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* 'Time Machines’

+ Can lead to paradoxes

+ Nature of the quantum
state comes to the fore
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+ Can lead to paradoxes
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51'ate c The methoeis of the qguantem: thesry of computaroen are osed 1o anslvee the physees of closed timebke

E This 5 domsmated, cven af e maermscopc evel, by guantom mechames. o clvsocsl phyucy the
exence of such Gnes v 4 spacenme imposes “paradoxical™ constrames on the state of marter in ther
past and abso provades means for koowledge 1o be created in ways that conflict with the prmcipies of the
philmophy of sceace. [ quantuss mechanics the S of these pathologies does not occur.  The second
= munigated. s may be avondabie withoot such spacetimes bemng ruled our. Seversl sovel and disime-
mve (but nonparsdoncall qguantum-mechamcal ofiects occur on and sesr closed rimehike hnes. inchading
violations of the correspondence prmcipic and of emtanty. [ beromes possabie (o “clone™ quanium sys-
tems and (o messare the state of & guantum sysicm. A new experunental test of the Everett interpreta-
taon againss il others becomes posable.  Consideratzon of these and other cffects sheds bght on the na-
rare of quantes mwechanics.

APPLYING THE QUANTUM THEORY mg wo conssderations should counteract that mmpres-

Pirsa: 09100095 OF COMPUTATION sion. First., the class of such models 15 cssentially the
class of guaomtum computatonal metworks [7]. which =

computatiomaiiy omversal m the sense that soch net-

B Thiz e % ahoat the ahvaical e of cloasd tiome- works can ssmmulate the behavior of any Gortes ouantom
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+ Deutsch’s analysis using a
many-worlds interpretation

+ Revisiting CTCs with an
epistemic perspective

+ Lessons from a toy theory
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Classical Paradox 1 Classical Paradox 2
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* require x=0
» constraint on initial conditions
.2 ¥ Is underdetermined
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Classical Paradox 1 Classical Paradox 2
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* require x=0 * no (single-valued) solution for

» constraint on initial conditions  any initial conditions
oy IS underdetermined
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+ Consistency paradox:
existence of initial conditions that do not lead to a
globally-consistent single-valued solution
e.qg., grandfather paradox

+» Information paradox:
e.qg., proof of mathematical theorem without a

prover

theory of compu

tation with CTCs is very different



+ Initial state p
+ Let 5 be the state of the CTC
particles prior to interaction

+» Kinematic consistency condition:
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+ Initial state p
+ Let 5 be the state of the CTC
particles prior to interaction

U(p.o0) w

+ Kinematic consistency condition:
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+ Initial state p
+ Let 5 be the state of the CTC
particles prior to interaction

U(p.o0) 0"

+» Kinematic consistency condition:

e — [Lk(p'

CTC
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+ Initial state p
+ Let 5 be the state of the CTC
particles prior to interaction

U(p.o0) ut—

+» Kinematic consistency condition:

o=l [u(ﬁ.p W |

CcTC
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Classical Paradox 1 Classical Paradox 2
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» require x=0 * no (single-valued) solution for

» constraint on initial conditions  any initial conditions
oy IS underdetermined
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Quantum "Paradox’ 1

=31 +K€_(OIPII7X o’:-;';_(jflx\
» solution exists for any p » solution for any p
eif p=]0><0],cis * 5 Iis always underdetermined

__Underdetermined
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+» The Good:

CTCs in quantum theory are never paradoxical
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+» The Good:

CTGCs in quantum theory are never paradoxical

+» The Bad:

The quantum state of the CTC-travelling systems is
underdetermined (Deutsch proposes max-end)
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+» The Good:

CTGCs in quantum theory are never paradoxical

+» The Bad:

The quantum state of the CTC-travelling systems is
underdetermined (Deutsch proposes max-end)

+ The Ugly:

The evolution of chronology-respecting systems becomes

nonlinear

+ NP-complete problems solvable in palynomial time
+» Quantum and classical computing become equivalent
» Quantum cryptography is rendered insecure
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+» The Good:

CTGCs in quantum theory are never paradoxical

+» The Bad:

The quantum state of the CTC-travelling systems is
underdetermined (Deutsch proposes max-end)

+ The Ugly:
The evolution of chronology-respecting systems becomes
nonlinear == : -
| rCTL[u(F..ﬁd'\

+ NP-complete problems sclvable in palynomial time
+» Quantum and classical computing become equivalent
» Quantum cryptography is rendered insecure
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+ Kinematic consistency condition:
— +
(3 - \Fﬁiu(p@’fj\ vl }

+ Required if & is viewed as 3 real
property of the CTC particles

+ Note: 5 and not any pure-state
decomposition is what's real

+» Deutsch ('91):
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+ Kinematic consistency condition:

& = W iu(p@)cﬂ lf} /

+ Required if & is viewed as 3 real

property of the CTC particles \
+ Note: 5 and not any pure-state ™

decomposition is what's real

C icti ictions of rival “i ions"” of

» Deutsch (‘91); “=r= T

Now recall the consistency condition for the evolution
round a closed timelike line. In the quantum case I have
taken it to be that the density operator of each
chronology-viclating bit must return to its original value
at a given event, as expressed by (15). That is the correct
condition under the unmodified guantum formalism, bur
it is either wrong or insufficient under every other version
of qguantum theory, just as under classical physics.
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+ Quantum state represents an observer's knowledge

