . _ 9.3
(142) Epgpl7“'7p2r<2PEj1r“7j2'r§P|E§gsn§$£pl (n+]1) o '§P27-(n+]27")| << x 2 *

For any given p1, ..., par, j1,- - ., jor, the function n +— &, (n+71) - - - &p,,. (n+J2r)
is periodic of period @) := p; - - - po, and has magnitude at most ). We have

1 . .
E RS n<abpn (N + 1) -+ &po, (0 + jor)

lo, ; ] Q2
= ERingxfpl(’l’L—Fh"’]l) o '§p2r(n+h+]27‘) +0 <R10g$>

for any 1 < h < ). Averaging in h and using the periodicity, we conclude that

1 . .
E}c%)géngxgm (n+ 1) &y (n+ Jo2r)

, . Q?
= Enez/qzépi (n + 1) -+ - &po, (0 + jo2r) + O (Rloga: ’

where we view &, ..., &p,, as functions on Z/QZ in the obvious fashion. Since
Q2 < (2P)4'r < 24TI‘252 < I‘3€2

(by (141)) and R = 2°, we see that the Q?/(Rlogx) error is negligible. Thus
it will suffice to show that

. . _ 3
(143) Ep<py,...por<2PEir . jor <P Bnezjqzép (Nt 1) - -+ Epy, (Nt jop)| < 377

If one of the primes p; is distinct from all the others, then the inner average
Ernez/Qzépi (n+j1) -+ - §po, (0 + j2r) vanishes from the Chinese remainder theo-
rem, since &p,(n + j;) is periodic with mean zero with period p;, and all other
factors have period coprime to p;. Thus we may restrict attention to those
tuples (p1,...,p2r) in which each prime p; appears at least twice, hence there
are at most r distinct primes in this tuple. The number of such tuples can
then be bounded crudely by O(r?my(P))", by first selecting r primes in [P, 2P]
(for which there are O(mo(P))" choices), and then assigning each pi,...,pa,
to one of these primes (for which there are r?" choices). Thus the proportion
of such tuples amongst all primes P < py,...,par < 2P is O(r?mo(P)~H)". If
(p1,-..,p2r) is such a tuple, then from the triangle inequality one has

Ejy....jor<P|Enez/Qzép: (0 + 1) -+ &po, (0 + J2r )|
< EneZ/QZEh,...,jerP‘fm (n + ]1)’ T ‘£p2r(n + j27’)|
2r

= Enezyoz | [ Ei<plép(n + 5)
i=1
<o)
since Ej<p|&p,(n + j)| < 1 for any i. Thus we can bound the left-hand side
of (143) by O(r?m(P)~1)". But from (141), (131) we have r?m(P)~! < P~¢
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for some ¢ > 0 depending only on &, hence by (141) the left-hand side of (143)
is O(z=¢") for some ¢ > 0 depending on «, and the claim follows. This
concludes the proof of Theorem 5.1.

5.2. Generalization to other multiplicative functions. The above proof can
be generalized to produce a result about patterns in more general multiplicative
functions.

THEOREM 5.4. Let g : N — pup be a multiplicative function taking values

in the roots of unity of order £ > 2, and suppose that D(g’, x; X) Ao o for
all Dirichlet characters x and for all 1 < j < ¢ —1. Then the number

sg(k) ={vepul: v=(g9(n+1),...,9(n+k)) for some n € N}
of value patterns of g of length k satisfies sq(k) >a kA,

We remark that a similar result holds (with essentially the same proof)
for any 1-bounded multiplicative function ¢ : N — C such that we have
nfjy < xkt1 D(g7, x(n)n®; X) X220 56 for all j > 1. In this case, the “sign pat-
terns” would be defined as occurrences of a pattern (g(n +1),...,9(n+k)) €
Iy x- - -x Iy, where I; are arcs of the unit circle of the form [e(m;/¢), e((m;+1)/¢)]
with 0 < m; < /—1. We leave the details of this generalization to the interested
reader.

Sketch of proof. The proof follows along similar lines as that of Theo-
rem 5.1. We assume for the sake of contradiction that s,(m) < m for infinitely
many m and aim to deduce that

(144) C=E% g (n+) g% (n+1L)=o(l)

for any nonempty set {¢1,...,¢;} C {1,2,...,k} with the ¢; distinct, and for
any integers ai,...,a; € [1,£ —1]. Once we have proved (144), we use the
expansion

sore(-2)

for the indicator functions of the level sets to obtain s4(k) = (¥ for any k, which

MHN

Lo(m)=e(ast) = 04

gives the desired contradiction.
The main difficulty?® is that the factor (—1) that appeared in the proof

of Theorem 5.1 must now be replaced by g(p)~®~"~%. One can still repeat

20 A much more minor difficulty is that g is now only assumed to be multiplicative rather
than completely multiplicative, so that the identity g(n) = g(p)~*g(pn) only holds when n
is not divisible by p. However, as we will be working with moderately large primes p, the
contribution of those n that are divisible by p can easily be seen to be negligible.
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the proof of Theorem 5.1 with obvious modifications down to (138), where the
right-hand side is now up to O(¢g) equal to

E1<o<w Ep/w<acap/wg(d)™ 7% Awp(d)
(b W)=1

. Elﬂ?ggngxgal(n + (Wd+b)y) - g% (n+ (Wd + b);).

The weight ¢g(d)™® 7 ~% now prevents one from applying the Gowers uni-
formity theory for the von Mangoldt function [16], [13]|, [15]. However, the
function g(d)™* =" "% Awp(d) is still dominated pointwise by A p(d), which
is a pseudorandom majorant in the sense of [16]. One can then apply the gen-
eralized von Neumann theorem (essentially in the form of [16, Prop. 7.1]) and
reduce matters to showing that

1 .
Erﬁéng]”kal[n,ner] =o(1)

whenever 1 < 7 < £ —1 and m > z? for some # > 0. This Gowers norm
bound then follows from Theorem 1.5, once we show that M (f;z*+1, Q) — oo
as ¢ — oo for any given k and Q). By [21, Lemma 3.1] (which is a pre-
tentious triangle inequality argument), and from the fact that D(f, g;z) =
D(f, g 25+1) + Oy(1), we have
M(g;2z"*1,Q) > inf D(gx,n— n";x)
x mod ¢

q<Q
[t|<ak+1

> I:Q min{ (log log :z:)l/2, D(gx, 1;2)} — Ok,o(1).

The right-hand side is tending to infinity with x by assumption. This completes
the proof. O

5.3. Uniformity at very small scales. We now give a proof of Proposi-
tion 1.7 that states that the estimate (11) at scale H = (logz)" is enough
to deduce the logarithmic Chowla conjecture (and hence, in fact, (11) for any
H = H(X) tending to infinity, thanks to the results in [35]).

