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Abstract:



We show how the cross-disciplinary transfer of techniques from dynamical systems theory to number theory can be a fruitful avenue for research. We illustrate this idea by exploring from a nonlinear and symbolic dynamics viewpoint certain patterns emerging in some residue sequences generated from the prime number sequence. We show that the sequence formed by the residues of the primes modulo k are maximally chaotic and, while lacking forbidden patterns, unexpectedly display a non-trivial spectrum of Renyi entropies which suggest that every block of size [image: ], while admissible, occurs with different probability. This non-uniform distribution of blocks for [image: ] contrasts Dirichlet’s theorem that guarantees equiprobability for [image: ]. We then explore in a similar fashion the sequence of prime gap residues. We numerically find that this sequence is again chaotic (positivity of Kolmogorov–Sinai entropy), however chaos is weaker as forbidden patterns emerge for every block of size [image: ]. We relate the onset of these forbidden patterns with the divisibility properties of integers, and estimate the densities of gap block residues via Hardy–Littlewood k-tuple conjecture. We use this estimation to argue that the amount of admissible blocks is non-uniformly distributed, what supports the fact that the spectrum of Renyi entropies is again non-trivial in this case. We complete our analysis by applying the chaos game to these symbolic sequences, and comparing the Iterated Function System (IFS) attractors found for the experimental sequences with appropriate null models.
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1. Introduction


Number theory is a millennial branch of pure mathematics devoted to the study of the integers, whose implications and tentacles—despite the expectations of theorists like Dickson or Hardy—not only pervade today almost all areas of mathematics but are also at the basis of many technological applications. A particularly interesting and fruitful bridge to travel is the one linking dynamical systems concepts with number-theoretic ideas, and indeed several well established subfields in pure mathematics lie at the interface between number theory and dynamics, namely arithmetic dynamics, dynamics over finite fields, or symbolic dynamics to cite some examples (see [1,2,3,4] for just a few relevant references).



Physicists on the other hand have also a long history of dealing with dynamics—originating in classical mechanics and more recently encompassing areas such as chaos theory or complexity science—which is probably quite different from the pure mathematician’s in style and focus. As a matter of fact, in the last decades physicists with their tools and experimental inclination have started to look at number theoretic sequences as experimental measurements extracted from some hidden underlying dynamics [5]. Probably starting from the celebrated coincidence between Montgomery’s work on the statistics of the spacings between Riemann zeta zeros and Dyson’s analogous work on eigenvalues of random matrices in nuclear physics [6,7,8], we have seen how number theory and physics have built bridges between each other. These connections range from the reinterpretation of the Riemann zeta function as a partition function [9] or the focus of the Riemann hypothesis via quantum chaos [10], to multifractality in the distribution of primes [11], computational phase transitions and criticality originating in combinatoric problems [12,13,14,15,16], or stochastic network models of primes and composites [17] to cite only a few examples (see [5] for an extensive bibliography).



In this work we aim to illustrate further this fertile cross-disciplinary transfer of ideas and tools by tackling from a dynamical point of view some important sequences that emanate from the prime number sequence, with the aims of exploring their underlying structure. By using tools originally devised to describe turbulent fluids or to generate fractal patterns, we find that these sequences show compelling signs of chaotic behaviour yet hiding some unexpected structure. In an effort to elucidate the observed dynamical behaviour (chaoticity and non-trivial spectra or Renyi entropies), we subsequently link these apparently new patterns with some number theoretical properties of these sequences, hence showing that these patterns can be mathematically and physically understood using completely different tools. For pedagogical reasons and to make the exposition amenable to non-specialists in dynamical systems and number theoretic aspects, we will try keep the paper reasonably self-contained by introducing the key concepts and tools.



Prime spirals and the residue classes of linear congruences. The Ulam spiral [18] is make by writing integers in a square spiral and marking the particular position of the prime numbers (see Figure 1 for an illustration). Using this representation, S. Ulam found that prime numbers tend to distribute and appear mostly on the diagonals of the spiral.


Figure 1. (a) The Ulam spiral for the sequence 1, 2 … 12, with primes in red; (b) A full 200 × 200 Ulam spiral showing the primes as individual black dots. Notice the emergent diagonal pattern where the primes tend to accumulate.
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Commonly the primes are marked in a different color like in Figure 1a in order to distinguish them. The diagonal-like accumulation patterns of primes can be explained by noticing that these correspond to solutions of prime-generating polynomial equations such as the well known Eulerian form [image: ]



A simpler spiral that can be constructed to represent the sequence of natural numbers is the so-called diagonal spiral, where the spiral rotates off from an initial point and the interval of the distance between successive numbers is increased by one each two intervals as shown in Figure 2. The resulting spiral accommodates all integer in four diagonals as shown in Figure 2b, for [image: ]. With the exception of 2, all prime numbers are accommodated on two opposite diagonals due to the fact that all primes apart besides 2 are odd numbers. As this spiral is a simple geometric illustration of performing a modular operation (modulo 4), then each arm of the spiral agglutinates integers of the form [image: ], with n integer and [image: ]. The upper-left spiral arm agglutinates primes such as [image: ] of the form [image: ], i.e., congruent to 3 modulo 4, and are called Gaussian primes (this sequence is catalogued as A002145 in OEIS). On the other hand, the bottom-right diagonal agglutinates the rest of the primes, e.g., [image: ] of the form [image: ], i.e., congruent to 1 module 4, and are called Pythagorean primes (sequence A002144 in OEIS). Besides the prime 2, all primes can be expressed as [image: ] or [image: ] for some [image: ]. Our analysis will start by considering a symbolic sequence [image: ] where [image: ] is the n-th prime, with two symbols [image: ] such that [image: ], [image: ] [19]. By virtue of Dirichlet’s theorem these two symbols occur infinitely often along the prime number sequence.


Figure 2. (a) The diagonal spiral for the sequence 1, 2 … 13, with primes in red. (b) The diagonal spiral for [image: ], with primes in blue. The upper-left spiral arm agglutinates primes of the form [image: ], called Gaussian primes. The bottom-right agglutinates the rest of the primes with form [image: ], called Pythagorean primes.
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Incidentally, note that this initial mapping can be performed with arbitrarily different modulus k; i.e., [image: ] with [image: ]. Suppose that we construct the residue classes formed by taking the primes modulo k. Dirichlet’s theorem on arithmetic progressions proves that all but a finite number of primes are congruent with [image: ] different residue classes, where [image: ] is the Euler totient function [2]. For instance, since [image: ], this means that for [image: ] and 6 the symbolic sequence constructed from taking the residue classes of primes modulo k is essentially formed by just two symbols (note however that there is always a finite transient, for instance for [image: ] the first prime [image: ] is the only prime which is not in the residue classes 1 and 3). In this sense, the sequence formed by Pythagorean and Gaussian primes is just a convenient particular case to distinguish both types of primes, but one can do this for arbitrary modulus. For instance, for modulus [image: ] the totient function is 4, so the resulting sequence will have four symbols in these cases, and so on. In this work we will only consider prime residue sequences with two symbols obtained via taking the primes modulo k, with [image: ] and 6 (Dirichlet’s theorem guarantees that the density of both symbols is positive in every case).



The transitions between Pythagorean and Gaussian primes. Once the sequence of Gaussian and Pythagorean primes (modulus [image: ]) has been extracted, we can consider the sequence of transitions between these two classes. This new symbolic sequence now has 4 symbols, one per transition, i.e., the set [image: ]. We construct this sequence by sliding a block-2 window and assigning to each pair of consecutive symbols a new symbol, for instance the consecutive primes 3 and 5 map into the symbol [image: ], because 3 is a Gaussian prime (A) and 5 is a Pythagorean prime (B). This new sequence will be called the transition sequence. The reason for doing this is inspired in envisaging primes as the result of a Markov Chain defined over a two-state network with certain transition rates, which would in this case be equivalent to the frequencies of each block-2 string (see Figure 3).


