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Abstract

Prime numbers are among the most intriguing figures in mathematics and, despite
centuries of research, many questions remain still unsolved. Nowadays, computer si-
mulations are playing a fundamental role in the study of such an immense variety of
problems. In this work, we present a simple representation of prime numbers in two
dimensions that brings about many interesting questions and allows us to formulate
a number of conjectures that may lead to important avenues in the research area of
prime numbers.

1 Introduction

Prime numbers have fascinated mathematicians since the beginnings of Mathematics [1-4].
Their distribution is intriguing and almost a mystery despite being non-chaotic. After
centuries of research there are indeed many open problems still to be solved, and the
exact details of the prime number distribution are yet to be understood |§[| Today, the
interest in prime numbers has received a new impulse after their unexpected appearance
in different contexts ranging from cryptology or quantum chaos @ﬂ to biology
. Furthermore, with the advent of more and more powerful computers, different studies
are being undertaken where methods traditionally used by physicists are being applied to
the study of primes. For example, in the multifractality of primes was investigated,
whereas some appropriately defined Lyapunov exponents for the distribution of primes were
calculated numerically in . Not to mention one of the most studied problems in number
theory, the Goldbach conjecture, first given about 1740, that is being continuously studied
with the help of computers [14H16|. More examples con be found in |17].



2 Jacob’s Ladder

One can argue that prime numbers present perplexing features, somewhere hybrid of local
unpredictability and global regular behaviour. Is that interplay between randomness and
regularity what motivated searches for local and global patterns that could perhaps be the
signatures of fundamental mathematical properties.

Our work, as will be seen, is concerned with the long standing question of the prime
number distribution, or more precisely with the gaps between primes [18}/19], a topic that
has attracted much attention recently [16}20,21] after some massive advances [22|. Some
problems related to prime gaps are well known, for instance Legendre’s conjecture, stating
that there is a prime number between n? and (n + 1)2 for every positive integer n. The
conjecture is one of Landau’s problems on prime numbers [23| and up to date (2017) the
conjecture waits to be proved or disproved. Or the famous twin primes conjecture [24];
Proving this conjecture seemed to be far out of reach until just recently. In 2013,Yitang
Zhang demonstrated the existence of a finite bound B = 70000000, such that there are in
finitely many pairs of distinct primes which di ffer by no more than B |22]. Thanks to this
important breakthrough, proving the twin prime conjecture looked much more plausible.
Immediately after, a cooperative team led by Terence Tao, by improving Zhang’s techniques,
was able to lower that bound to 4680 |2526]. Even more, also the same year, Maynard
further slashed the value of B to 600 [27].

Displaying numbers in two dimensions has been a traditional approach towards primes
visualization [28}[29]. We propose in this paper an original way of number arrangement
that yields to a particularly appealing visual structure: an oscillating plot that increases
and decreases according to the prime number distribution. We plot the integers from 1 to
nin 2D (x, y) in the following way: starting with 1 and y = 0 (hence, the first point will be
(1, 0)), next step is 2 and we move up in the y axis, so next point in terms of coordinates
is (2, 1), and the next step goes up or down depending on whether the number n is a prime
number or not. Number 2 is prime so we change and next step will be down and hence the
third point is (3, 0), now, 3 is prime so next step is up again, and we move to (4, 1), and 4
is not prime so we continue up and so on and so forth. In Fig. [T] the sequence produced by
the algorithm is shown up to n = 50. The blue dashed line stands for the y = 0 line (or =
axis), that will be central in our study. We will refer the points (x, 0) as zeroes from now
on. According to the resemblance of this numerical structure with a ladder one may call
this set of points in the 2D plane as ’Jacob’s Ladder’, J(n) for short, hereafter.

3 Methodology

The algorithm can be summarized (in pseudocode) as follows:

N = number of "turns" == number of primes !By definition
for i=1 to n

write
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Figure 1: Illustrative plot of the first 50 points of the Jacob’s Ladder sequence. The blue
dashed line stands for y = 0.

