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Abstract

Let F(x) be a function of the form ) .  d;a”* where dy,....d, € R, 0 < p; <

e < Py pr & Zyp; € Rfor 1 < i < randd. # 0. We prove that sets of the form

n € N:{F(n)} € U} for any non-empty open set U C [0, 1) contain arbitrarily long
strings of consecutive primes.
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1. Introduction

A natural question that arises in the study of the distribution of prime numbers is
determining which sets A C N contain arbitrarily long strings of consecutive primes
DPki1s Pki2s - - - > Dkrm, Where p, is the nth prime number in N. When A is an arithmetic
progression of the form aN+b with ged(a, b) = 1, Shiu famously showed that A contains
arbitrarily long strings of consecutive primes and gave a lower bound on the number
of such strings in (aN + b) N [1,z) (see Theorem 1 and 2 of [Shi00]).

The recent breakthroughs of Zhang [Zhal4] and Maynard ([May15] and [May16]) on
small gaps between primes introduced new approaches to investigate these questions,
that yielded a strengthening of Shiu’s result in [May16, Theorem 3.3]. Using these
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methods, Shiu’s result was further strengthened in [Rad21, Corollary 1.2], where it
was shown that there exist arbitrarily long strings of primes in (aN + b), such that
the difference of the largest and the smallest prime in the string is bounded by a
fixed number. Another interesting application of the method yielded the existence of
arbitrarily long strings of consecutive primes having a fixed integer g # —1, not a
square, as a primitive root modulo those primes ([Pol14, Theorem 4.1]), conditional on
the generalized Riemann hypothesis.

The existence of arbitrarily long strings of consecutive primes has also been inves-
tigated when A is a Beatty sequence satisfying certain conditions. For an irrational
number « > 0, the associated Beatty sequence is the set of integers

A ={|na] :n e N},

where |z | is the largest integer less than or equal to z. Baker and Zhao showed that
the sequence of primes in any Beatty sequence associated with an irrational o has
bounded gaps by using a variant of Maynard’s method ([BZ16, Theorem 2]). Similarly,
in [CPS15, Theorem 1.1], the same result was shown when « is of finite type, and, in
addition, the proof implies that Beatty sequences for such « contain arbitrarily long
strings of consecutive primes (see the remark after the proof of [CPS15, Theorem 1.1]).
Yet another interesting result along these lines is [MPY13, Corollary 1.2}, which shows
that when « is of finite type, the consecutive primes can be chosen such that they all
lie in a single arithmetic progression. Surprisingly, a proof that for all irrational o > 0
the set {|na] : n € N} contains arbitrarily long strings of consecutive primes has not
appeared explicitly in the literature. However, as we will discuss next, we believe an
even more general statement can be derived by modifying the recent results of Shao
and Teravainen.
Observe that any Beatty sequence can be written as a Bohr set, i.e.,

{lna] :neN}y={neN:{a'n}ec(1l-at 1},

where we define {y} = y — |y] for a real number y. Therefore, a natural question is
whether one can generalize results of the above kind to sets of the form

A={neN:{F(n)} e U},

where F' belongs to a family of polynomials and U is, say, an open subset of [0, 1).
Using a weighted variant of the Maynard sieve (see [MS17, Theorem 6.2]), Shao and
Teravainen showed that for every open set U, the primes in the set A have bounded
gaps whenever F' is a real polynomial with at least one irrational coefficient besides
the constant term (see [ST21, Theorem 2.3]). In this case, A belongs to the family of
so-called Nil-Bohr sets. Their method shows that for every m > 1, there are infinitely
many intervals of bounded length containing m primes that lie inside the set A, as
noted in the footnote of [ST21, page 46]. Although not mentioned explicitly in their
paper, it seems that their method also shows that those primes can be taken to be
consecutive. Indeed, under some additional hypotheses, Maynard’s theorem [May16,
Theorem 3.1] gives a lower bound on the number of strings of consecutive primes found
in a set of integers, and we believe that this should also carry over to the weighted



version [MS17, Theorem 6.2] used by Shao and Terévéinen.
Inspired by this, we prove a similar result for sets A of the form

A={neN:{F(n)} e U},

where U is an open set, and F' belongs to a family of polynomial-like functions that
we refer to as polynomials with real exponents.

Definition 1.1. A polynomial with non-integer exponents’ is a function of the form
f(x) = Z d;x"
i=1

where r > 1,0<p1 <...<pr, pi €Z,p; € Rand d; € R for 1 <¢ < r. A polynomial
with real exponents is a function F(x) of the form f(z) + P(x), where P(x) is a real
polynomial and f(x) is a polynomial with non-integer exponents.

We now state our main result.

Theorem 1.2. Let F(z) = Y., d;x" with 0 < p; < ... < p, be a polynomial with
real exponents, with p, ¢ 7Z and d, # 0. Let A :={n € N : {F(n)} € U} for some
non-empty open set U C [0,1). Then A contains arbitrarily long strings of consecutive
primes. Moreover, if p; < py < p3 < ... Is the increasing enumeration of the prime
numbers, then, for every positive integer m, there exists a constant K = K(F, m) such
that there are infinitely many n with p,i1, ..., Paem € A and ppim — pas1 < K.

By passing to a subset of A if necessary, it follows from the theorem that one can
take U to be any subset of [0,1) with a nonempty interior. The restriction p, & 7Z is
technical and is explained in Section 5.
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1.1. Some notation

In what follows, we denote by N the set {1,2,3,...} of positive integers, and by P the
set of all prime numbers. We use the letter p in sums and products to indicate that
they are over prime numbers. We let (p,),en be the sequence of all prime numbers
in increasing order. We let m(/N') be the number of prime numbers up to N, and, for

3In the literature one might find many other names for slightly different versions of these functions,
e.g. fractional polynomials, exponential polynomials, polynomials with real exponents, signomials, etc.



M > N, we write 7(N, M) = n(M) — n(N). We write 7(NV;a,q) for the number of
prime numbers congruent to a mod ¢ up to N. Similarly, 7(N, M;a,q) denotes the
number of primes between N and M that are congruent to a (mod ¢). We write the
greatest common divisor of some integers a and b as (a,b). We write ¢(n) for Euler’s
totient function evaluated at n, and 7;(n) for the number of ways to decompose n as
a product of j positive integers. We also write A(n) for the von Mangoldt function
evaluated at n, that is

| if n = pk:
Ay =4
0 otherwise.

The indicator function of a set S evaluated at n is denoted by 1g(n). We shorten ™
as e(z). We denote the (-dimensional Lebesgue measure of a measurable set E C R’ by
M(E). We write (-, -) for the dot product of R® and denote 0 € R’ the zero vector. For
real-valued functions F' and G, we write F'(z) < G(z) or F(X) = O(G(x)) for z € S if
there exists some constant C' > 0 such that |F(z)| < CG(z) for all z € S. We refer to
the constant C' as the implied constant. If the constant C' depends on some parameters
a,B,..., wewrite ' <5, Gor F'= 044, .

denote the largest integer no larger than x and the smallest integer no smaller than x
respectively. We write {x} for x — |x]. We also write ||z|| for the distance between x
and the closest integer. We denote the cardinality of a set I by #1.

2. Main ideas of the proof

The main ingredient of our proof of Theorem 1.2 is a result of Maynard in [May16]
about bounded gaps between (consecutive) primes in sets satisfying some technical
hypotheses. We first state a useful definition.

Definition 2.1. A family of linear polynomials {Ly,..., Ly} with L;(n) = an + b;,
a; € N, b; € NU {0} is admissible if for every prime p, there exists some n such that
Hle L;(n) # 0 mod p. We say that set of integers {hi,...,hq} is admissible if the
family of linear polynomials {n + hy,...,n + hg} is admissible.

