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Disintegration is a physical phenomenon of atomic nuclei —radioactive isotopes decay— has
been modeled with different approaches (deterministic and random), from didactic toy models
using as reference the roll (experiment) of standard six-sided dice (Arthur and Ian, 2012), to
the generalization of probabilistic methods. Using for example the moment generating function
(MGF) method, to obtain the behavior of its probability distribution for » multi-sided dice, —i.e.,
dice of s > 6 sided (Singh et al., 2011, Sanchez-Sanchez et al., 2022)—. Radioactive decay is
essentially statistical (random) in nature, so we cannot predict when any of the atoms will decay.
The MGF method and stochastic models were applied to the so-called radioactive dice (toy
model), to obtain a theoretical Poisson-like distribution (stochastic model). In this work, we carry
out an exhaustive study and a comparison —on the apparent discrepancy— of the Binomial and
Poisson statistics associated with the decay of radioactive nuclei. To gain a deeper understanding
of this phenomenon —radioactive decay— we use the theory of stochastic processes, i.e.,
modeling these distributions in a stochastic context using the efficient mathematical tools of
this theory. They are discrete random variable processes in continuous time. So, we use an
approach of the so-called master equation (Kolmogorov equations). We study them in general as
Birth-Death processes —both processes separately, highlighting their disagreements— modeling
the Poisson process as a Pure Death process. We solve the master equations of the Poisson process
by introducing the so-called sojourn time. Also, we study the relative fluctuations through the
Fano factor. We analyze the deeper concept of Entropy of the binomial and Poisson processes by
calculating their metrics —In Shannon’s information theory context—. We show that they have
a corresponding statistical link between both images and the radioactive decay distributions. In
this way, we gain a deeper insight into the random nature of nuclear decay with its stochastic
distributions. In summary, this paper addresses the extension of deterministic systems that are,
in reality, of a random nature within a theoretical framework of so-called stochastic processes
and information theory (entropy). We link entropy stochastic (binomial and Poisson) and its
intrinsic fluctuations with the physical mechanisms of the collective dynamics of radioactive
decay.
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1. Introduction

It is harder to crack prejudice than an atom. A. Einstein.

Non-deterministic events —random or stochastic— occur frequently in natural phenomena and physical systems, necessitating the
development of statistical-probabilistic models to study their evolution. These models help us understand and forecast the behavior
of these events over time, known as stochastic processes. Some examples include weather patterns, earthquakes, stock market
predictions, radioactive decay in atoms, nuclear decay, and even outcomes in casino gambling [1]. Hence, the research of stochastic
processes is currently a crucial mathematical and conceptual tool in physics, information sciences, engineering, and technological
applications. Both classical and quantum physics have delved into stochastic modeling to comprehend systems in which, owing to
their random nature, it is essential to regard variables as inherently random [2,3]. For example, a case of particular interest is the
so-called radioactive dice system [4-7]. Despite being a didactic tool in high school physics and chemistry labs and classrooms, it aids
in comprehending the behavior of nuclei —radioisotopes— in radioactive activity. Murray and Hart [4] demonstrate this application
on a didactic level, enabling analysis of the trend of radioactive dice as the number of dice and sides increases. According to this
study, the output of the radioactive dice will adhere to a deterministic exponential decay law.

On the other hand, Singh, A.K. et al. in Ref. [8], utilize the standard Moment Generating Function (MGF) method to investigate
the probabilities of unbiased dice throwing. They apply this method to gambling games in casinos (such as those in Las Vegas),
employing standard six-sided dice to predict the odds associated with each simultaneous roll of 1 to 5 dice. This method is further
generalized by Sanchez et al. [9] for multi-sided dice, with consideration given to its application to the so-called radioactive dice
introduced by Murray and Hart, while preserving its inherent randomness. However, it must be emphasized that the disintegration of
radioactive nuclei (radioisotopes) is a completely random phenomenon. The studies mentioned above and the ones without chance
involved: They were studied under a deterministic macroscopic model, using the exponential mathematical decay law [4,10,11] at
least as a first approximation for... [10,11]. On the other hand, a statistical approximation was carried out by using probability
distributions such as binomial or Poisson [12,13]. Other studies use stochastic processes by master equations to deduce the respective
distributions [7,14,15]. Moreover, there are works related to this innovative methodology, based on the generation of statistical
moments and binomial series, that have already been carried out for advanced topics related to multi-fractal analyses and time
series (see Refs. [16,17]).

However, it must be emphasized that the disintegration of radioactive nuclei (radioisotopes) is a completely random phe-
nomenon. The studies mentioned above, both deterministic and those incorporating chance, have been conducted. Deterministic
macroscopic models have utilized the exponential mathematical decay law [4,10,11], at least as a first approximation for [10,11].
Conversely, statistical approximations have been made using probability distributions such as binomial or Poisson [12,13]. Various
studies have employed stochastic processes through master equations to deduce the respective distributions [7,14,15]. Furthermore,
novel approaches have been devised, based on the generation of statistical moments and binomial series, for advanced topics about
multi-fractal analyses and time series (refer to Refs. [16,171]).

The interest in this work lies in conducting a study employing the approach of a stochastic model for radioactive decay. A
stochastic model in nuclear physics is a mathematical model that utilizes probability and statistics to describe the behavior of
nuclear systems. These models are employed to investigate the dynamics and evolution of nuclear systems, including radioactive
decay, fission, and fusion reactions, as well as the behavior of nucleons within the nucleus. They can also be utilized to simulate and
predict the behavior of nuclear systems under various conditions and to analyze experimental data. Several commonly employed
techniques in stochastic modeling in nuclear physics encompass Monte Carlo simulations, Markov Chain-Monte Carlo, and the
Metropolis—Hastings algorithm, as exemplified in [3] part IIl and [18] part V.

Based on the above, the purpose of this work is to provide a more realistic approximation to the radioactive decay system by
studying its evolution over time using a stochastic approach. In a previous study [9], we generalized the MGF method, as utilized
in [8], to encompass scenarios involving the rolling of »n dice with s-sides, thereby allowing for real —and even imaginary— numbers.
This extension facilitated the representation of a discrete random variable (d.r.v.), which signifies the sum of the resulting values
on the top faces. Consequently, we derived the total probability distributions (histograms) that emerge from rolling » multi-sided
dice.

Moreover, we employed the MGF method to model population systems of radioactive atoms or nuclei (radioisotopes) undergoing
decay in a more realistic context, assuming their behavior to be random —or partially random—. We modeled this phenomenon
as a stochastic process using a Markov (process) chain and considered it as a memoryless process, involving binomial, Poisson, and
exponential models. In this paper, we calculated and compared their statistics and how their distributions evolve, simulating with
some real physical parameters and periods involving the half-life of the respective radioisotopes used in nuclear medical physics
(see, for example [12,13,19,20]).

We have further enriched our understanding by calculating additional statistical quantities, such as moments, intrinsic fluctu-
ations, and entropy metrics associated with binomial and Poisson distributions. This analysis, a first in the field, accounts for the
random nature of these physical systems and provides deeper insights into the complete system. Specifically, we computed the
entropy using Shannon’s information theory [21], treating the distributions as stochastic processes. This approach, which had not
been reported previously, allows us to track the evolution of system configurations by comparing the respective entropy metrics.

Our study proceeds as follows: In Section 2, we briefly introduced to radioactive decay phenomena and toy models from an
ambivalent viewpoint, that is, deterministic and non-deterministic, Analyzing the models mentioned previously. Section 3, gives a
quick overview of so-called stochastic processes. In the first instance, we showed the previously studied models of the Binomial
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Process 3.2; which we needed as a point of comparison for our stochastic study. In Section 4, we carried out a study of the so-
called master equations (Kolmogorov) to model two-state processes 4.2, and Poisson 4.3. Then, we modeled the Poisson process
from the perspective of the Birth-Death processes separately —Pure Death Process (PDP) 4.3 and Pure Birth Process (PBP) 4.4— by
introducing the concept of sojourn time into the radioactive system. It is shown 4.4.1 that partial nuclear decay can occur as the
system evolves in different periods and with different parameters. In Section 5, we showed our main results obtained, namely,
the relative fluctuations of the random system (using the Fano Factor 5.1) and the calculation of the Stochastic Entropy 5.2 for the
binomial and Poisson processes. Following the common thread of the didactic research [4-7], we developed a deeper approach to
radioactive decay, leaving the bases to carry on with this investigation and other physical systems with the same stochastic approach
and their entropy for future work. Finally, in Section 6, we gave our conclusion.

2. Radioactive decay

Radioactive decay is, as we mentioned earlier, essentially a random phenomenon in which a nucleus or atom spontaneously emits
a particle and becomes a new chemical element. We cannot predict exactly when a given nucleus will suffer this event, but we can
study a large collection of nuclei and draw some interesting conclusions related to their statistical and probabilistic properties.
Radioactive decay, also known as radioactivity, is a natural phenomenon that occurs in the nucleus of some elements. Radioactive
elements are called isotopes each isotope has a specific rate of decay, which means that it can be predicted with some accuracy
how many isotopes will decay in a given period. Some isotopes have a very slow rate of decay and can remain stable for thousands
of years, others have a very fast rate of decay and disintegrate in a matter of seconds or minutes. When an isotope decays, it emits
one of three subatomic particles: an electron, a proton, or a neutron. Decay involving the emission of electrons is called beta decay,
while decay involving the emission of protons is called alpha decay.

Decay involving the emission of neutrons is called gamma decay. Each type of decay has a different effect on the atomic
nucleus and can create a different element. Radioactive decay is an important process in nature and has several applications in
everyday life. For example, it is used in medicine to produce images of the human body and to treat some cancer types. It is also
used in industry to detect equipment failures and to produce nuclear energy. However, exposure to high levels of radiation can
be dangerous and cause health damage. Therefore, it is important to take precautions when working with radioactive materials
(see for example: [10,11,13,20,22]). On the other hand, in this paper, as we already mentioned, we do not perform an analysis
of the properties and conditions necessary for the physical detection of radiation or particles involved in radioactive decay, nor
experimental statistics. For a study on this matter, those interested can consult: [10,11,13,19,20,22,23] and the additional sources
cited therein.

Therefore, when we apply stochastic process modeling to the detection of photons or radioactive isotope radiation, the detection
count probabilities will largely depend on the periods, physical parameters, type of detection device of the particles, and so
on. However, the statistics associated with particle counting —for example: random polychromatic natural light or photons of
monochromatic light (such as a Laser)— depend on the type of radiation, namely classical or non-classical (quantum-bosons), in
addition to taking into account whether it is coherent, incoherent or partially coherent light. These characteristics of counting and
experimental measurement of radiation can be transferred to the nuclear context taking into account its particularities such as the
type of particles (fermions) emitted and absorbed (alpha, beta, etc.). Because in general, the light has a random behavior due to the
unpredictable fluctuations of the sources and propagation medium. However, if we consider that random fluctuations of intensity
are relatively low, then Poisson’s statistics are ideal for this type of process (Optical Coherence Theory; see refs:Mandel and Wolf [2]
chapters 11 and 12, and the additional sources cited therein).

2.1. Radioactive decay: Toy model

A toy model is a simplified model or representation of a system, concept, or phenomenon that is used to illustrate or explain
complex ideas in a more manageable and easily understood way. Toy models are often used in scientific research and education
to explore the basic principles of a system or to test hypotheses and predictions. Toy models are usually designed to capture the
essential features of a system while ignoring or simplifying other details that are not directly relevant to the topic being studied.
This allows researchers to focus on the fundamental mechanisms or processes, rather than becoming entangled in unnecessary
complexity. Toy models can be used in a wide range of disciplines, including physics, biology, economics, and computer science.
They are often used to study complex systems that are difficult to analyze using traditional mathematical or computational methods.
Some examples of toy models include: 1. The typical model, of a simple pendulum, is used to illustrate the basic dynamic principles
of small oscillations. 2. Model a simple economic system, which is used to explore the effects of different economic policies or market
conditions. 3. A neural network model, used to study the basic principles of learning and decision-making in artificial intelligence
systems. 4. A simplified model of radioactive decay, characterized by unbiased dice rolls (although we could include intrinsic bias).
This is a considerable physical and mathematical simplification; however, retaining its random traits, brings us closer to the reality
of this natural process. Toy models can be very useful for getting a basic insight into a system or concept; however, they should
not be confused with real-world systems, which are often much more complex and can exhibit behavior that the toy model does
not take into account. Example 4, would be the one that interests us most, as it aligns with the focus of our research on stochastic
modeling. In [4] Murray and Hart introduce a toy model for didactically studying the phenomenon of radioactive decay. Based on
the rolling of unbiased 6-sided dice, along with the exponential (deterministic) law of decay, they carry out a Taylor series expansion
of the binomial (geometric progression) and exponential functions. By comparing the two series, they show how to approximate the
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exact values that describe the disintegration process of radioactive atoms (nuclei). Essentially, they propose the model (binomial
geometric progression):

N, = 1000(1 — 1/6)",

where N, is the total number of radioactive dice, with N, = 1000 is the initial number, which can vary. And » represents the number
of mass throws of the radioactive dice. Later, they make the comparison with the decay law:

N, = 1000 exp (—1/6).

