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Abstract  There has been much recent progress in the study of arithmetic progressions in various sets,
such as dense subsets of the integers or of the primes. One key tool in these developments has been the
sequence of Gowers uniformity norms U4(G), d=1,2,3,..., on a finite additive group G; in particular,
to detect arithmetic progressions of length k in G it is important to know under what circumstances the
U*~1(G) norm can be large.

The U(G) norm is trivial, and the U2?(G) norm can be easily described in terms of the Fourier
transform. In this paper we systematically study the U3(G) norm, defined for any function f : G — C
on a finite additive group G by the formula

Iflvse =1GI"" > (f@flr+a)f@+b)f(@+c)f(x+a+b)

z,a,b,ceG
X f@x+b+o)f(x+c+a)fztatbte)t/s.

We give an inverse theorem for the U3(G) norm on an arbitrary group G. In the finite-field case
G = Ff we show that a bounded function f : G — C has large U3(G) norm if and only if it has a
large inner product with a function e(¢), where e(z) := €*™® and ¢ : F? — R/Z is a quadratic phase
function. In a general G the statement is more complicated: the phase ¢ is quadratic only locally on a
Bohr neighbourhood in G.

As an application we extend Gowers’s proof of Szemerédi’s theorem for progressions of length four
to arbitrary abelian G. More precisely, writing r4(G) for the size of the largest A C G which does not
contain a progression of length four, we prove that

ra(G) < |G|(loglog |G]) ¢,

where c is an absolute constant.
We also discuss links between our ideas and recent results of Host, Kra and Ziegler in ergodic theory.
In future papers we will apply variants of our inverse theorems to obtain an asymptotic for the number
of quadruples p1 < p2 < p3 < pa < N of primes in arithmetic progression, and to obtain significantly
stronger bounds for r4(G).
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1. Background and motivation

A famous and deep theorem of Szemerédi asserts that any set of integers of positive
upper density contains arbitrarily long arithmetic progressions. More precisely, we have
the following theorem.

Theorem 1.1 (Szemerédi’s theorem, infinitary version [60]). Let A be a subset
of the integers Z whose upper density limsupy_, .. (2N + 1)7YA N [N, N]| is strictly
positive. Then, for any k > 1, the set A contains infinitely many arithmetic progressions
{a,a+7r,...,a+ (k—1)r}, r #0, of length k.

The first non-trivial case of this theorem is when k = 3, which was treated by Roth [56]
using a Fourier-analytic argument. The case of higher k was more resistant to Fourier-
analytic methods, and the first full proof of this theorem was achieved by Szemerédi
[60] using combinatorial methods. Later, Furstenberg [18,24] introduced an ergodic-
theoretic proof of this theorem. More recently, Gowers [27] gave a proof that was both
combinatorial and Fourier-analytic in nature, and which is substantially closer in spirit
to Roth’s original argument than the other proofs. Even more recently there have been a
number of other proofs of this theorem by other methods, such as hypergraph regularity
[28,48-50,53-55] or ‘discrete ergodic theory’ [62]. This theorem and its various proofs
have in turn generated many other mathematical developments. For instance, in [34], we
were able to apply Theorem 1.1 to demonstrate that the primes contain arbitrarily long
arithmetic progressions.

In this paper we shall be interested primarily in the Fourier-analytic approach to this
theorem, specifically in the k = 4 case, which was treated separately by Gowers in [25]
and then again in [27]. This latter paper will be our key reference. However, as we
shall see later there are some strong connections between this approach and the ergodic
one, especially after the work on characteristic factors by Host and Kra [41,43] and
Ziegler [63,64] and on the connection to nilsequences by Bergelson et al. [5]. Before we
give our main new results, however, we first give some further historical background and
motivation.

Gowers’s proof of the full Szemerédi theorem in [27] is quite lengthy and involves
many deep new ideas. However, it is possible to split it up into a number of simpler
steps, all but one of which are straightforward. First, it is easy to show that for any fixed
k, Theorem 1.1 is equivalent to the following finitary version.

Theorem 1.2 (Szemerédi’s theorem, finitary version [60]). Let 6 > 0 and k > 1.
Then there exists an integer Ny = No(9, k) such that whenever N > Ny and A C [1, N]
is such that |A|/|[1, N]| > 6, then A contains at least one proper arithmetic progression
of length k.

The next observation, due to Roth, is that one can hope to prove this theorem by down-
wardly inducting on the density parameter § (the case 6 > 1 being trivial or vacuous).
In particular, for any fixed k, Theorem 1.2 is equivalent to the following assertion.

Theorem 1.3 (lack of progressions implies density increment). Let 6 > 0 and
k>1.Let N > 1andlet A C [1, N] be such that |A|/|[1, N]| > ¢ and such that A contains
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no proper arithmetic progressions of length k. Then, if N is sufficiently large depending
on k and 0, there exists an arithmetic progression P C [1, N] with |P| > w(N, ) for some
function w(N, ) of N that goes to infinity as N — oo for each fixed 0, such that we have
the density increment |A N P|/|P| > 0 + ¢(8), where ¢(6) > 0 is a function of § that is
bounded away from zero whenever  is bounded away from zero.

The deduction of Theorem 1.2 from Theorem 1.3 is a straightforward induction argu-
ment. For details of arguments of this type any of [25-27,31,56] may be consulted, or
indeed §§ 7 or 11 of this paper. Of course, the final bound Ny (4, k) obtained in Theorem 1.2
will depend on the explicit bounds w(N, d), ¢(d) obtained in Theorem 1.3. In Roth’s k = 3
argument in [56], ¢(d) was roughly 6% and w(N, §) was roughly N'/2, which led to a final
bound of the form Ny(d,3) < exp(exp(C/0)). In Gowers’s extension of Roth’s argument
in [27], ¢(8) was roughly 6% and w(N, §) was roughly N° for some Cy, cx > 0 depending
only on k, which led to a final bound of the form Ny (6, k) < exp(exp(Cy/6%)) (see [27]
for a more precise statement). These are the best known bounds for Ny(d, k) except in
the k = 3 case, where the current record is Ny(d,3) < (0/5)0/52, due to Bourgain [10].

The next step is to pass from the interval [1, N] to a cyclic group Z/NZ for some
prime N. Indeed, by using Bertrand’s postulate® and a simple covering argument to split
progressions in Z/NZ into progressions in [1, N], one can show that Theorem 1.3 is in
turn equivalent for each fixed k (up to minor changes in the bounds w(N,d) and ¢(d)) to
the following statement.

Theorem 1.4 (lack of progressions implies density increment). Let 6 > 0 and
k > 1. Let N > 1 be a prime, and let Q be a proper progression in Z/NZ such that
|Q| = ¢oN for some 0 < ¢g < 1. Let A C Q be such that |A| > 6N, and such that A
contains no proper arithmetic progressions of length k. Then, if N is sufficiently large
depending on k and 0, there exists a proper arithmetic progression P C Z/NZ with
|P| > w(N, 0, co, k) for some function w(N,d,co, k) of N that goes to infinity as N — oo
for each fixed §, ¢y, k, such that we have the density increment

[ANP| _ |ANQ)
> +
P ]

where ¢(, co, k) > 0 is bounded away from zero whenever §, ¢y are bounded away from
zero and k is fixed.

0(57 Co, k)a

The deduction of Theorem 1.3 from Theorem 1.4 is not difficult (see [25,27,56]).
Of course, it remains to prove Theorem 1.4. This was achieved in the £k = 3 case by
Roth using Fourier-analytic methods. To extend these arguments to the case of higher
k, Gowers introduced a collection of tools which form part of a theory which might
be termed ‘higher-order Fourier analysis’ for reasons which will become clear later. In
particular, handling the & = 4 case required ‘quadratic Fourier analysis’.

While Gowers’s original argument takes place in a cyclic group Z/NZ of prime order,
we will work in the more general setting of an arbitrary finite additive group. This might

* That is, there is always a prime between X and 2X.
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seem unnecessary but is consistent with what we call the finite-field philosophy. This
is the observation that many questions concerning the integers {1,..., N} or the cyclic
group Z/NZ may be asked very naturally for an arbitrary finite abelian group G, and
they may be answered there by modifying the proof for Z/NZ in a straightforward way.
Thus it is often the case that the passage

Z/NZ generalization G
is rather straightforward.

However, it may be that the question is significantly easier to answer when G is some
specific group, typically a vector space over a finite field such as Fy, Fy or Ff'. This obser-
vation was made in such papers as [46,58]. In this paper we will take a particular interest
in F{ since this is the smallest characteristic field for which arithmetic progressions of
length four are a sensible thing to discuss. Now the passage

generalization
fp Eeneralization,

might not be at all easy. However, in attempting such a route one has split the problem
into two presumably easier subproblems, and furthermore there is now a library of tools
available for effecting the generalization. This started with the work of Bourgain [10]
(though he did not phrase it this way) and has continued with various works such as
[30,32]. The present paper, particularly §§8 and 9, is another example in this vein. For
a longer discussion of the finite-field philosophy, see [31].

Definition 1.5 (additive groups). Define an additive group to be a group G =
(G,+) with a commutative group operation +; if z € G and n € Z, we can define the
product nz € G in the usual manner. If f : G — H is a function from one additive
group to another, and h € H, we define the shift* operator T" applied to f by the
formula T" f(z) := f(x + h), and the difference operator h-V := T" — 1 applied to f by
the formula (h - V)f(z) := f(z + h) — f(z). We extend these definitions to functions of
several variables by subscripting the variable to which the operator is applied: thus, for
instance, if f(x,%) is a function of two variables, we define T f(z,y) = f(x + h,y) and
h-Vef(z,y) = f(x+h,y) — f(z,y) if z, h range inside an additive group G, and we do
the same thing for the y variable.

Remark 1.6. Throughout the paper, we will write N := |G| for the cardinality of G.

Remark 1.7. The notation above is of course designed to mimic that of several-
variable calculus. We caution, however, that we do not assign any independent meaning
to the symbol V, unless it is prepended with a shift h to create a difference operator
h -V, which is of course a discrete analogue of a directional derivative operator.

We now introduce a multilinear form Ag(fi, ..., fr) which is useful for counting arith-
metic progressions. Here, and throughout the paper it is convenient to adopt the nota-
tion of conditional expectation, which allows one to hide some distracting normaliz-
ing factors such as 1/N in our arguments. Thus if f : G — C is a complex-valued

* This ‘ergodic’ notation corresponds to the backwards shift TPz := z — h on the underlying group
G. We will discuss further connections with ergodic theory in §12.
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function on a finite set G and if B C G is a non-empty subset of G, we will use
Erenf(z) := (1/|B|)>_,cpf(x) to denote the average of f over B. We will abbrevi-
ate Eyeq f(z) as E(f) when the domain G of f is clear from the context.

Now if G is a finite additive group and fy,..., fxr—1 : G — C are complex-valued
functions, we define the k-linear form Ag(fo,..., fx—1) € C by

Ax(for- s 1) = Eupec fo() T fi(z) - TEI" fi_y ().

Observe that if A C G and fo = --- = fx—1 = 14, where 14 : G — {0,1} denotes the
indicator function of A, then Ag(la,...,14) is just the number of progressions of length
k (including those with common difference 0), divided by the normalizing factor of N2.
In particular, if (N, (k—1)!) = 1 and A contains no proper progressions of length k, then
we see that Ag(la,...,14) = |A|/N?, which will be quite small when N is large.

Tt is thus of interest to determine under what conditions Ax(14,...,14) is small or
large. To this end, Gowers introduced (what are now known as) the Gowers uniformity
norms || fllya(e) for any complex function f : G — C, whose definition we now recall.

Definition 1.8 (Gowers uniformity norm). Let d > 0 and let f : G — C be a
function. We define the Gowers uniformity norm || f||ya(q) = 0 of f to be the quantity

1/2¢
I flloae = (ExeG,heGd H C“’T“'hf(as)) )

w€e{0,1}4

where w = (w1, ...,wq), h € (h1,...,hg), w-h:=wihy + - +wghg, |w| == w1+ +wa,
and C is the conjugation operator Cf(z) := f(x).

Remark 1.9. An equivalent definition of the U%(G) norms is given by the recursive
formulae

[ fllvoey = E(f), [ £l @y = [E()], I fllpa = BrealT" f FlIGar @)
(1.1)
foralld>1

Remark 1.10. A conﬁguratlon of the form (z +w-h)yeqo,13¢ is called a cube of
dimension d. Thus HfHUd(G) is a weighted average of f over cubes; for instance, ||14 HUdng
is equal to the number of cubes contained in A, divided by the normalizing factor of N'¢
The cases d = 0, 1 are rather degenerate, and indeed U%(G) is not a norm in these cases.
However, for d > 1, one can show that || - ||a(¢) is indeed a norm, i.e. it is homogeneous,
non-negative, non-degenerate, and obeys the triangle inequality (see [27, Lemma 3.9]).
These norms have also appeared recently in ergodic theory (see, for example, [43]) and
(together with the dual norms U%(G)*) played a key role in [34]. It thus seems of interest
to study these norms more systematically; the results here can be viewed as a step in
that direction.

We will study these norms in detail later, but for now let us give an example to illustrate
what they are trying to capture. Suppose f has the form f(x) := e(¢(x)) for some phase
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function ¢ : G — R/Z, where e : R/Z — C is the exponential map e(z) := *™. Then a
simple calculation shows that

Thus the U9 norm is in some sense measuring the oscillation present in the dth ‘derivative’
of the phase. In particular, we expect the U? norm to be large if the phase behaves like a
‘polynomial’ of degree d — 1 or lower, but small if the phase is behaving like a polynomial
of degree d or higher.

We observe that as an immediate consequence of (1.1) and induction we have the
monotonicity property

1fllvecy < Ifllgara for d=0,1,2,.... (1.2)

The relevance of the Gowers uniformity norms to arithmetic progressions lies in the
following result, which was stated explicitly in [27, Theorem 3.2] (in the case of cyclic
groups, G = Z/NZ) but has been implicit in the ergodic-theory literature for some time.
Write D := {z € C: |z| < 1} for the unit disc.

Proposition 1.11 (generalized von Neumann theorem). Let G be a finite abel-
ian group with (N,(k — 1)!) = 1. Let fo,...,fk—1 : G — D be functions. Then we
have

‘Ak(fba <. ~7fk—1)| < 1I<nji£k Hfj”Uk—l(G).

It is instructive to continue with the phase example given earlier. If f; = e(¢,), then

A(fos-- o fim1) = Bprege(do(z) + pr(x +7) 4+ - + dp—1(z + (K — 1)r)).

Thus Ax(fo,-.., fk—1) is measuring the oscillation present in the expression ¢g(z) +
d1(x+71)+ -+ ¢p—1(x + (k— 1)r). Proposition 1.11 can then be viewed as a state-
ment that if this expression does not oscillate, then neither do the expressions
(h1-Vyg) - (hk—1-Vyz)pj(z) for any 1 < j < k. Note that such a fact morally fol-
lows by ‘differentiating’ the expression ¢g(z) +¢1(x+7)+- -+ ¢p(z+(k—1)r)in k —1
different directions to eliminate all but one of the terms in this series. For completeness
we give a proof of this proposition in §4.

Corollary 1.12 (lack of progressions implies large uniformity norm [27]). Let
k > 3, let G be a finite additive group with (N, (k —1)!) =1 and let A C G, |A| = aN,
be a non-empty set such that A has no proper arithmetic progressions of length k. If
N >2/a* 1, then we have |14 — ofgr-1(g) = 277 ab 1,

More generally, let P be a proper arithmetic progression in G such that |P| = ¢oN.
Let A C P, |A| = a|P|, be a non-empty set which contains no proper arithmetic progres-
sions. If N > No(co, k, ), then we have [|[14 — alp|[yr-1(q) = c(co, a, k) > 0, where the
quantity c¢(co, o, k) stays bounded away from zero when ¢y, « are bounded away from
zero and k is fixed.
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Proof. We begin with the first claim. Since 14 = a+ (14 — «), we can split the sum
Ap(14,...,14) into 2% expressions, one of which is Ag(a,...,a) and the other 2¥~! of
which can be bounded in magnitude by |[14 — a||y»-1(¢) thanks to Proposition 1.11. In
particular we conclude that

A, 0) = Ag(La -, 1a)] < 2514 — algnmr (-

But clearly Ag(a,...,a) = oF, while since A has no proper arithmetic progressions we
have Ap(1a,...,14) = |A]/N? = a/N < a¥/2. The first claim follows.

The second claim proceeds similarly but is based on the decomposition 14 = alp +
(14 — alp), and the observation that Ax(1p,...,1p) = c(co, k) > 0 for some positive
quantity c(co, k) depending on ¢ and k; we leave the details to the reader. 0

Comparing this proposition with Theorem 1.4, we thus see that in order to prove
Szemerédi’s theorem for a fixed k, it suffices to prove the following theorem.

Theorem 1.13 (large uniformity norm implies density increment [27]). Let
n >0 and k > 3. Let G = Z/NZ be a cyclic group of prime order and let f : G — D
be a real-valued bounded function such that E(f) = 0 and || f||yx-1(q) = n. Then, if
N > Ny(k,n), there exists a proper arithmetic progression P C G with |P| = w(N,n, k)
such that Epcpf(x) > ¢(n, k), where

(i) w(N,n) = 00 as N — oo for fixed n;

(i) ¢(n, k) > 0 is bounded away from zero when 7 is bounded away from zero and k is
fixed.

Indeed, Theorem 1.4 then follows by applying Corollary 1.12 and then invoking The-
orem 1.13 with f:=14 — (Ezegla(z))lg. Theorem 1.13 is in fact deduced in [27] from
the following stronger theorem.

Theorem 1.14 (weak inverse theorem for U*~1(Z/NZ) [27]). Let n > 0 and
k > 3. Let G =Z/NZ be a cyclic group of prime order and let f : G — D be a bounded
function such that | f|lyr-1(g) = n. Then, if N > exp(Cn~“*) for some sufficiently
large C, > 0, one can partition Z/NZ into arithmetic progressions (P;),c.j, each of size
|Pj| > cen~Cx Newn™ % for some ¢k, Cr > 0, such that

> E(f1p)] = en

jEJ
for some ¢y, Cy, > 0.

Theorem 1.13 (and hence Theorem 1.1) follows quickly from this and the mean zero
hypothesis 3, ; E(f1p,;) = E(f) = 0. Indeed one gets a fairly good quantitative result
for Theorem 1.2, with Ny = exp(exp(Cy6~*)) for some explicit Cj, > 0 (see [27]).

We refer to Theorem 1.14 as a weak inverse theorem because it gives a necessary
criterion in order for a bounded function f to have large U*~1(G) norm, and hence a
sufficient condition for the U¥~1(G) norm to be small. As discussed above, this theorem

https://doi.org/10.1017/50013091505000325 Published online by Cambridge University Press


https://doi.org/10.1017/S0013091505000325

80 B. Green and T. Tao

is strong enough to imply Szemerédi’s theorem. Also, Theorem 1.14 could potentially
be useful, when combined with such tools as Theorem 1.11, not only for demonstrating
the existence of progressions of length k in a given set A, but in fact for providing an
accurate count as to how many such progressions there are. For instance, one might
hope to count the number of progressions of length k in the primes less than N by using
Theorem 1.14 to show that a certain counting function f associated with the primes
has small U¥~1(Z/NZ) norm and hence its contribution to the count of progressions in
the primes could be controlled using Theorem 1.11. However, the sufficient condition for
smallness of U¥~1(Z/NZ) given by Theorem 1.14 is very difficult to verify for sets such
as the primes (being at least as difficult as the Elliott—Halberstam conjecture, which is
not known to be implied even by the generalized Riemann hypothesis).

It is thus of interest to obtain a better inverse theorem for the U*~1(Z/NZ) norm,
which gives a more easily checkable condition for when this norm is small. Ideally we
would like this condition to be both necessary and sufficient, at least up to constant
losses. In this paper we shall achieve these objectives for k = 4.

In subsequent work we will give various applications of the results and methods of this
paper. In [35] we obtain a new bound on the size of the largest subset of the vector space
F? with no four-term arithmetic progression, and we hope to generalize that result to
arbitrary abelian groups G. In another series of papers [36,37] we obtain an asymptotic
formula for the number of quadruples p1 < ps < p3 < py < N of primes in arithmetic
progression.

2. Inverse theorems for U*~! norms

We have now explained why we are interested in an inverse theorem for the U*~! norms.
Before we state our main theorems, let us give some other examples and results that will
illustrate what the inverse theorem should be. Recall that the U¢ norm of a function e(¢)
measures the oscillation in the dth derivative of the phase ¢. Also recall that a polynomial
of degree at most d — 1 is a function whose dth derivative vanishes. We generalize this
concept as follows.

Definition 2.1 (locally polynomial phase functions). If B is any non-empty
subset of a finite additive group G and d > 1, we say that a function ¢ : B — R/Z is a
polynomial phase function of order at most d — 1 locally on B if we have

(h1-Va)---(hat1 - Va)o(z) =0

whenever the cube (z +wihy + -+ + Wahd)w, ... wse{0,1} 15 contained in B. If f: B — C
is a function, we define the local polynomial bias of order d on B ||fl,4p) to be the
quantity

[fllua(By = sup [Ezep (f(2)e(—o(2)))l,

where ¢ ranges over all local polynomial phase functions of order at most d — 1 on B.

To begin with we will work in the global setting B = G, but as will become clear
later we will need to also work in the local setting. We will refer to polynomial phase
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functions of degree at most 1 as linear phase functions and to those of degree at most 2
as quadratic phase functions, with the modifiers ‘local’ or ‘global’ as appropriate.

The quantity || - [|,4(p) is clearly a seminorm. It shares several features with the U%(G)
norm. First of all, like the U?(G) norm, we have the monotonicity || f|l,a(zy < ||f|lue+1 (5
and when B = G we also have the shift invariance ||T" f||,a(¢) = || f|lue(c)- We also have
the conjugation symmetry || f|l,e(p) = || fllua(5), and the phase invariance || fe(d)|| a5y =
| fllue(p)y whenever ¢ is a locally polynomial phase of degree at most d —1 on B. The
latter invariance also extends to the U%(G) norm, thus

I fe(d)lvaey = Ifllvae) (2.1)

whenever ¢ : G — R/Z is a global polynomial phase function of degree at most d — 1.

Indeed, this invariance® can easily be seen from (1.1) and induction, using the fact that

the derivative of a polynomial of degree at most d — 1 is a polynomial of degree d — 2.
From this invariance and (1.1), (1.2) we conclude that

[fllvae) = Ife(=dllvae) = Ife(=P)llvr @) = [Bzea(f(x)e(—¢(2)))]

whenever ¢ is a global polynomial phase of degree at most d — 1. Taking suprema over
all ¢, we obtain the inequality

I fllvae) = 11 flluia) (2.2)

for all d > 1, all additive groups G and all f: G — C.

