ON STRINGS OF CONGRUENT PRIMES
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1. INTRODUCTION

This expository account serves as an overview of the work surrounding Shiu’s result on
strings of congruent primes. [KLS00| In 1920, Chowla conjectured that there were infinitely
many pairs of consecutive primes such that they were congruent to a modulo ¢, for any
relatively prime a and ¢. In particular, let p; = 2,ps = 3,p3 = 5... be the sequence of
primes. Then Chowla’s conjecture says that for any relatively prime ¢, a, there are infinitely
many pairs of consecutive primes p,, and p,,1 such that

Pn =Pny1 =0 (mod Q)'

Shiu proved in 2000 a stronger version of Chowla’s conjecture, that for any k£ € N there

exists a string of k congruent primes such that
Pnt1 =Ppy2 =  =posr =a  (mod g).

He gave a bound on the size of the string versus the size of the largest prime. In particular,
he split his argument into two cases of choices for a. We define

AL ={a:VYp|ga=1 mod p}

and
A_={a:VYp|¢ga=-1 mod p}.

and AL = A, U A_. Shiu found that longer strings in terms of the largest prime could be
found when considering residues from A...
The main theorem we will prove is the following:

Theorem 1.1. (1) For each q and a € Ay and large x, there exists a string of primes

Pnt1 =Pn+2 =" =Pntk = 0 (mOd q))

where ppir < x and

loglogz \Y/*¥
log log log = '
(2) For each q and a with (q¢,a) =1 and large z, there exists a string of primes
Pnt1 =Pni2 =" =Ptk =0 (HlOd Q)7

where P < x and

log log z log log log log z \ /¢?

k> :
(logloglog z)?

Further work on similar results to this theorem by Freiberg in 2010, where he found that

that consecutive primes can be made close together as well [Frell].
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Theorem 1.2. Let ¢ > 3 and a be integers with (q,a) = 1, and fix any € > 0. There
exist infinitely many pairs of consecutive primes p,, pri1 such that p, = p,.1 = a mod q and

Pr1 — Pr < €logp,.

From state of the art work on the theory of small gaps between primes developed by
Maynard, Tao, Zhang, and others in [May15|, Freiberg was further able to show in 2015 a
stronger version of Shiu’s result [Frel3].

Theorem 1.3. Let p;1 = 2 < py = 3 < --- be the sequence of all primes. Let ¢ > 3
and a be a coprime pair of integers, and let m > 2 be an integer. There exists a constant
B = B(q,a,m), depending only on q, a and m, such that the following holds. There exist
infinitely many n such that

Pnyt =Pny2 =" =Pntm =04 mod q and Pntm — Pnt1 < B.

Although we won’t prove these two theorems, the reader can read the proofs of them.

2. OUTLINE

The rest of the paper focuses on proving Theorem 1.1. Section 3 defines useful notation
and states necessary lemmas without proof. The proof of the theorem defines Q(y) as a
product of ¢ and a subset of primes less than y, where y is carefully chosen such that the
L-functions modulo Q(y) have no Siegel zeros. This is done so that the distribution of primes
in residue classes modulo Q(y) are all the same and what we expect it to be.

After creating intervals such that they are dense in primes equivalent to ¢ mod ¢ and
sparse in other primes, a matrix M is created similar to in Maier’s proof of the existance of
chains of large gaps between consecutive primes [Mai85]. The matrix has rows of consecutive
integers, and the columns are arithmetic progressions with common difference Q(y).

We prove that most of the primes in M are congruent to a mod ¢, exceeding the other
primes by a constant factor. After considering two cases, this implies that there is a string
of primes that are congruent to ¢ mod ¢ in one of the columns of the matrix. The length
of the string is estimated as well.

3. BACKGROUND

Throughout the proof, we will use the following function

P(y.po) =q [ ».

p<y
P#DPo

where ¢ is as in the statement of Theorem 1.1.
We provide lemmas used in the proof that will not be proven here, but can be found in
the original paper by Shiu.

Lemma 3.1. There exists a fized constant C' such that for all ¢ € N and large X there exists
y and prime py > logy such that none of the L-functions modulo P(y,po) has a zero in the
region

12 R(s) 21~ log(P(y, po)(1S(s)[ + 1))

and
X < P(y,po) < X(log X)*.
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Lemma 3.2. Let C be a constant and let ¢’ be a natural number such that the L-functions
induced by characters mod ¢' have no zeros in the region

c

log(q'(IS(s)| + 1))

Then there exists a constant D depending on at most C' such that the estimates
x

X
¢(q') log z ¢(q') log z

hold uniformly for (¢,a') = 1 and x > ¢'P, where w(x;¢',a’) counts the number of primes
less than or equal to x congruent to a’ mod ¢'.

