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Abstract: About a century ago, in the spirit of ancient atomism, the quantum of light was renamed the
photon to suggest that it is the fundamental element of everything. Since the photon carries energy
in its period of time, a �ux of photons inexorably embodies a �ow of time. Thus, time comprises
periods as a trek comprises legs. The �ows of quanta naturally select optimal paths (i.e., geodesics)
to level out energy differences in the least amount of time. The corresponding �ow equations can
be written, but they cannot be solved. Since the �ows affect their driving forces, affecting the �ows,
and so on, the forces (i.e., causes) and changes in motions (i.e., consequences) are inseparable. Thus,
the future remains unpredictable. However, it is not all arbitrary but rather bounded by free energy.
Eventually, when the system has attained a stationary state where forces tally, there are no causes
and no consequences. Since there are no energy differences between the system and its surroundings,
the quanta only orbit on and on. Thus, time does not move forward either but circulates.

Keywords: the arrow of time; causality; force; free energy; natural selection; non-determinism;
non-equilibrium thermodynamics; quantum; period; photon

1. Introduction
Time is a big problem in physics [ 1� 3]. On the one hand, we experience time passing,

but the experience itself lacks a theoretical formulation such as an equation of motion.
On the other hand, the laws of physics for particles, as we know them today, do not
make a difference whether time �ows from the past to the future or from the future to
the past. However, is it not a thin line between the microscopic world of particles and
the macroscopic world of our experiences? And, if so, where does the arrow of time [ 4]
come from?

In modern physics, there is no point in even asking why things happen. In general
relativity, the �ow of time is without cause, so there are no consequences either. Bod-
ies move along their optimal paths; the planets orbit the sun one cycle after the other;
comets come and go. In turn, quantum mechanics does not outline alternative events but
rather all possible events superposed [5]. Logically, there are parallel cosmoses since the
superposition principle does not limit to the microcosm of particles [6].

Be that as it may, we have a hard time comprehending these theories that match but
do not explain data, for an explanation usually calls for causation [ 7]. Einstein’s famous
criticism of quantum theory, �God does not play dice�, is today deemed unwarranted.
Nevertheless, the exclamation captures the crux of causality. Namely, no consequence
emerges from mere chance without any proximate cause [8]. A phenomenon may appear
random, but there is no guarantee that this is truly the case. Science does not have criteria
for proving a phenomenon to be arbitrary. Instead, every single phenomenon in the
universe should have a natural cause [9].

So, could it be that time does not point anywhere so long as nothing is happening?
Have we simply de�ned the laws of physics to be independent of time? Do they so apply
only to stationary-state systems? When quantities stay put, the measurement is precise as
required. Conserved quantities relate to symmetries, which in turn have provided insight
into the laws of physics. However, the world is unmistakably in �ux.
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Since the �ow of time is a natural phenomenon, it seems reasonable that it, too, should
be shown to have a natural cause (i.e., to be driven by forces). Thus, the �ow of time
should be written as an equation of motion. Such an equation of time would allow us to
understand where the arrow of time comes from, why the future is unpredictable, and
what gives rise to history.

2. Materials and Methods
Let us employ the old empirical method to derive the equation of time. Starting from

his own experience, Galileo structured observations as mathematical laws [ 10� 12]. The
�rst physics may well be a pro�table approach, now that we do not even know how to
tackle the problem of time. So, let us �rst express our own experience of time and then
translate the expression into the language of physics.

A clear, frosty night under a starry sky is a great experience�except that with time it
feels cold. Heat does not escape by itself and instantaneously but together with time. The
observation is obvious, but that is precisely why it is precious. Can we thus infer that the
passing of time always associates with a �ow of energy? What is it in substance that moves
when energy and time �ow?

Under the starry sky, one feels cold since heat escapes from the warm skin to cold
space. The experience exhibits causality. The temperature difference is the cause (i.e., force)
and the loss of heat is the effect (i.e., a change in motion). The photon carries energy. But
does the photon carry time too?

In the history of science, the right question has often pointed to the answer. As Max
Planck exposed in 1900, energy and period are inseparable, complementary properties
of the photon [ 13]. However, instead of only yielding the photon energy, E = hf, from
the frequency of oscillation, f, Planck’s constant, h, is the photon’s measure [14]. In the
mathematically equivalent but rearranged form, h = Et, time is on the same footing as
energy. As the photon wavelet propagates, time and energy move at the speed of light,
c = � / t, for all wavelengths, � , and periods, t [15].

By this logic, time comprises periods as a trek comprises legs. This is a new viewpoint,
not a new �nding. In fact, the second is de�ned as 9,192,631,770 multiples of the period of a
photon, whose energy makes the cesium-133 atom oscillate. Time, comprehended through
the experience, is a tangible property of light, and is even visible; a red photon period is
longer than a blue one.