Here, N, is a function (of time), which represents the exponential decay of the radioactive dice.

As we already mentioned, they compare the respective Taylor series of both formulas, reaching a very interesting conclusion
(which they no longer develop theoretically): that the way for both series to converge is to make the number of dice faces increase,
which they represent with the variable p. This allows for greater precision in the behavior of the real phenomenon. Under this
premise, Sanchez et al. [9], generalize the toy model (although it is still an approximation) using the moment-generating function
method (MGF-M). In the paper by Sanchez et al. [9], they generalize of the toy model (6-sided dice) to s-sided dice. That is, for
an arbitrary number of sides. Considering its random characteristics, as an intrinsic feature in the throwing of dice for games of
chance, as used in the article by Singh, et al. [8] for gambling in Las Vegas casinos. In the paper by Sanchez, they expand and
generalize Singh’s method to apply not only to traditional 6-sided dice but also to multi-sided dice (s-sided) and the didactic concept
of radioactive dice under the idea proposed by Murray et al. Their application is not limited to integer values, but also extends to
all real numbers and even imaginary units. They got the model:

As previously mentioned, they compare the respective Taylor series of both formulas, reaching a very interesting conclusion
(which they no longer develop theoretically): that the way for both series to converge is to make the number of dice faces increase,
which they represent with the variable p. This allows for greater precision in the behavior of the real phenomenon. Under this
premise, Sanchez et al. ([9]), use the moment-generating function method (MGF-M), although it is still an approximation. Generalize
the toy model (6-sided dice) to s-sided dice. That is, for an arbitrary number of sides. Considering its random characteristics, as an
intrinsic feature in the throwing of dice for games of chance, as used in the article by Singh, et al. ([8]) for gambling in Las Vegas
casinos. In the paper by Sanchez, they expand and generalize Singh’s method to apply not only to traditional 6-sided dice but also
to multi-sided dice (s-sided) and the didactic concept of radioactive dice under the idea proposed by Murray et al. Their application
is not limited to integer values but also extends to all real numbers and even imaginary units. They described the model as:

s AR !
o .
M;(z*)=j—n<2 ekt ) =<Z ;e’/t > .
rjE]R rjER

where M5 (1*) is the moment-generating function (MGF), j is an integer (j € Z*) that labels the number of sides (discrete random
variable d.r.v.) of the multi-sided die, and S;_; and r; € R, (t* does not represent time, it is an auxiliary or dummy parameter used
in elementary probability theory). In addition, gives the probabilistic weight of the number of sides (i.e., p; = p(j) = 1//). r; can
range from negative values, zero and for any real number and imaginary. The formula they obtain, in addition to being very general,
encompasses the probabilistic and statistical features of the random nature of the dice system.

According to this generalization, we can approximate the radioactive toy model based on 6-sided dice to a stochastic process
modeled by probability distributions, fundamentally binomial, and Poisson. Nevertheless, we could choose another model with
stochastic characteristics to study the phenomenon of radioactive decay. For example, using stochastic differential equations,
whereby our random variables and time are both continuous, including so-called Gaussian noise. But the essential idea of our
study is to analyze the behavior and performance of the binomial and Poisson distributions, as stochastic models for radioactive
decay.

2.2. Radioactive decay: deterministic model

Deterministic models are those in which the outcome is completely determined by the initial conditions and rules of the model. On
the other hand, random models include elements of chance or uncertainty, meaning that the outcome is not completely determined
by the initial conditions and rules of the model. For example, imagine a model that simulates the parabolic motion of a particle
using Newtonian laws. A deterministic model of this system could accurately predict the position of the particle at any given time,
as long as the initial conditions (such as the initial position, velocity, and angle of the particle) and the rules of the model (such as
the law of gravity) are known. However, if the model includes random elements, such as an unpredictable gust of wind acting on
the particle, then the final result would not be completely determined by the initial conditions and rules of the model.

In general, deterministic models are easier to understand and predict. Still, they may be less accurate than random models in
situations where there is uncertainty or unknown randomness, such as white noise (see for example [18] chap. 17 and [2] chap. 2).
Random models, on the other hand, can be more accurate in these situations. Still, they may also be more difficult to understand
and predict due to the uncertainty or chance involved. In the context of radioactive decay, we know that it is a completely random
phenomenon. Since the disintegration of nuclei is completely spontaneous, its behavior corresponds to quantum and nuclear laws.

However, it has also been studied in the context of a deterministic macroscopic model using the exponential decay law
(see Eq. (1)), to make approximations and simplifications of these types of systems. [10,11,20]. The exponential decay law is a
mathematical relationship that describes how a quantity decreases exponentially over time. This relationship can be expressed
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by Eq. (1), where N, is the initial amount of the substance, N(¢) is the final amount of the substance, ¢ is the elapsed time, and y is
an (inverse) time constant characteristic of the material type. In the context of a deterministic macroscopic model, this law is used
to describe how systems change over time in a predictable and deterministic way. For example, it can be used to describe how a
concentration of a substance dissipates in the environment, or how a radioactive material disintegrates. The study of radioactive
decay continues to be a topic of current interest. For example, Recently, A. Malyzhenkov, V. Lebedev, and Alonso Castro [24]
carried out an interesting research on what they call the Nuclear Decay Recoil (and nuclear recoil spectroscopy), making use of the
exponential decay model, and some innovative experimental techniques related with optical traps to capture and levitate particles
during radioactive kickback.

We must bear in mind that according to all this, we have two approaches, namely, deterministic and random, to describe the
phenomenon of radioactive decay. Each with its respective advantages and disadvantages, without losing sight of the fact that the
phenomenon is one hundred percent random. Therefore, it is reasonable to consider the stochastic model to be a more accurate
approximation of reality. The second one is given through a random variable associated with its probability distribution function,
but the exponential model must be given the appropriate interpretation, as mentioned by S. P. Huestis [7]. Nevertheless, it is not the
only interpretation that supports the random process of radioactive decay, there are also opinions without including the deterministic
one, where studies (see, [12,14,15]) are made directly on the different types of distributions that describe the process, particularly
binomial and Poisson distributions.

Mathematically deterministic description: The process when an isotope A transforms to isotope B, written as I, — I is
represented by an ordinary linear differential equation given by

dNyp, (1)
dt
where the solution is (N, (0) = Ny)

=-yN;,®;

Np, = N@ = Nye™ @

where N(7) is interpreted as the number of undecayed nuclei remaining after a time ¢, N, is the number of nuclei present at time
t = 0 and y is the decay constant specific of each isotope given by y = 1/, where #,,, = In2/I' = (In2)z are the mean lifetime
and the half-life of the decaying atoms, respectively [10,11]. The Eq. (1) can be interpreted from two different but complementary
points of view. One deterministic, in which N(¢) represents the total number of isotopes that have not yet decayed, and another
interpretation where the expected or average values were considered according the Ref. [7]. The nuclei disintegration process is
one by one and the time in which I, transforms into I is random in nature, therefore, the most appropriate way to model it is
through a stochastic model.

We should mention that the validity of the Radioactive Decay Exponential Law has been debated for a long time due to notable
deviations, not only of a theoretical nature but also when very precise measurements have been conducted. Previous studies [25,26]
have addressed this issue. Additionally, experiments by E. B. Norman, et al. have been conducted over extremely precise periods
ranging from 0.01% of a half-life to periods encompassing 45 half-lives. These experiments found no significant deviations that
would challenge the exponential decay law. Quoting E. B. Norman, et al.: Our data were also analyzed to search for non-exponential
effects of this type. No indications of such deviations were found in our data and the limits derived on their amplitudes are shown in Table
II. (see Ref. [26] page 2248).

It’s worth noting that there has been significant controversy regarding which type of probability distribution is most suitable for
a comprehensive statistical description of the radioactive process, particularly in fields such as radio chemistry, nuclear engineering,
medical physics, and radiological sciences in general [12,14,15,23]. This arises from the varying decay time scales inherent
in the decay constant for different types of radioisotopes and times [12,13]. From a probabilistic and statistical perspective,
certain probability distributions, such as the binomial and Poisson distributions, are theoretically understood to be mathematically
equivalent. In the upcoming sections, our focus will be on investigating the stochastic model for radioactive decay, particularly
emphasizing the binomial and Poisson distributions to compare their probabilistic and statistical characteristics. We will explore
their evolution, moments, Fano factor, and, notably, their entropy.

3. Stochastic processes in radioactive decay

Our goal in this and subsequent sections is to demonstrate that the decay of radioactive isotopes, as described by the deterministic
Eq. (1), is approximately related to the stochastic process of radioactive decay. This stochastic process is described through a
probability distribution function (PDF) that accurately captures its inherently random nature. They are distributed through a
binomial process, akin to rolling radioactive dice with a few nuclei. However, for a more accurate depiction of reality, we adopt
a Poisson Process Model (PPM). This approach is particularly suitable for situations where the number of trials is very large and
the probability per event is small. Nevertheless, it’s crucial to note that both the periods of the process and the parameters are also
highly relevant.

Thus, we compare it with the Binomial Process Model (BPM) as proposed in the Refs. [7,12,14,15]. Theoretically, the Poisson
distribution provides a better approximation for large values of n and small probabilities, such as when the number of isotopes
(nuclei) increases significantly. This increase can be likened to the number of sides, akin to the number of dice—multi-sided—
involved in the theoretical study of the physical event of radioactive decay. Building on the didactic application of radioactive dice,
as demonstrated by Murray and Hart [4], along with other didactic works in physics and chemistry [5-7], we can bridge the gap
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to more fundamental research on the radioactive decay event. This allows us to demonstrate the effectiveness of applied stochastic
processes compared to deterministic models. Our initial approach is based on the formulation of multi-sided dice developed in the
reference by Sanchez et al. [9] (see sec. 2.1), where the probability distribution functions (in the discrete case) are theoretically
derived. In this elementary study, the authors progressively increase both the number of (radioactive) dice and the number of sides
per die — mimicking the behavior of radioactive nuclei, as proposed in the study by Murray and Hart [4] 2.1. Consequently, the
respective Poisson (Binomial) style distributions can be generated for each roll of radioactive dice (isotopes).

On the other hand, supported by a stochastic process (Poisson or Binomial), which for a very large n tends to behave like
a normal distribution according to the Central Limit Theorem (CLM) [18,27,28]. Therefore, as the number of radioactive dice
increases, along with their sides, the distribution tends to become continuous. Due to random events with this type of behavior, its
probability distribution function (PDF) begins to describe a behavior increasingly similar to that of a continuous variable. Therefore,
the comparison of the binomial and Poisson distributions in elementary probability theory (see, for example, [18,27,28]), as well
as in a more advanced context in the realm of stochastic processes, is more synergistic than op-positional. This is because they are
complementary distribution functions, as demonstrated in elementary literature. We further illustrate this synergy in this paper by
applying them to the aforementioned stochastic model, with particular emphasis on the Poisson model.

A Poisson Process is essentially a stochastic process featuring a discrete random variable evolving (whether discrete or continuous).
It describes a sequence of arrivals along the real axis and is commonly employed to model phenomena such as the arrival times of
events in a system. This process entails randomly distributed appearances over time, space, or some other one-dimensional variable,
with the number of occurrences in any non-overlapping interval being statistically independent. The Poisson process is characterized
by its monotone non-decreasing function, making it a counting process.

This relates to the repetition of an event along a one-dimensional axis, often represented by the time variable. These events
manifest as points randomly distributed along the time axis, as previously mentioned. Further development within a broader
theoretical context for the Poisson process can be found in Ref. [29]. For a more explicit and didactic treatment, see also
Refs. [18,30-32].

It’s worth noting that the Poisson process is a specific case of the so-called Birth and Death process [18], which finds extensive
utility and application in the physics of many-particle systems and species biology. We will observe and demonstrate that the
radioactive decay process can be regarded as a pure death stochastic process. However, it’s essential to mention that the Poisson
process can also be derived as a pure birth process. In the following sections, we will provide the conceptual and mathematical
arguments to obtain the process from both perspectives.

3.1. Stochastic modeling

Stochastic Markov processes in continuous time offer a modeling framework facilitated by the so-called master equations —
a term commonly used in statistical physics [2,3], stemming from the Chapman-Kolmogorov equations (CKE) involving discrete
random variables in both discrete and continuous time (see, for example, [18,31,32]). This section presents the general model for
a continuous-time two-state process, which is adequate for modeling both binomial and Poisson processes.

