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Time?

Time in quantum mechanics:

a classical system!

it indicates what is shown 
on the clock on the lab wall.

BUT... classical systems don't exist

a classical parameter in the Schroedinger eq.

in a consistent theory of quantum mechanics
(they're just a limiting situation)
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Quantum Time

then use a quantum system as 
a clock 

e.g. a quantum particle on a line
(or any other quantum system)

eigenbasis

(define “time” as “what is shown on a clock)



  

system Hilbert space
time Hilbert space

The PWAK mechanismThe PWAK mechanism

Page and Wootters [PRD 27,2885 (1983)]
Aharonov and Kaufherr [PRD 30, 368 (1984)]



  

system Hilbert space
time Hilbert space

constraint operator: clock “momentum” 

system Hamiltonian

The PWAK mechanism

Page and Wootters [PRD 27,2885 (1983)]
Aharonov and Kaufherr [PRD 30, 368 (1984)]



  

system Hilbert space
time Hilbert space

constraint operator:

all physical states satisfy the constraint:
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system Hamiltonian

The PWAK mechanism

Page and Wootters [PRD 27,2885 (1983)]
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system Hilbert space
time Hilbert space

constraint operator:

all physical states satisfy the constraint:

bipartite state on 

clock “momentum” 

system Hamiltonian

WdW 
eq.

The PWAK mechanism

Page and Wootters [PRD 27,2885 (1983)]
Aharonov and Kaufherr [PRD 30, 368 (1984)]
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How does conventional qm fit in?

The conventional state: from conditioning 

● to the time being t:

● to the energy being w:

“position” representation=Schr eq.

“momentum” representation=time indep. Schr eq.

( )

( )



  

conventional qm arises in this 
framework through conditioning.

                 is a conditioned state: 
the state given that the time was t

0



  

Criticisms to 
time quantizations



  

Pauli: “time cannot be quantized, because a 
time operator that is a generator of energy 
translations implies that the energy is un-
bounded (also from below)” 
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Pauli: “time cannot be quantized, because a 
time operator that is a generator of energy 
translations implies that the energy is un-
bounded (also from below)” 

Peres: “if energy generates time translations 
and momentum generates position 
translations, then the Hamiltonian and the 
momentum operator should commute always”

Kuchar: “measurements of a system at two 
times will give the wrong statistics: the first 
measurement 'collapses' the time d.o.f. and 
the system remains stuck”



  

Same mechanism for spacetime?



  

Take home message

A quantization of time 
based on conditional 
probability amplitudes

Lorenzo Maccone
(maccone@unipv.it)

Seth Lloyd

Vittorio Giovannetti

PRD 92, 045033
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Saving Spacetime 
from Entanglement

Ken Wharton 
Dept. Physics and Astronomy 

San Jose State University



There are only three 
Unification Strategies

1: QFT is more fundamental: GR is emergent    
(Therefore we should quantize gravity.) 

2: Both are emergent from something much more 
fundamental. (Causal sets, etc.) 

3: GR and spacetime are more fundamental.   
Therefore we should explain QM/QFT in terms of 
spacetime-based “beables”.

GR QFT



Doesn’t entanglement  
rule out option #3?

• Bell’s and other no-go theorems are only as strong as 
their assumptions. 

• They all assume the past is statistically independent of 
future measurement choices.  (The so-called 
retrocausal loophole.) 

• If one can stop thinking of the universe as a computer, 
there are many reasons to consider retrocausality:          
Time symmetry, Lagrangian-style “all at once” 
analysis, and the block universe spacetime of GR. 



 Retrocausality is no longer 
a reputation trap.

Physics: Richard Feynman, Yakir Aharonov                            
Philosophy of Science: Huw Price 

Peter Evans, Sean Gryb, Karim Thébault: arXiv:1606.07265 

Matthew Leifer and Matthew Pusey:  "We conclude that the most 
plausible response to our result, other than giving up Realism, is to 
posit that there might be retrocausality in nature. At the very least, 
this is a concrete and little explored possibility that holds the promise 
of evading almost all no-go theorems in the foundations of quantum 
theory, so it should be investigated further.”  arXiv:1607.07871 

Watch out for exciting new results from Emily Adlam (Cambridge); 
implications for firewalls, no-signaling, etc.