It is now natural to ask whether the inequality (2.2) can be reversed. When d = 1
it is easy to verify (using (1.1) and the fact that polynomials of degree at most 0 are
constant) that we in fact have equality:

Ifllore) = I llur@)-

Consider next the case d = 2. For this we need the Fourier transform. Let G be the
Pontryagin dual of G, in other words the space of homomorphisms & : z +— £ - = from G
to R/Z. As is well known, G is an additive group which is isomorphic to G. If £ € G, we
define the Fourier coefficient f (&) of f at the frequency £ by the formula

f(&) = Euf(x)e(=¢ - x).

As is well known, we have the Fourier inversion formula

fl) =7 f(&)e(¢ )
ceG

* This polynomial phase invariance also indicates why Fourier analysis—which is essentially invariant
under modulation by linear phase functions but not by quadratic or higher phases—is only able to
effectively deal with the U?(G) norm and not with higher norms. To deal with the U3(G) norm thus
requires some sort of ‘quadratic Fourier analysis’ which is insensitive to phase modulations by quadratic
phases. The results here can be viewed as some preliminary steps towards establishing such a quadratic
Fourier analysis theory.
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and the Plancherel identity X
E(IF1%) =Y IF©% (2.3)
ted

One can then easily verify the pleasant identity

112y = D 1F O (2.4)

I3ge

For instance, this can be achieved by first establishing the identity || f||{= = E(|f * f|*)?,
where f* f(z) :=E, f(y)f(x —y) is the convolution of f with itself, and then using (2.3).
Next, we make the easy observation that if ¢ : G — R/Z is a global polynomial phase
function of degree at most 1, then 2 — ¢(z) — ¢(0) is a homomorphism from G to R/Z,
and hence there exists ¢ € G such that ¢(z) = & - 2 4+ ¢(0). From this it is easy to see
that R

[flluz(c) = sup [ f(£)]- (2.5)

e

Combining (2.3), (2.4) and (2.5) we readily conclude the following proposition.

Proposition 2.2 (inverse theorem for the U?(G) norm). Let f : G — D be a
bounded function. Then

1/2
1 fllzey < Iflo2iey < IFILATG)-

We remark that this proposition easily implies the & = 3 case of Theorem 1.14 (using
Dirichlet’s theorem on approximation by rationals to cover G by progressions on which
¢ is close to constant), and hence also implies Szemerédi’s theorem for k = 3. Indeed this
is essentially Roth’s original argument [56], albeit phrased in very modern language.

Based on evidence such as Proposition 2.2, one is tempted to conjecture that the Ud(G)
and u?(G) norms are also related for higher d, in the sense that if f is bounded and one
of the two norms || f{|ya(a), || fllud(e) is small, then the other is as well. From (2.2) we
already know that one direction is true: smallness of the U?(G) norm implies smallness
of the u?(G) norm. Our first main result establishes a converse to this in the d = 3 case
when G' = Fg, though with only partially satisfactory control on the constants.

Theorem 2.3 (inverse theorem for U®(Fg)). Let f : F2 — D be a bounded
function and let 0 < n < 1.

() If (| flluswzy = n, then there exists a subspace W < Fy of codimension at most
(2/n)€ such that

Eyerz ||.flluzg+mry = (1/2), (2.6)

where we can take C' = 2'6. In particular, there exists y € G such that
c
[ fllusyrwry = (1/2).

(ii) Conversely, given any subspace W < FZ and any function f : Ff — C we have
[fllva@gy = 1 w2y = 57" W fllus (y+w) for any y € Fy.
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Combining the two parts of the theorem together we see that

C
log®(1 4+ 1/[| fllus )

[ flluszy < 1 fllusEr) < (2.7)

for some absolute constants ¢, C' > 0. Thus this does give a result which asserts that the
smallness of the U3(F?) norm implies the smallness of the u®(F2) norm, and vice versa,
although the dependencies between constants are poor.* Note, however, that the control
is much better if one localizes the quadratic bias norm u?(F2) to cosets y + W of W.
We remark that there is nothing particularly special about the finite field Ff, and one
has similar results for any other finite field of odd characteristic, though the constants
depend of course on the field.

We shall prove Theorem 2.3 (i) in §6 ((ii) is easier, and we will prove it in §3); it con-
tains many of the main ideas of this paper, which combine the Fourier and combinatorial
analysis of Gowers in [25] with an additional ‘symmetry argument’ that is necessary to
obtain a strong inverse theorem instead of a weak inverse theorem. As a consequence we
obtain, in § 7, a Szemerédi theorem for progressions of length four in Fg.

Let us now discuss finite abelian groups G in general, particular importance being
attached to Z/NZ on account of potential applications. It is tempting to conjecture,
in light of the preceding results, that in such groups any bounded function with small
u4(G) norm must necessarily have small U%(G) norm. Unfortunately, such a statement
is false, even for G = Z/NZ. This fact was essentially discovered by Furstenberg and
Weiss [23] in the closely related context of determining characteristic factors for multiple
recurrence in ergodic theory; a similar observation was also made on p. 487 of [27].
See §12 for some further discussion of this connection. We give one instance of the
Furstenberg—Weiss example as follows.

Example 2.4. Let N be a large prime number and let M be the largest integer less
than v/N. Let G := Z/NZ and let f : G — C be the bounded function defined by setting
flyM + 2) == e(yz/M)Y(y/M)p(2/M) whenever —M /10 < y,z < M/10 and f = 0
otherwise; here ¢ : R — Ry is a non-negative smooth cutoff function which equals 1
on the interval [~ 4, 5] and vanishes outside of [—+5, -5]. Then a direct calculation
shows that || f||ys(q) > co for some absolute constant ¢y > 0, basically because all the
phases in the expression for || f ||?]3(G) cancel out leaving only the non-negative cutoffs ),
whereas a Weyl sum computation reveals that E(fe(—¢)) = O(N~¢) for any quadratic
phase function ¢ and some explicit constant ¢ > 0. (Note that when N is prime, the only
quadratic phase functions ¢ are those of the form ¢(x) = az?+ bz + ¢ where a,b,c € R/Z
with Na = Nb =0 (see Lemma 3.1).) We omit the details.

The heart of the difficulty here is that the function yM 42 — yz/M is locally quadratic
ontheset B := {yM+z:—-M/10 < y,z < M/10}, which is a fairly large subset of G, but
does not extend (even approximately) to a globally quadratic phase function on all of G.
These locally quadratic phase functions are thus a genuinely new class of obstructions to

* We conjecture that one can improve the upper bound in (2.7) to a polynomial dependence (bringing
this estimate in line with Proposition 2.2; see § 13 for further discussion.
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having a small U%(G) norm which must now also be accounted for in order to produce a
genuine inverse theorem for the U3(G) norm. Similar considerations also apply, of course,
to the U4(G) norms for d > 3.

We must therefore understand the proper generalization of sets such as B = {yM + z :
—M/10 < y,z < M/10}. are two possibilities, which are in a sense dual to one another:
generalized arithmetic progressions and Bohr sets. For technical reasons it is convenient to
work in the first instance with the latter notion, but we will discuss generalized arithmetic
progressions later in the paper.

Definition 2.5 (Bohr sets). Let G be a finite additive group and let S C G, |S| = d,
be a subset of the dual group. We define a sub-additive quantity | - ||s on G by setting

z]ls == sup [ - z([r/z,
ges

where ||z|lg/z denotes the distance to the nearest integer, and we define the Bohr set
B(S,p) C G for any p > 0 to be the set

B(S,p) ={zx € G:|z||s < pforall £ € S}.

Note that the dependence of the Bohr set B(S, p) on p can be rather discontinuous, as
can be seen rather dramatically in finite-field geometries such as F%. This is inconvenient
in applications, but fortunately it was noted by Bourgain [10]* that one may restrict
attention to ‘regular’ Bohr sets, which enjoy some limited continuity properties in p.

Definition 2.6 (regular Bohr sets [10]). Let S C G, |S| = d, be a set of characters,
and suppose that p € (0,1). A Bohr set B(S, p) is said to be regular if one has

(1= 100d|x[)| B(S; p)| < |B(S, (1 + r)p)| < (1 +100d|x[)| B(S, p)|

whenever |k| < 1/100d.

Lemma 8.2 gives a plentiful supply of regular Bohr sets. The constant 100 can be
lowered but this will not concern us here. With this definition in place, we can now give
the generalization of Theorem 2.3 to arbitrary groups.

Theorem 2.7 (inverse theorem for U3(G)). Let G be a finite additive group of
odd order, let f : G — D be a bounded function and let 0 < n < 1.

(i) If | fllus(a) = n, then there exists a regular Bohr set B := B(S,p) in G with
|S| < (2/n)¢ and p > (n/2)¢ such that

Eyeallflluswrn) = (n/2)°, (2.8)

* In fact, rather earlier Gowers [27, Lemma 10.10] employed an argument which establishes that all
Bohr sets in Z/NZ, N prime, are regular in a very weak sense.
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where it is permissible to take C' = 224, In particular, there exists y € G such that
1 fllus(y1-8) = (1/2)€.

(ii) Conversely, if B = B(S, p) is a regular Bohr set, if f : G — D is a bounded function
and if || f|lu3(y+B) = 1, then we have

I fllosay = (n*p?/C'd®)?
for some absolute constant C'.

Note that the u3(G) norm is no longer involved in this inverse theorem; this is necessary
as demonstrated by Example 2.4, and has to do with the lack of extendibility of some
local quadratic phases to global ones. In later sections we will prove other, related, inverse
theorems for the U?(G) norm. In § 10 we will obtain a result in which the quadratic phases
are given quite explicitly when G = Z/NZ. Then, in Theorem 12.9, we will provide a
link to recent ergodic-theoretic work of Host, Kra and Ziegler.

In a future series of papers we will prove an enhanced version of Theorem 2.7 and use
it to establish an asymptotic for the number of quadruples p; < p2 < p3 < pg < N of
primes in arithmetic progression. The enhancement required is that we must be able to
deal with functions f : Z/NZ — C which are not necessarily bounded: in particular,
functions such as f = A — 1, where A is the von Mangoldt function. Once this is done,
one may analyse the u® norm of f using what are, in essence, rather classical methods
of analytic number theory, such as Vaughan’s decomposition of A.

A word of reassurance is perhaps in order for the reader interested in this result
concerning primes. Although the present paper is long, only a few sections of it, namely
664, 5, 8 and 9, are relevant to that work. In fact it is hoped that the subsequent papers
on primes will be readable largely independently of the present work.

Let us briefly mention the connection between the results here and those in [62]. In
that paper the second author introduced the concept of a wuniformly almost periodic
function of order k — 2, which generalized the concept of a polynomial phase of order at
most k — 2 (and which incorporates the ‘locally polynomial phases’ discussed above). An
inverse theorem for the U*~! norms involving these uniformly almost periodic functions
was also obtained (by very elementary means): see [62, Lemma 5.11]. However, because
the uniformly almost periodic functions are a larger class than the locally polynomial
phases, those results are weaker than the inverse theorems presented here. Nevertheless,
with substantial additional effort (involving, for instance, the van der Waerden theorem)
it is possible to use the inverse theorem for uniformly almost periodic functions to obtain
another proof of Szemerédi’s theorem (see [62] for more details). We also remark that very
similar objects (the anti-uniform functions) were also used in [34] in order to reduce the
task of establishing arbitrarily long progressions in the primes to Szemerédi’s theorem.

Finally, let us offer a word of explanation for our policy concerning constants. For many
of the arguments of this paper we have supplied exact constants, eschewing excessive use
of the O-notation. This perhaps allows one to better see how bounds from different
lemmas combine with one another to influence later bounds. Some readers may, however,

290

prefer to replace such quantities as 29997384 with Cn~¢ when reading the paper.
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3. A model problem: global quadratic phase functions

We now present a simple result, namely the classification of globally quadratic phase

functions on an arbitrary additive group G of odd order, which we will need later, and

which will serve to illustrate our strategy for the more advanced results we give below.
Let us call a homomorphism M : G — G self-adjoint if we have

Mzx-y—My-x=0 forall z,yeG.

Lemma 3.1 (inverse theorem for globally quadratic phase functions). Let G
be a finite additive group of odd order and let ¢ : G — R/Z be a globally quadratic phase
function. Then there exists c € R/Z, £ € G and a self-adjoint homomorphism M : G — G
such that ¢(x) = Mz -z + &£ - x + ¢. Conversely, all such functions z — Mx -z +E&-x+c¢
are globally quadratic phase functions.

Proof. The converse is easy so we focus on the forward direction. It is convenient to
adopt the notation p(z1,...,z,) to denote an arbitrary function of variables x1,...,z,
that takes values in R/Z, where p can vary from line to line or even within the same
line. This is useful for handling expressions whose exact value is not important for the
argument but whose functional dependencies on other variables needs to be recorded.

We shall give an argument which may seem a bit cumbersome (and is certainly not
the shortest proof of this lemma), but it will serve to motivate the proof of Theorems 2.3
and 2.7. Indeed, this lemma can be thought of in some sense as the n = 1 case of those
theorems. First observe that if ¢ is a quadratic phase function, then (h- V)¢ is a linear
phase function for each h. Thus for each h € G there exists &, € G such that

(h-Vy)p(x) = p(x+h) —¢d(x) =&, -+ p(h) foralz hed. (3.1)

The next step is to obtain some linearity on the map h — &, by using difference operators
to eliminate various terms. Let k € G be arbitrary. If we apply the difference operator
(k- V) to (3.1), we can eliminate the p(h) term to obtain

(k-V)op(x+h)—(k-V)p(z) =&, -k forall z,h, ke q. (3.2)

If we then apply the difference operator (hy-Vy) to eliminate the (k- V)¢(z) term, where
hy € G is arbitrary, we obtain

(h1 - V)(k-V)o(x 4+ h) = (h1-Vp)é, -k forall z,h, k, by € G. (3.3)
Making the substitution y = x 4+ h we obtain
(h1 - V)(k-V)o(y) = (h1 - V)&, -k for all y,h, k, hy € G. (3.4)

If we then apply the difference operator (hs - Vj) to eliminate the remaining ¢ term,
where hy € G is arbitrary, we conclude that

0=(hy V) (hy Vi) -k forall y, b,k by € G. (3.5)
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Since k is arbitrary, we conclude that
(hg . Vh)(hl . Vh)gh =0 for all hl, hy € G. (36)

Thus if we write
& = 2Mh + &, (3.7)

then we see that M : G — G is a group homomorphism. Note that we can insert the 2
in front of M because |G| is odd; this factor of 2 will be convenient later. Inserting this
back into (3.1) we obtain

(h-Vy)p(x) =2Mh-z+& -+ p(h) foralaxzhed. (3.8)
This is almost what we want, but we must somehow ‘integrate’ the partial derivative
h - V.. To do this we must first establish that M is self-adjoint. Informally, this self-
adjointness reflects the symmetry (k' - V)(h - V)¢ = (h - V)(R' - V)¢ of the second
derivative. To make this rigorous (and in a manner which will extend suitably to more

general situations) we shall use the following ‘symmetry argument’. In order to focus on
the Mh -z term, we shall write (3.8) as

p(x+h)+p(z)+ph)—2Mh-z=0 forall z,heqG. (3.9)
Substituting y for  and subtracting to eliminate p(h), we obtain
ply+h)+ply)+plz+h)+pl)—2Mh-(y—x)=0 forall z,y,heG. (3.10)
Making the substitution z = x + y + h, we conclude that
p(x,z) +py,z) —2M(z—x—vy)-(y—z)=0 forall z,y,z€ G. (3.11)
Absorbing as many terms as possible into the unspecified functions p, we conclude that
p(x,2) +p(y,2) + 2{z,y} =0 forall z,y,z € G, (3.12)
where {z,y} is the antisymmetric form
{z,y} =Mz -y— My-x. (3.13)
Freezing the value of z, we conclude that
p(x) +ply) +2{z,y} =0 forall z,y € G. (3.14)
Replacing y by 3 and subtracting to eliminate the p(z) factor, we conclude that

p(y) +ply)+2{z,y —y} =0 foralz,y,y €G. (3.15)
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Thus for each y, ¢/, the linear function x — {x,y’ — y} is independent of x and is hence
always zero:*
{z,y —y} =0 foralz,yy €G. (3.16)

Thus M is self-adjoint.
We return now to (3.8), which we write as
p(h) +plx+h)—¢(x) —2Mh-2=0 forall z,heqG. (3.17)
From the self-adjointness of M we have
2Mh-z=M(z+h)-(x+h)—Mzx-z—Mh-h (3.18)
and hence
ph)+plx+h)—¢(x)+ Mz -2=0 foralz hed. (3.19)
In particular, if we apply difference operators in the h and x + h variables, we see that
the phase function —¢(z) + Mz - x is linear:
(h1-Vg)(he - Vi)(—¢(x) + Mz -z2) =0 forall z,hi,hs € G. (3.20)
Hence there exists € € G and a ¢ € R/Z such that
dx) —Mzx-z=€ -z +c. (3.21)
The claim follows. O

As one corollary of this classification, we obtain the following ‘quadratic extension
theorem’.

Proposition 3.2 (quadratic extension theorem). Let G be an additive group,
let H < G be a subgroup and suppose that y € G. Then any quadratic phase function
¢ :y+ H — R/Z can be extended (non-uniquely in general) to a globally quadratic
phase function on G.

Remark 3.3. An important theme of this paper is that this behaviour is specific to
cosets y + H, and breaks down for other sets such as Bohr sets.

As a consequence of Proposition 3.2, let us now establish the (easy) second part of
Theorem 2.3. The first inequality || f||is(qy = || f]lus(q) follows from (2.2), so we focus on
the second inequality || f[lus(q) = (IWI/IG)I fllusy+w)- It suffices to show that

W
W'Ex€y+Wf(m)e(_¢(x))|

* There appear to be some intriguing parallels with symplectic geometry here. Roughly speaking, the
vanishing (3.16) is an assertion that the graph {(h, Mh) : h € G} is a ‘Lagrangian manifold’ on the ‘phase
space’ G x G. This graph can also be interpreted (essentially) as the ‘wavefront set’ {(z, Vé(z)) : z € G}
of the original function e(¢). A similar interpretation persists in the proofs of Theorem 2.3 and 2.7 below.
Thus we see hints of some kind of ‘combinatorial symplectic geometry’ emerging, though we do not see
how to develop these possible connections further.

1fllus(c) =
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whenever ¢ is a locally quadratic function on y + W. But by the preceding discussion,
we can extend ¢ to all of G and write

||VC[§|||Ez€y+Wf($)€(_¢(x))| = [Evec f(@)lw (z — y)e(—o(x))].

But by Fourier inversion we may write
lw(z —y) = Eeewre(€ - (z —y))
where Wt :={¢ € G : ¢ -2 =0 for all z € W}. Thus we have
Eveaf(@)lw(z —y)e(—=d(2)) = Ecew 1 Ezea f()e(€ - (. —y) — o(2)).
But since & - (x — y) — ¢(x) is globally quadratic in z, we have
[Erec f(z)e(€ - (2 —y) — o(2))] < fllus(c);
and the claim follows from the triangle inequality. Note that this argument in fact works

for arbitrary groups G (with W now being a subgroup of G rather than a subspace).

4. Averaging lemmas

In this section we collect some very simple averaging estimates that we shall rely on
frequently below.

Lemma 4.1 (averaging on a subgroup). Let G be an additive group, let H be a
finite subgroup of G and let A C H be non-empty. Let f: H — C be a function. Then

EzeHEyem+Af(y) = ]Eyer(y)-

In particular, by the pigeonhole principle there exists x € H such that

|Ey€w+Af<y)‘ > ‘Eyer(yN
Proof. Since H + h = H for all h € A we have
Evenf(zr+h) =Eyenf(y) forall he A

Averaging this over all h € A we obtain the first claim, and the second claim then follows
from the pigeonhole principle. O

This lemma will be adequate for our purposes when we are in the finite-field geometry
case, because we will have plenty of subgroups available. In the general group case,
however, we will also need a more general type of averaging principle. The next lemma
contains several rather similar formulations of such a result; all of them will be useful
later on.
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Lemma 4.2 (averaging on a Bohr set). Let S C G be a set of d characters and
let 0 < p < 1 and £ < 1/200d be parameters. Suppose that the Bohr set B := B(S, p) is
regular, and let A C B(S,ep) be any set. Finally, let f : G — D be any function. Then

(i) |Ezenf(x) —Erenf(z)] < 200de if y € A;
(i) Ezenf(z)— EIEB]Eyew+Af(-T)| < 200de;
(iii) there is some x € B for which Eycqyaf(y) 2 Eyenf(y) — 200de;

(iv) there is some x € B(S, (1 —€)p) such that Eycoyaf(y) = Eyenf(y) — 500de.
Proof. To prove (i) we must check that
> fla) =) fx)] < 200de| Bl
z€B+y z€B

This follows from the fact that B(S, p) and y + B(S, p) differ in at most 200de elements.
Indeed it is easy to see that

B(S,p)A(y + B(S,p)) € B(S, (1 +2)p) \ B(S, (1 —¢€)p)

(‘A denotes symmetric difference), and the size of this latter set is no greater than 200de
by regularity.

(ii) follows from (i) and the triangle inequality. Indeed |E,cpf(z 4+ y) — Ezenf(z)] <
200de, whence

|EreEyeaf(z +y) — Ezenf(x)] < 200de,
which is (ii).
(iii) is immediate from (ii) and the pigeonhole principle.
(iv) follows from the pigeonhole principle and the fact that
Emer(x) - ExeB(S,(l—a)p)Ey€r+Af(y)| < 500d€>
which is in turn implied by (ii) and the bound
|Ex€BF(‘r) - EZGB(S,(l—E)P)F(‘r” < 300ed,

valid for any F': G — D. To confirm this, note that

Y Fx)— > Fla)

zeB z€B(S,(1—¢)p)

< B\ B(S, (1 - £)p)| < 100=d|B|.
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Therefore,

S F@) - Y. F()

reB z€B(S,(1—¢€)p)
‘ 1 1

s —
1Bl [B(S,(1=¢)p)|

1
|EzenF(7) — Epep(s,(1—c)p) F(2)] < 18]

Y Fl)

z€B(5,(1-¢)p)

| B| ‘
<100ed + |——F——— -1
|B(S, (1 —¢)p)|
1
< 100ed + —————— — 1 < 300ed.
Yt T 100ed ©
This completes the proof of Lemma 4.2. O
We adopt the following useful notation, analogous to the p notation used in prov-
ing Lemma 3.1. When g(x1,...,2,) is a complex-valued function of certain variables
X1,..., Ty With [|g]lec < 1, we shall instead refer to g(x1,...,2,) as b(z1,...,x,). The

notation b thus denotes a function with ||b||s < 1, but the notation may refer to different
functions from line to line, or even on the same line (similar to the O notation, or the
use of unspecified constants C').

