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Abstract. Following an approach presented by Frantzikinakis et al [The polynomial
multidimensional Szemerédi theorem along shifted primes. Israel J. Math. 194(1) (2013),
331-348], we show that the parameters in the multidimensional Szemerédi theorem for
closest integer polynomials have non-empty intersection with the set of shifted primes
P —1 (or, similarly, of P4+ 1). Using the Furstenberg correspondence principle, we
show this result by recasting it as a polynomial multiple recurrence result in measure
ergodic theory. Furthermore, we obtain integer part polynomial convergence results by the
same method, which is a transference principle that enables one to deduce results for Z-
actions from results for flows. We also give some applications of our approach to Gowers
uniform sets.

1. Introduction and main results
For a subset E C Z*,we denote its upper Banach density by d*(E), which is defined to be
the number

ENI
d*(E) = lim sup | |
|I|—00 |I|

)

where the lim sup is taken over all the parallelepipeds I C Z¢ whose side lengths tend to
infinity.

Bergelson and Leibman, in [4], proved the following polynomial multidimensional
Szemerédi theorem.

THEOREM. Let 6, meN, Gi, ..., Gm:Z — Z¢ be polynomials with §;(0) =0 for 1 <
i <m and let E C Z¢ with d*(E) > 0. Then there exists n € N such that
d*(EN(E+g(m)N---N(E+gnn)) >0.
Let P denote the set of prime numbers. Frantzikinakis et al showed, in [10], that the

parameters of this result can be restricted to the shifted primes P — 1 (and, similarly, to
P + 1), generalizing results due to Sarkozy [18], who showed thatany £ — E, with E C Z,
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d*(E) > 0, contains a shifted prime p — 1 (and, similarly, a shifted prime p + 1) for some
p € P; Wooley and Ziegler [22], who proved the £ = 1 case, and finally, of Bergelson et
al [5], who got the result for linear polynomials.

If [[-]] denotes the closest integer, that is, [[x]] = [x 4+ 1/2], where [-] is the integer part
function, for g = (g1, . . ., gm), we set [g]] = ([[q1]], - - ., [[gm]D).

Following the approach presented in [10] and methods from [16], we will prove
the analogous result of Frantzikinakis, Host and Kra for the respective closest integer
polynomials. Namely, we will prove the following theorem.

THEOREM 1.1. Let £, m €N, q1, ..., Gn : Z — R be polynomials with g;(0) = 0 for
1 <i <m and let E C ZF with d*(E) > 0. Then the set of integers n such that

d*(E N (E +[gi(m1) N---N(E + [[gm(m]D)) >0
has non-empty intersection with P — 1 and P + 1.

In order to obtain this result, we will make use of the Furstenberg correspondence
principle (see below). Via this principle, we will get Theorem 1.1, by proving a multiple
recurrence result in ergodic theory (see Theorem 1.2 below).

Definition. For £ €N, we call the setting (X, X, u, Ty, ..., Ty) a system, where
Ti,...,T;: X — X are invertible commuting measure preserving transformations on
the probability space (X, X, w).

THEOREM (Furstenberg correspondence principle [11]). Let £ € N and E CZ*. There

exist a system (X, X, u, Ty, ..., Tg) and a set A € X with u(A) = d*(E) such that
£ Ja
d*(EN(E+n)N---N(E+ny)=> u(A N (]‘[ Ti"“)A N---N (]‘[ Tf"’*’”)A)
i=1 i=1
forallmeNandﬁjz(nl‘j,...,ng,j)eZZforlfjfm.

By the Furstenberg correspondence principle, in order to prove Theorem 1.1, it suffices
to prove the following ergodic reformulation of it.

THEOREM 1.2. Let £, m € N and q; j € R[t] be polynomials with q; j(0) =0 for 1 <
i<t 1<j<m. Then, for every system (X, X, u, T1,...,Ty) and any A € X with
W(A) > 0, the set of integers n such that

¢ ¢
u(A N (]_[ Ti[[qi‘l(")]J>A AN (1—[ Ti—[[q,-,mm)n)A) o
i=1

i=1

has non-empty intersection with P — 1 and P + 1.

Remark. As in [10], the arguments will show that the aforementioned intersection has
positive measure for a set of positive relative density in the shifted primes (and so the same
holds for the conclusion of Theorem 1.1 as well).

However, our method will show that we can have integer part polynomial multiple
convergence along shifted primes. Namely, we prove the following theorem.
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THEOREM 1.3. Let £, meN, (X, X, u, T, ..., Ty) be a system, let q; j € R[t] be
polynomials with 1 <i < ¢, 1< j<m and let fi,..., fm € L®(n) be functions with
|l filloo < 1. Then the averages

% )3 (1—[ Tl l(p)]> ..... (1—[ Tloin @) )fn

pePN[1,N]

converge in L*(i) as N — oo, where m(N) = |P N [1, N1| denotes the number of primes
up to N and [1, N] denotes the set {1, ..., N}.

We generalize [10, Theorem 1.3] for integer part polynomial iterates and [19,
Theorem 1.1] for general polynomials and commuting transformations. Also, since
[[x]] = [x + 1/2], Theorem 1.3 holds for closest integer polynomial iterates as well.

Remark. We cannot, in general, obtain polynomial multiple recurrence results with
iterates given by integer part polynomials (i.e. the conclusion of Theorem 1.2 and,
consequently, the conclusion of Theorem 1.1). Since [—x] = —[x] — 1l whenx ¢ Z, x <0,
for a ¢ Q, we can find examples with . (T19"1A N T1=9"1 A) = 0 for every n € N.

