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TWIN, COUSIN, AND SEXY PRIME COUNTING FUNCTION.
EXPLICIT FORMULAS

OYHKIIA IMNIAPAXYHKY IMTPOCTUX YUCEJL,
O BIAPI3BHAIOTBHCS HA JIBA, YOTUPU ABO HIICTb. ABHI ®OPMYJIN

We give explicit formulas for the twin-prime and cousin-prime counting functions. We propose a formula that computes
the number of primes less than or equal to n whose difference is m > 6. We also present a characterization specifying
when two numbers whose difference is n > 2 are primes.

Hageneno siBHi dopmynu uist GyHKIIH migpaXyHKy MPOCTHUX YMCEN, IO BiAPI3HAIOThCS Ha aBa abo dortupu. laHo ¢op-
Mylly, 0 BH3HAYa€ KUTBKICTh IPOCTUX YHMCEN i3 pi3HHUIEI0 m > 6, ski MeHII a0o piBHI n. 3aIpONOHOBAHO TaKOXK
XapaKTePUCTHUKY, 3a AKOI [Ba YHUCIA 3 PI3HULECIO N > 2 € MPOCTHMH.

1. Introduction. Kasper Miiller provided a formula (without proof) for the number of prime
numbers p less than or equal to n such that p + 2 is also a prime number on the website
https://www.cantorsparadise.com/a-formula-for-the-number-of-twin-primes-less-than-a-given-magni-
tude-c2b3ccee23a2. In papers [3, 4], the author gives formulae for the number of pairs of twin
prime numbers less than or equal to n. We will show a formulae by which we can get the exact
number of twin prime numbers and cousin prime numbers less than or equal to some natural number
n (although the formula is not very practical). In Section 2, we will present a characterization of
pairs of prime numbers with a difference of n > 2. In Section 3, we will give the formulae for the
twin prime and cousin prime counting functions. Finally, we will state a formula that calculates the
number of prime numbers with a difference of m > 6 that are less than or equal to n.

2. Characterization of pairs of prime numbers with a difference of n. In this section, we
will give a characterization of when two numbers with a difference of n > 2 are primes. In the next
section, we will use this characterization to write a formula for the number of twin prime numbers
less than or equal to n.

Theorem 2.1. Let n € N be a difference between two natural numbers. Then

nn!(p—!'+1)+ (n! = 1)(p+n) =0 (mod (p(p+n)) <= p,p+ncP).

The theorem above follows from properties of modulo arithmetic and Wilson’s theorem, which
we state below.

Theorem 2.2 (Wilson). If p is a prime number, then the number (p — 1)! + 1 is divisible by p
[2, p. 201, Theorem 3].

For n = 2, we get the characterization for twin prime numbers, for n = 4, for cousin prime
numbers, and for n = 6, we have the characterization for sexy prime numbers.

Proposition 2.1. Two numbers are twin prime numbers if and only if 2(2(p—1)!+1)+p+2 =0
(mod (p(p +2))).
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Proposition 2.2. Two numbers are cousin prime numbers if and only if 4(24(p — 1)! + 1) +
23(p+4) =0 (mod (p(p +4))).

Proposition 2.3. Two numbers are sexy prime numbers if and only if 6(6!(p — 1)! + 1) + (6! —
1)(p+6) =0 (mod (p(p + 6))).

3. The exact value of the function 7,,(n). In this section, we look at functions that compute
the exact value of prime numbers, twin prime numbers, and cousin prime numbers less than or equal
to n. The formula giving the number of prime numbers less than or equal to n was given in the book
[1] and we cite it below.

The function for the number of prime numbers less than or equal to n:

0, n=1,
1, n=2,
m(n) = 2, n =3,
=, |G —=2)
-1+ [(‘7—2)!—]{, , n>4
2 j

In the theorem below, we give a formula for the number of twin prime numbers less than or equal
to n.

Theorem 3.1. The function calculating the number of twin prime numbers less than or equal to
n has the following form:

07 n = 17
7-['2(71) = n n—2
> Ga(k) + > bak), n>2,
k=2 k=5
where
k(k+2)
1 Ak — 1) +k+4

To prove the above theorem, let us define a function 75 (n) that computes the number of prime
numbers p less than or equal to n such that p + 2 is also prime. We will give its formula and use
Wilson’s theorem in the proof. In the proof of Theorem 3.1, we will use the fact that among the
numbers p, p + 2, and p + 4, there is always one number divisible by 3 (if p > 5).

Theorem 3.2. The function calculating the number of prime numbers p less than or equal to n
such that p + 2 is also prime has the following form:

0, n =1,

7h(n) k(k+2)

" 1 Ak —1)+k+4
LN 2 > 9.
kZ:Qk(k+2) 2 COS( k(k +2) ”m>’ "=

Proof. We will use the method of mathematical induction.
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8
1 5
For n =1, w4(1) = 0. For n = 2, we obtain 75(2 =3 Z cos< ﬂm) = 0. We assume that
m=1
the theorem is true for n. For n + 1, we have
n+1 k(k+2)
A=)+ k+4
1 2
(n+1)= k+2 2., ( Kk +2) )
k= m=1
k(k
" (if 4k — 1)+ k + 4
g CO T
k+2 k(k+2)
k= m=1

We shall show that
1 (e 2 t?) dn!+n+5
CESCEE) mzl COS((n T 3)27””)
is 1 if n 4 1 is a prime number of the form p + 2, where p is prime, and 0 otherwise. Note that
(n+1)(n+3)

Z 008<m2wm) =1<= (n+1)(n+3)|(4n! +n+5).

