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C h a p t e r 15

OUTLOOK

This chapter includes the work in preparation for publication:

[1] Samantha I. Davis, Joseph Lykken, Damian Musk, Neil Sinclair, and Maria Spirop-
ulu. “Wormhole regenesis and Bell violations.” In: Manuscript in preparation.
(2025).

15.1 Future directions
Metropolitan quantum networks
For metropolitan-scale deployment of our quantum networking systems described in
Part II, increasing entanglement distribution rates and minimizing noise will be cru-
cial to maintain high fidelities and mitigate losses over extended fiber links. To this
end, the entangled photon pair sources at CQNET and FQNET will be upgraded
to the high-rate source described in Chapter 5, enabling long-distance quantum
teleportation and entanglement swapping with GHz repetition rates. Additionally,
the single-photon detectors can be upgraded with the low-jitter superconducting
nanowire detectors from Chapters 3-5 to reduce multiphoton noise, which was iden-
tified our theoretical models in Chapter 9 as one of the main limitations for increasing
the teleportation fidelities. Another experimental limitation was the phase stability
of the interferometers used to implement projective measurements for X-basis tele-
portation and entanglement swapping. Incorporating low-jitter detectors enables
the use of shorter time-bin separations, allowing time-bin qubits to be generated and
measured using the compact, commercially available interferometers described in
Chapter 5. These shorter interferometers offer improved mechanical and thermal
stability, which translates into greater phase stability across measurement intervals.
Furthermore, reducing the time-bin separation will enable higher repetition rates
and lower mean photon numbers per pulse, which in turn improves the fidelity of
both teleportation and swapping protocols by reducing multiphoton contributions
and dark count error rates. By integrating the teleportation systems (Chapters 8
and 10) with the picosecond clock synchronization system described in Chapter 11,
these upgrades will enable teleportation and entanglement swapping across multiple
remote nodes in the Los Angeles and Chicago metropolitan regions.
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Multipartite entanglement distribution
While many quantum network testbeds have demonstrated entanglement and quan-
tum key distribution, few have reached the regime of multipartite entanglement
protocols, particularly in a deployed metropolitan setting. The entanglement swap-
ping system at FQNET can be upgraded to generate multipartite entanglement by
replacing the beamsplitter used for the Bell state measurement with the two-by-
two optical switch described in Chapter 13. By programming this switch and
using the GUI from Chapter 10 for real-time post-selection and analysis, the sys-
tem can dynamically toggle between configurations for entanglement swapping and
multipartite entanglement generation. Using the time-bin entanglement approach
described in Chapter 13, four-photon GHZ states can be generated by producing
Bell pairs from Alice and Bob’s sources and interfering one photon from each pair
at the switch. Other multipartite entangled states, such as cluster states, can be
generated by adjusting the phase settings on the switch. While cluster states are not
maximally entangled, they have been shown to exhibit greater robustness to loss and
noise compared to traditional maximally entangled states such as Bell or GHZ states
[1]. Combined with the aforementioned upgrades for metropolitan teleportation and
swapping, these upgrades will enable the first demonstrations of four-photon GHZ
states using time-bin qubits and long-distance multiphoton entanglement distribu-
tion, allowing for advanced multi-party quantum communication protocols across
the Chicago metropolitan region (see Fig. 15.1).

Distributed quantum sensing
Moreover, long-baseline quantum networks distributing multipartite entanglement
could enable precision measurements for fundamental physics, including astronom-
ical interferometry, gravitational wave detection, and atomic clock networks for
dark matter searches [2]. With the aforementioned upgrades to FQNET, GHZ or
cluster states can be distributed across multiple nodes at Fermilab for correlated
measurements with precision sensors to achieve Heisenberg-limited sensitivities.
Such entangled states are particularly powerful when all nodes are subject to a
nearly uniform field, as expected in scenarios involving ultralight dark matter or
spacetime fluctuations, enabling common-mode noise suppression and enhanced
detection capability. This system can be integrated with quantum sensors under
development at Fermilab, such as the atom interferometers of the MAGIS experi-
ment [3] and the dark matter haloscopes of the BREAD experiment [4], to search
for transient variations in fundamental constants and gravitational wave signatures,
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Figure 15.1: Future quantum networking between labs on the a) Fermi National
Accelerator Laboratory (Fermilab) campus and b) in the Chicago metropolitan
region with upgrades to the entanglement swapping system from Chapter 10.

which could reveal new physics beyond the Standard Model.

