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Quantum Mechanics and General Relativity

• Quantum Mechanics and General Relativity make very accurate 
predictions in their own realms
• These two theories are incompatible
• Many theories exist, like String Theory, LQG, etc, but either don’t 

make testable predictions or their predictions have not been 
supported by experiment
• Holographic quantum gravity theories point to detectable spacetime 

fluctuations
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The Proposed Signal
Spacetime Metric modified with a scalar field

Important Features: low amplitude, high frequency, stochastic, and has medium-range spatial correlations
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Problematic for 3rd Generation GW Detectors
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LIGO/Virgo [12], Holometer [14], GEO600 [15], and
LISA [13]. These experiments either produced modest
constraints on the pixellon model (in the cases of LIGO and
Holometer) or were not sensitive to the model (in the cases
of GEO600 and LISA). There are several general reasons
for this. For large instruments such as LISA, we expect a
reduced signal as the geontropic strain scales parametri-

cally as h ¼ ΔL
L ∼

ffiffiffi
lp
L

q
. On the other hand, existing terres-

trial experiments typically have poorer strain sensitivities

near the relatively high frequency ωpeak ∼ 1
L at which the

pixellon signal achieves its peak. In this paper, we build
upon this previous work and survey the landscape of next-
generation GW detectors, characterizing their sensitivity to
geontropic fluctuations as modeled by the pixellon. We also
consider these experiments in the context of the upcoming
GQuEST experiment [16], which explicitly seeks to mea-
sure the geontropic signal. Note that in this paper we
assume the pixellon is a good physically equivalent
description of the geontropic fluctuations predicted by
the VZ effect [1,3–7,10]. As discussed above, while it
has been shown that the pixellon model reproduces
important features of the VZ effect (such as the angular
correlations), the physical equivalence in all aspects of the
interferometer observable has not been shown, and is the
subject of ongoing, first-principles calculations. We plan to
update observational signatures as the theoretical modeling
captures more aspects of the first-principles calculations.
With this caveat in mind, the paper is organized as

follows. In Sec. II, we briefly summarize the pixellon
model of Refs. [2,11]. In Sec. III, we review a variety of
proposed GW detectors following Ref. [17], and discuss
their potential sensitivity to the geontropic signal. In
Sec. IV, we extend the calculation of the pixellon PSD
in Ref. [11] to more general interferometerlike experiments,
particularly for those with geometries other than the tradi-
tional L-shape, and for optically levitated sensors. In
Sec. V, we then apply the results to specific experiments
and compare the geontropic signal to the expected strain
sensitivities of these experiments. Finally, in Sec. VI, we
collect our results and discuss their implications for the
future of GW observation.
In anticipation of our main result, in Fig. 2, we plot the

predicted pixellon signal alongside the strain sensitivities of
two prominent next-generation GW detectors: Cosmic

FIG. 1. The spherical entangling surface of an interferometer
with arms of equal length L and separated by angle θ. The faint
mirrors and light beams indicate that one can rotate the inter-
ferometer about its origin, so the boundary of the spatial volume
that can be probed by such rotations defines the spherical
entangling surface Σ.

FIG. 2. Pixellon strain (dashed and dotted lines) overlaid with the strain sensitivities for CE [19] and ET [20] (solid lines). For CE, we
have included both designs with arm lengths L ¼ 20 km (orange lines) and L ¼ 40 km (blue lines). The dotted lines give the pixellon
strain from Eq. (35) computed without an IR cutoff, and the dashed lines give the same quantity including the IR cutoff from Eq. (28).
The pixellon strain is computed with the benchmark value α ¼ 1.

BUB, CHEN, DU, LI, ZHANG, and ZUREK PHYS. REV. D 108, 064038 (2023)
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The Detector

5

BS
EMX

EMY

PRM

LFC

...

Frequency
Stabilized

Laser

1550 nm

SNSPD
Feedback Control

To EMX and EMY
Homodyne

Readout Photon Counting Readout



What if we could build a detector limited by 
classical noise instead of shot noise?
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Problems with Homodyne

• Homodyne is used in LVK detectors to sense amplitude and phase
• However, for excess power measurements, Homodyne is no longer 

optimal
• Homodyne readout’s sensitivity is limited by the shot noise
• What is a better readout scheme for excess power measurements?

7Danilishin & Khalili, 2012



Photon Counting

• Consider an 
interferometer with no 
classical noise operated 
perfectly at the dark port

• All photons are signal 
photons!

• Much shorter integration 
time
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Time for SNR of 1 with Fringe Readout: 5.7 ⋅ 10! s
= 1 week

Time for SNR of 1 with Photon Counting: 0.25 s



But there is carrier light and classical noise
• An interferometer can’t be operated at the dark fringe
• Conditions of a perfect interferometer can be mimicked with a 

series of narrow optical band pass filters
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Time for SNR of 1 with Filtered 
Photon Counting: 8.6	 ⋅ 10" s = 

2.4 hours
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GQuEST Configuration

• Using a power-recycled Michelson 
interferometer

• Photon counting readout scheme
• Can still collect data with 

homodyne readout and use it for 
feedback control

• 10 W input, 10 kW circulating 
power, 100 mW output power

• 1550 nm light for use with Silicon 
Optics
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Noise Budget

• Dominated by thermal noise from the optics: coating and bulk
• To reduce bulk noise, use thin, stiff, and high Q optics
• High thermal conductivity desirable to limit thermal lensing
• Silicon: stiff, high Q, high thermal conductivity 11



4 Requirements for Photon Counting

1. Carrier suppression

2. Low Dark Count Rate Detector

3. Low Classical Noise

4. Small Contrast Defect
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4 Optical Bandpass Filters with 
22 orders of magnitude 
suppression in power