2 1
for 2 y[2] = +1 !This is to say, we take the value +1 as y|[2]
for i=2 count +1 !Start counting primes, 1 is not prime

for i>2
If ¢ is prime: count ++ (N) !Counting the number of primes
Ifi—1isprime: y[i] = y[i-1] - (-1) exp N

If i — 1is not prime: y[i] = y[i-1] + (-1) exp N
write 1 y[i]
end

This algorithm can be implemented in any machine. We used a Fortran90 code that proved
to be faster than the same version written in python. Our code is available under request.

4 Results

Next figures present our experimental results to illustrate our ideas. Fig. [2| (Top) shows
Jacob’s Ladder from 1 to 100. The blue dashed line signals the x axis for clarity shake.
As it can be seen up to 100, the Ladder is almost positive, being most of its points above
the x axis. However, this is misleading, as we will see in the next figure: Fig. [2| (bottom)
shows the Jacob’s Ladder from 1 to 10,000. As can be seen now most the Ladder is negative
except for two regions. However, this fact changes again if we move to higher values. Fig.
(top) shows Jacob’s Ladder from 1 to 100,000. Now, as said before, after n ~ 50,000
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Figure 2: (Top) Jacob’s Ladder from 1 to 100. (Bottom) Jacob’s Ladder from 1 to 10,000.
The blue dashed line stands for y = 0.

most the Ladder is again positive. Fig. |3| (bottom) shows the Jacob’s Ladder from 1 to
1,000,000. Note that the Ladder presents a big region of negative values after n ~ 150, 000.
No more zeroes are present up to 16,500,000 (See Fig. 4| (Top)). Afterwards, the Ladder is
mostly negative again.

Around 45 million, hundreds of zeroes are found (Fig. (bottom)). Going up to 100
million more zeroes appear, totalling 2415. Below 45 million most of the Ladder lies in
the negative part. However, from 70 - 10% to 100 - 10°, most of it is positive (pointing that
Conjectures I, II, IT1I-A and III-B hold true for large numbers - see Next Section).

5 Conjectures

After examining the previous figures it is tempting to present a list of conjectures that
despite their simplicity they may be difficult to prove.

Conjecture I:
The number of cuts (zeroes) in the z axis is infinite. In mathematical language, being Z(n)
the number of zeroes in the Ladder

lim Z(n) = oo (1)

n—00

Discussion:

Proving this conjecture is beyond the scope of this article, but in the following we describe
the empirical motivation behind it. That is the main idea in our study and the base of the
conjectures that follow. Fig. [5| presents the number of zeroes vs n, in Jacob’s Ladder, from
1 to 100 million (logarithmic scale in both axes). Notice that the number of zeroes increases
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Figure 3: Jacob’s Ladder from 1 to 100,000 (top) and from 1 to 1,000,000 (bottom). The
blue line stands for y = 0.

(by construction it cannot decrease) with n in an apparently chaotic or unpredictable way.
In some intervals of n the number of zeroes is constant, meaning that the ladder is above or
below y = 0, and after those plateaus it increases again and again, and if our conjecture is
true, it will increase forever as we move towards bigger values of n. However, we conjecture
as well that the slope of the increase ratio will be lower and lower as n goes to infinite.
The fact that the prime numbers become increasingly separated seems to indicate so, since
the prime numbers are more and more separated and then, the ladder will present less
zigzagging.

The sequence of cuts, or zeroes, can be denoted as Fy(n) and the same way an infinite
number of successions can be defined, i.e., Fj(n), number of cuts in the y = 1 line up to
n, F_4(n) cuts in y = —4 up to n, and so on. In other words, we conjecture that Fy(n)
contains an infinite number of elements, and, if Conjecture I is true, then it’s likely that
any other F,(n) will contain infinite terms when n tends to infinity. So, the Ladder allows
to nontrivially define an infinite number of successions with infinite terms (and without
repetitions) whose cardinal will be Xy and the sum of all of them is again N.

