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1. Constraints on Quantum Gravity Fluctuations (Pixellon Model)

a) Precision Interferometers present and future

b) Quantum Gravity constraints from interferometry

c) Quantum Gravity constraints from astronomical image blurring
2. Basics of Interferometry:

a) Homodyne Readout

b) Photon Counting Readout
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Quantum Gravity fluctuations: Pixellon Model

* Associate a stochastic scalar field to modular energy fluctuations: ¢(, t)
* The field gravitates, perturbing the metric: ds? = —dt? + (1—¢) (dr2 X r2d92>

—>1FO0 signal spectrum:
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Lietal. (2023), SMV et al. (in prep.)
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Sensitivity:

Basic Michelson
Interferometer with 4 km
Fabry Perot Cavitiesand
Power Recycling mirror

Power recycling
mirror
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Light from
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Output PD
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Interferometers being built:

QUEST (Cardlff Unlver51ty) Sensitivity to length changes: GQuEST (Caltech)
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LIGO
Without IR Cutoff
With IR |Cutoff

500 s | — w/o IR cutoft
f (Hz) —— with IR cutoft

Bub et al. (2023)

Lietal. (2023)
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Quantum gravity fluctuations: constraints from
astronomical image blurring

telescope screen

distant star

Lee et al. (2023)
See also Ng, Van Dam, Christiansen,

Perlman, Steinbring, et al. (2006-2023)




Quantum gravity fluctuations: constraints from
astronomical image blurring

“ ...image distortion effects in the pixellon model are strongly
suppressed [...], thus evading all existing and future constraints. ”

Lee et al. (2023)

“[The pixellon model is] shown to predict excessive blurring
of images from distant sources.”

Hogan et al. (2023)

“[Holographic quantum gravity] foam-induced blurring is described,
analogous to atmospheric seeing from the ground. When scaled within
the fields of view for the Fermi and Swift instruments, it fits all [...] data
[...] in agreement with a holographic QG-favored formulation.”

Steinbring (2023)
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—> No blurring expected

—> Too much blurring expected

- Right amount of blurring
observed



Correlation length of the fluctuations is crucial to observability
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Extracting electromagnetic signatures of
spacetime fluctuations

B Sharmila'*(, Sander M Vermeulen??
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Laser Interferometry & Photon Counting
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Laser interferometry: measuring phase modulations

Perturbations ——>

Phase modulation of the carrier field:

Eo(t) = | Eole™" — Bt
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Modulates the power at the output

Y

Field in signal arm
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Sideband fields

E(t) = |Ec|e"We00) l5604) = d sin(Qt)

Expansion for ¢ < |
B(t) = |Ec|ez'(wct+<bsin(§2t)) ~ |EC’6iwct (1 n iq) {e—iQt n e—l—iQt})
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- E(t) ~ EC + Esig

Carrier field: Signal sideband
EC - ’Ec|ezwct
+ Signal sideband fields

1 ; .
Hwe—)t 1w+t
Eyg = 5| B [e( )t g gilet®)

N

N
7

We — ) We We + () Frequency
13

Sander M. Vermeulen



Sideband fields

E(t) = |E|e!wct+00(t)) 5 (t) =| Agin (1)

Expand for Asig < 1

E(t) _ ‘Ecyei(wct —- Asig@))
~ ‘Ec‘eiwct (1 -+ iASig)

9 E(t) ~ EC —+ Esig

Carrier field:
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+ Signal sideband fields
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Homodyne Readout

- Allows carrier field to leak into the output: F; | E, ‘eiwct

Amplitude (P)

’El.o. ‘ |Ec| Asig

| Introduce a small static arm-length difference
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Quantum Shot Noise

Heisenberg uncertainty for coherent optical state: E=+P
\
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Homodyne Readout: Shot Noise

Amplitude (P)

N

Quantum uncertainty produces measured shot noise
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Homodyne Readout: Statistics

Pt) =B =1 Bro.|” +| 2| Brol | Bel Asig |+ 2 Bro. | Eqx

Amplitude (P)

+ smaller terms
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Can we do better?

- Yes, with photon counting!
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Photon Counting: Intuition

* Homodyne readout measures time-dependence, i.e. phase/frequency
of the signal

* The signal model does not specify these properties...

—> time-dependence/phase/frequency info is useless for finding a signal
that is stationary/stochastic/broadband

- Devise a quantum measurement that does not provide useless info,
in exchange for useful info
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Photon Counting

Measure the number of photons exactly:

-
ON - O¢ =1
i ng —2 OO >No phase info measured

ON%O

p —>Maximum info on signal power

Practical challenges with this approach:

~
* Too much light to discern single signal photons

>—> Can'’t count photons precisely
/ ON 7é 0

* Too many non-signal photons

20

Sander M. Vermeulen



¢
:

W pt) —

Sander M. Vermeulen

Photon Counting: Filtering

Narrowband optical filter
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Photon Counting: Statistics

Detection statistic:
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Additional Classical Noise

Amplitude (P)
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Photon Counting: Statistics

g 2
Homodyne readout: Y2 ( Slgnal)
Shoise
' : : ) Ssignal
Photon counting w/o classical noise: Yo
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Conclusions

1. Current experiments place a constraint on the Pixellon model a < O(1)

2. Two-point correlations of quantum gravity fluctuations are an integral
part of testable predictions

3. Photon counting interferometry is fundamentally more sensitive than
conventional interferometry

4. GQUuEST can test the Pixellon Model with a = 1 within O(1) day of
measurement time (at 50)
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