Proof of Proposition 1.7. Let k be a natural number, and let hq,..., g be
given shifts. Let z be large enough, and denote the correlation along these
shifts by

C=E% Xn+hi)---An+hy).

n<x
For any fixed € > 0, we wish to show that |C| < €. We begin by applying the
entropy decrement argument in the slightly refined form given in [36, Th. 3.1].
(The original argument from [34] is able to locate a good scale on any interval
I with Y, cr m > 710 whereas the refined one is able to locate a good

scale on any interval with > ; % > e710)
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By [36, Th. 3.1], we deduce that
(145) C= (—1)kE2mgpg2fn+lElog A(n+phi) - A(n + phy) + O(e)

n<x

for all m <loglog X outside of an exceptional set M C [1,loglogx] NN with

Z % <73,

meM
In particular, we can locate some m with property (145) belonging to the range
m € [¢'loglog x, %log log ] with ¢’ := exp(—e~19). Let P = 2™ > (logz)¢/2,
where m has this value. Then, by introducing the von Mangoldt weight, we

have

C = (—1)*Ep<gcapA(d)EE_N(n+ dhy) - A(n + dhy,) + O(e).

n<x
As in the proof of Theorem 5.1, we may split d into residue classes (mod W)
with W = [],<, p and w = w(z) tending to infinity slowly enough, and then
apply the Gowers uniformity of the W-tricked von Mangoldt function and the
generalized von Neumann theorem (as in [36, §5]) to conclude that

r W

(W)
Arguing as in the proof of (139), we have

C = (—1) Epgdggpl(d7w):1Elog )\(n + dhl) ce )\(TL + dhk) + 0(6)

n<lz

< OW(EIOg KMk fnmssep))) + &

n<x

Since P > (log )" where n = &’/2, the hypothesis of the theorem will then give
C = O(e) if we assume z sufficiently large depending on w. O

6. Reducing the length of the intervals

In this section we indicate the changes needed to the proof of Theorem 1.1
to obtain Theorem 1.8. Up to Proposition 3.7 (corresponding to the work up
to [26, §4]), everything works for smaller H as well, except in the statement of
Proposition 3.6 the range for P’, P” is now [HEQ/Q, He.

To proceed, we will need the following variant of Lemma 3.12 in which
the implied constants do not depend on the number of primes in the product.
Crude bounds suffice here and stronger bounds would not be useful as we in
any case lose factors like £! in our arguments.

LEMMA 6.1 (Counting nearby products of primes). Let m,¢,q € N and
P',N > 3. Then the number of 2{-tuples (P! 1,...,P} y,Ph1;---+Pyy) of primes
in [P',2P'] obeying the conditions

( Z / e
) ) (2P")
Hp2,j—HP1,j <C- N
7j=1 7j=1
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and
¢

¢
[ =] ,)™ mod g
j=1 J=1
for some C' > 1 is bounded by

200t wia) [ (2P)°
< CO%(2P')'m (Nq +1>.

Proof. Since every integer has at most ¢! representations as a product of ¢
primes, the number of prime tuples we need to count is at most ¢!? times the
number of integers ny,ny < (2P') for which

2Pl )4
|n1—n2|§C"( N) and ni" = n5" mod q.
The claim follows by noticing that there are (2P')¢ choices for ni, and after
fixing it, there are at most m“(@ choices for ny mod gq. O

Let us now get back to Proposition 3.7 corresponding to [26, Prop. 4.1].
In our setting we obtain the following variant, where for simplicity we restrict
to the case ¢1 = {5 = ¢ and a single quadruple @ corresponding to each e € Q
as this is sufficient for the polynomial phase case.

PROPOSITION 6.2 (Local structure of ¢”). Let the hypotheses be as in
Theorem 1.8, and let €, X, P',P/"T, ¢7,,,Q be as in Proposition 3.6 (except
now P', P" € [H**/2 H?)). Let { be an even integer such that

(146) N2d' < d' = O(NOW),

We allow implied constants to depend on e,n and 0. There exists a constant ¢ =
c(g,m,0) such that, for a subset Q" of the quadruples e = (I{, I}, p},ph) in Q of
cardinality > c'dN , one can find a quadruple @ = (a1, as, by, be) of natural num-
bers, and a collection P, of primes in [P" /2, P"] with |P.| > (log X )™ 1%mo(P’),
with the following properties:

(i) One has

1 /!
(147) E ° Py ~ e ]71 ° Py

(ii) Fori=1,2, a;,b; are products of £; primes in [P',2P']; in particular,

(148) (P < ay,b; < (2P))".
Furthermore, we have
1
(149) 0#a —b < %

where C' is an absolute constant.
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(iii) Fori = 1,2, we have the approximate dilation invariance

1 1
(150) — O (b/I/(' ~ 1 g e} (b/],;/

a; ¢ PE,EI: (]

Here (abusing the notation) the implied constants depend linearly on £.

Sketch of proof. The proof is very similar to the proofs of Propositions 3.7
and |26, Prop. 4.1]: One makes two cycles of length ¢ joined by a “middle edge.”
The main difference is that now ¢ =< (logz)'~%, so £ is no longer a constant.

Since the number of edges in the graph is > % P'?/(log P')2, the number
of such constellations gets reduced by a factor ¢’ (with certain constant ¢’ €
(0,1)). Hence the Cauchy-Schwarz argument at the end naturally only gives
us > “X/H - mo(P')? middle edges.?' Since P’ is larger than (cflog P")°®),
Lemma 6.1 is sufficient to show that degenerate cases involving repeating primes
or products are negligible as before.

Since the constellation involves 2¢ 4 1 edges, the intersection

k
P =PI 11 0 () () PALL T )

j=1i=1,2

that appears in [26, (52)] is now expected to be only of size c‘my(P’) for some
constant ¢ > 0, so ¢ in 26, (52)] cannot anymore be taken to be a constant
but can be at most ¢/. In fact to compensate for losses in Lemma 6.1 we
choose § in 26, (52)] to be (log X)~1%. Then in the argument below [26, (52)]
the number of candidate tuples is at most £!1*P**1/N and so the expected
number of good tuples obeying [26, (52))] is < (log X))~ 10014 prAt+1 /N <«
(log X)~d?**1 /N whereas with probability > 1, there are > c/d***!/N non-
degenerate good tuples. Hence one can indeed find a deterministic choice of p
such that there are > ¢/d?+1 /N very good tuples, i.e., tuples for which

#7’(7) > (log X) 1%y (P")
as desired. O

Lowering H does not affect solving the approximate dilation invariance in
Proposition 3.8, except that the bounds for T" and the smoothness of 5§j) (t) get
worsened by C* for a constant C. Since P(ﬁ) now of size > (log X)~1%mq(P’),
we now need to take K > (log X)'% in Proposition 3.9, so in Corollary 3.10
we now have #F(I") < (log X)'%. Proposition 3.11 works without changes
but now it provides only > ¢! X/Hmo(P')? pairs (I1,” I}).