Theorem 2.2 ([May16], Theorem 3.1). Let « > 0 and 0 < § < 1. Let B be a set
of integers, P a subset of P, and L = {Ly,..., Ly} an admissible family of d linear
polynomials, where L;(n) = a;n + b;, a; € N, b; € NU {0}. Let B and N be positive
integers. Assume that B < N®, a;,b; < N® for 1 < i < d, and d < (log N)*. Then,
there exists a constant C' depending only on « and 6 such that the following holds
when d > C':
If there exists some § > 1/logd such that,
1. The set {a;n+0b; : n € B,1 < i < d} contains a large enough proportion of primes:

e gD DI IESL ) ST}

LieL ' N<n<2N N<n<2N
a;n+b; P




2. B is well-distributed in arithmetic progressions:

1 ZN<n<2N 15(n)
15(n) — = 1 < .
o N<Z s(n) =2 D Lsln)| < =i
q<N <n<2N N<n<2N

(¢,B)=1 n=c mod ¢

3. Primes represented by the linear forms in L are well-distributed in arithmetic
progressions, that is, for any L € L, the following holds:

1 D N<n<an L(n)eP 15(n)
1 — 1 = . .

) =1
g<N® D=1 Nénean #1(q) N<n<2N
ni(c r)né)% q L(n)eP
n

where ¢1(q) = ¢(aq)/p(a) for L(n) = an + b.
4. The set B is not too concentrated in any single arithmetic progression: for any
g < N% and 0 < ¢ < ¢ — 1, the following holds:

> 15(n) < = > 1p(n).

N<n<2N q N<n<2N
n=c mod q

Then,

> nen<an 18(1)
(log N)dexp(Cd)"

If, in addition, P =P, k < (log N)'/°, and a; = a < 1,b; < (logx)d~?%, we have
#{n € BN[N,2N) : at least [C"'dlogd] of {Li(n),...,Lq(n)} are consecutive primes}

2 nen<an 18(1)
(log N)?exp(Cd®)’

#{n € BN[N,2N) : #{Li(n),..., Lan)} NP = C *5logd} >

>

In both estimates, the implied constants do not depend on N and d.

When B=1,a; =1forall7,0 <60 <1/2, B=N and P = P, Hypotheses 1-4
of Theorem 2.2 are well known. Indeed, Hypothesis 1 is a consequence of the prime
number theorem, Hypotheses 2 and 4 are obvious, and Hypothesis 3 follows from a
form of the Bombieri-Vinogradov theorem.

Theorem 2.3 (Bombieri-Vinogradov). For all real numbers 0 < 6 < % and D > 0,
and every integer N € N large enough in terms of § and D, we have

N

1
max |7(N;a,q) — ——7(N)| <p —=+- 2.1
Zg (a.q)=1 (Nia.q) v(q) ()| <o (log N)P 2
g<N
Proof. This follows from [[K04, Theorem 17.1] by partial summation. [



To prove Theorem 1.2, we show that for every m € N, we can find some d > m
and some integers hy < hy < ... < hy for which there exists a subset B C {n € N :
{F(n+h)},....,{F(n+ hq)} € U} which satisfies the hypotheses of Theorem 2.2 for
the linear polynomials L;(n) = n + h;, 1 < i < d. In particular, for every N € N large
enough, there exists some

n € [N,2N)NB

for which {n + hy,...,n + hg} contains at least m consecutive primes. Notice that
n € Bimpliesn € {n e N: {F(n+hy)},....,{F(n+ hg)} € U} which in turn implies
that these primes will necessarily lie in the set A from the statement of Theorem 1.2.
We show that we can choose the integers hq, ..., hq so that the aforementioned set B
can be taken to be

B={neN:({Fn+h)},....{F(n+h)}) € U},

where Uy is a semi-open box in [0,1), and ¢ is a well chosen integer less than d. To
verify the hypotheses of Theorem 2.2, we use the fact that for this choice of ¢, the
sequence ({F(n+ h)},...,{F(n + hy)}) is well distributed in [0,1). A quantitative
measure of how well a finite sequence is distributed in [0, 1) is given by its discrepancy.

Definition 2.4. The discrepancy of a finite sequence (x,)"_; in [0,1)¢ is the quantity

D ((xn)nNzl) = sup N ZlB Xp) (B)],

where the supremum is taken over semi-open boxes of the form B = Hle la;, b;), where
0 <a; <b; <1 for each i.

The Erdés-Turan-Koksma inequality gives a bound on the discrepancy of a sequence
in terms of exponential sums.

Theorem 2.5 (Erdés-Turdan-Koksma inequality, [DT97]|, Theorem 1.21). For every
H € N and for every finite sequence (x,)_, in [0,1)*, we have

L
D ((xn)ivzl) <y H+ 1 + Z NZe X,,, M ‘ ,
e "~

(

where if m = (my,...,my), we define ||m|| := maxj<;<, |m;|, and
¢
r(m) := [[,_, max{|m], 1}.

In Section 3, we study the distribution of sequences of the form
({F(n+h1)},....{F(n+hs)})in [0,1)*, where F is as in the statement of Theorem 1.2,
¢ = |pr] +1, and where n runs over the integers in some dyadic interval [N, 2N) or over
the integers in [N, 2N) that lie in an arithmetic progression. This allows us to verify
Hypotheses 2 and 4 of Theorem 2.2 in the proof of Theorem 1.2. Then, in Section 4, we
develop the tools to verify the Hypotheses 1 and 3 by studying the distribution of the



same sequence but over primes in [V, 2N), as well as the primes [N, 2N) restricted to an
arithmetic progression. The restriction p, ¢ Z to the polynomial with real exponents
F(x) =3_;_, d;z” ensures the existence of good upper bounds on exponential sums of
the form

> e(((F(n+h), ..., F(n+ he)),m))

N<n<2N

for m a vector of ¢ integers, which is crucial for our argument. This is explained in
more detail at the beginning of Section 5, and especially in Remark 5.1. Finally, in
Section 5, we combine the results of the preceding sections to prove Theorem 1.2.

3. Uniform distribution of values of polynomials with real
exponents in arithmetic progressions

In this section, we prove results that will help us verify Hypotheses 2 and 4 of The-
orem 2.2 (Proposition 3.5 and Corollary 3.6). To do this, we study the distribution
of sequences of the form F(n) = ({F(n + hi)},....,{F(n + hy)}) in [0,1)* for F as
in the statement of Theorem 1.2. Theorem 2.5 allows us to bound the discrepancy of
such sequences by exponential sums over sequences of the form (m, F(n)) where m
is a nonzero vector of integers. We first prove in Proposition 3.1 that (m, F) can be
approximated by polynomial-like functions with real exponents. Then, in Lemma 3.2,
we reprove a bound on exponential sums from [BKM™14], and we specialize it to our
setting in Proposition 3.3 and Corollary 3.4.

Proposition 3.1. Let H = {hq,..., hs} be a set of real numbers, with hy < hy < ... <
he, and let F(z) =Y, da? with0 < py < ... < pp,pr &€ Z,d, # 0 be a polynomial
with real exponents, such that { = |p,] + 1. Define F(z) := (F(z + h),..., F(z +
h¢)). Then, for any n > 0, any integer N and any m = (my,...,my) € Z°\{0} with
max |m;| < N, we can write

(m, F(z)) = Fy(x) + OF,H(l’{pT}+n_1),

/—1
n=ng

where F is a function of the form Fi(x) =) >y b, with the coefficient
of the largest power of x in the expression being by, , = (Zle mjh;”)) d, (Z:)) for some
integer 0 < ng < ¢ — 1. Moreover, the coefficients b, ; are all uniformly bounded by

hrd; (pi> ) N,
n

o<n<l—1
1<l
1<i<r

?r max <




where

('0):1, (p)zp(p—l)---(p—n+1) forn > 1.

n!

