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GWV astronomy

15 September 2014 O
First defection of gravitational waves PE———

The Royal Swedish Academy of Sciences has decided to award the

2017 NOBEL PRIZE IN PHYSICS

LIGO Livingston Observatory: GW150914
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http://ligo.org

O GWV astronomy

15 September 2014

First detection of gravitational waves
LIGO Livingston Observatory: GW150914 2017 NOBEL PRIZE IN PHYSICS
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GWV astronomy
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GWV astronomy

Fxceptional sensitivity +
+ lots of data +
great expertise and understanding

of the detector

Test mass
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Can we use these detectors
to probe quantum gravitye
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Outline

©

I. QG background from an experimentalist perspective
2. Detecting quantum gravity in the lab

3. Gravitationalwave defectors: overview

4. Detecting QG in modern and tuture detectors
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I. QG background from an experimentalist perspective

2. Detecting quantum gravity in the lab
3. Gravitationalwave defectors: overview
4. Detecting QG in modern and tuture detectors
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Outline

I. QG background from an experimentalist perspective

Observational signatures of quantum gravity in interferometers
Erik P. Verlinde *, Kathryn M. Zurek”

3 Institute of Physics, University of Amsterdam, Amsterdam, the Netherlands
b Walter Burke Institute for Theoretical Physics, California Institute of Technology, Pasadena, CA, USA

On vacuum fluctuations in quantum gravity and interferometer arm
fluctuations
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Walter Burke Institute for Theoretical Physics, California Institute of Technology, Pasadena, CA, USA
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GQ background Can we even see it¢

©

Quantum fluctuations of spacetime appear at the Plank length ~1034m

How can we ever detect them@e (Our detectors ar 1021 at best)
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GQ background Can we even see it¢

Quantum fluctuations of spacetime appear at the Plank length ~1034m

How can we ever detect them@e (Our detectors ar 1021 at best)

l

May be the standard eftective tield theory GR doesn’t work

l

Using tools from holography
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GQ background O Causal diamond

Light bouncing in the inferferometer defines the holographic boundary
(causally related region of spacetime]
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GQ background

o Can we even see ite
Hand-wavy argument

» Vacuum fluctuations at the horizon
— entanglement between inside and outside
> VWe only access inside = looks like thermal fluctuations
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GQ background Can we even see it¢

®

Hand-wavy argument

> Vacuum fluctuations at the horizon

— entanglement between inside and outside
> We only access inside = looks like thermal fluctuations
> Entropy of entanglement (holography)

surface area arm length e -
R b
ent — — o
G-
e N
gravitational constant Planck length
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GQ background Can we even see it¢

Hand-wavy argument

> Vacuum fluctuations at the horizon

— entanglement between inside and outside
> We only access inside = looks like thermal fluctuations
> Entropy of entanglement — statistical mechanics

> Each degree of freedom is QM — fluctuations in energy

o Y Ny .ot
E Nd.o.f.

> From GR: length fluctuations depend on energy

oL [oF
L “VE
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GQ background Can we even see it¢

©,

Hand-wavy argument

> Vacuum fluctuations at the horizon
— entanglement between inside and outside
> We only access inside = looks like thermal fluctuations

> Entropy of entanglement — statistical mechanics
L2
Na.o.f X Sent X l_2
p
> Each degree of freedom is QM — fluctuations in energy

o Y Ny .ot
E Nd.o.f.

> From GR: length fluctuations depend on energy
N
L VE

] | | Geontoropic fluctuations
' 6L ox /1, L Y

— detectable for large L
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GQ background What are they?

Pixellon model: ad-hoc model that reproduces the results of the “full" theory

» Scalar field ¢: a breathing mode of the spherical volume of spacetime

Mikhail Korobko




GQ background What are they?

D,

Pixellon model: ad-hoc model that reproduces the results of the tull theory

> Scalar field ¢: a breathing mode of the spherical volume of spacetime

> Bosonic modes that couple to metric

ds* = —dt* + (1 — ¢) (dr* + r?dQ?)
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GQ background What are they?

Pixellon model: ad-hoc model that reproduces the results of the tull theory

> Scalar field ¢: a breathing mode of the spherical volume of spacetime

> Bosonic modes that couple to metric

ds* = —dt* + (1 — ¢) (dr* + r?dQ?)

> They are in a thermal state: have non-zero occupation number

speed of sound

free parameter (~1) < L
) = -
pixiP) = 27 l,w(p)
K\

mode frequency (momentum|
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GQ background What are they?

Pixellon model: ad-hoc model that reproduces the results of the tull theory

» Scalar field ¢: a breathing mode of the spherical volume of spacetime

> Bosonic modes that couple to metric

ds* = —dt* + (1 — ¢) (dr* + r?dQ?)