Figure 3. A network representation of the prime numbers sequence and state transitions. The sequence of gaps can be interpreted as a particular realisation of an underlying Markov Chain defined over a two-state network with certain transition rates. In Figure 4 we depict an illustration of such a Markov Chain process. Jumps from “A” to “B” are associated to either twin or sexy pairs, whereas self-loops are associated to cousin pairs.
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Residue classes of gaps mod k: twins, cousins and sexies. Two consecutive primes on the integer line separated by a gap [image: ] are known as twin primes (for example [image: ] are twins). Consecutive primes on the integer line separated by a gap [image: ] or 6 are known as cousin primes and sexy primes respectively (for example [image: ] are cousins and [image: ] are sexies). An illustration of the occurrence of twin, cousin and sexy prime pairs is shown in Figure 4.


Figure 4. Transitions between consecutive primes, labelled in terms of twins, cousins and sexies.
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A wealth of literature has addressed the structure of these sequences, some relevant references include [20,21,22,23,24]. Gaps between primes (ever odd except for the number 2 and 3 the only gap with [image: ]) can grow arbitrarily large, so for the sake of studying the properties of gaps with the tools of dynamical systems theory we need to make the sequence stationary. Again, we do this by taking modulo k and symbolise the gaps according to the residue class to which they correspond. For [image: ], one can accordingly classify the gaps into three families: those congruent with [image: ] will be called sexy-like, those congruent with [image: ] will be called twin-like, and those congruent with [image: ] will be called cousin-like. Incidentally, note that transitions between the Pythagorean and Gaussian branches are only due to twin-like and sexy-like gaps. The k-tuple conjecture by Hardy and Littlewood [25] indeed predicts that all admissible k-tuple of primes occur infinitely often, hence this conjecture suggests that the density of the residue classes [image: ] and 4 is positive accordingly. Our third type of sequence under analysis in this work will be the sequence of gap residues [image: ].



The rest of the paper goes as follows: in Section 2 we recall some important tools originating in dynamical systems and statistical physics for the description of disordered systems from sequence measurements. In Section 3 we apply these methods to the three types of sequences described above: (i) the symbolic sequence of prime residues [image: ] with symbols A (Pythagorean primes) and B (Gaussian primes), (ii) the transition sequence among them with four symbols: [image: ], [image: ], [image: ] and [image: ] and (iii) the gap sequence [image: ] with three symbols, A for sexy primes, B for twin-like primes, and C for cousin-like primes. We also interpret these results from both a dynamical and number theoretical viewpoint. In Section 4 we discuss our findings and conclude.




2. Tools from Nonlinear and Symbolic Dynamics


2.1. Enumerating Blocks: Spectrum of Renyi Entropies


In this subsection we show how to explore in a quantitative and systematic way the abundance of blocks of symbols that appear in each symbolic sequence, and its dynamical interpretation. A block of size m constitutes a string of m consecutive symbols in the sequence: is every possible block appearing in the sequence? If so, with what frequency?



Let us consider a dynamical system [image: ], [image: ] and consider a symbolic sequence [image: ] extracted from a trajectory [image: ] of this map via a certain partition of the phase space [image: ] into p symbols. In this infinite sequence we are interested in the statistical properties of a generic block of m consecutive symbols [image: ]. To fully describe the statistics of these blocks we shall consider the whole spectrum of so-called Renyi dynamical entropies [image: ], with [image: ] [26] (Renyi entropies, for short) that weight the measure, the frequency of each block in different ways. There are two particular cases that, given their paramount importance, should be highlighted before a general formula is introduced.



For [image: ], [image: ] is called the topological entropy. If [image: ] is the set of all admissible blocks (present in the dynamics) of length m, then the topological entropy can be defined in terms of [image: ] as:


[image: ]



(1)







In other words, [image: ] describes how many new different admissible blocks can appear in the symbolic sequence as we increase its length m. We can compute [image: ] as:


[image: ]



(2)







There is no metric underlying this quantity, we are only counting admissible blocks, hence the label topological. This is the symbolic analog of the rate of new trajectories that are admissible in a dynamical system as time increases.



For [image: ], [image: ] reduces to the symbolic version of the well known Kolmogorov–Sinai entropy:


[image: ]



(3)




where the summation goes through all the admissible configurations s and P(s) is the probability of each one of them. This entropy weights logarithmically the measure of each type of block, it is thus a metric entropy. A traditional definition of a chaotic process is associated with a finite, positive value of [image: ], and under suitable conditions this quantity is, according to Pesin identity [26], equivalent to the sum of positive Lyapunov exponents of the underlying (hidden) chaotic system.



For [image: ], [image: ] defines a spectrum of Renyi entropies:


[image: ]



(4)







It is known that [image: ] is a monotonically decreasing function of [image: ], such that [image: ]. For some chaotic processes such as the binary shift map [2,19], one can show that [image: ] is independent of [image: ], one then says that the spectrum collapses to a single value. If [image: ] indeed depends on [image: ] we say that the system has a non-trivial spectrum of Renyi entropies.



Two comments are in order. First, note that [image: ] are strictly speaking not simple entropies but entropy rates, that is, they are intensive quantities in the statistical mechanics sense. For convenience, we will also use the following notation


[image: ]








where [image: ] are the so-called Renyi block entropies, also called partial entropies. These are indeed extensive quantities, and the entropy rate is taken by normalising these over the block size. Second, note that all these entropies in general depend on the partition [image: ] performed in the phase space of the underlying dynamical system. If the partition is performed homogeneously, then this essentially depends on the number of symbols, but this is just a particular subset of all possible partitions. Strictly speaking, in order to find the correct value of [image: ] one needs to take the supremum over all possible partitions. We will obviate this step, relying on the fact that for the so-called generation partitions, these quantities already reach their maximum and therefore the supremum does not need to be taken. When the object under study is not the dynamical system itself but an observation—i.e., a (finite) experimental symbolic series [image: ]—, then [image: ] can be estimated numerically by counting the frequencies of appearance of each block and weighting these frequencies appropriately.




2.2. Iterated Function Systems (IFS) and the Chaos Game


The so-called chaos game [27,28,29] is a simple iterative method to construct fractals. Originally, one starts with an initial point [image: ] inside a p-vertex polygon and builds a new point [image: ] by selecting at random one of the p vertices of the polygon, drawing the segment connecting [image: ] and the vertex, and finding the location of the point in the segment whose distance to the vertex is a certain factor of the distance between [image: ] and the vertex. This transformation is an affine transformation, whose iteration defines a so-called Iterated Function System (IFS), a well-known iterative method to create fractals [27]. For [image: ] (regular triangle) and a factor [image: ], the attractor of this simple iterative process is the celebrated Sierpinski gasket, whereas for [image: ] (square) and a factor [image: ], the trajectory is space filling and the attractor is the whole square (see Figure 5).


