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Abstract. The ER=EPR conjecture posits a fundamental link between quantum
entanglement and spacetime geometry, suggesting that entangled particles may
be connected via an entanglement—geometry correspondence. Direct experimental
tests are challenging due to the Planck-scale nature of such effects; however,
recent theoretical models predict that entanglement could induce small but
measurable modifications to vacuum energy and stress—energy correlations. Here, we
present an integrated experimental platform combining high-fidelity Bell inequality
tests, precision Casimir force measurements, and quantum optical squeezing in
interferometric setups to probe these signatures. Each modality targets vacuum
fluctuations and quantum correlations, enabling a correlation-based approach to
explore the entanglement-geometry correspondence. We describe the theoretical
framework, experimental design, and signal extraction techniques, including principal
component analysis and mutual information, for detecting subtle anomalies. Our
results establish new bounds on entanglement-induced modifications to quantum
vacuum behavior and propose a scalable pathway for investigating foundational aspects
of spacetime using tabletop quantum optics.
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1. Introduction

The relationship between quantum entanglement and spacetime geometry has gained
renewed attention with the conjecture that Einstein-Rosen bridges (wormholes) and
Einstein—Podolsky—Rosen (EPR) entanglement may be physically equivalent—known
as the ER=EPR conjecture [2,4]. Building on earlier insights linking entanglement to
geometric connectivity in holography [5], this idea has inspired theoretical proposals
suggesting that spacetime itself may emerge from quantum information. However,
experimental probes of this conjecture remain scarce due to the presumed Planck-scale
nature of such effects.

Recent models suggest that entanglement-induced modifications to vacuum
energy or stress—energy correlations could produce subtle, low-energy signatures
[6,131]. Motivated by this possibility, we explore precision experiments capable of
detecting these signatures through established quantum measurement techniques. Our
approach integrates four complementary modules—entangled photon sources (S), optical
squeezing stages (SQ), optomechanical Casimir cavities (CM/OM), and high-finesse
spectroscopy loops (H)—to probe vacuum fluctuations, quantum correlations, and
potential entanglement-induced deviations from standard quantum field theory (QFT).

These observables access distinct but complementary aspects of quantum field
theory in curved or bounded spacetimes. Entangled photons generated via spontaneous
parametric down-conversion [10] enable Bell tests with spacelike-separated analyzers,
probing nonlocal correlations. The Casimir cavity, enhanced with an embedded
compliant optomechanical membrane, is exquisitely sensitive to boundary conditions,
geometry, and stress-energy perturbations [15][16}22], potentially revealing deviations
if vacuum energy responds to quantum correlations. Optical squeezing, routinely
used in gravitational wave detectors, provides quantum-enhanced phase sensitivity
and access to sub-vacuum fluctuations [18,/19]. High-finesse spectroscopy further
enables precision probing of frequency shifts or energy-level modifications induced by
entanglement—vacuum—optomechanical interactions.

Rather than attempting to detect entanglement—geometry correspondence (Planck-
scale wormholes) directly, our goal is to place new experimental constraints on
entanglement-induced deviations from standard QFT. We emphasize data-driven
approaches, including signal modeling, statistical sensitivity analysis, and correlation
extraction using tools such as principal component analysis (PCA) [27] and mutual
information [28]. These methods allow anomaly detection even when signatures are
subtle, mediated through the optomechanical module, or distributed across multiple
experimental channels.

This paper is organized as follows. Section 2 reviews the experimental
implementation of the Bell-Casimir—-Squeezing—Spectroscopy—Optomechanical quartet.
Section 3 presents the theoretical framework linking entanglement to vacuum
modifications. Section 4 details signal extraction and correlation analysis methods.
Section 5 presents falsification sensitivity analysis. Section 6 explores alternative
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experimental pathways, followed by next-generation proposals in Section 7. Section 8
summarizes conclusions and discusses future directions.

2. Experimental Platforms: Bell-Casimir—-Squeezing—Spectroscopy Quartet

2.1. Bell Test Platform

The experimental configuration begins with the generation of polarization-entangled
photon pairs via spontaneous parametric down-conversion (SPDC) [10]. One photon
is directed to Alice, and its entangled partner is sent to Bob. Alice’s photon passes
through a polarization selector and is detected by detector D 4. Bob’s photon traverses
a vacuum cavity containing an embedded optomechanical membrane, and may also
pass through an optical squeezing stage, before reaching his polarization analyzer
and detector Dg. Coincidence counts between D, and Dpg are used to compute the
Clauser—Horne-Shimony-Holt (CHSH) correlation. The goal is to detect perturbations
in the Bell signal at the ~ 107° level [8,9].
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Figure 1: Schematic of the hybrid experimental setup integrating four modules: (1) a Bell-type
entangled photon source (S) producing spatially separated photon pairs along arms A and B;
(2) an optical squeezing stage (SQ) inserted in Bob’s arm; (3) an optomechanical Casimir
cavity (CM) also in Bob’s arm; and (4) a high-finesse spectroscopy loop (H). Beam splitters
(a, ) and detectors (D7, DF) implement Bell measurements. Coincidence monitoring defines
the observables used to establish the sensitivity thresholds shown in the falsification diagrams
of Section [} Arrows indicate the primary (solid) and mediated or vacuum-modified (dotted)
pathways that carry quantum correlations between modules for ER=EPR tests.
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The CHSH Bell observable is defined as
S = |E(a,b) + B(a, V) + B(d,b) — E(a,)] <2, (1)

where E(a,b) is the polarization correlation function for measurement settings a and
b. Under standard quantum theory, S depends only on the entangled state and
measurement bases. However, if vacuum fluctuations or optomechanical modifications
influence the entanglement or measurement statistics, a geometry-dependent shift in S
may arise. We parametrize this effect as