Proof. By Taylor’s theorem, we have that that for |y| < 1 and p € R,

(1+y)" = ei <Z)y” +0,(y").

n=0
It follows that for j =1,2,...,fand x > hy, x > 1,

F(z + hy) Zd (z + hy)P

R RIORA(C))

n=0
_ idzz (Z) R 4 Opy (20171 |
For a fixed m = (my,...,my) € Z\{0}, we can write
F(z)) = iij(a: + h;)
= Zm] idl Z (':Z) Rz ™" + Opy <x{pT} 1 Z |m; )
i=1  n= j=1

T

{—1 ¢
= (ij >Zdl( )3“" " Opp(ao 7).
n=0 \j=1 i=1

Define

The term with the highest power of x in this expression is

l
bno R (Z m; h"°> ( )xprno,
no

where ng is the smallest integer 0 < ng < ¢ — 1 such that Z§:1 m;h3° is nonzero. This



ng exists since (myq, ..., my) is a non-zero vector of integers and if we write

1
h
v(hy=| . | R,
hl.—l
then the vectors v(hy), ..., v(he) are all linearly independent. This follows, for example,
from the fact that they are the columns of the Vandermonde matrix
1 1 1 e 1
hi  hy hy -+ hy
vol o omow g
hgfl héfl hgfl L. hgfl
and det(V) =[] (h; —h;) #0.
1<i<j <t

Also, the absolute value of any of the coefficients of F}(x) is certainly bounded by
the sum of the absolute values of all the coefficients, which in turn, by the triangle

inequality, is bounded by
/-1 ¢ r i pi

AR ™ ) v ng [ n
5 (me )Zw (2] < e s ([ (%))
n=0 \j=1 =1 1<l

1<i<r

< r max (

Next, we prove an upper bound on exponential sums of the form

Y. elf(@) + Pla)),

where P is a polynomial whose degree is bounded, and f is a function whose derivatives
satisfy certain growth conditions.

Lemma 3.2. Let k,q € N, and set K = 2¥ and Q = 2. Let 0 < ¢; < cy. For every
X €N, X > K + 1, every real number g € [1, X%"?], every real-valued function f(z)
that is (¢ + k + 2)-times continuously differentiable on [X,2X] and satisfies ¢;gX ™" <
}f(r) (:c)} < egX " forr =1,...q+ k+ 2, and every real polynomial P(x) of degree
at most k, one has

/K 1
1 (log X)*\ ' g\ mor=ex
S ) 4P| e X0 1 (BT ey

X<z<2X g

Proof. This lemma is a reformulation of [BKM*14, Lemma 2.5]. We reprove it here for
the convenience of the reader. Lemma 2.1 of [BKM*14] with H; = % fori =1,...,k



and S = {ZX<x<2X e(f(z) + P(z))]| gives us

SN\ . 1 1
(v27) <s W*-'*F*m _12 S wn)

hl 1 hp=1 |zel(h)

1 1 2
XK 1) 2 2 SIS e

h1=1 ha=1 hp=1 |z€l(h)

where fi(z) = hi... Iy [fo. 128 f(z + (h,t)) dt+a,€k!} ho= (b, ... I, ap is
the coefficient of 2% in P(z) (if the degree of P(x) is less than k, then a; = 0), and
I(h) = (X,2X —1 —hy — ... — hy]. Here, the variable t is a vector in [0,1]", and the

measure is the usual Lebesgue measure.
We have that fi(z) has ¢ + 2 continuous derivatives on I(h), and

A7 (@) hk|:/ /aak; m+(h,t>)dt}

for r = 1,...,¢ + 2. This, combined with the hypothesis that ¢;gX ™" < |f(”) (x)| <
cogX ", gives us the inequalities

cighy .. hp X~ ’ffr) (IU)‘ < coghy .. b X HFT)

for r =1,...,¢+ 2. Hence, the function f;(x) satisfies the conditions of Lemma 2.2 in
[BKM*14], with G = gh;(.khk and I = I(h). It follows that
1 g2 X
S li(w)] Kooy GRAX
z€l(h)

Hence, we obtain

L) St e o L 3 (o )
X -1 otk XU H(X — 1) G

h1=1 ha=1 hp=1

Now, we have G = gh;(“,;h’“ < gH;(",;,H"' = (K . With this upper bound, the first term in

the innermost sum is independent of the h;’s. To evaluate the second term, we have

k k

Z ZG__Z Zhl <<k %long--~10ng<X7(logX)k,

hi=1  hu=1 9 hp=1

By using all of these bounds and substituting H; = %, we get

S K 1 g 4Q1—2 Kk L
(ﬁ) Cacar 7+ (qgam) o8 )

g v (logX)"
Xq+2> * g

1
Loy ea,0.k } + <

10



Thus,

1 kN
_1 g iIQK—2K (log X>
S <<01762,q7k Xl K+ X (X‘I""Q) X (T '

]

For the rest of this paper, we fix n = mln{ {pT y Pr — pr_l}/Q. We now use
Proposition 3.1 together with Lemma 3.2 to get an upper bound on the exponential
sums that appear when we apply the Erdés-Turan-Koksma inequality (Theorem 2.5)
later in the section.

Proposition 3.3. Let k,r € N and fix a polynomial with non-integer exponents
flz) = 35 djxP with d, # 0 and 0 < py < pp < ... < pp. Let £ = [p| + 1,
and let H = {hy,...,hy} be a set of integers with hy < hy < ... < hy. Define
f(x) == (f(x+ hy),..., f(x + he)). Then, there exists some a > 0 depending only
on k and p, such that uniformly over all real polynomials P of degree at most k, all
N € N large enough in terms of f,’H and k, and all m = (my,...,my) € Z°\{0} with

max |m;| < N7,
1<j<e

gy N (3.1)

> el(m, f(n)) + P(n))

N<n<2N

Proof. By Proposition 3.1, we can write
(m, f(2)) = fi(z) + R(z),
where f; is of the form Zn o Yoy b with b= by, = (Z] . m]h"°> d, (Zg) =+
0, and
R(x) < gy wlerd=1Hm,

Notice that our choice of 1 ensures that {p,} — 1+ n < 0. By the triangle inequality,
we have that for any polynomial P,

M%Ne«m, Fn)) + P(n))| < N%Ne(fl(n) +P<n>>‘
+ N;:we( fi(n) + P(n) + R(n)) — N;ﬂe(ﬁ (n) +
= N;QN e(fi(n) + P(n))
- N;me(fl(n) + P(n)) (e(R(n)) —1)| .

11

P(n))




Call the first term S; and the second term S;. We have that for any N > 1,
Sy < Y le(filn) + P(n))| le(R(n)) — 1

N<n<2N

= > le(R(n)—1

N<n<2N

- ¥

N<n<2N

— (2m)* for}—14n
A
k=1 ’

N<n<2N

NE
= Y
=
£
S
—=

k=1

<im Niort4n

1+{pr}

<<f;HN 2.