Figure 5. Iterated Function Systems (IFS) attractor for (a) a type I null model with [image: ] symbols, (b) a type II null model with [image: ] symbols, (c) a type I null model with [image: ] symbols.
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Now, suppose that the process of picking new vertices is not at random, but follows a certain pattern. In that case the attractor of the IFS is typically a subset of the attractor found by making the chaos game. For instance, it is well known that for [image: ] and a factor [image: ], the attractor of the chaos game is the whole square, but if restrictions on what vertices can be selected based on previous history are applied; i.e., if we introduce temporal correlations in the stochastic process of vertex selection, in several cases the new attractor is a fractal subset of the square. Given a symbolic sequence, where symbols can take p different values, one can therefore apply the IFS defined above where in each iteration the selected vertex is not chosen at random but is given by the next element in the symbolic sequence. Non-random sequences will then in general yield an IFS attractor different from the one obtained applying the chaos game, and the concrete shape would be given by the precise way we have to prune a random series to obtain the symbolic sequence we are working with.



This argument provides a way to construct a geometric representation of the patterns underlying non-random symbolic sequences, which can be disentangled by comparing them with the object retrieved by applying the chaos game (that would be called the null model, see next section for details). In what follows we will explore the geometric shapes we find by applying the chaos game not on random sequences but following the specific sequences extracted from the primes.





3. Results


Before exploring from a dynamical systems viewpoint whether the set of sequences defined above evidence some degree of order (some underlying patterns), we should have an idea of what kind of patterns could naturally emerge in such sequences, even if no actual structure was present. For instance, if one wants to know if an observed sequence of heads and tails has some underlying temporal correlation (in the sense of exploring whether it is more probable to e.g., find a tail after a head) one needs to compare the statistics of the sequence with the statistics of the same sequence after a reshuffling: the reshuffling will by construction remove all temporal correlations but will not throw away other properties, such as the abundance of heads and tails (i.e., any possible bias in the coin). In some sense one needs to construct, given a sequence under study, the “surrogate sequence” which conserves the default properties of the sequence under analysis but lacks, by construction, any other structure. Such surrogate sequences are called null models.



3.1. Null Models: What to Expect if Primes Lack Structure?


What should we expect from a null model? Here we are interested in evaluating whether our prime sequences hides some degree of correlations or, conversely, these sequences cannot be distinguished from a totally random process. As such, our null model should consist of a random uncorrelated sequence. However, we have several possibilities to do that.



3.1.1. Type I: Symbols i.i.d. with Uniform and Non-Uniform Probability Densities


In such a model, s is a random variable extracted at each time independently with a certain probability distribution from [image: ], where p is the number of symbols. For instance, in our case one could draw symbols uniformly from either [image: ] or [image: ]. That is, each of the two or four symbols having a probability [image: ] or [image: ] respectively, to generate a random sequence, which would act as a null model for both the prime residue sequence and the transition sequence respectively. It is easy to prove that in this case, [image: ], independently of [image: ] and m, something that was checked numerically for [image: ] in Figure 6. This means that in the this kind of null model, all blocks of size m are possible and appear in the symbolic sequence with equal probability. The case [image: ] is trivial to prove, here we give the argument for the case [image: ]: in the event all blocks of size m are equiprobable, we have [image: ] and then


[image: ]










Figure 6. (a) Block entropies [image: ] for different symbolic sequences; (b) Renyi block entropies [image: ] for different values of m and [image: ]. All curves seem to converge to [image: ].
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In the event that all possible blocks of size m are admissible, the set of admissible sequences is equal to the set of all possible sequences [image: ]. We thus have [image: ] hence


[image: ]











Furthermore, we can also define a similar stochastic process where now we draw symbols at random from the set of symbols not in a uniform way, but instead with a probability that indeed matches the empirical one. This would be a null model that respects marginal distributions. For instance, for primes residues where the symbol set is [image: ], while asymptotically [image: ], for finite sequences estimations are systematically larger for A, something known as the Tchebytchev bias [30]. For the transition sequence where the symbol set is [image: ], empirically we find [image: ]: this might account for this bias as [image: ] (note that for convenience we have not made explicit in the notation the difference between asymptotic and estimated probabilities).



In these cases, the null model accounts for this non uniformity in the abundance of symbols and generates a sequence with non-uniform symbol frequencies which, for finite m, has by construction metric entropies which are smaller or equal to the uniform counterpart (this holds as a direct consequence of the second Khinchin axiom). Consider the case [image: ]. For blocks of size [image: ] the entropy [image: ] is:


[image: ]











This value holds constant [image: ] and one can very easily prove that in this case [image: ]. A sketch of the proof is as follows: consider for simplicity the case [image: ], in that case:


[image: ]











Since the sequence is by definition uncorrelated we can factorise [image: ] and thus


[image: ]











A simple induction concludes the proof. Accordingly, the null model for the prime configuration depicted above yields [image: ], and in general [image: ] (the inequality saturates for [image: ] as in this case no metric aspects are concerned, whereas for other values of [image: ] we expect the upper bound to be reasonably tight).



Now, what type of IFS attractor is produced by a type I null model? If one performs the chaos game for a square (4 vertices) and a contraction factor [image: ], the process is space-filling, i.e., the attractor is [image: ] (the attractor is the interior of a square with all points visited with equal probability). Hence performing the chaos game on a type I null model with [image: ] symbols is a space-filling IFS (Figure 5a). On the other hand, for [image: ] a type I null model yields the Sierpinski gasket as the attractor of the IFS (Figure 5c), point out no correlations.




3.1.2. Type II: Transitions


It is easy to see that the preceding null models are reasonable to explore the lack of correlations in sequences such as the primes or gaps residues, but not for the prime transition sequence, made out of [image: ]. The reason is simple: suppose that in the sequence at some point we find the symbol [image: ]. The subsequent symbol will describe the transition from B to the next prime, and therefore this next symbol will necessarily start with the letter B (that is, [image: ] or [image: ]), in other words it will never be a symbol starting with the letter A. This is simply related to the way of constructing the transition sequence (by sliding a window of size 2 with overlap) hence this process builds spurious correlations and forbidden transitions. As an example: the following transitions are forbidden: [image: ].



Accordingly, plenty of possible blocks of m symbols are actually forbidden simply by the way the sequence is created, not necessarily because there is an intrinsic correlation in the prime sequence. In order to find out whether this is the case, the correct null model to explore is as follows:

	
Generate a random sequence via a type I null model with two symbols A and B (where asymptotically [image: ], however for finite size series one should account for Tchebytchev bias),



	
Then construct the resulting sequence with [image: ] symbols [image: ].








It is easy to enumerate in this null model the number of possible [image: ], admissible [image: ] and forbidden [image: ] blocks of size m, with [image: ], throught the iterations:


[image: ]











With [image: ] and [image: ] we can solve the preceding equations and find:


[image: ]



(5)







Accordingly, in this null models the number of forbidden patterns grows exponentially fast (faster than the number of admissible ones). The topological entropy of this model is analytically solvable:


[image: ]








and [image: ]. We find that this quantity converges to [image: ] after a monotonic decrease.



The IFS attractor of a type II ([image: ]) is plotted in the middle panel of Figure 5. The attractor is not anymore the interior of the square (i.e., an attractor of dimension 2), but a fractal of lower dimension. This resulting fractal shape is the geometrical equivalent of systematically pruning from [image: ] the spurious forbidden patterns discussed above.




3.1.3. Type III: Cramer Null Model


There is a third null model than one could use. This is the classical Cramer random model [31], which starts by creating a stochastic version of the prime number sequence by assigning to each integer x a probability of being prime equal to [image: ]. This model is inspired after the prime number theorem, which states that the amount of primes under N is asymptotic with [image: ]. This latter quantity can be therefore understood as the expected number of primes under x. If the probability of a number only depends on its ordinal in the line, then the average number of primes under N is


[image: ]








where [image: ] is the offset logarithm integral. This model generates a list of pseudo-primes which statistically conform to the prime number theorem albeit being essentially uncorrelated from each other.