As mentioned earlier, we demonstrate the validity of a general two-state model from first principles, enabling us to investigate
radioactive decay through a stochastic process. Before delving into our stochastic Poisson model, we introduce examples of binomial
models proposed by Huestis [7] and Foster et al. [14,15]. These binomial and Poisson processes are among the most widely used
in the literature on stochastic systems, though they are not the only ones.

3.2. Binomial process model

As mentioned earlier, we now present two stochastic models corresponding to the binomial distribution. Radioactive decay

fundamentally operates within the realms of probability and statistics. The likelihood of one or more nuclei disintegrating is
governed by probabilistic events. For a single nucleus, the probability (as a function of time) is modeled according to Huestis as [7]:
P, (1) . . L ; R )
—— =-rP,), Where ip represents the rate of change of the initial process (in this case, without decay). This is a simple first-order
differential equation, with the initial condition P,,( = 0) = 1, reflecting the physical conditions of radioactive decay, where initially
there are no decay events at t = 0. The solution to this equation is P,,(f) = ¢'. Mathematically, this equation and Eq. (1) are
equivalent. However, they carry different meanings: the first equation represents the probability that a nucleus has not decayed,
while Eq. (1) represents the deterministic event of the number of nuclei that have not decayed.

That is, with the help of the binomial distribution P,(x) = (:) p*q"~* we can substitute the solution function P,,(t) = e, and we
get

Py, () = <]\i0>P"(t)(1 - Po)N 7 = <Z0>e*m(1 — )Mo, 2

where Py, (®) is a binomial process, and r.v. n = x is the number of undecayed nuclei 7, at time :. Whose moments in this case are
given by u(t) = E[X(1)] = Nye™' and Var(r) = o(t) = \/Nye 7'(1 — e77).

However, Foster et al. [14,15] propose an apparently better stochastic approximation, using a (very simplified) master equation,
leading to a binomial process. Nevertheless, we must clarify that this representation is characteristic of a so-called Yule stochastic
process, which is a pure birth process, (the general process refers to the Birth and Death Process (BDP) [18,30,32,33], which we will see
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briefly later in the next section). The Yule (birth) process is a model for population growth used in statistical physics and biology.
Thus, they propose the model:
dP(x, t)
dt

y|P(x—1,0)(Ny—x+1) = P(x,1)(Ny — x) 3)

With initial conditions P(0,0) = 1 and P(x,0) = 0 (which are quite arbitrary in this work by Foster et al.). According to Foster
et al. [14,15], P(r) must satisfy the fundamental differential equation P’(r) + y P(t) = y, with solution P(f) = (1 — e~"), where y is
the radioactive decay parameter (decay rate per unit time). With the following statistical moments: The expectation and variance
for X(¢) are: E(X) = Ny(1 — e7?"), and Var(X) = Nye (1 — e7""); N, is the number of initial radioactive nuclei. Eq. (2) changes
apparently little in relation to the exponents of its factors. However, this is substantially deeper and has to do with what we said
above about the birth and death process (BDP). Which we explain later in section 4.2. Then the solution they offer (Foster et al.)
for the master Eq. (3), obtaining the binomial distribution (stochastic process) is

Py, (1) = (]i °>P*(z)(1 - Pm)N = (Nx0> (1= et eNomor, @

To better insight into the above equations (models) (2) to (4), let us point out the following concepts: Despite the fact that the
Huestis model is based on more deterministic and elementary principles, we must say that their model is more accurate and suitable
for radioactive decay than the model by Foster et al. Because Huestis’s is similar to the model based on a pure stochastic death
process —In particular, it is the so-called linear death process, where the parameter is proportional to the transition (decay) rate,
i.e., u, = nu.! As we demonstrate in Section 4— that it is more suitable for the decay of nuclei. And Foster’s et al. despite being
based on the theory of master equations, his model is based on a birth process — to be precise, it is based on the so-called Yule
Process, which describes the growth of a physical or biological population—. This implies that populations (in this case of radioactive
nuclei) grow, and do not decrease as happens in the reality. In figures 2-(a) and (b), we show the plots (PDFs) of these two models
together with the stochastic models that we propose for the Poisson Process (see Section 4 y 4.3). For a fuller discussion of these
stochastic processes, see Refs. [3,18,30,32,33].

4. Master equation and stochastic models

In this section, we propose a model based on the Chapman-Kolmogorov equations (CKE) for a discrete random variable (d.r.v.)
in continuous time, known as the master equations [2,3,18] in statistical and quantum physics. We do so, specifically, for a two-state
or level system, which is enough to get the two stochastic models based on the binomial and Poisson distributions.

4.1. Master equation and Chapman—Kolmogorov equations (CKE)

Chapman-Kolmogorov equations (CKE): The Chapman-Kolmogorov equations are a set of equations that describe the time
evolution of a Markov chain. These are stochastic model that describes the random evolution of a system through a series of discrete
states (either discrete or continuous time). Suppose that the Markov chain has a set of states 1,2,..., N and that the transition
probability of going from state i to state j in one-time step is p; ;. Then, the discrete-time Chapman-Kolmogorov equations are
expressed as follows:

N
(n+m) _ (n) p(m)
Pi,j - Z Pl k Pk/

where P(") is the probability that the chain will be in state j after n time steps, starting from state i. The Chapman-Kolmogorov
equatlons are based on the idea that the probability of reaching a final state after n + m steps can be resolved into the sum of the
probabilities of reaching each possible intermediate state after n steps, and then reach the final state after m steps. This equation is
important for the analysis of Markov chains, as it allows us to calculate the probability that the chain will be in any state after an
arbitrary number of steps, given knowledge of the one-step transition probabilities.

Now we define a Transition probability matrix function (TPMF) for a Continuous-time Markov chain (CTMC) X (¢) (see [18]
chap.16, [32] chap.6, [33] chap.VI, and [30]) chap.3 with the conditional probabilities

P, =PX(s+1)=jIX(s)=il; i,jES, 0<i<oo

where S is the state space. P, (1) are called transition probability functions, and P = [P, (M), is called the transition probability matrix
function (TPMF). The Chapman-Kolmogorov discrete (d.r.v.) equations take the continuous-time form:

Pis+0= Y PPy, k€S, 5120 (5)

j€s
And in matrix form they are: P(s + r) = P(s)P(¢). Making the change in Eq. (5) of s by an infinitesimal interval h, we obtain:
Py (h+1) = Z#k P,;(h) Py (t)+ P;;(h) P (t). So by carrying out the limit process, when 4 — co, we get for the case of a continuous-time

1 The y, 4, and u parameters can be used similarly in this reference Section 3.2 (as well as 4.4.2). However, starting from Section 4.2, we make a distinction,
especially between the A, and y; parameters for the different Birth and Death processes.
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stochastic process or CTMC, the Chapman-Kolmogorov differential equations: Referred to in the specialized stochastic literature as
the Kolmogorov’s backward differential equation (KBDE)?

Lpy0 = Y P+ 4Py 0 = ¥ au Py, i €S, 0<t<w ®)
k#j keSs

dP(t)
Tdr
where P,;(t) is the probability that the stochastic process passes from state i to state j in time f, and ¢, is the state transition rate
i to state k. The first addition on the right-hand side of Eq. (6) represents the probability that the stochastic process will go from
state i to any other state k and then to state j, while the second addition represents the probability that the stochastic process stays
in state j and then goes to state i. The solution methods for solving Kolmogorov equations are varied. We focus on solving them
using matrix techniques [18,34]. However, in the references cited in this paper [3,18,30,32,33], you can find the different standard

solution methods for these systems. A very general solution to Eq. (6) is based on the exponential of a matrix [18,34], as follows

= QP in matrix form

< Tor" 2.2 3,3
P(t)=exp(Qt)=eQ'=Z%=I+Qt+QZ—'t+QS—'t+-~- 120 %)
n=0 : : :

where P(0) = I is the identity matrix, or P, ;(0) = §;; the diagonal elements of the matrix. In addition, it is required that Q be a
uniform matrix in order for it to converge. In the next section, we develop the two-state model (two-state Markov Chain) and its
general solution.

4.2. Master equation: Two-state Markov process (TSMP)

Here we present the model of a two-state Markov Chain Process {X(¢)}, using the master equation (Kolmogorov equation). We
obtain its general solution (in Appendix B) and generalize it to N independent and indistinguishable two-state Markov Processes,
which gives us the master equation (model) for the binomial process and also for the so-called Birth-Death Process (BDP), which
the Poisson process can be derived.

TSMP System as Birth-Death Process (BDP): We can consider that a process of births and deaths is represented by the difference
of two states, i.e., N(t) = S, (1) — Sq(¢), where S,(r) corresponds to an open switch (arrival counting process or open channel). and
Sq(t) to a switch closure (departure counting process or channel closed or busy). This system is governed by the following system
of stochastic equations (Kolmogorov backward equations), represented with the help of (6). Which can be represented in matrix form
with the corresponding transition rates (see (9)), namely (see Refs. [3,18,30,32,33]),

d Py (1)
—— =~y () + 4Py (1)
dP;(t)

TR WPy () = (A + 1) Py + 4Py (0, 021, ®

where the boundary conditions are P, ;(0) = §;;. And the parameters 4; and y; are called, respectively, the infinitesimal birth and death
rates.

We consider the two-state Markov Chain {X(r)} with states: S = {s),s; }, where state s, represents that the channel is active and
state s; represents that the channel is inactive or busy. Both the duration of the period of the active and busy states are random,
independent, exponential variables (they follow an exponential distribution) with « and g parameters respectively. Corresponding
to the transitions, Q(s, — s;) = « and Q(s; — sy) = f. To solve this system, we need to establish the transition probability matrix
function (TPMF) P = [P;;(1)], using its infinitesimal generator Q**

The probability of transitions in a time interval At occur as follows: the probability (array elements) p;;(#) of de system going
from s, to s, in interval Ar is py,(4r) = AAr + o(r), and similary for p;y(4r) = udt + o(t). From Eq. (8), with 4y =a, 4, =0, y; =0, for
i #0 and y; = f. We obtain the differential equation system

dpy(t)
dt
dpyo(1)
dt
This system have the infinitesimal generator matrix of the CTMF expressed by

- o
(7 1)

2 Kolmogorov’s forward differential equation (KFDE) also exists, which in matrix form is given by % = PQ. This is derived similarly to Kolmogorov’s

backward differential equation (KBDE) (6), (see Refs. [18,30,32,33]). However, the solutions are practically similar, so in Sections 4.1 and 4.2, we will only use
Eq. (6).
3 The infinitesimal generator matrix is defined by Q =

= —apyy(t) + apyp(t)

Bpoo(®) = Bp1o(),

%; and we can define it simply as the matrix Q = [Q;;(1)], (see [18] chap.16), and [3] chap.3.

l-a

B

. . . A . a S .
4 Remember that in elementary stochastic modeling, a two-state Markov Chain is represented by the matrix P = ( ) ﬂ)’ which is a stationary

particular case of a P(r) distribution for two states, (not to be confused with the matrix Q).
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The TPMF, P = [P, (0] for small times Ar can be expressed by

1 —adt + o(t) adt + o(t)

BAt+o(t) 11— PAt+ o) (10)

P(t) = ¢?¥ = 1+ Q4t + o(E =

where E is square matrix of all ones. And o(?) is defined as a quantity that tends to zero faster than ¢, as r — 0; i.e., lim,_y[o(?)/t] = 0.
To solve this system we can use the spectral expansion technique [18,34], for the infinitesimal generator Q. Which we can expand the
infinitesimal generator as Q = UAU™! = UAV = ¥ jes 4;E;; where A is a diagonal matrix represented by A = diag[4, 4,,4,,...],
and 4; are the eingenvalues of matrix Q; i.e., det|Q—4;1| =0, and E; = u /VJT, (UV-T =1) are the projection matrices, with j € S.
the similarity matrix U, contains the right-eigenvector column u;, generated by the eigenvalue 4;. Likewise, the jth row vector v;
of V.=U"! corresponds to the left-eigenvector of the eigenvalue A "

Solution by spectral expansion: The equation for the evolution of the probability transition vector is

dp(t) —Qp, where p()= [Po(l)]
pi(®)

And the matrix Q is defined in (9). With formal general solution
p(t) = e p(0), where p(0) are the initial conditions.
It can be shown [18,34] that the matrix Q and A admit a diagonal exponential solution of the following form
_ _DOI” _mt" _11n _ oot" ne 1 _ Atyi—1
Pi)=c¥ =3 —Q'=Y —[UAUT]" = =UY —[A]"U" =UAU (11
n=0 n=0 n=0
Also U is a similarity matrix. To solve, we form the system of differential equations composed of the matrix Q and the column

probability vector p(t) = (py (), p; (1)), with the general initial condition: p(0) = (p, 1—p)’; and normalization condition py(*)+p; (r) = 1.
In the particular case of the infinitesimal generator Q of our two-state system, we obtain the following