Scaling up the wormhole
In the large-N and low-temperature limit, the traversable wormhole protocol in
the SYK model can approach near-unity teleportation fidelities [5]. To access
higher-fidelity regimes and probe dynamics beyond the reach of classical simulation,
it is necessary to scale up the system size while maintaining low circuit error
rates. This requires the design of protocols tailored for larger, more complex
instances that can be embedded in next-generation quantum processors. The primary
technical challenge remains the high circuit depth, which introduces noise that
degrades teleportation fidelity. To address this, the noise model in Chapter 14 can be
used to guide circuit design, enabling simulation-driven refinements that minimize
noise impact. Other directions include extending the original wormhole protocol
to alternative models, such as bosonic versions of SYK, which may support larger
system embeddings or implementation on different quantum platforms. For example,
our recent development of a long-range wormhole teleportation protocol [6] based
on a bosonic SYK model could be adapted to photonic implementations, for instance
using squeezing, photon-number-resolving detectors, and programmable photonic
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circuits. This could open avenues to distributed simulation over quantum networks
(see Fig. 15.2) and tests of ER=EPR, as described in the next section.

image: Flaticon.com

Image credits to NASA's Conceptual 
Image Laboratory and Flaticon.com

Figure 15.2: Conceptual diagram of distributed quantum simulation of wormholes
in a quantum network. Image credits to NASA’s Conceptual Image Lab and FlatI-
con.com.

Bell tests for quantum gravity
The quest for a theory of quantum gravity remains one of the most profound and
unresolved challenges in fundamental physics. In quantum mechanics, Bell inequal-
ity violations characterize nonlocal quantum correlations and provide a powerful
diagnostic tool for distinguishing classical from quantum theories. One can envision
developing Bell tests that probe the quantum or classical nature of gravity itself. The
AdS/CFT correspondence offers a compelling setting to explore this concept, due
to its tractable models and the connection between wormholes and entanglement in
the context of the ER=EPR conjecture.

In the traversable wormhole setup, the gravitational dual of quantum teleportation
is understood as a real-time, dynamical process in which a qubit appears to pass
through the ER=EPR wormhole connecting the two entangled boundary CFTs, 𝐿 and
𝑅. The wormhole becomes traversable through a specific interaction between the two
boundaries, allowing this passage to occur. A striking aspect of this process is that the
qubit seems to sent via the entanglement itself, rather than being transmitted directly
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by the inter-boundary coupling. This differs from the standard quantum teleportation
protocol, where a classical channel is used to complete the transmission. In the
traversable wormhole case, it is crucial the channel between 𝐿 and 𝑅 is a quantum
one. In the standard picture of quantum teleportation, Alice performs a measurement
that projects the system onto an eigenstate, which immediately imprints Alice’s
qubit into Bob’s system and supports transmission via classical communication. In
contrast, for the traversable wormhole setup, the qubit is not projected out of the
system but instead undergoes continuous, unitary dynamics, making it possible to
interpret the process as the qubit traversing the bulk [7].

In Section 15.2, I propose a Bell inequality tailored for traversable wormholes
that probes the non-classicality of the quantum channel activated through the Ein-
stein–Rosen bridge. Specifically, I formulate a CHSH-type Bell inequality for
correlated signals emerging at the left and right boundaries of the traversable worm-
hole channel, where the measurement settings correspond to spacetime translations
and the expectation values map onto out-of-time-order correlators (OTOCs).