To get an upper bound on S, we use Lemma 3.2. The function f; can be written
as

( )

where p} < phy < ... < pl. < p —ng, |b],|bi] <gu N”, and r’ < ¢r. This function is
smooth on (0, 00), and for every s € NU {0}, we have that
fl(s) ($) — bpgrfnoxm*noﬂ? 4 Z bipgglﬁ;*i
i=1
where P2 = p(p—1)...(p—n+1) for p € Rand n € Z*. Using this fact together with
the uniform bound for the b;’s from the conclusion of Proposition 3.1, we get that for
each0<s</l+k+1,

!
/ ’_
E bipg’xpi s
=1

<<f ”_ xmax{pT_1fno,prnofl}Jrnfs'
Since n < min{#, Pr — pr_l}, there exists some integer No = Ny(f,H,n) such that

forany Ng < N <2 <2N and any 0 < s </ + k+ 1, we have
cl‘b’NPrfnoNfs g ’fl(s)(w)’ g C2|b‘NPr*noN*s7

where
1 : pr—n pr+1 pPr—n
cp =— min |Pt |7 cop =2 max ‘Pt ‘
2 0<n<l—1 0<n<l—1
0<t<b+k+1 0<t<l+k+1

Notice that since p, ¢ Z, we have that c¢;,co > 0. Also, notice that ¢; and ¢y depend
only on f and k. Therefore, by Lemma 3.2 with k as the degree of the polynomial

12



P(z) and ¢ = ¢ — 1, there exists some constant C’ > 0 that depends only on f and k
such that for every polynomial P of degree at most k& and every N > Ny,

_1 log N)¥ /2 bINPr\ TR
St <Lk (Nl 2* + N <_(b]§{p7g-) +N <|]\|[€+1 ) , (3.2)

Since b = (Zﬁzl mjh;lo) dr(Zg) # 0 for someng € {0,...,0—1} wherem = (my,...,my) €

ZA\{0} and max |m;| < N, we have

SYE
J4
1< || = (ijh;%> d, <’;) <su N" < N.
j=1

Also, for any € > 0, (log N)k/K < N°. Combining all of this, we get
S1 < 1 ke (]\71_21’c + Nl_({giz}_6> + leﬁ%) ‘

Choosing ¢ > 0 small enough and combining this with the estimate on S, yields the
desired conclusion for some o > 0 depending only on f and k.
m

The uniformity over all polynomials of a bounded degree in Proposition 3.3 allows
us to restrict the sum on the left side of (3.1) to a certain congruence class without
changing the upper bound.

Corollary 3.4. Under the hypotheses of Proposition 3.3, uniformly over all real

polynomials P of degree at most k, all N € N large enough depending on f, H

and k, all m = (my,...,my) € Z*\{0} with 1H<1a<xé\mj\ < N",all ¢ € N, and all
\J\

a€{0,1,...,9— 1}, we have

> el(m, f(n)) + P(n))| <pax N

N<n<2N
n=a mod ¢q

where a and the implied constant are the same as in Proposition 3.3.

Proof. Recall that

N<n<2N
n=a mod ¢q

N<n<2N

13



) 1 o ()t
S e(<m,f(n))+P(n))<q ) ( q ))‘

N<n<2N 0<t<g—1

1 - (n—a)t

G| X (<m, o)+ Py + = )
1

— 5 Z

0<t<g—1 [N<n<2N

)
—
B
g
S
_l’_
!
S
+
B
N———

Hence, the result follows from Proposition 3.3.

Now, we prove some key results that will allow us to prove Hypotheses 2 and 4 of
Theorem 2.2 in Section 5. In fact, the following result is stronger than what is needed
for Hypothesis 2.

Proposition 3.5. Let P(x) be a real polynomial of degree at most k > 1 and let
flz) = Z;Zl d;jz?’ be a polynomial with non-integer exponents with 0 < p; < py <
... < prandd, # 0. Definel = |p,|+1. Then, there exist some constants 0 < 3,0 < 1,
depending only on f(x) and k such that the following holds:

Let H = {hy,...he} be aset of integers with hy < ... < hy, and let U, = Hle[uz-, v;)

with 0 < u; < v; < 1. Then, for any integer N € N such that h, < N, if we write
B={neN:({f(n+h)+Pn+h)},....{f(n+he) + Pn+he)}) € Up},
then,

1 1
Zoélclgqx_l Z 15(71)—— Z 13(71) <<f’H’k’UZW Z lg(n). (33)

q<N? N<n<2({\] q N<n<2N N<n<2N
n=c mod ¢q

Proof. Let x, = ({f(n+h1)+P(n+h1)},...{f(n+he)+P(n+he)}). By ¢-dimensional
Erd6s-Turdn-Koksma inequality (Theorem 2.5), we have

D((F1) + P0)eiwor) < | e+ 3 |1 30 e<<m,xn>>‘

H + 1 0<H1’1’1||00§H r(m) N N<n<2N

for any integer H, where J is the set of all semi open rectangles of the form Hle[ai, b;).
We take H = | N"]. Notice that we have the following:

S elmxd)|=| 3 e(m f(n)+F(n)))‘
—| el Fo) + <m,z‘3<n>>)| |

14



where f(n) = (f(n+h),... f(n+hy)) and P(n) = (P(n+ hy),... P(n + hy)). Since
(m, P(n)) is again a polynomial of degree at most k, by using Proposition 3.3 and the
fact that 0 < |m||. < H < N", we get that

i . 1 1 1 1"
D P n —_Nl_ﬁ
((f(n) + P(n))neivam) s H+1+0<|2|:<H7’(m)N

1 " 1
= —— 3+ NP Z -
H+1 i r(m)
for some 0 < ” < 1/2, depending only on f(x) and the degree of P(x).
Now, it remains to bound the sum > Txln) We have that

0<||m]||eo<H
0<|m||cc<H

LC{1,...6} 0<|m;|<H jeL
L#o JEL

Y I XY

LC{I,...Z}]GLO<|m]|<H my|
L+

< 3 (logH)"

LC{1,...0}
Lo

( |

so, we have
1 "
Z — < (lOgH)Z <<f,k Nﬁ /2.
r(m)
0<||m||oc<H
Putting everything together, we get
D ((f(”) + P("))nG[N,QN)) < Uk N~

for f = min{n, 8”/2}. In particular, by the definition of B and since U, = Hle[ui, v;),
it follows from the definition of the discrepancy that

1

~ > 15(n) = M(U)| <pan N7
N<n<2N
i.e.
> 1s(n) = NA(UL) + Opagu(N'7). (3.4)
N<n<2N

Fix some 0 < # < 1 to be determined later. Let ¢, ¢ be integers with 0 < ¢ < ¢ < N?,
and define y, = ({f(gn+c+h1)+P(gn+c+h)}, .. . {f(gn+c+h)+P(gn+c+he)}).

15



Note that we have

Z 1B(n) = Z 1Ug(Yn) = Z 13’(”)’

N<n<2N N<ng+c<2N nel
n=c mod ¢q

where B'={n e N:y, € U} and

{5 5 o 2559

Hence, by applying the Erdos-Turan-Koksma inequality, but this time to the sequence
(¥n)ner, we get that for any H € N,

%Ze<<m,yn>>|

nel

D ((f(n) + P(n))ne[N,2N)> < HLH + Z 1

— rim
n=c mod q 0<||m||co<H ( )

1 1|1
a2 a2 clm)

0<||m||cc<H N<n<2N
n=c mod ¢

Again, by taking H = | N"|, using Corollary 3.4 and following the exact same treatment
as above, we get that

D1 Lsn)= 30 Lw(n) = #IN(U) + Opaa(N' ) (35)

N<n<2N N<n<2N
n=c mod ¢q

for 5/ > 0. Using that and the fact that #1 — % = 0(1), we get

1 g
Z 15(n) — - Z 15(n) L H kU, N,
N<n<20{\/' N<n<2N
n=c mod ¢

Hence, we get

1 /
1-8'+0
pnax > 1s(n)— = Y 1s(n)| <pumo, NTUH
g<N® N<n<2N N<n<2N

n=c mod q

Taking 0 = g = %/ yields

1 _ 1
[ nax Z 15(n) — - Z 15(n)| <furv, N7 <purv, N7 Z 15(n).
g<N® 1 N<n<2C{V 9 Néncan N<n<2N

n=c mod q

]

Finally, the following result will help us prove Hypothesis 4 of Theorem 2.2 in
Section 5.