From the adopted empirical perspective, Planck’s constant is not a constant of propor-
tionality. Instead, it is an invariant measure of the fundamental element, the quantum of
action [16]. This axiomatic stance [17] would be proven false if, for example, the massless
photon were to decay. The tenet would also turn out false if a photon were to split up or if
energy were to stay constant in an event.

Galileo founded physics as a method for mathematizing �rst-hand knowledge into
a universal law [ 10]. This instruction is what we just followed. The experience of heat
escaping from the warm skin to cold space with time identi�es the elemental constituent
of time to the photon period. Rather than through such an experience, Planck found the
constant by interlacing two equations together. While covering the whole spectrum of light,
Planck’s law of radiation does not explain light. Planck was, therefore, blind to the essence
of light: the photon is the carrier of time and energy.

The proposed identi�cation of time with the period of a quantum of action contrasts
with views that regard time as an abstract, insubstantial dynamic quantity. Most notably,
spacetime, amalgamating time and space into a four-dimensional manifold of general
relativity, is a mathematical model. However, the spacetime abstraction does not exclude
the possibility that time and energy are properties of a substance that embodies gravity [ 18].
For instance, a physical process, such as a running clock, takes place faster in the attic than
in the basement because the two conditions differ in substance. Likewise, the rate of a
chemical reaction depends on the conditions. Thus, the proposed concrete comprehension
of time is not blatantly at odds with mathematical models of modern physics. But, of
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Figure 1. When everything comprises quanta, any system can be described by an energy level
diagram. The entities of a system, in numbers Nk, that have the same energy,Gk, are on the same
level. The bow arrows portray their mutual exchange, which changes nothing and hence causes no
change in the average energy of the system,kBT, either. By contrast, the vertical arrows indicate
events in which the entities move from one level to another. For example, in a chemical reaction,
starting materials, Nk, transform into products, N j . The horizontal wave arrows denote the quanta
of light that enter the system from the environment or vice versa. Since the quanta carry energy,
DQjk, all events, as �ows of quanta, move the system and its surroundings toward thermodynamic
balance. When the energy of the surroundings is higher than that of the system, the system evolves
toward higher average energy and the surrounding systems toward lower average energy, and vice
versa. The cumulative probability distribution curve (dotted line) is a sigmoid. When its logarithm,
entropy, S, is plotted as a function of (chemical) potential energy, m, it mainly follows a power law,
i.e., a straight line on the logarithm-logarithm scale (inset).

Since temperature, a meaningful notion for a statistical system, was taken into use
long before the concept of energy, T is multiplied by Boltzmann’s constant, kB, to make
it commensurate with the other terms of energy. When any one event, either due to
absorption or emission of quanta, shifts kBT only slightly, the system evolves smoothly,
as if continuously. In such a statistical system, an energy difference can be approximated
using an exponential function (exp) [ 20,21]. The base of the natural logarithm, the limit
of continuous compounding, is a natural of choice, as the function f (x) = ex is self-similar
under a change, dex/ dt = ex.

The gap in energy, DGjk, between the starting material, indexed with k, and the
product, indexed with j, can be bridged with the �ux of energy between the system and its
surroundings, DQjk = nhfjk, carried by quanta with a characteristic frequency, fjk, that couple
to a jk-transformation from the starting material into the product. The label, i, in front of
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the energy term, means that the system is open to the surroundings for the �ows of quanta.
For example, the in�ux of photons from the sun makes photosynthesis happen, and the
ef�ux of photons from a body makes metabolism happen. The free energy expression,
� DGjk + iDQjk, denotes the force that an open system consumes as it evolves approximately
along a logarithmic spiral, eventually settling at a closed stationary orbit, where dissipation
vanishes,DQjk = 0 [22].

The state equation (Equation (1)) is the main result of the non-equilibrium thermody-
namic theory for open quantized systems. As shown below, a straightforward mathematical
derivation starting from Equation (1) yields the equation of motion in its various forms.

The state of a system is customarily given by an additive, S, measure. It is obtained
by taking the logarithm (ln) of the product form (Equation (1)). For historical reasons, the
logarithm of probability, when multiplied by kB, is known as entropy

S = kBln P = kB å
j

ln Pj �
1
T å

jk
N j

�
� Dmjk+ iDQjk+ kBT

�
, (2)

where Dmjk = mj � mk means the potential energy difference between the populations Nk
and N j . The population of k-entities embodies the potential, mk = kBTln f k, and that of
j-entities the potential, mj . While the functional form of mk is the familiar chemical potential,
it is valid for any potential, assuming that everything comprises quanta. For example,
an electric �eld potential comprises photons. The entry � in Equation (2) stands for the
statistical approximation, ln N j ! � N j lnN j � N j , which is excellent for N j > 10.