Frantzikinakis et al, in [9], first showed, using Theorem 2.2 for d = 3 (see below—
this result was a conjecture, the inverse conjecture for Gowers norms, at that time for
d > 4), the respective results of Theorems 1.3 and 1.2 (for the second one, see the proof
of Theorem 1.2 and combine it with Lemma 2.1 below) in Theorems 3 and 4, respectively,
for £ = 2 commuting transformations (see [9, §7]) and m = 2 linear iterates of the form n
and 2n.

Wooley and Ziegler [22], showed (in [22, Theorem 1.1]) Theorem 1.1 for the special
case of £ =1 and integer valued polynomials with no constant terms. Also, in
[22, Theorem 1.2], they obtained the respective result of Theorem 1.2, for a single
transformation and integer valued polynomial iterates with no constant terms, by
exploiting the polynomial exhaustion technique (PET) induction scheme from [1].

The same authors of [9], in [10], with similar arguments from [9], using the full strength
of Theorem 2.2 and the PET induction scheme from [1], showed, in [10, Theorem 1.3]
and [10, Theorem 1.2], the respective results of Theorems 1.3 and 1.2 for any integer
valued polynomial (with no constant terms on the polynomial iterates in the second case).
[10, Theorem 1.2] via the Furstenberg correspondence principle, gives [10, Theorem 1.1],
which is the respective result of Theorem 1.1 for vectors of integer valued polynomials
with no constant terms.

Sun, in [19], first obtained results for integer part linear iterates. More specifically, [19]
treated Theorems 1.1-1.3, for £ =1 and iterates of the form [jon] for 1 < j <m and
o € R\Q, or of the form jlan] for 1 < j <m and o € R\Q. The proofs of these results
will be simplified and extended by our method in the more general setting of commuting
transformations. More specifically, the respective result of Theorem 1.3 [19, Theorem
1.1], follows immediately from the linear case of Theorem 1.3. The respective result
of Theorem 1.2, and so of Theorem 1.1 ([19, Theorem 1.2] and [19, Corollary 1.3],
respectively), follows from Theorem 1.4, which is a multiple recurrence result on integer
part monomials with specific coefficients.
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THEOREM 1.4. Let £,meN, aeR, d;;j €N be positive integers and k; j € NU
{0} be nom-negative integers for 1 <i<¥{, 1<j<m. Then, for every system
X, X, u, T1,...,Ty) and any A € X with u(A) > 0, the set of integers n such that

¢ . ¢ .
H(A n (1_[ Tk ’”)A n.-.n <1’[ 7 k™ ])A> >0
i=1

i=1
has non-empty intersection with P — 1 and P + 1.

As we have already mentioned, in general, our methods follow the approach of
Frantzikinakis ef al [9, 10] using a transference principle (used in [16] as well) that allows
one to deduce results for integer part (and hence for closest integer) polynomial iterates
with real coefficients, from respective results for integer valued polynomial iterates. Also,
in order to obtain the respective uniform multiple recurrence result for closest integer
polynomial iterates, in Proposition 3.8, which is a crucial intermediate step for proving
Theorem 1.2, we use a method presented in [2] and used in [19] as well.

Finally, we give an application of our approach to some recent work of Franzikinakis
and Host [8] on Gowers uniform sets. More specifically, we prove the following theorem
(see §5 for definitions and details).

THEOREM 1.5. Any shift of a Gowers uniform set S CN is a set of closest integer
polynomial multiple recurrence and integer part polynomial multiple mean convergence.

At this point, we will borrow some examples from [8] of Gowers uniform sets, for
which we have the conclusion of Theorem 1.5.

Remarks [8]. If w(n) is the number of distinct prime factors of an integer n and Q2 (n) is
the number of prime factors of n counted with multiplicity, then:
(1)  any shift of the sets

Sw.Ab:=1{n eN:w(n)=a(mod b) for some a € A},

and, similarly, Sq A, for every beN and A C{0,...,b — 1} non-empty, is
Gowers uniform;
(i) any shift of the sets
Sw.a.0 ={n €N |lom)al € A},

and, similarly, Sq 4.4, for every irrational @ and Riemann-measurable set A C
[0, 1/2] of positive measure, where | x| :=d(x, Z) denotes the distance to the
closest integer, is Gowers uniform; and

(iii) the same results as (ii) hold if S, 4 and Sq 4 « are defined using fractional parts.

Even if it is not stated, without loss of generality, for the bounded functions f;, which
appear in our expressions, we will always assume that || fi|co < 1 for all i.

Notation. We always denote by [-], {-}, [[-]] and ||| the integer part, the fractional part,
the closest integer and the distance to the closest integer function, respectively. We denote
by N the set of positive integers and by Zy = Z/NZ the integers modulo N. When
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necessary, we identify the set Zy with the set [1, N]. For a finite set F and a : F — C,
we write E,cra(n) = (1/|F|) )_,cr a(n). For a measurable function f on a measure
space X with a transformation 7 : X — X, we denote by T f the composition foT.
Given transformations 7; : X — X, 1 <i <{, we denote the composition 71 o---0 T}
by ]_[f:1 T;. We denote the greatest common divisor of a, b by (a, b). A quantity that
goes to zero as N — oo is denoted by o, (1), while a quantity that goes to zero as N — 00
and then w — o0 is denoted by on — oo: 1 (1).

2. Definitions and tools
In this section, we give the definitions and the main ideas in order to prove Theorem 1.2.
For the convenience of the reader, we repeat most of §2 from [10].

We start by recalling the definition of the von Mangoldt function, A : N — R, where

log(p) if n = p* for some p € P and some k € N,

A(n) =
0 elsewhere.

As in [10], it is more natural for us to deal with the function A’ : N — R, instead of A,
where A’(n) = 1p(n) - A(n) = 1p(n) - log(n).

The function A’, according to the following lemma, will allow us to relate averages
along primes with weighted averages over the integers.

