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Abstract
In this paper, we first establish a new characterization of primes based on Eulerian
numbers, which is closely related to the well-known Wilson’s theorem. Subsequently,
by applying this result, we derive some necessary conditions for twin primes.

1. Introduction

Many kinds of characterizations of primes are known in the literature (see, e.g., [7,10]
and the references therein). Among them, the most concise and celebrated one is
Wilson’s theorem stating that an integer n > 2 is prime if and only if

(n—1)!'=-1 (mod n). (1.1)

This theorem has been generalized in various directions and applied in many branches
of mathematics such as number theory, group theory, combinatorics, etc.

Let A(n, k) be the Eulerian number defined by the number of permutations on the
set {1,2,...,n} with exactly k ascents. In what follows, we assume that A(0,0) = 1,
A(n,0) = 0 for n > 1, and A(n,k) = 0 if n < k by convention. These numbers
appear in the so-called Worpitzky identity (cf., e.g., [5])

=Y (" awr @z o), (12)

n
k=0

and they can be calculated explicitly by the formula

k
A(n, k) = Z(-M(”f 1)(k )" (0<k<n) (1.3)
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In addition, it is also commonly known that

k .
Al k) =S (DS () <k <
()= 30 mi(}71) asksw,
where S(n,4) is the Stirling number of the second kind. A small table of A(n,k)
with 1 < k < n < 10 can be found in the OEIS [8]: A008292. As is well-known,
these Eulerian numbers satisfy the symmetric property

A(n, k) =An,n+1—k) (1.4)
and the triangular recurrence relation
An+1,k) =kA(n, k) + (n+2—k)A(n, k — 1), (1.5)

which can be proved in various ways, for instance, by induction on n and k, or, by
applying (1.2) and its variations (for reference, see, e.g., [3, Chapter 14]).
The sum of A(n, k) for k =1,2,...,n is the total number of permutations of the
numbers from 1 to n, i.e., the order of the symmetric group .S,,. Thus, one has
n
> A k) =n! (n>1). (1.6)
k=1
In this paper, we take advantage of the fact that formula (1.6) and Wilson’s theorem
are inseparable, in order to find a characterization of primes.

In Section 2, as our main result, we establish a new characterization of primes
based on Eulerian numbers. In Section 3, by applying this result, we derive a rather
simple necessary condition for twin primes. In addition, we discuss some specific
conditions for twin primes with the help of formula (1.3), which are suitable for
practical use. We conclude this paper by asking certain questions related to special
pairs of prime numbers and Carmichael numbers.

We wish to point out beforehand that the methods and techniques we are going
to use are extremely elementary, and thereby, there is no prior knowledge required
to understand all the contents of this paper.

2. The Main Result

In this section, by connecting formula (1.6) with Wilson’s theorem, we will establish
a characterization of primes based on Eulerian numbers, as stated below.

Theorem 2.1. An integer n > 2 is prime if and only if the congruences
A(n—1,k)=1 (modn) for 1<k< EJ (2.1)
hold.
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Before giving a proof, we note that, in view of the symmetric property (1.4), the
range of k given in (2.1) can be extended to 1 < k < n — 1 if necessary, although
there are duplicates in the values of A(n —1,k)’s.

Proof. First, we assume that n = p is prime. Then, formula (1.3) provides

k .

Since ([;) =0 (mod p) unless i = 0 or p, we have, by Fermat’s little theorem,
Alp—1,k)=k"1 =1 (mod p),

which verifies that (2.1) holds true for n = p. Conversely, assuming that (2.1) holds
for any fixed n > 2, we shall prove that n is prime. Summing up A(n — 1,k) over
k=1,2,...,n—1, we get

n—1

ZA(n— 1L,k)=n—-1=-1 (mod n),

k=1
which implies that (n — 1)! = —1 (mod n) by using (1.6) replacing n by n — 1. So
that n must be prime by Wilson’s theorem, and the proof is complete. O

The above proof is interesting in that two congruences (1.1) and (2.1) cooperate
with each other to achieve a common goal. Incidentally, it may be worth stating
that A(p—1, k) can be evaluated modulo p? using g,(a) := (a?~! —1)/p, the Fermat
quotient with base a, p{ a. Actually, for 1 < k < p — 1, it follows that

k-1
Alp — 1,k) = pgyp(k) + 1+ Z(—l)i (ZZ)) (mod p?) (cf. [1, Section 3]).

It should be also stated that the above characterization of primes relying on (2.1)
might not be so practical when n is large, for the reason that it requires a lot of
computation to find rapidly growing Eulerian numbers; but even if so, we believe
that our characterization of primes is intriguing and meaningful from a theoretical
point of view, just like with Wilson’s theorem.