S(d) = Sy + 65(d), 2)

where Sy is the baseline Bell value in an unmodified vacuum (typically Sy ~ 2.5),
and 05(d) is a displacement-dependent perturbation related to cavity separation
d, optomechanical coupling, or vacuum modifications induced by the membrane
[29,[31]. This perturbation defines the Bell-threshold curves used in the falsification
diagrams of Section [f] Details of the mapping into threshold curves are provided in

Appendix [Appendix D}

2.2. Casimir—Optomechanical Module

A compliant membrane placed inside a Casimir cavity along Bob’s photon path modifies
boundary conditions for vacuum modes. If entanglement affects the local stress-energy
tensor, this can manifest as measurable shifts in the membrane’s equilibrium position,
resonance frequency, or induced optomechanical displacement [16,22]. For any vacuum-
sensitive observable X, the entanglement-induced deviation is defined as

AX = Xent — X07 (3)

where X, is measured under entangled conditions and X is the baseline value without
entanglement effects.
The minimum detectable displacement is limited by the standard quantum limit
(SQL),
h

2Mmwy,

(4)

where m is the membrane mass and w,, its mechanical resonance frequency.

5xSQL ~

This SQL sets the Casimir detection boundary, which appears as a sensitivity
threshold in the falsification diagrams (Appendix C). OM displacements also provide
indirect contributions to Bell and spectroscopy observables through vacuum-modulated
correlations.

2.3. Optical Squeezing Channel

An optical parametric oscillator (OPO) generates squeezed vacuum states, reducing
noise in one quadrature while amplifying it in the conjugate quadrature [17]. If vacuum
fluctuations are modified by the Casimir cavity, optomechanical module, or membrane,
the squeezing parameter r may exhibit geometry-dependent perturbations |29, 30].
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The squeezed quadrature variance is

h
A2‘Xvsqueezed = 56_2T7 (5)

with r quantifying squeezing strength. Small changes in r(d) induce corresponding shifts
in the Bell observable,
aor
dS(d) ~ Oz (6)
where o encodes the experimental sensitivity of Bell measurements to squeezing
variations. These shifts define the squeezed-Bell threshold used in the falsification
framework (Appendix C).

2.4. Spectroscopy Loop Readout

Downstream of the vacuum cavity, a high-finesse Fabry—Pérot spectroscopy loop with
Pound-Drever-Hall (PDH) locking detects phase variations [18]. Vacuum polarization
changes, Casimir effects, and optomechanical displacements modify the -effective

refractive index, producing a phase shift

AL on
6¢loop = TW) (7)
where L is the optical path length, A\ the probe wavelength, and én the index
perturbation. This readout provides a sensitive cross-check observable in the falsification

diagrams (Appendix C).

2.5. Signal Detection and Noise Considerations

All observables are measured statistically, so the Bell signal can be modeled as
S =5 +AS+E(), (8)

where AS is the deterministic shift from geometry, optomechanical effects, or
entanglement, and £(t) is background noise. The relation between AS, membrane
displacement Az, squeezing variance AQXSqueezed, spectroscopy loop phase d¢io0p, and
optomechanical signals is derived in Appendix C.
The signal-to-noise ratio (SNR) is
(AS)

N pu—
SNR = =2, 9)

with (AS) the mean signal shift and og the noise standard deviation over repeated trials.
These thresholds feed directly into the falsification sensitivity analysis of Section

The integration of the four modules—Bell wviolation tracking, Casimir—
optomechanical modulation, optical squeezing, and high-finesse spectroscopy loop read-
out—constitutes a comprehensive platform for detecting vacuum-mediated entangle-
ment effects. Multi-channel correlation of small shifts in S, Az, A% X ueezed, 0Plo0p, and
OM signals offers a promising pathway to experimentally probe the ER=EPR hypothe-
sis in controlled laboratory settings. These observables also define the sensitivity curves
used to generate the falsification diagrams (Section .
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Figure 2: Simulated signal-to-noise ratio (SNR) scaling for the hybrid experimental setup. Red,
blue, green, and magenta curves correspond to Casimir-only, Casimir plus Bell (with Bob’s
squeezing), Casimir plus Bell plus HSFL contributions, and Casimir plus Bell plus HSFL plus
optomechanical (OM) contributions, respectively. Shaded regions indicate statistical detection
thresholds: gray for weak falsification and yellow for strong falsification. Dashed lines denote
threshold boundaries. Mapping from theoretical perturbations (AS, Az, AQquueezedv dPloop,
OM displacement signals) to these SNR curves is provided in Appendix C.

Category Mechanism / Theoretical Model Affected
Enhancement Mechanisms

Entanglement-induced (T},,,) shifts Entanglement alters stress-energy tensor, producing measurable B,C, 0O

pressure or refractive changes

Vacuum polarization coupling Nonlocal wormhole links perturb vacuum or field modes S, H

Backreaction from ER foam Fluctuating ER bridges influence effective geometry @ B,C, H

Boundary modif. via ER=EPR Cavity entanglement modifies boundary field constraints \ B,C, H

Loop-amplified coherence Long paths in HFSL readout enhance phase sensitivity 19 H
Suppression Mechanisms

Environmental decoherence Thermal/EM noise reduces entanglement fidelity |12 B, S, O

Photon loss in cavities Finite Q degrades squeezing and phase locking S, H

Mechanical damping Low Q resonators filter out weak vacuum force signals O

Shot noise & dark counts Background noise limits Bell and squeezing SNR B, S

Mode mismatch (HFSL) Imperfect PDH locking smears sub-femtometer phase ‘1_9| H

Table 1: Theoretical mechanisms that either enhance or suppress quantum vacuum observables
under the ER=EPR framework. B = Bell, C = Casimir, S = Squeezing, O = Optomechanical,
H = HFSL loop. These mechanisms motivate the sensitivity thresholds and anomaly
regions introduced in Section The quantitative mapping from theoretical perturbations
to observable shifts (AS, Az, A2quueezed, dP100p) is provided in Appendix C.
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3. Theoretical Framework and Motivations

3.1. Entanglement and Spacetime Geometry

The ER=EPR conjecture posits a fundamental equivalence between quantum
entanglement and nontraversable Einstein—-Rosen (ER) bridges [2,/4]. In this framework,
entangled pairs correspond to microscopic wormholes linking spacetime regions without
permitting classical information transfer. This duality suggests that the structure
of spacetime geometry may emerge from the pattern of quantum entanglement [5],
implying that entanglement could have subtle geometric and physical consequences at
low energies.