My Research: explicit retrocausal 
models (in a 4D Block Universe)

• Builds off of Lawrence Schulman’s explicit single qubit 
model. (arXiv:1310.2602 ) 

• Completed: spacetime-local extension to all 2-qubit 
maximally entangled states.  (KW, 1403.2374,1510.03706) 

• Coming soon: an extension to all partially entangled 
states (using “second order qubits” from 1411.4999) 

• Current Research Goal: map onto gates of generic 
quantum circuit, solve “all at once” without using any  
ontological configuration space.  

If successful, perhaps spacetime can be saved!
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A Solar-System-Sized Double-Slit Experiment:  
To Compare Quantum and Relativistic Time(s)  

Dr. Laurance R. Doyle  
FQXi Lightning Talk



Wheeler Delayed-Choice Double-Slit Experiment

quasar

A

B
galaxy

B+gal   A

Lensed Images

Delay time = B - A
     = 1.14 light years for
The quasar QSO 0957+561
 Distance to quasar
 is about 7 billion 
 light years 

path A

path BIntersection of
 both paths A and B

Fiber optics cable



Very narrow
 band SETI
 radio signal
 detectors 
 highly constrain
 the energy 

The ability to measure any path length differences
 is “erased” by the uncertainty principle, but this 
 takes place 7 billion years after the photons are 
 supposed to have left the quasar!   



Very narrow
 band SETI
 radio signal
 detectors (ATA)
 highly constrain
 the energy 

Using Planetary Radar as the 
Light Source

Transmission:
Arecibo

Detection: 
The ATA 
(42 antennas)

Important: We set the radio detectors to 
a narrow energy so that fringe visibility 
 depends  on the quantum uncertainty principle 
 time interval (to be compared with the
 gravitational general relativity time interval)





Arecibo Radio Observatory, Puerto Rico



NASA Goldstone Tracking Station 



The Allen Telescope Array (Hat Creek, California)
(The “ATA,” SETI Institute) 



National Radio Astronomy Observatories Very Large Array 







The New Physics is seeing
 if we can get General 
 Relativity (GR) and 
 Quantum Mechanics (QM)
 to “talk” to each other. 
 

The dispute may be largely over the nature
 of time:

GR --> 4-D warpable, observation
 independent, somewhat like “destiny.”

QM --> 3-D flat, observation dependent, 
 somewhat like “free will.” 



We have already started Moon bounces to test the 
 interferometric properties over astronomical distances 



1. Eclipsing Binary Pulsar 2. Einstein Cross

3. Einstein Ring
4. Gravitational Lensing Galaxies

Increasing Delay Times for Gravitational Lens Sources
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Multipath interference experiments rattle quantum 
mechanics' pillars

Gregor Weihs
Institute for Experimental Physics - University of Innsbruck 
Institute for Quantum Computing – University of Waterloo



Multipath interference experiments rattle quantum mechanics' pillars

Three Slits A  B  C

 

 

 

Rafael D. Sorkin,  
Quantum Mechanics as Quantum Measure Theory,  
Modern Physics Letters A 9, 3119-3127 (1994).

Hypothetical three-path (second order) interference term:

 



Multipath interference experiments rattle quantum mechanics' pillars

Testing for higher-order interference

U. Sinha, et al., in FPP-5, AIP Conference Proceedings 1101, 200 (2009).

 

 

 

 Second order interference
First order interference



Multipath interference experiments rattle quantum mechanics' pillars

Laser 
(404 nm)

Detectors PBS
PPKTP 
crystal

Shutters
Diffractive  

beam-splitter
Phase-
plates

Lens

Laser 
(808 nm)

Experimental Setup



Multipath interference experiments rattle quantum mechanics' pillars

Result distribution



Multipath interference experiments rattle quantum mechanics' pillars

Peres test for quaternionic quantum mechanics

PRL 42, 683 (1979). 