An interesting question can be formulated here: how does the Z(n) grow? What would be
a good approximation for the number of zeroes given a value of n? The answer is not easy,
the Z(n) function is neither multiplicative nor additive. In Fig. |5 we present two simple
functions that could be some upper and lower limit, \/n and /n, represented by red lines.
In blue, we plotted the counting function, 7(n), for the shake of comparison.

Here the idea is not to extract accurate upper and lower bounds with these functions, but
to give a qualitative approximation of them. The reason why such a qualitative conclusion
is relevant could be as follows: It is significant to mention the geometrical insight that can
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Figure 4: (Top) Jacob’s Ladder goes up again at ~ 16,000,000. (Bottom). Jacob’s
Ladder shows a big positive peak and hundreds of zeroes around 44 million (and then
again around 70 million). The blue dashed line stands for y = 0.

be taken from these simple approximations. If the numbers from 1 to n? are plotted in a
square, (for instance forming a spiral, like in |28]) then, having approximately n zeroes (or
any other special numbers) means that the number of those numbers we have is about the
side of the square. In an analogous way, if we display the numbers from 1 to n? in a cube of
side n, then, the numbers would be about n, the side of the cube. So, having a number of
zeroes that is between, y/n and /n seems to point to some kind of fractality in the number
of zeroes present in the sequence Fy(n).

Remark: Pseudorandom Number Generation

Taking advantage of the definition of the F,(n) we may point out, as a practical application,
a straightforward way of generating pseudorandom numbers. In particular, we are going
to focus on a linear congruential generator (LCG) defined by the recurrence relation with
parameters a, ¢ and m [30]:

Xit1 = (aX; + ¢)mod m (2)

Since every horizontal line corresponding to ordinate y defines a subset of points of the
Ladder, we can take ¢ and m as the lowest and highest prime numbers in the subset,
respectively, whereas parameter a is set to be equal to the ordinate y. If the goal were to
find a particular selection of an LCG set of parameters (i.e. a, ¢ and m) yielding a full
period generation for all seed values,then the Hull-Dobell Theorem [31] must be satisfied.
However, under the definition of the F,(n), the first condition of the theorem would be
already satisfied (i.e. m and ¢ must be relatively primes) for any y. An interesting matter
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Figure 5: (Color online) Z(n), the number of zeroes in Jacob’s Ladder from 1 to
100,000,000. Note the logarithmic scale in both axis. Number of zeroes = 2415. Red lines
stand for the y/n and /n functions. In blue, we plotted the counting function, 7(n), for
the shake of comparison.

for future development is the question of which of the LCG set of parameters defined by
each Fy(n) subset are the fittest from the viewpoint of a pseudorandomness test.

Conjecture II:
The slope, €¢(n), of the Ladder is zero in the limit when n goes to infinite.

Discussion:

The Ladder could have a finite (although we conjecture this is not the case) number of
zeroes, then, after a certain number, X, all points would be above or below the z axis, and
hence the slope would be positive or negative in consequence. Obviously, the slope will be
always < 1 or > -1, but in the limit, it could be zero. Even if Conjecture I is false, the
slope could decrease continuously when n increases. What is obvious is that if Conjecture
I is true, then Conjecture II is more likely, but not necessarily true. In any case, we argue
that Conjecture II is true even if Conjecture I is not. A different, more complex question
is how fast e(n) — 0.

The value of €(n), obtained fitting the Ladder to y = bz, will depend, on a first approxi-
mation, on the number of primes found in the interval [1, n], hence a simple model can be
proposed. A first naive idea could be to assume that the slope could be of the same order
of magnitude as w, that is to say 1/m(n), where m(n) is the prime-counting function
as usual (See Fig. @ It is to be mentioned that Fig. |§| plots the absolute value of b,
but this value can be positive or negative. It goes without saying that that the slope will
depend not only in the number of primes but also on their order, which is unknown a priori.
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Figure 6: (Color online) Slope, €(n), of Jacob’s Ladder from 100 to 100,000,000 in
logarithmic scale. Black symbols are numerical values (after fitting the Ladder to y = bx),
red empty circles and black empty squares are simple models, green and blue triangles are

the slope estimates using two different models.