15.2 A Bell inequality for traversable wormholes
In the canonical Bell test, often formulated via the Clauser-Horne-Shimony-Holt
(CHSH), [8], two distant observers (Alice and Bob) perform measurements of
dichotomic variables on spatially separated subsystems (𝐴 and 𝐵) and evaluate the
correlator 𝐸 (𝑎, 𝑏) = ⟨𝐽𝐴 (𝑎)𝐽𝐵 (𝑏)⟩, where 𝐽 (𝑎) represents a dichotomic observable1

(e.g., spin) with 𝑎 labeling the measurement apparatus setting (e.g., polarizer angle).
Under the assumptions of realism and locality, the CHSH inequality,

𝑆 = 𝐸 (𝑎, 𝑏) + 𝐸 (𝑎, 𝑏′) + 𝐸 (𝑎′, 𝑏) − 𝐸 (𝑎′, 𝑏′) ≤ 2, (15.1)

must be satisfied. Quantum entanglement, however, can violate this bound, with a
maximum quantum value of 𝑆 = 2

√
2 for maximally entangled subsystems. Mea-

surement settings are varied independently and the resulting correlations are com-
pared against classical bounds. This class of inequality assumes realism—the
idea that outcomes reflect pre-existing properties—and locality—the prohibition of
faster-than-light influence between space-like separated events.

A more general class of Bell tests, referred to as bipartite temporal Bell tests, was
first envisioned by Bell himself [9]. These tests involve both spatial and temporal
separation, where a pair of entangled systems are measured at different locations and

1A dichotomic observable (𝐽) is an operator with two eigenvalues, i.e., measurement outcomes,
and satisfies 𝐽2 = Î.
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at different times. For example, Alice may measure subsystem 𝐿 at times 𝑡𝑎 and 𝑡′𝑎,
while Bob measures subsystem 𝑅 at 𝑡𝑏 and 𝑡′

𝑏
, with the two measurement sequences

causally disconnected. This type of Bell test is particularly well-suited for probing
the quantum channel that is opened in the traversable wormhole configuration, where
the two subsystems are causally disconnected on opposite ends of the wormhole,
and a qubit appears at different times on the left and right boundaries. The presence
of a qubit, or more generally, a “signal” corresponding to the source of an operator
𝐽, is characterized by expectation values on the left and right boundaries.

Regenesis
The traversable wormhole mechanism can be understood in the holographic descrip-
tion as a “regenesis” phenomenon universal to quantum chaotic many-body systems
[10]. We consider the setup of Ref. [10], where two identical subsystems 𝐿 and
𝑅 with Hamiltonians 𝐻̂𝐿 and 𝐻̂𝑅, which have the same set of eigenvalues 𝐸𝑛 and
energy eigenstates |𝑛⟩𝐿 and |𝑛⟩𝑅, are prepared in a thermofield double state (TFD)
at time 𝑡 = 0,��Ψ𝛽

〉
=

1
𝑍𝛽

∑︁
𝑛

𝑒−
𝛽𝐸𝑛

2 |𝑛̄⟩𝐿 |𝑛⟩𝑅 , 𝑍𝛽 =
∑︁
𝑛

𝑒−𝛽𝐸𝑛 , (15.2)

where |𝑛̄⟩ is the time reversal of the energy eigenstate |𝑛⟩. The TFD has the property,(
𝐻̂𝐿 − 𝐻̂𝑅

) ��Ψ𝛽

〉
= 0, → 𝑒−𝑖𝐻̂

𝐿 𝑡
��Ψ𝛽

〉
= 𝑒−𝑖𝐻̂

𝑅𝑡
��Ψ𝛽

〉
; (15.3)

if one of the subsystems is traced out, the remaining subsystem is described by the
thermal state at inverse temperature 𝛽. A source 𝜑𝐿 is turned on in the left subsystem
for a few-body operator 𝐽𝐿 at some time 𝑡 = −𝑡𝑠 < 0. Operating the Heisenberg
picture, 𝐽𝐿 (𝑡) = 𝑈̂ (𝑡)†𝐽𝐿𝑈̂ (𝑡), where 𝑈̂ (𝑡) = 𝑒−𝑖(𝐻̂𝐿+𝐻̂𝑅)𝑡 is the time evolution
operator. In the left subsystem, there is a response ⟨𝐽𝐿 (𝑡)⟩ ≡

〈
Ψ𝛽

�� 𝐽𝐿 (𝑡) ��Ψ𝛽

〉
induced by the source, which quickly dissipates after the source is turned off, and in
the right subsystem there is no response

〈
Ψ𝛽

�� 𝐽𝑅 (𝑡) ��Ψ𝛽

〉
= 0, since [𝐽𝐿 , 𝐽𝑅] = 0.