Note that in this form, Cramer model is not applicable in our case, as it is very likely that such model would generate both even and odd pseudo-primes, therefore not congruent with the correct residue classes. We therefore slightly modify this model and assume that each even integer x is a pseudo-prime with null probability, whereas each odd integer x is a pseudo-prime with probability [image: ]. From the resulting list of pseudoprimes one can reconstruct the pseudo-prime residues, pseudo-prime transitions and pseudo-prime gap residues sequences.



It is important to highlight that a deterministic process whose statistics are equivalent to the corresponding null model is totally indistinguishable from a purely random, uncorrelated process. The main aim of this work is indeed to explore this hypothesis.




3.1.4. Some Fully Chaotic Maps


For the sake of comparison with other deterministic processes, we close this section on null models by considering several fully chaotic maps: the logistic map [image: ], the binary shift map [image: ] and the tent map [image: ] where in every case [image: ]. All these three maps display chaotic behaviour and are topologically conjugated to each other, thus sharing the same entropic spectrum. For a homogeneous partition of the interval with [image: ] symbols [image: ], the symbolic sequences of these maps don’t have forbidden blocks, meaning that [image: ]. It is also well known that this partition is generating (not only that, it is also a Markov partition) and thus the entropies reach their supremum over all possible partitions. Furthermore, for these maps all symbol blocks are equiprobable, hence [image: ]. In some sense, these maps are fully chaotic as their [image: ] symbolic representation has strong randomness properties: one cannot distinguish these from a purely random sequence of two symbols. As a matter of fact for the binary shift there are actually no differences at all: the symbolic sequence in these cases not only induces a topological Markov chain but also a standard Markov chain, meaning that the sequence has no memory on previous states: the probability of a new symbol is [image: ], irrespective of the previous history.



Now, the transition sequence has [image: ] symbols, hence for the sake of comparison we firstly consider an homogeneous partition of [image: ] symbols for the fully chaotic logistic map. Interestingly, in that case we find that this symbolic sequence has an entropic spectrum [image: ] as well. That means that we find forbidden patterns in this configuration. Note that this is not unexpected and can be easily proved as follows: since the partition with two symbols is generating, the block entropy reaches its supremum over all partitions for that case, which is indeed [image: ], thus any other partition should yield entropies smaller or equal than [image: ]. On the other hand, an homogeneous partition with [image: ] symbols is a refinement of the partition with [image: ] symbols, therefore invoking the monotonicity property of entropies over different partitions [32] we have that any refinement of the [image: ] partition should yield an entropy larger or equal to the one for [image: ], namely [image: ]. Both conditions are only mutually satisfied when the inequality saturates, what concludes the proof.



The dynamical origin of the forbidden patterns in the fully chaotic logistic map for [image: ] symbols can be explained in terms of the shape of the unimodal map [image: ]. We will focus on a particular example to elucidate this relation. Define the symbols as the subintervals [image: ], [image: ], [image: ] and [image: ]. Then for [image: ], the pattern [image: ] is forbidden (there are a total of 8 forbidden blocks of size 2). This means that in the symbolic sequence of the logistic map with [image: ] symbols, the symbol A will never precede the symbol D. The reason is simple: as F is continuous it maps intervals into intervals, and together with the fact that [image: ], this means that that [image: ], so starting from A we will never reach D. Interestingly enough, one can enumerate in this case the forbidden patterns and, surprisingly, we find that for every m the amount of admissible and forbidden patterns exactly matches the formulas found for the type II null model. This suggests that one can make an enumeration of the forbidden patterns of the logistic map via a branching process similar to the one used to enumerate these patterns in the type II random process.



Once these synthetic processes have been detailed, let us consider the results obtained for the numerical experiments.





3.2. Results and Interpretation for the Transition Sequence


Let us start by analysing the transition sequence. In the left panel of Figure 6 we show that, for the transition sequence with [image: ] symbols, [image: ]. This tendency is quantitatively similar for other values of [image: ], see the right panel of Figure 6, suggesting that [image: ]. This means that in the transition sequence there are forbidden patterns but those admissible occur equally often. This was indeed expected from the type II null model analysis displayed above. In Figure 6 we have plotted the analytical prediction for [image: ] from the type II null model, which perfectly matches the numerical experiment. We conclude that the transition sequence shows strong randomness properties and cannot be distinguished from a purely random process.



Applying the chaos game (contraction factor [image: ]) to the transition sequence (Figure 7) shows a clearly fractal shape. Interestingly, this is the same pattern that one finds for the symbolic sequence (4 symbols) generated by the tent map. As expected, this is different from a null model of type I but identical to a null model of type II (Figure 5c), on agreement with the conclusion extracted from our entropic analysis.


Figure 7. IFS chaos game-like attractor for the prime transition sequence. The attractor has a fractal shape instead of being space-filling, however a type II null model can account for such shape, as shown in Figure 5.
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3.3. Results and Interpretation for the Primes Mod k


The previous results suggest that the apparent lack of total randomness found in the transitions between Pythagorean and Gaussian primes was only due to the way the sequence was constructed, as a null model of type II found the same quantitative results. In order to gain a better understanding, we now consider the symbolic sequences generated via congruences of primes modulo k, where k is such that [image: ], and we start by computing the spectrum of Renyi entropies [image: ] for different k and different values of [image: ], results are summarised in Figure 8.


Figure 8. (a) Block entropies [image: ] for symbolic sequences primes mod k, with different values of k. We find that the topological entropy is always [image: ], suggesting that there are no forbidden patterns in primes modulo k; (b) Empirical Renyi block entropies [image: ] for different values of m and [image: ], extracted from the primes modulo 4. The spectrum does not collapse into a single value; (c) Empirical Renyi block entropies [image: ] for different values of m and [image: ], extracted from the fully chaotic logistic map [image: ] after symbolisation with [image: ] symbols. Results have been computed over a symbolic sequence of [image: ] points, the same size as the one for the primes in the middle and left panels. The spectrum in this case collapses [image: ] as expected according to the topological conjugacy of the fully chaotic logistic map with the binary shift.
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In the top, left panel of Figure 8 we consider the topological entropy for [image: ] and 6, for which there are two residue classes with infinite primes (two symbols). In every case we find a smooth convergence with the block size m to an asymptotic value [image: ], suggesting that there are no forbidden patterns in these sequences as expected. Incidentally, the reason why [image: ] for [image: ] and [image: ] for [image: ], and that [image: ] is only reached asymptotically in every case is because depending on k, there are a few initial primes that do not fall into the residue classes with positive density: for [image: ], [image: ]; analogously for [image: ], [image: ]; and finally for [image: ] as this is a primorial with two factors we have two primes off the main residue classes [image: ]). On the other hand, in the top right panel of Figure 8 we explore the spectrum of Renyi entropies for a particular modulo [image: ] (results are analogous for [image: ]). As the set of transient symbols is finite, in the case of the KS and the rest of Renyi entropies that take into account the frequencies of each block this effect is smeared out. The first important observation is that for [image: ], the Kolmogorov–Sinai (KS) entropy converges to a value [image: ] slightly below [image: ]. This small shift could be due to the fact that the density of A’s and B’s, while being asymptotically identical [image: ] (Dirichlet), is different almost surely for any finite length sequence: again the famous Tchebytchev bias. Accordingly, a null model for this case does not yield an entropy equal to [image: ] but [image: ]. To check whether this effect is simply a result of the Tchebychev bias, we have also run a type I null model where each symbol is drawn non-uniformly according to the empirical estimations of [image: ] and [image: ] for our experimental series. We find [image: ], [image: ] and [image: ], which is too close to [image: ] to give account for the deviation observed for the KS entropy. Using a Cramer null model (type III) we also find the same result [image: ], [image: ]. The only possible solution is that, while there are no forbidden patterns and all blocks of size m are admissible, they don’t appear equally often and as m increases this heterogeneity builds up stronger.