The 1/7(n) model seems however to be an underestimate of €(n), suggesting that \/1/7(n)
could be a better approximation. In fact, this simple expression fits reasonably well the €(n)
values for n > 10,000 (See Fig. [f] (red open circles)). It seems clear that 1/m(n) decreases
faster than the slope up to where we could compute. However, this could change in the
limit n — oco. In blue (green) triangles a somewhat crude estimation obtained dividing
the difference (ratio) between points up and down by n is presented for comparison. We
conjecture that the ratio will tend to 1 so the slope calculated that way will tend to 0.
Interestingly, 1/7(n) seems to be a reasonable fit to the slope calculated that way. The
difference divided by n is a clear overestimate of the actual slope as can be seen.

Conjecture I1I-A

If Conjecture I is true the area below the upper part of the Ladder is equal to the area
above the lower part of the Ladder when n tends to infinite, or more precisely, the ratio
between both areas, tends to 1 when n tends to infinite.

lim 7Apos(n)
n—yoo Aneg(n)

—1 (3)

Discussion:

It is natural to think that if no particular order is found, then the ratio of both areas in the
limit will be 1. This is similar but not equivalent to say that the number of points above
and below y = 0 (positive and negative respectively, or just Cpos and Cheg) will be the



same in the limit n going to infinite, or better said, the ratio will tend to 1. So, a similar
conjecture can be formulated:

Conjecture I11-B
If Conjecture I is true the ratio between the number of points above and below y = 0 will
tend to 1.

lim Lpos(n)
n—00 Cheg n)

=1 (4)

Discussion:

The area depends not only on the number of points up or down but also on the ordinates of
those points, so it is straightforward to see that Conjecture III-A can be true and Conjecture
ITI-B false, or the other way around. However, we presume that in the limit both the area
and the ratio Cpos/Cheg Will tend to 1. Next graph, Fig. [7| (bottom), shows the number of
positive (black) and negative (red) points in Jacob’s Ladder up to 100 million.
Importantly, note that Conjecture III (A or B) is not equivalent to Conjecture I. If Conjec-
ture III (A or B) is true then Conjecture I is true but it could be that Conjecture I is true
and Conjecture III (A or B) is notﬂ

Fig. [7] (top) shows the ratio between the number of positive and negative points in Jacob’s
Ladder (presented in Fig. @ up to 100 million. As can be seen, some approximate peri-
odicity over a decreasing behaviour seems apparent. Nonetheless, we think is a misleading
result and that the ratio, whenever n is sufficiently big, will be one, and the approximate
periodicity in Fig. [7] (top) will disappear.

6 Discussion

While writing the paper, we found similar studies like those presented in [32-34]. For
instance, in [34] a one-dimensional random walk (RW), where steps up and down are per-
formed according to the occurrence of special primes (twins and cousins), was defined. If
there is an infinite amount of twins and cousins (as suggested by the Hardy-Littlewood
conjecture), then the RW defined there will continue to perform steps forever, in contrast
to the RW considered in [32] or |33|, where random walks were finite. In our case, we prefer
not to talk about random walks since the distribution of primes despite being mysterious
is not random. On the other side, the Jacob’s ladder idea is simple and beautiful, since,
because of the infinity of prime numbers, its intrinsic complexity and the zigzagging will
continue indefinitely. Now, by definition, its properties depend both on the number of
primes in a given interval and on the separation between them. It is known that the gaps
between consecutive prime numbers cluster on multiples of 6 [35,36]. Because of this fact 6

!Conjecture IIT (A and B) could be stated as Conjecture I, and hence we could talk of Conjecture I
(infinite zeroes) as Corollary, since if Conjecture III (A, B or both) is true, then, that demonstrates the
number of zeroes is infinite, being the result a corollary of the Conjecture I. However we consider more
natural, at a first glance of Jacob’s ladder, to think of the number of possible cuts (zeroes) when n tends
to infinite, so we keep this order.
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Figure 7: (Color online) Bottom) Number of positive (black squares) and negative (red
circles) points in Jacob’s Ladder up to 100,000,000. Top) Ratio between number of
positive and negative points up to 100,000,000. The blue dashed line marks y = 1, the
conjectured ratio. Note the logarithmic scale in both axes.

is sometimes called the jumping champion, and it is conjectured that it stays the champion
all the way up to about 1035 [35,|36].

