








Do quantum probabilities describe true reality?

Heisenberg's uncertainty principle for particles: ~ Ax Ap > h/ 2
© One fewer dimension of information, or independent degree of freedom.

Each particle acts like it takes
a superposition of paths.

But the probabilistic paths
collapse if we try to detect
them individually!
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A great debate about the nature of reality...

Epistemic Ontic
uncertainty indeterminacy
The laws of physics are deterministic. Nature “has not decided on" a definite
There is an absolute underlying reality. outcome “before it is observed.”
We just do not know or observe the @ The probabilities of quantum mechanics,

and the lack of definite information, are
fundamental realities.

hidden information.

“l, at any rate, am
convinced that God
does not throw dice.”

“Einstein, stop telling God what to do!”

“Everything we call real is made of things

that cannot be regarded as real.”
— Albert Einstein

— Niels Bohr
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The referee: What is the total amount of information?
The Einstein-Podolsky-Rosen “paradox”
[x) () b |x)
lp) < o > |p)
Bell’s inequality If quantum indeterminacies are fundamental, both

particles are part of a single system extended across
the separation, sharing a smaller total info content.

Entanglement: Measuring one particle is not a
degree of freedom independent from the other one.

“Spooky action at a distance”: One measurement
instantly determines the uncertainty in the other—
faster than light, faster than information can travel.

A violation of causality?
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Cosmic tests of free will, determinism, and absolute causality

Over decades of Bell tests, nature has overwhelmingly favored fundamental indeterminacy. But...
Free will assumed: We can "randomly” choose what to measure— say, x or p— each time.

Circular argument: If the laws of nature are deterministic, we have no such freedom of choice.
Random-number “choices”: Could both be "determined” by common events in the past?
These loopholes may be avoided by “choosing” with signals from distant cosmic phenomena.

Space-time diagrams: Are these causal structures and symmetries exact and absolute?
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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?



A bridge connecting foundational principles of reality...

o Study the structures and symmetries of quantum indeterminancies in space-time itself! So now we have to consider quantum
o Relativity and QM: Entangled particles of light actually follow exact causal structures. indeterminacies in space—time itself.
o Probe correlations in space-time, with world lines and light cones as building blocks.

World line of Entangled particles of light actually follow

source causal structures.
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A bridge connecting foundational principles of reality...

“Just as the proper recognition of this atomicity requires Can we test this structure, and the "reality" of
b in the electromagnetic theory a modification in the use

of the field concept equivalent to the introduction of the
concept of action at a distance, so it would appear that
in the gravitational theory we should be able in
principle to dispense with the concepts of space
and time and take as the basis of our description
of nature the elementary concepts of world line
and light cones.”

space-time?

— J. A. Wheeler

American Philosophical Society
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Design for an empirical probe: a bent Michelson interferometer

o Sensitivity needed: 1/10,000,000 of a single atom over the length of a football field. We can use Michelson's interferometer, but with a
o Sampling rate: Must measure faster than the timescale of light travel across the apparatus. bend, so the light path probes through the causal
2 _ T res.
t <ij_>p =(pL structures

=PSD tp 12 Sensitivity needed: 1 over 10 million of an atom
x Bandwidth ¢/L  over the length of a football field, measured faster
than light can travel across the device.
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Design for an empirical probe: a bent Michelson interferometer

o Planck: If the cosmic horizon was scaled to a grain of silt, what a grain of silt would become.

o Superluminal sampling: Measurements must be made before quantum states decohere. We need 10729 particles of light.
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The Fermilab Holometer!
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First-generation Holometer: sensitivity demonstrated, null control at 0.1 Planck scale
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Left: Independent bins at 1.9 kHz resolution.
Right: Rebinned to 100 kHz, Planck units.
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© 145 hour data — PRL 117, 111102 (2016) °
© 704 hour data — CQG 34, 165005 (2017)
@ Instrumentation — CQG 34, 065005 (2017)

Example spectrum of tp sinc2(7rfL/(:). the auto-
correlation of a flat “boxcar” response at scale L.

©

Second-Generation Holometer operational,

o Dimensionless strain, normalized to L = 39 m. with similar systematics and backgrounds.
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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.



We live in a holographic universe— a 2D limit on information content

The entropy of a black hole— the amount of information in the system— is proportional to
the 2D “surface area” of its horizon! Standard entropy scales with system size— 3D volume.
kA

Spy = —
BH 4(?3

Any system with higher information
density has too much energy and will
gravitationally collapse into a black hole —
objects “made out of" pure space-time.

In the current standard theory, the energy
of vacuum — or “empty space”’— in a
Gyeonggi-do sized sphere will be sufficient
to bring that fate!

Samsung Scholarship Open Talk

Ohkyung Kwon July 2, 2018 20 /21

The limits of empirical epistemology, and the integrity of science.

We are observers on the fabric of space-time. ~ Our epistemology is circular:
We are bound by its structure, “reality,” and

foundational principles, as we ask:

o We empirically “confirm” a theory's predictions.

o The theory describes the “reality” of our space,
o How does our stable universe exist? time, and free choice.

© Are the laws of nature deterministic? Many proposed explanations to our open problems —

o What is the reality of space-time? and our existence— are purely mathematical:

o Are space and time themselves o A landscape of string theories in the multiverse.
fundamentally indeterminate?

o A theory that matches existing observations in
Are causal structures absolute?

nature, and is elegant, simple, and “natural,”
but is beyond the empirical regime, or makes
predictions that contain tunable parameters
that cannot be falsified.

o Is the “arrow of time" explained by
thermodynamics in the full quantum
system that includes space-time?

@ Does time have a beginning without
a boundary, with no extrinsic domain
or cause?

What fundamental limits will we have to accept?
What are the boundaries of scientific truth?
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We are building a team for the next stage of the Holometer program. Join

scl Aaron S. Chou,' Richard Gustafson,” Craig Hogan," Brittany Kamai,™* Ohkyung Kwon,*® Robert Lanza,** NSF
FNAL Lee McCuller, ™ Stephan S. Meyer," Jonathan Richardson,™' Chris Stoughton,' Raymond Tomlin," Samuel Waldman,” and Rainer Weiss® NASA
DOE 'Fermi National Accelerator Laboratory 2University of Michigan ~ University of Chicago NRF
KICP *Vanderbilt University *KAIST Massachusetts Institute of Technology SpaceX Templeton

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.





