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Abstract

This is the story of an idea. An idea so deceptively simple and yet so potent that it ought
to be investigated. The idea is to put the quantum back in Quantum Mechanics, i.e. to re-
emphasize the discontinuity of Becoming that is suggested by Quantum Mechanics. By doing
so, the physical nature of Becoming and Time may be better understood. We offer a simple toy
model as illustration.1

1 Introduction

What does Quantum Mechanics (QM) tell us about Time and the nature of Becoming?

Not much, it seems, from a cursory look at QM as currently formulated: The equations of QM
contain the time parameter t in much the same way as in Classical Mechanics (CM), with t being a
continuous scalar parameter which describes the evolution of the system. The equations of motion
in QM are differential equations in t much like in CM. The only “odd” things that happen in QM
seem to occur during the rather mysterious and ill-defined processes of quantum measurements.

But QM has not always been this continuous-looking, nor does it need to be.

Historically, QM got the “quantum” in its name because of the discontinuities observed in
various microscopic phenomena. Indeed the first formulations of QM (e.g. Planck, Heisenberg,
Born, Jordan) emphasized the discontinuous and discrete nature of quantum transitions. It was
not until Schrödinger, in his attempt to “explain away” the pesky quantum weirdness and return
to more classical-like descriptions, that QM got reformulated into the theory that’s taught in QM
textbooks ever since.

It seems Schrödinger might have done QM a big disservice.
∗chi.hung@sunysb.edu
1Disclaimer: This is a work in progress. It’s mostly a collection of ideas and partial results about the nature of

Time and Becoming. Thus the word “Musings” in the title. As a result, most mathematical details have been left
out of the current essay. This is also done so that this essay may be accessible to a more general audience.
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Perhaps the central message in QM is that in this physical world of ours, Becoming is indeed
quantum in nature...

Perhaps the seeming continuities and weirdness in the current formulation of QM are simply
artifacts when we try to describe discontinuous Becoming using the mathematics of the continuous
and the differentiable...

Perhaps after we’ve removed the physically unobservable and unjustified mathematical conti-
nuities from QM, we’ll finally arrive at a true picture of the nature of Becoming, one that’s free
from the many paradoxes that plagued QM...

2 Energy = h× Frequency and A Toy Model of Quantized Becoming

This most innocently-looking equation2 dates all the way back to the dawn of QM, to Planck, who
postulated this relationship in order to explain the mysterious statistical mechanics of black-body
radiation[1].

What if E = hν is actually more universal?

What if E = hν is in fact the DEFINITION of Energy?

But what are we saying here? What do we mean by defining Energy by E = hν ? Hasn’t Energy
always been the primitive quantity in Physics which never needed to be defined nor explained? It’s
true that we define all kinds of energies in Physics. e.g kinetic energy, potential energy, thermal
energy, gravitational energy etc., but they are all examples of the primitive entity called Energy
which is an essential part of any physical theory, but which isn’t itself defined.

So, what we’re saying is that instead of treating Energy as a primitive entity in Physics, sacred
and untouchable, we should regard it merely as a convenient way of representing Frequency.

But Frequency of what?

Our claim is that Energy represents nothing but the Frequency of Becoming.

But Becoming of what?

This is a bit tricky and murky, but the simple answer is that Energy is the Frequency of
Becoming of the particular process to which the equation E = hν applies.

It’s very much like watching a movie on TV or in the cinema, where what looks like a continuous
movie is actually composed of discrete snapshots being shown at a high enough frequency that the
human eye can’t discern the discrete transition between snapshots but instead is fooled into seeing
a continuous movie.

A few examples may be in order here...

Consider a photon of frequency ν. In our model, instead of viewing the photon as a quantum
wave of frequency ν, we postulate that it’s indeed a particular “photon process” which occurs at
the frequency of ν. Another way to look at this is that the photon is a process that becomes
discontinuously, at a time rate of ν, in the frame where the equation E = hν applies. At this stage,

2Here h is Planck’s constant. Strictly speaking the equation E = hν only applies to quantum systems which are
energy eigenstates. For more general states, the equation only applies locally with a suitably defined local energy
density and local frequency.
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we leave undefined what a “photon process” may be, only that this particular process occurs at
the rate of ν.