1> R(s)>1—

< 7(r;q,d) <

Lemma 3.3. Let g be a natural number and .7 (x) denote the set of positive integers n < x
which only have primes congruent to 1 mod q in its prime factorization. Then as x — 00,
we have

_ 1 v 1/6(a)
7@ = (c0+ O ) oo )40,

where cqg 15 a constant depending at at most q.

Before stating the next lemma, we must define what it means to be a smooth number.

Definition 3.4. For a positive real number y and positive integer n, n is said to be y-smooth
if every prime factor of n is < y. Let ¥(z,y) be the number of y-smooth numbers n < z.

The next lemma attempts to estimate ¥ (z, y) as both 2 and y go to infinity. More precisely,
we have the following inequality due to de Bruijin:

Lemma 3.5. For y < x and y approaching infinity with x, we have
U (x,y) < 2(logy)? exp(—ulogu — uloglogu + O(u)),
where u = log x/logy.

Armed with these lemmas, we are ready to prove Shiu’s theorem.

4. MAIN RESULT

We now proceed to prove Theorem 1.1. For a given ¢,a,x from the statement of the
theorem and sufficiently large D, Lemma 3.1 gives us a y and prime py such that

2P < P(y, po) < 2P (logz)>.
and such that there is no L-function that has a zero in the region described in the lemma.

We define the product Q(y) = ¢ Hp6 », D, where the product is over primes in the set &,

which is defined next. We further define z < y and ¢ < (yz)'/? and define a set of primes
less than y, depending on whether a is in A,.

{p<y:p#po,p#1 mod g} forae Ay,
{p<y:p#po,p#1,a modq}
U{t<p<y:p#po,p=1 mod q}

U{p <wyz/t:p+#po,p=a mod q} otherwise.

P, =
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For either of these cases, since &2, only excludes primes that are less than y, we have that
Q(y) | P(y,po) and that log P < 3log Q. As a result, there are no L-functions modulo Q(y)

such that
c

- 3log(Qy)(IS(s) + 1))’

because an L-function modulo Q(y) that has a zero in that region would imply a zero in the
same region for an L-function modulo P(y, py) and thus contradict the assumption made on
choice of y and py from Lemma 3.1.

An interval I of length yz is defined in various cases of the residue class of a

1>R(s)>1

(m,m + yz] fora e A,
I =4 [n—yzn) forae A_

(0, yz] otherwise,
where m and n satisfy
0 mod p for pq | @
m=n=
a—1 mod ¢q .

We now construct a matrix M that has dimensions of Q(y)”~! rows and yz columns of
integers

Qy)P~!
M= J Ui+ raw)

The columns of the matrix M are an arithmetic progression with common difference Q(y),
so we are trying to find a column that contains our string of primes. We also define the sets

S={iel:(i,Q)=1,i=a mod g},
T={iel:(i,Q)=1,i#a mod g},
P ={pe M :pprime, p=a mod g},
Py ={p € M :pprime, p#Za mod g}.

Our goal is to estimate |P;| and | P»|, showing that there are more primes in P;. We do this
by first estimating |S| and |T'|. We first estimate the two sets for the case a € A,.
In particular, when a € A, we have that

S=Hje0,yz]:(J,Q) =1,j=1 mod g},

T=H{je0,yz]:(j,Q) =17 #1 mod g}

This can be seen with a bijection from S to the interval (0,yz]. If a € Ay, then i € [
and i = @ mod ¢ if and only if i —m = 1 mod ¢. Furthermore, (i,Q) = 1 if and only if
(1 —m, Q) = 1 since m | @ which completes the bijection for the case a € A,. In the other
case where a € A_, we can take n — ¢ instead of ¢ — m and the same arguments follow.

We know that if n € (0,yz] and only has primes p =1 mod ¢ in its prime factorization,
then n =1 mod ¢ and (n,Q) = 1 by our construction of &. This implies that n € S when
n € % (yz) and thus we have the following bound from Lemma 3.3.

yz(log y)"/*19

>
1512 17(02) > LR
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For every j # 1 mod ¢, there exists a prime p | j such that p Z 1 mod ¢. Elements of
T are estimated by estimating the number of elements of the form pn where p Z 1 mod q
and n € (z) and multiples of py in (0,yz]. There are O(yz/logy) such multiples which is
less than the elements of the first type. We estimate those such elements by splitting the
interval (y, yz] into O(log 2) intervals of length 2'y.