 

 

ψA

ψB

γ
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Resonant	  optomechanics	  	  
with	  a	  vibrating	  carbon	  nanotube

Natalia	  Ares

FQXi's	  5th	  International	  Conference	  



Cavity	  optomechanics
Micromechanical	  motion	  

(CNT)
Electromagnetic	  radiation	  

(MW	  photons)





Quantum	  limited	  	  
displacement	  
measurements



Cavity	  optomechanics	  for	  quantum	  gravity	  ?
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Cavity	  optomechanics	  for	  quantum	  gravity	  ?



Cavity	  optomechanics	  for	  quantum	  gravity	  ?



Many	  thanks	  to…

E.A.L.	  Laird	  
G.A.D.	  Briggs	  

T.	  Pei	  
A.	  Mavalankar	  

M.	  
MergenthalerCollaborators	  

A.	  Cottet	  (Universite	  Paris	  Sud)	  
J.	  Warner	  (University	  of	  Oxford)	  

	  



Results
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“What happens?”  
in Computer Science

Tommaso Bolognesi, CNR, Pisa, Italy 

FQXi Conference - Banff - August 17-23, 2016



Algorithmic causal sets



Algorithmic causal sets from a ring automaton

pseudo-random and regular cases



mixed case
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DUAL FIELD THEORIES OF

QUANTUM COMPUTATION

VITALY VANCHURIN
UNIVERSITY OF MINNESOTA, DULUTH



QUANTUM MAZE

I What is the quantum maze?
I Consider a quantum system of N q-bits.
I All states are points on 2N dim. unit sphere separated by

distance O(1) if you were to move along geodesics.
I Now imagine that you are only allowed to move in O(N2)

orthogonal directions out of O(2N) and N is very large.
I More precisely, at any point you can apply only O(N) of

one- q-bit gates or O(N2) of two- q-bit gates.
I Then the relevant question is: what is the shortest distance

connecting an arbitrary pair of points on the unit sphere?
I Why study the quantum maze?

I If we knew how to solve the “quantum maze” problem we
would be able to design efficient quantum algorithms (or
construct quantum circuits).

I It was recently conjectured that black-holes are the fastest
quantum computers in nature and so in some sense the
black-holes know how to solve the “quantum maze”.



DUAL THEORIES
I Main idea is to describe the quantum maze problem through

variational principle of some dual theory.
I More precisely, we look for a dual theory whose Euclidean

action “equals” to comp. complexity of the shortest circuit,

ACTION['] = COMPLEXITY(| outi, | ini)
I For starters (and in the spirit of holography) we take

| ini =
2N�1X

i=0

'i(0)|ii | outi =
2N�1X

i=0

'i(T)|ii,

I Then the leading terms of the Lagrangian can be written as

L('i, '̇i) = A
1
2

2N�1X

i=0

'̇i'̇
i +

2N�1X

i,j=0

f (h(i, j))'i'
j + ...

where f (h(i, j)) is some function of Hamming distance h(i, j)
between strings of classical bits i and j.

I To suppress more than two q-bit gates we set f (h) = 0 for h > 2.



LATTICE FIELD THEORIES
I It turns out that the dual theory can also be viewed as lattice

field theory on a torus with (only) 2N lattice points.
I After some math we arrive at (lattice) Klein-Gordon theory

L('(x), @µ'(x)) =
1
2

gµ⌫@µ'
⇤@⌫'� 1

2
m2'⇤'

I The spatial manifold is flat and has topology of a torus

but with a hyper-rhombohedron fundamental domain.
I

Solutions of this dual theory would give us shortest circuit!?
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Too Much Reality is Barely Enough:
The Many Interacting Worlds Approach to QM

Howard M. Wiseman & Michael J. Hall & Dirk-André Deckert

Centre for Quantum Dynamics & U.C. Davis; LMU

Wiseman, Hall, & Deckert (Griffith University) Too Much Reality is Barely Enough FQXi, Banff, 2016 1 / 7



Types of Quantum Realism
1  (q, t) or | (t)i, despite its remoteness from the everyday world,

is all that is real. Many Worlds Interpretation

2  (q, t) or | (t)i, and something else more connected with the
everyday world, is real. HV Interpretations e.g. Bohm

3 Something else, which is connected with, but not limited to, the
everyday world, is real. e.g. Many Interacting Worlds

Wiseman, Hall, & Deckert (Griffith University) Too Much Reality is Barely Enough FQXi, Banff, 2016 2 / 7
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Ensemble of Bohmian trajectories: Repulsion?

