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Abstract: The selection equation (replicator equation) has been independently discovered not only
in various fields of biology (population genetics, ecology, prebiotic evolution, and sociobiology),
but also in laser theory, where it accounts for the emergence of coherent light. Selection theory (rep-
licator dynamics) is an ensemble theory, i. e., it describes the entire system rather than individual
events, neglecting details in favor of a statistical view. However, the underlying processes at the
individual level are well known in biology. For light quanta, this is not the case, because quantum
theory says nothing about individual events. In the Copenhagen interpretation even the existence
of causality on "quantum level" is denied. A large number of recent publications, however, makes
this interpretation seem questionable.

In the present paper, therefore, an attempt is made to describe the basic interactions between light
and matter, as far as they are relevant for the emergence of coherent light in the laser (a photon pair
interaction mediated by matter is postulated), and to apply replicator dynamics on this basis. Start-
ing point are papers of A. Einstein about the interaction of light and matter as well as the photoe-
lectric effect. Both theories are slightly modified. Furthermore, the double-slit experiment is inves-
tigated and finally the emergence of coherent light by density-dependent selection of photons of
different phase in a laser-like model. The relationship between “mean fitness”, information content

of the photon ensemble and the amplitude of the light is also analyzed.
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1. Introduction

In 1983, Schuster and Sigmund (Ref. 36) recognized that the mathematical description
of self-organization in seemingly completely different areas is based on the same differ-
ential equation, the formulation of which has been discovered several times inde-
pendently. In population genetics, it describes the change in allele frequencies in the gene
pool as Selection Equation (Ref. 21); in Mathematical Ecology, it is represented by the
Lotka-Volterra equation, which describes the dynamics of populations or species (Refs.
34, 42), in Quasispecies Theory it models the concentration of self-replicating, infor-
mation-bearing macromolecules in the context of prebiotic evolution (Ref. 9), and in soci-
obiology as the Game Dynamics Equation heritable or tradable conflict behavior (Ref. 33).
If it was already astonishing to find it in all these fields of biology, it is certainly even more
astounding to find it outside this scientific branch. In the same year 1983, H. Haken sur-
prisingly noted that the equations describing, according to M. Eigen, the autocatalytic
propagation of biomolecules coincide in the original version with those dealing with the
amplification of light waves or photons in his laser model (Refs. 9 & 31). Thus, replicator
dynamics or selection theory seem to be of importance in the whole field of natural
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sciences and the question now arises what conditions have to be fulfilled for it to be ap-
plicable. These are the following ones:

1. A replicator is information’ (a message) that can be copied and the copying process
is the fundamental phenomenon of replicator dynamics. The content of the message
influences the copying frequency (often indirectly, by influencing the features of the
information carrier). If the content of the message changes (mutation), this may also
change the copying frequency.

2. If different replicators and thus messages are present, they usually do not blend but
remain unchanged (a gene is a replicator, a genotype is a recombinator. In the case of
the latter, genes can shuffle "like cards", i. e. they recombine).

3. From the ability to be copied follows (in principle) exponential propagation (autoca-
talysis) of the message and its carrier, because not only the original but also the copy
can be further copied.

4.  There is resource limitation so that one message must be deleted for another one to
be copied. Thus competition follows if there are several different replicators.

If the replicator dynamics is indeed applicable to the emergence of coherence in la-
sers, these conditions must be met, which then implies that photons are replicator-carriers.
However, a first attempt by the author (Ref. 40) to develop a model on this basis was
flawed (e. g. photons were assumed to interact directly with each other), so a correction is
required.

Single events or systems of moderate complexity can be described in a different way
than many-particle systems, where often details have to be neglected in favor of a statis-
tical approach. The replicator equation describes the behavior of an ensemble, i. e. a sys-
tem of very high numbers of individuals (or macromolecules ...), yet, as the above list
shows, replicator dynamics is based on a very precise notion of the underlying individual
events and features. To apply it to e. g. photons, one has to know their properties and
interaction modes. It would be obvious to look for this in the context of quantum theory
which is also an ensemble theory, but ,, without foundation”, i. e. it has no significance
concerning single events? (Ref. 17) and thus it remains in the dark what is going on at the
fundamental ("microscopic") level. The accompanying mainstream philosophies assume
that the description of the single events is not necessary/ that it is not possible to describe
them/ that on the relevant level ("quantum reality") no cause-and-effect processes exist at
all. A. Einstein did not agree at all with this last interpretation, which originally goes back
to W. Heisenberg and N. Bohr (Copenhagen interpretation). He wanted to create a quan-
tum theory with foundation, and especially in 1905, 1914, 1916, 1917, 1919 and 1924 he
made essential contributions to it (Refs. 10-15). After the discovery of matrix mechanics
(W. Heisenberg 1925, Ref. 32) and wave mechanics (E. Schrodinger 1926, Ref. 35), he re-
peatedly tried to prove the Copenhagen interpretation absurd, whereby he discovered
entanglement and one of its consequences, the immediate “spooky action at a distance”
(“spukhafte Fernwirkung”) together with Rosen and Podolsky in 1935 (ref. 16; their inten-
tion was to show that quantum mechanics gives an incomplete description of reality). The

1 In this context, information is an immaterial "something" that can be stored in physically very different storage media (such as a sheet of
paper or a polynucleotide ...), that can be transmitted from one medium to another, from one place to another, that can be copied and deleted (i. e.
overwritten). Even the ability to be erased is not at all self-evident. A (material) object can be transformed, but not erased.