—a—A a
s —ﬁ—j]_o (12)

We get A(A+a+ ) = A2+ 1 + Aa = 0. From this, we can quickly verify that the eigenvalues of Q are A, = 0 and 4; = —(a + §). With
the respective eigenvectors given by

wel] e[

The matrix U composed of the eigenvectors and its inverse U~! make up the matrix Q, as follows

_ a1 a 0 0 1 f o«
Q=UAU _<1 —ﬂ) <0 —(a+ﬂ)) (a+ﬁ)<1 —1) a4

Obtaining the general exponential solution (TPMF) of Eq. (10)
U (1 0 > a1 [ﬂ +ae” @ o ae‘(“”’)’]

det|Q — o;1| = det

P()

0 e—(a+ﬁ)t - (a + ﬂ) ﬁ _ ﬁe—(n+[i)t a+ ﬂe—(a+ﬂ)t
1 p oal et [q —qa
= + (15)
(a+p) [ﬁ ] (a+p) |- B
—(a+p)t [—
P = 1 [a+ﬂ ]+ [ a]_e a a]
(@+p)| O at+p|l (@+p|F Bl (@+tp B P
1 e~(@thy 1 < _
P(n) =1+ - =I+ 1 — e *hr
(a+ﬂ)Q (a+ﬁ)Q (a+p) Q
where the solutions for initial conditions: p,(0) = py,(0) = 1, and p,(0) = p;((0) = 0, corresponding for states S = {s;,s, }, Remember
that they refer to an active state — the first one — and an inactive state — the second one —. Nevertheless, the opposite initial

conditions can be chosen, i.e. py(0) = py;(0) = 0, and p,(0) = p;;(0) = 1, which would be given by the second column of the solution
matrix (15)

Po(®) = poo(®) = i p ﬂ) [ﬂ+ae_(“+ﬁ)’] = (ai 5+ ﬁ o (@tpr

P = po® = [ﬂ ﬂe‘“””)’] = (aLj-/i) - ﬁe*‘“ﬂ)’ 16)
Egs. (16) are complemented by those mentioned in the text (obtained in the TPMF matrix (14)), that is,

po1(®) = (aTlﬂ) [a - ae*(‘”ﬂ)'] = (a+ﬂ) - i 5 @+

pi@) = (aTl/i) [a + ﬂe_(‘“'ﬂ)'] = ﬁ + (aLiﬁ) e~ (atpr a”
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To find the stationary distribution —that is, steady and invariant—, which allows us to understand the behavior in the long term, we
apply the limit,

lim P, (1) = 7()) = ,

and parameterize as follows (with the help of the two states {s, = 0,s; = 1}): 7y = #(0) = a/(a + f), 7| =
=n(l) = B/(a + B) and 6 = a + B, which represent the stationary distributions. So, by (16) we get

Poo(®) = m(1) + m(0)e™ P = (1 — my) + mye™

Pio®) = (1= 2(0)) = (1 = 2(0)) e~ = (1 - z) (1 — &™) (18)
Similarity

Po1(1) = 7(0) + 7(0)e™ N = (1 — &™)

P = 7(0) + (1= 2(0))e™ " = 75+ (1 = mp)e™” 19
We can observe, that

lim poy (1) = lim py, (1) = 7(0) = =

So we have found the long-run probability is x,, i.e., the stationary probability, which is independent of where the process starts.
Also, its probabilistic complements:

lim po(r) = lim p,o(1) = z(0) = 1 — =
t—0o0 t—o00
where we use the normalization condition 7z, + 7 = 1, (Kolmogorov’s first axiom: 2711 z; = 1.

4.3. Master equation: Poisson’s process as a pure death process (PDP)

Here we introduce the Kolmogorov’s forward differential equation (KFDE) in its general form — similarly to (KBDE) (8) — and
for the particular case of the Poisson process — as a Pure Death Process (PDP)— for our radioactive decay system. However, this is
a fairly general formulation applicable to other systems of the Poisson type.

dPy;(1)
Fra —AgPo; (D) + py Py (2)
dp; .
T = Amt PO = (A + 1) PO + i Py 0, 2 1, (20)

Pure Death Process (PDP): In fact, both in the KFDE (20) and (KBDE) (8), we have that the general equations are the second, from
which we can extract all the information of the system. For a PDP-type Poisson process, we have: from the second equation of (20)
we make the following changes, —including the boundary conditionsatn =0andn= Ny —: 4; = 4;,_; =0and p; = pjyy = 4y = p-
Also P, (0 = P,(1), and P, 1) = Py (). We have that parameter (transition rate) y = 1/z, i.e., decay rate per unit time.

d Py, (1) 1
It = THPn )= =Py ()
dP,t)
— = THRO+uB (O, No—lzn>1, 21
dPy(t) 1
—— = uP(=-P
ar P (1) p (1)

the initial probability distribution is #(0) = Py, = 0) = Sy N, = Sy Solving the first equation of (21), we obtain:
Py, () = e # = ¢!/, So, the time-dependent solution for P,() is given by

No—n t No—n
Py = WO o L WO e s s,
Ny —n)! Ny — !
No-1 No-1
_ W' W/ e
PO(t)_l—nz::‘)Te“—l—nz::‘)Te (22)

In Appendix B, we show a derivation of the solutions (22), (same as (24)). We now briefly present a description of the sojourn time.
Which we use to theoretically measure the residence time in the radioactive decay phenomenon of our Poisson stochastic model.

4.3.1. Sojourn time

The sojourn time (waiting time in any state) is an intrinsic characteristic of any Markov process, where the change of state of the
random variable is exponentially distributed (see [18] chap.16, and [33] chap.VI). In figure 1, we show a sketch of a Linear-Pure
Death Process (L-PDP), (i.e., for u;, = ku). Likewise, we show the sojourn times in each stage and how the transitions follow an
exponential distribution (decaying), which also has the memoryless property. Together we can apply to obtain the Poisson process as
was done with the help of Egs. (21), whose solution is (22).

10
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(a) (b)

X(t
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Fig. 1. Here we show the Linear-Pure Death Process (L-PDP): (a) Sketch of typical trajectories for a continuous-time Markov process (CTMP), in particular
the pure death process PDP, which very accurately emulates a Poisson-type decay process, where the number of particles n decreases from n = N, at time t =0 to
n=0 at 7 # 0. In addition, the sojourns times X, = ¢, can be displayed, where n=0,1,...., N, — 1, N,. (b) The curves represent that the transition probabilities
are exponentially distributed with decay parameters , the death rate (s, = nu). For our system u, = p, = - = puy, = p = 1/7, (without including a specific value
of the physical decay parameter).

The sojourn time in state N, is denoted by X, . Then, let X(¢) be a linear death process, denoting the number of survivors in the
population at time 7. With parameter u, = nu for n =0,1,2,..., N,. And let €, ¢,, ..., € No» denote the death times of the members,
individuals, or components of the cluster —the succession of death times should not necessarily have a chronological order of death,
see Fig. 1-(a)—. Xy, is the time of the earliest death or X, = min{e,,¢,, ..., ey, }. Since the memoryless property of the exponential
distribution holds and the lifetimes are independent, we have

P{X,>t} = P(min{el,ez,...,eNO} > 1)

Ple;>t,ey>1,...,e5, > 1)

P(e; > )P(ey > 1) = Pley, > 1)

[P(e, > 0] = e=Nowt (23)

P{X, >t}

That is, has an exponential distribution with parameter Nju. Taking into account the sojourn time in the transition probability, the
solution Egs. (22) are transformed as

Nout No—n Nat No—n
PAX(®)=n} =P, = LQ—NW' - %e—l"m/f No>n>1,

(Ng —n)! (Ng —n)!
No-1 . No-1 u
P{X(t)=0}=Py() = 1 - Z %ewom =1- Z %[Not/r (24)
n=0 : n=0 :

This is the stochastic Poisson model based on a linear pure death process (L-PDP), considering the sojourn time in each state of the
system.

4.4. Poisson’s process as a pure birth process (PBP)

In Section 4.2 we show the Birth-Death process (BDP) modeled with Egs. (8). Then, a (BDP) process is called a pure birth process
(PBP) if 4, = 2in (8) for alli > 0 and y; = 0 for all i > 0. It can be shown relatively easily that by solving Egs. (8) with N,(0) = 0, the
typical or standard Poisson distribution (29) —coming from a PBP— is obtained as a solution (see [18,30,32,33]). We now apply the
distribution to the radioactive decay process of nuclei —which can be visualized as in the toy model with multi-sided dice 2.1—.
This Poisson model is to be universally used from the didactic teaching of the theory of probability and statistics. We can focus
solely on its application to the phenomenon of radioactive decay, beginning with the perspective of radioactive dice.

In order to there to be an equivalence between the nuclei and the dice, it is necessary to increase, as already mentioned, the
number of faces of each die involved, which represents each radioactive isotope. As a first case, it is shown that all the dice (nuclei) in
decay as a whole are distributed according to a Poisson distribution (remembering that it must be fulfilled that the number of events
is very large and the associated probability very small), because this distribution often provides a good model for the probability
distribution of the X number of weird events that occur in space, time, or any other dimension, where the decay constant A is
a very sensitive parameter —together with the decay time period— to the values of each radioisotope and to the average value
of r. v. X. Thus, we have for each dice toss, the result is subject to the random variable X ~ f(x) = p(x) = 1*e? /x! (Poi§son
distribution). It can be easily demonstrated that its moment-generating function (MGF) is given by My (1*) = E[eXT)] = ¢#¢" -1,
(¢* does not represent time, it is a dummy parameter, as we defined it in paragraph 2.1). Now we have that for a set of n discrete
random variables, i.e. X, X,, ..., X, with Poisson distribution each, the sum of all of them must result in another Poisson distribution

11
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(a) Pen(t) Foster vs. Huestis Binomial Distribution (b) Pen(t) Foster vs. Huestis Binomial Distribution
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Fig. 2. In this figure, we show the plots corresponding to the four (stochastic) probability distribution models studied in this paper. In (a), we compare the
model of Foster et al. with the Huestis model. The former utilizes the binomial PDF (4), exhibiting strong characteristics of a Pure Birth Process (PBP) (Yule
Process). In contrast, Huestis’s model employs the binomial PDF (2), showing strong features of the Pure Death Process (PDP). Both models operate on a relatively
long timescale due to the small number of initial radioisotopes (RIs). In (b), we again compare the same models (4) vs. (2), but this time for a greater number
of initial radioactive isotopes (RIs), resulting in a relatively short timescale due to the increased quantity of (RIs). In (c) and (d), we also compare our proposals
based on the Poisson distribution versus the standard Poisson distribution. We juxtapose the Pure Birth Process (PBP) used as the standard in most statistical
and probabilistic application studies with our proposed model, i.e., the Pure Death Process (PDP), utilizing the sojourn time which is fundamental in this process
(see Sections Section 4.3, 4.3.1, Fig. 1, (22) and (24)). The effects on the time scales are similar to those observed for the binomial distribution process. Also,
the figure (e) inset in (d), represents the Poisson distribution as a function of the number N, = n, for fixed times (dimensionless time 7/7) shown in the same
figure. It should be noted that for large n the PDF fluctuates too much and suffers from overflow. For all plots we use radioisotope: '® F with parameter (decay
constant): u = A=6.313x 107> min~". Initially 20% of isotopes decaying in all four combinations.

Source: Source parameter: [12,13].

—similar to the radioactive dice toy model in [4,9] shown in paragraph 2.1—, as we show below. Using the moment generating
function, (see for example: [18,27,28,32,35-37]). We have X; ~ Poisson(X;) = f(x;), with j =1,2,...,n; so we get

My () = E[e"X)] = 4@ =D (25)
Adding all the random variables (with X, = Z:;l X;), we have

Mz(t*) — E[e(t*):n)] — E[e(X1+X2+~~+X,,)r*]

n
HE[Q(X/’*)] = E[e®1)E[e%2")] ... E[etnt™)]
j=1
= M =D i =) | gt 1)

n

Hexp [4;(e" = D] =exp [ A - 1)] (26)
1

Jj=1 j=

This expression is once again a Poisson distribution for the n r.v.; with 4; = (x;) the mean of each r.v. (in this case, they are
dimensionless parameters that represent the expected value). We can also add directly (without using the MGF method) two or more
independent random variables (i.r.v.) as a Poisson Process, which should result in another Poisson process. In such a way that we
have initially two r. v. X and Y. We are interested in the sum, i.e. Z = X+Y, where Y = Z — X, so we proceed to add both variables.
Following this trend, we can generalize to the sum of » i.r.v. (that is, X;, with j = 1,2,...,n) as a Poisson process. In both cases
we obtain the following (in the Appendix A we make the complete demonstration of both formulations). For two independent and
identically distributed random variables (i.i.d.-r.v.) Z = X +Y, where X ~ Poisson(X, 1) = Py(x), and Y ~ Poisson(Y, u) = Py(y),
and with help of Discrete Convolution Formula, we get P,(z) = Px,y(z) = Px(x) * Py(y) = X Px(x)Py(») = X, Px(x)Py(z — x)

e~ (A+m)
= Pz(2) = A+ w*.

z!