If that was actually happening, then we should expect that this non-uniformity gets more pronounced for higher values of [image: ]. As a matter of fact, and at odds with what we find for the binary shift map and the null models, we indeed find that [image: ] for the prime residues seems to be a monotonically decreasing function on [image: ]: for higher order values of m even if all blocks are admissible, they are not equiprobable. To check that this is not a finite size effect, we have reproduced the same computation on a symbolic sequence of the same size extracted from the fully chaotic logistic map with [image: ] symbols -which is known to yield [image: ] when finite size effects are absent-. The spectrum in this case collapses to [image: ] as expected according to the topological conjugacy of the fully chaotic logistic map with the binary shift, and no relevant finite size effects are appreciated. Note that the Tchebytchev bias alone is not able as well to explain this systematic decrease (a non-uniform null model of type I gives [image: ]). This confirms that in the case of the prime residues modulo k, we indeed have a nontrivial spectrum of Renyi entropies due to the different rates of appearance of every block of size m. For [image: ] this systematic non-uniformity is precluded by virtue of the Dirichlet theorem, that assigns the same density for all admissible residue classes, so this is a higher order pattern.



We use a proxy to [image: ] and we plot this value as a function of [image: ] in Figure 9. We deduce that metric does indeed play a substantial role, at odds of what was perceived in the [image: ] symbolisation. The reason for the uneven appearance of each block will be elucidated in the next section, where we consider the gaps residues.


Figure 9. Spectrum of Renyi entropies associated to the primes modulo 4.



[image: Entropy 20 00131 g009]







3.4. Results and Interpretation for the Gaps Residue Sequence


Here we focus on the sequence of prime gaps, with [image: ]. In some sense gaps are the derivative of the primes. As it happens in complex chaotic systems such as turbulent fluids, it is not position but velocity (the derivative field) the observable which shows a richer structure.



Gaps are always even numbers and as there exist arbitrarily large gaps, in order to make the gap sequence stationary we consider this sequence modulo 6. Remember that the choice of the modulus is not arbitrary here, as the residue classes classify gaps into three big families: 2 mod 6 (twin-like), 4 mod 6 (cousin-like) and 0 mod 6 (sexy-like).



3.4.1. Entropic Analysis


In principle, a null model for this sequence should be of the type I, yielding for the uniform case [image: ]. For the more realistic case where the empirical frequencies of the residue classes are considered, we have observed that for the sequence of the first [image: ] gaps,


[image: ]



(6)







For these frequencies, we find [image: ]. The null model predicts [image: ], so the first partial entropy should be enough to extrapolate the asymptotic value. Using a Cramer null model we also find the same result. However, the actual spectrum is shown in Figure 10, pointing out two unexpected features: (i) the convergence of Renyi entropies to finite, positive values smaller than those predicted by the null models. This happens even for [image: ], pointing out to the presence of forbidden patterns in this sequence: blocks of m symbols that appear in the null models but are forbidden in the prime gaps. And (ii) there seems to be a non-trivial, monotonic dependence on [image: ] which is not found in the null models. In what follows we discuss both results.


Figure 10. (a) [image: ] associated to the primes gaps modulo 6; (b) Spectrum of Renyi entropies associated to the primes gaps modulo 6.
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Explaining forbidden patterns. Some observed low order forbidden patterns are enumerated in Table 1. The first forbidden pattern is for a block of size [image: ] and consists in [image: ]. A forbidden pattern in the gaps residue sequence such as [image: ] actually relates to an infinite set of forbidden patterns in the prime sequence. First, all gap pairs [image: ] with [image: ] are congruent to [image: ], that is, consecutive gaps such as [image: ], [image: ], [image: ], [image: ], etc. are all forbidden. In the prime sequence, each of these forbidden gap pairs is associated with a forbidden prime triple of the form [image: ], with q prime.



Table 1. Set of forbidden blocks [image: ] of size [image: ] in the sequence of gap residues modulo 6.
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[image: ]
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From a dynamical systems viewpoint, these results suggest that the gap residue sequence manifests chaotic behaviour (as the amount of admissible blocks grows exponentially with m and thus the KS entropy is positive), but of weaker intensity as [image: ]. According to Pesin identity [26], for symbolic dynamics with positive KS entropy, this quantity is equal to the Lyapunov exponent of the underlying dynamical system, this latter quantity being responsible for the exponentially fast separation of initially close trajectories. In a system with p symbols, information could be erased at least as fast as [image: ] per time step (in Information Theory both the topological and KS entropies are usually defined in base 2 rather than in base e, and in this setting information can be erased as fast as [image: ] bit per iteration). In any case, for the gaps residue sequence modulo 6 we have [image: ], so the dynamics is chaotic albeit information is lost at a slower pace as [image: ].



Why is this the case? Why is the dynamics underlying the prime gap residue sequence ‘less chaotic’ than a shift of finite type or a purely random process? In other words: what is the nature of these forbidden blocks? Consider for instance the block [image: ], which is not forbidden as it appears at least once in the prime progression [image: ]. It is easy to show that such progression is actually the only possibility. The proof consists in studying the divisibility properties of [image: ] and [image: ]. It turns out that in this progression there is always an element which is not prime because it is a multiple of three. Assume for a contradiction that this is not the case, and consider the remainder of the integer division [image: ]. If q is not a multiple of three, the remainder should either be 1 or 2. If the remainder is 1, then [image: ] is a multiple of three. If the remainder is 2, then [image: ] is a multiple of three. The only case where there is no contradiction is when [image: ] (a prime which is multiple of three), what finishes the proof.



Note that this proof also certifies that no progression [image: ] other than 3, 5, 7 is possible, i.e., this holds not just for a twin triplet but for any twin-like triplet of the type [image: ] where [image: ].



The origin of forbidden blocks can be thus directly linked to the divisibility properties of the integers. Actually, it is well-known that a block of m consecutive gaps [image: ], which gives rise to a prime block of the type [image: ] is forbidden if and only if one can find a prime r for which each all and every partial series [image: ] is congruent to a different residue from [image: ]. For instance, in the case above of a gap duple [image: ] that generates a prime sequence of the form [image: ], [image: ] and [image: ].



For [image: ] again all residues for [image: ] are ticked, thus [image: ] is forbidden. Using this principle one can therefore systematically enumerate these forbidden patterns. For a generic m one finds


[image: ]








from which we derive the partial entropies [image: ] for the topological entropy:


[image: ]



(7)




for [image: ] and [image: ]. This monotonic decay is in good agreement with the experiment (see the left panel of Figure 10). Interestingly, the number of admissible blocks of size m -which is here related to the divisibility properties of the integers- precisely coincides with the number of admissible blocks in the type II null model, see Equation (5). Altogether,


[image: ]











Monotonic dependence on [image: ] and the distribution of blocks. In order to find an analytical expression for [image: ] which would allow us to elucidate whether the Renyi spectrum is indeed non-trivial or, on the contrary, whether this is just a finite size effect which while not present in the null models might be present for finite size statistics of gaps residue sequences but vanish asymptotically. We would need to be able to find an analytical expression for the frequencies of each admissible block.



