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THE DOUBLE SLIT EXPERIMENT...
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THE DOUBLE SLIT EXPERIMENT...




THE DOUBLE SLIT EXPERIMENT.




IN QUANTUM SCIENCE...

VOLUME 87, NUMBER 16 PHYSICAL REVIEW LETTERS

Diffraction of Complex Molecules by Structures Made of Light

Olaf Nairz, Bjorn Brezger. Markus Arndt, and Anton Zeilinger

Universitdt Wien, Institut fir E.\'perinwnIalph.\"s’ik. Boltzmanngasse 5. A-1090 Wien, Austria
(Received 1 June 2001: published 26 September 2001)

We demonstrate that structures made of light can be used to coherently control the motion of complex
molecules. In particular, we show diffraction of the fullerenes Cgo and Cpo at @ thin grating based on
a standing light wave. We prove experimentally that the principles of this effect, well known from
atom optics, can be successfully extended to massive and large molecules which are internally in a
thermodynamic mixed state and which do not exhibit narrow optical resonances. Our results will be
important for the observation of quantum interference with even larger and more complex objects.




IN QUANTUM SCIENCE...

A particle can go through a
superposition of both slits!

lp) =10) + 1)



IN QUANTUM SCIENCE...

Measuring the particle position causes 10) + |1) = |0)
Its quantum state to collapse



Good Bombs have photo-detectors
that, when seeing a photon, explodes.

We have a stockpile of Single-Photon
activated bombs — but some of them
are duds.

>

Bad bombs do not interact with
photons
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.i . f ) g ye We have a stockpile of Single-Photon
w o O J activated bombs — but some of them

P2 W 5 are duds.

How do we make sure every bomb works
without blowing all of them in the process?



QUANTUM BOMB DETECTOR:

Photons cannot emerge on the top
path due to destructive interference

Interference forces photon emerge
from lower path



QUANTUM BOMB DETECTOR:

A Dud will not affect this interference.

Detector here sees
nothing



QUANTUM BOMB DETECTOR:

50% chance of detecting
photon

A real bomb can detect photons, and thus destroys the interference pattern.



QUANTUM BoOmMB DETECTOR:

Detecting a photon here will allow us
to verify a Bomb works, without
activating the bomb!

Seeing without Looking: This interference pattern is still destroyed, even when the Bomb
never interacts with the photon! (experimentally verified 1994)



ABANDONING LOCAL REALITY...

“Everything we call real is made of things that
cannot be regarded as real. If quantum
mechanics hasn’t profoundly shocked you, you
haven’t understood it yet.”

- Niels Bohr

Quantum theory is not locally realistic

A system can exist in a superposition of different configurations.



ABANDONING LOCAL REALITY...

“Everything we call real is made of things that
cannot be regarded as real. If quantum
mechanics hasn’t profoundly shocked you, you
haven’t understood it yet.”

- Niels Bohr

Schrodinger’s Cat |Dead) + |Alive)




ABANDONING LOCAL REALITY...

“God does not play dice with
the universe.”

- Einstein

“I don’t like it, and I’'m sorry | had anything to
do with it.”

- Schrodinger
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DR YUKALOT PROVES THAT CATS
DON'T HAVE WAVE PROPERTIES 3
THEREBY LAYING TO REST,
ONCE AND FOR ALL THE PROBLEM

OF SCHRODINGER'S CAT.



THE 2NP QuANTUM REVOLUTION (1980 — PRESENT)
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Quantum Cryptography Quantum Causal Modelling
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William of Ockham

“We are to admit no more causes of natural
things than such as are both true and sufficient

OccaM’s RAZOR

‘Plurality is not to be posited without necessity.”

to explain their appearances.”

CORE PRINCIPLES IN RESEARCH
i %

OCCAM'S RAZOR

"WHEN FACED WITH TWO PoScile

EXPLANATIONS, THE SIMPLER OF

THE TWO 1S THE ONE MOST
LIKELY TO BE TRUE."

OCCAM'S PROFESSOR

"WHEN FACED WITH TWO POSSEBLE WAYS OF
DONG SOMETHNG, THE MORE COMPLICATED
ONE 1S THE ONE YOUR PROFESSOR WILL

MOST LIKELY AGK You TO DO."
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Isaac Newton
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Past

Without any understanding, every possible
past is a potential cause of future events.

Future



Past

The better we can isolate the causes of natural
things, the greater our understanding.

Future
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THE MODEL THE REQUIRES THE LEAST INPUT INFORMATION IS PREFERRED.
(AS QUANTIFIED BY INFORMATION ENTROPY)



OPERATIONAL IMPLICATIONS

A - £
Output retrieved by \/ prass

measurement If understanding the
_ dynamics of a
phenomena requires
Computable e e
: implementation
Function f(X,Y) of f simulates the
phenomena must store
X.