LEMMA 2.1. [9] Ifa : N — C is bounded, then

N
1 1 ,
W Y alp) =5 Y N am)|=on (D).
pePN[1,N] n=1
Next, we recall the definition of Gowers norms.
Definition. If a : Zy — C, we inductively define
lallv,zy) = Epezya)|;
and d d+1
—2 1/2
lallvg,,zy) = (Enezy llan 'a”Ud(ZN)) ,

where aj(n) =a(n + h). As Gowers showed in [12], || - |y, (zy) defines a norm on Zy
ford > 2.

For w > 2, let

W = l_[ p

pePN[1,w—1]

be the product of primes bounded above by w. For r € N, let

A, (n)= —¢(V:jv) AN (Wn+r)

w,r

be the modified von Mangoldt function, where ¢ is the Euler function.
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The next result, which will play an important role in our proof, shows the Gowers
uniformity of the modified von Mangoldt function and can be derived from [13, 14]
and [15]. We write, and we will later use, the formulation that can be found in [10].

THEOREM 2.2. [13, Theorem 7.2] For everyd € N,

lim ( lim ( max_ [[(Al, —1)- 1[1,N1||Ud<z,m>)) —0.

wW—>00\N—=oo \l<r<W, (r,W)=1

The following uniformity estimate is an important step towards our result. It will allow
us to obtain a similar estimate in our setting, in Theorem 3.1, in order to make use of the
conclusion of Theorem 2.2.

LEMMA 2.3. [10,Lemma3.5] Let ¢, meN, (X, X, u, T1, ..., Ty) be a system, let
qgi,j € ZIt] be polynomials with 1 <i <¢, 1 <j<m, fi,..., fm € L) and let a :
N — C be a sequence satisfying a(n)/n¢ — 0 for every ¢ > 0. Then there exists d € N,
depending only on the maximum degree of the polynomials q; j and the integers £, m, and
a constant Cq, depending on d, such that

1< ¢ ¢
H N Z a(n) . (l—[ Tiq[.l(n)>f1 ..... <l_[ Tiqtlm (Yl))fm
n=1

i=1 i=1
< Cq(lla - 11, Mmlluy@an) + on (D).

L2(p)

Furthermore, the constant C; is independent of the sequence (a(n)) and the oy (1) term
depends only on the integer d and on the sequence (a(n)).

In order to prove this result, the authors in [10], successively made use of the following
variant of van der Corput’s estimate.

LEMMA 2.4. Let N € Nand v(l), ..., v(N) be elements in an inner product space. Then
there exists a constant C such that

1 2
[7 2

n=1

N

N
1 1
< c(m ; oI+ >

h=1

1 N—h
5 > (i +h), v(n))D.
n=1

Remark. In order to prove Lemma 2.3, we successively use Lemma 2.4, with the van
der Corput operation, choosing appropriate polynomials every time in order to reduce the
complexity. Actually, the number d that Lemma 2.3 provides corresponds to the d — 1
steps that we need to do in order for the polynomials to be reduced into constant ones,
using the PET induction, introduced in [1].

For more information and details on the van der Corput operation and the scheme of the
PET induction we are using here, we refer the reader to [10].

3. Main estimates
In this section, we prove some key estimates needed in the proof of Theorems 1.2-1.5. The
main idea is to use a transference principle that allows us to deduce results for integer part
(and hence for closest integer) polynomial iterates with real coefficients from respective
results for polynomial iterates with integer coefficients.

We first recall the definition of a measure preserving flow.
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Definition. Letr € N and (X, X', i) be a probability space. We call a jointly measurable
family (7;);err of measure preserving transformations 7;: X — X a measure preserving
flow if it satisfies

T4t =Ts0 Ty

forall s, r € R".

Also, we recall the notion of the lower and upper density for a subset S € N to be the
number of d(S) and d(S), respectively, where

SN[, N
1SN N

_ SN[, N
d(S) =limin and d(S) =lim sup M
N—o00

N—oo N

In the case d(S) = d(S), we call the common value the density of S.
The following important remarks contain essential information that we will use in
various proofs in this article.

Remarks. (i) Let £, m € N and ¢; ; € R[¢] be real valued polynomials for 1 <i < ¢, 1 <

Jj < m. Then, for any R measure preserving flow ]_[f: \ Tisiy e ]_[f: 1 Tis; n» Where
the transformations 7; g, ; are defined in the probability space (X, X, 1), s; ; € R, and
functions f1, ..., fi, € L®(w), the sequence of functions

m

14 m L
b(n) = (1_[ H Ti,sjl.q,-,l(n)>f1 ~~~~ (1_[ l_[ Ti,sjm.q,-,m(n)>fm,
j=1i=1

j=1i=1

where

0 i7#},
8ij = { o
1 i=j,
is the Kronecker delta function (note that 7; ¢ is the identity for all i) satisfies the
conclusion of Lemma 2.3, with b(n) in place of the sequence

Indeed, if ¢(t) = a,t" + - - - + a1t + ag € R[t], we write T,y = (T,,)" - - - (Tu)" -
Ty, and we use Lemma 2.3 for the invertible commuting measure preserving
transformations Sy =7y, ..., S, =1T,,.

(ii) Real valued polynomials, g € R[¢], satisfy the condition

511%1+ d{neN: {gm)} e[l -8, 1D} =0,

where {-} denotes the fractional part.

Indeed, let g () = a,t" + - - - + ait + ap € R[¢].

If a; ¢ Q for some 1 <i <r, then we have the condition from Weyl’s result, since
(g (n)) is uniformly distributed (mod 1).