Beyond 1035, and until 10425, the jumping champion becomes 30 (=2 -3 -5), and beyond
that the most frequent gap is 210 (=2-3-5-7) |36]. It is a natural conjecture that after some
big number then the jumping champion will be 2310 (=2-3-5-7-11) and so on and so forth.
Further interesting results on some statistical properties between gaps have been recently
found [37,138]. However, all the aforementioned numerical observations, despite revealing
intriguing properties of the prime sequence, are not easily put into our problem in order to
know whether or not the Ladder will have or not infinite zeroes or not. On the other side,
according to Ares et al. |39], the apparent regularities observed in some works [34,/40,/41| do
not reveal any structure in the sequence of primes, and that it is precisely a consequence of
its randomness [31]. However, there seems to be some controversy. Recent computational
work points that “after appropriate rescaling, the statistics of spacings between adjacent
prime numbers follows the Poisson distribution” [42]. See [42,43] and references therein for
more on the statistics of the gaps between consecutive prime numbers.

The problem seems to be how to know if after a given number all turns in the Ladder will
have an “order”. By order we mean that J(n) will go up (or down) after the next prime,
and then down (or up) and so on but always keeping a property: that in “average” the
curve will continue forever in the same direction without going back to the x axis. To be
precise, this rises the question: is it possible that, after an unknown number X, the sum of
all intervals between primes “up” minus the sum of all intervals “down” (or the other way

10



around) will be positive (or negative) for all possible Y values when n tends to infinite?

Y

S~ 114) > 0(< 0) ¥ (5)

X
Where I[1] (I[}]) means the intervals between two primes [p, — p,—1] that make to Ladder
go up (down)ﬂ That looks unlikely and would be some interesting order property in case
that it exists (and would prove Conjecture I to be false). If so, it would be interesting to
find that number X distinctly.
Further questions: Are the zeroes randomly distributed, or following some kind of distribu-
tion? For instance, do the terms in Fy(n) follow Benford’s law [44]7 It doesn’t seem to be
the case although a proof is beyond the scope of this paper (See Fig. . Note that despite
examining the Ladder up to 30 million, the number of zeroes was only 160. After check-
ing up to 70 million we counted around 1200 zeroes, which gave us a different behaviour,
clearly not following Bendford’s law. It was tempting to believe that the zeroes will present
a Gaussian (or similar) distribution centred in d = 5, as shown by the data presented in
Fig. B However, we suspected that it was just an artifact due to the number of zeroes
found around 46 million. Examining the Ladder up to 100 million, more zeroes were found,
which gave a clear non-Gaussian distribution (See green triangles in Fig. |8) confirming our
initial judgement. In any case it is more than clear that statistics on such a small sample
are not conclusive, and even with a bigger sample there would not be a proof.
Up to here we focused on the sequence of zeroes, Fy(n). We conjectured that the number
of terms in Fy(n) tends to infinite for all y. However, from looking at Fig. |4] (bottom) we
infer, that if we take the results in the interval [1, 75 - 10%], some sequences will have more
terms than others, for instance Fy(n) with y < 0 will have in average much more terms than
those with y > 0. Nevertheless, the asymmetry is believed to be just an artifact (let us say,
a size effect due to the small interval examined) and, as discussed before, we conjectured
that in the limit the number of points above and below 0 will be the same (the ratio will
tend to 1). It is natural to assume that the distribution presented by Fy(n) will be the
same for all values of y. Leaded by this assumption we carried out the same analysis for
Fy(n) with y = -3,000, -8,000, and ~10,000, sequences that contain around 5 times more
terms than Fy(n). Comparing those results to Fig. |§ a clear departure from Benford’s law
was observed for the three Fy(n) selected. So, while being aware that the numbers are still
very small from a statistically point of view, this analysis of the terms in more crowded
sequences can provide further evidence of the random distribution of F,(n) for all y.
And to conclude a few notes about the zeroes obtained insofar: First thing to be noticed
is that they are all odd numbers. This is not a surprise and can be easily demonstrated
that, it must be this way. Since, after 3, (the first zero excluding 1) all zeroes must be the
sum of an even number of even numbers (since every prime number is separated by an even
number), then the gaps between zeroes will be always an even number, and hence, all of
them will be odd.