3.2. Vacuum Energy and Casimir Geometry

Vacuum fluctuations respond sensitively to boundary conditions, as exemplified by
the Casimir effect, where the exclusion of vacuum modes between conducting plates
generates an attractive force [14}[15]. Since entanglement alters the quantum state of
fields, it is natural to ask whether the local vacuum expectation value of the stress-
energy tensor, (7),,), can be perturbed in an entanglement-dependent manner [29-31].
Such perturbations could modify vacuum pressure, electromagnetic mode structure, or
refractive indices inside cavities, motivating precision measurements under controlled
entangled states.

3.3. Stress-Energy Shift Hypothesis

We hypothesize that entangled quantum fields produce a shift in vacuum stress-energy
relative to the unentangled vacuum,

6<T,u1/> - <T;w>ent - <T,u1/>0> (10)

where (7}, )ent denotes the expectation value in the presence of entanglement and (7},,)0
the standard vacuum. This shift may depend on the entanglement entropy, purity,
or spatial separation of subsystems [30,[31]. Detecting such a shift would manifest as
measurable deviations in Casimir forces, optical phase shifts, squeezing parameters,
or membrane displacements. These shifts form the theoretical underpinning of the
sensitivity thresholds introduced later in Section [5

3.4. Operational Probes and Experimental Signatures

Directly probing Planck-scale geometry remains impractical; therefore, we focus
on experimentally accessible observables sensitive to vacuum modifications induced
by entanglement. These include Bell inequality violations with spacelike-separated
detectors, Casimir-induced mechanical displacements, squeezing parameters in quantum
optics, phase shifts in high-finesse spectroscopy loops, and optomechanical (OM)
displacements of compliant membranes [21}[29,30]. Changes in these observables
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correlated with entanglement structure could serve as indirect witnesses of an underlying
spacetime—entanglement correspondence.

The expected enhancement and suppression mechanisms for these observables,
across Bell (B), Casimir (C), Squeezing (S), HFSL (H), and optomechanical (OM)
modules, are summarized in Table [I} Their associated thresholds define the boundary
curves appearing in the falsification diagrams of Section [5 These scaling behaviors are
illustrated in Figure [2, which shows the simulated signal-to-noise ratio response of the
integrated setup under shot-noise-limited detection.

3.5. Model-Agnostic Experimental Strategy

Our approach remains agnostic to specific quantum gravity theories, emphasizing
empirical detection of correlations between entanglement and vacuum response. This
parallels decoherence and quantum noise studies in matter interferometry, which
constrain fundamental physics through precision measurement without assuming
particular models [9]. By combining Bell tests, Casimir geometry, squeezing-based
readouts, high-finesse spectroscopy loops, and optomechanical monitoring of compliant
membranes, we construct a hybrid platform capable of revealing subtle entanglement-
induced modifications to vacuum observables. This motivates the falsification-based
strategy developed later, where overlapping anomalies in Bell, Casimir, squeezing,
spectroscopy, and optomechanical observables define testable regions for ER=EPR.

4. Data Analysis and Signal Extraction

The hybrid experiment integrates multiple quantum-optical components, each
contributing distinct observables: Bell correlations, cavity-induced phase shifts, optical
squeezing variances, Casimir-induced membrane displacements, and optomechanical
(OM) signals. All data streams are synchronized via shared timestamps and processed
jointly to extract entanglement-induced deviations relative to calibrated vacuum
baselines [9,131].

4.1. Coincidence-Based CHSH Measurement

Photon detection events at D4 and Dp are time-tagged, and correlation terms E(a, b)
are extracted from joint detection probabilities. The standard CHSH quantity is then

S =|E(a,b) + E(a,b') + E(d',b) — E(d',V)]. (11)
Small shifts,
AS = Sent — So, (12)

are identified by comparing entangled photon runs with non-entangled baselines [§].
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4.2. Membrane and Optomechanical Displacement Readout

The compliant membrane inside the Casimir cavity, coupled to the optomechanical
module, responds to vacuum-pressure fluctuations. Interferometric or cavity-enhanced
readout provides the displacement z(t), from which we extract

AT = Tt — Xp. (13)

Thermal, seismic, and optomechanical back-action contributions are filtered in post-
processing. The fundamental limit is set by the standard quantum limit (SQL),

/| h
(SI'SQL: Qmw s (14)

where m is the effective motional mass and w,, the mechanical resonance frequency.

4.8. Squeezing Variance Tracking

The OPO stage in Alice’s arm generates squeezed states with reduced quadrature
variance. The relevant deviation is

AL = (AX?) — (AX?)o, (15)

squeezed —

with X the quadrature operator of interest.

4.4. Phase Loop Monitoring

The high-finesse spectroscopy loop, stabilized using the Pound-Drever-Hall (PDH)
method, measures small downstream phase shifts. The monitored observable is

6¢loop - ¢ent - ¢0- (16)

4.5. Combined Sensitivity Estimate

For each observable O, the minimum resolvable deviation is modeled as

0o
0O0min = —= + 05y (O), 17
e+ 0nl0) (17)

where o is the statistical spread over N events, and dgys denotes systematic uncertainty
[26]. These limits establish the sensitivity baselines for the falsification diagrams.

