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(Gedanken)experiments and Quantum Gravity

“One should think about designing a gedankenexperi-
ment which uses a gravitational link and at the same
time shows quantum interference.”
[ Feynman, 1957 Chapel Hill Conference]

▶ To probe properties of quantum gravity, it’s useful
to consider situations where both quantum theory
and gravity play an essential role.

▶ What aspects of quantum gravity can we learn
from such (gedanken)experiments?
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A Gedankenexperiment

▶ Consider an experimentalist Alice who controls a charged particle with spin. At
some early time, she passes this particle through a Stern-Gerlach apparatus thus
creating a quantum spatial superposition

1√
2
(|A1; ↑⟩+ |A2; ↓⟩)
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▶ Consider an experimentalist Alice who controls a charged particle with spin. At
some early time, she passes this particle through a Stern-Gerlach apparatus thus
creating a quantum spatial superposition

1√
2
(|A1; ↑⟩+ |A2; ↓⟩)

▶ She maintains this spatial superposition and then subsequently recombines the
particle over a time TA through a reversing Stern-Gerlach apparatus and checks
for coherence.

▶ Meanwhile Bob wants to destroy Alice’s coherence. He releases a particle from a
trap and attempts to entangle with Alice’s particle via the superposed Coulomb
field of Alice’s particle.

▶ Bob performs this experiment at spacelike separation from Alice’s recombination.
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Back-of-the-Envelope Analysis

▶ Both Alice and Bob are coupled to the quantized electromagnetic field which place
fundamental constraints on their ability to perform their experiments [Belenchia et al. 2018]
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▶ Alice is limited by quantized radiation. If |Ψ1⟩ and |Ψ2⟩ are the EM radiation
states along each (center of mass) path then the decoherence is

D = 1− | ⟨Ψ1|Ψ2⟩ | = 1− e
− 1

2
⟨N⟩Ψ1−Ψ2 where ⟨N⟩Ψ1−Ψ2

∼ (qAd/TA)
2

Even in the absence of Bob, to maintain coherence, Alice must recombine
sufficiently slowly (TA > qAd) to avoid decohering herself.
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fundamental constraints on their ability to perform their experiments [Belenchia et al. 2018]

▶ Alice is limited by quantized radiation. If |Ψ1⟩ and |Ψ2⟩ are the EM radiation
states along each (center of mass) path then the decoherence is

D = 1− | ⟨Ψ1|Ψ2⟩ | = 1− e
− 1

2
⟨N⟩Ψ1−Ψ2 where ⟨N⟩Ψ1−Ψ2

∼ (qAd/TA)
2

Even in the absence of Bob, to maintain coherence, Alice must recombine
sufficiently slowly (TA > qAd) to avoid decohering herself.

▶ Bob’s particle is particle is “buffeted around” ∆xvac ∼ qB/m by EM vacuum
fluctuations. Thus

δx > ∆xvac =⇒ T 2
B > D3/qAd

▶ Both inequalities cannot be satisfied for TA,TB < D. If Alice can maintain
coherence, then Bob does not have enough time to get “which path” information.
If Bob has enough time, then Alice decoheres herself be entangling radiation.
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Gravitational Gedankenexperiment

▶ Both quantized radiation and vacuum fluctuations of the electromagnetic field
were essential in order to avoid contradictions with causality and complementarity.
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▶ The gravitational version is treated analogously where now Alice and Bob both
control massive bodies. The “which path” information now contained in the
effective quadrupole of Alice’s superposition. Bob can succeed in his measurement
if

δx > ∆xvac. ∼ ℓP =⇒ T 2
B > D4/mAd

2

▶ To avoid decohering herself by the emission of gravitons Alice must recombine
sufficiently slowly

T 2
A > mAd

2

which cannot be simultaneously satisfied if TA,TB < D.

▶ The analysis and conclusions parallel the EM case with “dipole” ↔ “quadrupole”.
Quantized radiation and vacuum fluctuations of the gravitational field are
essential to avoid contradictions with causality and complementarity
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Deficiencies of the Analysis

▶ While the above analysis indicate the properties of the gravitational field necessary
in order to have a consistent description of a quantum superposition, these
arguments were at only the back-of-the-envelope level. It isn’t clear that Bob
cannot get any “which-path” information.
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in order to have a consistent description of a quantum superposition, these
arguments were at only the back-of-the-envelope level. It isn’t clear that Bob
cannot get any “which-path” information.

▶ Furthermore, only a particular “particle displacement” measurement was
considered. Can Bob do better by buying a better apparatus or by hiring more
assistants?

We now prove that no violation of causality can occur no matter what
measurements Bob makes

To prove this we will obtain a precise relationship between causality and
decoherence
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Decoherence due to Alice

▶ Consider the decoherence of Alice’s particle in the absence of Bob.
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Decoherence due to Alice

▶ Consider the decoherence of Alice’s particle in the absence of Bob.

▶ While the components of her particle are separated there is no unambiguous
distinction between the Coulomb field of her particle and its radiation field [Unruh, ’15].