12
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So Z = X +Y is Poisson distributed once again, and we just sum the parameters, which are the sum of means. If we make the
change 4 - 4; and u — 4,, so that Z — S, = X + X,, then the above equation takes the form

o=(i+4) 2
P, (s3) = Py 4x,(s0) = Px (x)) * Py, (xp) = T A+ 4y (27)

where s, = x| + x,. But, what happens about a sum of more than two independent Poisson random variables? Suppose X, X,, X3
are random variables independent Poisson, and then (X, + X,) is then Poisson r.v., and then we can add on X; and still have a
Poisson r.v. So X + X, + X; must be a Poisson random variable. And so on, increasing to n i.r.v. of Poisson. In order to generalize,
we have the n i.r.v., with X, X,, ..., X,. Now, let S, = X; + X, +--- + X, be the sum of # i.r.v. of an independent trial process with
common PDF (Poisson), defined on the integers. So, S, = (X + X, + X3+ X, )+ X, = S,_; + X,,. We have that i.r.v. are distributed
by X| ~ Poisson(X{,A) = Py, (x;) = P(x;) = 4]'eC4) /(x1); X, ~ Poisson(X,, Ay) = Py,(x3) = P(xy) = 4,242 [(x,1); ... .. 3 X, ~
Poisson(X,, A,) = Px (x,) = P(x,) = /lf,‘” e(=*) /(x,"). Again, we use the Discrete Convolution Formula for several independent random
variables,

PS"(S") = PX1+X2+~-+Xn(sn) = PX] (xl) * PXZ(XZ) *oeee K PXn(xn)
Sn

> Py () Py, (xp) - Py (x,)

X
Sp=x] xg by
X|—dy 3%2 -2 _
on Ale M e e
ot (1) () (x,)

Sp=X]+X) Xy
n
e Zj:l 4y
(sh

- Z"’:l A/ n Sy
e J
o0 (Z pi j> (28)

j=1

SVI
(/11 A+ Ayt /1">

This is the probability mass function (p.m.f.) for n random variables distributed as Poisson process model. Where S, = X, + X, +
X5+ X, + X, = S,_; + X, and the parameters 4; = (x;) are the mean (expected value). Therefore Z;’:l A= Z;.':1<xj) = (s,)
are simply the sum of expected values. Thus, we can write in a more compact form Eq. (28), which coincides with the known most
basic Poisson distribution.

~(sn) (5,
e —
P, (5n) = == (sn)" = (T)e {oa) (29)
Thus, based on a standard time-dependent Poisson process model (see [18,29,30,32,33]) this is expressed as
(A" _
Py () = ==

Valid for a single event (decay). However for the case of the sum of n events, where we have the total value of nuclei are n = N,
and S, = n;+ X, +X; - X, - X, for simplicity and to get rid of sub-indexes. The value of the parameter or decay constant depends
on each substance (radioisotopes) in each event, which would have the same value for all the nuclei involved (unless otherwise
stated), and it would be A, = 4, = -+ 1, = A. In addition, the process it depends on time, i.e. 4 — z.° So, Z;';NU(/I ;1) = Noit, so we
obtain

NyAt)"
P = [#]e—%h (30)
n!
Which similarly includes sojourn time as in (24), (see Section 4.3.1).

4.4.1. Partial nuclear decay : Prior and conditional probability

To get a clearer insight of the radioactive decay process, let’s make an arbitrary partition (for example: assuming that X,, < X,
from the initial population, divide the entire population: N, into strata or subpopulations N, > x and so on) in the total amount
of radioactive isotopes (nuclei or atoms), considering that at the beginning of the reaction they are divided into two groups (those
that undecayed immediately in the first period of time, and those that do decayed in the next period of time, i.e. the elapsed time
between the (n— 1)st and the nth event.) That is, one of the groups decays faster than the other (the smaller group to be precise), as
usually happens in reality, since not all the nuclei (isotopes) involved decay at the same time. For this we consider two sums (one
for each group) of the total isotopes (N,), where one can be much larger than the other, initially being also independent Poisson
random variables. Then, we first calculate the prior probability using the result of Eq. (28) as follows: the sum is rewritten in two
terms for both groups, then the probability distribution for the total of the two groups is obtained, that is

—27=| ’l/ i Sn
PS,,(S") = _e (Sn!) _<Z j’l)

j=1

5 Actually, this is justified by introducing the sojourn time seen in Section 4.3.1.

13
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i s,

e j 1% e /—m+l l n
A .

TG G [Z E ]

Jj=m+1

B

e e~ e An A G s sp—k
= —[Am+A,,] = Z(”)A,,;’ A%
(Sm') (sm+1 ') (Sm') (Sm+l ') k=0 k

—(Ap+A,)  2n
= 2<5> ok Ak (31)

suDGman ) =\ k

Which is equivalent to Eq. (28), where we simply split the total amount of isotopes into two groups (arbitrarily). Where, A,, = Z;'; 1A
and A, Z/ i1 A3 Sm! = X1 e x, b and s, ! = X0 1,400 - X, If considered as a stochastic Poisson model, of the type of
equations Egs. (28) and (30), we obtain a split version of the prior probability factored, but not completely separable due to the
factorials in the denominator, that is
(Am’lt + An'h)x e—Amﬂte—Anlt

(CPDCMSD)

where Ny = Ny, + Ny, = 4,, + A,, (4,, < A,) the partition in the two groups above. This equation is also equivalent to (30).

Py(t; 2, Ny) =

4.4.2. Conditional probability, and conditional expected value
Now, we calculate the conditional probability and the conditional expected value, similarly to the one obtained in Eq. (31). That
is, as mentioned above, we split (arbitrarily) our sample space into two partitions: Let S, = X+ X, +-+X,+ X, ++X, = 4,+A,
be the same sum of n independent Poisson random variables. Thereby, the conditional probability is
PlX, =5s,,.X,+X,=s,]
PIX, + X, =s,]
P[X,, =5,,X,=5,—5p,]
PIX, + X, =s,]
P[X,, =s,IP[X,=s5,—S5,]
PIX,+X,=5,]
e A = An AS T T (A4 4,) ]!
(s, (5, = s,)! [ (s, ]
_ (s,}) Ao AGn=Sm) < A, + A, )S’”
(s = sp)(s,, """ A, + A,

s Am Sm An Sn=Sm
" 2
<Sm><Am+An> (Am+An> (3 )

That is, the conditional distribution of X,, = s,, given that X, + X,, = s, (Assuming that X,, < X,,) is the Binomial Distribution with
parameters s, and A,,/(A,, + A,). From this, it is easy to notice that the expected value for this new binomial distribution is given by:

Pg [X,, = Sl Xow + X, = 5,1

A
E[Xm|X1n+Xn=Sn]=sn<m> (33)

We can notice that when comparing the Egs. (32) and (33) with Eq. (4) and its mean, and making the following changes A, — Ny, At

and A,, - NpAt, (with Ny = Ny, + Ny, i.e. the total number of nuclei remains constant), we get that: A4,,/(4,, + 4,) = N“2 =
(1 — e=*) = p(t), the decay probability, and A,/(A,, + A,) = N‘“ = e = [1 - p(t)] = q(¢), the undecayed probability. We want to
argue that

Ny = Noe™

Np, = No(1—e™*) (34

Also with mean E(X) = Ny(1 —e~*), and Var(X) = Nge #(1 — e™*). Egs. (34), prove their validity because they are similar to those
obtained in the models with the Egs. (1), (2), and (4). It is worth noting that these equations also allow us to see that the probability
of decay of radioisotopes is updated at each time interval; because it is an exponential stochastic process (i.e. a Markov chain as a
process memoryless).

In summary, the previous results in Egs. (32), (33), and (34), based on the so-called pure birth process (PBP) (of Poisson and
Binomial), allow us to observe that in reality the behavior and evolution in the radioactive decay of a isotopes system —being
conditioned to partial decay for different periods of time— this will follow a binomial distribution, such a distribution comes from
assuming that initially, it is an independent Poisson random variable and that not all isotopes decay simultaneously. This shows
the trend of isotopes radioactive decay to follow a binomial distribution when the decay is initially conditioned, splitting the total
amount of radioisotopes (as mentioned above, those not yet decaying and those beginning to decay). We should also keep in mind
that this is a random physical phenomenon in which undecayed isotopes of a first type (say A with Ny, in Eq. (34)), decay to a
second type of radioisotopes (say B with Ny, in Eq. (34)); see a more physical-deterministic treatment in the classic treatise by
Kenneth S. Krane: Introductory Nuclear Physics, ([11] chapter 6), where we obtains equations similar to (34).

14



S. Sdnchez-Sdnchez et al. Physica A: Statistical Mechanics and its Applications 643 (2024) 129827

5. Fluctuations and entropy

In this section, we show the latest original theoretical results of our study, namely, the intrinsic fluctuations of the decay process
and the entropy associated with the same physical phenomenon, which as far as we know there are no previous studies. The
fluctuations are calculated through the Fano factor, and we derive the Shannon entropy metric as a stochastic process for the decay
phenomenon.

5.1. Relative fluctuations (RF): Fano factor

Every system with a random nature inevitably has intrinsic fluctuations that can be accounted for using different statistical
variability metrics. Fluctuations refer to variations or changes in a system or process over time. In this section, we analyze the
fluctuations through the Fano Factor, namely, for the binomial and Poisson distribution in the context of the birth-death processes,
which have significant differences as we have seen in the previous sections 3.2, 4.3 and 4.4.

In section® 4.4, we have shown the prior and conditional probabilities, respectively. So, we can deduce and conclude that radioac-
tive decay behaves and evolves in two stages. (both distributions) according to different features such as: (i) First, since the binomial
distribution can approximate the Poisson distribution, then, they intrinsically have a connection —at least mathematically—, where
the main requirement for the binomial is that the number of trials or items —in this case the radioisotopes— are large enough
(S, = Ny — =), and the assigned probabilities are very small (p(t) — 0), because Np(t) < oo. This last requirement is equivalent
to having the number of nuclei that decay are much smaller than the number of radioactive nuclei that are waiting — sojourn time
4.3.1, which is more relevant than is believed — for the disintegration (i.e. x < Ng).

(ii) Second, the time intervals (time period), the parameters (decay constant) and the decay lifetime ratio (half-lives) for each
specific radiotracer are very sensitive as they evolve. (iii) And third, if we consider the relative fluctuations f, or Factor Fano.” This
factor is widely used in particle counting statistics —photons, electro-photons, with high and low energy— in detection processes;
also in studies on fluctuations in the noise of electro-optical signals, and neuroscience (see for example: [22,38,39]). In mathematical
statistics it is known as the Coefficient of Variation®: CV = ¢ /u. In each stage of disintegration as we argue in (i) and (ii), when
we have a large number of radio-isotopes undecayed, these on average behave deterministically. However, those that decay (at a
constant rate), which are much less, have a more random behavior.

5.1.1. RF for binomial and Poisson distribution as a pure birth process (PBP)

Relative fluctuations can be calculated through the ratio between the standard deviation and the mean of the distribution. That
is, according to the binomial distribution, as the number of elements in a system increases, the mean value x = E(X) = puy increases
linearly with n = N,, whereas the standard deviation ¢ = (Var(X ))!/2 increases only as the square root of Ny, i.e.