To proceed, we need an adequate version of the mixing lemma:

21This might be fixable through arguing more carefully removing some edges before run-
ning the argument but this would be of no importance.
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LEMMA 6.3 (Mixing lemma). Let X,V > 3,2 < P < H. Let Ay, Ay be
two (X, H)-families of intervals. Write

V=q¢e[-X/HX/H:| > p7| =PV
P<p<2P
Then the number of quadruplets (Jy,J2,p1,p2) with J; € Ay, Jo € A,
p1,p2 primes in [P,2P], and I lying within 100H of %Ig 18

H( P \? 1/2 1/2 p27,—2
1) < Pl FAD g () (A0 A 2PV

Proof. As in |26, Proof of Lemma 5.1|, the number of quadruplets in ques-
tion is bounded by

H
152 — S1(6)[|S2()||T(€)|? de,
(152) <<X/M| (OISO IT(E)P de

where

Si(§) == e(§logwr)

I€A;

for : = 1,2 and

(153) T = > p7"%
P<p<2pP

Splitting the integral in (152) according to whether £ € V, we obtain
that (152) is at most

H H _
2Vl swp S1OSOTER + 2PV 2 [ Isi@)lsa(o)] de
lelev lel<%
H P \?
< Ml ) (1)
I 1/2
PV ( [ si@rd [ isop ds) .
le|< % lgl< %
From the large sieve inequality (see, e.g., [26, Lemma 2.3]) we have
X
(154) [ ISP < #Ag
el<X H
and the claim follows. O

Note that the size of V above is at most twice the size of the maximal
one-spaced subset of V (meaning a set where any two points are at least one
apart). The necessary bound for |V| in our situation is provided by the following
lemma. The requirement 6 > 5/8 comes from it since for smaller 6, we do not
know how to obtain |V| = P°(),
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LEMMA 6.4. Let € (5/8,1) be fized, H = exp((log X)?) and P =
exp(e(log X)?) for some € > 0, and let V = (log X)'9%  where £ < (log X ).
Let U be a set of one-spaced points € € |[—X/H, X /H]| for which

| Zp2m§| > PV_I.
p~P
Then, for some ' > 0, we have
#U < exp((log X)) = po(V),

Remark 6.5. From the proof of Lemma 6.4, it will be clear that the larger
6 > 5/8 is, the better the bound we can obtain on #U. In fact, for § =
2/3+¢, the Vinogradov—Korobov bound (see [22, Lemma 2|) directly gives U C
[~V2,V?2], so that #U < V? < exp((log X)1_9+52), say. Nevertheless, here
the main interest is in the smallest value of 6 for which #U < exp((log X)?~<")
holds, so this aspect is not optimized.

Proof. Let T(x) be as in (153). We apply [24, Lemma 4.4|, which is a
variant of the Halasz—Montgomery estimate that uses Vinogradov’s bound on
S p<n<opn® as an input. (See also Lemma 6.6 below with ¢ = 1.) This gives
that uniformly for n € (0,1) and integers k > 0, we have

(155)
wi- (D) < St

teu
< ((2P)’“‘ + U - X (log X)2/3 - (2P)k(1_’7/4))k! - (2P)k.

This means that we have the bound

HU < (4kV)*F

whenever X1/ (log X)3/2k2k Pk2=n/4) = o((P/V')?). The latter holds when-
ever

X512k - exp(k(log X)' % (log log X)2) = o(exp(Enk(log X)?)),
which in turn follows from
5n°/% log X + 2klog k + k(log X )~ (log log X)? < £nk(log X)?.

This holds (assuming already k = (log X)°() and letting ¢ be a small positive
constant) if

771/2(10g X)179+5,

(log X)~0+°,

(10g X)1_29+6.

(AVARAVARLY,

k
n
n
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For 6 < 1, the third condition is more demanding than the second and thus we
can set 7 = (log X)'=2+% and k = (log X)3/2-20+2% With these choices, the
first term dominates in (155) and we obtain the upper bound

#U < (4kV)?F < (log X )P0 < exp((log X)>/2730+39)
The claim follows as 5/2 — 36 < 6 since 6 > 5/8. 0]

This leads to approximate ergodicity [26, Cor. 5.2] except that now we
have either

MK?
3 > (log X )00
or a collection 7 as in [26, Cor. 5.2| but with
b X
9—
(156) #T > exp(—(log X) S)MK3ﬁ'

We can apply this with 6 = ¢/, K =< (log X)'%, M = 100 and r = 1/10 to get
conclusions between Proposition 3.11 and Lemma 3.12; except that now have
the weaker lower bound #7 > exp(—(log X)?~¢)X/H.

As for the analogue of Proposition 3.13, we can use the same argument
as in its proof to obtain upper and lower bounds for the number of certain
tuples (Qo,...,Qr_1) € T% The lower bound we get is > c‘d® (with d :=
(P'/log P")?) and the upper bound (from Lemma 6.1) is

IAYA
< 02(2P") k) (%]Z) + 1) .
q9 N
Combining the lower and upper bounds, we obtain ¢y < (log X )0(5).

Now, repeating the arguments after Proposition 3.13, we see that there are
at least > exp(—(log X)?~%)X/(P'P") integers X/(2P'P") < x < X/(P'P")
for which

(157) Y Fn Te(—A ()| > B
n€lz,x+H*|

with H* := C~*H/(P'P") and ~(t) = Z?zo ¢j (t/]qo)’ where ¢; are integers.

Now we will obtain a contradiction as in Section 3, except due to worse
bounds for 7* and gp we need to use results from [24] where one obtains a
polynomial saving in the exceptional set for averages of multiplicative functions
in short intervals. (In the special case f = X and § = 2/3+¢, arguments of [23]
actually suffice — see Remark 6.7 below.) Also since ¢ is not bounded, we
need to treat the g-aspect non-trivially.

As in [23], [24] we first restrict n to a set of numbers with factors of
convenient sizes. For this, let § be small in terms of the implied constant above
and define S as in [24, Proof of Th. 1.7 in §11]; i.e., in |24, §9] choose the

parameters = 1/150,, = 62/4000,v5 = 1/10,Q; = H* and P, = Qi/él, SO
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that J =1, P, = X"',Qy = P3 = XV""2 and Q3 = X*? and S consists of
numbers with a prime factor on each interval (P;, Q;] with j =1,2,3.

Using the linear sieve (cf. [24, proof of Th. 1.7 in §11]), we see that n ¢ S
make a negligible contribution of

log P;
H Y log L < OH*
1 Sies og Q;
to (157) and so we have > exp(—(log X)?~%)X/(P'P") integers X/(2P'P") <
x < X/(P'P") for which

> T Te(=A )| > H
e

Splitting into residue classes ¢ mod gy and then splitting according to
g2 = ged(a, qo), we see that

Z ‘ Z ~v(bg2)) Z fn)n="| > H*

q2: 90=q192 b mod q1 nes
(b7q1):1 ”6[1/427($+H*)/‘I2}
n=b mod q1

for > exp(—(log X)?=¢)X/(P'P") integers X/(2P'P") < 2 < X/(P'P"). This
implies that for some choice of gy = ¢1¢2, we have

Y b)Y | A

b mod q1 nesS
(b,q1)=1 n€lz,z+H*/qa]
n=b mod ¢1

for > exp(—(log X)?~%)X/(qa P’ P") integers X/(2go P’ P")
Moving into characters, the left-hand side is at most

Z ‘ Z v(bg2) W‘ ‘ Z f(n)x(n)n=T].

x mod ¢q; b mod q1 nes
(byq1)= n€lz,z+H" /q2]

A
"
<
~
)
no

T
X

Recall that + is a polynomial phase of degree k. By [4, Cor. 1.1] and the Chinese
reminder theorem we have, for every Yy,

(158) | el=ba)x®)| = O} ),
b mod q1
(a,q1)=1
so that
(159) o X s> a P g,
x mod q1 nes

ne [$,$+H* /QQ}

for > exp(—(log X)?=5) X /(g2 P' P") integers X/(2qoP'P") < x < X/(q2 P'P").
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Now, if g1 < @ for a constant Q) <y, 4, 1 to be determined later, we have,
for some y (mod ¢),