4.6. Cross-Correlated Multi-Channel Pipeline

All observables—Bell correlations, membrane/optomechanical displacements, squeezing
variances, and phase shifts—are time-synchronized and analyzed in parallel. Events
displaying correlated anomalies across two or more channels are prioritized as potential
ER=EPR signatures. This multi-channel pipeline underlies the falsification strategy of
Section [5] where overlapping deviations in independent observables define robust regions
of sensitivity and exclusion.
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5. Falsification Sensitivity Analysis

The hybrid Bell-Casimir-squeezing—spectroscopy platform enables falsifiable bounds
on the ER=EPR conjecture. We introduce falsification sensitivity diagrams that
map minimum detectable shifts in each observable onto parameter-space domains
where ER=EPR-related effects would be confirmed, falsified, or remain ambiguous.
These diagrams combine thresholds derived in Sections with multi-channel cross-
correlation strategies.

5.1. Casimir, Bell, Squeezing, and Optomechanical Thresholds

The first falsification diagram compares sensitivity thresholds for Casimir displacement
measurements, Bell correlations, squeezing enhancements, and optomechanical
modulation. The Casimir limit is set by the SQL displacement of Eq. , while
the Bell threshold arises from the minimal detectable perturbation in the CHSH
parameter of Eq. . Squeezing-enhanced Bell thresholds incorporate geometry-
dependent perturbations to the quadrature variance of Eq. , and the optomechanical
module (OM) provides additional vacuum-sensitive displacement readout |16,22].
Figure illustrates these thresholds in the (¢, AQ) plane, where ¢ denotes
integration time and AQ a generic observable shift. Four domains appear naturally:
(i) a gray region below all thresholds where no detection is possible; (ii) an intermediate
yellow region above a single threshold where anomalies cannot be uniquely classified;
(iii) a red overlap region above Casimir and Bell-squeezing thresholds; and (iv) a dark
green overlap region where Casimir, Bell, squeezing, and optomechanical thresholds are
simultaneously exceeded, indicating the strongest potential ER=EPR signature.

5.2. Qverlay with Alternative Experiments

To test robustness, thresholds from additional experimental pathways are superimposed,
including atom interferometry, gravitational-wave strain detectors, and superconducting
qubits. Each defines a detection boundary, and their overlaps delineate regions
where cross-confirmation is possible. Light shading indicates twofold confirmation;
darker shading indicates three or more simultaneous detections. Multi-experiment
overlay strengthens falsification by demanding consistency across independent physical
platforms.

5.8. Classification of Anomalies

Outcomes are interpreted according to diagram regions. If anomalies appear in the
dark green overlap region (Casimir + Bell + Squeezing + OM), this constitutes strong
evidence for entanglement-induced vacuum modifications. If only one or two thresholds
are crossed, the signal is ambiguous and may reflect systematic errors. If no anomalies
exceed thresholds, ER=EPR-related effects are falsified at the tested scale. The
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strongest evidence arises when anomalies lie in multi-experiment overlap zones, ruling
out single-platform artifacts.

5.4. Integration with Statistical Tools

Shaded regions in Fig. [3|correspond to anomaly significance classes. Appendix[Appendix]
supplements this with principal component analysis (PCA), mutual information, and
cross-correlation to identify correlated deviations. Additional statistical tests, including
chi-squared consistency and Kullback—Leibler divergence, quantify departure from null
distributions. Bootstrapped thresholding further constrains false-positive rates. Overall
sensitivity trends are summarized in Fig. , which now plots linear—log (lin-log) scaling
of sensitivity versus measurement time to emphasize early-time linear behavior and
long-time exponential decay.
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Figure 3: Unified sensitivity diagram across experimental platforms, including the
optomechanical (OM) module. Shaded regions correspond to detection domains for Casimir
(red), Bell correlations (blue), Bell-squeezing enhancements (green), and Casimir + Bell
+ Squeezing + Optomechanical (dark green). Dashed lines represent candidate extensions:
atom interferometry (magenta), superconducting qubits (cyan), and gravitational-wave strain
measurements (black). Compact observables are defined in Eqgs. This figure highlights
multi-channel thresholds and overlap zones that provide robust falsification regions for the
ER=EPR hypothesis.
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5.5. Compact Observable Models

To compare disparate experiments, we define normalized observables O(d) or O(t)
capturing geometry and quantum resources.

Casimir observable. The Casimir pressure is
2he
Pd)=———
(d) 240 d*’

with normalized form

(18)

Ol = B = ey (19)

where dj regularizes non-idealities.

Entanglement-weighted Casimir observable (“Bell”). Entanglement visibility V'(d) is

modeled as e~4/Lo;

OcsB (d) = Oc(d) e~/ (20)
Squeezing-enhanced observable. With squeezing parameter r(d) = roe %%+, the
multiplier e’ enhances sensitivity:

Ocipis(d) = Og(d) e o groe™™. (21)

Optomechanical-enhanced observable. Optomechanical displacement Axoy con-
tributes an additional factor:

Ociis+om(d) = Ocypys(d) (1 + Azom(d)/Trer). (22)

Other candidate platforms. Atom interferometers yield Oa1(T) = (T/Tiwt)?,
superconducting qubits yield Oq(t) = exp[—(t — tier) /T3], and gravitational-wave strain
detectors yield Oaw(f) = h(f)/h(fret)-

5.6. Time—Distance Mapping
Signals propagating at group velocity v, obey

d=v,t = O(t) =0(d=v,t). (23)
When Casimir scaling dominates we plot versus d; when coherence time dominates (e.g.
Bell runs) we plot versus t. On log—log axes, power laws (e.g. d~*) appear as straight

lines, while exponentials (e~%0) appear as curvature, making falsification diagrams
visually diagnostic.
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6. Alternative Experimental Pathways

In addition to the core Bell-Casimir-squeezing setup, several alternative platforms
provide independent avenues for probing entanglement-induced modifications to vacuum
observables. These approaches differ in sensitivity, scale, and cost, but collectively serve
as valuable cross-checks or indirect probes of ER=EPR-like effects |4,31].