▶ However, after the recombination, the components of her particle now share a
common Coulomb field. On any Cauchy surface Σ1 after the recombination, the
total quantum state with the Coulomb field subtracted is

1√
2
(|A1; ↑⟩ ⊗ |Ψ1⟩Σ1

+ |A2; ↓⟩ ⊗ |Ψ2⟩Σ1
)

where |Ψ1⟩ and |Ψ2⟩ are genuine radiation states which contain all of the “which
path” information on Σ1.
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Decoherence due to Bob

▶ Consider the case where Alice recombines her particle slowly and emits negligible
radiation. Let |B0⟩ be the initial state of Bob’s apparatus (with any number of
assistants) which is initially unentangled with Alice’s particle
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▶ Due to the Coulomb/Newtonian interaction, Bob’s apparatus will evolve to|B1⟩ if
Alice’s particle followed path 1 and |B2⟩ if Alice’s particle followed path 2

1√
2
(|A1; ↑⟩ ⊗ |B1⟩+ |A2; ↓⟩ ⊗ |B2⟩)

▶ The decoherence at any time Σ2 where Bob’s apparatus is interacting with the
Coulomb/Newtonian field of Alice’ particle

DΣ2 = 1− | ⟨B1|B2⟩ |Σ2
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Re-analysis of the Gedankenexperiment

▶ Now let Alice and Bob both perform their experimental protocols. There are two
equivalent points of view on the “cause” of the decoherence
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▶ Now let Alice and Bob both perform their experimental protocols. There are two
equivalent points of view on the “cause” of the decoherence

▶ Consider a Cauchy surface Σ2 that goes to the future of Bob’s experiment but the
past of Alice’s recombination.

▶ From this viewpoint, (1) Bob is entirely responsible for the decoherence of Alice’s
particle resulting in the paradox which is the subject of this talk.

▶ However, consider a Cauchy surface Σ1 which goes to the future of Alice’s
recombination and the past of Bob’s experiment.

▶ From this point of view, (2) Bob is merely measuring the photons/gravitons
emitted by Alice during her recombination.

Viewpoints (1) and (2) are equivalent!
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Causality Bounds Quantum Coherence

▶ Consider the joint evolution of the Alice + Bob + radiation quantum state from
Σ1

1√
2
(|A1; ↑⟩ ⊗ |Ψ1⟩Σ1

+ |A2; ↑⟩ ⊗ |Ψ2⟩Σ1
)⊗ |B0⟩

to a Cauchy surface Σ3 which is to future of both Alice’s recombination and
Bob’s experiment.
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▶ Alice’s particle does not change under this evolution and Bob’s apparatus simply
becomes entangled with the radiation states emitted by Alice

1√
2
(|A1; ↑⟩ ⊗ |Ψ′

1⟩Σ3
⊗ |B1⟩+ |A2; ↑⟩ ⊗ |Ψ′

2⟩Σ3
⊗ |B2⟩)

10 / 10



Causality Bounds Quantum Coherence

▶ Consider the joint evolution of the Alice + Bob + radiation quantum state from
Σ1

1√
2
(|A1; ↑⟩ ⊗ |Ψ1⟩Σ1

+ |A2; ↑⟩ ⊗ |Ψ2⟩Σ1
)⊗ |B0⟩

to a later Cauchy surface Σ3 which is to future of both Alice’s recombination and
Bob’s experiment.

▶ Alice’s particle does not change under this evolution and Bob’s apparatus simply
becomes entangled with the radiation states emitted by Alice

1√
2
(|A1; ↑⟩ ⊗ |Ψ′

1⟩Σ3
⊗ |B1⟩+ |A2; ↑⟩ ⊗ |Ψ′

2⟩Σ3
⊗ |B2⟩)

▶ Unitarity of the evolution implies

⟨Ψ′
1|Ψ′

2⟩Σ3
⟨B1|B2⟩ = ⟨Ψ1|Ψ2⟩Σ1

=⇒ | ⟨B1|B2⟩ | ≥ | ⟨Ψ1|Ψ2⟩ |Σ1 =⇒ DAlice ≥ DBob
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Summary and Conclusions

▶ If both Alice and Bob follow their protocols, then both (1) Newtonian-mediated
entanglement and (2) on-shell graviton entanglement are equivalent veiwpoints

▶ It is essential that both (1) and (2) — or, alternatively, neither (1) nor (2) — are
valid descriptions of the entanglement in order to provide a consistent description
of a quantum spatial superposition and avoid contradictions with causality and
complementarity.

▶ Additionally, we have shown that DAlice ≥ DBob, generalizing the analysis of
[Belenchia et al, 2018]. However, read in the other direction, this implies that any quantum
spatial superposition must be at least as decohered as any Bob(s) at spacelike
separation.
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▶ If both Alice and Bob follow their protocols, then both (1) Newtonian-mediated
entanglement and (2) on-shell graviton entanglement are equivalent veiwpoints

▶ It is essential that both (1) and (2) — or, alternatively, neither (1) nor (2) — are
valid descriptions of the entanglement in order to provide a consistent description
of a quantum spatial superposition and avoid contradictions with causality and
complementarity. This supports the view that the experimental discovery of
Newtonian entanglement may be viewed as implying the existence of the graviton.

▶ Additionally, we have shown that DAlice ≥ DBob — generalizing the analysis of
[Belenchia et al, 2018]. However, read in the other direction, this implies that any quantum
spatial superposition must be at least as decohered as any Bob(s) at spacelike
separation.

▶ Any physical body would decohere the superposition by gravitationally interacting
with its internal degrees of freedom. As Daine will explain tomorrow, a black hole
decoheres quantum superpositions as if it contains internal degrees of freedom.
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