+ Revisiting Deutsch’s consistency conditions:
Ontological properties must be made consistent

+ What consistency conditions must be applied to an epistemic state?
+ Subjective probabilities — How can one place bets in a world
with time machines?
+ Probabilities of ontological properties (hidden variables)
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+» Kinematic consistency condition:

- +
+ Required if 5 is viewed as 3 real

property of the CTC particles \
+ Note: 5 and not any pure-state

decomposition is what's real

C icti ictions of rival “i ions” of tum

» Deutsch (‘91); “==r= T T

Now recall the consistency condition for the evolution
round a closed timelike line. In the quantum case I have
taken it to be that the density operator of each
chronology-violating bit must return to its original value
at a given event, as expressed by (15). That is the correct
condition under the unmodified guantum formalism, but
it is either wrong or insufficient under every other version
of guantum theory. just as under classical physics.

Pirsa: 09100095

Page 30/52



+ Quantum state represents an observer's knowledge

+ Revisiting Deutsch’s consistency conditions:
Ontological properties must be made consistent

+ What consistency conditions must be applied to an epistemic state?
+ Subjective probabilities — How can one place bets in a world
with time machines?
+ Probabilities of ontological properties (hidden variables)
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+» w-ontic: impose Deutsch-like
conditions on state (but...)
4
[U(fuu] » w-epistemic: only require
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* w-ontic: impose Deutsch-like
conditions on state (but...)
i
[U(fu\ﬂ] » w-epistemic: only require
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+» w-ontic: impose Deutsch-like
conditions on state (but...)
i
[U(f-u\ﬂ] » -epistemic: only require

wad

have commaen Sﬂf’f"r+

+» Question:
How do ontological consistency conditions constrain o ?
How do ontological paradoxes present themselves?

+ Difficult to answer without an ontological model...
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+» Investigate CTCs within Spekkens’ toy theory
+ clear distinction within toy theory between ontic and epistemic
states

+ Demand consistency of ontic states

+ Consider appropriate constraints on epistemic states

+» Check for paradoxical behaviour
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+ Knowledge balance principle: For a state of maximal knowledge,
the amount of knowledge you possess equals the amount of
knowledge you lack

+ Elementary systems: ontic state defined by two yes/no questions
maximal-knowledge epistemic state gives one such answer
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AFACIO XS

Quantum "Paradox’ 2

‘Toy’ NOT: (14)(23) =1
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‘Toy’ NOT: (14)(23) =1
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» Range of epistemic solutions exist,
* but no ontic solution (paradox)

» Is the paradox 'contained™
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Toy theory CNOT
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» solution exists for any p
+if p=10><0|, cis
__Underdetermined
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Toy theory CNOT

-t |4

s W N )
!

A

rs

i
P
-

» A number of epistemic solutions

* Ontic solutions only if the non-CTC
o
-2kt Ke (O}P| 7 X system is in ontic state 1 or 2
» solution exists for any p  * Lesson: paradoxes exist, but can

eifp=10><0|,5is : : : :
e be hidden by the epistemic conspgilznt
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Combining ontic consistency with the

+ We enforce consistency conditions on the ontic state |
+ We require the epistemic constraint to be preserved ‘
+ Do we ever reach a contradiction? |
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Combining ontic consistency with the

+ We enforce consistency conditions on the ontic state
+ We require the epistemic constraint to be preserved
+ Do we ever reach a contradiction?

» Transformation (123)(4) :
+ Ontic consistency: must be 4
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Combining ontic consistency with the

+ We enforce consistency conditions on the ontic state
+ We require the epistemic constraint to be preserved
+ Do we ever reach a contradiction?

* Transformation (123)(4) :
+ Ontic consistency: must be 4

+ Violation of knowledge-balance

pei =

but only for a particle in the CTC
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Combining ontic consistency with the

+ Can we violate the knowledge-balance principle for a system that
does not travel through the CTC? B
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Combining ontic consistency with the

+ Can we violate the knowledge-balance principle for a system that
does not travel through the CTC? B
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+ Closed timelike curves can lead to paradoxes involving the ontic
state in a2 hidden-variable model
» Restricted initial conditions
*» Or no consistent initial conditions
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+ Closed timelike curves can lead to paradoxes involving the ontic
state in a3 hidden-variable model
» Restricted initial conditions
* Or no consistent initial conditions

+ Epistemic states:
+» Different consistency conditions apply
+» Paradoxes can be hidden by an epistemic constraint
*» New paradoxes through violations of the epistemic constraint
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+ Closed timelike curves can lead to paradoxes involving the ontic
state in a3 hidden-variable model
* Restricted initial conditions
* Or no consistent initial conditions

+ Epistemic states:
+» Different consistency conditions apply
+» Paradoxes can be hidden by an epistemic constraint
*» New paradoxes through violations of the epistemic constraint

» No need to throw out linearity — revisit our QI conclusions?
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