Let us start by considering a Cramer null model. According to this model any large integer q has roughly a probability [image: ] of being a prime, then assuming probability independence the probability that an m-tuple of integers is prime is simply [image: ]. However, obviously the Cramer model predicts the same probability for every m-tuple, that is, in a Cramer random model every gap block of size m would be equiprobable and therefore the frequency of each admissible block of size m is simply [image: ]. Under this situation it is easy to show that [image: ]: a Cramer null model does not explain the dependence on [image: ] found in the gap residue sequence.



Fortunately however, a well-known conjecture in number theory comes to save the day. First, let us define a prime m-tuple as a sequence of consecutive primes of the form [image: ]. Such a prime m-tuple is trivially associated to a gap block [image: ] (of course, in our case many different gap blocks have the same associated residue block). The diameter of a prime m-tuple is the difference of its largest and smallest element, i.e., [image: ]. For a fixed m, the m-tuple with smallest diameter is called a prime constellation. For instance, for a prime duple [image: ] one can find twin primes ([image: ]), cousin primes ([image: ]), sexy primes ([image: ]) and so on, all associated to a gap block [image: ]. The smallest diameter is for [image: ] and therefore for [image: ] the only prime constellation consist of twin primes. For gap blocks of size [image: ], the smaller diameter is [image: ], and there are two possible constellations for that, associated with the gap blocks [image: ] and [image: ]. An example of the former is the prime triple [image: ] whereas for the latter the smallest constellation is [image: ].



It is clear that prime constellations generate only a subset of our gap residue blocks, but still an infinite subset, and more importantly, for a fixed m there is in general more than one constellation. Now, the celebrated m-tuple conjecture by Hardy and Littlewood [25] states that the frequencies of these prime constellations can be computed explicitly:



Prime [image: ]-tuple conjecture. The amount of prime constellations [image: ] found for [image: ] is given asymptotically by


[image: ]








where


[image: ]








are the so-called Hardy–Littlewood constants, the product runs over odd primes [image: ] and the function [image: ] denotes the number of distinct residues in [image: ] mod q.



Incidentally, note that for readability we have used the symbol m to be consistent with the previous exposition, however this conjecture is usually stated as the k-tuple conjecture. Remarkably, these probabilities are proportional to the Cramer model but, contrary to the Cramer model, do indeed depend on the particular block type via the Hardy–Littlewood constants. This enables us to explore the uneven distribution of blocks via this conjecture:



For [image: ], we are considering pairs of primes. The prime constellation in this case, as we know, is for [image: ], therefore the conjecture predicts that the amount of twin primes below x is


[image: ]








where


[image: ]











The formula given by Hardy and Littlewood can actually be used to estimate the amount of any prime m-tuples, not necessarily only those with smaller diameter. For instance, still for [image: ] we can work out the case for which [image: ] (cousin primes) and [image: ] (sexy primes), finding


[image: ]











From this first analysis it is straightforward that sexy pairs are, asymptotically, twice more frequent than twins and cousins, what already suggests for [image: ] that we have a non-uniform distribution of blocks.



The uneven distribution of blocks can be further assessed by enumerating for a given size m all the [image: ] Hardy–Littlewood constants [image: ]. This is in principle possible but is a formidable exercise in practice. An additional technical issue to have in mind is that here we deal with blocks of prime gap residues, so for a given m we need to sum over all indices congruent with a given residue block. Let us consider again the case [image: ]. The amount of gaps congruent to 0 mod 6 (sexy primes) is given by taking into account gaps 6, 12, 18, etc so [image: ] etc. Accordingly, this amount is associate to [image: ]. Formally, if we define the normalization factor [image: ] as:


[image: ]








the densities of each gap residues is therefore:


[image: ]











Truncating these series at order i accounts for the gaps of size at most [image: ]. For instance, for third order (accounting for gaps up to size 18) we have an approximation:


[image: ]








which is still reasonable far away from the empirical frequencies (Equation (6)) (at order four [image: ] so convergence is slow). Still, this analytical approximation already certifies that the three possible gap residue blocks of size [image: ] are not uniformly represented. Formally, one can express, assuming Hardy–Littlewood conjecture, the asymptotic probability of an admissible gap residue block of size m [image: ], where [image: ] as


[image: ]



(8)




where the summation in [image: ] runs between [image: ] and ∞ when [image: ] and [image: ] and between [image: ] and ∞ otherwise, and [image: ] is the normalization factor. Equation (8), together with Equations (3) and (4) constitute the formal solution to the problem.



Let us consider the case [image: ], for which there are 8 admissible blocks. To prove non-uniformity for [image: ] we only need to find that two different blocks have different frequencies: for convenience we will concentrate on the first two ones, namely [image: ] in [image: ] (which gathers all prime triples whose gaps are a multiple of 6) and [image: ]. Equation (8) reduces in these cases to:


[image: ]








where


[image: ]








is the normalization sum. At second order in [image: ],


[image: ]








and


[image: ]








where [image: ] is the normalisation sum truncated at order two. At this point we can make use of Hardy–Littlewood’s conjecture one more time. If we label


[image: ]








and


[image: ]








then after a lengthy but trivial computation we get [image: ], [image: ], [image: ], [image: ] hence


[image: ]








whereas [image: ], [image: ], [image: ], [image: ] thus


[image: ]








which is enough to conclude non-uniformity in the approximation of the frequencies of blocks of size [image: ]. This is a clear support to the apparence monotonic dependence on [image: ] of the Renyi entropies. A full proof would require to perform the infinite summations in each case, what appears to be a quite challenging endeavor and is left as an open problem.




3.4.2. IFS


The analysis performed a la IFS is shown in Figure 11, where we also plot the result of a type I null model. We find that the prime gaps selects a subset of the attractor generated by the null model. This particular subset could be put in correspondence with the subset of admissible sequences found above, and in some sense the IFS attractor plays the geometric role of the distribution of forbidden patterns.


Figure 11. (a) IFS chaos game-like attractor for the type I null model with [image: ] symbols. In this case the attractor is the Sierpinski triangle; (b) IFS chaos game-like attractor for the prime gap sequence and a symbolic sequence extracted from other chaotic maps. The IFS associated to the prime gap sequence is a subset of the attractor. The similarity with the tent map is again notable, where in this case the attractor of the tent map is a subset of the attractor of the prime gap sequence. As a comparison, we have included a different chaotic map (the Gauss map) which shows no similarities with the gaps.
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4. Discussion


The cross-disciplinary transfer of concepts and tools has always been a fruitful strategy for finding unexpected and unorthodox ways of addressing problems, which has usually generated new knowledge. In this work we have tried to illustrate this idea by making using the concepts, focus and techniques used traditionally in nonlinear dynamics and complexity science to explore the structure of certain sequences appearing in number theory by treating them as if they were experimental measurements generated from some unknown process. We have considered three types of sequences that emanate from the prime number sequence: the transition between Pythagorean and Gaussian primes (transition sequence), the sequence of prime residues modulo k (with [image: ]) and the sequence of prime gap residues modulo 6 (inducing three symbols that can be associated with twin-like, cousin-like and sexy-like pairs). All these sequences are stationary and it is easy to prove using Dirichlet’s theorem for arithmetic progressions that each symbol appears infinitely often, hence they are amenable to a symbolic dynamics analysis. We have thus considered these symbol sequences as if they were generated by a hidden dynamical system whose trajectories were symbolised via some unknown partition of the system’s phase space and have consequently explored some dynamical properties of the system via a symbolic analysis of the sequences.



First, in every sequence we have found compelling evidence of chaotic behaviour, as given by a positive KS entropy. In the case of the transition sequence, we have found that the sequence has a lower entropy than expected from a purely random process or a shift of finite type but we have shown that this decrease is due to the onset of spurious forbidden patterns, not associated to the underlying dynamics but to the way of defining transitions between primes. The IFS attractor generated following the transition sequence is a fractal that coincides with the equivalent attractor for the tent map and for a properly defined null model, concluding that this transition sequence has strong randomness properties, as expected.