2Sensu stricto this could be true for a number n = X and the sum represented by Eq. (1) could be > 2
(or < z) without crossing the z axis because we start from some point up (or down) the axis.

11
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Figure 8: (Color online) Leading digit histogram of the zeroes sequence Fy(n). Proportion
of the different leading digits found in 30 - 10° (black squares), 70 - 10° (red circles),
100 - 10® (green triangles) and the expected values according to the Benford’s law (blue
inverted triangles).

For one more test about some possible unexpected nonrandom properties of the zeroes in
the Ladder we can check the number of zeroes ending in a given odd digit (since all the
even ones will not be in Fy(n)). Doing so we observe a possible trend in the terms ending
in 1, 3, 5, 7 and 9, being the number of them 459, 479, 484, 487 and 506 respectively in
the first 2415 zeroes, i.e. showing a clear linear increase. A linear fit (y = a + bzx) to the
data (in probabilities, given as %) gives the following parameters: a—18.9441 (0.21452) and
b=0.21118 (0.03734), however whether this will be true or not in the limit n — oo is an
open question.

To finish, how many of these zeroes are primes? In the first 2415 zeroes, we find 313 primes.
Is this number predictable? Since in the interval [1, n| we find ~ n/logn primes, should
we expect, in a set of X consecutive zeroes (but not consecutive numbers!), a number of
primes approximately equal to X/log X7 In our case that would give us 310 in remarkable
agreement with our numerical result. In Fig. [0 we present the number of primes as
a function of the number of zeroes found in Fy(n). However, in the sequence Fy(n) all
numbers are odd, hence, instead of n/logn, should we expect the number of primes to be
2n/logn?

And two final remarks; we checked the sequence of zeroes in OEIS [45| and no match was
found, as expected. Also, inspired by the idea of the Pisano periods, we checked if some
period exists in the last digit of the sequence of the zeroes. If so, the period is larger than
the number of zeroes found insofar.

12
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in the sequence Fy(n). The red line stands for the conjectured counting function
w(n) =n/logn.

7 Conclusions

In this paper, an original idea has been proposed with the aim of arranging integers in 2D
according to the occurrence of primality. This arrangement of numbers resembles a ’ladder’
and displays peaks and valleys at the positions of the primes. Numerical studies have
been undertaken in order to extract qualitative information from such a representation.
As a result of those studies it is possible to promote four observations to the category of
conjectures. One may easily state that the ladder, from its own construction, will cross the
horizontal axis an indefinite number of times; namely, the ladder will have infinite ’zeroes’.
The number of primes in Fy(n) is very well fitted by n/logn but, interestingly, this series
of zeroes does not seem to follow Benford’s Law, at least up to the range of n = 10%. The
number of zeroes grows in a chaotic way somewhere between /n and /n and the sequence
of zeroes, Fy(n), apart of being, by construction odd numbers all of them, does not seem
to follow any distribution in particular other than a possible linear trend in the last digit,
being more likely to be 9 and less likely to be 1.

Our theoretical predictions are largely based on intuition, but we provide qualitative support
from our preliminary results. Although the behaviors reported here have been validated
only for n as large as 108, it is reasonable to expect that they would be observed for arbitrary
n. Mathematical proofs for our conjectures are, likely, to be extremely difficult since they
are inextricably intertwined with the mysterious prime numbers distribution.

As final and most important conclusion we can speculate that the main feature of the

13



sequence of prime numbers, namely, its randomness, will fulfil the conjectures. Or, the
other way around, that the conjectures will be true only if the sequence is completely
random. Thus, new and interesting phenomena can be derived from our study and novel
applications may be settled.