---------- >
Input encoded

within physical system




PROGRAMMING THE MATRIX

Suppose you’re a programmer
for the matrix

You are tasked to program an object to
replicate a particular desired behaviour.

What is the least amount of past
information you need to store?



STOCHASTIC PROCESSES

Find a systematic method to
configure a system S into some
state s for each past X, such that its
information entropy is minimal,

and P(X|X = %) =P(X|S = s)




BRUTE FORCE APPROACH..

S, — Construct a system that stores each possible
X past in a separate configuration.

Random Processes would
require infinite memory!

Set of All Pasts




A MORE REFINED METHOD

Suppose two pasts have statistically identical futures

P(X | X =%)=P(X|X =X%,)

The information needed to
distinguish the two is irrelevant to
the future of the process and can
thus be discarded.

Set of All Pasts




A MORE REFINED METHOD

Two different possible pasts belong to
the same group if they have coinciding
futures.

Divide the set of all pasts into
groups (subsets), referred to as
Causal states.




A MORE REFINED METHOD

An Epsilon Machine stores only
which causal state the process is in.

Divide the set of all pasts into
groups (subsets), referred to as
Causal states.




THE SIMPLEST MODEL... EPSILON MACHINES

The Stochastic Process can then be
completely defined by transition probabilities
on the causal states.

Probability a Stochastic process

in Causal state Sjwill emit
output 'r’ and transition to Sk

An Epsilon Machine stores only
which causal state the process is
in.




TH E Sl M PLEST M O D E L. .. Probability the process

is in Causal State S;

Internal Entropy

\

/ (Amount of information needed
to dtinsguish the causal states)

To simulate a sequence of random coin flips....

We have a process with exactly 1 Causal State

No Information about the Past is required!



Probability the process

STATISTICAL COMPLEXITY s n Cousal State .

Internal Entropy

\ ety >
g CESITTE =

) (Amount of information needed
/ to communicate the causal state)

Cy Is a intrinsic property
of a stochastic process

that is a signature of
complexity and structure.

e-machines are the provably

simplest classical models

“Crutchfield, Young, Phys. Rev. Lett. 63, 105—-108 (1989)



Dripping Faucets

STATISTICAL COMPLEXITY

Ising Models

Pseudo-random
Number generators.

Cy Is a intrinsic property

of a stochastic process
ge-machines are the provably
simplest classical models

that is a signature of
complexity and structure.

— —— e ————————
Crutchfield, Young, Phys. Rev. Lett. 63, 105-108 (1989)




HIGH COMPLEXITY!

(0]:1p]3:{F>) RANDOM

L_

oW COMPLEXITY

Low COMPLEXITY

PENDULUMS IDEAL GASES




STATISTICAL COMPLEXITY

NIRRT Y m
sinininln :

LA il L
xIniulnly STATISTICAL Statistical

NN INy q
. COMPLEXITY = 0 Complexity =0
FOR UNIFORM PROCESS for random sequence.




UNAVOIDABLE INEFFICIENCY

Amount of information past contains about the
future (mutual information between past and
future)




UNAVOIDABLE INEFFICIENCY

The optimal model generally require
Input of entropy C, > E!

Amount of information past contains about the
future.

—

J. Crutchfield, C. Ellison, and J. Mahoney, ‘Time’s Barbed Arrow: Irreversibility,
Crypticity, and Stored Information’ Phys. Rev. Lett 103, 094101, (2009)
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CASE STUDY: THE PERTURBED COIN

Flips with
probablllty q
9 Output:
State of Coin
Repeat
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CASE STUDY: THE PERTURBED COIN

We cannot discard information about the state of the coin.



CASE STUDY: THE PERTURBED COIN

Optimal classical system for generating P(X, X)
has information entropy of 1, for any q # 0.5

But as g— 0.5, the process tends towards a completely random sequence!
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Which Past did | come from?
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This model still stores unnecessary information!



CAN QUANTUM DO BETTER?

Quantum
Model

Classical Model






A quantum model can perform
superposition of both!




FROM BITS TO QUBITS...
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FROM BITS TO QUBITS...
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Po = 0.5 |l s p1 =05
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ENTROPY = 1
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(CERTAINTY) g 1)




FROM BITS TO QUBITS...

(S

ENTROPY =0

- ENTROPY = 1

ENTROPY =0




FROM BITS TO QUBITS...

(S

ENTROPY =0

- ENTROPY = 1

ENTROPY = 0




FROM BITS TO QUBITS...




FROM BITS TO QUBITS...

Z A
ANY POINT ON SURFACE OF
SPHERE IS A QUANTUM STATE
WITH ZERO ENTROPY.