Suggestive of trajectories
for a bunch of particles
which repel one another.

Why not take this literally?
Bill Poirier, “Bohmian
mechanics without pilot
waves” Chem. Phys.
(2010) developed this
theory for a continuous

ensemble of particles.
We think it is clearer to
imagine a finite (but very
large) ensemble: Phys.
Rev. X 4, 041013 (2014).

Wiseman, Hall, & Deckert (Griffith University) Too Much Reality is Barely Enough FQXi, Banff, 2016 3 / 7
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Many interacting worlds for a single 1D particle

Our idea: If we approximate | (q, t)|2 by the local density of
worlds, we can replace the quantum potential Q(q) by a function
of the positions of the nearby worlds.
e.g. toy model: the world-positions evolve via Newton’s equations

mẍ

n(t) = � @

@x

n

"
V (xn) +

X

n

0

Q

uip

3

⇣
x

n

0�1, xn

0
, xn

0+1
⌘#

.

where the “3-body” (3-world) “local” potential can be chosen as

Q

uip

3

⇣
x

n�1, xn, xn+1
⌘
=

~2

8m


1

x

n+1 � x

n

� 1
x

n

� x

n�1

�2
.

For N � 1, and suitable initial conditions, we can reproduce many
quantum phenomena.

Wiseman, Hall, & Deckert (Griffith University) Too Much Reality is Barely Enough FQXi, Banff, 2016 4 / 7



It certainly reproduces interference qualitatively

dB-B virtual ensemble,
guided by real wavefunction.

MIW real ensemble,
reconstructed wavefunction.

Wiseman, Hall, & Deckert (Griffith University) Too Much Reality is Barely Enough FQXi, Banff, 2016 5 / 7



What else?

Numerical method for finding ground
states of a 1D particle.
Many-particle formulation giving
Ehrenfest’s theorem,
quadratic-in-time wave-packet
spreading etc. analytically.

Excited states, dynamical nodes.
Stable numerics for multi-particle.
Describing measurement events, and
obtaining Bell-correlations for them.

5000 10 000 15 000
step

-4

-2

2

4

xn

Wiseman, Hall, & Deckert (Griffith University) Too Much Reality is Barely Enough FQXi, Banff, 2016 6 / 7
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Summary
The problems with quantum theory motivate the search for new
realistic interpretations.
Our radical new approach replaces the wave function with a vast
number of equally real interacting parallel universes.
We have the outline of a general theory for scalar particles.
We have reproduced a number of simple quantum phenomena
numerically or analytically.

Wiseman, Hall, & Deckert (Griffith University) Too Much Reality is Barely Enough FQXi, Banff, 2016 7 / 7
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Ariel&Bendersky1,2,&Gabriel&Senno1,2,&Gonzalo&de&la&Torre3,4,&San9ago&
Figueira1,2&and&Antonio&Acín3,4&
1&Departamento&de&Computación,&Universidad&de&Buenos&Aires&
2&Conicet,&Argen9na&
3&ICFOIThe&Ins9tute&of&Photonic&Sciences&
4&ICREAIIns9tucio&Catalana&de&Recerca&i&Estudis&Avançats&
&
&

FQXI%Conference,%Banff,%August%2016%
&
&
arXiv:1606.08403%

NonIsignaling&determinis9c&models&for&nonI
local&correla9ons&have&to&be&uncomputable&