Author Contributions
The authors were responsible for all aspects of this study.

Conflicts of Interest
The authors declare no conflict of interest.

References
[1] A. E. Ingham, “The Distribution of Prime Numbers", Cambridge Mathematical Tracts
30, Cambridge University Press (1932).
[2] J. E. Littlewood, “Sur les distribution des nombres premiers”, Comptes Rendus Acad.
Sci. Paris 158, 1869-1872 (1914).
[3] W. S. Anglin, “The Queen of Mathematics: An Introduction to Number Theory", Dor-
drecht, Netherlands: Kluwer (1995).
[4] T. M. Apostol, “Introduction to Analytic Number Theory", New York: Springer-Verlag
(1976).
5] G. H. Hardy & W. M. Wright. “Unsolved Problems Concerning Primes" §2.8 and
15] y g 9
Appendix §3 in “An Introduction to the Theory of Numbers”, 5th ed. Oxford, England:
Oxford University Press, pp. 19 and 415-416 (1979).
[6] D. Shanks, “Solved and Unsolved Problems in Number Theory”, 4th ed. New York:
Chelsea, pp. 30-31 and 222 (1985).
[7] M. Stallings, “Cryptography and Network Security: Principles and Practice”, Prentice-
Hall, New Jersey (1999).
[8] E. Goles, O. Schulz & M. Markus, “Prime number selection of cycles in a predator-prey
model”, Complexity 6, 33-38 (2001).
[9] J. Toha & M. A. Soto, “Biochemical identification of prime numbers”, Medical Hypoth-
esis 53, 361 (1999).
[10] M. V. Berry, “Quantum chaology, prime numbers and Riemann’s zeta function”, Inst.
Phys. Conf. Ser. 133, 133-134 (1993).
[11] J. Sakhr, R. K. Bhaduri & B. P. van Zyl, “Zeta function zeros, powers of primes, and
quantum chaos”, Phys. Rev. E 68, 026206 (2003).
[12] M. Wolf, “Multifractality of prime numbers”, Physica A 160, 24 (1989).

14



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Z. Gamba, J. Hernando & L. Romanelli, “Are prime numbers reqularly ordered?”, Phys.
Lett. A 145, 106 (1990).

Y. Saouter, “Checking the odd Goldbach conjecture up to 10?°”, Math. Comput. 67,
863-866 (1998).

J. Richstein, “Verifying the Goldbach conjecture up to 4 - 10, Math. Comput. 70,
1745-1750 (2001).

A. Granville, J. van de Lune & H. J. J. te Riele, “Checking the Goldbach conjecture on
a vector computer”, Proceedings of NATO Advanced Study Institute 1988, 423-433
(1989).

J. Borwein & D. Bailey, “Mathematics by Experiment: Plausible Reasoning in the 215
Century”, A. K. Peters Co. in Wellesley, MA, p. 64, (2003).

H. Cramér, “On the order of magnitude of the difference between consecutive prime
numbers”, Acta Arithmetica 2, 23-46 (1936).

P. Erd’os, “On the difference of consecutive primes”, Q. J. Math. Oxford Ser. 6,124-128
(1935).

J. Maynard, “Large gaps between primes”, Ann. of Math. 183, iss. 3, pp. 915-933 |[arXiv:
1408.5110[, (2016).

J. Maynard, “Dense clusters of primes in subsets”, Compositio Math. 152, no. 7, pp.
1517-1554 |arXiv:1405.2593|, (2016).

[22] Y. Zhang, “Bounded gaps between primes”, Ann. Of Math Second Ser. 179(3),

[23]
[24]

[25]

[26]

27]

28]

1121-1174 (2014).
R. Guy, “Unsolved Problems in Number Theory” (2nd ed.), Springer, p. vii (1994)

G. H. Hardy & J. E. Littlewood, “Some problems of ’Partitio numerorum’ III: On the
expression of a number as a sum of primes”, Acta Math. 44, 1-70 (1923).

D. H. J. Polymath, “New equidistribution estimates of Zhang type, and bounded gaps
between primes”, Algebra Number Theory 8, 2067-2199 |arXiv:1402.0811|, (2014).