_VVar(X) _ Noe #(1 — e=4) 1

= = 35
Ir E(X) (No(1 — e=%1))2 (35)
Making a Taylor series expansion, we obtain
VVarX) _ ;{ L VH L1 spsp L s
E(X) \/FO \/E 4 196 384
L 1230 19 92902 n/2
——ﬂ/l/ —ﬂ,/l/ 0] /
10240 * 368640 +o 00
Finally, by discarding higher order terms in the expansion, we can approximate the relative fluctuations, consequently
Var(X
_VVaX) 1 36)

N 739 T Nkt

we show that the relative fluctuations are very small if N, is very large (deterministic tendency). However, if N, is small, the time
and the parameter A influence much more the random behavior in the decay; as usually happens in these cases. From Eq. (36)

6 In this section we use the i parameter interchangeably with the stochastic process, however, they can be used with other parameters such as x and y.
Mathematically, it does not affect the result.
7 Fano factor [38] is a measure of variability of a counting process defined as

Var[N(s)]

FO= Fnen

s>0
where N(s) is a equilibrium counting (stochastic) process that describes the number of items —radioisotopes in this case— in an interval (0,s], s > 0, where
time zero is randomly placed with respect to the sequence of items (radioisotopes)

8 The coefficient of variation (CV) or Fractional standard deviation is a statistical measure of the spread of data points in a data series around the mean. The
coefficient of variation represents the relationship (ratio) between the standard deviation and the mean, and is a useful statistic for comparing the degree of
variation in one data series with another, even if the means are drastically different from each other.

V- _

In the context of statistical physics, fluctuations are defined as f, = oy /uy = = ﬁ v/1+(X), known as the relative root-mean-square (rms)
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(without the approximation) we can see that Var(X) = uye ¥, i.e., is proportional to uy, the expected value or mean. And the
relative fluctuation: f,. = | 1/4/u X)e"“/ 2 i.e., is proportional to the inverse of root mean square (see footnote 7 and 8).

For the Poisson (process) distribution, (we do not need an approximation) we directly obtain

;= VVar(X) _ Nyit _ 1
TTOEX)  \WNea? T Nt

Both approaches with the Poisson and Binomial distributions are mathematically complementary, even in a stochastic pure birth
process context 4.4. Nevertheless, as we will see below 5.1.2 in the context of a stochastic pure death process, there are marked
differences. From the Egs. (36) and (37) — see Fig. 3 with the plots of Egs. (35) and (37) without the approximation (36), which is
practically equal to (37)— we show that the relative fluctuation between both distributions (stochastic processes) are practically the
same. Which means that on average the variability of radioactive decay between one distribution and another evolve statistically
in a similar way. However, these distributions have particular mathematical characteristics. As they are continuous functions over
time (stochastic pure birth process), their graphic performance shows significant differences in their evolution (maximum values, for
example) relative to the calculated probabilities. Remember that the binomial distribution is proportional to a factorial coefficient
—total number of samples and trials— and the Poisson distribution is proportional to the ratio between the mean and factorial of the
number of trials. For this reason it is lower than the binomial, with the same values. All this depends on the conditions mentioned
above —(i), (ii) and (i)— where the stochastic process, i.e., the random phenomenon is updated in each time interval as we show
in Section 4.4.1, and where the sojourn time plays a very important role 4.3.1. That is, if a radioisotope randomly decays, its decay
rate converges with the rate of the exponential type that has the lowest decay rate. Because the longer an isotope takes to decay,
the more likely it is to be a type of radioactive element with the slowest decay rate.

Being a theoretical study, we assume ideal conditions, but we are aided by at least one real physical parameter. On the other
hand, the Fano factor that measures the fluctuations is an ideal case, since if we consider a more realistic situation we should include
(adjust) noise variations due to excitation events, which alter the coherence broadening in the signal. (see for example [40]). Whether
the experimental detection process is considered will depend on the detector used and its efficiency: Such as the physical and
technological features —parameters, materials, radioactive substances—, time periods, photo-detection techniques and/or detection
of alpha, beta, gamma particles (or radiation), so on. Which is outside the scope of this work —for a more detailed study, those
interested can consult the references: [10,13,19,20,22,23]—.

37)

5.1.2. RF for binomial (and Poisson) distribution as a pure death process (PDP)
Here show the fluctuations for (PDP)

= Var(X)  [Noe #(1—e"¥) [ 1 et/2

= = = 1= 1—eH 38
" E(X) (Nge4)? VN, VA € (38)

Similarly to Egs. (35) and (36) we making a Taylor series expansion:

B0 TN,

79 29720972 4 3 A1/241172 71 113/2tl3/2+...+0(1)n/2}

VVar(X) 1 \/ Lospapn, 5 s5p50 L a0
{ A+ =A<<+ 9 Yl 1 8}»

© 92160 40960 12386304

We can discard higher-order terms, considering that the parameters and the quotients tend quickly to zero.

/o VvarX) Vi

" E(X) VN

We can observe that now the fluctuations (Fano factor) for the binomial process —as a pure death process— are proportional to
the direct square root of the product of the time by the parameter, unlike the fluctuations for the binomial process —a pure birth

process— in Eq. (36), where this process is proportional to the inverse of the square root. Regarding the Poisson process, in both
cases, the fluctuations vary in the same way (see Eq. (37), and figure 3).

(39

5.2. Stochastic entropy

Here we show entropy metrics in the mathematical context of Shannon’s information theory. We compute the entropy function
for the standard Poisson and binomial stochastic processes. Seldom used in a physical context. And as far as we know, it has never
been used for these distributions —binomial and Poisson-like— in radioactive decay applications, as in the case of our study. We
perform the analysis purely theoretically, leaving for future studies a deeper research into applications in other physical contexts.
Shannon’s entropy is a mathematical measure of the amount of uncertainty or randomness in a given set of data or information. It
was introduced by Claude Shannon in his seminal paper A Mathematical Theory of Communication in 1948 [21]. Shannon’s entropy
is often used in the context of information theory to quantify the amount of information contained in a message, signal or data
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Fig. 3. Binomial (Huestis vs. Foster et al.) versus Poisson Fluctuations (Fano factor): In this figure we can visualize the plots (A to D) of the Egs. (35), (37), and (38)
of the Fano factor corresponding to the fluctuations of the Binomial (Huestis vs. Foster et al.) and Poisson process, for the parameter: y = A = 6.313x 10~ min'.
However, these processes are matched by approximating through of parameters —i.e. the decay constants, and analytically doing a Taylor series expansion —
in a limiting case obtained in Eq. (36). In all cases (A to D), the binomial process (Foster et al. case (PBP)) decays or decreases its fluctuations faster than the
Poisson process, nevertheless, both processes fluctuate similarly in the equation approximation (36). But the binomial process decreases faster. Regarding the
case of the Huestis-type binomial process (PDP), the Fano factor indicates that the fluctuations increase with time.

stream —for more information and description of this theory, see the excellent treatise by Cover and Thomas: [41]—. Shannon’s
entropy is defined as:

0
H(X) = - Z Py (k)log Py (k) = —E [IOg Px(k)] (40)
k=1

where H’ is the entropy of the system, Py (x) is the probability of a particular outcome x, and log () is the binary logarithm. The
entropy is measured in bits if the base of the logarithm is 2. If the base of the logarithm is the number e (natural logarithm, inverse
of the exponential function), entropy is measured in nats. In this case, the entropy value represents the average number of nats
needed to represent or encode each event. The formula can be interpreted as the expected value of the information content of a
message, weighted by its probability of occurrence. It measures the amount of uncertainty or randomness in the system: the higher
the entropy, the more uncertain the system is. It should be noted that entropy is a relative measure and does not have an absolute
scale. The magnitude of entropy depends on the probabilities (or probability density) of the events in the system or data set being
analyzed. Higher entropy values indicate greater uncertainty or randomness, while lower entropy values indicate more order or
predictability. Shannon’s entropy has found many applications in various fields, including cryptography, data compression, signal
processing, statistical mechanics, and now in radioactive decay. It provides a powerful tool for analyzing the properties of complex
systems and understanding the fundamental limits of information processing.

5.2.1. Poisson stochastic entropy

This paper theoretically demonstrates the entropy function in binomial and Poisson stochastic processes context used for
radioactive decay. It should be mentioned that the entropy for these distributions has already been calculated by other authors
(among others) in purely mathematical contexts by M. Cheraghchi [43] with exhaustive generalizations and, on the other hand,
with an approach directed to physical optics by A. Martinez [44]. We think they are among the most outstanding and we follow their
trend. However, our focus is specifically on stochastic processes, where to our knowledge the entropy of the mentioned distributions

9 In the classical statistical mechanics context [42], the Gibbs (and Boltzmann) entropy is traditionally represented by
S =-kY,_, pInp; (k= cte.=1). But when the energy remains fixed, and all the states are equally accessible —that is, with probability p; = p = 1/w substituted
in the Gibbs entropy—, the so-called Boltzmann entropy is obtained: S = Inw.
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has not been calculated. Now, using the definition of entropy (40) with the aforementioned stochastic distributions (see (4) for
standard binomial process, and (29) to (30) for standard Poisson process), we proceed to show the respective entropies: (with

(s,) =5)

<o [ sk _ ks
H(XPoisson) = HPoiSS == Z < k' > IOg <k' j>
k=0

< Sk .
=-) = [klog(s)—log(k!)—s]

=kl
- e S{ZZ— g0} #3567 [T 5]+ 3 2 low )

k=0 k=0 k=0
W
& sk
= (s —slog(s)) + ;ﬂk e~ [log I'(k + 1)]
l—e kx| g=x
= (s—slog(s)) + Zk,/ [ | e
H,, =(s—s]0g(s))+/ et | _du 1)
Poiss o 1—u IOg (u)

where we use the gamma function (I'(z + 1) = z!) to express the factorial term. And the log (-) function can be in binary base or the
natural logarithm base, i.e. in base log, (-) = In(-). The integral in formula (41) is proper and converges, nevertheless, note that in
extreme limits (i.e., at u = 0 and u = 1), it may have convergence problems and behaves as follows [44]: At u = 0 it tends to zero,
and at u = 1, we obtain the convergence by doing a Taylor series expansion on the exponential function

. [1—emst-w 1 53
lim -5 ==
u—1 1—u log (u) 2

Expressions in terms of factorials and logarithmic functions are expressed with the help of the Gamma function in its different
forms.

*© 1 —e kx| ex
log(k!) = logf(k+1)=/ [k——] —dx
0 l—e™> | x
o N du
logI'tk+1) = / [——k]—. (42)
o | 1—u log (u)

The first expression, in (42), is obtained by means of Ref. [45] (formula (9), page 360); where u = ¢, —see Appendix C for more
details—. We do not make any approximation for the factorial expression nor the logarithm function with the factorial, we use
the Gamma function and exact integral representations. Because it has become customary in the physical literature to make use
of Stirling’s formula approximation. Here, we get, similarly to the cited Refs. [43,44], analytical, general, and exact expressions.
Our approach, unlike the previous uses, is as we have already mentioned to obtain the Entropy of binomial and Poisson stochastic
processes. Our analytical route is similar, but not the same as that of the cited authors, in Appendix C, we show these formulas using
our own approach. The reason for obtaining an exact analytic formula is that its numerical evaluation —with the use of computers
and numerical algorithms for the integral— is easier and more accurate than using the Stirling approximation.

Now we represent the formula as a function of time, considering that it is a stochastic process. From this, we finally obtain the
entropy for the Poisson process. Making the following changes s — Nyt and log (1) — log, (1) = In (1), where u should be considered
an auxiliary variable.

1 _ e—NU/lt(l—u)

HPO,-”(X(t))z<NOAI—(NOAt)ln(NOM))+/ [1 —
A -

Nyit (43)

]n (u)

Remark: We describe of formulas (41) and (43) to give us a better insight into their application. Formula (41) is similar to that
obtained by the cited authors [43,44]. But, we developed different procedures to derive it; however, as far as we know, the formula
(43) is unpublished. The application of these formulas depends on the specific stochastic context of interest. Formula (41) emphasizes
using statistical and/or physical parameters, not considering how it evolves over time. In formula (43), time is explicitly included.
Remember that we are dealing with a stochastic process of a discrete random variable (d.r.v.) in continuous time (sojourn time).
Nevertheless, caution must be taken when using this formula, where we must take the time (individual, interval, or average) for
each stochastic trajectory,'® setting the total number n = N,,. In such a way that a family of trajectories is formed (ensemble). In order
to calculate the integral, not only because it is numerical, but because each trajectory must be fixed in a specific time interval. One
way to validate the entropy calculated for this type of stochastic process —Poisson and the binomial— is to look for a bound that

10 A stochastic trajectory refers to the path or sequence of events followed by a system or process that is subject to stochastic (random or probabilistic)
influences. In other words, it describes the evolution or behavior of a system over time when there is inherent uncertainty or randomness involved.
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compares its plots, approximately. Likewise, one approach is to carry out a comparison using Gaussian Maximum Entropy GME!!
(see: [41], chapters 8, and 12. Also arXiv-paper [46]) —which is derived from the differential entropy of the Normal distribution, of
a continuous random variable (c.r.v.) at continuous time— which works as an upper bound for the entropy (stochastic) of Poisson.
We plot the numerical simulation of (41) in Fig. 4(a). And the binary type term (s — slog(s)) in Fig. 4(b). The GME comparison in
Fig. 4(c).