If a; € Q for all 1 <i <r, then the sequence (g(n)) is periodic (mod 1) and the
conclusion is obvious.
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(iii) If f is Riemann-integrable on [0, 1) with flo 1 f(x) dx = c, then, for every ¢ > 0,
we can find trigonometric polynomials g1, g2, with no constant terms, in order to have the
relation

) +c—e=<ft) <q@) +c+e.

The following result is proved via a transference principle that enables one to deduce
results for Z-actions from results for flows (see also [16] in comparison with [7]). This
technique was first used in [17] by Lesigne, in order to prove that when a sequence of real
positive numbers is good for the single term pointwise ergodic theorem, then the respective
sequence of its integer parts is also good (see [6] as well). This method was later used by
Wierdl (in [21]) to deal with multiple term averages (see [16, Theorem 3.2]).

THEOREM 3.1. Let £, m €N, let (X, X, u, Ty, ..., Ty) be a system, let q; j € R[t] be
polynomials with1 <i <¢,1<j<mand f1, ..., fr € L®(u).
For the sequence of functions

i=1
there exists d € N, depending only on the maximum degree of the polynomials q; j and the
integers £ and m, such that, for every 0 < § < 1, there exists a constant Cq4 s, depending
ond and §, such that

<Cas(l(Ay, — D -1 vllugzay +onv)
L2(j)

1 N
HN ;<Aw,,<n> — Db(n)

+cs(1+ 0N—>oo;w(1))

forallr € N, where cs — 0.as 8§ — 07 and the term oy (1) depends on the integer d.

Remark. Due to unpleasant error terms, it seems difficult to adapt the PET induction that
was used in the proof of Lemma 2.3 in order to prove the asserted estimate.

Proof of Theorem 3.1. Let 0 <§ < 1 and w, r € N. For the given transformations on X,

we define the R action ]_[f:l Tisig - ]_[f:l T;s;,, on the probability space ¥ = X x
[0, 1)“" endowed with the measure v =y x A (where A is the Lebesgue measure on
[0, 1)) by

m ¢

l_[ Ti,S,-,.,'(x’ ALy oo s Q015 Q125 ooy Q02,5 ooy Alms «« - ALm)

j=li=1

m
[si,j+ai j]
= (H T x s +ah - ser taeat -
j=li=l

{sl,m + al,m}, ey {Sé,m ‘|’a€,m})-

Since the transformations 77, . . ., Ty are measure preserving and commute, and also since
[x + {y}] + [y] =[x + y], it is easy to check that the above action defines a measure
preserving flow on the product probability space Y.
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If f1, ..., fm are bounded functions on X, we define the Y-extensions of f;, setting,
for every element (a1, ..., a1, a1,2, -+, @02y -+ Alm, - - -, Ae.m) € [0, 1em,
fj(x, AL 1o oo ey Qe 1 AL oo s QL2 o ey Ay - - -5 Q) = fj(x), 1<j<m
and
fo(x, ail, -5 0a01,012, -5 aem) = g gym (@i, .., ae 1, a12, .- ., aem)-

If, for every n € N (see Remark (i) before Theorem 3.1),

m /L m /L
b(n) = fo- (l_[ l_[ Ti,ajl.q,,l(n))fl """ (l_[ l_[ Ti,a,-m.q,-,m(n)>fm
j=li=1 j=li=1
for every x € X, we define
b’ (n)(x) =/ . B()(X, @11, oy @1, @12y ey A2y e vy Qs -+« s Qo) AA™,
[0’1),77'1

where the integration is with respect to the variables g; ;.
Then, using the triangle and the Cauchy—Schwarz inequality, if a(n) = A}, . (n) — 1,

N

% > ambn)

n=1

1 N
5 2 @) - (6" bn) — ')

n=1

Sﬁm <

L2(w)

L2(w)

1 N
+ HN ;am)z?(n)

From part (i) of the previous remark, we can use Lemma 2.3 to find an integer d € N that
depends only on the maximum degree of the polynomials ¢; ; and the integers £, m and a
constant Cy, depending on d, such that

1N
H ¥ Z a(n)b(n)
n=1
where the oy (1) term depends only on the integer d and the sequence (a(n)).

Next we will study the term ||(1/N) Zfl\’:l an) - (8“b(n) — b’(n))||Lz(H).
Forevery x € X andn € N,

L2(v)

<Cq(lla -1, mlluy @y +on (1)),
L2(v)

m

fj (ﬁ Ti[(Ii,j(")]x>
1 i=1
m 12
_ 1—[ £ (1—[ Ti[qx',j(n)-i-ai,j]x>> dntm
j=1

i=1

18" b(n) (x) — b (n) (x)| = ‘f (
[0’5]Zm

j=

Since all the relevant g; ; in the integrand are less or equal than 6, if the fractional part
of all g; () is less than 1 — &, then 7,97 "+l = plai ™ gor an ) < <0 1< j <m.
We deal with the case where the fractional part of some g;, ;(n) is greater than or equal to
1-34. .

Forevery 1 <i </{,1<j<m,let E;’] ={neN:{g m}ell-4, D}
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Then, using the fact that 1E U UE UE U UE/é m =< Z(l el e1x[1,m] 1 ;] and that
lE,-_,-(n) =1j1-s,nUqi, ()} for 1<i 5 l, 1 < j<m,n e Nforevery x € X,
! .

8" b(n)(x) — b’ () <26 > s ({gi;(m)),
@, ))ell,e1x[1,m]

and so, recalling that a(n) = A;),r(n) -1

N N
% Z la(m)| - 1j1—s,1y({gi,j (M)} < % Z Ay (n) - 11151y ({gi, ()}
n=1 n=1
N |Eg’ N[, N]|.
N
From part (ii) of the previous remark, for small enough §, the term (and the sum of a finite
number of terms of this form) (|E5 Jn [1, N1))/N is as small as we want.