Atomic clocks and time-of-flight interferometry. Optical lattice clocks and matter-wave
interferometers can detect fractional frequency shifts as small as Av/v ~ 10719 [43].
While direct evidence of entanglement-modified vacuum energy is lacking, gravitational
decoherence models suggest that phase instabilities may arise in entangled matter-wave
interferometers such as MAGIS-100 [44]. A representative time-of-flight phase sensitivity
can be modeled as

6¢T0F ~ keff CLTQ, (24)

where kg is the effective wavevector, a the acceleration, and T the interrogation time.

Atomic interferometry. Long-baseline atomic interferometers measure phase shifts in
matter waves due to inertial or gravitational effects [45]. If entanglement alters the local
vacuum stress—energy tensor, differential phase shifts as small as ¢ ~ 107% radians may
emerge. Projects like AION [46] and MAGIS are approaching the sensitivity required
to detect such effects over kilometer-scale baselines.

Rotational experiments. Sagnac-type gyroscopes and fiber-optic rotation sensors
achieve angular resolution down to 6 ~ 107!! radians [42]. Some ER=EPR-inspired
models suggest that entanglement across rotating frames could subtly modify inertial
frame detection. While speculative, these devices provide low-cost, high-stability
platforms for testing correlations tied to entanglement.

Accelerators and colliders. High-energy particle collisions, such as those at the LHC or
proposed next-generation colliders, may indirectly reveal deviations in entropy or energy
distributions if Planck-scale entanglement modifies final-state vacuum configurations |7].
Expected shifts in final-state entropy,

ASent ~ 1072, (25)

remain extremely challenging to disentangle from thermalization and QCD backgrounds.
Current collider precision is still orders of magnitude away from probing ER=EPR-
relevant regimes.

Holographic noise measurements. Experiments such as the Fermilab Holometer
attempt to detect Planck-scale transverse position noise,

(623) ~ 1072 m?, (26)
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predicted by holographic uncertainty principles [40,41]. If ER=EPR links span
interferometer arms, these nonlocal correlations could enhance the measured noise floor.
While previous results are consistent with null, this approach remains a promising low-
cost tabletop test of vacuum geometry.

Optomechanical cavities. High-Q optomechanical systems provide complementary
sensitivity to sub-vacuum fluctuations [16,[22].  Membrane-in-the-middle setups,
microtoroids, or suspended mirrors can probe Casimir-modulated or entanglement-
enhanced displacements. By integrating OM modules with squeezed-light or Bell
tests, correlations between mechanical motion and optical observables can strengthen
falsification strategies, extending the reach of the core platform.

These alternative approaches collectively extend the experimental landscape for
testing whether entanglement can modify vacuum observables in ways consistent with
ER=EPR. While some remain speculative or limited by systematics, cross-confirmation
with the core Bell-Casimir-squeezing-optomechanical platform enhances robustness and
provides access to complementary parameter regimes.

7. Next Generation Experiments

Beyond current tabletop capabilities, several large-scale or emerging quantum platforms
have been proposed to test correlations between entanglement and vacuum structure.
While many of these remain technically or interpretively challenging, they offer
future potential for constraining ER=EPR-motivated modifications to quantum field
observables [4,31]. Figure |4 compares estimated cost against required sensitivity across
sixteen experimental platforms, highlighting tradeoffs between feasibility and scalability.
Cosmic Microwave Background (CMB): The observable is the angular power
spectrum Cy.  Anomalies at large scales could encode early-universe quantum
correlations. Under some ER=EPR interpretations, entanglement across causally
disconnected regions may induce coherent phase modulations [1]. Future missions such

as LiteBIRD and CMB-54 aim for sensitivity
ACYy N

14

1079, (27)

potentially constraining such effects [35,36].

Gravitational Lensing: The relevant observables are weak-lensing convergence k,
shear 7, and deflection a. These may be subtly affected by entanglement-modified
stress-energy across large-scale structures. While model-dependent, surveys like Euclid,
Roman, and LSST may constrain long-range nonlocal vacuum effects through deviations
in lensing PDF's at the level of

5k ~ 1074, (28)
as discussed in [37H39).
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Cosmic Voids: ~ The observable is the two-point void correlation &uq.
Entanglement-induced topology could alter void clustering statistics, with predicted
shifts

5€void ~ 10_3- (29)

While not yet observable, next-generation void catalogs may place indirect bounds on
such models |3}31].
Superconducting Qubits and Quantum Dots: The observable is coherence time T5.
If stress-energy fluctuations are modulated by entanglement structure, coherence times
may shift as
G op L*
P
where L is the qubit cavity length [21]. Quantum dots may similarly exhibit minute

5Ty ~ (30)

tunneling or energy-level shifts, though isolating such effects remains speculative and
model-dependent [32].

Gravitational Wave Detectors: The observable is spacetime strain h(t). Instruments
such as LIGO, Virgo, and future observatories (e.g., LISA, Einstein Telescope) probe
strain with sensitivity h ~ 10723/v/Hz [47]. The canonical measurement is
_ AL
==
which could incorporate nonclassical structure if spacetime geometry is entanglement-

h(t)

(31)

governed. Current data impose no such signal, but long-term stochastic analyses may
tighten constraints [47-49].