2 ,Der am Einzelsysteme sich abspielende Vorgang bleibt freilich bei solcher Betrachtungsweise vollig unaufgeklart; letzterer ist eben durch
die statistische Betrachtungsweise aus der Darstellung vollig eliminiert” (The process that takes place in the individual system, of course, remains

completely unexplained by such an approach; the latter is completely eliminated from the representation by the statistical approach).
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existence of entanglement was seemingly proven by various experiments, which was hon-
ored by the award of the 2022 Nobel Prize in Physics. Another "quantum weirdness" is
self-superposition, according to which a quantum can take several paths simultaneously
and then interfere with itself. It was propagated in particular by R. Feynman (Ref. 18),
who inferred its existence from his path integral method for amplitude calculation (re-
discovered by him, originally described by G. Wentzel in 1924, who had drawn other con-
clusions from it; Refs. 1, 43).

Beyond this mainstream, there have always been scientists who insisted on a cause-
and-effect worldview. In this context, H. De Raedt and K. Michielsen are very worthy of
mention, who, starting in 2005, together with others, have shown in numerous computer
simulations that experimental results and observed phenomena can be explained without
"quantum weirdness" (e. g., Refs. 2 & 3). This is also shown in other ways (Refs. 5-8). Of
particular relevance to the present publication is a paper in which the criterion of robust-
ness is introduced (Ref. 4). The authors state: "Quantum theory is fundamentally different
from classical theories in that there may be uncertainties about each individual event, un-
certainties which cannot be eliminated, not even in principle ... Clearly, this is a statement
about the theory, not about the observed phenomena themselves." They "...classify theo-
retical abstractions of scientific experiments", whereas that category, which is specified in
the following, belongs neither to classical physics nor to classical physics supplemented
by statistics: "There may be uncertainty about each event. The conditions under which the
experiment is carried out may be uncertain." Special attention is now given to that subset
of this category of theoretical models in which "the frequencies with which events are
observed are reproducible and robust against small changes in the conditions." The au-
thors show in their paper that "the rules of logical inference applied to models of ..." the
category just described "... lead rather straightforwardly to the basic equations of quan-
tum theory". It should be emphasized once again that this is on the assumption that the
laws of Newtonian dynamics hold for the observed events.

In the author's opinion, this publication does not prove that there is no "quantum
weirdness"”, but it does show that this concept is completely unnecessary and if one ap-
plies "Ockham's razor" to it, one can assume that it will eventually vanish from the scien-
tific literature just as the aether (the medium in which light waves were supposed to
move) did in the years after 1905. For us, this is significant in that we conclude that it
makes sense to ask about features and modes of interaction of photons, and not just about
their statistical behavior in the ensemble. Preliminarily, a short summary:

1. We assume that Photons are replicators (or, more precise, they are replicator-carri-
ers). The feature (message) relevant for us is the phase. The phases of different pho-
tons do not blend (otherwise the autocatalytic propagation of a phase would not be
possible).

2. Photons are oscillating particles (they are not waves, neither wave and particle or
sometimes this, sometimes that).

There is no superposition of a photon with itself.
Photons do not interact directly with each other, but they do with matter.

The author will here develop the view that interference is based on photon pair in-
teraction mediated by matter. The compatibility of this view with Einstein's findings on
the interaction of radiation and matter (Ref. 12) will be examined first, followed by its
compatibility with the photoelectric effect (Ref. 10) and the double-slit experiment (Refs.
19 & 20), and finally its application to the emergence of coherent light in lasers (Refs. 26-
30). As in previous publications by the author, another focus of this paper is on the change
in entropy due to selection (Refs. 38-41; on the subject, see also Refs. 22-25).

On the interaction between electromagnetic radiation and matter

In 1916, A. Einstein developed a theory on the emission and absorption of electro-
magnetic radiation (subsequently often simplified as "light") by matter based on his
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photon theory of 1905 (Refs. 10, 12, 13). The starting point was the law of blackbody radi-
ation, established by M. Planck in 1900. Einstein found that, in addition to absorption,
there must be two types of emission, namely spontaneous, which finds its analogue in
radioactive decay, and induced (stimulated) emission. The latter is induced by photons of
the same frequency as the emitted one and occurs when an “exited” molecule is irradiated
by such a light quantum (Einstein uses "molecule”, while today the term "atom" is usually
used in this context; in any case, the actual interaction takes place between photon and
shell electron). This transition between two (out of many) energy levels of an atom was
presented in an illustrative form by R. Feynman in a lecture in 1961 (Ref. 19), apparently
motivated by similar presentations on the energy change in catalytic reactions. His repre-
sentation is the template for the following figure:
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/ state
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Figure 1. Energy budget of the interaction between light and matter according to Einstein 1916 and
Feynman 1961.

By absorption of a photon (symbolized by blue arrows) the atom moves from the
ground state Zo to the excited state Zi, the emission is a reversal of this event. The corre-
sponding transition probabilities for the time interval At are given by an for absorption,
a1 for spontaneous emission, and bio for induced (stimulated) emission. The states Zo and
Zi differ by the amount of energy AE=hp, where h is Plank's quantum of action, a constant,
and p is the frequency of the photon.

To be able to describe the kinetics of these events, we define No as the frequency of
atoms in the ground state, N1 as the frequency in the excited state. Let My be the number
of photons of frequency . Then no=No/(No+N1), ni=N1/(No+N1) and m;=M,/(No+N1) denote
the relative frequencies related to the total number of atoms and molecules, respectively.
Therefore, for the event-related relative frequencies x, the following relationship with the
transition probabilities a during At is obtained (the consequences of a single event are
shown in parentheses).

Emission (No—No+1; Ni—>Ni-1; M—M+1):
X10=niaio spontaneous emission,
y1=n1 my b1o stimulated emission,

and for the emission as a whole:

Eq. 1 xi-o0=x1oty1=ni(aioct mubio).
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Absorption (No—No-1; Ni—»N1+1; M—M-1):
Eq. 2 xo-1=x0o1=nomuyao.