16



Corollary 3.6. Let the notation and hypotheses be as in Proposition 3.5. Then, we
have

Z 13(71) <<f,7-[,1<;,UL,l Z 18(”)

N<n<2N N<n<2N
n=c mod ¢q

for all ¢ < N?.
Proof. By (3.4) and (3.5), we have

Y 1s(n) = M(U)N + Opps(N*7)

N<n<2N

and

N /
D0 s(n) = A(Un) -+ Oppa(N' ),

N<n<2N
n=c mod ¢q

and therefore

1
> 1s(n) Srawve > 1s(n).

N<n<2N N<n<2N
n=c mod ¢

4. Uniform distribution of values of polynomials with real
exponents in arithmetic progressions along primes

In this section, we prove results that allow us to verify Hypotheses 1 and 3 of Theo-
rem 2.2 in Section 5. To do this, we study the distribution of sequences of the form
{Fp+h)},....,{F(+h)}) in [0,1)*, where p runs over the primes in an interval,
or the primes in an interval lying in some arithmetic progression. Proposition 4.2 and
Corollary 4.3 are analogues of Proposition 3.3 and Corollary 3.4 for exponential sums
over the primes. Using these results, we prove Lemma 4.4, which will help us verify
Hypothesis 3, and Lemma 4.5, which will help us verify Hypothesis 1. But first, we
prove an easy lemma that is useful in the proof of Proposition 4.2.

Lemma 4.1. Let « > 0, W > 0. Let f : N — R be such that |f(n)| < 1 for all
n < 2W. If

> fn)| <CN®

N<n<2N

uniformly for N > W, then we have that

sup sup Z f(n)| <o CN*+ W,

U N<n<2N
U<n<V

17



where the supremums are over all the positive real numbers.

Proof. Fix any U,V € R. Without loss of generality, we can assume that N < U <
V < 2N. By using the triangle inequality, we get that

Yoofml=1 > fm|<| D )|+ > ).
]\17]272<<2‘]/\7 U<n<V 1<n<U 1<n<V

Let k > 0 be the smallest integer such that U/2F < 2W. We have

k—1
N> Y )+ DD fn)
1<n<U J=0 |U/2i+1<n<U/27 1<n<U/2k
k—1 1
SOU Z (20)i+1 +W
§=0
<L, CN*+W.

Similarly,

>, fn)

1<n<V

Ly CN*+ W, so

> f(n)| <o CN*+W.

N<n<2N
Us<n<V

]

Next, we use the von Mangoldt function and partial summation to compare the
sums

Y el(m, f(n)) + P(n))|.

N<n<2N

Y. ellm, f(p) + P(p))‘ and

N<p<2N

This allows us to deduce the proof of Proposition 4.2 using Lemma 3.2 and some
properties of the von Mangoldt function (see [BKM ™14, Lemma 2.3]).

Proposition 4.2. Let k,r € N and fix some polynomial with non-integer exponents
f(x) =320 djP with 0 < py < py < ... < p, and d, # 0. Let £ = |p,| + 1 and
let n be the same number as in Section 3. Let H = {hy,..., hs} be a set of integers
with hy < ... < hy, and define f(n) = (f(n + hy),... f(n + hy)). There exists a real
number ( > 0 depending only on f and k such that uniformly over all real polynomials
P of degree at most k, all N € N and all vectors m = (my...my) € Z*\{0} with

max |m;| < N,
1<j<l

Y ellm, f(p) + P(p)| g N5 (4.1)

N<p<2N

18



Proof. We follow the proof of [BKM™14, Proposition 2.1]. Let S denote the left side
of (4.1). By using partial summation, we have

S = Z e((m, f(p)) + P(p))
A(p
= Z ? , F(p)) +P(p))|
- T 1(— oy +Pe) - X e, f) + Plo)
N<n N<pk<2N,k>2
< Z ,f(n)) + P(n))| + O(N"21og N)
< 1o; N MZ<N1 A(m)e((m, f(n)) + P(n))| + O(N'1og N)
for the integer Ny € [N,2N] such that

Z A(n)e((m, [(n)) + P(n))

is maximal. By Lemma 4.1 with W = 0, to get an upper bound as in (4.1), it is
sufficient to find such an upper bound for the sum

= >, Al  f(n)) + P(n))

N<n<2N
uniformly for N € N. To do this, we apply [BKM"14, Lemma 2.3|, with F(z) =
e((m, f(z)) + P(2))1ncpcon, |[F(z)] < 1 = Fy, U = INY5 V = AN'Y3 and Z a
number in % + N at a minimal distance from %N 2/5 For all N large enough (say
N > Ny), wehave 3< U <V < Z < 2N, Z > 4U?, 2N > 642U, V3 = 64N, so the
conditions of the lemma are satisfied. Then, by the conclusion of the lemma, we have

51| < 1+ L(logN)® + K log N

for
K= mﬁXZTzJ,(t) > e((m, f(nt)) + P(nt))|,
L= SL;pZu(t) Z b(n)e((m, f(nt)) + P(nt))|,
N

19



where the supremum is taken over all arithmetic functions b(n) satisfying |b(n)| < 73(n).
Fix e > 0. Note that in the expression for K, the innermost sum is zero when t > 2N/Z,
so we have

K = max domt)] Y e((m, f(nt) + P(nt))

2N N 2N
< T Sn<7

Z<n<M

< NTYmax| ST e((m, f(nt) + Plun))|.
t<% %<n<¥
Z<n<M

where we have used the trivial upper bound 73(t) <. t* < N°®.

As in the proof of Proposition 3.3, we can write (m, f(z)) = fi(z) + R(z), where
R(x) <3 2137147 and f; is of the form

/

fi(x) = bar™0 4 Z by,

=1

where ng € {0,...,0—1}, p) < ph < ...<pl, <p,—ng—n, b= (Z?Zlmjh?°> d. (7)),

no

|b], |bi| <fn N"and r’ < fr. By a variant of the argument in Proposition 3.3, we have

1+{pr}
2

> elfm, f(nt) + Pnt))| <pae | Y elfilnt) + P(nt)| +

for any M. To get an upper bound on the sum on the right-hand side, we start by
bounding

Sy=| Y_ e((m, f(nt)) + P(nt))|.

N 2N
TSN

As in the proof of Proposition 3.3, for some constants 0 < ¢; < ¢y depending only on
f and k, one has

N\° d®
Pr—no <

N —S8
< C|b| NP0 <7> (4.2)
for any integers 0 < s < 5(/ + 1)+ k+2, 1 <t < N*5 and any real number

N/t < x < 2N/t, as long as N is large enough in terms of f and H. Therefore, by
applying Lemma 3.2 to the function z — f(zt) and with ¢ = 5(¢ + 1), we get that

20



uniformly over the integers 1 < t < N¥/%,

ZQN e(fi(nt) + P(nt))| <tk (g)l +¥ (%#)k

n<T

N

N
t

N( || NPr—"0 DI T
o)

t \(N/t)s(eD+2

N\ N
L H ke (7) +

N 1-o/
L H ke 7 )

: - 1—{pr .
where o/ = min {2%, {gk} — €, m — 5}. For any fixed ¢ large enough in

r e _ 1—{Pr}
{pk}+§ Nl SFFB(EF1)+2 _gk+1
+

2
t t

terms of f and H, this estimate holds as long as N/t > N'/°, so, by applying Lemma 4.1
with W = N5, we get

/

_ N 11—« )
_ /5
max Z e((m, f(nt)) + P(nt))| <fuke ( - ) +N
Tn<zlt
tZ<n<M

and so

K < ape N9,

3,1
(1= min{go/,g} — €.