As for the term (1/N) Zrllvzl A, () - 11151y ({gi,(n)}), we will show that it goes to
zero when N — oo, and then w — oo and finally § — 0.

If the polynomial ¢; j(n) has only rational coefficients (except maybe the constant
term), for small &, the sum will go to zero from periodicity, and so we can assume that
the polynomial has at least one irrational coefficient (except the constant term). From
part (iii) of the previous remark (for the function f =1[1_s 1)), it suffices to show that
(1/N) Y0, A}, (n)e*™9.i™ — 0 as N — 00 and then w — oo for all k € Z\{0}.

We write

o Z Aw (n)e2nikqi,j(n) _ Z(A kaq, j(n) +— Z ekaq, ,(n)

n=1
The ﬁrst term goes to zero as N — 0o and then w — oo from [13], while the second term
goes to zero as N — oo from Weyl’s equidistribution theorem. The result now follows. O

Remark. The crucial fact for the proof of Theorem 3.1 is that the integer part
multicorrelation sequence (b(n)) can be written as

b(n) = lm b'(n) + — 5im (5£mb(n) b'(n)) foranys >0,

5t
that is, as a sum of a conditional expectation of a usual multicorrelation sequence and an
error function, controlled by terms of the form 1(,eN: ¢ n)e[1—s,1)}-

Using first Theorem 3.1 and then Theorem 2.2, we will now prove a result, in
Proposition 3.2 below, which will give us a comparison between averages over primes
(via the modified von Mangoldt function) and averages over integers. This result,
together with a uniform multiple recurrence result, that we prove in Corollary 3.9 below,
reflect the main arguments for proving Theorem 1.2. The proof of Theorem 1.2 will
actually make use of Proposition 3.2 for the respective closest integer polynomial iterates.
Corollary 3.9 will mainly follow by a uniform multiple recurrence result for polynomial
iterates, which follows from the polynomial Szemerédi theorem (from [4]) in the same
way as Theorem 2.1(ii) and (iii) are proved in [3], in order to obtain the respective uniform
multiple recurrence result for closest integer polynomial iterates, in Proposition 3.8, the
proof of which uses a method presented in [2] and used in [19] as well.
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PROPOSITION 3.2. Let £, meN, (X, X, u, T1, . .., Ty) be a system, let g; j € R[t] be
polynomials with1 <i <{¢,1<j<mand f1, ..., fr € L®(u).
Then

max
I<r<Ww, (r,W)=1

Ja e
i1(Wn+ im(Wn+
8 <1—[ 7l OV r)]>f1 ..... <1—[ rleim (¥ ’)])fm

i=1 i=1

1 N
5 ;mw,,(n) —1)

L2(w)

converges to zero as N — 00 and then w — 00.

Proof. Using Theorem 3.1, for the polynomials g; j(Wn +r), we get that for every 0 <
8 < 1, there exists d € N, depending only on the maximum degree of the polynomials g; ;
and the integers £ and m, and a constant Cy4 s depending on d and &, such that

1 N
max Hﬁ;m/w,,m)—l)

1<r<w, (rnW)=1
‘ [gi, 1 (Wn+r)] ‘ [gim (Wn+r)]
i, +r i,m +
X(HTI'QI ! >f1 """ <HT,'({ o )fm
i=1 i=1 L2()
<C ( max Al —1)-1 on (1 )
= Cas( _, _max, | Ay, =D - 1nallug@zay) +on(l)

+cs(1 +onsoow(1)),

where cs — 0 as § — 0T, Taking first N — oo and then w — oo in this expression, by
Theorem 2.2, we have that the required limit is bounded above by cs. Taking § — 0T, we
get the result. O

We will make use of the following uniform multiple recurrence result; it follows from
the polynomial Szemerédi [4] in the same way as Theorem 2.1(ii) is proved in [3].

B e

forany A € X with 1(A) > 0, there exists a positive constant ¢ = g u(A) > 0 such that

4 ) 4 )
H@;”’)Am--m(]"[T;j]’)A)y. (1)
i=l1

n=1 i=1

N

1
lim inf — AN
imin NZ“( (

N—o0

Remark. 1In fact, it is known that the limit in (1) exists from [20].

LEMMA 3.4. Let £, m € N. For every § > 0 there exists a constant ¢ =cgm s > 0 such
that
d({neN:|lan'| <8Vl<i<t 1<j<m})>c

iy l<i<tfl<j<m
foralla; ;e R, 1<i<{1<j<m

Tijx=x+a;j(mod 1), xeT, 1<i<{ 1<j<m
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and the set A = [0, §), use Theorem 3.3 to find a constant ¢ = ¢y, 5 > 0 so that
| N ¢ . ¢ .
lim inf - ZM<AO (]‘[ T >Aﬂ N (]‘[ T " )A) >c.
n=1 i=1 i=1
To obtain the result, note thatif x € AN (]_[f:1 Tl.’_l"i)A N---N (]_[f.f:1 Tl_nfl)A then
x—i—ai,jni(mod 1)e[0,8) foralll<i<{,1<j<m, 2)
and, since x € [0, §) itself, (2) gives
{a; jn'} €[0,8 —x)U[l —x, 1) foralll1<i<¢,1<j<m,
from which we get
la; jn'll <8 foralll <i<e€, 1<j<m,
and hence the result. O
Remark. The proof of Lemma 3.4 can also follow by a single recurrence argument as well.
We will also need the following lemma.

LEMMA 3.5. Let q(n) =ain+ - - -+ agn® € R[n] be a real valued polynomial with no
constant term and, for any r € N, let

. 1
S, = {meN:||aim'll<W, 1§i§k}-

Then, foranym € S, and 1 <n <r,
[lg(mm)]] = [[aym]ln + - - - + [[axm*1In*.