Bell&nonIlocality&

Randomness&



Bell&nonIlocality&

Algorithmic&Randomness&



Determinis9c&models&for&q&physics&

y 

a b 

x 

Alice& Bob&

),,( yxbap

Bell%scenario%



Determinis9c&models&for&q&physics&

To&explain&the&nonIlocal&correla9ons&observed&when&measuring&
entangled&quantum&states,&a&determinis9c&model&should&use&a&
signalling&process.&
&
The&model&can&be&made&compa9ble&with&the&noIsignalling&principle&
only&if&the&process&remains&hidden.&&

y 

a=f(x) b=g(x,y) 

x 

Alice& Bob&

),,( yxbap

Bell%scenario%



Our&result&
If:&&
&
1.  the&determinis9c&func9ons&f&and&g&producing&the&

outputs&given&the&inputs&are&computable,&in&the&sense&of&
being&produced&by&a&Turing&machine,&and&

2.  the&users&have&an&upper&bound&on&the&complexity&of&
these&func9ons,&

Then:&
&
The&signalling&process&cannot&remain&hidden&and&the&users&
can&use&the&model&to&design&a&protocol&allowing&fasterI
thanIlight&communica9on.&
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BANFF, August 2016.

FQXI project

Quantum Rogue Waves as Emerging Quantum Events.

http://fqxi.org/grants/large/awardees/view/��details/2015/durt

Thomas Durt, Ecole Centrale de Marseille-Institut Fresnel.

with

Samuel Colin, Brazilian Center for Physics Research, Rio de Janeiro, Brazil.

Ralph Willox, Dept. of Mathematics, the Tokyo University.

Abstract of the Lightening Talk:

The linearity of Schroedinger equation is generally taken for granted, as a

corollary of the superposition principle. This is at the origin of several unsolved

issues: Schroedinger cat paradox, measurement problem, wave particle duality

and so on. At the other side, it is well-known that non-linear wave equations

admit particle-like solutions (solitons, rogue waves). In the light of de Broglie

double solution program formulated in 1927, we explore the possibility that

particle like behaviour could be explained in terms of non-linear corrections to

Schroedinger equation (self-interaction), possibly of gravitational nature.
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1. Non-linearity in Quantum Mechanics:

Some history.

• Already in 1909a, in a letter to Lorentz, Einstein suggests explicitly that a
non-linear modification of Maxwell’s equation would help to explain why
electro-magnetic waves behave as particles (photons) instead of spreading
indefinitely.

• The same idea plays a central role in de Broglie’s 1927 double solution

theory

b:
de Broglie refutes wave-particle dualism, and attempts to restore a purely
ondulatory ontology, arguing that the apparent stability (resistance to
spreading) of quantum wave packets, a typically corpuscular property, could
be explained in terms of a non-linear correction to Schrödinger’s equation.
Actually, what de Broglie describes in 1927 is a soliton, a concept that will
be popularized quite later.

aCollected papers of Einstein: The swiss years, correspondence 1902-1914, 5, (2004).
bBacciagaluppi, Guido; Valentini, Antony: Quantum Theory at the Crossroads: Reconsidering the

1927 Solvay Conference, Cambridge University Press, (2006)
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Several other attempts were realized in the following decades in order to incor-
porate a non-linear correction to Schrödinger’s equation:

• Bialynicki-Birula and Mycielskia.

• Weinbergb.

• Several attempts also invoked non-linearity as a fundamental tool in Spon-

taneous Localization Models (GRW, Pearle, Adler, Bassi, Diosi and so
on), with the aim of simultaneously solving the measurement problem and
explaining the localisation of macroscopic objectsc.

• Besides, a series of physicists (Penrose, Diosi and many others) remarked
that if we want to provide a quantum formulation of the gravitational inter-
action, it is not consistent to neglect the intrinsic nonlinear nature of gravi-

tational self-interaction

d .

• In parallel, it was recognised very early that the gravitational self-interaction
could have something to do with spontaneous localisatione.

aNonlinear wave mechanics, Ann. Phys., 100: 62-93 (1976).
bTesting quantum mechanics, Ann. Phys., 194: 336-386 (1989).
cBassi, A., Ghirardi, G.C.Dynamical reduction models, Phys. Rep. 379: 257-426 (2003).
dR. Penrose, On gravity’s role in quantum state reduction, General relativity and gravitation, 28 (5):

581-600 (1996).
eL. Diosi, Models for universal reduction of macroscopic quantum fluctuations, Phys. Rev. A, 40 (3):

1165-1174 (1989).
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ROUGH SUMMARY OF OUR PROJECT.