Next, we find an upper bound for L. Let

where

Sg=Y m(t)| > bln)e((m, f(nt)) + P(nt))

U<n<V

for a fixed arithmetic function b(n) satifsying |b(n)| < 73(n). Again, since 74(n) <. n®,
we have

Sy < N°Y | Y b(n)e((m, f(nt)) + P(nt))| .
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The innermost sum is zero when t < N/V or t > 2N/U, so, in fact, we have

Sy < N° Y| D blne((m, f(nt)) + P(nt))| .

N 2N | U<n<V
<<
1% U

—]X <n<f2év

By replacing the lower bound N/V with some integer between N/(2V') and N/V, the
sum over ¢ can be decomposed into < log N sums over ¢ in dyadic intervals [X,2X).
Let

Si= Y | D bn)e((m, f(nt)) + P(nt))

X<t<2X | U<n<V
Yen<y

be one of those sums. Then, by the Cauchy-Schwarz inequality, we have
2

SlP = > 1| D bn)e((m, f(nt)) + Pnt))

X<t<2X U<n<V
Fn<2y

<( > 12) Y. | D bme((m, f(nt)) + P(nt))

X<t<2X X<t<2X | U<n<V
Yen<y

<X > | Y b(n)e((m, f(nt)) + P(nt))

X<t<2X | U<n<V
Nnay

=X > > b(n)e((m, f(nt)) + P(nt))

X<t<2X 1\(]J<n<¥v
TSR

x| D bn)e(—(m, f(nt)) — P(nt))

<X D)D) )

X<t<2X U<n<V
Tn<
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x| S bmbma)e(m, Fmt) — F(nat)) + Plmt) — P(nt))]

X<t<2X A<ni,na<B
n1#ng

where A = max{U, [N/t] — 1} and B = min{V,2N/t}. By changing the order of
summation and using the bound |b(n)| < 13(n) <. n® <. N¢ for n < 2N, we get

1S4)* <. N°X | N + E E e({m, f(nit) — f(nat)) + P(nit) — P(nat))| |,
A’§n1,n2<B’ X<t<2X
n17£n2 N t<2N
nq ng
(4.3)

with A’ = max{U, [N/(2X)] — 1} and B’ = min {V,2N/X}. For fixed n; and ny # n,
in that range, we have that Q(t) = P(nt) — P(nst) is a polynomial of degree at most
k = deg P(z). Also, we can write

(m, f(nit) — f(nat)) = fi(nit) — fi(nat) + R(nit) — R(nat),

where f; and R are the same functions as above. As before,

Z e((m, f(nit) — f(nat)) + P(nit) — P(nat))

N 2N
oy STy

{pr}—1 1+{pr}
<LrH Z e(fi(nit) — fi(nat) + P(mit) — P(nat))| +ny > X 2
X<t<2X
ﬂ<t<ﬂ
nq no

Now, there are some constants ¢/, ¢, depending only on f and k such that

ds B - o
‘@(fl(nlt) — fl(nzt))‘ > Cl’b(n/i’r 0 n,gr O)IX’OT 0 Y
= Cll bw Npr*nons’
ni
ds (f (n t) — f (n t)) <c ’b(in_nO _ nPT—no)’XpT—nOX_S
dts 1\ 11752 = 2 1 2
< Cl2 bw NPr—To Y S
ny
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forall 0 < s <3(({+ 1)+ k+ 2 as long as N is large enough in terms of f and H, so
by applying Lemma 3.2 to the function t — fi(nit) — fi(not) and with ¢ = 3(¢ + 1),
we get

Z e(fi(mt) — fi(nat) + P(nit) — P(nﬂ))‘

X<t<2X

ni (log X)* v
|b(n1 — ng) | NPr=o

X |b(n1 - n2)|NpT7n0 m
* nq X 3(+1)+2

pup X'TF 4 X (

ny
|TL1 — 7’L2|Npr—n0

1/2k L
-4 14e =
<<f,H,k,sX 2k 4+ X + XN 2k+365 2k41
Here we used the fact that X > N/2V > N3 > NY3 and 1 <5 b <3 N" < N.
In fact, the result holds for X > N'/3, so by applying Lemma 4.1 with W = N'/3_ we
deduce that

Z e(fi(nit) — fi(nat) + P(nit) — P(nat))

X<t<2X
N 2N
SISy

n
|77,1 — 7’L2|Nprfn0

1/2%
< X3 4 xlte XN*% 3
ke + + + N

Notice that

a-"“

1/2k
N 2 72%
_ <Ly nqg N3
[n1 — nel
A'<n1<B’! 1<n3<B’

A'<ni,na<B’
ni#ng

<<k (B/)Q7

so by inserting these upper bounds into (4.3), we get

(Si? < pane N*(XBPNTH 4+ N*(BX)?X 5

1+{pr}

—f-(B/X)QNEN_% +XB’N 2 +5—|—XN1+E+X(B,)2N%+6

e NP5 L NP bt | NPT N e
Lk He N?
where
{pr} 1 - {pr} 3+ {pr} 5
ﬁ:max{Q— o +2€,2—2k+3€+5_2k+1 , 5 —i—a,g—i-e .
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Here, we used the fact that B'X < N, X > % > N3 and X < % < N*%. Note
that § < 2 if € is small enough. Now, summing over all subintervals, we get

L <<f,7-[,k,5 Nlicg

where (b =1 — g — &. For € > 0 small enough and ¢ := min{¢;, (o} we get the desired
result.

O

Again, as in Corollary 3.4, we get the same bound if we restrict the sum to primes
in some arithmetic progression.

Corollary 4.3. Under the hypotheses of Proposition 4.2, uniformly over all real poly-
nomials P of degree at most k, all N € N, all m = (my,...,my) € ZF\{0} with

llrgag(e|mj| < N7 allge N, and all a € {0,1,...,q — 1} one has
SYAS

Y elm, f(p) + P(p)| <paur N7, (4.4)

N<p<2N
p=a mod q

where ¢ and the implied constant are the same as in Proposition 4.2.

Proof. As in the proof of Corollary 3.4, we use the fact that

Lya(n) = 1 3 ((n — a)t) |

q 0<t<qg—1 q

Therefore, we have

Y. el fp) +PE)| =] > ellm, f(p) +Pp)lz+a(p)

N<p<2N N<p<2N

p=a mod ¢
=| > e((m, f(p)) + P(p)) (1 > e((p_a)t»‘

N<p<2N 9 o<1 q

1 - (p—a)t
<= > 1> elim fp)+Pp)+

9 o<i<g—1 |N<p<2N q

1 - tp
Ly by (<m,f<p>> £ P@) + —) .

9 o<t<q—1 | N<pe2nN q

The claim now follows from Proposition 4.2.

Now, we prove a version of the Bombieri-Vinogradov theorem (Theorem 2.3) for
the sets of our interest (cf. [Shu20, Theorem 2]). We start by following the steps of
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the proof of Proposition 3.5 (Proposition 4.2 and Corollary 4.3 play a role analogous
to Proposition 3.3 and Corollary 3.4).

