A History of Reality: The Road to Ontology,
the Pursuits of Determinism and Causality,
and the Limits of Empirical Epistemology

F=ma
How do we know this?

F(t) = m a(t)
Galileo was the first to express physical motion as
a function of time. He discovers that the oscillations
of a pendulum "take equal time."
But how? There was no clock then! He used his
pulse.
But soon thereafter, doctors started using
pendulums to measure pulses. Every modern
clock uses an oscillator to keep time.
This is a crisis of epistemology!

Newton avoids the issue with an untestable
mathematical axiom: there is an unobservable
time, absolute and equal to itself.
This is now a crisis of ontology: if you can only
measure things evolving through time, and not
time itself, is it real?

Newton further claims, space is absolute, too.
But if you and I were in empty space with no
reference, we can only measure relational
motion, right?
Newton's argument was that local rotation,
measured by an observer with a spinning bucket
of water, agrees with distant stars.
So there must be a universal global inertial frame
of reference.
Newton's natural philosophy was widely read
during the Enlightenment.
Humanity started to rigorously examine ideas like
first cause, that "created" the universe from nothing.
But "creation" already assumes some notion of time,
which must "exist" in some sense.
Also, what is the meaning of nothingness? If we
only have some laws of the universe, and nothing
else, is that nothing? What can be defined as a
physical reality?

A couple of centuries later, Newton's framework
runs into an inconsistency.
We thought that light traveled through a universal
medium, called "aether," so an observer moving
relative to it would see a different speed of light.
But Michelson shows that this global reference
does not exist:
The speed of light is independent of any observer
frame in space-time; there can be no background
against which to measure it.
Maybe space-time is not absolute?
Einstein solves this inconsistency with relativity,
which is, despite its name, actually a theory of
absolute reality.
Relativity takes the Newtonian inconsistency,
and insists on the principle of invariance:
There must be a consistent underlying physics
that is independent of an arbitrary choice of
coordinate frame, or measurements relative to
a specific observer.
In particular, general relativity insists that the
gravitational field is space-time itself, and
therefore must have a reality independent from
the background space-time coordinates on which
we construct all other theories of physics.

There was one issue. Lemaître, a Belgian priest, shows that
GR describes an expanding universe; meaning, space-time
itself had a "beginning." Einstein believes the universe
must be static, so he adds a constant, trying to "fix" GR.
But Hubble's data confirms the expansion. Einstein
abandons the constant, calling it his "greatest blunder."
Lemaître, on the other hand, identifies this "cosmological
constant" as the real energy of vacuum in quantum theory.
He argues it must be positive for the age of the universe
to be consistent with data, meaning, the expansion is
accelerating. This is experimentally confirmed 67 years
later.
But why does empty space have any energy?
In quantum theory, there is no such thing as true
"emptiness," because all quantum states are probabilistic.
Vacuum is a state that has an infinite number of virtual
fields constantly popping in and out of existence.
At the smallest scales, these virtual quanta are energetic
enough to be black holes. Empty space-time itself is not a
well-defined reality.
We can measure this energy of vacuum in a lab, and it
matches our theories.
But if we scale this theory to the universe, it's 122 digits
larger than the total energy in the universe.
Furthermore, this is a vivid example of the "cosmic finetuning problem." If this value was not so inexplicably
small, the universe could not be stable.
But if the laws of physics are to explain the full existence
of the universe, it should be able to predict these constants
from first principles. We can't just have arbitrary
parameters that we can tune.
But the leading explanations we have today involve
"anthropic selection":
Out of infinitely many possible multiple universes, the
stable ones that allow our existence were "selected."
But multiverses are not empirically testable!
The substance of this quantum space-time is the seat of
a foundational conflict. You see, space and time follow
general relativity, whose framework describes an
absolute reality.
Quantum mechanics governs everything else -- every
particle, every other force known.
Recall there is no such thing as an "empty" space-time,
because all quantum states are probabilistic.
These states have energy, and therefore mass.
So the inertial reference frame -- Newton's absolute spacetime -- is dynamically dragged by this quanta of mass!
A likely path of reconciliation is that space-time might
be relational. There is no absolute reality, no universal
background for everyone. The only things well-defined
are quantum relationships between events and observers.