Proof. If || x1]| + - - - + |lxk |l < 1/2, we can easily check that [[x] + - - - + x¢]] = [[x1]] +
- -« + [[xx]], which concludes the lemma. 0

We will also use the following uniform multiple recurrence result which follows from
the polynomial Szemerédi [4] in the same way as Theorem 2.1(iii) is proved in [3].

THEOREM 3.6. [3] Let £, m e N and (X, X, u, (T; j)1<i<t,1<j<m) be a system. Then,

I

for any A € X with u(A) >0, there exist a constant ¢ = c¢ m u(a) > 0 and an integer
No = No(£, m, u(A)) € N such that, for some 1 <n < Ny,

£ ) l )
u(Am(]"[m”’)Am.--m(]—[1;;,;”>A)zc. (3)
i=1

i=1
Using Theorem 3.6, we get the following proposition.

PROPOSITION 3.7. Let £, m €N, (X, X, u, T, ..., T;) be a system and let q; ; € Z[t]
be polynomials with maximum degree d and q; ;(0) =0 for any 1 <i <{,1<j<m.
Then, forany A € X with u(A) > O there exist a constant ¢ = ¢q m,u(a) > 0 and an integer
No = No(£, m, u(A)) € N such that, for some 1 <n < N,

¢ £

M(A n <]_[ Tl."""(")>A n-..n <H Ti_qi"”(")>A> >ec. (4)

i=1 i=1
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Proof. If q; j(n) =ay; jn+--- +ad,i,jnd for any 1 <i <¥{,1<j <m (we put some
zero terms if needed), set

£
Sk,,:]"[T,-“"*'*f, I<k<d, 1<j<m,

and use Theorem 3.6 for the system (X, X, w, (Sk,j)1<k<d,1<j<m)- O

PROPOSITION 3.8. Leté,m €N, (X, X, u, T, ..., Ty) a system and let q; ; € R[t] with
maximum degree d and q; j(0) =0 for any 1 <i <{,1< j <m. Then, for any A€ X
with (L(A) > 0, there exists a constant ¢ = cq ¢m,u(4) > 0 such that

N

4 l
N —lgi,1 1 ~[lgimm]]
1}Vr11£fﬁ§:u(Aﬂ<]_[Ti AN N | |1Ti A)>c. 5
1=

n=1 i=1

Proof. Write q; j(n) =ay; jn+--- —i—ad’,-,jnd, 1<i<{,1<j<m (by putting some
zero terms if needed). For any r € N, let

S,:{seN:||ak,,-,,-sk||< Vli<k<d, 1<i<d, 1<j<m}

1
2drd
Use Lemma 3.4 to bound the lower density of S, below by some constant ¢y ¢, > 0.

For any s € S;, 1 <n <r, using Lemma 3.5,
[[gi.j ()N = [lari sl + - - - + [[aqi s !, 1<i<e, 1<j<m.
Set
Psij ) =llavi jsln+ - +[lagi jsNn?, seN, 1<i<e, 1<j<m.
Use Proposition 3.7 to find a positive constant ¢ = Cg4,,(4),¢,m and a positive integer No =
No(d, u(A), £, m) such that, for some 1 <n < Ny and any s € N,

£ £
/~’L<A N (1_[ Ti_ps.i,](n)>A N---N <l_[ rTiP.i,i,m(n)>A> > z
i=1 i=1

Then
1 & g g
. . —llgi1(n —gim(n
ipinty S(an ([T Jan-n ([T =) 4)
n=1 i=1 i=1
N & g
— qi.l ns
> < liminf P! (w(ﬂr,. )A
1=
—[lgi,m (ns)]]
()
i=1
1 1 Al ‘ ()
> 1 inf — AN T‘_[’s,i,l n A
sy Y Yw(an([]r
s€Sny N1, [N/Nol} n=1 i=1
¢
NN <H Ti_p”””(")>A>
i=1
. Cd,u(Az),E,m lim inf [Sng N{L, ..., [N/Nol}| . Cd,u(A),0,m '2Cd,N0,£,m 0,
N N—00 [N /Nyl N
from which we have the result. O
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By using Proposition 3.8, we immediately obtain the following uniform result,
Corollary 3.9, the second ingredient we need in order to prove Theorem 1.2. We note,
at this point, that the uniformity in W is crucial for the proof of Theorem 1.2.

COROLLARY 3.9. Lett,m e N, (X, X, u, T1, . . ., Ty) be a system and let q; j € R[t] be
polynomials with maximum degree d and q; j(0) =0 for 1 <i <{, 1 < j <m. Then, for
any A € X with w(A) > 0, there exists a constant ¢ = cq ¢, m,u(A) > 0 such that, for every
W eN,

N

4 l
| —llgi,1 (W]l —[lgi,m (Wn)]]
l}vnl)lollfﬁg “(Aﬂ(llTi AN---N | |sz Al >c. (6)
1=

n=1 i=1
Remark. 1In fact, it is known that both limits in (5) and (6) exist from [16].
4.  Proof of main results

In this section, we give the proof of Theorems 1.2—1.4. First, we prove Theorem 1.2 for
the P — 1 case (the P + 1 case follows similarly).

Proof of Theorem 1.2. Using Proposition 3.2 for the polynomials ¢; j(n — 1) 4+ 1/2 with
r = 1 and Corollary 3.9, we have (recall that [[x]] = [x + 1/2]), for sufficiently large w €

N, that
(Wn)ll ‘ [lgi,m (Wn)]]
i n —LYqim
111an)loléf—ZA/wl(n) M(AO(HT L1 )Am (]‘[Tl Gim iR >A>
i=1 i=1
> 0,
from which we have the required non-empty intersection with P — 1. O

Remark. According to Lemma 2.1, we have that the conclusion of Theorem 1.2, and so of
Theorem 1.1, is satisfied for a set of integers n with positive relative density in the shifted
primes P — 1. The analogous result, by a similar argument, holds for the set P + 1 as well.