Einstein, however, used the light intensity I. instead of my, which is proportional to
the photon number for non-coherent radiation, but not identical to it (this is only the case
if aw=an). By considering the equilibrium xo_1=x1-0, using the Boltzmann distribution
and Planck's radiation equation, which he assumed to be correct, he found, among other
things, that ani=buo, a result which is by no means self-evident and should also find expla-
nation in an event-based model (in the framework of quantum theory, it is generally as-
sumed that the probability for the occurrence of an event is equal to that for its reversal).

If one is not exclusively interested in the energy budget, but rather in the events
themselves as described by the above equations, one can choose a highly schematized
representation based on the structure. So this is what happens after Einstein 1916, if one
thinks of the photon as an oscillating particle:

molecule (atom) in

0: ground state 1: exited

state

bm
- o e —
- induced emission
4 N
# photon

Figure 2. Interaction between light and matter according to Einstein 1916. Atom: yellow circle; pho-
ton: blue circle.

In this representation the photon appears as a circle with hand. This is because an
oscillation cannot be represented schematically as easily as a rotation. We are now not
only interested in the energy budget and thus the frequency, but also in the phase. A co-
incident hand position means that the photons involved oscillate in phase. Different hand
position defines a phase difference, which is preserved in the time progression, because
the light quanta we are interested in oscillate with the same frequency.

The above figure shows that the photon does not lose or change its phase during
absorption. This finding results from the phenomenon of interference. The excited state of
an atom is unstable (spontaneous emission); it has a half-life of about 108 seconds. Since
photons do not interact directly with each other, only this period, the coherence time (in
which a photon travels about 3m), remains for an interaction between excited atom and
photon (one can also conclude that bis>a1, otherwise spontaneous emission would gener-
ally occur before induced emission can happen which means that we could not observe
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interference). However, for interference to take place, the "stored" photon must also pre-
serve its phase. That the phase is also preserved in the spontaneous emission is not so
immediately obvious.

If the moment of this event is random, why not assume even more randomness, e. g.
concerning the phase of the photon after emission?*

The induced emission appears here as a somewhat mystical "fly-by" action (often the
wave picture is strained: The photon as a wave shakes the atom, whereupon it passes from
the excited to the ground state, losing its "stored" photon. As long as one accepts the wave-
particle dualism, this idea is quite acceptable. It is problematic only if one does not do
that). The "stored” photon thereby takes over the phase of the one flying by.

It is now to be investigated whether an even more descriptive, informative (though
not simpler) model can be found for the interaction between radiation and matter by slight
modification. It is represented in the following schematic diagram.

photon
=,
. S i
emission ‘/'b—\‘ab%magn.
a 10 aﬂ 1
0: ground state 1: excited
state
molecule
a, (atom) in a >

21 /

2: doubly excited stat

Figure 3. Interaction between light and matter, modified model. Atom: yellow circle; photon: blue
circle.

The model differs from the previous one on the one hand in that there is no induced
emission, on the other hand a doubly excited state is postulated, a consequence of the
absorption of two photons by the same shell electron. We now want to investigate the
kinetics of the model.

For the emission events must be valid:

3 It should be pointed out explicitly that the probability of spontaneous emission a1 during At is independent of how long the atom has been
in the excited state. Unlike an organism, it does not age, so it has no memory with respect to its previous history. The situation is more similar to that
of tossing an ideal coin: The probability that it will show head at the next toss is completely independent of how often head has already fallen before;

the coin too has no memory.
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X10=n1a10 (No—No+1; N1i->Ni-1; M—M+1),
X21=N2az1 (N1i—Ni1+1; N2—N2-1; M—M+1),
X20=12a20 (No—No+1; N2—>N2-1; M—M+2),

and for absorptions:

X01=N0 My ao1 (No—No-1; Ni—»Ni+1; M—M-1),
X12=N1 My a2 (N1—Ni1-1; N2—»N2+1; M—M-1),
X02=no My? ao2 (No—No-1; N2—N2+1; M—M-2)

On a circle there are always two ways to get from A to B:

X120=1N1 mp ailz a0,
X201=T2 My 220 A01,
X210=12 a21 a10.

And:

X021=n0 M2 aoz az1,
X102=n1my2 a10 a0z,
Xo12=no0 my? ao1 a1z,

It finally results:

X1-0= X10+X120= n1(@10+my a12 a20),
X2—1= X21+X201= N2(az21+my az0 aot),
X2-,0= X20+X210= N2(@zo+az1 aio).

And:

X0-1= X01+X021= 1o My (@01+my a0z az1),
X1-2= X12+X102= 11 My (Q12z+my aio aoz),
X0-2= Xoz+X012= No m,? (aoz+ao1 aiz),

We now have to choose the decay/formation probabilities a in such a way that the
new model matches the original one as closely as possible. At first the assumption: an=ai2
makes sense, because both represent the probabilities for analogous processes, namely the
absorption of a photon by the atom. But then, to be consistent with Einstein's model, the
following must hold: ax=1. This is only approximately true. Like the excited state, the
doubly excited state is also unstable. Compared to the first, however, it is much more
short-lived. But the duration of its existence is sufficient to let the two photons interact
with each other. From ax=1 it follows necessarily that azi=0, because if a doubly excited
atom goes into the ground state practically immediately after its creation under emission
of two photons, it cannot decay also in another way. We now need only one more assump-
tion: namely, that a=0 (at least approximately), in order to obtain agreement with Ein-
stein's model and thus with Planck's radiation law. Let us summarize (s,=8mthu?/c3; cis the
speed of light. It then follows from the following table that for visible light a1 is much
larger than a1, as suspected earlier. For example, for light of 500nm, s, is about 103, for
electromagnetic radiation of 5nm about 107):
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Table 1. Relationship between decay/formation probabilities.