So if quantum relationships form the basis of space-time,
do quantum probabilities describe true "reality"?
Forget about space-time for a second, and let's go back to
conventional quantum, with particles.
There is a principle of irreducible uncertainty, when you
try to measure position and momentum at the same time.
You have one fewer dimension of information, or
independent degree of freedom.
If you shoot particles of light at a screen, and localize
their position with a narrow slit, it makes the direction
of momentum uncertain and probabilistic.
What if you put a detector over a slit to measure the path
of each particle? The probabilities disappear.
The possible interpretations: 1) Epistemic uncertainty –
There is some absolute underlying reality, and the laws of
physics are deterministic, but we do not know or observe
the hidden information.
2) Ontic indeterminacy – Nature "has not decided on" any
definite outcome. The probabilities, and the lack of definite
information, are fundamental realities.
The adjudicating test is the total amount of information.
This is quantified by Bell's inequality in an EPR test -A source emits two particles in opposite directions, and
position or momentum are measured at large separation.
If we really had fundamental indeterminacies, quantum
mechanics says both particles are part of a single system
extended across the large separation, sharing a smaller
total information content.
If you measure one particle, that is not a degree of
freedom independent from the other particle, because
they are entangled.
This means that one measurement can instantly determine
the uncertainty in the other, faster than light, faster than
information itself can travel.
Einstein called this "spooky action at a distance" and
thought it would violate causality -- the consistent
relationship between cause and effect in relativity.
In extensive Bell tests over several decades, there is now
overwhelming evidence that nature is fundamentally
indeterminate. But a few loopholes remain:
1) Free will was assumed: We can "randomly" choose
what to measure -- position or momentum -- each time.
But if the laws of nature are deterministic, they would
also determine our choices. So the argument is circular.
2) What if both choices were influenced by common
events in the past?
Both these loopholes might be avoided by using signals
from distant cosmic phenomena to make the choice.
3) But these are diagrams drawn in space-time. Are
the causal structures and symmetries of space-time
exact and absolute?

So now we have to consider quantum
indeterminacies in space-time itself.
Entangled particles of light actually follow
causal structures.

Can we test this structure, and the "reality" of
space-time?

We can use Michelson's interferometer, but with a
bend, so the light path probes through the causal
structures.
Sensitivity needed: 1 over 10 million of an atom
over the length of a football field, measured faster
than light can travel across the device.

We need 10^29 particles of light.

We built this experiment at Fermilab, the Holometer.

We've demonstrated that our clocks and rulers
are more than sensitive enough. We are currently
collecting real data.

If there is an irreducible quantum uncertainty above
our limit, it means space-time itself is pixelating like
a limited-resolution digital photograph.
The correlated shapes in this pixelation will tells us
the structure of quantum space-time.

Just like a compressed JPEG photograph, this
uncertainty reflects the information content of
space-time. Recall the "background space-time" -a 3+1 dimensional coordinate system.
But if there is this fundamental quantum uncertainty
in space-time at our level of sensitivity, that means
there is one fewer dimension of information.
It's similar to how the uncertainty principle gives us
one fewer independent degree of freedom.
This means that the universe we live in is like a
hologram -- we perceive three dimensions, but
really, there is only two dimensions' worth of
information.

This sounds crazy. But there is actually strong
indirect evidence for this.
We know that the entropy of a black hole, the
amount of information in it, is proportional to the
2D surface area, and not its 3D volume.
There is a holographic upper limit on the
information density of the universe, because
anything denser will have too much energy and
collapse into a black hole.
So this connects back to the energy of empty space!
We are observers on the fabric of space-time. We
are bound by its structure and reality.
Our epistemology is limited by the foundational
principles of its governing laws.
What we can learn about its ontology holds the
answer to these most essential questions about our
existence: all these ones we've mentioned, and –
The "arrow of time," and the beginning of time.
We must carefully think about the boundaries of
scientific truth.
If we experimentally confirm a theory, but it
describes the "reality" of our space, time, and
free choice, what are the limits of this circular
epistemology?
Also, more and more theoretical solutions to
our remaining open problems are entirely in the
mathematical realm.
If the best explanation for our particular existence is:
1) a landscape of string theories in the multiverse...
2) or, say, a theory that matches existing observations
in nature, and is elegant, simple, and "natural," but is
beyond the empirical regime, or makes predictions
containing tunable parameters that cannot be
falsified...
We may have to accept that we have encountered
fundamental limits, because the integrity of science
is more important than our hubris.