TI< Y Y 172
I<log z 2= 1y<p<2ly

ol=1 2(lo 1/¢(q)
< Z Y g2)
2t og z

l<<logz
yz(log Z)1/¢>( q)
< logy '
When a € Ay, we can employ a similar strategy as the above splitting argument to estimate
|S|. From our construction of &2, the elements of S are of the form pn such that p >
yz/t,p=a mod ¢q,n € . (t) in the interval (0,yz]. Using the splitting argument, replacing
z with t, we have the following bound.
] > yz(logt)l/ﬁf’(‘”.
logy

Elements of T" are now of three possible types. They are composed of multiples of py, special
multiples of a prime larger than y that we estimated using our splitting argument, or only
have prime factors less than ¢ and congruent to 1 mod gq. We already estimated the first
two types, and the third type is estimated using de Bruijin’s bound for smooth numbers in

Lemma 3.5. We take
log y log log log y
t=-exp |0 )
log log y

From Lemma 3.5, we have the inequality
U(yz,t) < yz(logt)? exp(—0 ' loglogy + o(loglogy)) < 1£
08y
when 0 is sufficiently small (0 = 1/4 works). The dominating term is thus still the one from
the splitting argument, so in both cases of Theorem 1.1, we have the estimate

yz(log Z)l/¢(Q)
logy '

Every element of S and T is the first term in an arithmetic progression mod Q(y). We now
estimate |P;| and |P,| by using Lemma 3.2. We can choose D such that

|Pr| > [5] |Po| < [T

7| <

x x
$(Q)logz” $(Q)logx

for sufficiently large = such that & > Q?. There are two cases that we argue one of which
happens. Let M’ be the subset of columns of M which contain a prime in P,. The first is
that there exists an interval in M’ where the primes belonging to P; exceed those belonging
to P, by a factor of |Py|/2| P, or the number of primes in M \ M’ is at least |P;|/2. Formally,
there either exists

IoeM,Z|]0mP1|Z H|]OHP2|
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or 1
M\ M) AP = IR,

One of these two cases must be true, as if we assume by contradiction that both of them are
false, then

|P| = |PLn M|+ P 0 (M M)
— Z \PLNI|+|P N (M\ M)

IeM’
1|P| 1
T E N~k —|P
2|PQ|I€M,| : 2|+2| 1
1P| 1

= p 4+ 2P| = |P.
2|P2|| 2|+2| 1| = | Py

Since this leaves us with |P;| < |P;|, we have reached a contradiction and thus at least one
of our two cases must arise.

If the first case is true, then our interval [y must contain a string of primes of length &
where k > |Py|/| P2|. If the second case is true, we first note that there can be at most z/Q
intervals in M \ M’ and thus one of them must contain a string of primes of length & where
k> Q|Py|/z. From our above bound for |P],

Substituting our definition of @),

—1
Q _ ¢ P _ 4 11 (1 B })
Q) o) cop—1 o) o5 p
By a generalization of Merten’s theorem, we have Q/¢(Q) > (logy)/?@ /logy if a € A~
and Q/#(Q) > (logt)/?@ /log y otherwise. Then

P
Q|| > Yz
x log x

>z

because logx <« Q < y.
Combining the bounds on £ for the two cases, there exists a column in m with a string of

length k where
P,
k > min (F;’ z) )

Substituting our bounds for | P |, | P2|, | S|, and |T'|, we end up with the following when a € AL:

1 1/¢(q)
k>>min<(0gy> 2.
log 2z

1 1/¢(q)
k;>>min<< ogt) 2.
log z

Setting z = loglog x proves Theorem 1.1.

Otherwise when a ¢ A,
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Shiu also provided an estimate for the number of such strings in his paper through Theorem
2, which we will not prove here. Similar to Theorem 1.1, Shiu split his theorem into two
cases on the residue class of a. In particular, when a € A, there are more strings.

Theorem 4.1. Define
log log log 2\ /9@
log log x

c1(a) = Clak

and

go(x) = C'(q)k (1 (log log log x)? )Ud)(q)
og log x log log log log x
(1) Given q,k,a € Ay, the number B of strings of primes of the form
Prnil =Pni2 = =poar =a  (mod q),
where ppik < x, has the asymptotic bound
B> xl—al(x)‘
(2) Given q,k,a, where q and a are relatively prime, the number B of strings of primes
of the form
Prnil =Pni2 = =popr =a (mod q),
where ppik < x, has the asymptotic bound

B > xl—sg(.t) .
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