Next, we consider coupling the subsystems at time 𝑡 = 0. The total Hamiltonian is,

𝐻̂𝜇 = 𝐻̂ − 𝜇𝑉̂𝛿(𝑡 = 0), (15.4)

where 𝐻̂ = 𝐻̂𝐿 + 𝐻̂𝑅, 𝜇 is the coupling, and 𝑉̂ is an operator acting on both
subsystems,

𝑉̂ =
1
𝑘

𝑘∑︁
𝑗=1

Ô𝐿
𝑗 (0)Ô𝑅

𝑗 (0), (15.5)
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Figure 15.3: Signal regenesis in a many-body quantum-chaotic system. Two sub-
systems (𝐿 and 𝐿) are prepared in a thermofield double state

��Ψ𝛽

〉
at 𝑡 = 0. A

source 𝜑𝐿 is turned on in the left subsystem for a few-body operator 𝐽𝐿 at some
time 𝑡 = −𝑡𝑠 < 0. In the left subsystem, there is a response induced by the source,
which dissipates after the source is turned off. At 𝑡 = 0, a coupling is introduced,
where 𝑉̂ is an operator acting on both subsystems. At a later time 𝑡 = 𝑡𝑠, a signal
will reappear on the right subsystem if 𝑡𝑠 ∼ 𝑡∗ is on the order of the scrambling time
(𝑡∗) of the system.

where 𝑗 denotes different operator species and 𝑂̂ (𝑥) is some few-body operator.
The result is that a signal will reappear in the right system at times on the order of
the scrambling time, 𝑡∗, if 𝑡𝑠 > 𝑡∗, see Fig. 15.3.

Bipartite temporal Bell inequality
In the regenesis setup, we consider operators 𝐽𝐿 (𝑡𝐿) and 𝐽𝑅 (𝑡𝑅) acting at fixed spatial
coordinates ®𝑥𝐿 = 0 and ®𝑥𝑅 = 0 and times 𝑡𝐿 and 𝑡𝑅 on the 𝐿 and 𝑅 subsystems,
respectively. Working in the Heisenberg picture,

𝐽𝐿 (𝑡𝐿) = 𝑈̂†(𝑡𝐿)𝐽𝐿𝑈̂ (𝑡𝐿), 𝐽𝑅 (𝑡𝑅) = 𝑈̂†(𝑡𝑅)𝐽𝑅𝑈̂ (𝑡𝑅), (15.6)

where 𝐽𝐿 and 𝐽𝑅 are the same operators but acting on the 𝐿 and 𝑅 subystem,
respectively, and 𝑈̂ (𝑡) = 𝑒−𝑖𝐻̂𝜇𝑡 is the time evolution operator in terms of the total
Hamiltonian 𝐻̂𝜇 in Eq. 15.4,

𝑈̂ (𝑡) =

𝑒−𝑖𝐻̂𝑡 𝑡 < 0

𝑒−𝑖𝐻̂𝑡𝑒𝑖𝜇𝑉̂ 𝑡 > 0.
(15.7)
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Although 𝐽𝐿 and 𝐽𝑅 commute, 𝐽𝐿 (𝑡𝐿) and 𝐽𝑅 (𝑡𝑅) need not commute; therefore,
𝐽𝐿 (𝑡𝐿)𝐽𝑅 (𝑡𝑅) is not generally Hermitian and its expectation value can yield imag-
inary values. Instead, expectation values must be defined in terms of projective
measurements of a dichotomic observable. For the dichotomic observable 𝐽 (𝑡) with
±1 measurement outcomes, the projection operator onto the +1 and −1 eigenspaces
are given by,

𝑃̂+ =
1
2
(1 + 𝐽 (𝑡)), 𝑃̂− =

1
2
(1 − 𝐽 (𝑡)). (15.8)