Similar interpretations can be given to any entity to which the equation E = hν applies. This
includes most isolated microscopic particles (e.g. those which demonstrate matter wave diffraction
in experiments). But we can generalize this and postulate that indeed ALL forms of energies can
be interpreted this way, even those that aren’t usually associated with QM.

For instance, consider a frictionless ball rolling up and down a hill freely under the influence
of gravity. At any moment the total mechanical energy of the ball is made up of kinetic and
gravitational potential energies, both of which according to our model represent frequencies of
Becoming of the corresponding processes, i.e. the kinetic energy is the frequency of Becoming of the
kinetic process, while the potential energy is the frequency of Becoming of the gravitational process.
Again, the underlying processes are undefined at this point but as the ball rolls up and down the
hill, the fact that the total mechanical energy (kinetic + potential) is conserved can be interpreted
as an indication that the kinetic and gravitational processes are in a sense interchangeable, in such
a way that the total frequency of Becoming of both processes is a constant.

A more intriguing example is that of an elementary particle with mass, e.g. an electron. Ac-
cording to our model, the equation E = hν should apply to the rest mass energy E = mec

2 as well,
which yields the frequency of the “mass process” associated with the electron νe = mec

2/h, which
is precisely the Compton frequency of the electron. It’s tempting to identify these mass processes
as the same ones that give rise to the gravitational processes above, but this remains a hypothesis
until we can define exactly what those processes are.

If our model is correct, the many manifestations of energy and the various ways they seem to
interact with one another are nothing but the representation of the many processes of quantized
Becoming and the various ways they can interact and interchange with one another, none of which
we understand well at the moment. It’s both an exciting and sobering thought...

3 Quantum Measurement and Quantum “Jumps”

One of the most enduring sources of puzzlement and paradox in QM is the problem of quantum
measurement, or quantum jumps. This problem arises from the seeming incompatibility between
the continuous (and unitary) evolution (in time) of the undisturbed Schrödinger wave function
and the discontinuous (and non-unitary) transition (or jump) of the Schrödinger wave function
during a quantum “measurement”. Throughout the history of QM, numerous clever (and not so
clever) interpretations have been offered to explain quantum measurements, invoking exotic ideas
like the consciousness of the observer, parallel universes, ghostly pilot waves etc., none of which
are particularly transparent nor convincing intuitively. The latest and best of these interpretations
of quantum measurement being the idea of quantum decoherence through interaction with the
environment, but still it cannot ultimately explain the last step in the transition from a continuous
unitary evolution to a discontinuous non-unitary jump of the wave function during a quantum
measurement, more specifically it cannot explain the final “collapse” of the wave function, even an
environmentally decohered one, into one of the alternative states after the measurement. This last
step still involves a leap of faith in the decoherence approach.[2]

By contrast, the problem of quantum jumps is almost a non-issue in our model, because we
have postulated from the beginning that all becomings (i.e. physical changes) of any system must

3



be quantum in nature, so instead of treating the discontinuous changes of the system during mea-
surements as a paradox, in our model it’s actually the seemingly continuous (but physically un-
observable) evolution of the system when it’s undisturbed that should be the paradox. In fact we
propose that the seemingly continuous but unobservable evolution of the undisturbed wave function
is just an artifact which arose when we try to describe the discontinuous changes in the system
via mathematics of the continuous and the differentiable. The proper removal of this artifact in
conventional QM is one of the main goals in our model.

4 Entropy and the Asymmetry of Time

Another seeming paradox in QM is that of entropy. Due to the time-reversible nature of the
equations of QM in describing an undisturbed system (i.e. no quantum measurement), any entropy
defined using only the undisturbed wave function (or more generally the density matrix ρ) must also
be time-symmetric. e.g. the von-Neumann entropy3 S(ρ) = −kTr(ρ ln ρ)[3] is time-symmetric (and
constant) under the continuous and unitary evolution of the undisturbed quantum system. But this
seems to contradict the second law of thermodynamics which states that entropy should increase
with time. Various re-definitions of the quantum entropy have been suggested to remedy this
discrepancy in time-symmetry properties between the von-Neumann entropy and classical entropy,
most employing statistical ideas like coarse-graining[4].