a.. .0 Nt 2
0. / =an 0
1. a01Sp / =ao1
2. 1 0 /

This simplifies the kinetic equations:
X1-0= ni(aio+my a1z a20)= ni(ao+my aor),
X21= N2(@z1+my a20 a01)= N2 My A1,
X2-0= N2(azo+az1 ai0)= N2,

And:

X0-1= No My (ao1+my ao2 a21)= No My aoi,
X1-2= N1 My (a12+mMy ai0 a02)= N1 My aot,
X0-2= No M2 (aoz+aot a12)= no my2 a1,

Because of the extremely short lifetime of the doubly excited state, at any time n>=0.
But this means that the rates xo—1, x2-0, X1-2, Xo-2 are not observable and the observ-
able (and relevant for the radiation law, because experimentally accessible) kinetics re-
duces to:

Eq. 3 xi1-0=ni(aioc+tmy ao),
Eq. 4 xo-1=nomuaoi,

which agrees with that of Einstein's model (see Eq. 1 and Eq. 2). Thus, the modified
model also satisfies Planck's radiation law. For the relative abundances of atoms no', n1'
and photons my' at time t+At (when no, n1 and my are the frequencies at time t) holds:

,
No = No- X0—1+ X150
ni'= N1+ Xo—-1- X1-0
my'= Mp- X0-1+ X1-0

We first note that in our model the formation and decay (the inverse of formation)
probabilities for the same process do not always have the same value. Obviously, ac is
not equal to az, the same is true for an and ao, respectively, and this is a contradiction to
the common assumption in quantum theory (Ref. 20). We have further found a plausible
explanation for an=b in the original model, because the induced emission is replaced by
the succession of an absorption of another photon and the subsequent very rapid decay
of the doubly excited atom (xi20 "replaces" y10). So both times it is about an absorption and
a mystical "fly-by" action does not exist. We can draw some more conclusions, e. g. that in
the spontaneous emission the phase of the photon is indeed not lost. This is because the
decay of the doubly excited state is also a spontaneous emission and that in it the phase is
not lost, we know from the laser (more on this later) and from interference. We can now
also think about the interaction of the photons in the doubly excited state. It starts of
course only when both photons are "trapped" and then they are indistinguishable (also
they have probably no memory). So whose phase is adopted, that of the first "swallowed"
or the one "captured" afterwards should not be determined. In any case, the doubly ex-
cited state is the one where the copying process that is so important in replicator dynamics
happens. We can make even more assumptions about the interaction in the doubly excited
state and will do so when we consider the photoelectric effect and the double-slit experi-
ment.
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The photoelectric effect and the double-slit experiment

If the energy of a photon is sufficient to "lift" an electron out from an atom (or mole-
cule), it may happen that we obtain a free electron and an ion as products of the interaction
between photon and matter. We assume here that, although only one photon is relevant
in the energy budget of the reaction, a doubly excited state is a prerequisite for its pro-
gress, and thus a photon pair and photon pair interaction, respectively, are crucial. As
shown in Fig. 4, the doubly excited state can decay into an ion, a "free" electron with pho-
ton and a "free" photon, which is irrelevant for the energy budget as mentioned before
(likewise, the reverse process can take place). This is an alternative to the event shown in
the last figure (Fig. 3).

--. a

L " \
free S
electron

Figure 4. Decay of the doubly excited state (yellow) into an ion (green), a "free" electron (red) with
photon (blue) and a "free" photon. Likewise, the reverse process can take place and possibly be fol-
lowed by a "normal" decay (emitting just two photons).

There are quite analogies to this process. They can be found, for example, in the con-
text of chemistry in the form of catalyzed reactions, in which the catalyst is neither in-
cluded in the list of educts nor in the one of products and is also not considered in the
energy budget, but is nevertheless of decisive importance. If one thinks of a biochemical
reaction, the second photon could be compared with a coenzyme in its function.

The photon, which remains bound to the electron in the schematized figure, is as-
sumed in Fig. 4 to have an unknown phase (symbolized by a question mark). An experi-
ment could change this: If one uses coherent light for the photoelectric effect and trans-
ports the released electrons at very low temperatures to another location, where one re-
leases the photons again by a reverse reaction, one could investigate whether the coher-
ence is preserved. We assume in the context of our considerations that the phase of the
photon transported by the electron is indeed preserved and the described experiment there-
fore provides a possibility of falsification.

Our assumption was that the photoelectric effect depends on photon pair interaction,
i. e. for ionization the phase of the photons in the doubly excited state should be crucial.
To investigate this hypothesis, we use the double-slit experiment or a generalization, so
to speak, a "many-slit arrangement" as realized, for example, by the Fresnel zone plate. A
source emits coherent light. It reaches an opaque plate with k transparent slits (or zones).
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Only through these can photons reach a detector behind it, which works on the basis of
the photoelectric effect. The slits cause a path difference between the source and the de-
tector, which causes a phase difference between the incoming photons. Thus, we have k
different photons (photon classes) whose relative abundances are mi (i=1,...,k), where
Zmi=1 (mi does not refer to the number of atoms N as my did, but to the number of photons
M emitted by the source and reaching the target in total in the time interval At. We omit
the photon index p and assume that the light source is not only coherent but also mono-
chromatic).