We observe below certain systems of congruences, which are very similar to, but
slightly different from the system of (2.1).

Proposition 2.2. For any integer n > 1, the system of congruences
kAn—1,k)=k (modn) for 1<k< LgJ (2.2)
1s equivalent to that of congruences

A(n,k)=1 (modn) for 1<k< {%-HJ (2.3)
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Proof. Let us consider (1.5) shifted from n to n — 1, namely,
An, k) =kAn—1,k)+ (n+1—-k)A(n — 1,k —1).

This recurrence relation can be written after rearranging the terms as

Ank) —1=k(An—-1,k)— 1)+ (n+1—-k)(A(n—1,k—1)— 1) +n,
which leads to the congruence

An,k)—1=k(An—-1,k)—1)—(k—1)(A(n—1,k—1)—1) (mod n),
and thus, (2.2) implies (2.3). Conversely, assuming that (2.3) holds, we have
E(An—-Lk)—-1)=(k-1)(An—1,k—1)—1) (mod n).

Take here sequentially £ =1,2,3,..., and so on up to | 5|, to obtain (2.2). O

We note in passing that (2.1) implies (2.2) (and thus, (2.3)), but the reverse
implication is not true, for the reason that k is not always relatively prime to n if
n is a composite number.

3. Application to Twin Primes

In this section, based on Theorem 2.1, we derive a rather simple necessary condition
for twin primes by means of Eulerian numbers. In addition, by using formula (1.3),
we discuss some practical conditions for twin primes.

Twin primes have been investigated extensively for a long time from various
points of view. It is conjectured that there are infinitely many pairs of twin primes
(the so-called twin prime conjecture), but it still remains unsettled as one of the
great open questions in mathematics. The number of pairs of twin primes below
10" (n=1,2,3,...) is listed in a table of the OEIS [8]: A007508. Despite the twin
prime conjecture there is an outstanding result established by Viggo Brun in 1919,
which asserts that the series obtained by adding the reciprocals of the twin primes
such that

B = 1—&-1 + 1—&-1 + i4—i + i—I—i +
“\3 5 57 11 13 17 19
converges to a definite number, which is now called Brun’s constant. Precisely,

B ~ 1.90216054.

This result means that twin primes become increasingly rare as we examine larger
ranges. For more details, see, e.g., the classic books by Rademacher [9, Chapter 15]
and Ribenboim [10, Chapter 4, II].
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As clearly seen, any pair of twin primes except (3, 5) is of the form (6a—1,6a+1)
with some integer a > 1. It is also known that, for an integer n > 1, the pair (n, n+2)
consists of twin primes if and only if the following congruence holds:

4(n—1)'+1)=-n (mod n(n+ 2)),

which is a very nice generalization of Wilson’s theorem conceived by Clement [4].
Apart from these prominent aspects, Theorem 2.1 allows us to derive a rather
simple necessary condition for twin primes by means of Eulerian numbers.

Theorem 3.1. For an odd integer n > 3, if a pair (n,n+2) consists of twin primes,
then it follows that

1 (modn(n+2)) for k=1;

Aln+1,k) = 3.1
( ) ntd (mod n(n+2)) for 2<k< ™l 3.1)

Proof. Recalling (1.5), we have the following recurrence relations:

An—1,k) =kA(n—2,k) + (n — k)A(n — 2,k — 1);
An, k) =kAn—1,k)+ (n+1—-k)A(n — 1,k — 1);
Aln+1,k) =kA(n, k) + (n+2—-k)A(n, k — 1),
which are valid for all £ > 1. By sequentially substituting the previous formula into
the next, we see that A(n + 1,k) for £ > 1 can be expressed as follows:
(i) An+1,1)=A(n-1,1)=1;
(i) A(n+1,2)=4A(n—-1,2)+ (3n —2)A(n — 1,1);
(iil) A(n+1,k) = k*A(n —1,k) (3.2)
+ (2kn + 4k — 2k* —n — 2)A(n — 1,k — 1)
+(n+2-k)2A(n—1,k—2) for 3<k< ”;rl.

Now, assume that (n,n + 2) is a pair of twin primes. Since n is an odd prime, we
have A(n —1,k) = 1 (mod n) for 1 < k < 25! by Theorem 2.1. Therefore, we
obtain from (3.2) that

1 (modmn) for k=1;

4—2=2 (modn) for k=2;

k% + (4k —2k*> —2)+ (2— k)2 =2 (mod n)
for 3< k< 2tL

Aln+1,k) = (3:3)

Similarly, since n+ 2 is prime, we get A(n+1,k) =1 (mod n+2) for 1 <k < "T‘H
again by Theorem 2.1. Noting that ged(n,n + 2) = 1 and based on the Chinese
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remainder theorem, it follows from (3.3) that

1 (modn(n+2)) for k=1;

nAentt_nt (mod n(n +2)) for 2§k§%+1.