DN D DR (N it

x mod q1

0.0 H'/q2
nes
n€[$,$+H*/q2]
for > exp(—(log X)?=5) X /(g2 P’ P") integers X/(2qaP'P") < = < X /(g2 P'P").
By [24, Th. 9.2(i)] this implies that

Y F)xmn T

nes
X<n<2X

k0,0 X,

for some |tp| < X, which in turn by inclusion-exclusion and Halasz’s theorem
implies (13) since |T| < CH(X/H)*+T < XFk+1/ght1=0/2,

Let us now turn to the case ¢ > Q. The proof of [24, Prop. 8.3] (taking
V1 = 0 in the proof of [24, Prop. 8.3] and bounding Rc(1 + it) trivially) gives

H*I/CD rzze;s f(n)X(n)n_iT = Az, H" /q2,U) + O (H*l/(h)

n€lz,z+H" /qa]

ao TOLL X 3 1Quabetrinp

A=27  teEW*(x)
P3/2<A<Qs3

Z Z |Q2,8(X, 1+ it)| ) /2),

B=2  teW*(x)
Py/2<B<Q-

where
WH(x) C{lt] < X+ max |Q2p(x, 1 +it)| = x—vi/3201

is one-spaced,
X

Q]D XS

D<p<2D
P; <p<Q]

and A(x, H*/qo,U) satisfies [24, (46)].

As in [24, Proof of Th. 9.2(ii)] with same choices of U and d,,, we have
|A(z, H* /g2, U)| < H*~9/°000 except for < X H* /5% yalues X/(2¢1 P'P") <
x < X/(¢1P'P"). Summing over y mod ¢; and taking the union bound, the
contribution from A(x, H*/q2,U) is acceptable.

Given all this, (159) implies that

Y. > Y @sale1+it)?

x mod g1 A teEW*(x)

Z Z Z Q2BX,1—|—zt)’2>>Q2/k+2

x mod g1 B teW*(x)

(161)
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In [24] this sort of term with ¢; = 1 is dealt with using |24, Lemma 4.4], which
is a large values result of Halasz —Montgomery type that uses Ford’s bound
(see [7, Th. 1])

9
IC(o +it)] < 1+ #1207 (log([t| +2))¥/3 for1/2< o < 1.

for ((s). As pointed out by Ford, L(s,x) = ¢ *>_¢ _, x(m)¢(s,m/q), where
C(s,u) = Sp2o(n +u)~® is the Hurwitz zeta function, so that |7, Th. 1] also
gives

9 1-
L(o + it, )| < ¢ [t|20=" (log([¢] + 2))2/3 + f— for 1/2 <o < 1.
— 0

Using this in the proof of [24, Lemma 4.4], we get the following variant:

LEMMA 6.6. Let T >3 g > 1, and let T be a set of pairs (x,t), where x
is a Dirichlet character mod q and t € [=T,T] such that if (x,t1), (x,t2) € T,
then [t1—ta| > 1. Let P(s,x) = Y n<p<an a(p)x(p)p™ be a Dirichlet polynomial
of length N < T? whose coefficients are supported on primes. Then, for any
e',ne(0,1/2),

: N o 3 o
> 1Pt <o (@‘Hﬂ'(an2”32(logT)2/3+q’7/n).N1 )
(Xt ET

> la@).

N<p<2N

Using this and arguing as in [24, Proof of Proposition 8.3|, we obtain

Y \QgAX,1+zt\2 XN |QQBX71+zt)\2<<1

x mod g1 A teW*(x x mod 1 B teW*(x

which contradicts (161) once the constant @ is large enough. Hence Theo-
rem 1.8 follows.

Remark 6.7. We remark that the special case f = A of Theorem 1.8 with
the weaker value § = 2/3+ ¢ can be proved more simply by relying only on [22]
as follows. Firstly note that, by Remark 6.5, we can replace exp(—(log X)?~¢)
with exp(—(log X)!~=") in (156) and on later occurrences. Note also that in
this case q1, g2 < exp((log X)Y/3-¢/2),

We must then show that (159) with f = A cannot hold for more than
> exp(—(log X)=07¢*) X /(g P'P") integers X/(2¢aP'P") < © < X/(q2P'P").
We have the Vinogradov—Korobov zero-free region for L-functions of the form

€0
162 L(s, 0, >1-
(162) (5,%) # 7 log g1 + (log(|t| + 3))?/3(log log(t| + 3))/2

for all x (mod ¢1), apart from possibly one real zero corresponding to one

real character. In case an exceptional character exists, q; >4 (log X)4. The
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contribution of an exceptional character to (159) is trivially negligible, so we
may assume that in (159) we only sum over characters x (mod ¢;) satisfying
(162). Moreover, we may assume that the set S in (159) is instead simply
defined as the set of n having a prime factor from [P, Q], with Q = H*, P =
Q%*. We again claim that (159) fails, which will then provide the desired
contradiction.

To show this claim, we apply the proof method of [22] to the multiplicative
function A(n)x(n)n~", summed over n € S. Reducing matters from short
sums to Dirichlet polynomials by Parseval-type arguments, as in |22, §4], we
can reduce the claim to
(163)

/ |P(1+4t)|2|Q(1 + it)|? dt < exp(—(log X)'/3¢/10),

[—T1, i\ [T—To,T+To)
where Ty = exp((log X)'/3=¢/10) and Ty = X exp((log X)¥/3=¢/10)/H*  and
we have P(s) = > ¢/ x(P)p*~* for some interval I C [P,Q] and Q(s) =
> X/Q<n<x Gnn® for some lan| <1. Applying the pointwise Vinogradov—Korobov
bound, as in [22], to P(s) and the mean value theorem to Q(s), (163) follows.

7. Polynomial averages of the Liouville function

In this section, we prove Theorems 1.10 and 1.12. Note that Corollary 1.11
is a special case?? of Theorem 1.10 where we take P;(m) = a;m.

Proof of Theorems 1.10 and 1.12. We borrow notation from [40]|. Note
that the claim of Theorem 1.10 follows from
(164)
EmerxerEncxex (m)A(n + Pr(m))A(n + Py(m)) - - A(n + Py(m)) = o(1)

for an arbitrary unimodular sequence cy(m). Denoting W = [],<,, p, where
w tends to infinity very slowly in terms of X, and splitting n and m into
residue classes (mod W) in the statement of Theorem 1.12, that theorem in
turn reduces to

Emez)rEn<x/wex (m) Xy, w(n 4 Pj(m))

Apyw (n+ Py(m)) -+ Ay w (n + Py(m)) = o(1)
uniformly for unimodular sequences cx(m), for X¢/W « L <« X¢, for 1 <
bi,...,by < W coprime to W, and for P, ..., P, polynomials in Z[z1, ..., z,]
with P/ — P non-constant for i # j, and deg P/ < d, and the coefficients of P/

bounded by W/% in absolute value for some constant s > 0 (cf. [40, §5] for this
reduction). Here we have denoted X,y (n) := A(Wn + b), and we recall that

(165)

22This special case could in fact be proved more directly without considering polynomial
progressions, instead combining the generalized von Neumann theorem with Corollary 1.6.
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Apw(n) == ¢(W)/W - A(Wn+b). We now see that in fact both Theorem 1.10
and 1.12 will follow once we prove (165) in a form where some copies of A are
allowed to be replaced with A.