D. H. J. Polymath, “Variants of the Selberg sieve, and bounded intervals containing
many primes”, Research in the Mathematical Sciences 1:12 |arXiv:1407.4897], (2014).

J. Maynard, “Small gaps between primes”, Ann. of Math. 181, iss. 1, pp. 383-413
larXiv:1311.4600[, (2015).

M. L. Stein, S. M. Ulam & M. B. Wells, “A wvisual display of some properties of the
distribution of primes”, The American Mathematical Monthly 71, No. 5, pp. 516-520
(1964).

15


https://arxiv.org/abs/1408.5110
https://arxiv.org/abs/1408.5110
https://arxiv.org/abs/1405.2593
http://arxiv.org/abs/1405.2593
https://arxiv.org/abs/1402.0811
http://arxiv.org/abs/1402.0811
https://arxiv.org/abs/1407.4897
http://arxiv.org/abs/1407.4897
https://arxiv.org/abs/1311.4600
http://arxiv.org/abs/1311.4600

[29]

[30]

[31]

[32]

[33]

[34]
[35]

[36]

[37]

[38]

[39]

[40]
[41]
[42]

143]

[44]

[45]

L. J. Chmielewski & A. Orlowski, “Finding Line Segments in the Ulam Square with
the Hough Transform”, Computer Vision and Graphics - Lecture Notes in Computer
Science 9972, Springer, Cham (ICCVG 2016).

)

D. Knuth, “The Art of Computer Programming Vol. 2: Seminumerical Algorithms’
(2nd ed.), Addison-Wesley in Reading, MA (1981).

T. E. Hull & A. R. Dobell, “Random Number Generators”, STAM Review 4, 230-254
(1962).

P. Billingsley, “Prime numbers and Brownian motion”, Amer. Math. Monthly 80, 1099-
1115 (1973).

C.-K. Peng, S. V. Buldyrev, A. L. Goldberger, S. Havlin, F. Sciortino, M. Simons & H.
E. Stanley, “Long-range correlations in nucleotide sequences”, Nature 356, 168 (1992).

M. Wolf, “Random walk on the prime numbers”, Physica A 250, 335-344 (1998).

M. Wolf, “Unexpected regularities in the distribution of prime numbers”, Proceedings
of the 8" Joint EPS-APS International Conference, Krakow, pp. 361-367 (1996).

A. Odlyzko, M. Rubinsten & M. Wolf, “Jumping champions”, Exp. Math. 8, 107-118
(1999).

G. G. Szpiro, “The gaps between the gaps: some patterns in the prime number sequence”,
Physica A 341, 607-617 (2004).

G. G. Szpiro, “Peaks and gaps: Spectral analysis of the intervals between prime num-
bers”, Physica A 384, 291-296 (2007).

S. Ares & M. Castro, “Hidden structure in the randommness of the prime number se-
quence?”, Physica A 360, 285-296 (2006).

M. Wolf, “1 /f noise in the distribution of primes”, Physica A 241, 439-499 (1997).
Ph. Ball, “Prime numbers not so random?”, Nature Science Update (2003).

M. Wolf, “Nearest-neighbor-spacing distribution of prime numbers and quantum chaos”,
Phys Rev E 89, 022922 |[arXiv:1212.3841|, (2014).

G. Garcia-Perez, M. A. Serrano & M. Boguna, “Complex architecture of primes and
natural numbers”. Phys Rev E 90, 022806 |arXiv:1402.3612| (2014).

F. Benford, “The law of anomalous numbers”, Proc. Am. Philos. Soc. 78, 551-572
(1938).

The On-Line Encyclopedia of Integer Sequences: https://oeis.org

16


https://arxiv.org/abs/1212.3841
http://arxiv.org/abs/1212.3841
https://arxiv.org/abs/1402.3612
http://arxiv.org/abs/1402.3612
https://oeis.org

	1 Introduction
	2 Jacob's Ladder
	3 Methodology
	4 Results
	5 Conjectures
	6 Discussion
	7 Conclusions