2 2
So we are done with (3.1). Note that the case for k =1 can be excluded from (3.1)
if one wants, since it unconditionally holds regardless of twin primes. O

Remark 1. From (3.2) (ii) we have A(n + 1,2) = 4A(n — 1,2) — 2 (mod n). So
the condition A(n +1,2) = (n+4)/2 =2 (mod n) derived from (3.1) yields

22A(n —1,2) =22 (mod n).
Next, since A(n + 1,k) =2 (mod n) for k > 3, we get from (3.2) (iii),
2=k*A(n — 1,k) —2(k —1)?4A(n — 1,k — 1)
+ (k—2)?A(n — 1,k —2) (mod n).

Take k = 3 and use the previous result for k& = 2 to obtain 32A(n — 1,3) = 32
(mod n). Repeating a similar procedure, it can be finally shown that

E*’A(n—1,k) =k* (modn) forall 1<k< n; L (3.4)

Considering the case where ged(k,n) # 1, we see that (3.4), which is a consequence
of (3.1), does not mean that n is prime. Aside from that, (3.1) implies that n 4 2
is prime. In fact, (3.1) reduces modulo n + 2 to

n+4 n+1

Aln+1,k) = =1 (modn-+2) forall 1<k<

This conclusion implies from Theorem 2.1 that n + 2 is surely prime.

Using an explicit expression of A(n, k) in (1.3), it is possible to paraphrase some
of the congruences in (3.1) into more specific and convincing forms.

Corollary 3.2. Given an integer n > 1, if (n,n+2) is a pair of twin primes, then
the following congruences hold:

(a) ontl = 3?71 +4 (mod n(n + 2));

(b) 3" =4n 4+ 9 (mod n(n +2));
(¢c) 322" = _5 (mod n(n+2)).
Proof. By a direct use of formula (1.3) we have

(i) A(n+1,2)=2"T — (n+2);

(i) A(n+1,3) = 3" — (n+2)2"+ + %(n 1) (n+2). (3.5)
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For congruence (a), we have only to substitute (3.5) (i) into (3.1) with k = 2.
Congruence (b) can be obtained by substituting (3.5) (ii) into (3.1) with k¥ = 3 and
then applying (a). To deduce (c), just combine (a) and (b). Of course, if any two
of (a), (b), and (c) hold, then so do the rest. O

Remark 2. We proved the above corollary as an easy application of (3.1), but
the referee of this paper kindly pointed out that one can deduce a more generalized
congruence of (a) and (b) as a direct consequence of Fermat’s little theorem. To
carry it out, assume that (n,n + 2) is a pair of twin primes and a is an integer

n+l — 2

coprime to n(n + 2). Then, Fermat’s little theorem provides a a? (mod n)

and a"™!' =1 (mod n + 2). So combining these yields

2
a*—1 9

n+1
n a
5 +

a

(mod n(n + 2)). (3.6)

Thus, (a) and (b) are just the special cases of (3.6) for a = 2 and 3, respectively.

As is generally known, an integer n > 2 that satisfies Fermat’s congruence
a"'=1 (mod n)

for ‘all’ integers a with ged(a,n) = 1 is either a prime number or a Carmichael
number. In light of this fact, it is clear that (3.6) always holds if both n and n + 2
are prime or Carmichael. Note that ged(n,n+2) = 1 whenever n is odd. The same
can be said if one of n and n + 2 is prime while the other is Carmichael. A list of
the first few Carmichael numbers can be found in the OEIS [8]: A002997.

Concerning the above matter, the following questions arise.
Question 1. Is there a case where both n and n + 2 are Carmichael?

It is not certain, but we presume that probably such a case cannot occur. In
addition, it seems that almost nothing is known about the distance between two
consecutive Carmichael numbers, to the best of our knowledge.

Question 2. Are there infinitely many pairs (n,n 4 2) in which one of n and n + 2
is prime (resp. Carmichael) and the other is Carmichael (resp. prime)?

Here are a few examples of pairs satisfying the conditions in this question:
(561, 563), (1103,1105), (2465, 3467), (2819,2821), (6599,6601), (41039,41041).

We cannot say for sure at this stage, but as n increases, these pairs appear to
be very sparsely interspersed. It should be mentioned that, in their celebrated
paper [2], Alford, Granville, and Pomerance have proved that there are infinitely
many Carmichael numbers. Furthermore, it was verified in Harman’s work [6] that,
for a sufficiently large x, there are more than z'/3 Carmichael numbers up to z.
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Taking these results into account, the answer to the latter question can be expected
to be affirmative, although it will be not so easy to ascertain the truth.
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