As for the residues of the primes modulo k, we have found that this sequence is maximally chaotic in the sense that its topological entropy matches the analogous one found for the binary shift map. While lacking forbidden patterns and at odds with the behaviour of the binary shift map, we have found that this sequence displays a non-trivial spectrum of Renyi entropies which unexpectedly suggest that every symbol block of size [image: ], while admissible, occurs with different probability. This non-uniform distribution of blocks for [image: ] contrasts Dirichlet’s theorem that guarantees equiprobability for [image: ].



Finally, we have explored in a similar fashion the sequence of prime gap residues. This sequence is again chaotic (positivity of Kolmogorov–Sinai entropy), however chaos is weaker in this case as we have found non-spurious forbidden patterns for every block of size [image: ] that yield entropies lower than those for a null model or a shift of finite type with the same number of symbols. We were able to relate the onset of these forbidden patterns with the divisibility properties of integers. Interestingly, the amount of admissible blocks is precisely the same, for a given block size, than both the type II null model and the fully chaotic logistic map with [image: ] symbols. This suggests that a systematic enumeration of admissible sequences in the gap sequence could be figured out without resorting to any number-theoretic properties, something that is left as an open problem. We have also given a geometric visualisation of this phenomenon by showing that the IFS attractor associated to this sequence is only a subset of the Sierpinski triangle, which is the attractor for a three-vertex Chaos Game.



Moreover, we have found again that this sequence displays a monotonically decreasing spectrum of Renyi entropies, which suggests that gap block residues of size [image: ] are not equiprobable. A Cramer random model cannot explain this apparent dependence on [image: ] as for that model, given m each block of size m is by construction equiprobable. However, the frequencies of these blocks can be computed explicitly assuming Hardy–Littlewood’s k-tuple conjecture. We have built on this relation to give analytical arguments and approximations that support the monotonic dependence of the Renyi entropies on [image: ], however an exact and closed form expression for these entropies has remained elusive and constitutes an interesting open problem.



To conclude, this paper provides a pedagogical example of how number sequences can be treated as experimental observations, finding that they are chaotic albeit showing some hidden patterns, as highlighted by a nontrivial spectrum of Renyi entropies. We hope that this work provides inspiration to mathematicians to look at traditional problems using a different toolbox, and at the same time inspire natural scientists to study mathematical structures as observations from a platonic world whose underlying laws allow for a scientific scrutiny.







Acknowledgments


Lucas Lacasa acknowledges funding from an EPSRC Early Career Fellowship EP/P01660X/1. Octavio Miramontes acknowledges funding from PASPA-UNAM for a sabbatical grant and the PAPIT-UNAM research grant IN105015. Octavio Miramontes is very grateful with the Technical University of Madrid in Spain for hosting a sabbatical leave.




Author Contributions


Octavio Miramontes and Lucas Lacasa conceived and designed the studied problem; Octavio Miramontes and Lucas Lacasa performed the simulations and analysed the data; Lucas Lacasa contributed with the analytical developments; Lucas Lacasa, Bartolome Luque, Ignacio Gómez and Octavio Miramontes discussed results and Lucas Lacasa and Octavio Miramontes wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Silverman, J.H. The Arithmetic of Dynamical Systems. In Graduate Texts in Mathematics; Springer: New York, NY, USA, 2007. [Google Scholar]

	2. 
Schroeder, M. Number Theory in Science and Communication, 5th ed.; Springer: Berlin/Heidelberg, Germany, 2009. [Google Scholar]

	3. 
France, M.; Van der Poorten, A.J. Arithmetic and analytic properties of paper folding sequences. Bull. Aust. Math. Soc. 1981, 24, 123–131. [Google Scholar] [CrossRef]

	4. 
Ostafe, A.; Shparlinski, I.E. On the degree growth in some polynomial dynamical systems and nonlinear pseudorandom number generators. Math. Comp. 2010, 79, 501–511. [Google Scholar] [CrossRef]

	5. 
Number Theory and Physics Archive. Available online: http://empslocal.ex.ac.uk/people/staff/mrwatkin/zeta/physics.htm (accessed on 19 February 2018).

	6. 
Dyson, F.J. A Brownian Motion Model for the Eigenvalues of a Random Matrix. J. Math. Phys. 1962, 3, 1191–1198. [Google Scholar] [CrossRef]

	7. 
Montgomery, H.L. The pair correlation of zeros of the zeta function. Proc. Symp. Pure 1973, 41, 181–193. [Google Scholar]

	8. 
Odlyzko, A.M. On the distribution of spacings between zeros of the zeta function. Math. Comput. 1999, 48, 273–308. [Google Scholar] [CrossRef]

	9. 
Julia, B.L. Statistical theory of Numbers, Number Theory and Physics; Springer: Berlin, Germany, 1990. [Google Scholar]

	10. 
Berry, M.V.; Keating, J.P. The Riemann zeros and eigenvalue asymptotics. Siam Rev. 1999, 41, 236–266. [Google Scholar] [CrossRef]

	11. 
Wolf, M. Multifractality of prime numbers. Physica A 1989, 160, 24–42. [Google Scholar] [CrossRef]

	12. 
Mertens, S. Phase transition in the number partitioning problem. Phys. Rev. Lett. 1998, 81, 4281–4284. [Google Scholar] [CrossRef]

	13. 
Luque, B.; Lacasa, L.; Miramontes, O. Phase transition in a stochastic prime number generator. Phys. Rev. E 2007, 76, 010103R. [Google Scholar] [CrossRef] [PubMed]

	14. 
Luque, B.; Miramontes, O.; Lacasa, L. Number theoretic example of scale-free topology inducing self-organized criticality. Phys. Rev. Lett. 2008, 101, 158702. [Google Scholar] [CrossRef] [PubMed]

	15. 
Lacasa, L.; Luque, B. Phase transition in the Countdown problem. Phys. Rev. E 2012, 86, 010105R. [Google Scholar] [CrossRef] [PubMed]

	16. 
Luque, B.; Torre, I.G.; Lacasa, L. Phase transitions in Number Theory: from the Birthday Problem to Sidon Sets. Phys. Rev. E 2013, 88, 052119. [Google Scholar] [CrossRef] [PubMed]

	17. 
Garcia-Perez, G.; Serrano, M.A.; Boguna, M. Complex architecture of primes and natural numbers. Phys. Rev. E 2014, 90, 022806. [Google Scholar] [CrossRef] [PubMed]

	18. 
Stein, M.L.; Ulam, S.; Wells, M.B. A Visual Display of Some Properties of the Distribution of Primes. Am. Math. Mon. 1964, 71, 516–520. [Google Scholar] [CrossRef]

	19. 
Hao, B.L.; Zheng, W.M. Applied Symbolic Dynamics and Chaos; World Scientific Publishing: Singapore, 1998. [Google Scholar]

	20. 
Ares, S.; Castro, M. Hidden structure in the randomness of the prime number sequence? Physica A 2006, 360, 285–296. [Google Scholar] [CrossRef]

	21. 
Lemke Oliver, R.J.; Soundararajan, K. Unexpected biases in the distribution of consecutive primes. Proc. Natl. Acad. Sci. USA 2016, 113, E4446–E4454. [Google Scholar] [CrossRef] [PubMed]