Lemma 4.4. Let k,r € N, and fix some polynomial with non-integer exponents f(x) =
Z§:1 d;xPi with 0 < p; < ps < ... < p, and d, # 0. Then, there exists some 6 > 0
depending only on f(x) and k such that the following holds:

Let hy < hy < ... < hy be integers. Let P be a real polynomial of degree at most
k. Let U, = Hle[ui,vi) with 0 < u; < v; < 1 for all i, and define

B={neN:{f(n+h)+Pn+h)},....{f(n+he)+P(n+hy)}) € Us}.
Fix a D > 0. Then, for all N large enough depending on all that precedes, we have

1 1
s Z 15(p) — E 15(p)| <tH.DkU TrD E 15(p).
p (e0)=1 v(q) (log N)
q<N N§p<2dN N<p<2N N<p<2N
p=c mod q

(4.5)
Proof. Define
f(@) = (f(@+h1),..., [z + he))

and
P(z) == (P(x 4+ hy),..., P(x + hy)).

By the Erdés-Turdn-Koksma inequality (Theorem 2.5), the discrepancy mod 1 of
(f(p) + P(p))pev,2ny verifies

D((F0)+ PwDpevanr) €1 g5+ 3 o= | e(<m,f(p)+15(p)>)‘
meZk\ {0} ’ N<p<2N
lmllco<H

for any H € N. Now, observe that

> e((m, f(p)+ P(M))‘ =

> ellm, f(p) + (m, P(p)>)‘

N<p<2N N<p<2N
gup N
by Proposition 4.2. Moreover, by the prime number theorem, - N%Q < lofng and, as

in the proof of Lemma 3.5, we also have

1
Z —— < (log H)".
_ r(m)
meZF\{0}
lmloo<H

Thus,

) _ 1 N—¢
D () + P@)peinanyne) o 37+ (og H)' o
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Taking H = | N"], we get
D ((f(P) + p(p))pe[N,QN)mlP’> <gwhy N7
for all 0 < v < min{n, (}. For concreteness, let v = % It follows that

I 2 al) = MU

N<p<2N

< D ((f(p) + P(p))peinanyr) <gar N7,

which implies that
Z 15(p) = w(N,2N)Ae(U) 4+ Op 36 (N'77).

N<p<2N

Now, consider the sequence (f(p) + P(p))pe[N,gN)mp for integers 0 < a < ¢. Again, as
p=c mod q
in the proof of Proposition 3.5, using Corollary 4.3, we get

D ((f (p) + P(p))pe[zv,zzv)mp) g N7

p=c mod q

Therefore, we have

S 1s(p) = 7 (N 2N ¢, OA(U)) + Opaa e (N'7).

N<p<2N
p=c mod ¢q

Now, the left side of (4.5) is of the form

S = Z (mz)ix

q<N? 90)=1

m(N,2N)
v(q)

The triangle inequality together with Theorem 2.3 yield

Ae(Ue)mw(N,2N5 ¢, q) — Ae(Ue) + Opn(N'TY)

7(2N)
S<A5<U€) max 7T<2N’c’q)_ '
%;9 (g.0)=1 (q)
N
+ )\K(UE) Z max 7'('(_[\[7 c, q) _ M' + Of,’H,k;(Nl_’H—G)
o ()= ¢(q)
q<N
<pyu, N + O NTTH)
e (log N)D+1 M,
for all N large enough. But since
N 7(N,2N) 1
T AND 1
(log N)D+1 < (log N)D <<f,7'[,k,Uz (10g N)D Z B(p>7

N<p<2N

by choosing, say, 6§ = 1, we get the desired result.
O

Finally, we show a result that will help us obtain Hypothesis 1 in Section 5. It will
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follow from the estimates

D" La(n) = A(U)(N,2N) + Ogun(N'7)

N<n<2N
nep

and
> 15(n) = M(U)N + Opagi(N')
N<n<2N
obtained in the proofs of Lemma 4.4 and Proposition 3.5, respectively.

Lemma 4.5. Under the hypotheses of Lemma 4.4, for all 0 < § < 1 and N large
enough in terms of all that precedes, we have

> 1B(n)>IO§N > 1p(n).

N<n<2N N<n<2N
nelP
Proof. As in the proof of Lemma 4.4, for i = 1,..., ¢, we can write
> 15(n) = M(U)m(N,2N) + Op i (N'™7)
N<n<2N

nepP

for some ¢’ > 0, so, by the prime number theorem,

N
1 ~ .
E 5(n) /\Z(Ue)logN
N<n<2N
nePp

As in the proof of Proposition 3.5, we have

> 15(n) = M(U)N + Opapu(N'™7)

N<n<2N
for some o > 0, so
1 N
1 ~ M(U, :
log N Z 5(n) ol Z)logN
N<n<2N
Therefore,
15(n)
N<n<2N
lim — = = 1.
N0 =y ST 15(n)
N<n<2N

In particular, for all N large enough, the ratio on the left side is bigger than J.
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5. Proof of the main theorem

In this section, we prove Theorem 1.2. Fix F' as in the statement of Theorem 1.2.
We show that for any integer m, there is some integer d > m as well as integers
hy < ... < hg such that for any N large enough, there exists some n in the set

{neN:{F(n+h;)} €U for1<j<d}n[N,2N) (5.1)

with the property that at least m elements of the set {n+h;,...,n+hy} are consecutive
primes. An important ingredient in establishing the main results of Sections 3 and 4
was that if p is the largest exponent appearing in the expression for F'and ¢ = |p| +1,
then the sequence ({F(n + hy)},...,{F(n+ h)}) is uniformly distributed in [0, 1)*.
This, however, does not hold if ¢ is replaced by any integer d > ¢, because, in that
case, we can find a Z-linear combination of F(n + hy),..., F(n + hg) that goes to
zero as n goes to infinity. In Proposition 5.2, we show that we can choose hy,..., hq
in such a way that for £ + 1 < j < d, the function F(n + h;) can be written as a
Z-linear combination of F(n + hy),..., F(n + hy), up to a small error term. This is
the key ingredient of our argument, as, for this choice of admissible set, the value
of {F(n+ hy)},....,{F(n + hg)}), which is not uniformly distributed in [0,1)%, is
completely determined by the value of the vector ({F(n + h1)},...,{F(n + hy)}),
which is uniformly distributed in [0,1)".

Remark 5.1. This is the reason why we require that the largest exponent of F' is
not an integer, as opposed to some exponent not being an integer. Indeed, if F' is
a function of the form F(x) = Y, d;z” where dy,....d, € R, 0 < p; < ... < p,,
pi € Rfor 1 < i < 7 and i is the largest integer such that p;, is not an integer and
d;, # 0, then similar arguments to those of Sections 3 and 4 would imply that, for
lo = |pi,] + 1, the vector ({F(x + h1)},...,{F(z + hy,)}) is uniformly distributed in
[0, 1)% for every choice of distinct hy, ..., hy,, but our argument would fail, as for every
integer h & {hy,..., s}, we would not be able to express F'(z + h) as a Z-linear (or
even Q-linear) combination of the F'(z + hy),..., F(x + hy,).

Proposition 5.2. Let ¢ € N. Then, for every d > {, there exists an admissible set
H = {hi,...,hq} of d integers such that the following holds:

Let F(xz) =Y ;_,diz?" with 0 < p; < ... < p, be a polynomial with real exponents,
with p, & Z,d, # 0 and { = |p,| + 1. Then, for every { +1 < s < d, there is some
vector (bs1,...,bse) € Z* such that

l
F(z+hy) =Y byjF(z+hy) + Opgy(atr™h).

j=1
Proof. Again, for h € Q, write
1
h
v(h) = , cQf
hé‘fl



Let

=G-0]]r
p<d
for j = 1,...,¢, so that 0 = h; < hy < ... < hg and {hy,...,he} is admissible.
Then, the vectors v(hy),...,v(h) are all linearly independent, by the same argument
as in Proposition 3.1. Therefore, v(hy),...,v(hy) form a basis of Q. In particular, for
k=1,...,0, if e, € Q°1is the vector with a 1 in the k** position and 0’s in all the other
positions, we can write

where pi; € Z, qx; € N and (pk;, qr,;) = 1. Note that e; = v(0) = v(hy), so 11 =1
and p; ; = 0 for j > 2.