• In our approach there is no wave-particle duality: only waves are present.

• We assume that a non-linearity is present at the level of Schrödinger’s equa-
tion.

• We assume that the origin of the non-linearity is gravitational, which ex-
plains why mesoscopic objects spontaneously localize due to gravitational
self-collapsea.

• Particles are solitons, and their stability is guaranteed by the non-linearityb.
aS. Colin, T. Durt and R. Willox:“Can quantum systems succumb to their own (gravitational) attrac-

tion”, Class. Quantum Grav. 31 (2014) 245003, “Crucial tests of macrorealist and semiclassical gravity
models with freely falling mesoscopic nanospheres”, Phys. Rev. A 93, 06210 (2016).

bD. Fargue. Permanence of the corpuscular appearance and non linearity of the wave equation, in The
wave-particle dualism, pp 149-172, S. Diner, Editor (1984).
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Open question: non-linear versus non-local (signaling).

Several works show that non-linear modifications of Schrödinger’s equation are
associated to a violation of the no signaling condition

a.
As is well-known, the no signaling condition is intimately related to the Born

rule, so to say to the probability distribution in | |2 (cfr equilibrium distribution
in the Bohmian approach).
If we can derive/associate the probability distribution in | |2 to self-
collapsing processes that occur in the presence of ad hoc modifications of the
linear Schrödinger equation then the problem is solved, but...this is an open
question...(Templeton project 60230 ”Non-linearity and Quantum Mechanics:
Limits of the No-Signaling Condition”)

aJoseph Polchinski, Weinberg’s nonlinear quantum mechanics and the EPR paradox, Phys. Rev. Lett.
66, 1991, 397-400, Nicolas Gisin: “Weinberg’s non-linear quantum mechanics and supraluminal com-
munication”, Phys. Lett. A, 143, nr 1, 1990, 1., Marek Czachor: “ Mobility and Non-separability”,
Found.Phys.Lett., 4, 1991, 351, Thomas Durt, About the possibility of supraluminal transmission of in-
formation in the Bohm-Bub theory, Helv. Phys. Acta 72, 1999, 356-376
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RECENT DEVELOPMENTS.

• Our results could well be relevant for describing the pilot-wave dynamics
of walking dropletsa.

• These are macroscopic objects (bouncing oil droplets) which exhibit certain
quantum-like behavioursb

aT.D. “Generalized guidance equation for peaked quantum solitons and effective gravity”, EPL, 114
(2016) 10004

b Couder Y., Boudaoud A., Protière S. and Fort E., “Walking droplets, a form of wave-particle duality
at macroscopic scale?”, Europhys. News, 41 (2010) 14, Bush J. W. M., “Pilot-Wave Hydrodynamics”,
Annu. Rev. Fluid Mech., 47 (2015) 269, https://www.youtube.com/watch?v=nmC0ygr08tE
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Last but not least, who are we?

A belgian multi-ethnical team.

• The Flemish guy (from Tokyo): Ralph Willox (non-linear partial differential
equations)

• The Walloon guy (from Rio): Samuel Colin (Bohmian interpretation, quan-
tum foundations)

• And the Brussels guy (from Marseille): T.D. (quantum foundations, quan-
tum information).

“L’ union fait la force, Eenheid maakt kracht.”
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Limitations

Paradoxes 

Self referential Paradoxes 



A Classification of  Unsolvable Problems

Topic Object of Self Reference Consequences
Language A sentence that negates its own truth. There are declarative sentences that are 

neither true nor false.
The barber paradox A villager who negates his own rule of shaving everyone 

who does not shave himself.
Such a village with this rule does not exist.

Time-travel paradoxes An event that negates its own existence. Time travel (with the freedom to perform any 
action) is impossible. 

Infinity A subset of the natural numbers that negates its own 
existence in a purported correspondence between the 
natural numbers and the powerset of natural numbers.