We now record a basic application of the Cauchy—Schwarz inequality, whose proof is
immediate.

Lemma 4.3 (Cauchy—Schwarz). Let X, Y be finite sets and let f : X xY — C be
a function. Then for any bounded function b(x) of X, we have

|Eay f (@, 9)b(2)| < Eo|By f (2, )| < (BalBy f (2, 9)*)/? = (Boyy f(z,9) )/

In the special case when Y = G is a group, we conclude in particular the van der
Corput inequality

Evexyeaf(@:9)b(@)] < [Evex,yneaT, f,y) flz,y)]'/? (4.1)

whenever f : X x G — C is a function, which follows by using the substitution 3’ = y+h.
This inequality is very useful for eliminating unknown bounded functions b(x) in an
expression to be estimated. Using the van der Corput inequality, we can now prove
Proposition 1.11.

Proof of Proposition 1.11. It suffices to prove the more general statement

]E:c,h H Tajhfj (17)

jeJ

< ”fjo”U\J\—l(G) (4.2)

for all finite sets J with |J| > 1, all jo € J, all bounded functions (f;),;c, and all distinct
integers (a;);ecs such that a; — aj is coprime to |G| for all distinct j, j" € J.

We induct on |J|. When |J| = 1 the claim is trivial from (1.1), so suppose that |J| > 2
and that the claim has already been proven for smaller values of J. Let j; be an element
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in J\{jo}. By making the change of variables x — x + a;, h if necessary we may assume
that aj, = 0. Since f;, is bounded, we can then express the left-hand side of (4.2) as

Bonc(v) T[ 110)

jeI\{i}

9

which by (4.1) can be bounded by

Erea <Ew,heG ( 11 T“-fh(T“jkfjfj)(x)> )1/2.

JjeI\{n}

Applying the inductive hypothesis (4.2) to the inner expectation, we can bound this in
turn by

Exec (1T £; filloion-2e)) ">,

which by Hélder’s inequality and the substitution h := ajk (noting that (N, a; —a;,) =
(N,a;) = 1) is bounded by

Sl 12 [J]—1

= 1
Enec(IT" i filltrs1-2(c)]) 2
The claim then follows from (1.1). O

Let us now consider averages of the form

EzeB’, rEB (f(Z)b(.’L‘)b(Z + LL’)),

where B, B’ are non-empty subsets of an additive group G and where f, g, h are bounded
functions. If B = B’ = (G, then a variant of Proposition 1.11 shows that this quantity is
bounded by || fllir2(c), and hence (by Proposition 2.2) if the above average is large, then
f must correlate with a linear phase function. It turns out that a similar statement is
true for arbitrary B, B’, provided that B + B’ is only a little bit larger than B.

Lemma 4.4 (large trilinear form implies correlation with linear phase). Let
B, B’ be two non-empty subsets of an additive group G. Then we have

T IEf‘if_f;,)|Ezer,IeB<f<z>b1(oc>bz<z+ac>>|

for any f: G — C and any two bounded functions by, bs.

Proof. Without loss of generality we may assume that f, by, bo vanish outside of B’,
B, B + B’, respectively. From Fourier expansion we have

Beenacn(f(01(@)ba(e+2)) = gy g yBueal * bil)bay)
1 ¢ ~ ~
= Blip)B(p) 2 PP
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On the other hand, from Plancherel’s theorem we have
S bi(©P <E(lp) and Y |ba(— E(1p45).
ceG ced

From Hélder’s inequality we thus conclude that

Elses) up1fe)),

|]EZEB’,37€B(f(Z)b1(x)b2(Z + l’))‘ g m §€G

and hence there exists £ € G such that

E(1p)
E(lpip)

The claim follows. O

[E-cn (f(2)e(=¢ - 2))| 2 [Ezenr zen(f(2)b1(2)ba(2 + 7))

5. An argument of Gowers

We now begin the proofs of the inverse theorems in Theorem 2.3 and Theorem 2.7. As
we shall see, the arguments are analogous to those used to prove Lemma 3.1 and closely
follow the treatment in [25]. The first part of the argument is to establish a ‘phase
derivative’ h — &, for the function f and to establish some additivity properties on this
phase derivative. These arguments apply to arbitrary finite additive groups G; later on
we shall treat the finite-field case separately.

Proposition 5.1 (large U® norm gives many additive quadruples [25]). Let G
be an arbitrary finite additive group, and let f : G — D be a bounded function such that
[ fllva(e) = n for some 1 > 0. Then there exists a set H C G, and a function  : H — G
whose graph I := {(h,&,) : h € H} C G x G obeys the estimate

|{(21,2’2,23,Z4) el :z1+20 =123+ Z4}| > 2787]64N3. (51)
Furthermore, for each (h,&,) € I' we have
BT f(x) f(x)e(=&n - 2)| = n* /2",

Proof. As we shall see, this proposition corresponds fairly closely with the first part
of the proof of Lemma 3.1 (up to (3.6)). From (1.1) we have

EneallT"f Fllt2(cy =1
Applying Proposition 2.2 we conclude that
EneallT"f Fli2zqy = 1

Thus if we let
H:={heG:|T"ffll3q) =n°/2},
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then we have

Enec||IT" ff||u2(G levm(h) =n°/2
and hence

EneclT"f fll2ecy L (h) = n®/2.

In particular we have
E(ly) > /2. (5:2)
By (2.5) and the definition of H we can find a map h +— &, from H to G such that
|E,T" f(x)f(x)e(—En - 2)| = n*/2"/2 forall h e H. (5.3)

Let us fix this map h — &,. We square sum the above expression in kA and use (5.2) to
conclude that

En|B,T" f(2) f(x)e(=&n - 2)[P1u(h) = n'® /4.
But from the identity
B, T" f (@) f(@)e(=&h - 2)|* = By ks THT" f) (@) T f (2)TF f () f ()e(En - k)
we conclude that
Bk TH(T" ) ()T f()e (& - k)L (WTF () f ()] = ' /4. (5.4)

At this point we suppress the explicit mention of the functions f and write this simply
as

By nkec (@ + h, k)1 (h)e(&, - k)b(z, k)| = n'°/4.
Applying (4.1) to eliminate the b(z, k) factor, we conclude that
By 2 6b(@ + b+ by, k)b(z + b, k)e((hy - V)& - k)1 (h+ hi)lg(h) = n*/16. (5.5)
Making the substitution y = x + h, we obtain
Ehy,hy k(b1 - Vi)én - k) g (b + k)1 (R)b(y, ha, k) = 0 /16. (5.6)

Applying (4.1) again we conclude that

Ehnhasyk€((h2 V1) (h1-V3) & k)L (h+hy +ho) L (h+ho) 1 (h+hi)1g (h) > 27295,

(5.7)
Summing this in & using the Fourier inversion formula, and discarding the irrelevant y
averaging, we infer that

Es h1,h21(h2 V) (h1-Vi)En= OlH(h—i—hl+hg)lH(h-‘rhz)lH(h-‘rhl)lH(h) 64/256 (58)

The claim now follows by substituting z1 := (h,&n), 22 := (h + h1,&htn, ), 23 == (b +
ho, &ntn,) and zg := (h + ha + ho, Eptny+h,)- O
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As remarked, the analogy between this argument and the first part of the proof of
Lemma 3.1 is very close. In particular, equations (5.3), (5.4), (5.5), (5.6), (5.7) and (5.8)
are analogues of (3.1), (3.2), (3.3), (3.4), (3.5) and (3.6), respectively.

In order to exploit the conclusion (5.1), we require two very useful results from additive
combinatorics. The first result asserts that a set I with some partial additive structure
(in the sense that it contains many additive quadruples) can be refined to have a more
complete additive structure (in the sense that its sum set is small). This type of result
was first obtained by Balog and Szemerédi [1], but with very weak constants. A version
of the theorem with polynomial dependencies between the constants was obtained by
Gowers [25]. The version we quote below, with rather good powers in those polynomials,
may be proved by a careful working of the argument in [13]. Of course for the purposes
of this paper the precise values of the constants are somewhat unimportant.

Write IV — IV := {z — 2/ : z,2" € I'""} for the difference set of I".

Theorem 5.2 (Balog—Szemerédi—-Gowers theorem [13]). Let G be an additive
group and let I' be a finite non-empty subset of G such that

{(21,20,23,24) € s 21 + 20 = 23 + 24} > [T’/ K
for some K > 1. Then there exists a subset I" C I" such that
I >27CK~YI| and |I"—TI'| <2%K%I|.

The other tool we need is the Pliinnecke inequality, a simple proof* of which can be
found in [57].

Theorem 5.3 (Pliinnecke inequalities [52,57]). Let G be an arbitrary additive
group and let I be a finite non-empty subset of G such that |I" — I''| < K|I"’| for some
K > 1. Then we have |kI" — II""| < K*YI| for all k,1 > 1, where kI denotes the
k-fold sumset of T".

In our applications the integers k, | will be quite small—in fact they will not exceed 9.
Combining Proposition 5.1 with Theorems 5.2 and 5.3, we conclude the following propo-
sition.

Proposition 5.4 (h — &, is nearly affine-linear). Let G be an arbitrary finite
additive group and let f : G — D be a bounded function such that ||fA||U3(G) >n for
some 1 > 0. Then there exist a set H' C G and a function & : H — G whose graph
I :={(h,&,) : h € H'} C G x G obeys the estimates

|’ =27y N (5.9)

* Actually, since we only need this theorem for bounded k, [, and would not be concerned if the bound
of K+l were worsened to K€+ +1 for some absolute constant C, it is possible to modify the proof of
Theorem 5.2 in order to gain control on |kI"" — [I"'| directly, without needing the Pliinnecke inequalities.
However, this would not simplify the remainder of the argument and so we do not give the details of
this alternate approach here.
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and
kI — 11| < (20738 ' for all k.1 > 1.

Furthermore, for each (h,&,) € I'" we have

Boeq (T f(z)f(x)e(—&h - 2))| = n' /2. (5.10)

Thus far we have not used any property of the underlying group G other than it is
finite and abelian. We could continue doing this, proving Theorem 2.7 and extracting
Theorem 2.3 as a corollary. However, for expository reasons we will now restrict to
the finite-field geometry case G = FY and give a complete proof of Theorem 2.3. The
arguments there serve as a simplified model which will help motivate the general case.

6. The finite-field case

We now restrict attention to a finite-field geometry setting G = Ff and prove Theo-
rem 2.3 (i). In this section, then, N = 5™. Thanks to Proposition 5.4, we have already
isolated a phase derivative h +— £, which exhibits some linear behaviour. The first step
(following Gowers [25,27]) is to show that ¢ in fact matches up with a linear phase
function on a large subspace; then we shall show that in fact £ matches up with a self-
adjoint linear phase function on a large subspace (this is the substantially new part of
the argument). Finally, we shall again follow Gowers [25] and conjugate f by a quadratic
phase to eliminate this linear phase derivative and conclude the argument.

6.1. Step 1: linearization of the phase derivative
In this subsection we establish the following proposition.

Proposition 6.1 (graphs have large linear component [25,27]). Let H' C Fp
and let € : H' — (F2)* be a function whose graph I'' := {(h,&,) : h € H'} CFZ x (F2)*
obeys the estimates

KN || < 91" —8I'"| < KN (6.1)
for some K > 1. Then there exists a linear subspace V < F¢ with the codimension bound
n —dim(V) < (2K)°

and a translate xo + V of this subspace, together with a linear transformation M : V —
(F2)* and an element & € (F2)* such that

Enev (1a(xo + W), i=2mnte,) = (2K) 7% (6.2)

Proof. Note that while I is a graph, the slightly larger sets kI — I need not be
graphs. The next lemma shows that this can be rectified by passing to an appropriate
subset I C I,

Lemma 6.2. There exists a subset I'" of I'" with
|I'"| > N/5K3 (6.3)
such that 4" — 4I'" is a graph.
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Remarks 6.3. When G = Z/NZ is a cyclic group of prime order, this lemma is
essentially [27, Lemma 7.5], and our arguments both here and in §9 are in a similar
spirit. Curiously, the argument of [27] uses the fact that Z/NZ is a field, and so this is a
rare instance of the cyclic group case being somewhat easier than the general group case.
The conclusion can also be rephrased as an assertion that the map h — &, is a Freiman
8-homomorphism on H" .

Proof. Let A C (FZ)* be the set of all £ such that (0,&) € 8" — 8I"". Observe that
since I is a graph, we have |I" 4+ A| = |I"'| |A]. On the other hand, I'" 4+ A is contained
in 9" — 8I"". Applying (6.1), we conclude that |A] < K2. Now let m = [logy |4|] and let
¥ (F2)* — F?* be a randomly chosen linear transformation from (F2)* to F™. Observe
that for each non-zero £ € A, we have ¥(£) # 0 with probability at least 1 — 5~ ™. Thus
we see that with non-zero probability ¥ is non-zero on all of A\{0}.

Fix ¥ with the above properties, let ¢ be a randomly selected point in F™ and define
I .= {(h,&,) € I'" : ¥(&,) = c}. Then the size of |I"”'| is expected to be at least
|I|/5™ > N/5K?. Also, observe that if (0,&) lies in 8" — 8I"”, then € lies in A and (by
linearity of ¥) ¥(§) = 0, hence & = 0. Since 81" —8I"" is the difference set of 4" — 41",
this implies that 4" — 4T is a graph. The claim follows. O

Define H” by I'" := {(h, &) : h € H"}. Now we use a result of Bogolyubov [7] (which
we shall also use later in this paper) to obtain some control on the set 2H"” — 2H".

Lemma 6.4 (Bogolyubov lemma [7]). Let A be a subset of a finite additive group
G such that |A| > 0|G|. Then there exists a set S C G with |S| < 2§72 such that
B(S,1) € 2A —2A.

Remark 6.5. Somewhat sharper versions of this lemma are known (see [12]) but we
will not need these here.

Proof. From Fourier inversion we have

La(e) = 3" 1a(©)elé - o).

I3e

Convolving this with itself four times we obtain

Taxla*xl_ax1_4s(x)= Z [1a(O)[e(¢ - ),

e

where f * g(z) := E, f(y)g(x — y) is the normalized convolution operation. Since the
left-hand side is only non-zero on 24 — 2A, we conclude that

{x €G: Rez 1Ta(6)%e(E - ) > 0} C 24 - 2A.

feq

Let us now study the sum on the left-hand side. Let 0 < o < § be a parameter to be
chosen later and let S := {¢£ € G : [14(€)| > o} denote the large Fourier coefficients of

https://doi.org/10.1017/50013091505000325 Published online by Cambridge University Press


https://doi.org/10.1017/S0013091505000325

98 B. Green and T. Tao

A. Since a < E(14), we have 0 € S. Also, from the Plancherel identity

Y a@P =E(1a) >4

£eG

and Chebyshev’s inequality we have an upper bound on the cardinality of S:
5] < é/a

Now suppose that « € B(S, 7). Then we have cos(2r¢ - ) > 0 for all £ € S. Thus

Re > [1a(©)*e(€-2) = [1a(©)[* cos(2rg - 2) + > [1a(€)]* cos(2ri€ - z)

¢eq £es £¢s
> [1a0))* =D la(¢
§ZS
> 6t =Y a?la(9))?
£eG
> 6t — %6

by another application of Plancherel’s theorem. Thus if we set «:=6%/2/y/2 (for
instance), the claim follows. O

We apply Lemma 6.4 with G = F? and A = H"”, the set coming from Lemma 6.2.
The set S that we produce satisfies |S| < 50K°. Let V C F2 be the subspace V := {z €
F2+™ . 2. € =0 for all £ € S}. Then by linear algebra we have

dim(V) > n —|S| > n — 50K° (6.4)
and, since clearly V C B(S, %), we have
V C2H" —2H".
Thus there exists a map M : V — G such that
Z :={(h,2Mh): heV}

is a subset of 21" — 2I'""; since 2I"" — 2I"" is a graph and contains the origin, we have
MO = 0. Also, since 4" — 4I'" is a graph and V is closed under addition, we see that
Mh+h)=Mh+ MR for all h,h' € V, thus M is linear.

Consider the set Z + I'". On one hand, this set can be foliated into (say) L disjoint
cosets of the linear space Z. On the other hand, it is contained in 31" — 2I'”, and

131" — 21| < |9I" — 8I""| < K N.

This gives the bound |Z] < KN/L. Since Z + I'" also contains I'”, we thus see from the
pigeonhole principle and (6.3) that there exists a coset (z9,&0) + Z of Z such that

11" 0 (20, &) + 2)| = | 2| /5K,
Since dim(Z) = dim(V) > n — 50K5, the claim (6.2) follows. O
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Combining Proposition 6.1 with Proposition 5.4, we quickly conclude the following
proposition.

Proposition 6.6 (large U3 (Fg) gives linear phase derivative). Let G = F?, and
let f : G — D be a bounded function such that || f||ys ) = 1 for some 1 > 0. Then there
exists a linear subspace V' of G with the codimension bound

n — dim(V) < 201~ (6.5)

and a translate xo+V of this subspace, together with a linear transformation M : V — G
and an element &y € G such that

Enev|EeccT™ " f(z) f(z)e(—(2Mh + &) - )| > 27, (6.6)
It is permissible to take C;, C! = 216 fori = 1,2.
6.2. Step 2: the symmetry argument

We now establish some symmetry properties on M, closely following the argument in
Lemma 3.1. As we shall be focusing more on M than on f in this step, we shall suppress
the terms involving f (and & and z() using the b notation. Indeed from (6.6) we have

|Escc. nevb(x + h)b(z)b(h)e(—2Mh - z)| > 2~ 2, (6.7)

Once again we use and similar tools to eliminate all the bounded functions. By Lemma 4.1
there exists 21 € G such that

|Es nevb(z 4+ x1 + h)b(x + x1)b(h)e(—2Mh - (z 4+ x1))| > 27 C2yCs, (6.8)
which after redefining the bounded functions to absorb the z; terms implies that
|Eq.nevb(z + h)b(z)b(h)e(—2Mh - z)| > 2~ %2nC2, (6.9)
Applying the Cauchy—Schwarz inequality (Lemma 4.3) to eliminate b(h), we see that
[Esyunevbly + h)bly + h)b(@ + h)b(@)e(—2Mh - (y — 2))| > 272002, (6.10)
Making the substitution z = x 4+ y + h, this becomes
[Euyoevb(zp)b(za)e(—2M (z — 2 —y) - (y —2))] > 27202, (6.11)
Absorbing as many phase terms into the functions b as we can, we infer that
|Eay,zcvb(z,y)b(z, z)e(2{x, y})| > 27222, (6.12)

where {z,y} is the antisymmetric form defined in (3.13), that is to say, {z,y} = Mz -
y — My - . By the pigeonhole principle in z we conclude that

|Exyevb(y)blz)e(2{z, y})| > 272> (6.13)
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for some bounded functions b(y), b(xz). Applying the Cauchy—Schwarz inequality again
to eliminate the b(z) factor, we deduce that

By evb(y)b(y )e(2{z,y — y})| = 2742, (6.14)
By the triangle inequality we obtain
Eyyev Bacve({z,y —y})| > 27" %', (6.15)
Making the substitution h =3’ — y we conclude that
Enev [Eeeve(2{z, h})| = 274Cp1Cz, (6.16)
The map = — 2{x, h} is a homomorphism from V to R/Z. Thus if we write
W:={heV:{z,h}=0forall zeV},
then W is a linear subspace of V' and
Eieve(2{z,h}) = 1w (h).
Thus, in view of (6.16), we see that W is extremely large relative to V:
WI/|V] = Eyneviw(h) > 27",
In particular, from (6.5) we have
n — dim(W) < 29191 4 4C} logs(2/n) 4 4C logg 2 < 2611y =C1,
By construction of W we see that M is self-adjoint on W, that is to say,
Muw-w' = Muw' -w for all w,w € W. (6.17)

Let us remark that the analogy between this argument and that of §3 is exception-
ally close. The seven equations (3.9), (3.10), (3.11), (3.12), (3.14), (3.15) and (3.16) are
analogues of (6.9), (6.10), (6.11), (6.12), (6.13), (6.14) and (6.15), respectively.

6.3. Step 3: eliminating the quadratic phase component

We now give the final part of the proof of Theorem 2.3, which also closely follows the
proof of Lemma 3.1. We return to (6.6), which we write as

|Eeca;nevb(h)b(z + h) f(z)e(=2Mh - )| > 27 %0,

where we have distributed the phase factor e(—&y-xz) = e(—&- (z+h))e(&o - h) among the
functions b. Here the focus will be on the f(x) factor, the aim being to demonstrate that
this function exhibits some quadratic bias. We first observe that the simple averaging
argument of Lemma 4.1 allows us to find A’ € V such that

[Eveq;newb(h + B)b(z + h+ 1) f(z)e(—2M (h + 1) - z)| > 272 2.
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Once again we can absorb e(—2MPh - ) into the functions b, and conclude that
Eacc:newb(h)b(z + h) f(x)e(=2Mh - )| > 290,
which implies that
[Eyecia newb(h)b(z + h+y) Fa + y)e(=2Mh - (z +y))| > 277~ %,
Using the triangle inequality we deduce that
Eycc|Eenewb(h, )b(z + h,y) f(z + y)e(—2Mh - )] > 299~ %.  (6.18)
Now we observe from (6.17) that we have the identity
2Mh-z=M(z+h) - (x+h) — Mz -z — Mh-h,

and hence
e(—2Mh - z) = b(x + h)b(h)e(Mx - x).

Therefore, (6.18) implies that
Eyec|Banewb(h, y)b(x + h,y) f(x + y)e(—Mz - z)| > 27,
Applying Lemma 4.4 for each y € G separately and with B = B’ = W, we conclude that
Eyeal f(z +y)e(Mz - 2)|lu2wy > 27CapCs,
and hence of course
Eyec | f(@ +y)e(Mz - z)|lusw) > 2%,

But the u3(W) norm is invariant under quadratic phase modulations, conjugation and
translation, and so we have

Ey€G||f||u3(y+W) > 2_027702

which gives (2.6).