It is worth emphasizing that entropy (Equation (2)), as the logarithm of probabil-
ity (Equation (1)), adds nothing to the description beyond the concept of energy. In
particular, entropy is not a measure of disorder. The total energy of the system, TS, temper-
ature, T, times entropy, S, comprises the system-bound energy, SN jkBT, and free energy,
SN j(� Dmjk + iDQjk) [23]. Thus, the system is subject to evolution so long as there is free
energy. Conversely, at balance, where the familiar form of entropy, S= SN jkB, applies, all
energy is bound.

3.2. The Equation of Motion
In a statistical system comprising numerous quanta, the quantum-by-quantum changes

in populations, N j , can be conveniently denoted by differentials, dNj . Then it is easy to see
that free energy terms, � Dmjk + iDQjk, drive forward transformations, where N j increases.
Conversely, opposing forces drive the reverse reaction, where N j decreases. As a result of
jk-transformations, the total energy of the system, TS, comprising all quanta, changes with
time, t,

T
dS
dt

= T å
j

dS
dN j

dN j

dt
= å

jk

dN j

dt

�
� Dmjk+ iDQjk

�
. (3)

As the quanta redistribute due to the gradients in energy, temperature, T, changes as well.
However, T is not explicitly differentiated with respect to time because variation in the
average energy follows from variation in S.

It is of interest that the equation of motion (Equation (3)) cannot be solved. Since Dmjk
is a function of N j , the changes in each population, N j ,

dN j

dt
=

1
kBT å k � jk

�
� Dmjk+ iDQjk

�
, (4)

proportional to the free energy terms by mechanism-dependent factors, s jk > 0, cannot be
separated from their driving force. In other words, the course of events is not deterministic.
However, it is not random, i.e., indeterministic, either, but limited by free energy.

In the scale-free description, a mechanism,s jk, such as an enzyme, is a system of its
own. It facilitates free energy consumption by speeding up the jk-conversion of Nk into
N j or vice versa. It follows from the imperative to attain thermodynamic balance in the
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least time that the �ows of quanta naturally selectthe most ef�cient mechanisms [ 24]. In
other words, suboptimal paths dry up. It is thus the forces, i.e., free energy, at present that
point to the future and transform the present (state of the system) into the past through
various mechanisms.

When in�uxes of free energy fuel the growth, the population increases, dNj / dt > 0.
Conversely when ef�uxes consume N j , the population decreases, dNj / dt < 0. Thus, it
can be seen that entropy cannot decrease,dS � 0, by squaring the free energy terms
(Equations (3) and (4)). Note, when squaring, that these terms are orthogonal in the jk-basis
because every motion follows its line of force, not others.

There is no exception to the second law of thermodynamics. The entropy of a system
cannot decrease, not even at the expense of an increase somewhere else. The conclusion
contradicts the common, yet unwarranted, understanding that an increase in entropy
entails an increase in disorder. However, as apparent from the above derivation, neither
the quest for order nor disorder drives the system forward but free energy consumption.

The inference about never decreasing entropy, dS � 0, is based on the axiom that
the total number of quanta is conserved. As no quanta can come out of nothingness or
vanish into nothingness, the system and its surroundings coevolve toward balance so
that a quantum leaving the system will end up in the environment or vice versa [ 22].
The conclusion is also backed up by empirical evidence. For example, both animate and
inanimate systems display the same ubiquitous patterns [25,26].

When free energy may only decrease and entropy may only increase, it is the whole
energy landscape, including all entities, that is in motion rather than any one entity moving
on a stationary landscape. Thus, there are no energy barriers to be crossed; thermodynamics
and kinetics are consistent with each other. For example, water starts to �ow when the
water level rises over the spillway crest. Likewise, a chemical reaction proceeds from
starting materials to products when the energy of the starting materials, including chemical
and kinetic energy, as well as absorbed photons, exceeds the energy of the products.
Accordingly, a catalyst does not change the energy level diagram or landscape, it only
speeds up the conversion of starting materials into products or vice versa. Likewise, water
levels even out the faster, the larger channel. Since energy differences diminish in the least
time, entropy does not just increase; it does so in the least time.

The course of events, i.e., evolution, growth, or any other change, cannot be predicted
because everything depends on everything else. Nevertheless, the process can still be
simulated a step at a time, according to Equation (4). Such exercises demonstrate that
standards, skewed divisions, growth curves, oscillations, and chaotic courses emerge from
the least-time processes [27]. In practice, the time step, dt, ought to be short enough not
to violate the statistical approximation. It means that during dt, the change in free energy
should not rival the bound energy, i.e., SN j(� Dmjk + iDQjk)/ N jkBT << 1.