Let A = W1/% so that the absolute values of the coefficients of P! are
bounded by A. Recall d = max;degP/. We set N = |X/W], so that
L = o(N'Y9). Consider functions fi,..., fx : [N] = C with |fi| < Ap,w + 1
and |f1| < 1. Extend the f; to functions f; : Z/NZ — C by making them
N-periodic. Observe that

(166) Emepr)rEncvex (m) fi(n + P{(m))--- fy(n + Pp(m))

is up to o(1) error equal to
(167)  Emerpex (m)Epezynzfi(n + Pi(m)) - fy(n+ P(m)),

since the components of the m variable in (166) are bounded by nX /% for some
n > 0 small enough in terms of A, so that wraparound issues are negligible.

This latter expression is in turn bounded using van der Corput’s inequality
(see e.g. |12, formula (4.1)]) by

< (Enez/nz|EmerjrBnez/nzAnfi(n + P{(m)) - - Ay fu(n + Py (m))])"/2,

where Ay, f(z) := f(x + h) f(x).
By [40, Th. 13|, for any polynomials P/ as in Theorems 1.10, 1.12, we have
‘EnGZ/NZEmE[L]TAh]FI(n + P{(m)) - Apfr(n + Pl(m))| = o(1),
provided that

(168) Eqepa—1 1AL fill o — o(1)

Qi) [—A—1L,A-11], .., QD,(t)[_A—lL’A—lL]
for any fixed D’ > 1 and any polynomials Q1,...,Qp € Z[t1,...,t,] not
identically zero and with coefficients of size O(A°(M), where

1/24
= | EvezynzEneci-cy - Engecy-cy H Clwlf(m +w-h)

we{0,1}4

is a Gowers box norm of order d and C is the complex conjugation operator,
and where we used the notation ¢[—N, N] := [-¢N,¢N] N gZ. Thus we may
control polynomial averages with averaged Gowers box norms. Further, by a
concatenation theorem, namely [40, Th. 9] (with dy = 1 there), we have (168)
provided that
(169) A fill o =o(1)

q1,4-2D" 1

holds for all fixed D" > 1 and all 1 < g < AP", where || flya = || £l



842 MATOMAKI, RADZIWILL, TAO, TERAVAINEN, and ZIEGLER

Averaging this over h, we now conclude that the desired bound for (167)
follows from
EheZ/NZHAhleQUL;” o o=o(l).
q[1,A—2D" L]
Expanding out the Gowers norm above, we see that this claim in turn reduces
to
(170) [ fillyor1 = o(1).
Z/NZ,q[1,A=2D"' L], .. q[1,A—2D" ]
Since wraparound issues are again negligible, we can split the average over
Z/NZ implicit in (170) into intervals of length =< L and apply the generalized
von Neumann theorem, thus reducing the proof of (170) to
(171) sup  Enan—m|fillypr i pnpan = 0(1)
A—cL<M<AcL
for any constant ¢ > 1.

Now specialize to the case where f; is the (W-tricked) Liouville function
Ao,w (1)1 n)(n) (and N = [ X/W | as before). By making a change of variables,
and extending the range of the supremum in W1l,,— (moq w), We reduce (171)
to
(172)

sup Epcwv—an[A- W=y (mod w)Liwmllyor+n nian = 0(1)-
Ne/2< M<N2e
The factor 1y can be removed, since the contribution to the n average from
the range WN — O(M) <n < W(N — M) is negligible. By Fourier expanding
L.=p (mod w) in terms of additive characters, and applying the triangle inequal-
ity (and recalling that w tends to infinity arbitrarily slowly), we reduce®® to
proving (171) also without the factor W1.— (mod w)-

By our main theorem, Theorem 1.5, we have (172) without the term
Wl=b (mod w)liwn, and therefore taking above f; € {Ap, w, Ap, w} for 1 <
1 < k, both Theorems 1.10 and 1.12 follow. O

Appendix A. Bernstein inequality for exponential polynomials

In this appendix we establish the Bernstein inequality for exponential poly-
nomials, Lemma 2.3. We begin with a bound for the number of zeroes of such
polynomials:

ZNote that even though the Fourier expansion of 1.—, (mod w) followed by the triangle
inequality loses a multiplicative factor of W, this loss is harmless, since w, and hence W,
can be assumed to tend to infinity much slower than the decay rate of (172) without the
Wil (mod W)l[WN] factor.
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LEMMA A.1. Let aq,...,ax be real numbers, let dy, . .., d; be non-negative
integers, and let P : R — R be a real linear combination of the exponential
monomials t — tJ exp(a;t) fori=1,....k and 0 < j < d;. Then if P is not
tdentically zero, it has at most k + Zle d; zeroes.

Proof. The claim is trivial for k£ = 0, so suppose that £ > 1 and that the
claim has already been proven for £k — 1. We now fix k and induct on Zle d;.
By reordering we may assume that d; < ds < --- < di. By multiplying P by
t — exp(—ajt) we may assume that o = 0. If d; vanishes, then the derivative
P’ is a linear combination of the exponential monomials t — #/ exp(a;t) with
2 < i< kand0<j <d;, sothe claim follows from the outer induction
hypothesis on k and Rolle’s theorem. If instead d; does not vanish, then P’ is
of the same form as P but with d; replaced by d; — 1, thus by the induction
hypothesis it either vanishes identically or has at most k + (Zle d;) — 1 zeros.
The claim now follows from Rolle’s theorem. U

Proof of Lemma 2.3. We allow all implied constants to depend on the pa-
rameters k,dy,...,dg, m,I. Let Ny be large enough in terms of k,dy, ..., d.
We may normalize so that sup,,_; _n, |P(n)] = 1. The claim is trivial if P
is constant, so we may assume that P is non-constant. By Lemma A.1 the
exponential polynomial P(¢) then attains the values £1 at most O(1) times, so
the set {t € R : |P(t)| < 1} is the union of O(1) intervals (possibly of infinite or

zero length). As this set contains {1,..., Ny}, we conclude from the pigeonhole
principle (for Ny large enough in terms of di, ..., dy) that this set also contains
an interval [n,n + 1] for some n =1,..., Ny — 1.

Now observe that P solves the ordinary differential equation
k

11 (% _ ai>di+1 P(t) = 0.
1

Writing D := Y% (d; + 1) = O(1) and ¢ = SUpPy<;<k |a;| (Where, by assump-
tion, ¢ is small enough in terms of k,dy, ..., dx, Ny), we can write this equation
as

(173) POYE) 4 ep_ 1 PPD(t) 4 - + ¢oP(t) = 0,

where the coefficients ¢y, ...,cp_1 are of size O(¢). In terms of the D-dimen-
sional vector

P(t)
v(t) = :
P(D_l)(t)

one can write this differential equation as a first-order system

av(t) = (U + E)u(t)
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where U is the shift matrix

01 0
0 0 0
U= Do .
00 -1
00 --- 0

and F is a t-independent matrix of dimension D with all entries being of size
O(g). The solution of this equation is

o(t) = exp((t — n)(U + E))o(n).