From the Born rule, the joint probability for Alice to measure outcome 𝑙 = ±1 on
the 𝐿 subsystem and Bob to measure outcome 𝑟 = ±1 on the 𝑅 subsystem is,

𝑃(𝑙, 𝑟) =
〈
Ψ𝛽

�� 𝑃̂𝐿𝑙 𝑃̂𝑅𝑟 𝑃̂𝐿𝑙 ��Ψ𝛽

〉
. (15.9)

The expectation value for the joint projective measurement is,

𝐸 (𝑡𝐿 , 𝑡𝑅) =
∑︁
𝑙,𝑟

𝑙𝑟𝑃(𝑙, 𝑟) = 1
2

〈
Ψ𝛽

�� {𝐽𝐿 (𝑡𝐿), 𝐽𝑅 (𝑡𝑅)} ��Ψ𝛽

〉
, (15.10)

where {𝐽𝐿 (𝑡𝐿), 𝐽𝑅 (𝑡𝑅)} is the anticommutator of 𝐽𝐿 (𝑡𝐿) and 𝐽𝑅 (𝑡𝑅). Thus, the
expectation values can be computed in terms of the out-of-time correlators of the
many-body system.

Plugging into the CHSH inequality under the assumptions of realism and locality,

𝑆 =
1
2

〈
Ψ𝛽

�� {𝐽𝐿 (𝑡𝐿), 𝐽𝑅 (𝑡𝑅)} ��Ψ𝛽

〉
+ 1

2
〈
Ψ𝛽

�� {𝐽𝐿 (𝑡𝐿), 𝐽𝑅 (𝑡′𝑅)} ��Ψ𝛽

〉
+ 1

2
〈
Ψ𝛽

�� {𝐽𝐿 (𝑡′𝐿), 𝐽𝑅 (𝑡𝑅)} ��Ψ𝛽

〉
− 1

2
〈
Ψ𝛽

�� {𝐽𝐿 (𝑡′𝐿), 𝐽𝑅 (𝑡′𝑅)} ��Ψ𝛽

〉
≤ 2.

(15.11)

For the traversable wormhole setup in the SYK model, the Majorana operators
𝜓̂𝐿 , 𝜓̂𝑅 are dichotomic operators with expectation values ±1/

√
2 (see Chapter 14).

Choosing a Majorana from each subystem, we construct the dichotomic operators
𝐽𝐿 =

√
2𝜓̂𝐿 and 𝐽𝑅 =

√
2𝜓̂𝑅 with eigenvalues ±1. For the Bell test, the relevant

times for probing the traversable wormhole dynamics are −𝑡𝐿 ∼ −𝑡∗ and 𝑡𝑅 ∼ 𝑡∗.
The expectation value becomes,

𝐸 (−𝑡𝐿 , 𝑡𝑅) =
〈
Ψ𝛽

�� {𝜓̂𝐿 (−𝑡𝐿), 𝜓̂𝑅 (𝑡𝑅)} ��Ψ𝛽

〉
= −K(−𝑡𝐿 , 𝑡𝑅), (15.12)

where K(−𝑡𝐿 , 𝑡𝑅) is the OTOC investigated in Ref. [5]. Since K(−𝑡𝐿 , 𝑡𝑅) = 0
for 𝜇 = 0, 𝑆 = 0, so the non-traversable wormhole configuration does not violate
the Bell inequality in Eq. 15.11. For nonzero 𝜇, 𝑆 can violate Eq. 15.11, where
𝑆approaches 2

√
2 when K ≈ 1, corresponding to maximal teleportation fidelity [5].
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Discussion
In the Bell test I described above, projective measurements of dichotomic observ-
ables are performed on the CFTs to test the nonclassicality of the traversable worm-
hole channel. I anticipate that such Bell tests could be used to operationally verify
the existence and make statements about the local-realistic nature of the wormhole.
It would be interesting to identify the corresponding hidden-variable theory that
is violated for high teleportation fidelities and understand the implications of Bell
violations in the gravitational picture.
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