Single Photon Detector (SNSPD)

Detector R&D

Excellent Controls and 
additional R&D



Optical Bandpass Filters

• 6 orders of magnitude of carrier suppression 
each
• Bowtie Cavity Configuration
• 4 cavities in total to suppress carrier
• Multiple cavities also prevent higher-order 

spatial modes and frequency modes from 
leaking through
• 25 kHz integrated bandwidth
• Locked using 775 nm light
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SNSPD: Superconducting Nanowire Single 
Photon Detector
• Used at the end of the Photon Counting 

Readout
• Aiming for a Dark Count Rate an order of 

magnitude below the signal level (which 
would be 10!" Hz)
• Requires temperatures as low as 0.8 K
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Full GQuEST Configuration

• Classical Noise still above Signal
• Two phase-locked, co-located Power 

Recycled Interferometers to cross-
correlate
• Assuming stationarity of signal and noise, 

only need one photon counting readout
• Can switch whether the output has just 

noise or signal + noise
• Potentially limited by noise at BS-C
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Highlight of other topics

• Custom Mirror Mount to hold optics and mode match by correcting 
for astigmatism
• Laser Filter Cavity to reduce laser phase noise and act as a reference 

for other cavities
• Very beginning of work to make bandpass filters with atomic 

transitions
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Thank you!
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Extra Slides
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Spacetime Fluctuations in LIGO

high-frequency events. For future detectors, we have
compared the geontropic signal with their design sensitiv-
ities, without considering removal of shot noise via the
quantum-correlation approach—even though at high
frequencies, where the constraints for geontropic noise
are the best, these detectors are limited by shot noise. It can
be anticipated that at these frequencies, these detectors’
shot noise dominates over other types of noise by a
significant factor. In this way, these detectors are capable
of putting much more stringent bounds on the geontropic α
parameter.

B. Equilateral triangle configurations

In this subsection, we consider configurations of multi-
ple interferometers with certain geometries. For GW
detections, these different geometries are helpful in retriev-
ing the polarization of GWs. One important configuration
is the equilateral triangle configuration of three interfer-
ometer arms, such as LISA [13], or three partially over-
lapping independent detectors, such as ET [20], as shown in
Fig. 5. For LISA, the signals of different arms can be time
shifted and linearly combined to form virtual Michelson
interferometers [74,75]. Nonetheless, as found in Ref. [11]
and discussed in Sec. VA, LISA is not promising for
detecting geontropic signals, so we will focus on the
specific configuration of ET.
In Sec. VA, we computed the auto-correlation of a single

interferometer within ET. Although the single-detector
quantum-correlation technique discussed in Sec. VA
allows us to dig under the shot noise, we are still limited
by nonquantum noises. On the other hand, geontropic
fluctuations modeled by the pixellon are correlated across
different ET detectors. For those uncorrelated nonquantum
noises, cross-correlating multiple ET detectors allows us to
dig under them with a suppression factor of ∼ðΓTÞ1=4. This

motivates the calculation of the cross-correlation of differ-
ent detectors within interferometer configurations such
as ET.
Let us consider one set of two interferometers across

different detectors within ET, e.g., the red and blue
detectors in Fig. 5, and pick the origin of coordinates at
the origin of the red detector x1. Let us also pick the x-y
plane to be the plane of the interferometers, with the x-axis
along n1. In this case,

FIG. 5. Setup of ET. The red, blue, and purple rays correspond
to the three detectors in ET, where we have only shown one of the
two interferometers within each detector. We choose not to plot
the mirrors at the endpoints of the light beams for simplicity.

FIG. 4. Pixellon strain (dashed and dotted lines) overlaid with the strain sensitivities for LIGO [12] and NEMO [70] (solid lines). The
LIGO data was obtained from the Livingston detector, and the NEMO data omits suspension thermal noise. The dotted lines give the
pixellon strain from Eq. (35) computed without an IR cutoff, and the dashed lines give the same quantity including the IR cutoff from
Eq. (28). We again compute the pixellon strain with α ¼ 1.

QUANTUM GRAVITY BACKGROUND IN NEXT-GENERATION … PHYS. REV. D 108, 064038 (2023)

064038-11
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More on Optical Bandpass Filters

• Finesse of 3000
• FSR of 125 MHz (2.4 m long)
• 42 kHz individual bandwidth
• Round Trip Guoy phase of 2𝜋/3
• 10 ppm loss per mirror: 98% signal transmission
• Allow for an effective signal band between 8 

MHz and 40 MHz
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Bowtie Cavity Laser Design
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Laser Filter Cavity Justification
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Custom Mirror Mount Design
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Custom Mirror Mount Simulation
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Eigenmode Decomposition Theory 
• The mirror has (many) 

eigenmodes
• Each eigenmode displaces 

the mirror surface, which 
affects the phase of the 
light and looks like signal
• The strength of the noise 

from each eigenmodes is 
proportional to the 
overlap integral of the 
beam and the eigenmode
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What are these modes?

Longitudinal Transverse
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Better Filter Justification
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“Quantum Gravity” measurement limit

(Standard Quantum Limit)

(‘Schwarzschild limit’)

29Sander M. VermeulenJack Ng & Van Dam (1994)



Limits on distance measurements from Quantum Gravity

30Sander M. Vermeulen

EFT/String Theory/ LQG

Hoop Conjecture/ ‘Old’ holography (Y. Jack Ng & Van Dam)

Random walk, ‘New’ holography (Zurek & Verlinde, Hogan & Kwon)



Light cone fluctuations accumulate like a random walk

31Sander M. Vermeulen

space

time

• Step size:

• Number of steps

Total length:

Verlinde & Zurek (2019)
Hogan (2012)

Can we detect displacements           m ?