	22. 
Shiu, D.K.L. Strings of congruent primes. J. Lond. Math. Soc. 2000, 61, 359–373. [Google Scholar] [CrossRef]

	23. 
Maynard, J. Dense clusters of primes in subsets. Compos. Math. 2016, 152, 1517–1554. [Google Scholar] [CrossRef]

	24. 
Ash, A.; Beltis, L.; Gross, R.; Sinnott, W. Frequencies of successive pairs of prime residues. Exp. Math. 2011, 20, 400–411. [Google Scholar] [CrossRef]

	25. 
Hardy, G.H.; Littlewood, J.E. Some Problems of ‘Partitio Numerorum’; III. On the Expression of a Number as a Sum of Primes. Acta Math. 1923, 44, 1–70. [Google Scholar] [CrossRef]

	26. 
Beck, C.; Schlogl, F. Thermodynamics of Chaotic Systems; Cambridge University Press: Cambridge, UK, 1993. [Google Scholar]

	27. 
Barnsley, M. Fractals Everywhere; Academic Press: Cambridge, MA, USA, 1988. [Google Scholar]

	28. 
Peitgen, H.O.; JŸrgens, H.; Saupe, D. The chaos Game: How Randomness Creates Deterministic Shapes. In Chaos and Fractals; Springer: New York, NY, USA, 1992; pp. 297–352. [Google Scholar]

	29. 
Jeffrey, H.J. Chaos game visualization of sequences. Comput. Gr. 1992, 16, 25–33. [Google Scholar] [CrossRef]

	30. 
Rubinstein, M.; Sarnak, P. Chebyshev’s bias. Exp. Math. 1994, 3, 173–197. [Google Scholar] [CrossRef]

	31. 
Cramér, H. On the order of magnitude of the difference between consecutive prime numbers. Acta Arith. 1936, 2, 23–46. [Google Scholar] [CrossRef]

	32. 
Jost, J. Dynamical Systems: Examples of Complex Behavior; Springer: Berlin, Germany, 2005. [Google Scholar]

































© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
0.9

0.8

0.7

0.8

0.5

0.4

0.3

0.2

0.1

“prines_ifs.dat”
“Rent.ifs"






media/file4.png
9|
¢
S

(b)

(a)






media/file18.png
0.70
0.69 -
0.68 -

o _

T 0.67-

"0.66-

0.65-

0.64 -

0.63

—& primes mod 4
-—- log2






media/file21.jpg





media/file3.jpg
]






media/file22.png
"cg_#andom.dai"
"cg_first,dat"”

é&ﬁ?&éfi&&&
e

a5

g g féﬁaég‘g 2 ;‘fé\é\ k.u;mf%:;-

0.8 0.9

(a)

1

s ¥ 2
EAF AT . 2 : : e
0,1 0,2 0.3 0.4 0.5 0.6 0.7 0,8 0.9






media/file19.jpg
> o g mose






media/file7.jpg
Type of link (gap)

twin
cousin
sexy

910412 13 14 1516 17 184920 21 226324

Al123855 7891011 P18 151610 19202122 2324

22232425 26 27 28 29 30(31)32 33 34 35 36 37 38 39 40 41 42 (4344 45 46

2212324 25 26 27 280930 31 32 33 34 35 36(37)38 39 404142 43 44 45 46

(47148 49 50 51 52 53 54 55 56 57 58(69)60 6162 63 64 65 esé 6869 70

E 4748 4950 515206954 55 56 57 58 59 6061J62 63 64 65 66 67 68 69 70






media/file23.png





media/file10.png
“ran2_ifs.txt"

"':"'»,
:
2T






media/file14.png
=

=

0.7k

0B F

R

0.4 F

0.3 F

0.2 F

N

"'pr‘imes_'iFs,,dat"'

"tent,ifs" o }
'b‘f .
v Y
v Y
% v
v )
4 %
}}»‘ § :-:. {!
ol X % y
v v %
e - %
Y > 4
4
%
Y v
¥y ¥
=% v
v %
v Y
% v
% ¥
' Y
v Y
% 4
S48 Y
vy, . Y






media/file11.jpg
o1

o
= 2 102 1 s st vstrs

1 10

@






media/file6.png
twin

cousin (o 0) cousin

sexy





media/file15.jpg
i - brmosoa3 @smaon) - pumes o 4 2 oy, 620
3 st @ yrson) < pimes 00 42 ). gt

Pimoarat s o) o mod 2 ymook) 2

gt (k2 o, Maov st 10 o mod 2 ymoot) Bt

-« pimes 34 2 5ol 88

- pimes g 42 yrot), 816

0700

= b = 2 o), 90
< loge e 2 ).

loget ek 2 o), B2

0% lop et 2 o), Bt

« gt k2 ymos), 68

3
£ gt et 2 oo B0
5 oew o
T oem
o062





nav.xhtml


  entropy-20-00131


  
    		
      entropy-20-00131
    


  




  





media/file16.png
1.4

~¥- primes mod 3 (2 symbols)
-~ primes mod 4 (2 symbols)
O~ primes mod 6 (2 symbols)

+ logistic (u=4, 2 symbols, Markov partition)

H_(B)/m

— primes mod 4 (2 symbols), B=
—— primes mod 4 (2 symbols), B=
—— primes mod 4 (2 symbols), B=
1.0- —o— primes mod 4 (2 symbols), B=
—— primes mod 4 (2 symbols), B=
—— primes mod 4 (2 symbols), B=
-—- log2

0.700
— |ogistic =4 (2 symbols), B=0
| —— |ogistic u=4 (2 symbols), B=1
0.698 - > logistic =4 (2 symbols), =2
' —o— logistic =4 (2 symbols), B=4
7 —— |ogistic p=4(2 symbols), =6
—— logistic p=4 (2 symbols), =8
0.696 g2
0.694 -
0.692 -
| ' | ' | ' | |
2 4 6 8 10

(c)





media/file2.png
. Nl
Il
.

Sl
'

LY -
el

o Ao
.

.
ey

(b)

)

s |

(





media/file20.png
N 0.77
B=0(h,) — B=10 '
B=1 h:(S) — B=16 0.76]
B=2 (K,) o= log3 (uniform null model)
B=4 - h(1) non-uniform null model 0.75
B=6 = = pri
oo ~ 0.74 - prime gaps mod 6
2
50.73
T |
0.72
0.71
0.70
| ' \
T | O 8 10






media/file5.jpg
twin

cousin (o (B) ) cousin

sexy





media/file1.jpg





media/file12.png
/m

0.1-

| ~e— random (4 symbols)

O primes
%= primes
* |ogistic
-~ logistic
+ logistic
-0~ logistic
— log4

= log2 + log2/m (H_(0)/m null model transitions)

—_

4 symbols)
3 symbols)
pM=4, 4 symbols)
HM=4, 3 symbols) ~o

—_

o~ o~ o~ o~

M=3.55, periodic motion)

pn=4, 2 symbols, generating partition)\\\\

1/ »
m >~
\\

\N

I ‘ :
1
m

(a)

H_(B)/m

0.9
0.8

0.7+

0.6





media/file9.jpg





media/file0.png





media/file8.png
Type of link (gap)

twin
cousin
sexy

|
1 5 910(11)12 13 14 1516 17 18(19)20 21 22@{
123 7891011121314 1516(17)18 192021222324

22 24 25 26 27 28 29 30 32 333435363738394041 42 44 45 46

22 23 24 25 26 27 283031 32 33 34 35 3638 39 4042 43 44 45 46

48 49 5051525354555657 5860 6162 63 64 65 6668 69 70

47 48 49 50 51 5254 5556575859 6062 63 64 6566 67686970





media/file17.jpg
= primes mod 4
-=- log2