At first still to the concept of photon pair interference. The term interference origi-
nally refers to the interaction of partial waves e. g. emanating from the slits in the slit
experiment, in the context of quantum theory also to that of photons or even a single pho-
ton interfering with itself after it is supposed to have taken different paths from the source
to the detector through all slits simultaneously (auto-superposition and path integral; Ref.
20). The probability d that the photon is detected is then d=A? (according to Born's rule),
where A is the amplitude, which is calculated for the slit experiment as follows:

Eq.5 A= Z me?i vl
i

The amplitude A is thus expressed as a sum of complex numbers (since we use the
letter i as an index, we do not follow the convention of representing the imaginary number
by i). Here, ¢i represents the phase of those photons that reach the detector via the i-th
slit. In fact, this mathematical formulation was crucial for the assumption of an auto-su-
perposition. However, one can also use other mathematical representations. One of them,
for A? (and thus also for the detection probability d), which has nothing — at least not
apparently — to do with the summation of complex numbers or also vectors, is:

Eq. 6 A2 = Z M oSty
iJ

as is proved in the supplement. a refers to the phase difference of two photons as
shown in the following figure:

Figure 5. Phase difference between two photons. The phases are represented by hands, the photons
by the two circles on the left side of the figure.

Verbally formulated this means that quite generally A? corresponds to the mean of
all pairwise comparisons of photon phases (expressed as cos ai, see fig. 5). This equation
can also be interpreted, but it leads to a completely different idea than the previous one,
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namely that the pairwise interaction of photons, pair interference, is crucial for the inter-
action between light and matter. This is the view that is attempted to be developed here.

The following figure will once again make clear the notation used for phase compar-
ison and amplitude calculation.

A _ms
/e
\ / m
(p1

Figure 6. Notation used in Eq. 5 and Eq. 6.

We are now interested in the number of released electrons V. at the detector surface
reachable by the light. If the source emits a very large number of photons and also a very
large number of photons reach the detector, V. depends only on the number N of irradi-
ated detector atoms — and, since we can regard each atom as its own detector — further on
the detection probability d per atom. This results in:

Eq.7 V, = N4?

Let us now return to the double slit experiment (k=2). If the slits are vertically in the
intermediate wall and the detector is moved horizontally in the background, a2 changes
from 0 to 7 and further to 2m (or back to 0) and according to Eq. 7 also the number of
released electrons changes, thus an interference pattern arises, as it is actually observed in
the realization of this experiment.

We now want to find out what events take place in the photoelectric effect. We as-
sume that the probability pj for ionization by light depends on the phase difference or the
phase angle between the two photons "trapped” in the doubly excited state. The smaller
the phase difference, the larger pij should be. Also, the probability q; for the reverse pro-
cess, the trapping of an electron, should depend on the phase angle between the photon
transported by the electron and another one. However, we suspect that the larger the
phase difference, the larger g should be.

In Fig. 5, the phases of the photons are symbolized by hands. There are now two
angles, o and 27t-a, between each of the hands and it should be irrelevant for the calcula-
tion of the transition probabilities which of the two angles we use. The cosine of an angle
would have this property [cosa=cos(2mt-at)], but yields values between minus one and one.
Probabilities, on the other hand, are between zero and one. We now conjecture that the
ionization and reionization probabilities in the presence of photons i and j as part of the
doubly excited state are given by the following equations, which satisfy both conditions:

Eq. 8 Pij = cos . [ﬂ'i j,.‘f 2} and for the inversion
Eq.9 qij = cos™ ((m —a5;) /2)
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If ionization does not occur (because the phase difference is relatively large), the dou-
bly excited state decays with the release of two photons, as described above, but the elec-
tron remains in the atomic bond. Conversely, if the phase difference is small, the reverse
process, the capture of an electron, may fail.

We now assume that M>>N, i. e. there are always enough photons (M refers to the
photons emitted by the source and reach the detector in the period At, N to the detector
atoms (atoms of the surface) which can be reached by the light). Then, any atom will enter
the doubly excited state and will be ionized with probability pi. According to our model,
the "excess" photon will immediately leave the atom's sphere of influence, while the (much
slower) electron will remain in a meta-stable state, where it is not yet completely free, but
still remains associated with the atom. Therefore, with the participation of another photon
—not the one emitted by the atom during ionization — re-ionization can occur with proba-
bility qy. If not, the electron is now finally released. This interplay of ionization and re-
ionization shall finally determine the number V. of released electrons, i. e.:

Eq. 10 Vo= N Z mim; pi; — N Z mim;gi; = N Z m;m; [p,-j- — q,-}-}

i iJ i
because of

Eq. 11  cos? (@/2) = (1 + cosa) /2 and
Eq.12 cos{m — o) = —cosu

Are

Eq.13  Pii = (1 +cosej) /2
Eq.14  gjj = (1 +cos(m—wj)) /2= (1 —cosu;;) /2

From this follows:

Eq.15 Pij — qij = €OS0;

And therefore is valid:
Eq.16 .= N Z mimjcosoi; = NA 2
i

So, with the help of the photon pair interference, one can definitely create a model
which agrees with the observation in the case of the double-slit experiment. Of course, the
"microcosmic” processes postulated here remain speculative and some things stay uncer-
tain. Three electrons are involved in the process described. If the semi-free electron can
exchange photons, there could be four. Possibly the cycle of ionization and re-ionization
at an atom also takes place several times before the electron is finally free.

Besides simultaneous interaction, as assumed here, there would also be the possibil-
ity of successive interaction to produce the interference pattern in the double-slit experi-

ment. This of course presupposes that matter has some kind of memory. This option is
studied in Ref. 2.

Replicator dynamics and laser

We now return to the interaction of light and matter and in particular to the doubly
excited state. It is always extremely short-lived and may decay releasing two photons that
have somehow been coupled during its existence. The best analogue the author can think
of is linked pendulums, whose phases often align so that they eventually oscillate
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synchronously (in phase or with a phase difference of 1t). Sometimes chaotic behavior also
occurs.

linked

original

not linked

Figure 7. Coupling of photons in the doubly excited state and its decay into an atom in the ground
state and two photons, which may now oscillate synchronously.