5.2.2. Binomial stochastic entropy
Similarly, for binomial stochastic process, we can get the entropy function, i.e., following someone steps of Ref. [43], we calculate
this entropy, the details we send to Appendix D.

H(XB/nom[al) = HB/'n =- Z <Z>pk(1 - p)"—k IOg [<Z>pk(1 - P)n_k] (44)

k=0
- T+ pk(1=p)"™ [T+ 1pk(1-p)"™*
T A Tk+DIn—k+1) [F(k+l)F(n—k+1)]
—k

& I+ Dpf(1-p)"
& Ik+DI(n—k+1)

X [logF(n+ D —logI'(k+1)—log I'(n—k + 1) — klog p+ (n — k) log [1 —p]]

= nh(p) - 1ogr(n+1)+21ogr(k+1)( ) p(1-p)"" +Zlogr(n—k+1)< > (1-p)" "

k=0 k=0
Hp,;, = nh(p) —logI'(n+ 1) + E[log I'(k + 1)] + E[log I'(n — k + 1)

where
h(p) = —plogp — (1 — p)log(1 - p) (45)

This is the binary entropy (we can see more details in Appendix D). And (P, (k) = fp;,(k) = B(k; n,p) = (Z) p¥(1 = p)"~* is the binomial
distribution) the expected values are

E[log I'(k + 1)] = Ep;,(n,p) = Z log I'(k + 1) f g;,, (k) (46)
k=0
E[log I'n—k+ 1)] = Eg;,(n,1—p) = Zlog I'(n—k+1)fg;,k) (47)
k=0

After several transformations and using the previous results ((44) to (47)), we can obtain the entropy function for the binomial
distribution, i.e.,

Hp,;,(X) = nh(p)—logI'(n+ 1) + Ep;,(n,p) + Eg;,(n,1 — p)

1 = up)" 1—u(l - p)) "1+ —wn
"h(")_/o [log(l—u) /[ log (1 —u) ]d”+/0 wog (=™ (48)

Hp;,(X) = nh(p)+ H; + H, — Hj

These last H; functions are developed and well expressed in Appendix D. Which are more convenient to understand the scope
and limitations of binomial entropy. Thus, we obtain the stochastic entropy for the binomial distribution, using the functions
p(t) = (1 —e*) and 1 — p(f) = e * (Foster et al. type, similarly can be done for the Huestis type distribution; see Section 3.2),
that is,

u . U1 —u(d —e)]" V{1 - ue
Bin(X () =n (IJ(f))—‘/0 log(l——u)du_/o Tog( =)

As in the case of the Poisson process, we can also make the change in the base of the logarithm, i.e., log (1) — log, (1) = In (1) (and
remember that n = Nj). Finally, we get the binomial stochastic process entropy function

U1 = u(l = e=)]" UL = ue=#]" U b (1=
Hyp,, (X (1) = nh(p(®)) — A Wdu—/o mdu'f'/o mdld (50)

Remark: The application of formulas (48) and (50) generally follows the same guidelines as those for Poisson entropy in the previous
Section 5.2.1. However, we must emphatically point out that the expressions for binomial entropy lead to an apparent ambiguity

—lt]”

Y14+ —wn
+/0 —ulog(l—u)du (49)

11 This is derived from stochastic processes with a c.r.v., specifically, for the so-called gaussian power spectral density PSD. Kolmogorov showed that for a
stationary Gaussian process with PSD y(s), the differential entropy rate is given by:

H(X) = § log 27e) + - 7 log (y (s))ds. From what can be derived H,,(X) < 3 log [2ne(Var(X)+ %)]
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Fig. 4. Poisson and binomial entropy: In (a), we show the simulation data by numerical integration of (41), where s = (s,) is the average value —for
s=1,2,...,10— and u an auxiliary variable in the integral. In (b), only the binary type terms independently of the terms under the integral are plotted, that
is, from (41) s — slog(s), from (48) —plog(p) — (1 — p)log(1 — p) in natural basis. And from (45) h(p) = —plog, (p) — (1 — p)log, (1 — p) in base 2 —the binary base
originally used in Shannon information theory—, all as a function of their parameters. (c) Here we show the same plots as in (b) —except binary entropy—
superimposing the differential entropy bounded curve through the Gaussian Maximum Entropy (GME), (which are bounds based on the normal distribution, see
5.2.1); that is, Hp,(X) < 1 log |27e(s + 35 )|, and Hy, (X) < 1 log [2ze(s(1 - 5) + 15 ) |. Where we use: Hp,,(X) <  log 27re<Var(X) + 1 ) |- For a more complete
description about GME, see the references: [41], chapters 8, and 12. And [46]. Finally, in (d), we show the functions of the formula integral (48) and it also
applies to (49) and (50). Numerical evaluation is not possible because they are divergent integrals (see text for full explanation, 5.2.2).

in the explicit (numerical) calculation of integrals —which we denote as H,, H,, and H;— since they are divergent.'> Thus, our
proposal to understand convergence (if it exists) more quickly is to use the H; expressions, of which we plot the functions within the
integral in Fig. 4 (d). This allows us to visualize the so-called areas under the curve. From this, we can deduce that the most pathetic
case is area (zone) 3 (for H; < 0) since its area is negative infinite and overwhelmingly cancels out the other two areas (zones) 1
and 2, which are much smaller.'® Nevertheless, for numerical computation, we can resort to a trick by setting a very small fixed
lower limit close to zero —asymptotically close to 0—. We can conduct numerical experiments that allow us to observe the overall
behavior of the three involved areas and how they cancel out. From this, we can notice that zones 1 and 2 are very small, while
zone three (negative) acquires increasingly large values. We could make an integration interval [6, 1] for a § sufficiently small, e.g.

1 —u(l —e*) U1 —ue )" 1 — )
lim / [ ] du—/ Qdu+/ Mdu
50 In(l —u) s In(1—u s uln(l—u)
However, the third integral continues to overwhelmingly outperform the first two integrals. Fortunately, for large values of n = N,

the binomial entropy (48) with the term nh(p) dominates over the other three. Therefore, the dominant binomial entropy for large
N, is the binary-like part. For radioactive substances (radioisotopes), we speak of about N, on the order of 10?3.

6. Conclusion

In this paper, we explore nuclear radioactive decay from various angles and perspectives, briefly touching upon the deterministic
aspect and delving significantly into the stochastic aspect. We provide a concise analysis of decay within a deterministic framework

12 It is worth mentioning that in the paper of M. Cheraghchi [43], the expressions for binomial entropy, formulas (17) (similar to ours (48)) and (19) are
quite general. However, the numerical calculation of it is quite cumbersome. Since both formulas are infinite, but especially in formula (19), the second term
is expressed as an infinite sum of improper integrals. We wouldn’t know if that would have a rapid convergence.

13 Another option that might be tentative is to compute the integrals as a principal value integral (Cauchy Integrals). Unfortunately, this only applies to areas
under the curve that are symmetric or antisymmetric about the y-axis. In order to add (finite value) or cancel the infinite asymptotic zones.
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in Section 2, where it is modeled as a phenomenon featuring exponential decay. However, our primary focus lies on the statistical
and probabilistic aspects of decay. We commence with the concept of the so-called Radioactive Dice (a toy model; see [4-6,471),
where statistical techniques such as the Moment Generating Function (MGF) method are employed to generalize the elementary
system [8,9]. These techniques serve as a foundation to advance our study using stochastic models.

In particular, we analyze the Binomial and Poisson processes within a stochastic context (Section 3). Given that radioactive
decay is inherently statistical (random) in nature, we cannot predict when any of the radioisotopes will decay. To deduce the
stochastic Poisson process (Section 4.3), we employ the Kolmogorov stochastic differential equations approach (in continuous time),
which is well-known in the fields of statistical and quantum physics as master equations. This process is crucial for understanding
systems where events of a random nature are studied, such as the counting of atomic and subatomic particles (in nuclear and atomic
physics) or photons (quantum optics). By adopting this approach, we gain a better understanding of the nature of radioactive decay,
considering it as a stochastic phenomenon rather than solely focusing on its counting statistics.

The literature on statistical physics, quantum optics, nuclear medicine, and related fields abounds in studies on the statistical
counting of detectable particles —be they bosons and/or fermions—(see references cited in the text). However, as previously
mentioned, these studies primarily focus on pure statistical counting. Specifically, they examine the statistics provided by the
binomial and Poisson distributions and make comparisons between them. In our study, we take a step further by analyzing these
distributions not only from an elementary statistical-probabilistic standpoint but also by applying the techniques of stochastic
processes.

As previously mentioned, stochastic modeling of systems and phenomena of a random nature, such as nuclear radioactive decay,
is endowed by powerful mathematical tools, such as Markov processes and Kolmogorov differential equations (master equations).
These tools provide us with deeper insights into random events through the tripartite application of stochastic processes: namely,
Binomial, Poisson, and exponential. These processes involve distributions of a discrete random variable (d.r.v.) (with the exponential
being a continuous random variable) in continuous time. This enables us to comprehend how these variables evolve by conducting
a comparative analysis of their behavior through the stochastic evolution of the Binomial and Poisson processes. It’s important to
note that they also undergo significant changes in their radioactive decay due to real physical parameters, such as decay constants
and half-lives.

One of the most notable outcomes of our study was the calculation of the Poisson process modeled through the so-called
pure death process, as modeled with the master equations (21), with the solution provided by (22) fully deduced in Appendix B.
Introducing the sojourn time (waiting time) (Section 4.3.1 and Fig. 1), we obtain the original solution (24), which differs from those
studied in the literature. Another important result is the distinction between this model and the one most commonly used in the
literature, namely the Poisson process conceived as a pure birth process (Section 4.4). In Fig. 2, we present a comparison of the
binomial processes proposed by Forster and Huestis (Section 3.2), as well as the Poisson processes obtained in this work.

A more fundamental approach that we further delve into is the analysis of relative fluctuations using the Fano factor (Section 5.1
and Fig. 3), as well as the variability of uncertainty through the entropy, within the context of Shannon’s entropy, of Poisson
and binomial distributions. We derived Eq. (41), as mentioned earlier (Section 5.2), which was previously calculated by other
authors [43,44]. Nonetheless, we have calculated it based on fundamental principles using our methodologies, and we have
presented the Stochastic Entropy as a function of time, namely Eq. (43). Similarly, we obtained the binomial entropy through
first principles, resulting in Egs. (48) and (50). Our approach is rooted in a theoretical framework, providing deeper insights than
solely examining statistical characteristics. Entropy, a fundamental mathematical concept in thermodynamics, statistical physics,
and information theory, offers deeper knowledge about random systems beyond statistical data and tests alone. Furthermore, we
can explore additional metrics such as the rate and production of entropy, relative entropy, and more (which we leave for future work).

Both the detection and the associated statistics of radioactive decay entail a more complex feature when attempting to understand
their evolution throughout the random physical process. As mentioned earlier, this process is divided into a deterministic collective
behavior when most of the radioisotopes are in a waiting time (as determined by the sojourn time), without decaying (N, > n),
and another phase when the radioisotopes decay and disintegrate at a constant yet random rate. It remains unpredictable which
of all the particles will decay at any given instant of time. Therefore, the statistics and their distribution for this physical process
of radioactive decay are updated in each interval of time, dividing the process into two stages: a larger, more or less deterministic
portion of the radioactive substance remains without decaying during the waiting or sojourn time, while the other, smaller and
more random portion undergoes progressive decay, as demonstrated in this paper. Furthermore, it should be noted that a better
understanding of the radioactive decay phenomenon can be achieved through stochastic processes and statistical analysis.
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Appendix A

In this appendix we carry out the demonstrations of Egs. (27) and (28) of Section 4.4. We start with the case of two independent
Poisson random variables, X ; ~ Poisson(X;, 4;) = Px/(x 2, G =12 with different parameters. Then we proceed to generalize for
n 1. v. of Poisson, i.e. X; ~ Poisson(X;, ;) = PX/ (x;), G = 1,2,...,n). All this using the discrete convolution formula for 2 and n
probability distribution functions.

Pg,(s2) = Py 4x,(52) = Py (x) * Px,(x3)

szz e~ X1 oM j%2 i e~ MR Jx1 j52mx
&Gl el & e G

ie—ulw) (A% A7 (@)
(sp)!
——

e!(sy —xp)!

x1=0
1
—(A1+dy) 2 ! —(A1+dy) 2
_ itk Z (s9)! (491 4] = e~ith) (52>/1x1 oo
(sp)! g (ep!(sy — x)! (sp)! S \x
binomial coefficient
Pe (s5) e~ (A1+4) </1 ; )SZ 1)
§H) = — +

s, (82 o)l 1t 42

Now we proceed to show how Eq. (28) is obtained, generating for n independent Poisson r. v.