7. Application: Szemerédi’s theorem in finite-field geometries

As a sample application of Theorem 2.3, we can now prove a quantitative Szemerédi
theorem for progressions of length four in Fy. If G is any finite abelian group of order IV,
where (6, N) = 1, we define r4(G) to be the cardinality of the largest set A C G which
does not contain four distinct elements in arithmetic progression.

Theorem 7.1 (Szemerédi theorem for r4(Fy)). Write N = 5". Then we have the
bound

_o9-21

r4(Fp) < N(loglog N)
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Remark 7.2. In §11 we will prove a similar result for an arbitrary G. Although
that result will supersede the present one, the proof is quite a bit more complicated
so we give the finite-field argument separately now. In [35] we improve the bound to
r4(F2) < N(log N)~¢ using substantially lengthier arguments.

As with all analytic arguments for proving Szemerédi-type theorems, the key step is
the establishment of the following ‘density increment’ result.

Proposition 7.3. Let § > 0, suppose that

220

n>6(2/8)%, (7.1)

and let A C FY be a set with size at least IN. Suppose that A contains no four-term
arithmetic progressions. Then we can find an affine subspace o+ V of F} with dimension
dim(V') > n/3 such that we have the density increment

220

Evergrv1a(z) > Exerpla(e) + (6/2)

Proof. Write
a:=Eyeppla(x) = |A]/N.

By Corollary 1.12 and the lower bound N > 2/63 (which is very much a consequence of
(7.1)1), we conclude that
HlA - OéHUS(]Fg) 2 (53/8

Applying Theorem 2.3, we can thus find a subspace W < FP with codimension at most
(2/6)*¢ and quadratic phase functions ¢, for each y € FZ such that

Eyers [Ereyrw (La(z) — a)e(—oy(2))| > (6/2)"C. (7.2)
On the other hand, we may assume that
Ex€y+W(1A(x) - a) < i(5/2)40

for all y € Fg, since the proposition is immediate otherwise. Now since Eyeytw (1a(z)—a)
has mean zero, we thus conclude that

Esey+w(La(e) — o) < 5(6/2)'.

Eyerg

Subtracting this from (7.2) and using the pigeonhole principle, we infer that there exists
y € F§ such that

Esey+w (La(x) — a)e(—dy(2)] > 5(6/2)* + [Eseyrw (La(z) — a)l.

Now observe (using Lemma 3.1) that ¢, takes values in the set T = {0, %, %, %, %} For

each t € T' let S; be the quadratic surface Sy := {z € y+ W : ¢,(x) = t}. Then by the
triangle inequality we have

Eseyrw(La(@) — a)e(=oy (@) < D [Eseyrw(lale) — a)ls, (2)]
teT
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while

Boeyrw(la@) — )| > —Eocyrw(la(@) — @) = =Y Epeyrw (La(z) — a)lg, (2).
teT

Combining these estimates, and using the pigeonhole principle, we deduce that there
exists t € T such that

Eseyrw (1a(x) — a)ls, (@) > 3(6/2)*“Bocyrwls, () — Boeyrw (1a(z) — a)ls, (2),

and hence
Eecysw (1a(x) — a)ls, () > $(6/2)" Breyrwls, (). (7.3)

This gives a density increment on a quite large quadratic hypersurface S; N (y + W).
Our job is now to convert this into a density increment on a subspace. Observe from
Lemma 3.1 that we can write S; N (y + W) in the form

SiN(y+W)=y+{zeW:lz - Mz+v-2=c}

for some self-adjoint linear transformation M : W — W, some v € W* and some c € F.
We now locate a large subspace on which M is degenerate. To this end we need a simple
lemma.* For future reference we shall phrase this lemma for more general finite fields
than Fs5.

Lemma 7.4 (Gauss sum lemma). Let F be a finite field of odd characteristic, let
W be a vector space over F' and let M : W — W be a self-adjoint linear transformation.
If dim(W) > 3, then there exists a non-zero x € W such that x - Mx = 0.

Proof. If M has a non-trivial kernel, then the claim is easy, so assume that M has no
kernel. Then a standard Gauss sum computation (using (4.1), for instance) shows that
Erewela(x - Mx))|> = |F|~9™W) for all a € |F|\ {0}. But by Fourier inversion we have

1 .
(L= ([F[ = 1) - | p|7am02),

1
Emewlx-Mw:O = m Z Egpewe(a(l‘ : Ml')) > |F|

acF

Since dim(W) > 3 we thus see that {x € W : z - M2 = 0} must contain at least one
non-zero element, and we are done. O

In our situation, the space W has dimension substantially larger than 3—in fact,
dim(W) > n — (2/6)*°. Let U be a subspace of W that is degenerate in the sense
that x - My = 0 for all z,y € U and that is maximal with respect to this property.
We claim that dim(U) > n/2 — (2/6)*¢. Indeed if this were not the case, the space
Ut :={xeW:z-My=0forall y € U} would have at least three more dimensions
than U (in fact, vastly more than this), and one could apply the previous lemma to
U+ /U to contradict the maximality of U.

* One could also proceed here using the theory of Witt groups, but that would be far more advanced
technology than what is actually needed here.

https://doi.org/10.1017/50013091505000325 Published online by Cambridge University Press


https://doi.org/10.1017/S0013091505000325

104 B. Green and T. Tao

Let U be as above. By splitting (7.3) into cosets of U and applying the pigeonhole
principle, we may find a coset z 4+ U of U in y + W such that

Eveorv(la(m) — a)ls, (z) > 1(6/2)* “Eoe.quls, (2).

Note that on this space z + U, the form z - Mz becomes linear, which means that
S: N (z + U) is an affine subspace of z + U of codimension at most 1. Letting 2o + V
denote this subspace, and recalling that the constant C' in Theorem 2.3 could certainly be
taken to be 217, Proposition 7.3 follows. Note that (7.1) suffices to guarantee the stated
bound dim(V') > n/3. O

Proof of Theorem 7.1. Suppose that A C F{' has cardinality d IV yet contains no
four-term arithmetic progression. Then by repeated application of Proposition 7.3 we
may construct a sequence

Fezxi+Vizae+ Vo>
of affine subspaces such that dim(V;) > n/37 and
Ever,+v;1a(z) > 0+ j(5/2)%, (7.4)
provided only that at all stages the condition (7.1) is satisfied, that is to say,
dim(V;) > 6(2/8)%" . (7.5)

Equation (7.4) is impossible if j > jo = (2/6)%”, and so (7.5) must be violated by some
J < Jo. This means that

20
n>6x (2/5)2 x 3207

which certainly implies that § < (loglog N)_Tm. a
Remark 7.5. A more-or-less identical argument shows that
r4(Fy) < N(loglog N/p)~*,

uniformly for all primes p > 5, for some absolute constant ¢ > 0. In combination with
Gowers’s result that r4(Z/NZ) < N (loglog N)~¢, this may be used to give a fairly cheap
proof that r4(G) = o(N) for all finite abelian G, a result which was first obtained by
Frankl and Rodl [17] by rather different means. The key to the argument is that G
contains either a large subgroup of the form F) or else a large cyclic subgroup. The
bound obtained is of the form

r4(G) < N(loglogloglog N)~¢;

we omit the details since a far superior bound will be obtained in §11.
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8. Some results on Bohr sets

Let G be an arbitrary finite abelian group with |G| = N,let S C G be a set of d characters,
and suppose that p € (0,1) is a positive parameter. We will collect some basic facts about
Bohr sets B(S, p) which we will need to prove Theorem 2.7. These Bohr sets play the
role that subspaces did in the finite geometry setting, with the quantity d corresponding,
roughly speaking, to the codimension of the subspace.

Note that a Bohr set always contains 0 and is symmetric around the origin. In fact we
have the following easy bounds on the size of Bohr sets.

Lemma 8.1 (bounds for the size of Bohr sets). We have
|B(S,p)| = p'N

and
|B(S,2p)| < 54B(S, p)|.

Proof. By the triangle inequality, we see that for any y = (y¢)¢es in the torus (R/Z)°
we have

S T Meamseliyucnre = [{ € G sup e @ — vellaya < /2]
z€G €S £es

< : .
< Hw €G Sup 1€ - zllr/z < p})

=|B(S,p)l.

Integrating this over all y € (R/Z)®, we conclude that
>t <IB(S.p)l,
zeG

which gives the first bound.

To establish the second bound we integrate the same expression but only over the cube
{y rsupgeg llyell < 5p}. Note from the triangle inequality that this does not affect the
components of the integral for which = € B(S,2p). Thus we have

> pt<IB(Sp)I(5p)Y,

z€B(S,2p)
which gives the second bound. O

Next we establish, following Bourgain, that regular Bohr sets (as defined in Defini-
tion 2.6) exist in abundance.

Lemma 8.2 (regular Bohr sets are ubiquitous [10]). Let 0 < & < 1. Then there
exists p € [e, 2¢] such that B(S, p) is regular.
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Proof. We may assume that S is non-empty since the claim is trivial otherwise. Let
f :[0,1] — R be the function f(a) := (1/d)log, |B(S,2%)|. Observe that f is non-
decreasing in a, and from Lemma 8.1 we have f(1) — f(0) < log, 5.

Suppose we could find a, 0.1 < a < 0.9, such that |f(a’) — f(a)| < 20]a — o] for all
|a| < 0.1. Then it is easy to see that the Bohr set B(S,2%) is regular. Thus, it suffices
to obtain an a with this property. This can be done directly from the Hardy—Littlewood
maximal inequality (applied to the Lebesgue—Stieltjes measure df), or as follows. If no
such a exists, then for every a € [0.1,0.9] there exists an interval I of length at most
0.1 and with one endpoint equal to a, such that | ydf > I} ;20 dz. These intervals cover
[0.1,0.9], which has measure 0.8. By the Vitali covering lemma,* one can thus find a
finite subcollection of disjoint intervals Iy, ..., I, of total length |I;| +---+ |I,] > 0.8/5
(say). But we then have

1 n n
0.8
lo 5>/d 2§/d 25/20dx>—x20,
g2 A f 2, f 2, 5

which is a contradiction. O

Next we show that given any small set of points in GG, one can find a large Bohr set
which avoids all of them except possibly zero. We will need this to develop the analogue
of Lemma 6.2 (see Lemma 9.2 below).

Lemma 8.3 (separation lemma). Let G be a finite additive group and let A C G
be a set of elements containing zero. Then there exists a set S C G with |S| < 14log, |A|
such that AN B(S, ) = {0}.

Proof. We induct on |A|. When |A| = 1 the claim is trivial (set S = 0)). Now suppose
that |A| > 2 and the claim has already been proven for smaller sets A. Suppose that
2" < |A] < 271, Let ¢ € G be chosen randomly. Observe that for each z € A\{0}, the
map £ — £ - x is a non-trivial group homomorphism from G to R/Z, thus the random
variable £z is uniformly distributed over a cyclic subgroup of R/Z. In particular, we have

P(z € B(&, 1)) =P(l¢ - 2llr/z < 1) < 5.
Summing this over all non-zero A, we conclude that
E|(A\{0}) N B(&, 1) < (14l - 1)/2.
In particular, we can find £ € G such that

< 2"

ANB(E D) < {""“J

2
By the induction hypothesis we conclude that there exists a set S’ of cardinality at most
n such that
ANB(E 3)NB(S', ) = {0},
and the claim follows by setting S := 5" U {{}. O

* One can also use the Besicovitch covering lemma at this point, which would in fact give slightly
better bounds. Indeed, one can improve the constant % to % (see, for example, [15]).
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Our next task is to investigate the Fourier-analytic behaviour of Bohr sets. In the first
instance we deal with a concept somewhat more general than that of a Fourier coefficient,
replacing a linear phase function by a locally linear phase function.

Lemma 8.4 (generalized Fourier decay). Let S C G, |S| = d, be a set of charac-
ters. Let B := B(S, p) be a regular Bohr set and let ¢ : B(S,2p) — R/Z be a function
which is locally linear in the sense that ¢(z +y) = ¢(z) + ¢(y) whenever z,y € B(S, p).
Suppose that

[Even(e(é()))| = n

for some 0 < n < 1 (large generalized Fourier coefficient). Then ¢ is close to constant in
the sense that for every y € B we have

2"2dlly| s
oy <—5
6(9) |z o
Proof. Let y € B and let M > 0 be the largest integer such that M||y|ls < np/400d.
If M = 0 then we have ||y|ls > np/400d, and the claim is trivial. By Lemma 4.2 (ii) we
have

[Erep(e(¢(2)) — EveBE-m<ncn(e(d(z +ny))) < n/2

and hence, by the triangle inequality,

|EzeBE_amr<n<amre(d(z +ny))| = n/2.

On the other hand, by the local linearity of ¢ we have ¢(x + ny) = ¢(x) + ne(y) for all
|n| < M and hence e(¢(x +ny)) = b(x)e(né(y)). By the triangle inequality we conclude
that

IE_m<n<amre(nd(y))| = n/2.

But by the geometric series formula, the left-hand side is bounded by 2/M||¢(y)||r /2

This implies that
4 3200d
dWlr/z < 7= <
I9)lz/z < 377 < o

which implies the result. O

1ylls

As a corollary we see that the normalized Fourier transform of a Bohr set decays away
from the ‘polar body’ of that Bohr set.” If £ € G then define

I€lBs,p) == sup  [I€ - yllr/z-
yEB(S,p

Note that if £ € S then (||| p(s,p) < p-

* One could obtain much better Fourier localization properties by replacing the Bohr sets by smoother
weight functions; see, for example, [30,61] for examples of this approach. This also conveys the slight
advantage that all weight functions can automatically be made regular. However, these functions have
the disadvantage of being spread out in physical space, and we found it more convenient to use Bourgain’s
machinery of regular Bohr sets from [10] instead.
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Corollary 8.5 (Fourier decay). Let S C G be a set of d characters, let B := B(S, p)
be a regular Bohr set and let 0 < 6 < 1. Then for any £ € G, we have

1/2
|EmBaewn<64(‘%') .
€1l B(s,60)

Proof. Apply Lemma 8.4 with ¢(x) := £z, with 1 := |E,cpe(§ - )| and with y being
an arbitrary element of B(S,0r). d

We can exploit this decay via a Tomas—Stein almost-orthogonality type argument
(also used by Bombieri [9] in the context of the large sieve; see also [47]) to conclude the
following corollary.

Corollary 8.6 (local Bessel inequality). Let S C G be a set of d characters, let
B := B(S, p) be a regular Bohr set, let 0 < 6 < 1 and let &1,...,& € G be frequencies
such that [|&; — &5 B(s,0p) = 0 for all 1 <i < j < k and some 6 > 0. Then

k

> b(i)e(;(x)

Jj=1

2

E.cn <k + 27K (0d/8)Y/?

for any bounded complex numbers b(j).

Proof. Thanks to Corollary 8.5 we have

k

2
Eren| Y b(ie(&(@)| = > b, j)Eeene((& — &) - o)
j=1 1<i,j<k
<k+2 Z Ezepe((&i —§&;) - 7))
1<i<j<k
<k +27K%(0d/6)V?,
The claim follows. O

We can dualize the above corollary to give the following result. This allows us to
generalize, to the relative setting, a frequently used consequence of Parseval’s identity: a
large set A C G cannot have too many large Fourier coefficients.

Corollary 8.7 (local Bessel inequality, dual version). Let S C G be a set of d
characters, let B := B(S,p) be a regular Bohr set, let 0 < 0,1 < 1 and suppose that
A C B. Let

[i={ge G ia©) > nE(1p)}.

Then there exist frequencies &1, ...,&; € G with k < 2/n? such that any & € I is close
to some &; in the || - || p(s,9,) norm:

rci{ced:|e- &illBes.ep < 2'°0d/n* for some 1 < j < k}. (8.1)
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Proof. Let {{1,...,&x} be a maximal set of frequencies in I' such that |& —
&illBes,0p) = 0. Then it is clear that (8.1) holds. For each 1 < j < k we have §; € I
Hence there exists a bounded complex number b(j) such that

ReEqepb(j)e(S;(x))1a(x) = 1.
Summing this in j and applying the Cauchy—Schwarz inequality, we conclude that

k
> bl @)

Applying Corollary 8.6, we conclude that n%k? < k + %anQ, and hence k < 2/n?. The
claim follows. O

2

EJ)EB 772k2'

As a consequence, we can now generalize Bogolyubov’s argument (Lemma 6.4) to
subsets of Bohr sets.

Lemma 8.8 (local Bogolyubov lemma). Let S C G be a set of d characters and
let B := B(S,p). Let A C B be a set with |A| = 6|B|. Then there exists a set S’ C G
with |S’| < 27672 such that B(S U S’,2733§%p/d) C 2A — 2A.

Proof. It is convenient to replace 24 — 2A by the slightly smaller set A+ A'— A— A'.
Let ¢ = 6/400d. By Lemma 8.2, there exists p’ € [ep,2¢,p] such that the Bohr set
B’ := B(S,p’) is regular. By Lemma 4.2 (iii) we can find = € B such that

Let A’ := AN (z + B’). From the Fourier inversion formulae
x):ZiA(f)e(§-x) and 14/ (x ZlA/
35¢} ¢eG
we conclude that
Laxdarsloaxla(@) = [1a©)P1a (&) e(§ - 2). (8.2)
ged
In particular, applying (8.2) with 2 = 0 we conclude that
Ereq|la * 1a (2 Z|1A ‘ |1A/ )| .
eed

The function 14 % 14/ is supported on B(S, p + p’), which has cardinality at most 2|B)|
since B is regular and £ < 1/200d. Thus by the Cauchy—Schwarz inequality

Eeeclla* 1a(2)]? = (Breala * 1a(2))?/2E(1p)
E(14)*E(14/)*/2E(1p)

= %(EyeBlA(y)>2(]EyEx+B’lA(y))2E(1B)]E(1B’)2
'K 'E(15)E(1p)%.

WV
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Thus we have
S LA@Pia (@) > $6'E(1)E(1s ). (8.3)
£€G
Now let
R:={¢€G:|1a(€) > 16**E(1p)}

and let © € B(R Then, by taking real parts of both sides of (8.2), we conclude that

710)

laxlaxl_axl_a(z)= Z 1T4(6)2)1a(€)|? cos(2E - )

¢ed
Z|1A ||1A/ €)|? cos(2m/10) — ZHA ||1A’ O
¢ER EZR
_Z|1A V2147 (€)]? cos(27/10)
3e
— (cos(2m/10) + 1) ZUA WP ()
EER
1
> 5 ZIAOPLOF ) -2 3 La@ (o)
ced £er
> LS'E(1p)E(1p)? — H0°E(1p)? D [1a()?
£eGq

using (8.3) and the definition of R. On the other hand, from Plancherel’s identity we
have

D 11a(©))? =E(1a) < 0E(1p),

e

and hence
5 5

]-A* ]-A/ *1,A*1,A/(£L') Z (16 — 32>E(13)E(13/)2 > 0,

which implies that z is contained in A + A’ — A — A’ and hence in 24 — 2A. Hence we
have

B(R, ) C 24— 24A.

We are not done yet, because we do not have good bounds for |R|. Let § > 0 be a
small parameter to be chosen later. Invoking Corollary 8.7, we conclude the existence of
frequencies &1,...,& € G with k < 12852 such that

RC{ceG:|t- &l Bs,ep < 27267°0d for some 1 < j < k}.

Let S := {&,...,&}. If ¢ € B(SUS’,0p), then, in particular, z € B(S,68p). Thus if
& € R, then by the preceding inclusion we have

-2 =& x||lr/z < < 2%57%9d  for some j.
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Also, since x € B(S',0p), we get

16 - @llr/z < 0p < 6;
by the triangle inequality we then obtain
1€ - 2|lryz < 22°67°0d.

We thus conclude that
B(SUS',0p) C B(R,2*5°0d).

Thus if we choose 0 := 27335 /d, we have B(SUS’,0p) C B(R, %), and since B(R, 1—10) C
2A — 2A the claim follows. O

9. The general group case

We now prove Theorem 2.7, which generalizes Theorem 2.3 to the case of arbitrary finite
additive groups G. We begin by disposing of part (ii) of the theorem, which is rather
easier to establish than (i).

Proof. Recall that in order to establish Theorem 2.7 (ii) we are to prove that if S C G
is a set of d characters, if B = B(S, p) is a regular Bohr set, if f : G — D is a bounded
function and if || f[|,3(y+m) = 7, then we have

I fllvse = (n*p*/Cd®)?

for some absolute constant C. By translation invariance we may take y = 0. Let ¢ : B —
R/Z be a locally quadratic phase function on B and suppose that

[Even(f(z)e(=¢(2)))] = n.

It turns out to be convenient to have ¢ defined, and to be a quadratic form, on a slightly
larger Bohr set than B. In general this is not possible, but the same effect can be achieved
by first passing to a smaller Bohr set. In fact, in the argument which follows we will have
two smaller Bohr sets B’ = B(S, p') and B"” = B(S, p"). Set € = en/d, where ¢ is a small
constant to be specified later. We will take p’ € [ep/2,ep] so that B’ is regular (this is
possible by Lemma 8.2) and p” = ep’ (we will not require B” to be regular). It will be
convenient to write 3’ := Elg, and 8” := Elg~. By Lemma 4.2 we have

1= E.epBocoyp (f(2)e(=0(2))) + O(ed).

Observe that the contribution from z € B\B(S, (1 — 10¢)p) is at most O(ed), thanks to
the regularity of B, Thus we in fact have

Even(f(z)e(=¢(x))) = Ezenlp(s,01-100)p) (2)Baczrn (f(2)e(—4(2))) + O(ed),

and hence by the pigeonhole principle there exists z € B(S, (1 — 10¢)p) such that
[Eveatn (f(z)e(—o(x)))] = 2n/3 (9.1)

provided that ¢ is chosen sufficiently small.
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We are going to compare 1, p/, which is relevant to (9.1), with the function
1
ﬁ
Write B”. = B(S, (1 — 2¢)p’) and B, = B(S, (1 + 2¢)p’). Note that if x € z + B’ and
x+h € z+ B” then x + 2h = 2(x + h) — z is contained in z + B’. For such z, then,

we have F'(z) = 1. Also, if F'(z) # 0 then there is some h such that x + h € z + B” and
x+2h € z+ B’, which means that x = 2(x + h) — (x4 2h) lies in 2+ B/_. We have, then,

F({E) = Ehlz+31/(x+h)1z+31($+2h).

|F(2) = 1oqp(z)| < 21, \p (2). (9.2)
Now note further that if z +h € z + B” and = + 2h € z + B’, then
x€z+ B +2B" C B,

and also
x+3h=2(x+2h)— (z+h)€z+2B +B" CB.