Similarly as with the linked pendulums, also with the photons in the doubly excited
state a synchronization of the oscillation often occurs. The special characteristic, however,
is that this happens in such a way that one of the two photons takes over the phase of the
other, so there is no arbitrary alignment (no blending of the replicators occurs, but copy-
ing). According to the model, neither photon is preferred; once both photons are trapped,
neither remembers which came first. What happens in the case that synchronization does
not occur? In this respect, there are two possibilities: as in the case of the two pendulums,
a chaotic development could have occurred. Then the phases of the two photons are ran-
dom or pseudo-random. But there could also be no coupling at all — despite their common
stay in the doubly excited state — and the photons leave the atom with the phase they had
before (fig. 7). Which of these is the case can, as we shall see, be determined by simulation.
However, we assume here that the smaller the phase difference was originally, the higher
the probability of synchronization pj. Taking into account those considerations we had
made in the last section, we obtain (see also Eq. 8):

E3.17 pyj = cos® (&;/2)

and with the counter probability 1-pj an arbitrary phase occurs with the photons or
— as an alternative possibility — the phase remains.

In thermal equilibrium, the vast majority of atoms are in the ground state. For exam-
ple, for visible light of wavelength 500nm, at room temperature (27°C), the excited/ground
state ratio is only 2*10# (and the number of photons is correspondingly low relative to
the number of atoms). Even at extremely high temperatures, there are never more excited
atoms than ground state atoms in thermal equilibrium. However, one can create a popu-
lation inversion far from equilibrium in an "active medium" and this is one of the prereq-
uisites for the laser. Another is that the light of the relevant frequency stays as long as
possible in the active medium. To do this, one confines it by two parallel mirrors (one is
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partially transparent) whose distance is an integer multiple of the wavelength. The pho-
tons thus move back and forth like a ball in table tennis — only there are an enormous
number of balls and they are incredibly fast — and an interaction with atoms of the active
medium therefore becomes extremely probable (a direct interaction of the light quanta
with each other, however, does not take place).

In the dynamic equilibrium, as many photons leave the system in the time interval
At through the partially transparent mirror (or by other means) as single excited atoms
are produced by population inversion (by "pumping"). Pumping is enabled, for example,
by absorption of higher-frequency light (details are not relevant here) and is then propor-
tional to the number of these higher-frequency photons, their absorption probability, and
the number of atoms in the ground state ("gain"). Emission (X1-0) results in conversion to
photons of the "desired" frequency, some of which leave the system via the partially trans-
parent mirror. This "loss" is proportional to the number of photons. Gain and loss thus
control the number of photons in the system, which can therefore be larger than the num-
ber of atoms in the active medium. This in turn has two consequences: 1) emission can
occur in two ways, spontaneously (xiw=ain1) or via the doubly excited state (x120=a1zm ni=
aom n1). If we choose for simplicity m=1 (there are as many photons as atoms), then for
example for visible light of 500 nm the relation spontaneous to "induced" emission (or
aio/ao1) takes approximately the value 10-%. Thus, spontaneous emission can be neglected
compared to that which goes through the doubly excited state (absorption of a second
photon plus decay of this state). 2) Another consequence of the high photon number is
that a substantial part of those photons whose absorption lifts the atoms above the ground
state are not higher-frequency pump photons at all but laser-produced light quanta. The
relation between these two is an essential model component (loss factor A).

Laser light has many remarkable characteristics; it is monochromatic, monoaxial, and
usually linearly polarized as well. We presuppose all of this in our model. What we are
specifically interested in is how it comes about, through density-dependent selection, that
it is also monophasic (coherent). If non-coherent light is used for pumping (which is gen-
erally the case), the photons in the singly excited state will have arbitrary phase (if they
were excited by pump photons). The only way the light in the laser can then become co-
herent is by linking photons in the doubly excited state. In order to be able to use the basic
considerations of replicator dynamics, we want to simplify the model with respect to re-
ality by specifying that the phase difference between two photons cannot be arbitrarily
small, i. e, we allow only discrete differences. There are k "phase classes" (corresponding
in replicator dynamics to genotypes competing with each other) that differ from each
other by an integer multiple of a phase angle @=27/k (Fig. 8), such that @i=i¢p (i=1,..., k). The
larger k and the smaller ¢ is, the closer the model approximates reality.

2 1

g ;"’1 0

\J

- 5

Figure 8. The photons of the model oscillate in different phase (k=6 phase classes), where the phase
angle is an integer multiple of @=27t/k (p=iep; i=1,...,k). According to Ref. 40, modified.
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In the context of the model, we further use discrete time units At.

Whether synchronization occurs during the decay of the doubly excited state de-
pends, as already mentioned, on the phase difference of the photon pair involved accord-
ing to Eq. 17. The average probability for a synchronization is then:

Fq. 18 w= Zm,m} Dij _Zm,m}ws (ei7/2)
i.f i
Because of Eq. 6 and Eq. 11 we get further:

Bg 19w = (1+ 4%) /2

and the counter probability 1-w=(1-A?)/2 is the average probability for the photons to
have any phase after the decay of the doubly excited state (this is an assumption we make
here; as already explained, the original phase could also be preserved; see Fig. 7). If we
are interested in the change of an arbitrary phase class i by density-dependent selection,
as is usual in replicator dynamics, we must define its fitness wi for this purpose. It is ob-
viously:

Eq.20 Wi = Z mj pij
F

since all phase classes j contribute to the propagation of a particular (i) with proba-
bility pi. The mean fitness is then (since we operate with relative frequencies) Xmiw;,
which corresponds to the synchronization probability (Eq. 18). Thus, w is the mean fit-
ness. The relative frequency (in terms of synchronized photons) mi' of photons of phase
class i at time t+At, when mi was the abundance at time t, is given by:

Eq.21 m; = mjw; /w

respectively

Eq.22  m; = 2myw;/ (1 + A%)

Obviously, Eq. 21 is the discrete replicator equation. These equation describes as
mentioned the change of the individual phase classes with respect to the totality of the
synchronized photons, but not with respect to the whole photon population, because there
are also non-synchronized light quanta. If we take these into account as well and the latter
have a random phase, the result for mi' is:

Eq.23 m; =mjw; + (1 —w)/k

If the unsynchronized photons do not change the phase, on the other hand, the result
is:

Eq. 24 m; =mw; + (1l —w)m;
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One can now also consider gain (A/k) and loss (-Ami) in the dynamic equilibrium for
any photon class i. A (0<A<1) is the loss constant. From Eq. 23 then follows:

Eq.25 m] = mw; (1 —4) + I_‘ﬁJ
from Eq. 24 on the other hand

; A
Eq.26 m; =(1—=A)m; (1 +w; —w)+ T

In the case of A=0, Eq. 25 is identical to Eq. 23 and Eq. 26 is identical to Eq. 24. We

now use Eq. 25 and Eq. 26 as a basis for simulations. It turns out that with Eq. 25 (coupling
leads to synchronization or chaos) no coherent light can be produced. It thus follows that
when two photons are coupled in the doubly excited state, no chaos can be generated, or
at least no arbitrary phases. If phase copying does not occur, the phases are apparently
preserved, as assumed in Eq. 26. The model which is based on Eq. 26 now shows that it
depends on the loss constant A how coherent the resulting light can be. It is monophasic
only when A=0. If A is larger, the coherence decreases, resulting in a phase distribution
that becomes wider and wider around the maximum. Around A=0.2 finally a uniform dis-
tribution is obtained and thus there is no coherence anymore (Fig. 9C).
Since stochastic fluctuations are not included in the model, it is assumed that at the begin-
ning one phase class in the photon ensemble deviates from the uniform distribution by a
tiny value, e. g. is more frequent than all others. Density-dependent selection initially in-
creases not only the frequency of this phase, but also those that are adjacent to it (Fig. 9A).
However, if A=0, one phase prevails and completely displaces all others. Fig. 9B shows
how the amplitude square changes with time in this case. Fig. 9C, on the other hand,
demonstrates how the phase distribution changes when A becomes larger, and Fig. 9D
illustrates the effect this has on the temporal development of the amplitude square.

Of course, in reality, when coherent light is created in the laser, there are neither dis-
crete time steps (generations), as assumed in the model, nor phase classes. Therefore, the
model represents a strong simplification.

Couldn't coherent light also arise without the copying of phases and therefore with-
out the photon being a replicator carrier, e. g. by the phases of the coupled photons merely
becoming more similar but not identical? The possibility should also be investigated, but
this is beyond the scope of the present paper.

do0i:10.20944/preprints202302.0162.v1
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T 1 ] 200

Figure 9. A-C: Simulations based on Eq. 26 (Synchronisation or phase conservation). 9A: Change in
relative frequencies of phases during the selection process (generations: 400, phase classes k=24,
relative initial frequency: 1/k, except for one phase that has a higher initial frequency:1/k+0.0001
with additional normalization to a total sum of 1.0001). Yellow: generation 0 (uniform distribution,
although that phase which will later prevail is slightly more frequent; blue: generation 400; aqua: all
other generations. 9B: Change of the amplitude square during the first 200 generations. 9C: Phase
distribution in the 400th (last) generation at varying loss, with A increasing counterclockwise by
0.2/k. The angular change (2m/k) of the initially most frequent phase allows the representation of
many distributions in a single graph. 9D: Amplitude square in the first 200 generations of the model
calculation for different loss values.

In the following, we are interested in the relation between mean fitness and entropy
of the photon ensemble. For this purpose, we have to consider that the characteristic we
are interested in here is the phase, which (outside the model just described) is not discrete.

An information measure for continuous, cyclically closed features

Usually symbols, i. e., discrete, nominal units, form the basis of information (0's and
1's or the letters), but here we want to study the case where the basis is metric and contin-
uous, as well as being cyclically closed. It can be thought of as a hand position on a clock
face.

In one direction — from letters to hand position — one can translate. One must specify
only a translation key, e. g. as follows:


https://doi.org/10.20944/preprints202302.0162.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 February 2023 d0i:10.20944/preprints202302.0162.v1

ABCDEFGHIJKLMNOPQRSTUVWXYZ _

becomes

CCOOUOOOOO9999999000000CCECEE

Then

09€6G0E20€990C09€C 0

is equivalent to the string: “TO_BE_OR_NOT_TO_BE”.

In the case of letters, one assumes that the distance between any two symbols is the
same for all symbols (say: one) and that there is nothing in between. On the contrary,
between two hand positions fit infinitely many more. Therefore a translation in the other
direction is not possible: one would need infinitely many letters. The distance between
two hand positions is also not the same for all, but can be represented by an angle o (or
by a trigonometric function, e. g. cos ).

The second difference is that each hand position occurs with probability zero, since
there are infinitely many. The Shannon information connects probability (or frequency)
with information (Ref. 37), which is not possible here. C. Shannon has also investigated
how much information can be transmitted by waves, i.e. on a continuous basis. As an
alternative starting point, however, a very important information measure in bivariate
statistics can be used, namely the coefficient of determination (the square of the correla-
tion). This is because there is a very interesting mathematical relationship between the
cosine of an angle and the correlation coefficient (M. Tiefenbrunner, pers. comm.), which
is important in statistics and information theory (Fig. 9).

ay A
Cy C a
Cx bx ax

Figure 9. An angle enclosed by two vectors in the Cartesian coordinate system.