In our model, again the behavior of the von-Neumann entropy in between moments of Becoming
is a non-issue because nothing is supposed to happen in between moments of Becoming. So in our
model there are only two types of possible transitions between adjacent moments of Becoming:
one type is a unitary transition which preserves von-Neumann entropy, while the other type of
transition is of the measurement type which in general increases von-Neumann entropy[5]. The
quantum entropy “paradox” is thus simply resolved.

5 Photons and Black Body Radiation

According to our model, the fact that the energy of electromagnetic radiation of frequency ν seems
to be quantized in units of hν, can be attributed to the simple fact that the corresponding photon
process of frequency ν can only occur an integral multiple of times, and not a fraction thereof4.

Given a total number N of thermal processes per second (corresponding to total energy hN),
how can these processes be distributed into individual allowed sub-processes of definite frequencies?
This, together with some reasonable assumptions from statistical mechanics (by directly translating
results concerning energy into results concerning the frequency of becoming of the corresponding
thermal processes), is sufficient to derive the Planck black-body formula[6]. The advantage of our
approach over the original derivation by Planck is that we no longer require the ad-hoc assumption
about energy being quantized, because in our approach this is a built-in fact as a result of the
re-definition of energy as hν.

3Here k is Boltzmann’s constant and Tr denotes the trace of an operator
4The case of zero-point energy requires further explanation which will not be elaborated here.
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6 Fermionic Process, Bosonic Process, Spin

In our model each process of definite energy can be seen as a process of definite frequency, but
we have not yet specified what these processes actually are. Instead of explicitly identifying these
processes now, we look for the physical properties these processes may have, in the hope of even-
tually identifying the processes through their properties.

Looking at the world of elementary particles, one such property which seems to play a prominent
role is that of Spin. Apparently each process associated with an elementary particle can be assigned
a spin value, and depending on whether the spin value is integral or half-integral, we call the
corresponding particle a boson or a fermion respectively. While it’s still unclear how spin should be
represented in our model, it probably won’t be anything like spinning tops, but what we can infer
from Pauli’s Exclusion Principle is that the fermionic process for any particular quantum mode of
a system can only occur once or not at all, while for bosonic processes more than one processes can
occur simultaneously for any given quantum mode.

7 Zitterbewegung and the Feynman Zig-Zags

Zitterbewegung[7] of elementary fermions may represent one possible hint of what a fermionic process
is. Known since the early days of QM, “zitterbewegung” (literally “jittery motion”) refers to the
relativistic quantum mechanical result that the velocity eigenvalue of a Dirac particle (e.g. an
electron) is always of magnitude c (speed of light) at any given moment, thus it looks as though
the Dirac particle is undergoing very rapid zig-zag motion at the speed of light and altering its
direction randomly at roughly the frequency equal to the Compton frequency for the Dirac particle.
Noting that the Compton frequency is exactly the frequency of Becoming of a particle of the same
mass, it’s tempting to identify (or at least relate) the fermionic zitterbewegung with our fermionic
process (though without the unphysical picture of the Dirac particle flying around at velocity c in
between becomings, where nothing is happening according to our model).

Somewhat related to zitterbewegung is the construction of the Dirac propagator by “Feynman
Zig-Zags”[8], namely the construction of the non-zero mass Dirac propagator from massless neutrino
and anti-neutrino propagators that switch roles randomly at about the Compton frequency of the
Dirac particle. Could this be a candidate for the fermionic process of Becoming for a non-zero mass
Dirac particle?

8 Special Relativity, the Quantum Phase and NOW

In our discussion above we’ve been rather vague about what reference frame we’re talking about
when we say ν is the time-frequency of Becoming of a process with energy E = hν. Special relativity
tells us that the time-frequency of any process in space-time are dependent on the reference frame
with respect to which the frequency is measured, and so we must specify the reference frame
whenever we talk about frequency.