Pulsar Timing Arrays (PTAs): The observable is the timing residual §t(¢). PTAs
monitor millisecond pulsars to detect long-wavelength metric perturbations. An effective
entanglement-modified strain h.g would produce a shift

at(t) ~ 2£Cheff. (32)
While primarily developed for gravitational wave detection, isotropic and temporally

incoherent timing noise could serve as an indirect test of ER=EPR-style geometry
[33,/34].

These next-generation platforms collectively explore parameter regimes inaccessible
to current tabletop experiments. While ER=EPR-specific signatures remain
hypothetical, the combination of high sensitivity, large scale, and cross-correlated
observables could ultimately provide stringent indirect constraints on entanglement-
modified spacetime structure.

8. Summary and Conclusions

In this work, we have proposed a set of experimental frameworks to test whether
quantum entanglement can modify local vacuum energy observables, in line with
the ER=EPR conjecture [4,31]. The central hypothesis is that entangled systems
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Figure 4: Log-log plot comparing estimated cost and required sensitivity for 16 experimental
platforms. Markers indicate feasibility categories: green circles (feasible now), blue squares
(higher sensitivity required), red triangles (not currently feasible). This figure highlights
tradeoffs between achievable precision, platform scale, and resource investment.

may imprint correlations on vacuum-sensitive measurements—such as Casimir forces,
squeezing variances, and optical path shifts—thereby allowing indirect detection of
underlying entanglement structures, including potential wormhole-like connections.

We surveyed eighteen experimental approaches, evaluating each in terms of
sensitivity, cost, scalability, and relevance to ER=EPR. Particular emphasis was placed
on hybrid optical systems that integrate entangled photon sources with compliant
mechanical or optomechanical components, where classical stress-energy observables
can be directly modulated by quantum correlations. Alternative and next-generation
methods—including atomic clocks, gravitational lensing, pulsar timing arrays, and
holographic noise detection—were also reviewed to provide a comprehensive perspective.

To assess the feasibility of detecting ER=EPR-type effects with realistic detectors,
Appendix A presents a series of simulated measurements for three representative
observables: Bell violation (5), Casimir force shift (AF'), and squeezing variance (AVy,).
A small fraction of events (10%) were seeded with entanglement-enhanced correlations
across all channels. Analytical projections show that even this modest signal fraction
produces detectable structure in the principal component space (Fig. , Cross-
correlation patterns (Fig. |App 2)), mutual information matrices (Fig. |[App 3|), and
histograms of multi-channel deviations (Fig. , clearly distinguishing quantum-
enhanced signals from classical baselines.

While still exploratory, these methods illustrate a model-agnostic, tabletop strategy
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for probing Planck-scale structure with current or near-future quantum instrumentation.
In particular, multi-channel anomaly detection provides a falsifiable, data-driven
approach: if entanglement indeed induces local geometric shifts, correlated deviations
across multiple observables may constitute the first experimentally accessible signatures
of ER=EPR physics.

Future work will aim to validate these methods using actual experimental data,
incorporate known systematics into the simulations, and investigate the interplay
between ER=EPR effects and other vacuum fluctuation phenomena, including
dynamical Casimir effects and vacuum birefringence [29,40]. As summarized in Fig. [
the experimental landscape provides a clear, falsifiable roadmap by comparing sensitivity
and cost across platforms, thereby guiding the prioritization of near-term and next-
generation tests of entanglement-induced vacuum modifications.
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Appendix A. Monte Carlo Simulation of Observable Covariances

To validate the PCA component loadings shown in Table [App 2 we performed Monte
Carlo simulations of N = 1000 realizations for the four primary observables: the
Casimir force shift AF', the Bell correlation parameter S, the squeezing variance AV,
and the optomechanical frequency shift A€),,. Each observable was modeled as a
Gaussian random variable with mean and variance informed by recent experimental
reports [11}[17,120,122,123]. The Gaussian means, variances, and threshold criteria for
each observable were chosen according to the simulation parameters summarized in
Table [App 1] which also specifies the fraction of boosted (correlated) events included in
the analysis.

In the null case, all three observables were sampled independently, resulting
in a single Gaussian cluster in the joint observable space. This corresponds to
the experimentally supported expectation that each measurement domain exhibits
Gaussian-distributed uncertainties without inter-experimental correlation.
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To assess the sensitivity of our PCA method to possible hidden structure, we also
introduced a synthetic correlation parameter p.o... With probability pe..., a subset of
realizations was coherently shifted across all observables, representing the possibility of
systematic deviations that couple different experiments. While no current experimental
evidence supports nonzero Py, a range of pey = 0.05—0.10 illustrates how correlated
anomalies at this level would produce multiple clusters in the PCA projection, an effect
invisible when each observable is considered in isolation.

Principal component analysis was performed by computing the covariance matrix

1 _ _
= ——(X-X)'"(X-X Al
€= (X = X)T(X - X), (A1)
followed by eigen-decomposition
Cv; = A, (A.2)

with eigenvalues \; and eigenvectors v; defining the component loadings. The loadings

reported in Table correspond to the null case, whereas Fig. contrasts
the single-cluster null simulation with a representative p..,., = 0.08 case showing two
clusters.
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Figure App 1: Principal component analysis (PCA) results comparing the Null case (single
cluster) with the Correlated case (secondary cluster introduced for peory = 0.08). Light blue
points represent the normal population, orange points the correlated subset. Dashed ellipses
indicate 1o confidence regions for each group.

Appendix B. Simulated Projections and Falsification Analysis for ER=EPR
Detection

This appendix presents simulated projections of quantum observables under the
ER=EPR hypothesis, incorporating experimental sensitivity thresholds. The dataset
includes Bell violations (5), Casimir shifts (AF), squeezing variance (AVj,), and an
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optomechanical displacement channel (Xppr). A fraction of events were synthetically
tagged as correlated to illustrate the emergence of anomalies above the null expectation.