Ps,(52) = Py ixyeetx,(8n) = Py, (x1) % Py, (xg) % - % Py, (x,,)
Sp
Y, Py (x)Py,(xp) - Py, (x,)
Sp=X] X0 Xy
Sn A’fle—ll A;‘Ze—lz /lif”e_’ln
x| (1) b (x,1)

Sp=X]+Xp Xy

N
_ Z” e~ MemH2 s o= A1 o= An I
- Xilxaleeex. Ix ! 1 %2 n—1"n

PIXp 0 Xy 11Xy

X[oXp
Sp=x]HXp Xy

S AR5 ]

= oUithritei) ) { T T N } <(Sn)~>
e xp!xy!xg! e x,! (s,)!

—

Sp=X]+Xp Xy

1

—(A+Ag+ A3+ +4, !

Py (5 = R e (AT A
Spom s ! T txal o x 1 V1 M2 n
n! x 11 lxglee x, !

Sp=x] xg by

multinomial coefficient

S,

e~ (hi+dp+az+etdy) n 5, X1 % 1% %,

= (/11 APA7 Ay )
s,! ., X1sXgs ey Xp

X eensX,
Sp=X]+x Xy

e~ (A1+agtazttdy) Sn
= M+A+A3+-+4,
s,!
exp [— Z;'=1 ;] Sn
Pg (s,) = — M+L+A3++1, (52)
!

This shows Eq. (28), which, already we said above, is the probability mass function (pmf) for n random variables distributed by Poisson
Distribution, with parameters A; = (x;) the mean (expected value). Notice that s,! represents the product of all random variables x;!,
that is, s,! = x; x5! -+ x,, 1.

Appendix B

Here we carry out the solution of Egs. (22) —it would be similar for (24)—. Solving the first equation of (21), we obtain

Py () =eM
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Then iteratively solving the other two equations of (21), for n =1,2,..., N, — 1. Using the integrating factor technique, we get (with
integrating factor: h(t) = ur)

Pn = e-"“){/ MOP L (9)ds + c} (c=0)
0

t
P, = e’”’/ et P, (s)ds
0
P(t) = ¢ M R,(1)

where
t
R,(1) = / e P, (s)ds, = R,(t) = " P,(t)
0
dR,(t
d"t() = R/(t) = uR,_ () (53)

Solving a few terms of formula (41) with the help of (40), we have
t
REVO*l(t) = ”RNU—Z(t) = RNo—l(t) = ut= %

2 2
Ry 0 = uRy 3() = Ry 0= w)” _ un”

1.2 2!
3 3
Ry 50 = iRyy s = Ry, (0= 2 = -
(ut)* _(un*

! —_ — —_—
Ry 0 = #Ryootern @ = R = 3 0k = T

(upyNo=n _ (upyNomn
1-2-+(Ng—n—1)-(Ny—n) ~ (No—n)!

No ) = pRy ()= Ry _,(1) =

Then we can get

(Mo _
P,(t) = ———eH, =1,2,...,k,..., N, 54
(D) Ny—m1© n 0 (54)
On the other hand, it must be fulfilled (Kolmogorov’s axiom), for each ¢ we have
No

Ny
Y Pm=1, = PRO+Y PO=1

n=1

we get

N No~1 n
Pyt =1 —Z G M =1- Z (IZ,) e (55)
n=0

where we made the change: n= N, - = j= Ny—n=1 in the last line, with » running from n =0, 1,2, ..., N, — 1. With this, we
prove the solutions for Egs. (22) and (24).

Appendix C

Poisson stochastic entropy function
In this section, we develop more details of the explicit calculation of the stochastic entropy functions of Poisson and Binomial.

o [ sk _ k.
H(XPoisson) = HPoiSS =- z < k' ) log <k' j>
k=0

= ZF [klog(s)—log(k!)—s]
[s] o0 [so] k
: s s s
= —e S{Zk— log(s)}+se A[Z ] AZFIOg(k')
k=0 k=0 k=0
——
o
= —elog(s) {kz_:‘) o } +seet + e I;) 7 llog (kD)
———
see note:x
= —¢*log (s)[es +se® — es] +s+e’ 1;) a [log (k!)]
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[

Sk
Hp, = (s —slog (s)) +e* z [log I'(k+ 1)] (56)
ok

From this, we can obtain Egs. (41) and (43).
Math note: (x) We can split this series into two parts, as indicated in the following development (Using formula 1.212, page
26, from Ref. [45]):

es(1+s)=i#=i Zk' Z—k+e Z—k—e +se® — e’ = se’

k=0 : k=0
Now we show how to transform the improper (semi-infinite) integral to the definite integral on the interval [0, 1] in (42).

© _ o—kx —X
logF(k+1):/ [k—l ¢ ]e dx
0 l—e™>| x

We make the change of variable u = ¢™ = x = —1Inu, or 1/x = —1/Inu. Thus du = —e™¥dx = —udx, = dx = —=. Also, we have
u(0) = e =1, and u(co) = e~ = 0, [for this case log(-) = In(-)]. Substituting into the previous improper 1ntegral (i.e. from (42)),
we obtain the definite integral:

(c0)=0 1—uk u 1—uk] du
k— _du

/u(0)=1 [ l—u](—lnu) p /[ l—u]ln(u)

1—uk du
—k

1—u ]ln(u)

= logF(k+1)—lnF(k+1)—/[

Substituting into Eq. (56) —that is, initially into (41)—

HPai 58

(s —slog(s)) + —?Z [1ogr(k+1)]

Sco s 1 1—u u
(s—slog(s) kzok'/o []—u ]]n(u)
k

] ©
o sE[1—uk ] du
(s—slog(s)) +e” /Okz;)k. 1—u In (u)
! - o skk du
= (s—slog(s)) +e A{[]—uzz(l_uk)]_Q;)F)}m

_ e [t ] (k) | du
= (s—slog(s))+/0 {1_1‘[’{2{)F—/§) ! ]—e (%F)}m
H,‘—J
1 e~ du
= (s—slog(s))+/0 {1_u[es_e5u]_e—3(ses)}m
L] omsi-u) d
= (s—slog(s))+/0 {ﬁ_s}mg;) (57)

With this, Eq. (41) is proved —from which we can get directly (43)—.
Appendix D

Binomial stochastic entropy function

We now show the computational details of the binomial stochastic entropy function. The standard binomial distribution is
P,(k) = fgin(k) = B(k;n,p) = (:) p*(1 — p)"~*. This is a p.d.f., which has a factorial coefficient. And we can express it in terms
of the Gamma function as follows

<n> _ n! _ I'(n+1) (58)
k)T Rm—k T+ DIi—k+1)

In the factor containing the logarithm in (44), we simply systematically apply the elementary logarithmic properties to it.

& Fn+ Dpk(1-p)" ™

H, = -— e S A—
Bin kz(f)l"(k+l)1“(n—k+1)

S(bin)

X [logf(n+1)—10gF(k+1)—10gF(n—k+1)—k10gp+(n—k)10g[1—p]

24



S. Sdnchez-Sdnchez et al. Physica A: Statistical Mechanics and its Applications 643 (2024) 129827

= —S(bin) X

logF(n+1)—10gf(k+1)—10gf(n—k+l)]

— S(bin) x [k logp+(n—k)log[1 - p]] (59)

Then

5 PAu-p)t
—S(bin)[log]"(n+ )—logl'tk+1)—logl'(n—k+ 1)] =—-I'(n+1logI'(n+1) _—
,gf)l"(k+l)1"(n—k+1)

& F(n+ Dlog F(n—k+1pk(1—-p)"™ & Fn+1)log [k + 1)p(1—p)" ™"
T+ DI (n—k+1) T+ DI(n—k+1)

k=0 k=0

So another term
T'n+1)

_ . _ _ - _ — . fmrH ok _ n—k
S(bln)[klogp+(n k) log [1 p]] Ing;)kF(k+1)I"(n—k+1)p ( p)

T(n+1)

k _ n—k
Tkt DIi—k+ DY (1-0)

—log(1=p) Y\(n—k)
k=0

had | n—
=—108Pl§6kmpk(l_ ) IOg(l—P)Z(H k)m p(1-p) ‘

After carrying out some algebraic manipulations on the quotient factorial, we get

:—nplong() (1-p '—n(l—mlog(l—p)Z() (1-p)""

Jj=0
220 foin()=1 =1
So, we get the binary entropy (see Eq. (45))
nh(p) = —nplog p — n(1 = p)log (1 — p) = —n[plog p + (1 — p)log (1 — p)| (60)

We define the expected values (46) and (47) to simplify Eq. (48), and now we show the more detailed calculation.

k n—k
Ellog I'(k + 1)] _I;)mgr(m 1)W (1 -p) (61)
Epiy(n.p)
Similarly
Ellog I'(n — k + 1)] —;)logl"(n k+1)W pE(1=p)" 62)
—_——
Epgin(n,1—p)

These expected values are calculated using the following formulas developed by Cheraghchi (specially Theorem 1) [43]. We obtain
a more general formula (see Egs. (49) and (50)) in terms of integral functions similar to the Poisson entropy function. Next, we put
the formula (2) of the Ref. [43], which we use to calculate the expected values:
o -t —at 1 —M(-
E[log I'(X + )] = log I'(a) + / pel MU =MED)), (63)
0 t t(l —e)
where M(7)'* is the moment generating function (MGF). In elementary probability theory (see the following references: [9,18,27,
28,35]) the binomial distribution function has the MGF following

— c tm [ 1 m(1 _ ,\""M _ t n_ t _ n

MX(t)_,zf)e <m>p (1=p)"" =[pe' +4|" = [pe' + (1 - p)] (64)

Thus for My (=1) = [pe™ + (1 —p)]". With gy =np, a =1=logI'(a = 1) =log(1) =0, so
1 - (pe" +( —p)) ]

Epi,(n,p) = / [ = ]dt (65)

Similarly for
[P [ne mpet e[1=(p=(1=pe)"]
Eg;y(n, 1 —p) —/0 [T e = ]dl (66)

14 We must point out that in this case, ¢ in the MGF is only a parameter (dummy variable), and does not represent time. This comes from elementary
probability theory (see references, and also see Section 2.1)
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Now we proceed to add both expressions (64) and (66), and we subtract the term of the Gamma function (42); that is, —log I'(n + 1)+
Eg;,(n,p) + Ep;,(n,1 — p) as in Eq. (48). And after carrying out several simplifications we obtain

© 1—e ] et
—logI'n+1)+ [EBin(n,p) + Ep;,(n, 1 —p)] = —/ [n - —] —dt
0

l—e?| t

= e 1-(p=U=-pe)'] et e[1=(p=(1=pe)’]
" /0 | 1(1—e) T (1—e") ]d’
B /°° [ [e_’(l -p +pe")"] e’ [p +(1- p)e"]" et et )
b | (1 —e) (1 —e1) H(l—e) t(1—e)
A [e_’(l -p+ pe”)”] e’ [p +(1- p)e"]" ot otomnt
- /0 T o@D T e eu@-1D e = 1)]

or(l—p+pe)” [p+ (1= pe]" © (] e
= /0 -1 ] / [ -1 ]d’_/o [ ) ]dt 67)

H, H, H;
So, we have

Hy,,(X) = nh(p) + H, + H, — H 68)

We show the development and transformation —of the integral semi-infinite to the interval [0, 1]— of the partial entropies H; (H,,
similarly) and Hj. Transforming the integrand once again as: [1 — p(1 —e™)] and (¢ —= 1) = e’ (1 —¢™).

(1 =p+pe?)” @ [1=p1—e™)|"
H1 =/ [(—)]dt :/ Qd;
0 e — 1) o tef(l—e)
Once again, we make the following variable changes, to transform the integral u=1-e" = du = e'dt. But we also have to

=1-u,and ¢ = l_iu’ hence ¢ = In [ﬁ] =-In(l-u)> dr= :j = (1 u) For the integral limits we have: u(0) = 1 —e~© =0,

and u(co) = 1 —e®) =1 -0 = 1, and plugging it into the integral,

= [1-p—e]” b - du V- p
=/0 el (1= ) d’=/o —ln(l—u)(l_u)(l—u)z_/o T (69

Similarly, we can transform H,:

H

+(1-ppe! [1-1-
H, = / [[P (1-pe]" ] (1 - pyu]" n-a-pu 0
0 (e’ —1) 0 ln(l—u)
And for Hj:
® (1+e_"')] /1 1+ (1w
: /0 [z(ef—l) o win(i-u) " D
Finally, we get the full binomial entropy functions (48) —from this Egs. (49) and (50)—,
U1 - pu]” 1= = pul” Ui (1—u)"
Hy, 00 =) - [ Dopd / f=a=p® / - 72
0 ln(l—u) 0 ln(l—u) 0 uln(l—u)
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