Proof of Theorem 1.3. We borrow the arguments from the proof of Theorem 1.3 from [10].
By Lemma 2.1, it suffices to show that the sequence

A(N) := Z A(n) - (]_[ Tl ‘“’”) ..... (l—[ T l4im @) )fm

is Cauchy in L2(,u). Using Proposition 3.2, for any ¢ > 0, if, for w, r € N, we define

N

1 i1(Wn+ im (W
By r(N):= ﬁ Z(l_[ T[q 1(Wn r)]) ..... <l—[ T[q ( n+r)]>fm,

n=1 ‘i=1 i=1
then, for sufficiently large N and some wq (which gives us a corresponding W),

1
A(WoN) — By, (N
’(0) s 2 or (V)

1<r<Wy, (r,Wp)=1

<e. @)
L2(w)
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Using the fact that for any 1 <r < W) the sequence (By,,(N)) is Cauchy in Lz(,u,), which
follows from [16], as well as the relation (7), we get that, for M, N sufficiently large,

IA(WoM) — A(WoN)lp2(,) <€
Then (A(N)) is Cauchy in LZ(/L) since
IAWoN + ) — A(WoN)ll 2 = on (1),

forevery 1 <r < Wj. O

Proof of Theorem 1.4. We use the same argument as in the proof of Theorem 1.2. The
only difference is that we need to prove a variant of Corollary 3.9 for the integer part of the
polynomials g;, j (n) =ak,-,jnd"’f', I<i<t{ 1<j<m Letd=max{d;j:1<i<{ 1<
J<mlk=max{k; j:1<i<{, 1=<j<m}, WeNand,forr €N, set

1
S,:{meN:{aWdf-fmdf~f}<k—, 1§i§€,l§j§m}
r

(without loss of generality, k € N). It is sufficient to find a positive lower bound for the
lower density of S, that is independent of W. Since, foranym € S, and 1 <n <r,

[gij(Wmn)] = [ak; ;W im%inii] = [ak; ;Wi m®i Jndis

we can follow the proof of Proposition 3.8 to obtain the result.

Ifa=1t/s € Qwiths € N, then d(S;) > 1/s.

If a¢Q, then, if {d;;j:1<i<{ 1<j<m}={d <---<ds=d}, since
(amW)d, ... amW)%), is equidistributed in T¢, we get d(S,) = 1/(kr®)s >
1/ (krytm., O

5. An application on Gowers uniform sets

In this last section, following [8], we will give an application of our approach, on Gowers

uniform sets. More specifically, we will prove Theorem 1.5, that is, any shift of a Gowers

uniform set is a set of closest integer polynomial multiple recurrence and of integer part

polynomial multiple mean convergence (see definitions below). The main ingredients in

order to obtain this result will be Theorem 5.2 and a result from [8], Lemma 5.3.
Imitating [8], we give the following definitions.

Definition.
(1) A setof integers S is a set of integer part polynomial multiple mean convergence if
for every ¢, m € N, system (X, X, u, T1, ..., Ty), functions fi, ..., fin € L*(n)

and polynomials g; ; € R[t] for 1 <i < ¢, 1 < j <m, the averages

4
1 gi,1 ()] [qi,m ()]
m Z ( T, fioee- l_[ T, Fn
, | :

neSN[1,N] Ni=

converge in L%(n) as N — oo.
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(i) A set of integers S is a set of closest integer polynomial multiple recurrence if
for every £, m € N, system (X, X, u, Ty, ..., Tp), set A € X with u(A) > 0 and
polynomials g; ; € R[¢] withg; ;(0)=0,1<i <{,1<j<m,

¢ ¢
M(A N <1_[ 7"[.[[%‘1(”)]]>A N---N (1_[ Ti_[[qi,m(n)]]>A> -0
i=1

i=1

for a set of n € § with positive lower relative density in S.

Remark. The aforementioned definitions are equivalent to the ones in [8] for sets of
positive density in N.

The following result is a corollary of Theorems 1.2 and 1.3.

THEOREM 5.1. The set of shifted primes P — 1 (and, similarly, P 4 1) is a set of closest
integer polynomial multiple recurrence and the set of primes, P, is a set of integer part
polynomial multiple mean convergence.

We will now prove that N is a set of closest integer polynomial multiple recurrence and
of integer part polynomial multiple mean convergence, which we will use in the proof of
Theorem 1.5.

THEOREM 5.2. The set of positive integers, N, is a set of closest integer polynomial
multiple recurrence and of integer part polynomial multiple mean convergence.

Proof. That N is a set of closest integer polynomial multiple recurrence follows from
Proposition 3.8. The integer part polynomial multiple mean convergence of N follows
from [16, Theorem 1.4]. O

In order to prove Theorem 1.5, we also need the following result of Frantzikinakis and
Host, which we borrow from [8].

LEMMA 5.3. [8, Lemma 2.4] Let d > 2 be an integer and let €, k > 0. Then there exist
n > 0 and Ny € N such that, for all integers N, N with No < N < N < kN, every interval
JCI1, Nland g : Zz — Cwith |g| < 1, the following implication holds
ifllgllvgzy) <n, thenlig - 1;lluyzy) < e
‘We will now recall the definition of a Gowers uniform set.
Definition [8]. We say that a set of positive integers S is Gowers uniform if there exists a
positive constant ¢ such that
lim |15 —cllu,@y) =0
N—o00
for every r € N.