A 4




FROM BITS TO QUBITS...

ZA

i e

|$) = al0) + b|1)

ANY TWO STATES ON OPPOSITE
POINTS OF THE SPHERE CAN BE
PERFECTLY DISTINGUISHED
FROM EACH OTHER.

STORING AN EQUAL MIX OF
THESE STATES ALLOWS A CODE
THAT STORES 1 BIT OF
INFORMATION




FROM BITS TO QUBITS...

(0]1) >0

[——

ANY OTHER PAIR OF STATES

CANNOT BE PERFECTLY
DISTINGUISHED.

4

P

0) = a|0) + b|1)

.

0.5 P=0.5
) B

." ENTROPY < 1

[
L

1) = b|0) +a|1)

X

STORING THIS INFORMATION
REQUIRES LESS THAN 1 UNIT
OF ENTROPY!



FROM BITS TO QUBITS...

THE LESS WE NEED TO
DISTINGUISH TWO STATES,
THE LESS MEMORY REQUIRED
TO STORE THEM.



THE POWER OF NON-REALITY

S1 W8
(’_\\
S &
‘, ‘\
=N S3
Classical models must allocate Quantum systems can exploit the lack of
enough storage to distinguish every reality to distinguish causal states only

causal state to the degree that they affect the future.
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QUANTUM /
IS SIMPLER!

THEOREM

Provided the best classical model for a
stochastic process stores some unnecessary

information, there exists a simpler quantum
model

M.Gu, K.Wiesner, E.Rieper, V.Vedral, Nature Communications, 3, 762
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Which Past did | come from?

N\
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This model still stores unnecessary information!



SIMPLIFYING Encode a5 [0) = v/g|0) + /1 —q|1)

WITH QUANTUM  Encode € as|D) =1 -gi0) +g]1)

S N

1ENTROPY <1

STORING THIS INFORMATION
REQUIRES LESS THAN 1 UNIT
OF ENTROPY!




SIMPLIFYING Encode a5 [0) = v/g|0) + /1 —q|1)
WITH QUANTUM Encode = as|1) J1 - |O)+\/_|1)

" {

As g — 0.5, the quantum
model takes asymptotically
no memory.




SIMPLIFYING Encode “ a5 [0) = v/g|0) +/1 — q|1)

WITH QUANTUM  Encode &5 as 1) =1 =gl0) +vall)

Memory of Simulator < 1 at all times

|S(k+1))

Blank Tape



Laser

SCIENCE ADVANCES | RESEARCH ARTICLE

QUANTUM MECHANICS

Experimentally modeling stochastic processes with less
memory by the use of a quantum processor

Matthew S. Palsson,’ Mile Gu,*** Joseph Ho,' Howard M. Wiseman,'* Geoff J. Pryde'*

Computer simulation of observable phenomena is an indispensable tool for engineering new technology,
understanding the natural world, and studying human society. However, the most interesting systems are often
so complex that simulating their future behavior demands storing immense amounts of information regarding
how they have behaved in the past. For increasingly complex systems, simulation becomes increasingly difficult
and is ultimately constrained by resources such as computer memory. Recent theoretical work shows that quantum
theory can reduce this memory requirement beyond ultimate classical limits, as measured by a process’ statistical
complexity, C. We experimentally demonstrate this quantum advantage in simulating stochastic processes. Our
quantum implementation observes a memory requirement of Cg = 0.05 * 0.01, far below the ultimate classical
limit of C = 1. Scaling up this technique would substantially reduce the memory required in simulations of more
complex systems.

2017 © The Authors,
some rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

Science Advances
J 03 Feb 2017: Vol. 3, no. 2, e1601302
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SCIENCE ADVANCES | RESEARCH ARTICLE

QUANTUM MECHANICS

Experimentally modeling stochastic processes with less
memory by the use of a quantum processor

Matthew S. Palsson,’ Mile Gu,*** Joseph Ho,' Howard M. Wiseman,'* Geoff J. Pryde'*

Computer simulation of observable phenomena is an indispensable tool for engineering new technology,
mummmmmm.w,mmmwmnm
wcmmmmuwmﬂwmmsmmmudumwm

theory

mM,Cchwmmqmmmmmmmemw
quanmmlnplememaﬂot\observesamemotyreqdnmﬂltdcq=o.0510m,htbewmm&mtedasskﬁ|
IimltofC=I.Mwmkmmmuwmmemmmdm
complex systems.

License 4.0 (CC BY-NC).

Science Advances

QUANTUM

03 Feb 2017: Vol. 3, no. 2, e1601302



QUANTUM

INFORMATION COMPLEXITY

SCIENCE

WHAT APPEARS COMPLEX CAN DEPEND FUNDAMENTALLY ON
WHAT SORT OF INFORMATION THEORY WE USE!