Let us for the moment assume that the state of the world can be described completely by
state functions and observables on a 3-D slice of space-time, just like in conventional classical and
quantum mechanics. Each snapshot of Becoming in our model can then be described by a particular
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3-D surface in space-time. If the world were Newtonian, where time is absolute and the same in all
reference frames, the 3-D surfaces will simply be the “flat” 3-surfaces of constant t (Figure 1).

t

x

Figure 1: Newtonian snapshots of Becoming

In Einstein’s space-time, we need to generalize the picture to allow for reference frames that
move relative to one another. In the simplest case of constant relative velocity in special relativity,
the 3-surfaces of constant t in one reference frame becomes tilted 3-surfaces in another Lorentz
frame moving at constant velocity relative to the first reference frame. The frequency of Becoming
of the same process then will be different as seen in a moving frame, in exact analogy with the
relativistic Doppler effect (Figure 2).

t

x

t’

x’

Figure 2: Lorentz-transformed snapshots of Becoming

Here we touched upon a rather murky but significant concept in the study of Time, namely
the location of NOW (or the epoch of the present). According to Newton, the location of NOW
is unambiguous and absolute, it’s simply the 3-surface of constant t shown in Figure 1 associated
with the present clock time. However, Einstein overthrew Newton’s absolute Time and with it the
absolute location of NOW, or so it seems5...

5Einstein believed so firmly in the idea of a “block universe” (where all events in space-time exist simultaneously
and there’s no way to single out a NOW) that he wrote on the occasion of his best friend Michele Besso’s death (just
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If the world were entirely classical and not quantum in nature then Einstein would indeed be
correct in assuming a block universe in which past, present and future are just illusions of our
consciousness, and the whole “evolution” of the universe would be deterministic once we specified
the initial conditions.

But our world is not classical in nature. Quantum mechanics introduced elements of inevitable
uncertainty into the description of Physics, and these must be taken into account when we consider
the overall structure of space-time and the nature of Becoming.

How then does QM and our model alter the block universe view of Einstein’s? In our approach,
at each snapshot of Becoming we assume that the state of the world can be described completely
by states and operators on a 3-surface of space-time, which together we can denote by NOWN .
Subsequent snapshots of Becoming can similarly be described by states and operators on other
3-surfaces of space-time, denoted by NOWN+1, NOWN+2, etc. For technical reasons we’ll assume
these 3-surfaces to be space-like hypersurfaces embeddable in 4-D space-time of Lorentzian metric
signature (but otherwise of unspecified geometry at the moment). As the world evolves, NOWN

becomes NOWN+1 where the world state on NOWN+1 is probabilistically determined by the
world state of NOWN , and so on6... (Figure 3)

t

x

NOWN+1

NOWN

NOWN−1

Figure 3: snapshots of Becoming in our model

It’s important to bear in mind that what we postulate is that only the world states on NOWN

etc. are to be considered real, everything else in between and the embedding space-time are to
be treated as mathematical conveniences which serve to relate our model with that of the more
familiar descriptions.

But how do we choose these space-like hypersurfaces for each snapshot of Becoming?

A rather convenient choice seems to be related to the phase of the quantum wave function.

Consider a plane-wave state corresponding to a free-particle of mass m and momentum p. Its
wave function is:

one month before Einstein’s own death) that “Now he has gone a little ahead of me in departing from this quaint
world. This means nothing. For us faithful physicists, the separation between past, present and future has only the
meaning of an illusion, though a persistent one.”[9]

6For simplicity, we’ll only consider the 1-particle state in this essay. Consideration of multi-particle states requires
concepts from quantum field theory which, though ultimately very important and interesting, is outside the scope of
this essay.
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ψ(x, t) ∼ exp(− i
h̄(Et− px)) = exp(iθ(x, t))

if we now take the surfaces of constant phase (say θ(x, t) = 0), we get a set of hyperplanes
(similar to those in Figure 2) which have the following desirable properties to be candidates of
space-like hypersurfaces for the snapshots of Becoming:

1. The time-frequency of these hyperplanes in the rest frame (p = 0, E = mc2) of the particle
is given by ν = mc2/h, the Compton frequency for the particle.