Both of these are consequences of the fact that z € B(S, (1—10¢)p). In such an eventuality,
then, all four of the elements x, x 4+ h, © + 2h,  + 3h lie in B and, since ¢ is quadratic,
we have (h-V,)3¢(z) = 0, or, in other words,

$(x) — 3¢(x + h) + 3(x + 2h) — ¢z + 3h) = 0. (9.3)
Therefore,
F(x)e(—o(x))
= %Ehlﬁgn (z + h)e(3¢(x + h) 1oy m (@ + 2R) x e(—36(x + 2h))e(d(x + 3h))
= %Ehgl(x + h)ga(x + 2h)gs(x + 3h),

say, where the functions g1, g2, g3 are all bounded by 1. It is immediate from (9.2) that
[F(x)e(=¢(x)) — 1oq5 (z)e(—0(x))| < 21p,\p (7).

From (9.1) we infer, then, that

1

—Eonf(@)g1(x + h)ga(z + 2R)gs(z + 3h) = E, f(z) F()e(—d(x))

ﬁ//
=B f(2)Lo 5 (v)e(=¢(2)) + O(Elp,\p: )
= E. f(2) 11 (v)e(—¢(x)) + O(ed),

the penultimate step being a consequence of the regularity of B’. If ¢ is chosen small
enough, this means in view of (9.1) that

Eqnf(x)g1(x + h)ga(z + 2h)gs(x + 3h) > B'3"n/3. (9.4)
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However, Proposition 1.11 implies that we have

|z nf(x)g1(x + h)g2(x + 2h)g3(z + 3h)| < || fllusa),

and hence from (9.4) we have

I fllose = B'8"n/3 = (€°p°/4)"n/3 = (n°p?/Cd*)*
for some absolute constant C. O

Now we turn to the proof of Theorem 2.7 (i). As in §6 our starting point is Proposi-
tion 5.4, which the reader may care to recall now. The argument is closely analogous to
that in §6, and hence in turn to that in § 3.

9.1. Step 1: linearization of the phase derivative

We begin by carrying out the first major step, which is to show that the function
h — &, which roughly speaking captures the derivative of the phase of f, matches up
with a locally linear function.

Proposition 9.1. Let H' C G and suppose that £ : H' — G is a function whose graph
I :={(h,&):he HY CGx G

obeys the estimates
KN || <9I —8I' < KN
for some K > 1. Then there is a set S C G’,
dy =S| < 28K,

16 5)s elements o € G, £ € G and a
function M : B(S, i) — G such that the following two properties hold. Firstly, we have
the local linearity condition*

a regular Bohr set By := B(S,p), where p € [,

M(h+h')y = Mh+ MK whenever ||hl|s, |W]s < 3 (9.5)
Secondly, we have
E(1g(z0 + h)le,, ,=2mnieo|h € Br) = 27 °K 13,

Proof. As in the finite-field case, the first step is to refine the graph I so that
certain of the iterated sum-difference sets kI"" — [T are also graphs. To do this we use
the following generalization of Lemma 6.2.

Lemma 9.2. There exists a subset I'"" = {(h,&,) : h € H"} of I'" with
|FI/| > 276K713N

such that 4I"" — AI'" is a graph.

* Recall that [|h||s = supgcg [1€nllr/z-
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Proof. Let A C G be the set of all & such that (0,£) € 8" — 8I". Arguing as in the
proof of Lemma 6.2 we conclude that |A| < K2. Applying Lemma 8.3, we can find a set
S e G with |S| < 1+ 2log, K such that AN B(S, 1) = {o0}.

Let ¥ : G — (R/Z)° be the homomorphism ¥(€) := (s(£))ses. Now let us cover the
torus (R/Z)® by 26151 < 26 K12 cubes of side-length - Since || > N/K, the pigeonhole
principle implies that there exists one of these cubes @ for which the set

I'":={(h,&) eI : V(&) € Q}

has cardinality at least 27K~ N. Now observe from the linearity of s that if (0,&) €
8T —8I"" then ||s(£)||lr/z < 42 for all s € S. In other words, £ € B(S, 7). But ¢ also lies
in A, and hence £ = 0 by construction. Since 8" —8I"" is the difference set of 41" —4I"",
we conclude that 41" — 41" is a graph as desired. O

Define H” so that I = {(h,&,) : h € H"}. Applying Lemma 6.4 with A := H"|
we obtain a set S C G with |S| < 2'3K20 such that the Bohr set By := B(S,1) is
completely contained inside 2H" — 2H”. We will now work inside this Bohr set By and
pass to progressively narrower Bohr sets By, Bs,... when necessary. We will eventually
end up at Bs; the dimension of B; will be denoted d;, and so in particular dg = |S]. Tt
will turn out that dy = dy = d2 < d3 = d4 = d5, that is to say, it is only in passing from
B, to B3 that we shall increment the dimension of B;. This is because that passage will
involve Lemma 8.8.

Since 2I"" — 2I"” is a graph, we can find a (unique) function M : By — G such that
{(h,2M (h)) : h € By} C2H" —2H".

Since 21" — 2T contains 0, we conclude that ¢(0) = 0. Also, since 8" — 81" is a graph,
we see that
M (hy) + M(hg) = M(h}) + M(h}) (9.6)

whenever hi,ho,h,hy € By is such that hy + he = b} + h}; in other words, M is
a Freiman homomorphism of order 2. In particular, since M0 = 0, we have the local
linearity relationship (9.5).

By Lemma 8.2 there is p € [, 4] such that the Bohr set By := B(S, py) is regular.

By Lemma 4.1 there exists zg € G such that
Ehep, L (xo +h) > 270K 13
Let us fix this z¢, and set A :={h € By : zg + h € H"}, so that we have
|A] > 27 K13 By.

Observe that if h, b’ € A, then (h — b, &xo4n — Euo+nr) liesin I =TI which is a subgraph
of 2I'"" — 2I'". Thus we have ;o 4+h — Exg+n’ = 2M (h — 1'). Combining this with (9.5),
we conclude that there exists £y € G such that

Exotrh =& +2Mh forall h € A.

This concludes the proof of Proposition 9.1. O
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Combining Proposition 9.1 with Proposition 5.4 leads immediately to the following,
which generalizes Proposition 6.6 to arbitrary G.

Proposition 9.3 (large U3(G) norm implies locally linear phase derivative).
Let G be an arbitrary finite additive group and let f : G — D be a bounded function
such that || f||ys(q) = 1 for some n > 0. Then there exists a set S C G with

dy == || < 2%y~ %3,

a regular Bohr set By := B(S, p) C B(S, 1) = By with p € [, £], elements zy € G and

& € G, and a function M : By — G obeying the local linearity property (9.5), such that
Enes, [EvecT " f (@) f(@)e(— (& +2Mh) - z)| > 27 %y (9-7)
We could take C;,Cl = 218 i =3, 4.

9.2. Step 2: the symmetry argument

Let S, By, xg, £, M be as in Proposition 9.3. Using the proof of Theorem 2.3 as a
model, the next step would be to establish some symmetry property on M : By — é, in
the sense that the form {z,y} := M(z) -y — M(y) - x is small. More precisely, we shall
establish the following lemma.

Lemma 9.4 (symmetry of the derivative). Let the notation be as in Proposi-
tion 9.3. For any x,y € By, let {x,y} denote the antisymmetric form

{z,y} == M(z) -y — M(y) - .

Then there exists a set S3 of frequencies with S3 O % - S and d3 :=|S3| < 20577’03, and
a Bohr set Bs = B(Ss3, 2_06770é) C By, such that

{z, 2}z < 2670~ ||z||s, for all z,z € Bs. (9.8)
It is permissible to take all of the C;, C!, i = 5,6,7, equal to 2%3.

Proof. Let g9 = 2’03’204*1077%*204. By Lemma 8.2, we can find py € [e2, 225] such
that By := B(S, p2) C By is a regular Bohr set. Of course we have

dg = d1 < 2037]76‘3.
We write (9.7) as
|Ehep,: ccab(x + h)b(x)b(h)e(—2Mh, - z)| > 2~ C1nCa, (9.9)

absorbing all the phase terms into the functions b. Applying Lemma 4.1 we can find
r1 € G such that

Ehe,: oen,b(x + 21 + h)b(z 4+ 21)b(h)e(—2Mh - (x + 21))| = 2~ 4. (9.10)
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Absorbing the z; terms into the functions b we conclude that
[Enepy; ve, b()b(z + h)b(z)e(—2Mh - z)| > 274, (9.11)
Applying the Cauchy—Schwarz inequality (Lemma 4.3) to eliminate b(h), we then deduce
Ehep,: e+ h)b(@)b(y + h)b(y)e(—2Mh - (y — x)) > 2724?74, (9.12)
Making the substitution z := x + y + h, this becomes
EoyenBecotyrm,b(2,0)b(z,y)e(—2M (2 =z —y) - (y — ) 2 27°%9%. (9.13)

Absorbing as many phase terms into the functions b(z,z) and b(z,y) as we can, we
conclude that

Eaz’yGBzEz€z+y+B1 b(zv m)b(z7 y)6(2{$, y}) > 2_2047720‘1 .

Next, by the regularity of By and Lemma 4.2 (i), we observe that

|Eac,y€BzEz€:c+y+Blb(Zv z)b(z,y)e(2{z,y})
- Ew,y€B2]EZ€Blb(z7 x)b(z7 y)6(2{$, y})‘ < 2952d7

which, due to the choice of €5 and the bound d < 20377’03, implies that
EvyenBeen, b(z,2)b(2, y)e(2{w, y}) > 272 1P, (9.14)

In particular, by the pigeonhole principle in z we have

[Esyem:b(@)b(y)e(2{z, y})| = 272 1n*% (9.15)
for some bounded functions b(z), b(y). At this point we observe the local bilinearity
relationships

{r+a' gt ={z. gy} +{o",y} and {z,y+y'}={z,y} +{z.y}, (916)

which hold whenever all four of ||z|s, [|2'|ls, [[ylls, |¥'|ls are at most §. We can then
apply the Cauchy—Schwarz inequality (Lemma 4.3) to eliminate b(x) and conclude that

B yyem, by, 9 )e(2{w,y — y})| > 274 2%,
and hence, by the triangle inequality,
Eyyen | Eaepye(2{a,y — y})| > 274024,
By the pigeonhole principle, there exists 3/ € By such that

E?/EB2 |EI€BQ€(2{$7 y/ - y})‘ 2 2_404_277404' (917)
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Fix this y/. Since |E,ep,e(2{z,y" — y})| is bounded above by 1, we conclude that there
exists a set A C By with |A| > 274Ca=3p4C4| B, | such that

|Eze,e(2{z,y' —y})| > 2_404_37]404 for all y € A.

Applying Lemma 8.4 (and recalling that ps > o = 9~Cs=204—10,C5+2C5 and dy <
2C35=C5) we conclude that

12{z,y — y}|r/z < 224+2Co+8C)=2C710Ck 4o for all @ € By, y € A.
Applying (9.16) (and recalling that py < 2e < ) we conclude that
12{x, 2}||r/z < 226+QC3+8C‘/177_203_1OC4Hx||5 for all z € Bs, 2z € 2A — 2A.

On the other hand, by applying Lemma 8.8, we can find S’ C G with [SUS| <
212C4+16,)=12C3 4nd a Bohr set B} := B(S U ', 2761-2C05-26C42C5+26C4) which is com-
pletely contained in 24 — 2A and inside Bs. Thus we have

12{z, 2} ||r/z < 226+2C‘°’+8C/77_263 1OC4||:EHS for all z, 2 € Bj.

Let us now eliminate the factor 2. Observe that Bz := {2z : € B}} is also a Bohr set
(with the frequency set S U S’ replaced by S3 := % - (SUS’)). Since |z||s < 2||z|s,, we
also observe that Bs C B(S,2p2) C By. By (9.16), which implies that {2z, z} = 2{z, z},
we conclude (9.8) as desired. O

There are extremely close analogies between the above argument and that of § 6. Equa-
tions (9.9), (9.10), (9.11), (9.12), (9.13), (9.14), (9.15) and (9.17) are analogous to (6.7),
(6.8), (6.9), (6.10), (6.11), (6.12), (6.13) and (6.16), respectively.

9.3. Step 3: eliminating the quadratic phase component

We now return to the conclusion of Proposition 9.3 and localize the x and h variables
to a small Bohr set. Let

—C3—C4—10,,C54+Cy 9—5—Cy4—C7,.C}
27O CumIOy it Gl 99 CamCryCh),

€4 = min( 7

let S3 be the set of characters coming from the previous subsection and let By :=
B(S3,p4) C Bs be a regular Bohr set such that py € [e4,224]. By the previous esti-
mate we have

H{z, 2}r/z < 207y =Cre, for all z,z € By. (9.18)

Let us write (9.7) as
[Erep,;accb(hbla +h) f(x)e(~2Mh - )] > 27,

where we have absorbed some phase terms into the functions b as before. Since B; =
B(S, p) for some p > 1=, we conclude from Lemma 4.2 (ii) that

|Enen,;zeab(h)b(x + h)f(z)e(—2Mh - z)
—Ehnen, heBy:zecb(h + R)b(z + h+ b)) f(z)e(=2M (h+ 1) - z)| < 2%4d;.
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This is at most 2_04_177051, and therefore
[Epeny; hepa cecb(h +h)b(x + h+ 1) f(@)e(~2M (h + 1) - x)| = 27471y,
Hence, by the pigeonhole principle, there exists A’ € B,. such that
[Enep,; veab(h + )bz + h+ b)) f(z)e(—2M (h+ h') - 2)| > 271~ 1y,
Since e(—Mh' - x) = e(—2Mh' - (x + h))e(2MR’ - h), we can absorb all the A’ terms into
the functions b to conclude that
[Enep,: vecb(R)b(z + h) f(z)e(—2Mh - x)| > 2741y,
By Lemma 4.1 we then have
[Eyecinen,b(W)b(@ +y + 1) f(z +y)e(=2Mh - (z +y))| > 27 9%,
and hence, by the triangle inequality,
Eyec|Er e b(h,y)b(z + h,y) f(@ + y)e(—2Mh - z)| > 2715,
Now we observe from (9.5) that
2Mh-z=M(xz+h) - (x+h)— Mz -z —Mh-h—{z,h},
and hence, by (9.18),
le(—2Mh - z) — b(z + h)b(h)e(Mz - z)| < 21 - 267~ Cre, < 27C1—2C,
Thus we have
Eyec|Evnen b(h,y)b(z + h,y) fw + y)e(Mz - x)| > 2724,

It is convenient to localize x further. Let g5 = 2= Ca=Cs=13,Ci+C5¢, By Lemma 8.2 we

can find a regular Bohr set Bs = B(Ss,ps) with ps € [e5,2¢5]. By Lemma 4.2 (ii) we
have that

[Eyec|Eenen,b(h, y)b(z + h,y) f(z +y)e(Mz - z)|
= Eyec|BuneBi;cen, bh, )bz +w + h,y) f(z +w + y)e(M(z +w) - (z + w))]|
is at most 2%5d3 /g4, which on account of the choice of €5 implies that
EyeG|Eu he sy ren (b, y)bla+w th,y) (o +w +y)e(M(z+w): (z-+w))| > 27%%,
By the pigeonhole principle there exists w € By such that
Eyec|Ene by wenb(h, 9)b(x +w+ hyy) flo + wt y)e(M(z +w) - (z +w))| > 27,

Let us now apply Lemma 4.4. Since By is regular and €5 is so small, we certainly have
E(1s,)/(Elp,+p;) > 3, and so lemma allows us to conclude that

Eyec|flz+wty)e(M(z+w)- (z+w))llus,) =27 .
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This, of course, implies that
Eyecll f(z +w+y)e(M(z +w) - (z +w))|[us(Bs) = 9~ Ca—4pCa,

The «? norm being invariant under translation, conjugation and quadratic phase modu-
lation, we conclude that

Ey€GHf||u3(y+w+Bs) = 2_04_47704'

Making the change of variables y — y + w, and completing a small computation, we
obtain (2.8) as desired. O

We remark that we have proved slightly more than (2.8), in that the quadratic phase
functions used to demonstrate the largeness of the || f||,3(,+ 5y norm all agree up to lower-
order (i.e. linear and constant) terms. However, we were unable to find any way to exploit
this additional fact.

10. Bohr sets and generalized arithmetic progressions

Our focus from this point on is largely on the group G = Z/NZ, as we are working
towards connections with themes in ergodic theory, in particular involving Z-actions. As
we have stressed, Z/NZ is an appropriate group to consider if one is interested in discrete
questions concerning the integers. However, some of what we have to say, particularly in
the present section, can be generalized without undue pain to arbitrary additive groups.

We have obtained an inverse theorem, Theorem 2.7, for the U3 norm which relates
that norm to the quadratic bias norm u3(y + B) on Bohr sets B (or on subspaces W, in
finite-field cases such as G = Fy). This is a fairly satisfactory state of affairs, except for
the presence of the Bohr set B; in particular, it is not clear at present what exactly the
locally quadratic phase functions are on B. In this section we show how the Bohr set can,
if desired, be replaced with a generalized arithmetic progression, and how to characterize
the locally quadratic phase functions on such progressions.

We begin by recalling what a generalized arithmetic progression is.

Definition 10.1 (generalized arithmetic progression). A generalized arithmetic
progression P in an additive group G is any set of the form

P:={a+hv+ - +lgug:0<1; < L; for all 1 <j < d},

where d > 0, a,v1,...,v34 € G and Lq,...,Lg > 1. We shall abbreviate the right-hand
side as P = a+[0, L) -v, where L := (Lq,...,Lg) and v := (vy,...,vq). We call a the base
point of the progression, d the rank, vy,...,vq the generators and L1, ..., Ly the lengths
of the progression. If all the sums in P are distinct, so that |P| = Ly --- L4, we say that
P is proper. A coset progression is any set of the form P+ H where H is a subgroup of G.
We say that the coset progression P + H is proper if P is proper and |P + H| = |P| |H|
(i.e. all the sums in P + H are distinct); we define the rank, base point, etc., of the coset
progression P + H to be the same as that of its component P.
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The need to generalize from generalized arithmetic progressions to coset progressions
in the setting of a general group G was first noted in [33].*

We now use standard facts from the geometry of numbers to show that every Bohr
set contains a large proper coset progression. The first lemma follows from a result of
Mahler [11, Chapter VIII, Corollary to Theorem VII] together with Minkowski’s second
theorem [11, Chapter VIII, Theorem V]. This result (in fact, a rather stronger one)
was used in an additive-combinatorial context in Bilu’s work on Freiman’s theorem [6,
Lemma 2.1].

Lemma 10.2. Let I' be a lattice of full rank in R?. Then there exist linearly inde-
pendent vectors wi, ..., wq € I' which generate I, and such that

lwy| - Jwg| < 2-d!-mes(RY/T), (10.1)
where mes(R?/I") is the volume of a fundamental domain of I'.

Next, we give a ‘discrete John’s theorem’ that shows that the intersection of a convex
symmetric body and a lattice of full rank is essentially equivalent to a progression.

Lemma 10.3 (discrete John’s theorem). Let B be a convex symmetric body in
R?, and let I" be a lattice in R? of full rank. Then there exists a d-tuple

w = (wi,...,wg) €I

of linearly independent vectors in I' and a d-tuple L = (Ly, ..., Lq) of positive integers
such that
(d2*.BynIC (~L,L)-wC BNI C (—d*'L,d*'L) - w.

Here, of course,
(=L, L) -w:={liw +---+lqwg: —L; <lj < Lj for all 1 < j < d}.

Proof. We first observe using John’s theorem [44] (see also [8,51]) and an invertible
linear transformation that we may assume without loss of generality that B; C B C d-By,
where By is the unit ball in R?. We may also assume that d > 2, since the claim is easy
otherwise.

Now let w = (w1, ..., wq) be as in Lemma 10.2. For each j, let L; be the least integer
greater than 1/d|w;|. Then from the triangle inequality we see that |l;wi +- - - +lqwq| < 1
whenever |[;| < L;, and hence (—L, L) - w is contained in By and hence in B.

Now let z € BN I'. Since w generates I', we have x = lyw; + - -+ + lqwg for some
integers l1,...,lq; since B C d- By, we have |z| < d. Applying Cramer’s rule to solve for
li,...,1lg and (10.1), we have

|z Awy - wj—1 Awjpr Awgl < | |wi1]-|wg|  |z[mes(RY/T) . 2d - d!

L] =

* Of course, the classification of finite abelian groups tells us that every coset progression is also a

[wy A= A wgl = wy] fwy A Awgl |w;| =yl

generalized arithmetic progression (by expanding H as the direct sum of cyclic groups, which can each
be interpreted as an arithmetic progression), but in representing the coset progression in this manner
one may cause its rank of the coset progression to increase enormously (by the number of generators
needed to span H).
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which is certainly no greater than d??L;. It follows that x € (—d??L, d??L) - w, which is
what we wanted to prove. A more-or-less identical argument gives the inclusion (d=2¢ -
BynIrC (-L,L) - w. O

Let  — {z} denote the fractional part map from R/Z to the fundamental domain

Lemma 10.4 (Bohr sets contain large coset progressions). Let S C G be a set
of d characters, let p < % be a real number and let B(S, p) C G be a Bohr set. Then there
exists a proper coset progression P+ H of rank d', 0 < d’ < d, where P = (=L, L) - v for
some Li,...,Ly > 1 and vy,...,vy € G, and we have the inclusions

B(S,d~*"p) C P+ H C B(S, p). (10.2)
In particular, from Lemma 8.1 we have
P+ H| > pld 2" N. (10.3)

Furthermore, the vectors ({€ - v;})ees € RS, 1 < j < d, can be chosen to be linearly
independent, and H can be taken to be the orthogonal complement of S, that is to say,
the group

H:={zxeG:£ =0 forall S}. (10.4)

Remark 10.5. The lemma is at the same time a refinement and a weakening of a
lemma from [33]. The refinement, corresponding to the fact that we use Lemma 10.2
rather than Minkowski’s second theorem, is that we obtain the left-hand inclusion in
(10.2) and not just the right-hand one. The weakening is that using just Minkowski’s
second theorem (and thus sacrificing the left-hand inclusion in (10.2)) gives a stronger
bound than (10.3).

Proof. Let ¢ : G — (R/Z)® be the group homomorphism ¢(z) := (£ - x)¢cs. Observe
that ¢(G) is a finite subgroup of the torus (R/Z)° and that B(S, p) is the inverse image
of the cube @ := {(y¢)ees : |ye| < p} under ¢.

Let I € RS be the lattice ¢(G)+Z. Though it is a slight abuse of notation, we consider
#(G) N Q to be the same as I' N Q. Applying Lemma 10.3, we can find a progression
P:=(—L,L) - w for some linearly independent wy,...,wey C I" with 0 < d’ < d such
that

rnd=2".QcPcrnq.