¢
Denote ¢ := ][] qx;. Then, for any integer ¢, we have
k=1

v(qt) :th ek—ztklkl(zpk’]

dk,j

4 ¢ k—1
) = Z (Z tk_lpkd‘q ' ) V(hj).

j=1 \k=1 kg

4 _
But ;1 = 1,p1; = 0, and ¢ ;|¢"" for k > 1, so Ztk_lpm% € 7Z. Hence, by
k=1 :

defining, say,

D ZQSHP

p<d
for ¢ < s < d, we have that {hy,...,hg} is admissible, hy < hy < ... < hg, and we can
write
¢
v(hs) = Z b jv(h;)
j=1
for

y k—1 o
Z( Hp) p;wqq ' € Z.
1

p<d kg

Now, as in the proof of Proposition 3.1, by Taylor’s theorem, for j = 1,2,...,d,
and z > hg, * > 1, we can write

F(z + hy) id Z (pz) hIaP "+ Opgy (a1 (5.2)
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In particular, we have that for s=¢+ 1,0+ 2,...,d,

r -1
F(Z/U + hs) = Z d; Z <i:) AP 4 OF,H (x{pr}_l)
i=1 n=0
T -1
= Zd Z <n> (Z bs.j J) 2P 4+ Opyy (I{pr}—l)
=1 n=0

¢
- Z bsj Z d; Z (i:) hixP™" + Opy (I:{PT}_l)

¢
= Z b&jF(x -+ hj) + OF,H (:L’{pr}_l) ,
j=1
where in the last line we use Equation (5.2) and the fact that bs; depends only on
l, 5, Dk, Qr,j, which, in turn, depend only on H.
m

As a consequence of Proposition 3.1, assuming U is of the form (1 —&,1) U [0, ¢)
for some € > 0, then for all N large enough, we can find a subset of (5.1) that can be
shown to satisfy the hypotheses of Theorem 2.2 by using the results of Sections 3 and
4.

Proposition 5.3. Let F(z) = >._ d;z” with 0 < p; < ... < p, be a polynomial
with real exponents, with p, & Z,d, # 0 and { = Lprj + 1. Let d > { be an integer and
let e > 0 be any real number. For these d,{, F(x), let (bs1,...,bss) € Z°, (+1< s < d
be the vectors obtained in the conclusion of Proposition 5.2. Denote

B €

© 2max{|by|  f<s<d 1< <A}
Then, there exists an integer Ny such that

B:={neN:n>Ny,{F(n+h;)} €[0,A) for 1 <j </}
C{neN:n=Ny|F(n+h))| <eforl<j<d}

Proof. Notice that if

{F(n+h;)}e[0,4)
for j =1,...,4, then for every £ < k < d and every 1 < j </,

5

1w F(n + hy) || < o5

Thus, if n is large enough in terms of F', the h;’s, d, and ¢ (say n > Ny), we have
¢
€
1 (n+ Bl < Y llbw s F (2 + hy)|| + 5 <&

J=1
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It follows that

B:={neN:n>Ny{F(n+h;)} €[0,A) for1 <j</}
C{neN:n= Ny, | F(n+h))| <eforl<yj<d}.

O

Proof of Theorem 1.2. First, notice that it suffices to prove the theorem for U a non-
empty open set of the form (1 —e,1) U [0,¢) for some ¢ > 0. For any other open
sets, we can choose a constant ¢ such that U + ¢ mod 1 contains a set U’ of the above
form, and apply the theorem to F'(z) + ¢ and U’. In this case, the relevant set .4
takes the form A := {n € N : ||[F(n)|| < €}. Let d > max{/,2} be an integer. By
Proposition 5.3, there exists an admissible set of polynomials £ = {n+hy,...,n+ hy}
such that hy < ... < hy and with

B:={neN:n> Ny {F(n+h;)} €[0,A)forl1<j</}
C{neN:n= Ny, |[[F(n+h))| <eforl<j<d}

for some 0 < A < ¢ and some integer Ny € N. We show that B together with the set
of admissible polynomials £ satisfy the hypotheses of Theorem 2.2 for B = a = 1 and
some 0 < # < 1 depending only on F.

For Hypothesis 1, let § = 0.98 > 1/logd. Let h be any element of {hy,...hq}.
Then, notice that n € B if and only if n + A is in

C={neN:n>Ny+h{F(n—h+h;)} €[0,A) for 1 <j </}
Therefore, by Lemma 4.5 applied to h, for all N large enough in terms of F' and L, we

have that
Yo 1) = Y 1e(n)

N<n<2N N+h<n<2N+h
n+heP neP

0.99
> 1 —h
log N Z c(n)
N<n<2N
0.99 0.99
> 1 — |1 h
log N Z 5(n) < * log N)
N<n<2N

)
> .
- log N Z 1s(n)

N<n<2N

In particular, we have that

5
_Z > 15(n > oa N > 15(n)

7=1 N<n<2N N<n<2N
7‘L+hj€]P>

as long as N is large enough.
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For Hypotheses 2 and 3, it follows from Proposition 3.5 and Lemma 4.4 that there
are some 0 < #1,0y < 1 depending only on F' such that

1 1
oé?gﬁl Z 15(n) — = Z 15(n) Lrde (logN)101d2 Z 15(n)

g<N?%1 N<n<2N q N<n<2N N<n<2N
n=c mod q

and, for every h € {hy,...,hq},

1
max 15(n) — —— 15(n
max > 1s(n) > 1s(n)

g<N? N<n<2N 90(q> N<n<2N
n=a mod q n+heP
n+heP
1
< max E le(n) — — E 1c(n)| + AN
q<N®2 @=L\ o v(9) N<n<2N
n=a mod ¢q nelP
neP
1 0
LFde (log )01 E le(n) + N7
NgnTPQN
ne

1
<<F,d,eW Z 15(n),

N<n<2N
n+heP

where, for the last step, we have used the fact that 6, < 1 and the fact that
Z lg(n) >>F,d,5 W(N,QN),

N<n<2N
n+heP

which follows from the proof of Lemma 4.4. The result obviously also holds if #; and
0, are replaced by # = min{6;,602}. This 6 is again dependent on F only, and, in
particular, is independent of the choice of d.

Finally, Hypothesis 4 is Corollary 3.6.

It follows from the conclusion of Theorem 2.2 that there exists some constant C
depending only on 6, and, therefore, only on F, such that for all d and N large enough,
the number of n € BN [N,2N) such that the set {n+ hy,...,n+ hy} contains a string
of at least [0.98C~'logd]| consecutive primes is

2 nen<an 18(1)
(log N)?exp(Cd®)’

where the implied constant may depend on F' and e, but not on N and d. It follows

>
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from the proof of Proposition 3.5 that

Z 15(71) >Fde N

N<n<2N

for all NV large enough, so, for any fixed d, for all N large enough in terms of F', d and ¢,
there will be at least one n € BN[N,2N) such that the set {n+hi,...,n+hy} contains
a string of at least [0.98C ! log d] consecutive primes, and, by our choice of B, they are
all contained in the set A. Therefore, for any m € N, by taking d large enough (so that
all the conditions in Theorem 2.2 are satisfied) and with [0.98C~!logd]| > m, there
are infinitely many strings of m consecutive primes of bounded length (depending on
F and m) inside A.

[]
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