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Abstract: | will discuss various models of how quantum systems might interact with Closed Time-like Curves and some of the curious effects that
can arise. | will then use this to motivate a speculative gravitational decoherence model and describe a recent space-based experiment which made
the first test of such models.
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Quantum Mechanics and General Relativity
are iIncompatible at a fundamental level

Pirsa: 19120042 Page 3/52




Standard approach to combining quantum mechanics
and general relativity

* Quantizes fields on a
classical back-ground
metric.

* Analogous to semi-classical

quantum optics.

but....
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Standard approach to combining quantum mechanics
and general relativity

* Analogy with QO breaks
because 1t 1s not known
if the metric can be quantized.

* Calculations can be difticult

so untested approximations
and assumptions are needed,

and....
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Standard approach to combining quantum mechanics
and general relativity

* There have been virtually
no experimental tests!
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Reconciling quantum mechanics and general relativity:

* Widely believed that General Relativity
must change on the microscopic scale
to be consistent with Quantum Mechanics

but...

* Maybe Quantum Mechanics must also
change on the macroscopic scale to be
consistent with General Relativity
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Problems with non-hyperbolic spacetimes:

* CTCs can lead to paradoxes in classical mechanics

and

* Quantum field theory is inconsistent with CTCs

Intriguingly it 1s possible to resolve both 1ssues via
a modification to quantum field theory
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GR allows non-hyperbolic spacetime geometry

Time-like Wormhole
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GR allows non-hyperbolic spacetime geometry

Time-like Wormhole

What happens 1f we place quantum fields on this type of background?
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Quantum Mechanics on a Closed Timelike Curve
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Quantum Mechanics on a Closed Timelike Curve

(i) H.D.Politzer, Phys.Rev.D, 49, 3981 (1994)
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Quantum Mechanics on a Closed Timelike Curve

(i) H.D.Politzer, Phys.Rev.D, 49, 3981 (1994)
(ii) D.Deutsch, Phys.Rev.D, 44, 3197 (1991)
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P-CTC Radio to the Past

A— A]iccé éBob l

. Bell state pt WF
e <o

WP

T.C Ralph, arXiv:1107.4675
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P-CTC Radio to the Past
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P-CTC Radio to the Past
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P-CTC as a component in indefinite causal circuits
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Reconciling quantum mechanics and general relativity:

* Widely believed that General Relativity
must change on the microscopic scale
to be consistent with Quantum Mechanics

but...

* Maybe Quantum Mechanics must also
change on the macroscopic scale to be
consistent with General Relativity
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Example: range of entanglement

infinite

range of
entanglement
in special
relativity
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Example: range of entanglement

infinite

range of
entanglement
in special
relativity

should we
expect the
same in
general
relativity?
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Can we probe this experimentally?
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Can we probe this experimentally?
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Can we probe this experimentally?

, 2
= 9 — 11+ Ml1In —
r
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Can we probe this experimentally?

, 2
= Ty — 11+ Ml1In —
r

T Mh
A, = Mln =2 ~ — 0.0002
= T

Ips = 0.0003
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What does the standard approach say?
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How else could it be?
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How could we tell the difference?

Victor — space-like separated
from Grace and Bob
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Time-like Wormhole

In terms of mode operators Deutsch’s theory implies
the commutator decays as a function of proper time
along the geodesic
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Schrodinger versus Heisenberg Picture
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Schrodinger versus Heisenberg Picture

Pirsa: 19120042 Page 34/52



Time-like Wormhole

In terms of mode operators Deutsch’s theory implies
the commutator decays as a function of proper time
along the geodesic
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Phys.Rev.A. 79, 022121 (2009)
- quantum optical event operator
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*T.C.Ralph, G.J.Milburn and T.Downes,

Phys.Rev.A. 79, 022121 (2009)
- quantum optical event operator
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* T.C.Ralph, G.J.Milburn and T.Downes,

Phys.Rev.A. 79, 022121 (2009)
- quantum optical event operator

* J.L.Pienaar, C.R.Myers, and T.C.Ralph,

Phys Rev A 84,062316 (2011)
- event operators reproduce the Deutsch solution

*S. Joshi, et al, New Journal of Physics 20, 063016 (2018).
- experimental proposal
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Can we probe this experimentally?

, 2
= Ty — 711+ Ml1In —
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Experimental proposal
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Experimental proposal
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S. Joshi, et al, New Journal of Physics 20, 063016 (2018).
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Micius quantum satellite

Global Quantum Comm:

Distribute entanglement

from space to the ground
enabling secure communication
over long distance

Also used to distribute
entanglement from ground to
space (teleportation)

Orbit height ~ 500km

Jtan-Wei Pan

University of Science
and Technology of China
Hefei, China
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Normalized count

Micius quantum satellite

. g

Delingha m s et = 1203 km = ﬁ’ Lijiang

classical correlations
S$<2

observed

® 65 @ @ @ 6o 6 @ o S=237+0.09

Juan Yin, et al,

HH OV VH UV e Science 356, 1140 (2017)

Measurement settings Measurement settings
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Micius quantum satellite

Global Quantum Comm:

Distribute entanglement

from space to the ground
enabling secure communication
over long distance

Also used to distribute
entanglement from ground to
space (teleportation)

Orbit height ~ 500km

Jtan-Wei Pan

University of Science
and Technology of China
Hefei, China
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Decoherence experiment

RESEARCH

QUANTUM PHYSICS
Satellite testing of a gravitationally induced quantum
decoherence model

Ping Xu2*, Yiqiu Ma®*, Ji-Gang Ren"?*, Hai-Lin Yong"Z, Timothy C. Ralph®, Sheng-Kai Liao'?,

Juan Yin'2, Wei-Yue Liu"?, Wen-Qi Cai*?, Xuan Han'?, Hui-Nan Wu'2, Wei-Yang Wang'?, Feng-Zhi Li*?,
Meng Yang'?, Feng-Li Lin®, Li Li*?, Nai-Le Liu’?, Yu-Ao Chen'?, Chao-Yang Lu'?, Yanbei Chen®,
Jingyun Fan?t, Cheng-Zhi Peng"?{, Jian-Wei Pan?

Xu et al., Science 366, 132-135 (2019) 4 October 2019
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Decoherence experiment

» Coherent

State
:Satellite

Ground station

0.2 ps pulse length Orbit height ~ S00km
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Decoherence experiment
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Decoherence experiment
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Can we probe this experimentally?

, 2
= 9 — 11+ Ml1In —
r

T Mh
A, = Mln =2 ~ — 0.0002
= T

Ips = 0.0003
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Decoherence experiment
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Conclusions

* There are good reasons to test quantum field
theory on a curved background

* Considering space-times when indefinite causal
orders can motivate such tests.

* First satellite based test of gravitational
decoherence shows no effect to first order

* Such tests are key technology drivers
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