By the continuity of the matrix exponential we then have

(174) v(t) = exp((t —n)U)v(n) + O(ellv(n)]])
whenever |t —n| = O(1). (Here || - || denotes the Euclidean norm of a vector.)
In particular, we have the approximate Taylor expansion
D—1 ;
(t—mn)? .
P(t) =Y ~————PY(n) + O(c|v(n)]).
=0

Since |P(t)| <1 for t € [n,n + 1], we conclude that
= (t

[y

> L PO ) < 1+l
j=
for t € [n,n + 1]. From (27) applied to the polynomial in ¢ on the left-hand
side we have that

(PO (n)] < 1+¢|o(n)].
We conclude that

[o()]| <1 +ello(n)],

and hence for £ small enough we see that all the components of v(n) are O(1).
Inserting this back into (174) we conclude that (29) holds for all m < D — 1;
the remaining cases then follow by differentiating equation (173) m — D times
and using induction on m. O

Appendix B. The Baker—Campbell-Hausdorff formula
and its consequences

In this section, we review some standard facts about connected, simply
connected nilpotent Lie groups G and their Lie algebras log G. As mentioned in
Section 4, all connected, simply connected nilpotent Lie groups are isomorphic
to matrix algebras, so we shall abuse notation in this appendix by viewing
elements of G and log G as matrices. (In particular, we identify the Lie group
exponential with the matrix exponential.)
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If G is a simply connected nilpotent Lie group with some filtration (G;)i>0
with G; = 0 for ¢ > k, we can define the operation * : logG x logG — log G
by the formula

(175) X #Y =log(exp(X)exp(Y))
for all X,Y € log G, or equivalently
log(gh) = log g * logh

for all g,h € G. For instance, in the Heisenberg group example from Exam-
ple 4.1, we have

0 71 = 0 x2 2z 0 z1+x2 21 +29+ %
0 0 n * 0 0 Y2 = 0 0 Y1 + Y2
0 0 0 0 0 0 0 0 0

The operation * is clearly a group operation on log G (with identity 0
and inverse map X — —X). The Baker—Campbell-Hausdorff formula gives an
explicit description of this operation. As is well known, log G is a nilpotent
Lie algebra, using the usual matrix commutator [X,Y] := XY — Y X as the
Lie bracket; see [20, Cor. 11.2.7]. For any X € log G, we can then define the
adjoint representation adx : log G — log G to be linear map

adx(Y) = [X,Y].

As log G is a nilpotent Lie algebra, adx is a nilpotent linear transformation,
thus ad’y¥ = 0 for some natural number m; more generally, for any X,Y € log G,
any word in adx,ady of length greater than or equal to some threshold m will
vanish. (In fact, by the inclusion (179) established below, one can take m to
equal the degree k of the filtration.) The Baker—Campbell-Hausdorff formula
then states

1
X*Y =X + / Y(edx ety Y g,
0

where e2dx = $7°° | Lad% is the matrix exponential of ady, and ¥ is the
function
xlogx r—1 (z—1)2
= = 1 — ey
V)= S 6

see, for instance, [17, Th. 3.3] or [20, Prop. 3.4.4]. Note that from the nilpotent
nature of log G we can truncate the Taylor series for the matrix exponential
and the function 7 to some finite threshold m, so that

(176) X*xY =X+Y + P(ady,ady)Y

for some (non-commutative) polynomial P of two variables of bounded de-
gree and coefficients that are rational numbers of bounded height, where the
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constant term of P vanishes and the linear term is equal to %ad x- (The contri-
bution of ady can be deleted from the linear term since ady'Y = 0.) The first
few terms of this formula are

1 1
X*Y:X+Y+§adXY+E(ad§(—adyadX)Y+---
1 1
XY XY L Y - Y]

although we will not need the explicit form of these terms beyond the qua-
dratic case. From (176) we conclude, in particular, that X %Y is a polynomial
combination of X,Y, with bounded degree and coefficients. As one particular
consequence of this formula, we see that

(tX) % (tY) % (—tX) * (—tY) = *[X, Y] 4+ O(t?)

as t — 0 for any X,Y € log G, so the Lie bracket can be recovered from * by
the limiting formula

. (X)) % (1Y) % (—tX) % (—tY)
(177) X, Y] = lim - ,

which can also be established directly from (175) and Taylor expansion of the
matrix exponential. (This is also |20, (3.14)].)
Another closely related identity to the Baker-Campbell-Hausdorff formula
is
XY = exp(X)Y exp(—X)
for any X,Y € logG; see [17, Prop. 2.25]. As exp(C~'YC) = C~lexp(Y)C
for any invertible C', we have

exp(exp(X)Y exp(—X)) = exp(X) exp(Y) exp(—X)
and thus
exp(e2dXY) = exp(X) exp(Y) exp(—X)
for all X,Y € log G, or equivalently
(178) log(hgh™!) = e®iosn Jog g

for all g,h € G.

By definition, the groups G; in the filtration (G;) are closed subgroups of
G, and thus are themselves Lie groups with a Lie algebra log GG; that are subal-
gebras of log G; see [20, Prop. 9.3.9], [17, Prop. 3.14]. In particular, the expo-
nential map exp : log G — G descends to a diffeomorphism exp : log G; — G,
so G; is simply connected. The group G; is nilpotent simply connected, and
Gi41 is a closed simply connected nilpotent subgroup, thus G;/G; 1 is simply
connected. If X € logG; and Y € logGj, then from the filtration property
[Gi,Gj] C Giyj and (175) we see that (tX) * (1Y) * (—tX) * (—tY) € log Gi;
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for any ¢ > 0; inserting this into (177) we conclude that [X, Y] € log G4, thus
we have the Lie algebra filtration property
(179) [log Gi,log G;] C log Gy ;.

In particular, each of the log G; are normal Lie subalgebras of log G. From the
Baker-Campbell-Hausdorff formula (176) and (179) we then also have

X*xY =X+4+Y mod logGHl
whenever ¢ > 1 and X,Y € log G;, or equivalently
(180) log(gh) = log(g) + log(h) mod log Gi1

whenever ¢ > 1 and g,h € G;. Thus logG;/log G;11 is an abelian Lie algebra
for any ¢ > 1, and the logarithm map descends to a homomorphism from the
multiplicative group G;/G;41 to the additive group log G;/log G;1.

LEMMA B.1 (Taylor expansion). Let d > 1 be a natural number, and let
g € Poly(Z — G). Then there ezist unique Taylor coefficients g; € G; such

that .
g(n) = ng(j)-
j

Proof. This is a special case of |15, Lemma B.9|. O
Now we can prove Lemma 4.2.