Since the w; are independent, Pis necessarily proper. The claim now follows by setting
v; to be an arbitrary element of ¢~!(w;) for each 1 < j < d’ and setting H equal to the
kernel of ¢, which is of course just (10.4). O

When G = Z/NZ is a cyclic group of prime order, the subgroup H has no role to play*
and we conclude the following corollary.

* At the other extreme, in the finite-field geometry setting G = F{ it is the progression component P
which is irrelevant, because the properness of P forces all the lengths to be less than 5. Since the rank

of P is also under control, we see that H is a substantial portion of P + H. Indeed, the fact that Bohr
sets in finite-field geometries contain large subspaces was already exploited in the proof of Theorem 2.3.
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Corollary 10.6. Let G = Z/NZ be a cyclic group of prime order, let S C G be a
set of d characters and let p < % be a parameter. Then there is a proper generalized
arithmetic progression P = (—L,L) - v of rank at most d and size at least pld=2" N
such that B(S,d~2%p) C P C B(S, p). Furthermore, the vectors ({¢ - v;})¢cs are linearly

independent in RS,

In this paper, it is in general more convenient technically to work with Bohr sets
than progressions or coset progressions. However, there is one task which is much easier
to achieve on progressions than on Bohr sets, and that is to classify quadratic phase
functions:

Lemma 10.7 (inverse theorem for locally quadratic functions). Let G be a
finite additive group of odd order. Let P + H be a coset progression in G, let a be the
base point of P and let vy, ...,vq be the generators. Let ¢ : P+ H — R/Z be a locally
quadratic phase function on P + H. Then there exists a self-adjoint homomorphism
M:Hw— ﬁ, elements &y, &1,...,&4 € f[, elements n;, \ij € R/Z for 1 < i,j < d, and
¢ € R/Z such that \;; = A\;; and

d d
$lathivr+-+lgvath) = Mh-h+2> L&-h+ > Liljhij+&-h+ Y lmit+c (10.5)

i=1 1<i,5<d i=1
for all ly,...,lg,h with0<l; < Lj forall1<j<dandh e H.

Remark 10.8. In the converse direction, it is easy to show that (10.5) is indeed well
defined and gives a locally quadratic function if 3P + H is a proper coset progression,
but we will not need that fact here.

Proof. We may assume that L; > 2 for all j, and we may translate so that a = 0.
Let ¢|g be the restriction of ¢ to H. By Theorem 3.2, the quadratic extension theorem,
we can extend ¢|y to a globally quadratic phase function ¢ on G. Using Lemma 3.1,
it is easy to see that v, when restricted to P + H, has the form (10.5). Thus we may
subtract ¢ from ¢, which means that ¢ now vanishes on H. We now claim that under
this reduction, ¢ takes the simpler form

d d
Glavy + - +lgva+h) =D L& -h+ Y L+ Yl
=1

1<i,5<d i=1

Observe that for any h € H, the function (h- V)¢ is locally linear on P+ H and vanishes
on H, and hence takes the form

d
(h-V)p(livr + -+ lgva + ') =Y Li(h- V)(vy)

i=1

forallly,...,lq, kwith0 <I; < L; and b’ € H. It is then easy to see that h — (h-V)o(v;)
is a group homomorphism from H to R/Z and thus there exists & € H such that
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(h-V)p(v;) =2 - h for all h € H. Using this, we thus reduce matters to showing that

d
Shior+ -+ lava) = Y LA+ Y L,

1<i,5<d i=1

or equivalently that

d
(]5(l11)1 + -+ ld’l)d) = Z 2lllj>\” + Z lﬂh + 112)\2
1<i<j<d i=1
We induct on d. When d = 0 there is nothing to prove. Now suppose that the claim is
already proven for d — 1. We observe that the derivative (vg - V)¢ is linear, and hence

(va - V)o(lior + -+ 1lgva) = Y 2liXia + na

1<i<d

for some A1g, ..., Aga,Na € R/Z, with the caveat that I; must now be less than Ly — 1
rather than Ly. (Note that it is always possible to divide by two in R/Z, though the value
obtained need not be unique). The claim then follows from the induction hypothesis and
a simple ‘integration’ argument, which we omit. O

Now, let us specialize to the setting of cyclic groups Z/NZ of prime order. We begin
by defining some special functions on this set.

Definition 10.9 (bracket polynomials). Let Z/NZ be a cyclic group of prime
order. If k > 0, we define a bracket monomial of degree k on Z/NZ to be any function
¢ :Z/NZ — R/Z of the form

¢(x) = a{& -2} {§ -z} modl,

where &1,...,&; € Z//N\Z and a_€ R; we refer to &1,...,& as the frequencies of the
monomial. If L > 0 and S C Z/NZ, we define a bracket polynomial of degree at most
k, length at most L and frequency set S to be any function ¢ : Z/NZ — R/Z which
can be expressed as the sum of L or fewer bracket monomials of degree at most k& and
frequencies inside S. We write Freq(¢) C S. Note that if |S| = d then we may always
assume that L < kd¥; for this reason there will be little subsequent discussion of length.

These bracket polynomials are special cases of the generalized polynomials considered
in various papers of Haland, Haland and Knuth and Bergelson and Leibman [2,4,38-40],
though with the (minor) caveat that our fractional parts take values from —% to %, while
the ones in those papers take values from 0 to 1.

Define a bracket quadratic to be a bracket polynomial of degree at most 2. We can now
link locally quadratic phase functions with bracket quadratics.

Proposition 10.10. Let G = Z/NZ be a cyclic group of prime order, let S C G
be a set of d characters and suppose that p € (0, %] Let P be the proper progression
contained in B(S, p), which was constructed in Corollary 10.6, and let ¢ : B(S, p) — R/Z
be a locally quadratic phase function on B(S, p). Then there exists a bracket quadratic
¢ : Z/NZ — R/Z with Freq(¢) C S such that ¢ = ¢ on P.
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Proof. Let vy,...,v4 and Lq,...,L; be the generators and lengths of P. By
Lemma 10.7 we have

d
¢(l1U1 + -+ ld’l}d) = Z lllj/\” + Z lin; + ¢ mod 1 (106)

1<i<<d i=1

for some real numbers A;;, 7;.
Next, let @ : P — R® be the map

P(z) := ({€ - 2})ees-
Since P C B(S,p), we see that ®(P) lies inside the cube Q := {(ye)eecs : |ye| <
p for all £ € S}. Since p < i it is also easy to verify that

S(lyvr + -+ lqvg) = 1 P(v1) + -+ + 1gP(vq).

From Corollary 10.6 we know that the ®(v;) are linearly independent. Thus there exists
a vector u; € R® such that

@(11111 + -+ ldvd) sy = 1.

Writing w; = (tig)ees and & = liv1 + - - - + [qvg we conclude that

li = Zuig{f . l‘}

£es
Inserting this formula into (10.6) we obtain the claim. O

We can now give a version of Theorem 2.7, the U?(G) inverse theorem, in the case
G = Z/NZ, which involves bracket quadratic functions. In this theorem, Cy, Cy, ... and
¢ denote absolute constants which do not vary from line to line.

Theorem 10.11 (inverse theorem for U3(Z/NZ), bracket quadratic func-
tions). Let 1) € [0,¢) and let Z/NZ be a cyclic group of prime order. If f : Z/NZ — D
is a bounded function such that || f|vsz/nz) = n, then there exists a set S C Z/NZ of
size d < n~¢ and a proper progression P of rank at most d and size |P| > exp(—n~¢)N
with the inclusions

B(S,exp(=n~*)) C P C B(S, ), (10.7)

and there exists a generalized quadratic ¢ : Z/NZ — R/Z with Freq(¢) C S such that
we have the local quadratic bias estimate

[Evep(T" f(z)e(~¢(2)))| = n (10.8)

for some h € Z/NZ. More generally, for any non-empty set A C P there exists an
ha € Z/NZ such that

[Even(T" f(z)e(—¢(2)))| = n*. (10.9)
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Furthermore, there exists another generalized quadratic ¢ : Z/N7Z — R/Z with Freq(¢) C
S such that we have the global quadratic bias estimate

Epez/nz(f(x)e(—0(x)))| = exp(—n~ ). (10.10)

Conversely, suppose that S is a set of d frequencies and that Q; :Z/NZ - R/Z is a
bracket quadratic with Freq(¢) C S. Suppose that f : Z/NZ — D is a function such that
[E(f(x)e(—¢(x)))| = n. Then we have

1 fllws = (n°p?/Csd®)*. (10.11)

Proof. Applying Theorem 2.7, we can find a regular Bohr set B := B(S, p) in Z/NZ
with d = |S] <7~ and p > n°°, ay € Z/NZ, and a locally quadratic phase function
¢o: B — Z/NZ on B such that

[Eaen(TYf(x)e(—¢o(@)))] = n.

We could take Cy = 2%°. Next, let ¢ = 7>+ and apply Corollary 10.6 to find a proper
progression P of rank at most d such that

B(S,eexp(—n~"")p) C P C B(S,ep).
By Lemma 4.2 (iii) we can find w € B(S, (1 — ¢)p) such that

Esew+p(TV f(z)e(—¢o(2)))] = n@+,

and (10.8) follows after translating by w and applying Proposition 10.10. A very similar
argument gives (10.9). Note that the inclusions on P follow by choice of 1, and the lower
bound on |P| follows from Lemma 8.1.

Now we prove (10.10). From (10.7) and Lemma 8.2 we can find a regular Bohr set
B’ := B(S, p') with p' > exp(—n~~3) which is contained in P. Applying (10.9) we can
find a shift ' € Z/NZ such that

E(T" f(2)e(=9(2)) 1 ()] = O ELp:.

Let ¢ =7n?“*9 and let x : R — [0,1] be a smooth cutoff such that x(s) = 1 when
Is|] < p'(1—¢), x(s) = 0 when |s| > p/(1 4+ ¢’) and such that the derivative estimate
X" ||oo < 100/£"p? holds true. By the regularity of B’ we see that

.7 f(a)e(-0(0) [ x({€ -2} > (O ~ 2002081 > 1O+ 251,
ges

and this is at most exp(—n~2¢174)

to write

by Lemma 8.1. Next, we use Fourier expansion on R

X(s)z/R)Z(t)e(ts)dt, where x(t) ::/Rx(s)e(—ts)ds.
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This allows us to conclude that

‘/R.../R [EITh'f(m)e(—qﬁ(x)+Zt§{5.x})] thﬁ dtgl exp( 20 )

es es
(10.12)
Now set A :=&’~1/2p/~1. Then by integration by parts, applied twice, we have

> 1 o de
dt = - " —ts)d
|l 5 [ 5] [ et as

and hence 200 500
[ 150lar < 20l + 25 < a4 2 <22

This implies that

< 100 dt < 100
e'p! 2 el/2

/ /H X (te)| dte < exp(—n~ 7).

Rees

Comparing this with (10.12), we conclude the existence of real numbers ¢ for £ € S such
that

BT f(o)e( - 0(0) + S tele-a} )| > expl-n 5 0),
£es
and (10.10) follows.

Finally, we prove (10.11). Assume then that ¢ is a bracket quadratic with Freq(¢) C
S, |S| = d, and that f : Z/NZ — D is a function with |E(f(x)e(—¢(x)))| = 1. Set
e := 1n/160d and select a p € [e,2¢] such that B := B(S, p) is regular. Introducing an
averaging over translates of B, we see that

[EyEocyrn(f(x)e(=0(x)))] = n. (10.13)

Now write U := B(S, 2 — 10p). We wish to exclude from (10.13) those y which lie in the
complement U¢ of U, since the bracket functions {¢ - x}, £ € S, fail to be linear when
{£ 2} =~ i%. To this end, we estimate

IEyEeys5(f(2)e(—0(2)))1ue(y)] < Eylye(y)
<SEy ) Ljyepz1-100(¥)
£es

< 40dp < 80de,

the penultimate estimate following from the fact that N is prime, so £ - x takes on the
values r/N, r € Z/NZ, precisely once each as x varies. Combining this with (10.13) we
see that

EyEocytn(f(2)e(=6(2)1u(y)| = n/2,
and hence there is y € U such that

|Eceytn(f(@)e(=6(x)))] = n/2. (10.14)

https://doi.org/10.1017/50013091505000325 Published online by Cambridge University Press


https://doi.org/10.1017/S0013091505000325

An inverse theorem for the Gowers U?(G) norm 127

We claim that ¢ is a quadratic phase function on y+ B. To check this, we must show that
if the cube (z + wih1 + waha + w3hs)we(o,1}s is contained in y + B, then (hy - V) (ha -
V) (hs - Vi)¢(xz) = 0. This is easy to prove once one appreciates that (for example) if
x,x+h; €y+Band & €S, then {& - (x+h1)} ={ 2} +{¢ h1}. Indeed, this identity
is patently true (mod1), and furthermore one has the bounds [{¢ - z}| < 2 — 9p and
€ - b} < 2p, whence [{€ - (& +h)}| < & — 7Tp.

Equation (10.14), then, implies that

Ilfllusy+B) = 1/2.

The result is now an immediate consequence of Theorem 2.7 (ii). O

11. An application: a bound for r4(G)

As an application of Theorem 2.7 we obtain a bound for r4(G), the size of the largest set
A C G with no four-term arithmetic progressions.

Theorem 11.1 (Szemerédi’s theorem for G). Let G be a finite additive group of
order N, where (N,6) = 1. Then we have the bound

r4(G) < N(loglog N)~¢
for some absolute constant ¢ > 0.

The reader may find it helpful to recall Gowers’s argument [25] in the case G = Z/NZ,
which is explained, for example, in [26]. Our argument here will be similar, though we
must handle torsion in G. Gowers did not use the so-called ‘symmetry argument’ of § 9,
since he was able to apply the weak inverse theorem, Theorem 1.14, where we shall apply
Theorem 2.7. It is likely that if our only interest was in proving Theorem 11.1, then
we could do likewise. However, as remarked in the introduction, our work is ultimately
directed towards a study of 4-tuples p1 < p2 < p3 < ps < N of primes in arithmetic
progression, and potentially towards the bound r4(Z/NZ) <« N(log N)~°. For these
applications one does need the full strength of Theorem 2.7 (when G = Z/NZ).

The key to the proof of Theorem 11.1 is the following density increment result, which
is in the spirit of Proposition 7.3 but is rather more complicated.

Proposition 11.2. Let G be an abelian group of size N and suppose that all elements
of G have order at most eV°sN  Suppose that (6,N) = 1, that N is sufficiently large,
that § > 1/loglog N is smaller than some absolute constant and that A C G has size
at least 6N. Suppose that A contains no four-term arithmetic progression. Then there is
some subgroup G' < G, |G'| > N'/3, together with a coset t + G’ such that

EmEt+G’1A($) = EwEGlA(x) + 607

where C' is some absolute constant.
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Proof. Write o := [El4 and f := 14 —a. Applying Corollary 1.12 we have || f||ys(q) =
53/8; applying Theorem 2.7 we can then find a regular Bohr set B(S,p) in G with
|S] <67 and p > 6¢ such that

]EyEG”fHu3(y+B) > 50-

Applying Lemma 10.4 we see that B contains a proper coset progression P + H of rank
at most 6~ such that
|P+ H| > exp(—6~)N.

Since every element in G has order at most eV'°8 ¥ we see that the lengths of the proper
progression P are also at most eV'°8 V. Thus |P| < N 1/2 which implies that

|H| > N, (11.1)

By the definition (10.2) of H, we see that B can be partitioned into cosets of H, and
hence

Eyecl fllusy+m) = 6¢.

Set ' (y) := Eyey+mla(x). From the triangle inequality we have

1o g1y < 11a = & (W) lus 1) + |0 (y) —
= 14 = &' W)llus(y+1) — 8l (y) — | + 9]/ (y) — a,

and so either
Eyeallta — o' (9)lus g1y — 8l (y) — o] = 6°/2 (11.2)

or
Eyecla’(y) —al > §9/18.

Suppose that the latter inequality holds. From Lemma 4.1 we have
Eyec(d/(y) —a) =0;

adding this to the preceding estimate and applying the pigeonhole principle, we conclude
that there exists y such that

Eocyrala(z) =a/(y) = a+389/36 = Epealalz) + /36, (11.3)

which implies the proposition (with a change to the absolute constant C). Suppose, then,
that (11.2) holds. By the pigeonhole principle, we can find y € G such that

114(z) — & W) luz(yrm) = 8l (y) — o +6/2.

By translating A we may take y = 0. Writing o’ := E,cg14(x) we conclude the existence
of a quadratic phase function ¢ : H — R/Z such that

Even (frr(z)e(=¢(x)| = 8la’ —al +6/2,
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where fy(z) := 14(x) — o/. Applying Lemma 3.1 (or Lemma 10.7), we may thus find a
self-adjoint homomorphism M : H — H and £ € H such that

|Epcr fu(x)e(—Mz - z)e(—¢€ - )| > 8|a’ — a| +69/2. (11.4)

As in the proof of Theorem 7.1, the next step is to locate a large subgroup of H on which
M vanishes. To achieve this we need some preliminary algebraic (and Fourier-analytic)
lemmas, of similar flavour to Lemma 7.4.

Lemma 11.3 (orthogonal complements). Let K be any subgroup of H and let
K+ C H be the subgroup

Kt:={yceH:Mzx-y=0 forallz € K}.
Then | K| > [HI/|K].

Proof. Let ¢ : H — K be the homomorphism ¢(y)(z) := Mz-y. Then K1 is precisely
the kernel of ¢. But since ¢ is a homomorphism with a domain of size |H| and a range
of size at most |K| = | K|, the claim follows. O

Lemma 11.4 (Gauss sum lemma). Let K be any finite group with (6, K) = 1
and suppose that every non-zero element of K has order at most t for some t > 2.
Let M : K — K be a self-adjoint homomorphism. Then, if |K| > 100t*, there exists a
non-zero element x € K\{0} such that Mz - x = 0.

Proof. We can assume that M is injective (and hence bijective), since otherwise we
can just set x to equal a non-zero element in the kernel of M. Using the classification
of finite abelian groups, we can write K as the direct sum of cyclic groups of odd prime
power order. Note that if p is a prime such that at least three cyclic groups of order equal
to a power of p appear in this direct sum, then K contains a subgroup isomorphic to JF]?;.
Restricting M to F3 (note that M will still be self-adjoint) and applying Lemma 7.4, we
can then conclude the existence of a non-zero x € K such that Mz -2 = 0. Thus we may
assume that for each p > 5 there are at most two cyclic groups of order equal to a power
of p in the direct sum decomposition of K, in which case we may write

K = @5, (Z/p}’Z) x (Z/p; L)

for some distinct primes pi,...,p, and exponents u;, u; Let n # 0 be any integer, and
define
nt:={r € K :nx =0}.
Writing
n=(=1)"py" -+ p,
one confirms the estimate

k

nt| =[] min(p}?, p}’) min(p;”, p}’) < In/*. (11.5)
j=1
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Let x : R/Z — R be a smooth bump function such that x(s) = 1 when ||s||g/z < 3t,
x(s) = 0 when |[[s|lg/z > 1/t, and for which the derivative estimate ||x"’||o < 100/t*
holds true. Observe that if Mx -z is non-zero, then || Mz - z||g/z > 1/t since 2 (and hence
Mz - x) has order at most ¢. Thus

EwEKlea::O = EIEKX(M'T : .’IJ)
Expanding in a Fourier series gives
Evexlpz om0 = Z x(n)Eze(nMzx - ), where x(n) = / x(s)e(—ns) ds.
nez R/Z
Isolating the term n = 0 we obtain the inequality
Eacklatramo — (OIS . [%00)][Eee(nMa - 2)].
neZ\{0}

Now by (4.1), Fourier inversion, the injectivity and self-adjointness of M and the hypoth-
esis that | K| is odd, we have

< [EpEpe(nM (z + h) - (x + h) —nMa - z)|/?

< (Ep|Ege(2nMa - h)|)/?

= (Enlrr2nn=0)"/?
— (Enlunco)/?

|[Ee(nMx - x)|

Ernlpn=o
‘nJ_| 1/2
- (T)
n
VK’

the last estimate following from (11.5). It follows that

N

BeerInza=o —XO) < D [X(n)||n] [K|71/2. (11.6)
n€Z\{0}

Now by integrating by parts three times and using the bound on ||x"”’||- one sees that
|X(n)] < t?/|n|. In combination with the trivial bound ||X||oc < 2/t, we obtain

. In| t2
doRmlfnl < D0 E+ YT 5 <6
n#0 n|<t |n|>t
Thus, since |K| > 100t4, (11.6) implies that

1 1

Eocrlifono > — > ——
ceK I Mz-x O/St |K‘

which immediately implies the result. (|
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Corollary 11.5. Let H be a finite additive group, (|H|,6) = 1, such that every
element has order at most t, t > 2, and let M : H — H be a self-adjoint homomorphism.
Then there exists a subgroup K of H such that

|K| > |H|Y?/10¢* (11.7)
and Mx -y =0 for all z,y € K.

Proof. Let K be a subgroup of H on which the quadratic form Mz - y vanishes
(ie. Mz -y =0 for all z,y € K), and which is maximal with respect to set inclusion.
Observe that the orthogonal complement K+ of K contains K, and hence by Lemma 11.3
the quotient group K+ /K has cardinality at least |H|/|K|?. Also, every element in this
group has order at most t. Since Mz -y = My -2 = 0 whenever z € K and y € K+, we
see that the bilinear form Mz -y descends to a bilinear form on K+ /K. If the associated
quadratic form vanished for at least one non-zero element of K+ /K, then by adjoining
this element to K we could contradict the maximality of K. Thus we may assume that
there is no such form. But then by Lemma 11.4 we have |[K+/K| < 100t*. Combining
this with our lower bound for |[K+ /K| we obtain the result. O

Let us return now to the situation (11.4), and let K be the subgroup obtained by the
above Corollary. By Lemma 4.1 we have

EyenBacys i f(@)e(—Ma - a)e(—¢ - 2)] > 8o’ — af +6° /2.
Setting o’ (y) := Eyey+x1la(x), the triangle inequality implies that either
Eyenla”(y) —o'| = 2|a’ — a| +6°/12 (11.8)
or
Eyert (Eaeys i fn(@)e(~Ma - 2)e(—¢ - )| — 3o (y) — ') > 2|’ — o] +6S/4. (11.9)
Suppose that (11.8) holds. From Lemma 4.1 we have
Eyen(e”(y) —a) =0
and hence
2B, e max(a’ (y) — ', 0) = E, |’ (y) — /| = 2|a’ — a| +69/12.
By the pigeonhole principle we thus conclude that there exists y € H such that
2(0"(y) — ') = 20’ —af +6/12,
and hence, by the triangle inequality,

Ereytrla(z) =a"(y) 2o + | —al + 60/24 > o+ 60/24 =Eseqla(z) + (50/24.
(11.10)
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This, together with the lower bound
|K| > |H|Y/?/10e2VIeN ~ N1/8

(cf. (11.7)) implies the proposition under the assumption that (11.8) holds.
Suppose, then, that (11.9) holds instead. By the pigeonhole principle, we can find
y € H such that

ey fr (@)e(—Ma - 2)e(~& - )] > 3a” (y) — o] + 2|’ — o] +6%/4.