Remark. Note that if such a (positive) constant ¢ exists, then, for » = 1, it is equal to the

density of S, that is,

SN {1, N]|
c= lim ——.
N—oo

Using a similar argument to the one of Theorem 3.1, we get the following proposition.
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PROPOSITION 54. Let £, meN, (X, X, u, Ty, . .., Ty) be a system, let q; j € R[t] be
polynomials with1 <i <{,1<j<mandlet f1, ..., fm € L®().
For the sequence of functions

i=1
there exists d € N, depending only on the maximum degree of the polynomials q; ; and the

integers £ and m, such that, for every sequence (a(n)) with ||allcc < 1 and every0 < § < 1,
there exists a constant Cyq s, depending on d and 8, such that

|72
— Z a(n) -b(n)
N n=1

where cs — 0 as 8§ — 0% and the term oy (1) depends only on the integer d.

< Cys(la -1, nllugzan) +on 1)) +cs,
L2(u)

Remark. As in Theorem 3.1, the proof of Proposition 5.4 also depends on the fact that the
integer part multicorrelation sequence can be written as a sum of a conditional expectation
of a usual multicorrelation sequence and an error function, which we can control.

Proof of Proposition 5.4. Let 0 <8 < 1. For the given transformations on X, we define
the same action on R" as in Theorem 3.1, the function fo and the same Y-extensions
fi, for 1 < j < m, in the product probability space ¥ = X x [0, 1)2’", endowed with the
measure v = p x AU,

We also define the same sequences of functions (l;(n)) and (b'(n)) in Y and X,
respectively, as in the proof of Theorem 3.1. Then, using the triangle and the Cauchy-
Schwarz inequality and following the proof of Theorem 3.1,

N

% Z a(n)b(n)

n=1

1 N
5 2 alm - (8" b(n) = b' ()

n=1
1 N
+ Hﬁ ’; a(n)b(n)

For the second term, we can use Lemma 2.3 to find a positive integer d =
d(¢, m, max deg(g;, j)) such that

[ S
— Za(n)b(n)
N n=1

where Cy is a constant depending on d. We remark, at this point, that, since the weighted
sequence (a(n)) is bounded, the oy (1) term of Lemma 2.3 only depends on d (see [10]).

Following the proof of Theorem 3.1, we obtain (since (a(n)) is bounded by one) that
the first term satisfies

aﬁm <

L2()

L2(n)

L2(v)

< Cy(la -1, nlluy@zan) +on (1)),
L2(v)

< 8Em cs,
L2(1)

[ Lo
— ) _am) - (8™b(n) = b'(n))
N n=1
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with ¢5 — 0 as § — 0T, since, independently of x € X,

1 N
‘ﬁ > b (x) — b () (@))| < 8"es,

n=1

with ¢ — 0 as 8 — 0T. The result now follows. O

We are now ready to prove Theorem 1.5 and close this article. The main ingredients in
order to obtain this result are Proposition 5.4, Lemma 5.3, which we borrow from [8], and
finally, Theorem 5.2.

Proof of Theorem 1.5. Let ¢, meN, (X, X,u,Ty,...,T;) be a system, let
fi, ..., fm € L®(n) be functions and let ¢; j e R[¢] for 1 <i<¥{, 1<j<m be
polynomials. In order to prove the second conclusion, for any n € N, let

4 4
b(n) = (1—[ Ti[qi,1<n>]> Floeen (1—[ Tilqi,m(m]) i ®)
i=1 i=1

If SCN is a Gowers uniform set and ¢ is the respective positive constant from the
definition, by Proposition 5.4, we have that there exists a positive integer d, depending
only on the maximum degree of the polynomials ¢g; ; and the integers £ and m, such that,
for every 0 < § < 1, there exists a constant Cy s depending on d and §, such that

i <Cus(lAs —c) - i, Mmllug@ay) +on(D) +c5, (9)
L=(w)

1 N
Hﬁ ;(ls(n) —¢)-b(n)

where ¢5 — 0 as § — 0T and the term oy (1) depends only on the integer d.
From Gowers uniformity, for r =d, limy_.o ll1s — clly,;z,y) =0. Then, using
Lemma 5.3, fork =d, N=dN and J =[1, N], we get

lim [|(1s —¢) - 1p,~vlluy@an) = 0.
N—oo

So, from (9),
1 c N
lim sup | — Z b(n) — — Z b(n) <cs,
N—o0 N N L2
neSN[1,N] n=1 ()
and hence, by taking § — 0T, we get
1 c N
lim H — Z b(n) — — Z b(n) =0. (10)
N[N v N L2 ()

Using the remark following the definition of a Gowers uniform set, c is the density of S,

SO
. ISNIL, N
lim —— =c¢,
N

N—oo
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and hence, by writing

1 1 &
v Z b(n) — — Z b(n) = (m Z b(n) — N ,; b(”))

neSN[1,N] neSN[1,N]
N 1
+ (1l - )= b(n
< ISﬂ[l,N]I)N 2, b
neSN[1,N]
and recalling from the definition of a Gowers uniform set that ¢ > 0, relation (10) implies

that

—0. (11)
L2(u)

1 N
bn) = — > b
=1

1
li _
NK“OOH ATV 2

neSN[1,N]

By using (11) and the fact that N is a set of integer part polynomial multiple mean
convergence (from Theorem 5.2), we get the result.

In order to show the first conclusion, for a set A € X with (A) > 0, similarly, we let,
foreveryn e N,

b(n) = (H T [lg:. |(n)]]> ..... (1_[ T [lg:, m(")]])l

i=1 i=1
By using (11), the Cauchy—Schwarz inequality and the fact that N is a set of closest integer
polynomial multiple recurrence (from Theorem 5.2), we get the result. O
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