Proof of Lemma 4.2. We may rescale § = 1. The fact that Poly(Z — G)
forms a group is the Leibman-Lazard theorem; see, e.g., [15, Cor. B.4]. Now
suppose that g € Poly(R — G). Thus we have a Taylor expansion

k
log g(t) =Y Xit'
=0

for some X; € log G;. For any j > 0, let V; denote the vector space of polyno-
mial maps p: R — log G of the form

p(t)y= > Vi,
0<i<k—j

where Y; € log G;1; for all ¢, thus logg € V5. One can check that the V; are
decreasing with
(181) [Vi, Vil C Vi
and V; = 0 for ¢ > k; in particular, the V; are each Lie algebras. We now claim
by induction that

logﬁhl . -8hj§ S V]
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for all j > 0 and hq,...,h; € R. This claim is already established for j = 0.
If it holds for some j, and if hj;1 € R, then by using the fact that (¢ + hj+1)i
differs from t* by a polynomial of degree at most i — 1 in ¢, we see that

log ahl cee ahj§(~ + hj+1) = log 8h1 cee 8hjg mod Vj+1,
and hence by the Baker—-Campbell-Hausdorff formula (176),
log Op, -+ On,; G(- 4 hjy1) * (—1log O, -+ - On,;3) € Vi1
But by (175) the left-hand side is equal to log O, - - - 9p,, g, closing the induc-
tion. Applying this with j = k and hq,...,hj,t € Z, we conclude that the
restriction of g to Z lies in Poly(Z — G).
Now suppose that g € Poly(Z — G). Any such element can be expressed
uniquely as a Taylor expansion
g(n) = gogfl) - 'g,g’“)
for all n € Z and some g; € G;; see [15, Lemma B.9|. Using the real exponen-
tiation (77), we can extend g to the map

t t

(182) (t) = gogl) - gt

From many applications of the Baker—Campbell-Hausdorff formula (175),
(176), (179) one sees that g is now an element of Poly(R — G). This es-
tablishes existence. To show uniqueness, it suffices by the group property to
check the case g = 1. Then any extension § is such that log g(n) = 0 for every
integer n; since log g is also a polynomial, log § vanishes identically, hence g
must be 1, giving uniqueness. [l

As a corollary we obtain the following:

LEMMA B.2 (Non-abelian Discrete Taylor expansion). For any 6 > 0, the
space Poly (0Z — G) consists precisely of those functions v : R — G of the form
ks
90 =Tl
=0

for some g; € Gj, where (3’) — w

If ' is a cocompact discrete subgroup of G with each I'; :== I'NG; cocompact
in G;, then there exists a Mal'cev basis for I', by which we mean a linear basis
X1,..., Xgim¢g for log G with the property that Xdim G—dim G;+1, - - » Xdim G
form a basis for log G; for each ¢ (so, in particular, [X;, X;] lies in the span of
Xmax(i,j)+1> - - - » Xdimg for any 1 <4,j < dim G), and

I' = {exp(n1X1) - - - exp(ndim ¢ Xdim @) : 11, -+ -, NdimG € Z}.
See [14, §2] for details.
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From this and many applications of the Baker—-Campbell-Hausdorff for-
mula, we see that for any 1 < ¢,j < dim G, the coefficients of [X;, X;] in the

basis Xinax(ij)+1> - - - » Xdim ¢ are rational numbers with denominator O(1), and
thus every element of I' can be written in the form
1
(183) eXp(a(m)ﬁ + -+ ndim ¢ Xdim G))
for some integers nq, . . ., ndgim ¢ and some natural number @1 = O(1) depending

only on G and the Mal'cev basis; conversely, there exists a natural number
Q@2 = O(1) such that every expression of the form

exp(Q2(m X1 + -+ + Ndim ¢ Xdim @)

with n1,...,ndimg € Z lies in I'. One consequence of this and the Baker—
Campbell-Hausdorff formula is that, for any fixed natural number ¢ = O(1),
the set {7 € G : ¥4 € I'} generates a group, all of whose elements are of the
form

1
eXp(é(anl + -+ + Ndim ¢ Xdim @)

for some @ depending on G, ¢, and the Mal’cev basis; in particular, this group
contains only finitely many cosets of I', so that I' is a finite index subgroup
of it. As one particular corollary of this, we see that if 71,9 € G are such that
i, 7§ €T for some natural numbers ¢, g2 = O(1), then one has (y172)? € T
for some ¢ = O(1).

Appendix C. Bezout’s identity and the Chinese remainder theorem
for polynomial spaces

In this section, we prove various versions of Bezout’s identity and the
Chinese remainder theorem for polynomial maps, either into the circle R/Z or
into more general filtered nilpotent Lie groups.

C.1. Bezout-type identities.

Proof of Lemma 2.2. We may normalize A = 1. We begin with the first
claim. It suffices to establish the inclusion

1 1
Poly . (aZ — Z) + Poly 4, (EZ — Z> D Poly((Z — Z)

as the opposite inclusion is trivial. That is, it suffices to show that every
v € Poly<(Z — Z) may be split as v = 7, + 75 where v, € Poly (%Z — Z)
and v, € Poly (%Z — Z).

We prove this by induction on k. The claim is trivial for k£ = 0, so suppose
that & > 1 and that the claim has already been proven for k — 1. From
Lemma 2.1 we can write () = c(i) + ~*(t) for some integer ¢ and v* €
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Poly ;1 (R — R). By Bezout’s identity we may write ¢ = qa® + rb* for some

integers q, r, thus
at bt x
V() = q(k> +r(k> +77 (1)

for some v** € Poly.,._1(R — R). As y(Z) C Z, also v**(Z) C Z; so by
the induction hypothesis we may write v**(£) = 7*(t) + YW (t) where v3* €
Poly ;4 (éZ — Z) and 7;* € Poly; 4 (%Z — 7). Setting vq(t) = q(‘}f) +
Yax(t) and yp(t) = r(l;f) + ;*(t) closes the induction.

Now we prove the second claim. Again it suffices to prove the inclusion

1 1 1

as the opposite inclusion is trivial, and we may again inductively assume that
k > 1 and that the claim has already been proven for k — 1.

If v € Poly (éZ — Z) NPoly<y, (%Z — Z), then from Lemma 2.1 we see
that the derivative v(*) (which is a constant) is an integer multiple of both a*
and b*, hence can be written as c(ab)* for some integer ¢. Thus we may write
() = c(“,i’t) +7*(t) for some integer ¢ and v* € Poly;_;(R — R). One then
easily checks that

1 1
v* € Polyj_4 (Z — Z) NPoly;_; (bZ — Z) :
< a <
The claim now follows from the induction hypothesis and Lemma 2.1. ([

Proof of Lemma 4.13. We again normalize A = 1. We begin with the first
claim. As Poly(Z — T') is a group that contains®* Poly(1Z — T'), Poly(3Z —
I'), we clearly have the inclusion

1 1
Poly <fZ — F) - Poly (EZ — T) C Poly(Z — T).
a

It now suffices to show that any v € Poly(Z — T") can be factored as v = v,
where 7, € Poly(2Z — T') and 7, € Poly(3Z — T).

Set I'; .= G; NT for all 4. If 7 lies in Poly(Z — T'xy1), then the claim is
trivial since I'y11 = {1}, so now suppose by downward induction that v lies in
Poly(Z — T;) for some 1 < i < k, and that the claim has already been proven
for v in Poly(Z — TI'j+1). By Lemma B.2 we have a Taylor expansion of the

form
1) =1 vfj )

24We recall here that, by Lemma 4.2, the group Poly(6Z — T') can be (by an abuse of
notation) interpreted as a subgroup of Poly(R — T').
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Since for t € Z we have y(t) € I';, we get by induction on n that v; € I';. If we
let m;: I'; — I';/Ti41 be the quotient map, then since I';/T";4; is abelian, for
t € Z we get

ri(y(6) = [[ miu) .
=0

By Lemma 2.2, we can split each (;) as Py ;(t)+ Py j(t) for t € R and some
P,; € Polygj(%Z — Z) and Py ; € Polygj(%Z — Z). Setting

i i
vt =TT % ="
j=0 j=0

for all t € R, we see that v, € Poly(1Z — I), 4} € Poly(3Z — I'), and
V= Y00
for some o € Poly(Z — T'j4+1). The claim now follows from the induction
hypothesis.
Now we prove the second claim. We show by downwards induction on k
that for each 1 < < k+ 1 and v € Poly(1Z — T;) N Poly(3Z — I';) one has
v E Poly(ﬁZ — I';). The claim is trivially true for i = k + 1, so suppose that