Splitting fr as (14 —a’ (y)) + (o’ (y) — ') and using the triangle inequality, we conclude
that

Eveysn(1a(2) — o’ (y))e(— Mz - 2)e(—€ - 7)) > 200" (y) — af + /4.
We write £ = y + 2 and use the fact that the bilinear form My - z is symmetric and
vanishes on K to conclude that

Ecex(Lla(y +2) —a”(y))e(—(2My +€) - 2)| > 2" (y) — a| + 6 /4.

Consider now the homomorphism ¢ : K — R/Z defined by ¢(x) := 2My +§) - x. A
simple pigeonhole argument shows that there exist at least |K|e~ V2N elements x of K
for which [|¢(z)[|r/z < eVIe N But since every element of K has order at most eV8 N,
we conclude that ¢(z) = 0. Thus if we set K’ to be the kernel of ¢, then K’ is a subgroup
of K with

|K'| > |K|e~ Ve N > N1/8, (11.11)

We then apply Lemma 4.1 again to conclude that
EuwerBecwt i (Laly +2) — o (y)e(—(2My +€) - 2)| > 2| (y) — o] +6°/4.

Since the phase e(—(2My + &) - z) is constant for z € w + K, for fixed w, we conclude
that
EwEKlEzeerK’(lA(y + Z) - a”(y))l > 2|0[H(y) - O[| + 50/4

and thus, writing o (t) := Eyet4 k7 1a(x), that

Evex|a” (w+y) —a”(y)] > 2|a” (y) — af + /4. (11.12)
Now from Lemma 4.1 we have

Eper(a”(w+y) —a”’(y)) = 0.
Together with (11.12) this implies that
2R ek max (e (w4 y) — ' (y),0) > 2|a” (y) — o + 6 /4,
and so there exists w € K such that
o"(w+y) —a"(y) = | (y) — a| +59/8.
One final application of the triangle inequality at last gives that
Evcwty+rla(@) =a” (w+y) > a+69/8 =Ezeqlalz) +6°/8.

Together with the lower bound (11.11), this concludes the proof of Proposition 11.2. O
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Proof of Theorem 11.1. Let G be an abelian group and let A C G be a set with
cardinality at least /N which contains no four distinct elements in arithmetic progression.
We wish to show that § < (loglog N)~¢ for some absolute constant c¢; thus we may
certainly suppose that § > 2/loglog N.

Suppose that G has an element g of order greater than exp((log N)/3). Writing H =
(g), we see that there is some coset y + H such that E,cyrgla(z) > 0. The result of
Gowers [25] then immediately implies that

J < (loglog |H|)™° <« (loglog N)~°.

Suppose, then, that all elements of G' have order at most exp((log N)/3). We will define
a sequence G = Gy = G1 > - - - of subgroups of G with cardinalities N = Nog > Ny > - --
The sequence will be defined in such a way that

N; > exp((log N)?/3), (11.13)

which means that no element in G; has order greater than exp((log N;)'/?), and also
that § > 1/loglog N;. This is to enable us to apply Proposition 11.2.

Suppose that we have defined G;. For any z;, the set (z; + A) N G; does not contain
a four-term arithmetic progression. Suppose that z; is such that Eyc,;1q,1a(z) = 9.
Then, applying Proposition 11.2, we see that there is some Gj41, Nj1 := |Gj41] = le/g,
together with some x;; such that

E$61j+l+Gj+11A(m) > Ewewj-i-cj 1A(x) + 5.

Iterating this constructicl)nv leads to a contradiction for some j < 6~ unless (11.13) is
violated. Since N; > N (§)”, we must therefore have

—c
NS exp((log N)2/3)7

which implies the required bound ¢§ < (loglog N)~°. O

Remarks 11.6. We hope to prove a bound of the form r4(G) < N(log N)~¢in a
future paper by combining the ideas of [35] with nested Bohr set technology in the spirit
of that used in §§8 and 9 of the present paper. These methods were first introduced by
Bourgain [10], who obtained the bound r3(G) < N(log N)~(/2*¢ which is still the
best currently known when G = Z/NZ. A feature of this approach is that, unlike in the
present section, it is no easier to deal with Z/NZ than it is with an arbitrary abelian
G. We note that the celebrated Erdés—Turén conjecture [16] is roughly equivalent to a
bound of the form r4(Z/NZ) < N(log N)~'*¢ and so even in the case k = 3 there is
an awful lot left to be done.

12. An ergodic-theory interpretation

We now connect the U3 inverse theorems discussed earlier to ergodic theory, and in
particular to the recent work of Host and Kra [43] and Ziegler [64].
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Define a measure-preserving system (X, B, T,P) to be a probability space (X, B, P) with
an invertible measure-preserving (i.e. probability-preserving) shift operator T': X — X.
This induces a shift operator T' on random variables f : X — R by the formula T'f(x) :=
f(T~tz), and more generally T" f(x) := f(T~"x) for any n € Z. We use Ex (f) to denote
the expectation of f.

The Furstenberg correspondence principle (see, for example, [19]) equates combina-
torial theorems such as Szemerédi’s theorem to recurrence results in ergodic theory. In
particular, Theorem 1.1 is logically equivalent (using the axiom of choice) to the following
theorem.

Theorem 12.1 (Furstenberg recurrence theorem [18,24]). Let (X,B,T,P) be
a measure-preserving system and let f € L (X, B) be any non-negative random variable
with Ex f > 0. Then for every k > 1 we have

lim inf E—NénéNEXanf . T(kfl)nf > 0.
N—o00

In particular, if A € B is any event with positive probability P(A) > 0, then

lgri}iglofE,Ngnng(A NTY"AN---N T(k_l)nA) > 0.

Recently, it was shown in [43] and [64] that this limit inferior can in fact be replaced
by a limit; earlier work related to the k = 4 case can be found in [14, 23, 41, 42].
The two approaches are slightly different; the argument in [43] proceeds by establish-
ing the ergodic-theory analogue of an inverse theorem for the Gowers uniformity norm
U%Z/NZ). Indeed, if f € L>=(X, B) is any complex-valued random variable, define the
quantity || f|lga(ry for d > 0 by the formula

1/2¢
I fllgecr) = e (]E—Nghl,...,hdgNEX H C“’lT“"hf(a:)> .
we{0,1}4

It can be shown [42,43] that this limit actually exists, and it can also be shown that
| flla(ry is in fact a seminorm on bounded random variables for any d > 1 (see [43]). This
seminorm is clearly related to the U%(G) norms defined in Definition 1.8. For instance,
if T' is periodic of order N, then it is easy to see that the U4(T") norm of f(x) is the 2
average of the U4(Z/NZ) norm of f restricted to the orbits of T

d d
||fH2Ud(T) = Ea:H(Thf(m>)h€Z/NZ”?]d(Z/NZ)'

Here of course we take advantage of the periodicity of T' to define T" for h € Z/NZ in
the obvious manner.

In [43] it was observed that this seminorm controls expressions such as those appearing
in the Furstenberg recurrence theorem. Indeed, there is an analogue of Proposition 1.11
which asserts that if fo,..., fx_1 are bounded random variables and at least one of them
has vanishing U*~2(T) norm, then

lim ]E—NgngN]EXfOTnfl cee T(kil)nfn = 0;

N—o00
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in fact one can make the slightly stronger claim that E_y<,<nT™ f1 - T¢=Dnf con-
verges to zero in (for instance) the L?(X) sense. Informally, this fact shows that functions
with vanishing U*~2(T') norm are irrelevant for understanding k-fold recurrence.

It is thus of interest to determine when the U*~2(T) norm is positive. This question
is answered in [43] using the language of nilsystems. We first recall some notation. If
G is a (not necessarily abelian) group written multiplicatively and if g,h € G, we let
lg,h] := g~ th~1gh denote the commutator of g and h. If G’ and G” are subgroups of G,
we let [G',G"] = [G”, G'] be the subgroup generated by the commutators {[¢,¢"] : ¢’ €
G', ¢" € G""}. We then define the lower central series

G=G12G;2G32D ---

of subgroups of G by the recursive definition G; := G; Gi11 := [G, Gi]. We say that G
is (k — 2)-step nilpotent for some k > 2 if Gj_1 is trivial. Thus, for instance, a group is
1-step nilpotent if and only if it is abelian.

A (k—2)-step nilmanifold is defined to be a manifold of the form G/I" := {aI" : x € G},
where G is a finite-dimensional nilpotent Lie group and I is a discrete subgroup of G
which is co-compact (i.e. the nilmanifold G/I" is compact). Note that we do not assume
that I is normal, and hence a nilmanifold need not have a group structure. It is, however,
a compact symmetric space, with a left-action of the group G. Thus there is a unique
invariant Haar measure P on a nilmanifold, which we normalize to be a probability
measure. Thus every nilmanifold is a probability space, taking the o-algebra to be the
Borel o-algebra.

If g € G then we write T, for the shift operator from G to itself defined by T, (z) = gz,
and also (by abuse of notation) for the map from G/I" to itself defined by T, (zI") := gz T
This latter map is measure preserving and invertible. Let us call a (k—2)-step nilmanifold
with one of these shift operators a (k—2)-step nilflow. A (k—2)-step nilfunction is defined
to be any continuous function F : G/I" — C on a (k — 2)-step nilmanifold; given such a
nilfunction, a point o € G/I" and a group element g € G, we define the associated basic
(k — 2)-step nilsequence Fy ;, : Z — C by the formula*

Fyuo(n) == F(Tjxo) forallne€Z.

We can truncate this to Z/NZ and define the truncated nilsequence Fy g 4, : Z/NZ — C
by the formula

FN gzo(n) = Fyao(n) = F(T)x) forall —N/2<n<N/2,

where we identify the integers from —N/2 to N/2 with Z/NZ in the usual manner.
We now give three key examples of nilflows and nilsequences.

Example 12.2 (the circle nilflow). Let G be the one-dimensional matrix group

- )-{6 )

* A general (k — 2)-step nilsequence is defined as the uniform limit of basic (k — 2)-step sequences;
see [5] for further analysis of these nilsequences.
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and let I" be the discrete subgroup

- -{6 93

Then G/I is a 1-step nilmanifold (and hence also a 2-step nilmanifold)—indeed we can
easily identify it with the unit circle R/Z. A shift T, on this nilmanifold then corresponds
to a simple translation x — x 4+ a, where a € R is the upper-right matrix entry of g. In
particular, we observe that if F': R/Z — C is any function, we see that the sequence

n F(T)z) = F(r + na)

is a basic 1-step nilsequence. Thus, for instance, the linear phase function n — e(na)
is a basic 1-step nilsequence (and hence also a 2-step nilsequence). More generally, any
quasiperiodic sequence is a basic 1-step nilsequence, and any almost periodic sequence
can be expressed as the uniform limit of basic 1-step nilsequences.

Example 12.3 (the skew shift nilflow). Now we consider the example

1 Z R 1 Z Z
G=10 1 R, =0 1 7
0 0 1 0 0 1

Then G/I is a 2-step nilmanifold, and one can identify it topologically with the 2-torus
(R/Z)? by the identification

1 0 y
(z,y)=10 1 x|
0 0 1
If we let
1 m
g=10 1 «
0 0 1

be a typical element of G (thus m € Z and a, 5 € R), then the shift T, is given by
(v,y) = (x + a,y + B+ mx), and thus if F : (R/Z)?> — C is any function, then the
sequence

n F(T)(z,y) = F(z +no,y +nf + imn(n+ 1)a)
is a basic 2-step nilsequence. Thus, for instance, the quadratic phase function n +—
e($an(n + 1)) is a basic 2-step nilsequence. More generally, any quadratic phase n

2
e(an?+ Bn++7), or finite linear combination of such phases, is a basic 2-step nilsequence.

Example 12.4 (the Heisenberg nilflow). Now we consider the example

1 R R 1
G=10 1 R, I''=10
0 0 1 0
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Then G/I is a 2-step nilmanifold. By using the identification

o = wn
— 8
~

1
(z,y,2) = | 0
0

we can identify G/I" (as a set) with R3, quotiented out by the equivalence relations
(z,y,2) ~(x+a,y+b+az,z+c¢) forallabcelZ.

This can in turn be coordinatized by the cylinder [—3, 2] x (R/Z)? with the identification
(_%7y7Z)N(%7y+Zaz) N

Let F: G/I' — C be a function. We may lift this to a function F' : G — C, defined by
F(g) := F(gI'). In coordinates, this lift takes the form

F(xaywz) = F({‘T}ﬂy - [I]Z (mOd 1)7Z (mOd 1))7

where [z] =z — {«} is the nearest integer to x (we round half-integers up). If we let

B

o
1

o=

1
g:=10
0

be an element of G, then the shift T, : G — G is given by
To(z,y,2) = (x+ o,y + B+ 73,2+ 7),
from which a short induction confirms that
T (3,,2) = (5 +na,y +nf + In(n + Da, 2 +n7).

Therefore, if F : G/ — G/I is any function, written as a function F : [—3,
(R/Z)? — C with F(—3,y,2) = F(,y + 2, 2), then we have

3] %

F(T;(x7y, z)) = F({z +na},y +np + %n(n + Day — [z + na](z + ny), z + ny).

This, of course, is a basic 2-step nilsequence. We see, for instance, that the generalized
quadratic phase function n s e(3n(n + 1)ary — [najny) is a basic 2-step nilsequence.

We call the three basic examples just discussed the fundamental 2-step nilsequences.
They may be used in a straightforward product construction to construct further nilse-
quences, as we now describe.

If (G/I',Ty) and (G’ /I, Ty ) are 2-step nilflows, then so is the direct sum ((GBG')/(I'®
I'"),Tg,4) Also,if F: G/T" = C and F' : G'/I" — C are functions, and we define the
tensor product F @ F' : (G® G')/(I' ® ') in the usual manner as

F@F'(x,2') := F(z)F'(z'),
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then we see that the function F @ F'(1"

(5,01 (@, 2")) factors as

F® F’(T(';’g,)(m, a')) = F(T,x)F'(Tya').
Now suppose we take nj nilsequences coming from circle nilflows, ny nilsequences coming
from skew shift nilflows and n3 nilsequences coming from Heisenberg nilflows, and tensor
them all together. What results is a nilsequence on a 2-step nilmanifold G/I" that is
topologically the cube [—%, %]"1'*‘2”24‘3”3 with faces identified. Two-step nilsequences of
this type—that is to say, tensor products of fundamental nilsequences—are in a sense the
only important ones if one is interested in the Gowers U? norm. We call them the elemen-
tary 2-step nilsequences (we also refer to elementary 2-step nilmanifolds and elementary
2-step nilflows).

Given an elementary 2-step nilsequence, it is natural to refer to ny 4+ 2ns + 3ng as
its dimension. It is also of interest to have a notion of how continuous the underlying
function F': G/I" — G/TI is. We adopt a rather low-brow approach to this concept which
is sufficient for our purposes. Let § = 1/m be the reciprocal of an integer. Then we may
divide (-1, 2)? into m? cubes of side-length 4, for any d, and in fact these subdivisions
respect the quotienting of Examples 12.2, 12.3 and 124 (for d = 1,2, 3, respectively),
giving what we refer to as §-nets on the three fundamental 2-step nilmanifolds G/I". We
refer to the building blocks of these nets as the d-atoms. Taking products, we may obtain
d-atoms and a d-net on any elementary 2-step nilmanifold G/I'. Finally, if F : G/I" — C
is a function and if K > 0 is a constant, we say that F' is K-Lipschitz if, for all 6 = 1/m

and for all J-atoms A, we have
F(a) - F(2')] < Ko
whenever z, 2’ € A. The following lemma is straightforward.

Lemma 12.5. Suppose that F; : G;/I; — D, i =1,... k, are K-Lipschitz functions
on elementary 2-step nilmanifolds G;/I5. Then the tensor product F} ® -+ ® Fy, is Kk-
Lipschitz.

Now, it has been known since the work of Furstenberg and Weiss [23] that random
variables on a (k — 2)-step nilflow (G/I,T,) have a non-trivial behaviour with respect to
k-term recurrence. Indeed, given any bounded random variable fy : G/I" — C which is
not identically zero, one can find f1,..., fr—1 such that the averages

E_n<n<NEx foT™ f1-- .T(k—l)nfn

do not converge to zero; this is basically due to non-trivial algebraic relations between
the k points I, g™z I, ..., g* D7z, In particular, the U*~(T') norm is non-degenerate
on this nilmanifold (and is thus a genuine norm); see [43,64] for some further discussion
of this fact. We will prove a variant of this statement.

Proposition 12.6 (nilsequences obstruct uniformity). Let k > 3, and let
(G/I,T) be a (k—2)-step nilsystem. Let F' : G/I" — C be a continuous function on G/I"
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which is not identically zero. Suppose that N > k —1 is a prime and that f : Z/N7Z — D
is a function such that

IE_nj2cnsny2f () F(TRx)| = 1.
Then we have
I fllvs = epa/r(n) >0

uniformly in x € G/T', g € G and N.

Proof. In proving this proposition we will use the following lemma to the effect

that the point Ty’ =17y is completely constrained by the cosets Tral, Tyt el ...,
Rl o)

Lemma 12.7. Let (G/I,T) be a (k — 2)-step nilsystem. Then there is a compact set
X C (G/I')*~! and a continuous function P : ¥ — G such that for alln,r € Z, g € G
and x € G/I" we have

(Ty e, Ty e, ... ,T;Hk*mr;ﬂ) ex

and

+r F(k=2)r .\ _ pmt(k—1)
P(T)x, Ty "z, ..., Ty r) =T, "xI.

The existence of a constraint of this type is discussed in several places in the ergodic-
theory literature [5, 20,21, 63]. For the convenience of the reader we supply a self-
contained proof in Appendix A.

The proof of Proposition 12.6 is not dissimilar to that of Theorem 2.7 (ii), which was
given at the start of §9, but here we use Lemma 12.7 in place of (9.3), and the technical
details are rather different.

Assume without loss of generality that ||F|lcc < 1, and let e < 1/100k be a small
constant (it will be chosen to be a small multiple of 1). Observe that the function Fo P :
Y — C is continuous, hence uniformly continuous, on the compact set X. In particular
we can find a neighbourhood V' C G of the identity 1 which depends on ¢, F'; G/I" such
that

F(P(zo,...,xx-2)) = F(P(yo, -, yr—2)) + O(e) (12.1)
whenever (zg,...,2x—2), (Y0,...,Ys—2) € ¥ and z; € Vy; for all 0 < j < k—2. Applying
Lemma 12.7 and exploiting compactness again, we conclude that there exists another

neighbourhood V' C V of the identity 1 such that, given any z1,...,2,_2 € G/I", there
exists a bounded function Q;, .. ., , : G/I' = D such that

F(T;Hk—l)%) = QZh__A’Zkfz(T;x)—&—O(e) whenever T;HTJU eV'zjforall 1 <j<k—2.
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It is not hard to ensure that the function @, .
Z1,...,2k—2. In particular we see that

.zs_, depends in a measurable manner on

F(Tp*=0rg) f(n+ (k= 1)r) ]:[ Lyrs, (T3 7 2)

k—2
= Qupm o (Ty ) f(n 4 (k= 1)) ] 1y, (T 7 2)
j=1

k-2

r) H Ly, (Tg"“%)). (12.2)

+0 <5F(T;+(’“1)%) f(n+ (k-
j=1

for all n,r € Z, g € G and x € G/I". We are going to average this over n and r, but for
technical reasons related to the difference between {n : n| < N/2} and Z/NZ as additive
objects, we shall restrict the range of r. To this end, take a function x : Z/NZ — R*
such that E,x(r) = 1, supp(x) C [-eN,eN] and for which we have the Fourier estimate

> R(m)| < 100/e. (12.3)

meZ/NZ

Such a function can easily be constructed, for example by convolving an interval with
itself. Averaging (12.2) over |n| < N/2 — kN and over r weighted by x, one obtains

E|n|gN/2fskNEr€Z/NZX(T)F(T_;+(k_1)Tx)f(n +(k—1)r) H Ly, (T, a)

= Ejnj<n/2-cknErezynzx(r)h(n) f(n + H (n+jr)
k—2
i)
) (12.4)
where
h(n) = Qx, .z (T)z) and hj(n) =1y, (T, z). (12.5)

Note that as a consequence of the restrictions we have made on the support of n and of
r, the expressions n+jr, j =0,1,...,k—1, are the same whether we regard the addition
as taking place in Z or in Z/NZ. In particular, (12.4) remains valid if one imagines that
these additions are made in Z/NZ.

Now the second line of (12.4) can be written as

k=2
Epnj<n/2Brezynzx(r)h(n) f(n+ (k= Dr) [ hy(n +jr),

J=1
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where .
h(n) := (1 — 2ek) " h(n)1n < Nj2—chn

and in particular ||A]ls < 2. Writing x(r) in terms of its Fourier transform on Z/NZ and
using Proposition 1.11 we can bound this expression above as follows, where en(r) :=
e(r/N):

k-2
‘En|<N/2Er€Z/NZX(T)iL(n)f(n + (k= 1)) [T hy(n+ 4r)
j=1

k—2

Enez/nzErez/Nz Z X(m)en (—mr)h(n) f(n+ (k — 1)r) H hj(n + jr)
meZ/NZ j=1

Enez/nzBreznz Y, X(m)h(n)ey(mn)hy(n+ r)en(—m(n + 1))

meZ/NZ
k—2
x [T hi(n+gr) - fn+ (k= 1)r)

=2

<2 Z X)) | floe-1z/nz)

mEZ/NZ
200
< 7||f||U’C—1(Z/NZ)-
Now we substitute this into (12.5) and average over z,..., 252 (picking these k — 2

elements uniformly according to the Haar measure P on G/I"). This yields

‘Eln\gN/275kNETX(T)F(T:+(k_l)rx)f(n + (k= 1)r)]

200
S Wﬂfﬂukﬂ(zmz) +0(e).  (12.6)

Write G(n) := F(T,z)f(n). Then |G|/ <1, and so we have

Epnj<nyz—eknErx(r)G(n + (k — 1)r)
= EX(r)E_ N/24ekN—(k—1)r<n’ <N/2—ekN—(k—1)rG (1)
= E X (r)(Ejnj<n/2G(n') + O(¢))
Comparing this with (12.6) gives

. 200
|Ejnj<n/2f(n)F (T, )| < WH]"HU’H(Z/NZ) +O(e),

which implies the result if € = ¢n for ¢ = ¢ sufficiently small. ]

Remark 12.8. An alternative way to obtain this lemma is to establish that the
(k—2)-step nilsequence n + F(Tj'x) can be approximated to high accuracy by a function
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that is uniformly almost periodic of order k — 2 in the sense of [62]; this approach has
the advantage of not requiring an explicit algebraic constraint such as that given in
Lemma 12.7, but we do not pursue it here. This approach corresponds closely to the
observation that a (k — 2)-step nilflow can be constructed as a tower of k — 2 compact
extensions of the trivial measure-preserving system; see [23,43,63] for further discussion.