2. These hyperplanes are the hypersurfaces of simultaneity for an observer co-moving with the
particle.

We can generalize this result by postulating that:

For a 1-particle quantum system, the NOWN hypersurfaces for the snapshots of
Becoming are given by the hypersurfaces of constant phase of the wave function.7

Thus the quantum phase acquires a significant role in our model, bringing together QM and
Becoming in rather unexpected ways. What’s more, because the quantum phase is intimately
related to electromagnetism through gauge transformation, it suggests yet another surprising role
played by light/photons as book-keepers of the order of Becoming8.

9 The Flow of Time

Our model implies, at least for a 1-particle system, a real flow of time (though not a continuous
one), where one moment (i.e. a snapshot of Becoming or a NOWN in our model) follows from a
unique immediate antecedent moment (NOWN−1) and is followed by a unique immediate successor
moment (NOWN+1). So Time has the topology of a linearly ordered discrete set, isomorphic to
the set of integers9.

But how fast does Time flow, or equivalently in our model, how many NOWN ’s are there per
unit time? For a 1-particle system of energy E = hν, the answer is simply ν NOWN ’s per unit
time, with respect to a standard clock which is at rest in the frame that the energy E is measured.
Since a standard clock is nothing but just another process with regular frequency of Becoming,
we see that the rate of Time flow is a relative quantity, defined with respect to a fixed frequency
standard (e.g. an atomic clock).

So how do we pick a particular moment among the infinite sequence of NOWN ’s and declare
that this moment is the present NOW?

7we’ve earlier renounced the reality of the wave function, but now we seem to go back to using the wave function
as though it’s real. This is not a contradiction because our strategy is to gain as much insight into the nature of
Becoming as we can using conventional QM and then try to eliminate the elements in QM that we consider to be
unreal. e.g. once we obtained the hypersurfaces for each snapshot of Becoming using the wave function, we’ll try
to reverse the argument and see whether we can derive the wave function given the set of hypersurfaces and some
simple assumptions (like continuity and linearity). This work is in progress.

8In this essay, we will not go any further into the details of the possible role played by light in the order of Becoming,
but we offer the following intriguing picture as food for thought: Whenever we witness a majestic thunderstorm in
progress, what we’re seeing in the mighty bolts of lightning are in fact Nature’s attempt to harmonize the orders of
Becoming of the various parts of the thundercloud and the ground!

9The more general and realistic case of N-particle system is more complicated because the wave function for an
N-particle system is defined, not in 3+1D space-time, but in 3N+1D configuration space of QM, the discussion of
which is beyond the scope of the present essay.
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If the dynamics relating the NOWN ’s were deterministic, then there seems to be no reason
to choose one moment over another, and we seem to end up in a discretized version of the block
universe. But the dynamics relating the NOWN ’s are probabilistic, not deterministic, so the
present NOWN can be pin-pointed by the one with the highest N among NOWN ’s that have
already become, i.e. the NOWN ’s that have definite world states that are already determined.

10 Some Consequences

If our model of Time and Becoming is correct, it implies that the mathematical continuum that’s
routinely associated with Time is nothing but a mathematical convenience which should not be
taken seriously in Physics. And if we replace the unrealistic Physics of the continuum with a more
realistic discretized Physics of the countable, we may very well be able to avoid many of the pitfalls
in modern physics, the most notable among these being the infinities encountered in Quantum
Field Theory and the singularities in General Relativity.

Perhaps, just perhaps, this re-interpretation of Time and Becoming will finally allow us a
sensible unification of Quantum Field Theory and General Relativity...

The re-definition of Energy as frequency of Becoming has also far-reaching consequences any-
where that Energy plays a significant role. e.g. in cosmology the cosmic microwave background
radiation can be reinterpreted in our model as a primordial background process which becomes at
the observed microwave frequency. Further, tracing this process back in time will presumably give
us a model of the “Big Bang” which will be very different from current cosmological models, due
to the absence of the Continuum and the associated infinities in our model...

But this carries us too far into the realm of speculations, so it’s better to leave it to another
story...

11 Omissions

The model of Becoming offered in this essay is related to some of the philosophical models of
Time and Becoming throughout history, e.g. those of Aristotle, Zeno, Bergson and Whitehead.
Unfortunately the limited length of this essay does not allow for even a brief treatment of these
related philosophies. Discussions of other modern works related to ours are also omitted due to the
same reason.
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