The optomechanical channel was modeled as a Gaussian-distributed variable with
an added damped sinusoidal modulation:

Xowm(t) = N(0,0%) + Ae " sin(wt + ¢), (B.1)

where A, 7, w, and ¢ are chosen to represent mechanical ringing and delayed response
relative to optical observables.

Principal component analysis (PCA) quantifies the contribution of each observable
to the first two components:

PCk = wle + kaAF + ’wk?gA‘/sq + wk,4XOM7 (BQ)

where wy, ; are the normalized weights for component k& and observable i. Tables
and provide input and reports the Monte Carlo PCA loadings, with bold entries
exceeding typical sensitivity thresholds.

Appendiz B.1. Simulation Parameters for Monte Carlo Analysis

For reproducibility and clarity, Table summarizes all parameters used to generate
the synthetic datasets underlying Tables[App T|and [App 3|~ Fig.[App 4} Each observable
(Bell S, Casimir AF, HSFL, and optomechanics X)) was modeled with Gaussian
statistics, with a small subset of events boosted to simulate correlated deviations
expected under the ER=EPR hypothesis.

Table App 1: Monte Carlo simulation parameters for synthetic observables. These values
define the base Gaussian distributions, threshold criteria, and fraction of boosted (correlated)
events used in the analysis.

Parameter | Description Value

Ny Total number of simulated events 300

Npoot Number of bootstrap resamples for null 10,000
expectation

S Bell observable, standard deviation 1

AF Casimir observable, standard deviation 0.8

HSFL HSFL observable, standard deviation 0.5

Xowm Optomechanics, Gaussian + damped sinusoid | 1 + 0.3 sin(27t/Ney)

IB Fraction of boosted (correlated) events 0.2

Vst Boost vector added to correlated events (1.5, 1.2, 1.4, 1.3]

th_strong | Threshold for strong falsification 20

th_weak Threshold for weak falsification lo

These parameters directly determine the per-observable counts exceeding thresholds
(O;) and the PCA component loadings in Tables [App 1] and [App 2| They also define
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the expected counts (F;) under the null hypothesis for Table [App 3| The histogram
in Fig. is generated by counting, for each event, the number of observables
simultaneously exceeding the strong threshold, illustrating how boosted correlations
shift the distribution relative to the null expectation. Including the optomechanical
channel (X)) ensures that multi-channel coincidences are accurately captured across
all four observables.

To quantify the deviation of observed per-event counts from the null hypothesis,
we report both a chi-squared statistic and the Kullback—Leibler (KL) divergence. The
KL divergence provides an information-theoretic measure of the distance between
the empirical distribution and the Gaussian null model, expressed in bits. This
complementary measure is sensitive to systematic skew or clustering not captured by
variance alone, and is widely used in statistical signal analysis [50]. Table
summarizes the results for the three threshold regions, alongside the corresponding
counts for each observable.

Table App 2: Per-observable Monte Carlo counts and statistical measures across threshold
regions. O; are observed counts, E; expected counts (bootstrap), with chi-squared and KL
divergence.

Observable Ostrong Oweak Onull X2 DKL [bltS]
Bell (5) 25 55 220 | 0.00015 3.8 x 107
Casimir (AF) 17 58 225 | 0.00006 2.0 x 1077
HSFL 8 35 257 1 0.00042 1.1 x 107¢
Optomech (Xoas) 30 55 215 | 0.00063 1.6 x 107°

Time-lagged correlations are computed as

X)(Yise —Y)

0x0y

1 (X, —
Corry(X,Y) = N ; (B.3)
Representative pairings include Bell-Casimir, Bell-squeezing, Casimir-squeezing, and
squeezing—optomechanics. These four channels capture both direct quantum—vacuum
couplings and delayed mechanical responses.
Mutual information between observables highlights nonlinear correlations:

Dij
1(X,Y) =3 pilogy - L (B.4)
i.J e

Finally, multi-channel deviations are summarized by counting events where two or
more observables simultaneously exceed the 20 threshold. Statistical measures include
chi-squared and Kullback-Leibler divergence:

=Y O R bplo) = X P s, o1 B85
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Time-Lagged Cross-Correlation Including OM Channel
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Figure App 2: Time-lagged cross-correlation between four representative observable pairs: (i)
Bell-Casimir, (ii) Bell-squeezing, (iii) Casimir-squeezing, and (iv) squeezing—optomechanics
to capture delayed mechanical response. Shaded bands show 95% confidence intervals for the
Gaussian null; markers above indicate simultaneous events exceeding experimental falsification
thresholds. The lag axis is shown in arbitrary units corresponding to sampling bins; for high-
speed acquisition, one bin may correspond to ~ns, while for lower-bandwidth detectors it could
represent us or longer.

Appendix C. Statistical Complement to Falsification Diagrams

This appendix provides a statistical framework complementing the falsification diagrams
presented in Sec. V. Each event is analyzed across the observables relative to the
sensitivity-based thresholds derived from the SNR scaling (Fig. [2)). Observables
exceeding the strong falsification line are assigned to the strong falsification region
(yellow); those between the weak and strong thresholds are assigned to the weak
falsification region (gray); remaining events fall in the null region (unshaded). This
classification enables a per-event assessment of significance across Bell (5), Casimir
(AF), HSFL, and optomechanics (Xoa).