OUTLOOK = QUALITATIVE DIVERGENCES

COMPLEXITY
- —)

COMPLEXITY OF A SPIN CHAIN

—o—0—0—0~

CLASSICAL
COMPLEXITY

QUANTUM COMPLEXITY

I
7 8 9

10 EXCESS ENTROPY

TEMPERATURE

Suen, Whei Yeap, et al. "The classical-quantum divergence of complexity in the Ising spin

chain." arXiv:1511.05738 (2015).



OUTLOOK= QUALITATIVE DIVERGENCES

Classical Quantum | Classical Quantum

Consistent

Aghamohammadi, C., Mahoney, J. R., & Crutchfield, J. P. The Ambiguity of Simplicity.
arXiv:1602.08646.



OUTLOOK = QUALITATIVE DIVERGENCES

25¢

20-

15

10

Classical Memory C,

Quantum Memory H,

10 15 20

25

GROWING Xt+1 — Xt +Y

CLASSICAL
COMPLEXITY

BOUNDED
QUANTUM
COMPLEXITY

‘Unbounded memory advantage of Stochastic Simulation’, arXiv:1609.04408




OUTLOOK - THERMODYNAMICS
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Andrew J. P. Garner, Jayne Thompson, Vlatko Vedral, and Mile Gu The thermodynamics of
complexity and pattern manipulation, arXiv:1510.00010



UTLOOK = INTERACTIVE SYSTEMS

INPUT X,

OuTPUT Y;

np) | Quantum Informatio

ARTICLE

Using quantum theory to

n

simplify

Jayne Thompson', Andrew ). p. Garner', Viatko Vedral'** and Mile Gu'**®

All natural things process and transform information. They receive envuonmenla\ information as input,

appropriate output responses- Much of science is dedicated to building models of such
inpu(/outpu( behavior that allow us to simulate how such systems can behave in the future, conditioned on what has ranspired in
nformation that is unnecessary for correct
future simulation. We construct quantum models that mitigate this waste, whenever it is physica!ly possible to do sO-. This suggests

the past. Here, we show that classical models cannot avoid ‘\nefﬁciency——sxoving past i

that the complexity of general input-output processes depends fundamentally on what sort of inform

describe them.

npj Quantum Information (2017)36: doi:lO.\OEBlsM 534-016«0001-3
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Summary

QUANTUM SYSTEMS ARE NOT LOCALLY REALISTIC
A quantum system can be simultaneously in two
different states at the same time.

THIS ALLOWS THEM TO BETTER ISOLATE CAUSES OF NATURAL THINGS
Quantum models can generate a future prediction using
less past information than classical possible

25
20
QUANTUM SIMPLICITY: 15
Many systems may look at simpler, if we can model !
or simulate them gquantum mechanically o




God does not play dice
with the universe...

Pon’ t fell god what he can and

\oanfdo...
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The Quantum
Epsilon Project

Sharpening Occam's Razor fERHRR
with Quantum Mechanics

N National University
of Singapore

Reality's quantum nature is its most inexplicable feature. The outcome of every observation we make can ultimately be
written on classical pieces of paper. Why would understanding this classical data merit non-classical logic? This puzzle
has pushed a heated search for fundamental physical principles to justify why reality is quantum mechanical.

The Quantum Epsilon Project has been formed through the auspices of the

to explain this paradox. We seek to isolate quantum theory from philosophical principles, that arise from a
novel interplay of the foundational ideas in computational mechanics and quantum theory. The former to
capture the ideal of Occam's Razor — the preference for understanding reality through the least
extraneous causes. The latter to understand exactly how this notion of ‘least extraneous causes’ depends
on what sort of information theory we use. Together these concepts suggest an intriguing new line of
inquiry: could the desire for simplicity isolate quantum theory as the ideal way to understand reality?

WWW.QUANTUMEPSILON,COM



THE QUANTUM AND COMPLEXITY SCIENCES INITIATIVE AT SINGAPORE
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Experimentally modeling stochastic processes with less

Computer simulation of observable phenomena is an indispensable tool for engineering new technology,
understanding the natural world, and studying human society. However, the most interesting systems are often
so complex that simulating their future behavior demands storing immense amounts of information regarding
how they have behaved in the past. For increasingly complex systems, simulation becomes increasingly difficult
and is ultimately constrained by resources such as computer memory. Recent theoretical work shows that quantum
theory can reduce this memory requirement beyond ultimate classical limits, as measured by a process’ statistical
complexity, C. We experimentally demonstrate this quantum advantage in simulating stochastic processes. Our
quantum implementation observes a memory requirement of C, = 0.05 + 0.01, far below the ultimate classical
limit of C = 1. Scaling up this technique would substantially reduce the memory required in simulations of