No such correspondence can possibly exist, 
i.e., the infinity of the powerset of natural 
numbers is higher than the set of natural 
numbers.

Russell’s paradox A set that negates its own rule of only containing sets that 
do not contain themselves.

No such set can exist. 

Gödel’s first 
incompleteness theorem

A logical statement that negates its own provability. The statement is true but unprovable. The set 
of provable statements are a proper subset of 
true statements. 

Turing’s Halting Problem A program that negates its own “haltingness.” The program will give the wrong answer 
when asked if it will stop or go into an 
infinite loop. No such program can exist. No 
halting program can exist.

Self Referential Paradoxes
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Infinity A subset of the natural numbers that negates its own 
existence in a purported correspondence between the 
natural numbers and the powerset of natural numbers.

No such correspondence can possibly exist, 
i.e., the infinity of the powerset of natural 
numbers is higher than the set of natural 
numbers.

Russell’s paradox A set that negates its own rule of only containing sets that 
do not contain themselves.

No such set can exist. 

Gödel’s first 
incompleteness theorem

A logical statement that negates its own provability. The statement is true but unprovable. The set 
of provable statements are a proper subset of 
true statements. 

The barber paradox A villager who negates his own rule of shaving everyone 
who does not shave himself.

Such a village with this rule does not exist.

Time-travel paradoxes An event that negates its own existence. Time travel (with the freedom to perform any 
action) is impossible. 

Turing’s Halting Problem A program that negates its own “haltingness.” The program will give the wrong answer 
when asked if it will stop or go into an 
infinite loop. No such program can exist. No 
halting program can exist.

Language A sentence that negates its own truth. There are declarative sentences that are 
neither true nor false.



A Classification of  Unsolvable Problems

Paradoxes are implications: 

Assumptions ➔ Contradictions or Falsehoods. 

• There are no contradiction in the physical world.  

• There are contradictions  in our mind and in our language. 

• We cannot have any contradiction in the mental and 
linguistic activities of science and mathematics --- they 
have to mimic our physical universe. 

Proofs by Contradiction
112
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Paradoxes in Science and Mathematics
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• No dividing by zero.  

• Russell’s paradox about a set that contains all sets. It cannot exist. 

• Godel’s first incompleteness theorem. “In a consistent logical system…” 

• Any mathematical proof by contradiction. 

• Any scientific calculation that predicts contradictory events or false events. 

• Dividing by infinity (renormalization). 

• etc 
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Topic Object of Self Reference Consequences
Language A sentence that negates its own truth. There are declarative sentences that are 

neither true nor false.
The barber paradox A villager who negates his own rule of shaving everyone 

who does not shave himself.
Such a village with this rule does not exist.

Time-travel paradoxes An event that negates its own existence. Time travel (with the freedom to perform any 
action) is impossible. 

Infinity A subset of the natural numbers that negates its own 
existence in a purported correspondence between the 
natural numbers and the powerset of natural numbers.

No such correspondence can possibly exist, 
i.e., the infinity of the powerset of natural 
numbers is higher than the set of natural 
numbers.

Russell’s paradox A set that negates its own rule of only containing sets that 
do not contain themselves.

No such set can exist. 

Gödel’s first 
incompleteness theorem

A logical statement that negates its own provability. The statement is true but unprovable. The set 
of provable statements are a proper subset of 
true statements. 

Turing’s Halting Problem A program that negates its own “haltingness.” The program will give the wrong answer 
when asked if it will stop or go into an infinite 
loop. No such program can exist. No halting 
program can exist.
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existence in a purported correspondence between the 
natural numbers and the powerset of natural numbers.
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i.e., the infinity of the powerset of natural 
numbers is higher than the set of natural 
numbers.
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Time-travel paradoxes An event that negates its own existence. Time travel (with the freedom to perform any 
action) is impossible. 

Turing’s Halting Problem A program that negates its own “haltingness.” The program will give the wrong answer 
when asked if it will stop or go into an 
infinite loop. No such program can exist. No 
halting program can exist.

Language A sentence that negates its own truth. There are declarative sentences that are 
neither true nor false.
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