3.3. The Continuous Equation of Motion
Although every system evolves from one state to another quantum-by-quantum,

many phenomena, such as the �ow of water, appear as if they were continuous motions.
We obtain the continuous equation of motion from Equation (3), in terms of continuous
potentials U and Q using the de�nitions mj = (¶U/ ¶N j) and Qj = (¶Q/ ¶N j)

T
dS
dt

= å jk
dN j

dt

 

�
¶U
¶N j

+
¶U
¶Nk

+ i
¶Q
¶N j

� i
¶Q
¶Nk

!

= �
¶U
¶t

+ i
¶Q
¶t

=
d
dt

2K, (5)

because in the orthogonal jk-basis, the change,dNj , does not affect the gradient, ¶/ ¶Nk.
The change in entropy, TdS= d2K, translates to the change in kinetic energy because the
absorption or emission of photons, carrying Q, causes concomitant changes inU and
K. As a result, the system’s quanta assume new paths that differ from the old ones by
energy and period, equivalently by momentum and wavelength. The potential energy
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Since the �ow of time is a natural phenomenon, it seems reasonable that it, too, should
be shown to have a natural cause (i.e., to be driven by forces). Thus, the �ow of time
should be written as an equation of motion. Such an equation of time would allow us to
understand where the arrow of time comes from, why the future is unpredictable, and
what gives rise to history.

2. Materials and Methods

Let us employ the old empirical method to derive the equation of time. Starting from
his own experience, Galileo structured observations as mathematical laws [ 10–12]. The
�rst physics may well be a pro�table approach, now that we do not even know how to
tackle the problem of time. So, let us �rst express our own experience of time and then
translate the expression into the language of physics.

A clear, frosty night under a starry sky is a great experience—except that with time it
feels cold. Heat does not escape by itself and instantaneously but together with time. The
observation is obvious, but that is precisely why it is precious. Can we thus infer that the
passing of time always associates with a �ow of energy? What is it in substance that moves
when energy and time �ow?

Under the starry sky, one feels cold since heat escapes from the warm skin to cold
space. The experience exhibits causality. The temperature difference is the cause (i.e., force)
and the loss of heat is the effect (i.e., a change in motion). The photon carries energy. But
does the photon carry time too?

In the history of science, the right question has often pointed to the answer. As Max
Planck exposed in 1900, energy and period are inseparable, complementary properties
of the photon [ 13]. However, instead of only yielding the photon energy, E = hf, from
the frequency of oscillation, f, Planck's constant, h, is the photon's measure [14]. In the
mathematically equivalent but rearranged form, h = Et, time is on the same footing as
energy. As the photon wavelet propagates, time and energy move at the speed of light,
c = � / t, for all wavelengths, � , and periods, t [15].

By this logic, time comprises periods as a trek comprises legs. This is a new viewpoint,
not a new �nding. In fact, the second is de�ned as 9,192,631,770 multiples of the period of a
photon, whose energy makes the cesium-133 atom oscillate. Time, comprehended through
the experience, is a tangible property of light, and is even visible; a red photon period is
longer than a blue one.

From the adopted empirical perspective, Planck's constant is not a constant of propor-
tionality. Instead, it is an invariant measure of the fundamental element, the quantum of
action [16]. This axiomatic stance [17] would be proven false if, for example, the massless
photon were to decay. The tenet would also turn out false if a photon were to split up or if
energy were to stay constant in an event.

Galileo founded physics as a method for mathematizing �rst-hand knowledge into
a universal law [ 10]. This instruction is what we just followed. The experience of heat
escaping from the warm skin to cold space with time identi�es the elemental constituent
of time to the photon period. Rather than through such an experience, Planck found the
constant by interlacing two equations together. While covering the whole spectrum of light,
Planck's law of radiation does not explain light. Planck was, therefore, blind to the essence
of light: the photon is the carrier of time and energy.

The proposed identi�cation of time with the period of a quantum of action contrasts
with views that regard time as an abstract, insubstantial dynamic quantity. Most notably,
spacetime, amalgamating time and space into a four-dimensional manifold of general
relativity, is a mathematical model. However, the spacetime abstraction does not exclude
the possibility that time and energy are properties of a substance that embodies gravity [ 18].
For instance, a physical process, such as a running clock, takes place faster in the attic than
in the basement because the two conditions differ in substance. Likewise, the rate of a
chemical reaction depends on the conditions. Thus, the proposed concrete comprehension
of time is not blatantly at odds with mathematical models of modern physics. But, of