1 < ¢ < k and that the claim has already been proven for ¢ + 1. From two
applications of Lemma B.2 and with 7; as above, we have

i at
(184) m(1(1) = [[ w507
=0
for all t € %Z and some v;, € I';, and
¢ bt
(185) mi(1(t)) = [ i)
3=0

for all t € %Z and some ;; € I';. Specializing to ¢ € Z and comparing the
top order coefficients of these polynomials (using the uniqueness of the Taylor
expansion) in the abelian group I';/T'; 11, we conclude that

mi(Yia) ™ = mi(vip)"
As a', b’ are coprime, the Bezout identity allows one to express 1 as an integer
combination of a’, b*. We conclude that there exists ; € I'; such that m;(y;.4) =

. . abt
7(v)?" and (i) = 7(7:)® . If one then divides out the polynomial ¢ %‘( )
(which lies in Poly(Z7Z — T;)) from v (either on the right or left), one ends
up with a polynomial in v € Poly(éZ - Iy n Poly(%Z — T';) which has
an expansion similar to that of (184), (185) but with the j = ¢ term absent.

Repeating this argument we may eliminate all the other factors in (184), (185)



852 MATOMAKI, RADZIWILL, TAO, TERAVAINEN, and ZIEGLER

by dividing out appropriate sequences in Poly(X£Z — T7), until m;(v(n)) is
identically equal to 1 on both %Z and %Z, so that v now lies in Poly(éZ —
FiH)OPoly(%Z — I'i+1). The claim now follows from the induction hypothesis.

[l

C.2. Chinese remainder theorems.

Proof of Proposition 3.5. We begin by proving an auxiliary claim, namely
that if aq, . .., a,, are coprime natural numbers, and v1, ..., vy, € Poly 1 .(Z—Z),
then there exists v € Poly;(Z — Z) such that v; — v € Polygk(a%_Z_% 7) for
i =1,...,m. It suffices to verify this when m = 2, as this also implies the m =1
case, and the higher m cases also follow from induction. From the first claim of
Lemma 2.2 we can write y1 — v2 = 7] — 75, where 7{ € PolySk(iZ — Z) and
V5 € Polygk(éZ — Z). The claim now follows by setting v = v1—7] = y2—73.

Now we prove (i). Write ¢ = (I, P) and ¢, = (Ip, Pp). From Definition 3.1,
we have

P,=¢cp+ P+,
where ¢, € Poly .. (R — R) obeys the smoothness bounds in Definition 3.1(i),
and 7, € Poly ., (Z%Z). From the previous claim, there exists v € Poly .. (Z —
Z) such that v, — v € Polygk(%Z — Z) for each p. If one then sets ¢ :=
(I, P + ), one obtains the claim (i).

Now we prove (ii). Write ¢ = (I, P) and ¢/ = (I’, P"). From hypothesis

we may write

P(t) = (t) + P'(t) + (0)

for all p € P and some €,,7, € Poly.,(R — R) obeying the properties in
Definition 3.1. In particular, we see that €,(t) + 4,(t) is independent of p.
Setting n; to be an integer point in I, we then have that €,(n;) mod 1 is
independent of p. Since also €,(n) = O(1), we may subtract a bounded integer
from each ¢, and add it to 7, to assume without loss of generality that e,(nr)
is independent of p. Since €,(n + 1) = ¢,(n) + O(1/|I]) for all n € I N Z,
and ep(n) mod 1 is independent of p, we conclude from induction (for |I| large
enough) that €,(n) is independent of p for all n € I NZ, which by Lagrange
interpolation (or Lemma 2.3) implies that €, = € is independent of p. This
implies that v, = 7 is also independent of p. Since v € Polygk(%Z — Z)
for all p € P, we see from iterating the second claim of Lemma 2.2 that v €
Polygk(ﬁz — Z), and the claim follows. O

Proof of Proposition 4.14. As with the proof of Proposition 3.5, we begin
by proving an auxiliary claim, namely that if a1,...,a,, are coprime natural
numbers, and 7, ...,vn € Poly(Z — T'), then there exists v € Poly(Z — TI')
such that v~ 1, € Poly(a%_Z — I') for i = 1,...,m. As before it suffices from

induction to verify the m = 2 case. From the first claim of Lemma 4.13 we can
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write ’yl_lfyg = (7)1 where v € Poly(éZ —TI') and 75 € Poly(éZ —I).
The claim now follows by setting v = 1 (7)™ = y2(v3) "t
Now we prove (i). From Definition 4.9, if we write ¢ = (I,g) and ¢, =

(Ip, gp), we have
Ip = EpgTp

where €, € Poly(R — G) obeys the smoothness bounds in Definition 3.1(i),
and 7, € Poly(Z — I'). From the previous claim, there exists v € Poly(Z —T")
such that y71y, € Poly(%Z — Z) for each p. If one then sets ¢' := (I, g7), one
obtains the claim (i).

Now we prove (ii). Write ¢ = (I, g) and ¢' = (I, ¢’). From hypothesis we
may write

(186) 9= 9"

for all p € P and some €,,7, € Poly(R — G) obeying the properties in Defini-
tion 4.9. Let n; be an integer point in I. The points log €,(nr) take values in a
ball of size O(1) around the origin in log G. Let 6 > 0 be a small, fixed constant
(depending on k,e,0,G/T, F). By the pigeonhole principle, one can find a sub-
collection P’ of P with #P’ >>5 #P such that loge,(nr) = ey + O(d) for some
eo = O(1). From Bernstein’s inequality (26) (applied to the function that ex-
presses the distance between log e, (t) and €g) we also have log e,(t) = €9+ O(6)
whenever ¢t = ny + O(d|I|). From (186) one has

(187) (¢") e tewd =y

Now suppose that ¢ is an integer with t = ny+0(d|I]). By the Baker—-Campbell-
Hausdorff formula (176), the quantity

ep(t) e (t) = exp((—log (1)) x log e (1)) = exp((—eo + O(9)) * (€0 + O(9)))

lies within O(6) of the identity, hence the conjugate ¢'(t) ™ e, (t)~tey (t)g'(t)
lies within O(0) of the identity when projected to the abelian group G/G2. On
the other hand by (183), the projection of 7, (¢)yy (t) ™! to G/Gs is rational in
the sense that it lies in the image of T' when raised to some power ¢ = O(1).
For ¢ small enough, these facts are only compatible if the projection of both
sides of (187) to G/G> is trivial, that is to say both sides of (187) lie in Gg, so
ep(t) ey (1) also lies in Ga. Now one can project to the abelian group G2/Gs
and repeat the above arguments to show that both sides of (187) lie in G
(for § small enough). Continuing this argument we conclude that both sides of
(187) are in fact trivial for all integers t = ny + O(d]I]), and hence by Lagrange
interpolation (for |I| large enough) for all real ¢ also. In particular, v, = ~
is independent of p. From the second part of Lemma 4.13 we conclude that
V€ Poly(ﬁZ — Z), and the claim follows. O
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