Proposition 12.6 shows (essentially) that the basic (k — 2)-step nilsequences form
‘obstructions to quadratic uniformity’, in the sense that functions f : Z/NZ — D which
have a large inner product with such functions cannot have small U¥~1(Z/NZ) norm.
The remarkable result of Host and Kra [43] asserts, roughly speaking, that these are
in fact the only obstructions to having small U*~! norm. More precisely, they work in
the infinitary setting of arbitrary measure-preserving systems (as opposed to the shift
on Z/N7Z) and show that this system contains as an invariant factor an inverse limit of
(k — 2)-step nilflows, such that the U¥~1(T) norm vanishes on the orthogonal comple-
ment of this inverse limit. In particular, this inverse limit is a characteristic factor for
the U*~1(T) norm and for all quantities controlled by this norm, including the k-term
recurrence expressions appearing, for instance, in the Furstenberg recurrence theorem;
this fact is crucial in establishing the convergence of these recurrence expressions. We
remark that the work of Ziegler [63,64] achieves a very similar result, but avoids use of
the U¥~1(T) norm and obtains a characteristic factor (and convergence results) for the
recurrence expressions directly. Also, the subsequent work of Bergelson, Host and Kra [5]
gives a further discussion of the connection between the U*~1(T") norm and (k — 2)-step
nilsequences.

We now use Theorem 10.11 to obtain a finitary (and reasonably quantitative) version
of the Host—Kra theorem in the case k = 4, with very explicit nilsequences; in fact, they
will be none other than the elementary 2-step nilsequences defined earlier.

Theorem 12.9 (inverse theorem for U3?(Z/NZ), elementary nilsequence ver-
sion). Let N > 2 be a prime, let 0 < n < 1 be sufficiently small and suppose that
f +Z/NZ — D is a function with || f||ysz/Nzy = 1. Then there exists an elementary
2-step nilsystem G/I" of dimension less than or equal to =, an n~C-Lipschitz function
F:G/I' - D and elements g € G, o € G/I" and h € Z/NZ such that

[Enez/nz(T" FFN.g,0)| = exp(=n~C).
Here we define Fiy g 2, : Z/NZ — C by
FN gao(n) = F(Tjx) forall —N/2<n<N/2.

Remarks 12.10. The function Fly g 4, is just a 2-step nilsequence, adapted to Z/NZ.
The analogous theorem for U?(Z/NZ) is a trivial consequence of Proposition 2.2; the only
linear nilfunction that needs to be considered is the function F(z) := e(z) on the unit
circle R/Z from Example 12.2, with b = 0 and o = 0. A modification of Example 2.4 can
be used to show that in formulating this theorem we must take into account Example 12.4;
the other two fundamental 2-step nilsystems are in fact embedded inside this one and
one could have dispensed with them altogether, but we have kept them for expository
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purposes. One could also easily eliminate the role of 2o (which is harmless anyway, since
it ranges over a compact set) and of the shift h, but the parameter g ranges over a
genuinely non-compact set and cannot be eliminated from this theorem (this can be seen
even in the linear case; the frequency £ in Proposition 2.2 is not restricted to a bounded
set of values independently of N).

Proof Applying Theorem 10.11 (and Lemma 8.2), we obtain a set S C Z/NZ with

=15| < , a regular Bohr set B = B(S, p) with p > n®, and a bracket quadratic
¢(n) = Y ace{& nH¢ n}+> ad{¢-n} (12.7)
§,¢'es £es

with Freq(¢) C S such that

[Enen(T" f(n)e(—¢(n)))| = n°
and thus
[Enez/nz(T" f(n)e(—¢(n)15(n))| = n°Elp. (12.8)

Now let £ := 1 /400d and let y : R/Z — [0,1] be a continuous function such that

x(z) = 1 when |z| < p(1 —¢) and x(z) = 0 when 1 > |z| > p(1 + ¢). Consider the

function™
[T X" n) - 15(n).
£es

It is supported on B(S,p(1 + €)) \ B(S,p(1 — ¢)), which by the regularity of B has
cardinality no more than 200de|B|. Thus (12.8) implies that

> (n° — 200de)Elp > $n°Elp > exp(—n~9),

]E Th H X1+4d n
£es

the latter inequality being a consequence of Lemma 8.1.
Expanding ¢ as in (12.7), we see that our task is to show that the function

n s (Hx Je(ae{€ - n}) )( 11 x2<§-n>x2<5'~n>e<ag,e{s-n}{é'-n}>) (12.9)
EeSs £,£'eS

is an elementary 2-step nilsequence, for which it is enough to handle each of the functions
in the product separately, as in the following lemma.

Lemma 12.11. FEach of the individual functions

n = x(§ - ne(ag{¢ - n}) (12.10)
and
n= (€ n)x*(E - n)e(age {€ - n}{E - n}) (12.11)
can be written as an elementary 2-step nilsequence with dimension no more than 9 and
Lipschitz constant at most 50.

* The large power of x here is so that we can distribute the cutoff x among various factors later.
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Proof. We begin by considering the functions (12.10), which are easier (corresponding
to linear nilcharacters rather than quadratic ones). Split a¢ = g+ s, where ¢ is an integer
and |s| < 3, and observe that e(¢{¢ - n}) = e(gén) if we identify Z/NZ and Z/NZ with
the integers from —N/2 to N/2. Thus the function (12.10) takes the form

n = x(n/N)e(s{¢n/N})e(g€n/N).

This function may be identified as the elementary nilsequence F'y (¢/n,q¢/N),0, Where the
underlying nilmanifold G/I" is the direct sum of two copies of the unit circle shift (i.e. it
is the torus (R/Z)?) and F : (R/Z)? — C is the function

Fz,y) = x(x)e(sz)e(y),

where we identify x € R/Z with a real number from —3 to 3 in the usual manner. It is
not hard to check that F' is 50-Lipschitz.

Now consider the functions (12.11). We split a¢ ¢ as ¢ + s, much as before, so that
(12.11) becomes

n = x(an)’x(yn)?e(s{an}{yn})e(g{an}{yn}),
where v := {/N and v := £ /N. Observe that since {an} = an — [an] and {yn} =
yn — [yn], we have the identity
qg{an}{yn} = qayn® — qan[yn] — ¢ynjan] + qlan][yn].

The last term is an integer, and hence

e(¢g{an}{yn}) = e(gayn®)e(—gan[yn])e(—qyn[an]).

Thus it suffices to exhibit the three functions

n — x(an)x(yn)e(s{an}{yn}),

n > e(qayn?),

n = x(yn)e(—qan[yn]),n = x(an)e(—qyn[an])
as elementary 2-step nilsequences (note that the last two functions are essentially the
same).

The first function can be obtained from a direct sum of two copies of the unit circle shift
(Example 12.2) by repeating the analysis of (12.10), with F' now defined by F(z,y) :=
x(z)x(y)e(szy) when —1 < 2,y < 3.

The second function can easily be obtained from the skew shift (Example 12.3), by
writing

goyn® = —qayn + 2qay 3 (n(n + 1))
and then taking F'(z,y) := e(y), zo = (0,0) and
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Finally, let us consider the third function. We write
e(—gynlan]) = e(3n(n+ 1agy — [nalngy)e(—zn(n + 1)agy).
The second factor can be generated using the skew shift as before.* We are thus left with
x(an)e(z(n(n +1))agy — [najngy).

But this can be generated from the Heisenberg shift (Example 12.4) with zo = (0,0, 0),
F(x,y,2) == x(x)e(y) on [~3, 3] x (R/Z)* and

q
«
1

o~ o
)

1
g:=10
0

It is easy to check that all of the functions F' used in these constructions are 2w-Lipschitz,
a bound which together with Lemma 12.5 completes the proof of the lemma. g

Lemma 12.11, together with another application of Lemma 12.5, confirms that the
function (12.9) is an elementary 2-step nilfunction with dimension at most 18d* and
Lipschitz constant no more than 100d2. This completes the proof of Theorem 12.9. [

Remark 12.12. A pleasant reformulation of Theorem 12.9 may be obtained by con-
sidering the d-atoms of G/I'. Suppose that F': G/I" — D is K-Lipschitz. Let (A, )wen
be the d-atoms of G/I', pick arbitrary points z,, € A, for each w and write

F(n):= > F(z,)la,(n).
wesn?
Since F is K-Lipschitz we clearly have the bound ||F — F| < K. Taking 6§ <

1K~ exp(—n~¢) we may replace the conclusion of Theorem 12.9 by

‘EnEZ/NZ(ThfFNﬂ@o” 2 % GXP(*ch)-

Removing the sum over the atoms (of which there are at most § _7770) by the pigeonhole
principle, this implies that

[Eneznz(T" f(1a,)N.gzo)| = exp(—2n~%C).

That is, if ||f|lys is large, then f correlates with the set of return times of a 2-step
nilsequence to an atom.

* Indeed we could simply have rewritten our factorization of e(¢g{an}{yn}) to incorporate these factors
(and a linear phase correction), so as to then dispense with the second factor and the skew shift altogether.
However, we have left this example in here to emphasize that purely quadratic phase functions such as
e(gayn?) are indeed examples of nilcharacters.
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Remark 12.13. The space of quadratic nilsequences forms an algebra, being closed
under multiplication, addition, subtraction and conjugation. This allows one to employ
an ‘energy incrementation’ argument of the type used in [34, § 7] in order to decompose
an arbitrary bounded function on Z/NZ as the sum of a bounded function with U2 norm
smaller than some specified 7, plus a 2-step nilsequence with dimension and Lipschitz
constant controlled by functions of 7. In the ergodic-theory setting an extremely similar
decomposition was obtained in [5]. Informally speaking, the quadratic nilsequences form
a characteristic factor for the U® norm, and hence for any expression controlled by that
norm, and thus many questions involving such expressions can be reduced to questions
concerning 2-step nilsequences.

It is perhaps of interest to briefly discuss a decomposition of this type for the U2 norm,
where the availability of harmonic analysis allows one to proceed more directly. If f :
Z/NZ — D is a function, then we write R := {r : | f(r)] > &,} for some suitable £;, and
define §(x), EG = 1, to be a normalized and suitably smoothed version of 15(z), where
B := B(R,e2). We then decompose

f@)=fB+(f—f=0) (12.12)

It is easy to check that ||f — f * §]|yz is small, but to write f * 3 as a 1-step nilsequence
it must be modified slightly. To do this, write

frB(x) = f(rBr)e(=rz/N)+ Y f(r)B(r)e(-ra/N), (12.13)

reR ré¢R

where R := {mir1+---+mgrq | r; € R, |m;| < M} for some M. Now if 3 is sufficiently
smoothed and if M is sufficiently large, then

S 13| < =,

ré¢R

and so the second term in (12.13) is bounded by e3, and in particular has small U? norm.
The first term can be written as a 1-step nilfunction, the underlying nilmanifold being
(R/Z)¢ and the rotation T being (21, ...,zq) — (x1+71/N,...,24+74/N). See [29] for
an application of such a decomposition (the language of nilsystems and ergodic theory
did not feature there, and the simpler decomposition (12.12) was used).

13. Future prospects and open questions

It is natural to ask whether there are inverse theorems for the higher U*(G) norms,
k > 4, that generalize Theorems 2.7, 10.11 and 12.9. We are certain that there are.
It is easy to guess at the correct generalization of Theorem 12.9, which should simply
involve replacing 2-step nilmanifolds by (k — 2)-step ones. Guessing at the generalization
of Theorem 2.7 is a bit harder. We suspect that the correct objects to consider for the
U*(G) norm are of the form 1g(z)e(—A(z)), where Q := {z : ¥1(z),...,Ya(x) ~ 1} is
now a quadratic Bohr set, each v; being of the form v;(z) = 15, (z)e(—¢;(x)) appearing
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in Theorem 2.7. The phase X : Q — R/Z is now cubic. It is easy to guess how functions
appropriate for the U*(G) norm may be constructed inductively.

We think it likely that most of the ingredients necessary to prove such inverse theorems
may be found in [27], and we intend to pursue this direction. The same major difficulty
that Gowers encountered in dealing with the U*(G) norm for k > 4 is also present here.
Suppose that f has large U*(G) norm. This means that T" f f has large U?(G) norm for
many values of h. Applying Theorem 2.7 we obtain a Bohr set By, for each of these h,
such that T"h has large quadratic bias on several shifts of this Bohr set By,. The problem
is that we do not, a priori, have any control on how the Bohr set Bj, depends on h.

Another interesting issue is that of obtaining better bounds in Theorems 2.3 and 2.7. It
is quite possible that the codimension of W in Theorem 2.3 can be taken to be O(log(1/n))
rather than O(n~%). This would give bounds of the form

[ fllos gy < 1 flluseg) < NFNGs sy (13.1)

for some absolute constant c¢. Such a bound would be a consequence of the polynomial
Freiman—Ruzsa conjecture (PFR), which is discussed in detail in [31], together with
some mild adjustments to the arguments of §6. We refer to the statement (13.1) as the
polynomial Gowers inverse conjecture (PGI) for FP.

It would be nice to have a version of (13.1) in a general G. What we mean by this is
a statement of the form

[fllosy Z2n = [Ef(z)1p(x)e(=¢(x))] = c(n),

B = B(S, p), which may be reversed with only polynomial losses in the constants—that
is to say,
Ef(2)1p(@)e(=¢(@)| = c(n) = [fllvs@) =n°.

This would seem to require that we can take |S| = O(log(1/n)) and p greater than some
absolute constant.” The methods of this paper seem to fall a long way short of proving
such a statement. Even if one had an appropriate analogue of PFR (which might take
the form of a stronger version of Lemma 6.4 in which the size of S is logarithmic in §),
we would have to find a way to avoid repeatedly passing to smaller Bohr sets as in §9.
Each such passage causes too much degradation in p.

Let us conclude this section by remarking that working out how to drop the restriction
(|G],6) =1 in Theorem 2.7 would at least be a diverting exercise, though we cannot think
of any applications. The case G = Iy probably captures the essence of the problem.f

Appendix A. Algebraic constraints on nilmanifolds

In this sectionf we prove Lemma 12.7. For some further discussion of issues related to
such constraints, see [5,20-22,63].

* Even then one would need to replace 1 g with something smoother, to avoid the losses in the argument
at the beginning of §9.

t The authors have recently learnt that Samorodnitsky [59] has resolved this issue.

1 The authors are indebted to Sasha Liebman and Tamar Ziegler for conversations which were very
helpful in preparing this appendix.
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By replacing ¢"x by x and g" by g, respectively, our task is to demonstrate, given
any (k — 2)-step nilmanifold G/, the existence of a compact set X C (G/I')¥~1 and a
continuous map P : ¥ — G/I" such that

(z,Tyx,..., TF?z) € X, }

Al
P(:E,Tgx,...,T;’Qx):T;’lx forall g € G, x € G/TI. (A1)

Remark A 1. One can prove (A1) by direct algebraic computation in the cases k =
3,4. Indeed, when k£ = 3 the 1-step nilpotent group G is abelian, as is the subgroup
I', so G/T is also a group (indeed it is a torus). One can then take ¥ = (G/I')? and
P(a,b) := a(a='b)?. When k = 4, so that G is a 2-step nilpotent group, things are a little
more complicated. One needs to take

Y= {(wol, w1y xol) : 29 € wo(zy 21)*Ga);

this reflects the fact that G/G5 is a 1-step nilpotent group and thus obeys the k = 3
constraints. Note that G, commutes with all elements of G and is thus easy to quotient
out. One can then define P : X — G/I" by setting

P(al,bI,cl) := a(a™'0)*((a™'b) 2a" ¢)>I"  whenever (al,bI,cl’) € X,

one can verify with some effort (using of course the fact that all commutators lie in Ga,
which commute with all elements of G) that this function is well defined, continuous on
XY and obeys (A1). Unfortunately, in the k& > 4 case it seems that the function P is
significantly messier, and in particular requires choosing a partial inverse for projection
maps G; — G; /I for all j < k — 2, which in general cannot be done canonically when
i>2.

To prove (A1) in the general case, we first need some notation.

Definition A 2 (continuous right invertibility). Let M, N be compact spaces,
let 7 : M — N be a continuous map and let X' C M. We say that 7 is continuously right

invertible on X if for every w € m(X) there exists a neighbourhood V,, C N of w and a
continuous map 7, : V,, — M such that 7' o 7 is the identity on X N7 ~1(V,,).

Lemma A 3. Let G/I' be a (k — 2)-step nilmanifold and let © : (zo,...,z5) —
(wg,...,75_1) be the canonical projection from (G/I')* to (G/I')¥~1. Then 7 is contin-
uously right invertible on the set

A= {(z,Tyz, ... ,T;_lw,Tgkx) cx € G/T, g€ G}.

The existence of a constraint (A 1) then follows by taking X' to be the closure of 7(A)
and using a compactness argument (exploiting the fact that w(A) is dense in the compact
set X)) to glue the various local right inverses 7! together.

Proof. For any 0 < ¢ < k — 1, we define the Hall-Petresco groups HP}, ; C G* to be
the sets

HP}; = {(931() "'371(@’1722)) tx; €Gyy o, T2 € Gk72},
o<n<k—1

X
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where we have the conventions that Gg := GG1 = G and that (7;) = 0if j > n. Thus when
k = 4, for instance, we have

HP, 3 ={
HP472 = { 1,1 $2,$2) To € GQ},

(1,1,1,1)},
(

HP,, = {(1, xl,mlxg,x?xg) x1 € Gy, 3 € Ga},
(

3,.3
HP4’0 = { {Eo,l‘ol‘hmol‘ll'g,l'ol‘ll‘Q) o € Go, xr € Gl, To € GQ}

It is known (see [45]) that the HPj ; are all subgroups of G¥, and we also have the nesting
HPk,i—i—l - HPk,i forall 0 <i<k—1.

Observe that I'* is a subgroup of G*, so we may form the quotient space G*/I'%,
which we identify with the compact manifold (G/I')*. Inside this space we have the
submanifolds HP;W»/F’f for all 0 < i < k — 1. Observe that if z € G/I" and g € G, and
y € xI" C G is any representative of z in GG, then

(2, Tyw,...., Tha)I* = (y, gy,...,g"y) "
= (y> cee 7y)(1vg, cee 7gk)Fk g HPk,OHPk,OFk
C HPy o I*

and hence
(2, Tyx,..., Tyx) € HPy /T

It thus suffices to show that 7 is right invertible on HPy o/I'*.

We shall show inductively, by backwards induction on %, that « is continuously right
invertible on HPy ;/I"* for all 0 <4 < k — 1. The case i = k — 1 is trivial since HP, ;/T'*
is just a point. Now suppose inductively that 0 < @ < k—1 and that 7 was already shown
to be continuously right invertible over HPy, ;11/ Ik,

Let (zo,...,25-1) € 7(HPg,;/I'*). Observe that the first i coefficients of z must be the
origin O € G/T", defined as the image of the identity 1 € G, and the coefficient z; lies in
the closed manifold G;/T".

The projection map m; : G; — G;/I" is continuous and surjective from the manifold G;
to the manifold G;/I", which is a submanifold of G/I". Thus we may find a continuous
function f : V,, — G, defined on a neighbourhood V,, C G/I" of z; such that m; o f is
the identity on V,, N (G;/I").

We need to right invert  on HPy,;/I'* in a neighbourhood of 7(z). To this end, let
z = (z1,...,75) € HPy;/T'* be such that m(z) is close to 7(z); in particular, we may
take x; € V,. As before we have x,, = 0 for n < i, and =, € G;/I" for all n > 4. Thus
x; € V., N (G;/TI") and hence m; o f(x;) = x;, or, in other words, z; = f(z;)I". Now let
F(x;) € HPy,; be the group element

F(x;) = (f(l'i)(?))

o<n<k—1"

and observe that this depends continuously on x;, and hence on m(x), if w(x) lies in a
neighbourhood of 7 (z).
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On the other hand, since x € HPy ;/I'®, there exists g = (1,...,1,g,...,9x) € HPy;
such that gI'* = x; in particular, g; € G; and g; € ;I". Since f(x;) € G; and f(x;) € ;T
we conclude that f(z;)"'g; lies in both G; and I'. Thus if we let § € HP}.; be the group
element

n

g= ((f(xi)_lgi)(i

then g lies in both HPy ; and I'*. Thus we can factorize

>o<n<k—1’

where h lies in HPy ;, and also has ith component equal to the identity. Thus h in fact
lies in HPy, ;41. Multiplying on the right by I’ k we conclude that

&= gI'* = F(z;)hgI* = F(x;)hI*

and hence
F(x))x = hI'* € HPy ;41 /T".

Since 7(x) is close to w(z) and F(z;) depends continuously on m(x), we see that m(F(x;)x)
is close to w(F'(z;)z). In particular, by the induction hypothesis we can find a continuous
map w;(lF(Zi)Z) mapping a neighbourhood Vi(.,). C (G/I')* of 7(F(z;)z) to HPy ;11 /"
that is a local right inverse of 7 on HPy ;11 /I'* N 771 (Vp(,,).). Thus we have

F(z;)x = hI* = ﬂ;(lzl)z(ﬂ(F(xi)x))

and hence
T = F(a:i)flﬂg(lzi)z(W(F(xi)x)).

Observe that 7(F(z;)z) = #(F(x;))m(z), where 7 : G¥ — G*~! is the canonical projec-
tion. Since z; of course depends continuously on 7 (z), the right-hand side then depends
continuously on 7(x) when 7(x) lies in a sufficiently small neighbourhood of m(z). We
have achieved a right inverse for 7 on HPy ;/I"* in a neighbourhood of 7(), thus closing
the induction. O
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