Figure illustrates the workflow connecting the synthetic Monte Carlo
simulations to the statistical analyses and figures in the appendices. The simulations
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Mutual Information Matrices (Non-Boosted vs Boosted, including OM)
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Figure App 3: Mutual information matrices for Bell (S5), Casimir (AF), squeezing (AVy,),
and optomechanics (Xoas), shown for non-boosted (left) and boosted (right) datasets. Off-
diagonal entries above the falsification threshold are outlined. The comparison highlights how
boosting modifies nonlinear dependencies across optical, mechanical, and hybrid observables.
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Figure App 4: Probability of each event exceeding a 20 threshold in 0-4 observables
(“channels”) per simulated event. The four channels are Bell (S), Casimir (AF'), squeezing
(AVyq), and optomechanics (Xoas). Blue bars show the non-boosted subset, orange bars show
the boosted (correlated) subset, and the red dashed line indicates the null expectation from
a large Gaussian ensemble. Boosted correlations increase the probability of multi-channel
coincidences (24 channels), while non-boosted events remain concentrated at 0—1 channels.
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generate the four observables (Bell S, Casimir AF, HSFL, and optomechanics Xous).
Principal component analysis (Table App 1) identifies the dominant contributions to
variance, while per-event threshold counts (Table App 2) quantify the number of events
exceeding weak and strong falsification thresholds. Multi-channel histograms (Fig. A4)
summarize the distribution of events across multiple observables, and cross-correlation
or mutual information plots (Figs. A2-A3) capture interactions among observables.
This diagram provides a clear roadmap linking simulations, statistical tables, and visual
analyses.

Synthetic Monte Carlo Dataset
(Bell S, Casimir AF, HSFL, Optomechanics XOM )

Table App 1: PCA Loadings Identifies observables Table App 2: Per-Event Threshold Counts
dominating variance) 0, E. %2, Dy

Fig A4: Multi-Channel Histogram of observables
exceeding 2o thresholds per event

Information Event-level correlations across

Figs A2-A3: Cross-Correlations & Mutual
observables

Figure App 5: Flow diagram connecting the synthetic Monte Carlo dataset to Appendix

Table [App I} Table and Figures PCA highlight key observables, per-event
threshold counts (Table |App 3) quantify individual significance, multi-channel histograms

(Fig|App 4]) summarize event-level coincidences, and cross-correlation/mutual information
plots (Figs. [App 2HApp 3) capture interactions among observables.

Observed counts O; in each region are generated via synthetic Monte Carlo
simulations of N, = 300, while expected counts E; are computed using Npoor = 10%
bootstrap resamplings under the null hypothesis. Deviations between observed and
expected counts are quantified with chi-squared and Kullback—Leibler divergence:

9 .
=Y OB paPlQ) = Y P s, £, (1)
where P(i) = O;/No, and Q(i) = E; /N, are the observed and null probabilities for each
threshold region. Elevated x? or Dyp, values indicate deviations potentially exceeding
statistical expectations under the null hypothesis.

Statistical power for detection is estimated as The statistical power, Power = 1 — (3,
represents the probability of detecting a deviation A in the strong or weak falsification
region, given that a true signal exists.
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Table App 3: Per-event Monte Carlo counts and statistical measures across threshold regions.
Observed counts O;, expected counts Fj;, chi-squared, and KL divergence are shown for four
observables: Bell (5), Casimir (AF'), HSFL, and optomechanics (Xoar). Threshold categories
correspond to the shaded regions in Fig. strong falsification (yellow), weak falsification
(gray), and null region (unshaded).

Threshold Region ‘ S AF HSFL Xoum ‘ e Dy, [bits]
Strong falsification (yellow) | 25 17 8 30 | 0.0013  3.9e-06
Weak falsification (gray) 55 58 35 55 | 0.0012  3.7e-06
Null region (unshaded) 220 225 257 215 0 0

This unified presentation directly links the SNR-based threshold diagrams
(Fig. to quantitative statistical metrics, providing a clear interpretation of
potential ER=EPR-induced anomalies across Bell, Casimir, HSFL, and optomechanical
observables.

Appendix D. Normalization of Observables for Falsification Diagrams

This appendix details how raw perturbations in each module (Bell, Casimir, squeezing,
spectroscopy loop) are converted into normalized deviations A that define the axes of
the falsification diagrams (Figs. 2-3). These mappings link the equations of Sec. [2] to
the sensitivity thresholds used in the falsification framework.

Appendix D.1. Bell Observable

From Eq. , the measured Bell parameter is
S(d) = Sp+d5(d), (D.1)

where S is the baseline and §5(d) is the perturbation arising from vacuum-induced
modifications. For the falsification diagrams, we plot the normalized deviation
oS

=g

This defines the Bell-threshold curve shown in the sensitivity plots.

Ag (D.2)

Appendix D.2. Casimir—Optomechanical Displacement
The entanglement-modified observable is written in Eq. as
AX = X — Xo, (D.3)

with X, the baseline value. The corresponding falsification variable is the fractional
shift

Ay = == (D.4)

The SQL bound [Eq. (14))] sets the lower detection boundary for Ay as plotted in
Figs. 2-3.
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Appendixz D.3. Optical Squeezing Parameter

The squeezed variance is given by Eq. (9)):

h
AQquueezed = 56721“. (DS)
A geometry-induced perturbation in the squeezing parameter r produces
or
or(d) ~ a—. D.6
() ~ o (D.6)
In the falsification diagrams, this is tracked as the normalized change
)
A, =2 (D.7)
r

which contributes to shifts in the Bell observable curve.

Appendix D.4. Spectroscopy Loop Phase Shift
The loop phase shift is defined in Eq. as

ArL on
OProop = —— —- D.8
(bl p A n ( )
Normalizing by the reference phase ¢, = 4wL/\, the falsification variable becomes
5¢1 on
A, = 1°2%® _ D.9
¢ ¢ref n ( )

In summary, all raw perturbations are cast into dimensionless fractions:
AS> AX, AM Adh

which form the axes and thresholds of the falsification diagrams (Figs. 2-3). This
normalization ensures direct comparability across Bell, Casimir, squeezing, and
optomechanical observables, and links the qualitative mechanisms in Table [I] to the
quantitative sensitivity analysis.
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