The cosine of the angle a enclosed by two vectors with common origin in the Carte-
sian coordinate system, as shown in Fig. 9, is given by:

cos x = [(ax-Cx) ( bx-Cx) +(ay-Cy) ( by-Cy)]/[ ((ax-Cx)2+( bx-Cx)2)1/2 ((ay-Cy)2+( by-Cy)z)l/Z]
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or, for any number of dimensions (i=1...n):
Yo (ai — i) (b — i)
JZJ::LI (ai —L‘:'}ZJZ’,Ll (bi —ci)®

Here aji, b;, ci are the coordinates of the points A, B, C in the i-th dimension. And if C
is the origin (C={0,0,...}):

Eq. 27) cosi =

Z;—1 ﬂ:
JZ;LI aj JZ?;I b}

We now move from geometry to statistics. The correlation coefficient Rab is a statisti-
cal measure of the correlation between two features A and B. Its square, the coefficient of
determination, indicates how much knowledge one can gain about feature A by examin-
ing feature B (and vice versa) and is thus a measure of information. One can define the
correlation coefficient R (according to Pearson) using the variances S and Seb of the fea-
tures and the covariance Sab:

Eq.28)  cos =

Eq.29) Ropp = —— with

Eq.30)  Sab = Z (aj —a) (b — b)

i=1

=
Il

n
Eq.31) Saa =Y (ai—a)

i=1

===

n
2.a
i=1

H

Eq. 32) Sbb = Z (.-IJ, —5}2 EP .:F_Z

i=1

It is now immediately obvious that equation 28 (about the cosine) and equation 29
(about the correlation) agree completely, if one subtracts the common mean from all ai
(coordinates of the feature A in the object space with n dimensions) and proceeds in the
same way with the feature B (Eq. 30 - Eq. 32). So there is a remarkable connection between
geometry and statistics, which we can make use of here by considering the cosine of the
angle between two hand positions as a correlation. If we have entities, as described before,
whose feature is continuous and cyclically closed (an oscillator or rotator fulfills this con-
dition; imagine, for instance, clocks with only one hand each, which we want to assume
all rotate at the same rate, but not necessarily all show the same time - so the phase differ-
ence remains constant), we can ask about the information that is due to an ensemble of
such entities. The information measure we choose should satisfy two conditions:

1. Additivity: If two originally separate ensembles form a new one, the information
content  of the new ensemble should be the sum of the separate ones (Shannon infor-
mation  fulfills this requirement).

2. The information measure should not be negative.

As we have already seen, the cosine has some very useful properties: cos 0=1, as well
as that it does not matter which of the two angles between two hands you take (cos o =
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cos (2mt-a)). However, the cosine of an angle moves — just like the correlation coefficient —
between minus one and one, so it can be negative, which we do not want. R? the coeffi-
cient of determination, does not have this undesirable property, but it is not applicable to
an ensemble. However, we already know a possible replacement for R? namely the sum
of the phase correlations of all possible photon pairs. This sum is always positive and thus
fulfills condition two, but it is not additive. The absolute value of the root of this matrix,
however, fulfills condition 1 too. As a result of plausibility reasoning (not due to compel-
ling conclusion), we therefore obtain for the information content H (M is the number of

Photons):
M
Eq. 33) H? = Z cosl; = M? 42
iJ

so that H=MA. Perhaps we need a little more explanation. We start with Eq. 6, but
now each phase class consists of exactly one photon and therefore k=M and mi=mj=1/M. It
can be concluded from this:

k M
1
Eq. 34) A = E mim; costij = o3 E €OS0jj
IE,,}-=1 :sj'=1

and so we reach Eq. 33. As is well known, the amplitude can also be written as vector
sum (Fig. 6, right):

M
Eq. 35) A=D"7,

i=1

and in this sense additivity (requirement 1) is given. The vectors zi have the length
1/M and the angle i. So in photon ensembles the amplitude (multiplied with the photon
number) plays the role of information content or negentropy. Returning now to the laser
from the perspective of replicator theory, we are interested in the relationship between
information content and mean fitness and find:

Eq. 36) H=Mv2w-1

Acknowledgments: Thanks especially to my discussion partners Martin Tiefenbrunner, who taught
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Supplement: Equivalence of Eq. 1.1 with Eq. 1.2 (This proof follows Ref. 40)

From

— a4 —1
Eq 1.1 A= § :mief
i.

follows:

42 = Z (mi.ewv’—_l) Z (mi.e—;viv’—_l)

If one chooses ai=@i-@j this can be written as follows:

A = Z mgm;e“ffv;j
)

where

eiiv=1 — costij + ~/—1 (sinay;)

We define:

from which it follows that A2=Y.a;. Furthermore ai=mi2, because cos 0=1 and sin 0=0. Now we calculate the sum
+mjm; (camiﬁ + /-1 (sina:}-i- ))

because sin(-a)=-sina it follows

,,/__l(sinﬂ!ﬁ} = —u/—_l(ff”ﬂfi'j)

From this one can ultimately conclude

ﬂ'i'}' + a}'i' = zmi'm}' L"G.S'ﬂ'fi'}'
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We have claimed that

2
Eq. 1.2 A :E mimjcosdij
P

We now define

bij = mimjcost;;

so that A2=Ybs. Now we calculate the sum
bi'j + b}'i' = mi'mj E‘G.S'G‘fi'}' + mjmicﬂjaji'
bij + bji = 2mimjcosu;;

Because of cos -a = cos a follows

and because of cos 0 =1 also bi=mi? results. But from this follows altogether that

ajj +aj = bz’j + b_j'!'
and

aii = bjj

and from this in turn it follows that Eq. 1.2. must be equivalent to Eq. 1.1.
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