1
(n+1)(n+3) 4~
Now we will check when this factor is 1. Let us consider the following cases:

a) Let n = 2k + 1 for k € N. Then (2k + 2)(2k + 4) must divide 4(2k + 1)! + 2k + 6. We
have that 2(k + 1)(k + 2) must divide 2(2k + 1)! + k£ + 3. Note that (2(k + 1)(k +2))|(2(2k + 1)!),

dn!4+n+5 N

(n+1)(n+3) #

b) Let n = 2k for k£ € N. Then we have that (2k + 1)(2k + 3) must divide 4(2k)! + 2k + 5.
Hence, 2k + 1 must divide 4(2k)! + 2k + 5 and 2k + 3 must divide 4(2k)! + 2k + 5. Here we have
three subcases:

2k+1 ¢ P. Then 2k + 1 = n-m for n,m € N. Note that n - m does not divide 4(n-m — 1)! +
n-m+ 4, because (n-m)|[(4(n-m —1)!) and (n-m)|(n-m), but n - m does not divide 4.

2k +1 € P and 2k + 3 ¢ P. Then 2k +3 = n-m for n,m € N. Note that n - m does not divide
4(n-m —3)!+n-m+ 2, because (n-m)|(4(n-m —3)!) and (n-m)|(n-m), but n-m does not
divide 2

2k +1 € P and 2k + 3 € P. From the fact that 2k 4+ 1 must divide 4(2k)! + 2k + 5 it is sufficient
to check that (2k + 1)|((2k)! + 1) and from the fact that 2k 4+ 3 must divide 4(2k)! 4+ 2k + 5 it is
sufficient to check that (2k + 3)|(2(2k)! + 1). We know that 2k + 1 = p;, where p; is prime. Then
we have p1|((p1 — 1)! + 1) from Theorem 2.2. We know that 2k + 3 = py, where po is prime. Then
we obtain p2|(2(p2 — 3)! + 1) from Theorem 2.2.

hence, 2(k + 1)(k + 2) must divide k£ + 3, which is impossible. Therefore,
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Therefore,
1 (n+1)(n+3)

dnl+n+5 B
D)0 +3) mzl COS((n+1)(n+3)2”m> =1

if and only if n 4 1 is a prime number such that n + 3 is a prime number. Otherwise, we get

1 (”+§”3)008( nl4n+s m) .
- @ O —_— 7 = U.
(n+1)(n+3) (n+1)(n+3)

m=1

Let g, = (n+ 1)(n + 3) and p, = 4n! 4+ n + 5. Then

(n+1)(n+3) an
1 dn!+n+5 1 Dn >
Y cos| —————2 = — cos| —2 .
(n+1)(n+3) mZzl <<n+ 1)(n+3) 7””) Gn mZzl <qn o

Now, we use well-known fact about so-called primitive roots of unity, namely,

pn) = > &,

1<a<n
(an)=1

where p is the Mdbius function (proof can be found in [5, p. 113, 114]). Then
TR »
— Z cos<n27rm> =0.
4n | qn

So the formula has been proved.

Proof of Theorem 3.1. We showed that the first factor gives the number of prime numbers p less
than or equal to n such that p+ 2 is also prime. The second factor in the formula gives the number of
prime numbers p less than or equal to n such that p — 2 is also prime. We excluded 5 in the second
factor so as not to double-count it.

Below is the formula for the number of cousin prime numbers less than or equal to n.

Theorem 3.3. The function calculating the number of cousin prime numbers less than or equal
to n has the following form:

07 n = 1,
7T4(n) = n n—4
> (k) + > 6alk), n>2,
k=2 k=7
where o)
k(k+4
1 4(24(k — 1)1 + 1) + 23(k + 4)
o4(k) = ——r omm ).
W) =T mz::l C°S< k(k+ 4) T

The proof of Theorem 3.3 is analogous to the previous one. This proof uses the fact that among
the numbers p, p + 4, p + 8, there is always one number divisible by 3.

Finally, we give a formula that calculates the number of prime numbers with a difference of
m > 6 less than or equal to n (that is, also for sexy primes).
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Theorem 3.4. The function calculating the number of prime numbers with a difference of m > 6
less than or equal to n has the following form:

0, n=1,
Tm(n) = "
> om(k) + > Sm(k—m), n>2,
k=2 ke{2,...nP\{i€P:i+meP}
where
k(k+m)
1 m(m!(k — 1)l +1) + (m! = 1)(k +m)
) = ot ).
Om(k) Kk +m) ; COS< Kk 1 m) mt
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