> They are in a thermal state: have non-zero occupation number
> Macroscopically correlated across spacetime

l

We can detect them using interferometers|
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Outline

2. Detecting quantum gravity in the lab
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GQ in the lab O Starting point

Main properties:

2 Signal accumulates along the arm — longer arms
& Correlations over macroscopic distances

& Strong dependence on the angle between arms
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GQ in the lab Fxpected
® P

Correlation tunction defines noise spectrum:

spectrum

Sh(w) = 4;21: = fo ’ dry /O ’ dry <Sinc [w\/('rl — )2 /c] — sinc [w\/r% + 72 /CD

x cos |[w(L —1ry)/c|cos [w(L —13)/c]
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GQ in the lab O Fxpected spectrum

Correlation tunction defines noise spectrum:

Sh(w) = 4W§‘é§ - fo Y dn /O " drs <Sinc /(1 =722 /c] — sine [w\/r% 12 /CD

x cos |[w(L —1ry)/c|cos [w(L —13)/c]

For l-shape detector

g _ alp
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GQ in the lab Fxpected spectrum

Correlation tunction defines noise spectrum:

Sh(w) = 47T;"é§ - /0 Y dn /0 " drs (sinc /(1 =722 /c] — sine [w\/r% 12 /CD

x cos |[w(L —1ry)/c|cos [w(L —13)/c]

For l-shape detector

Theory uncertainty:
_ | should lowrequency (IR) be suppressed or not

10 10 1000 A0 10°

N
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GQ in the lab O Fxpected spectrum

Correlation tunction defines noise spectrum:

Sh(w) = 4W§‘é§ = fo ’ dry /O ’ dry <Sinc [w\/('rl — )2 /c] — sinc [w\/r% + 72 /CD

x cos |[w(L —1ry)/c|cos [w(L —13)/c]

For l-shape detector

| A Main idea: lowfrequency scaling is bad,
5.x 10724 § | : :
| any experiment should look at high frequency

10 N 100 _Jee0 10 105
sm———=Tequency
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GQ in the lab Starting point

Main properties:

2 Signal accumulates along the arm — longer arms
& Correlations over macroscopic distances

2 Strong dependence on the angle between arms
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1 VWhat limits the sensitivity@
Laser Beam splitter —-> % LOS@I’ nolse
= %) {D 2 Thermal noise of the mirrors
5 _— & Seismic fluctuations
, & Gas, control noise, etc.
Photodiode KS\ | P QUOHTUm ShOT noise
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GQ in the lab O Starting point

Main properties:

& Signal accumulates along the arm — longer arms
& Correlations over macroscopic distances

2 Strong dependence on the angle between arms
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1 VWhat limits the sensitivity@
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= /) {D 2 Thermal noise of the mirrors
oy & Seismic fluctuations
, & Gas, control noise, etc.
Photodiode 'QS\ & Quantum shot noise
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GQ in the lab Starting point

Main properties:

-
’f

& Signal accumulates along the arm — longer arms
& Correlations over macroscopic distances
2 Strong dependence on the angle between arms

/
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2 Ideally have several co-located interterometers 2
2 All technical noises are not correlated for them I,
& Correlating them will only bring the .
QG (or other) backgrouna Laser P“'Se;l’ -
BS

Detector
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GQ in the lab Starting point

Main properties:

-
’f

& Signal accumulates along the arm — longer arms
& Correlations over macroscopic distances
2 Strong dependence on the angle between arms
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2 Ideally have several co-located interterometers 2
2 All technical noises are not correlated for them I,
& Correlating them will only bring the U
QG (or other) backgrouna Laser pulses e
1 s

Note: detector networks (with far-separated detectors)
] don't work
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Detector He et al, The European Physical
Journal Plus 138.2 (2023): 141.

UH
m
n



GQ in the lab Holometer

One of the first detectors: Holometer in Fermilab
> Two colocated interferometers, about 40m each.

» Averaging for a long time
» Finished its work in ~2015, ruling out one of the types of holographic noise
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arXiv: 1512.01216
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GQ in the lab Holometer

D
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GQ in the lab GQUEST

A “follow-up” to the Holometer
» Two co-located interferometers, about 5m each.
» Photon counting instead of usual PD: novel approach to gain high SNR
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GQ in the lab 3D detector

®

Another “follow-up” to the Holometer in Carditt:

» Two colocated interferometers with difterent angles arranged in 3d.
» Should probe ditterent breathing modes of pixellon field

» Unclear it the model is compatible with that

arXiv: 2008.04957
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GQ in the lab levitated sensors

Using the dielectric disc optically levitated allows to make a “free” test mass
Target: any hightrequency GWs in the ~10-100 kHz region.
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GQ in the lab Tabletop

Interferometer A

Phase
Locked

Laser B

More development needed
before any detection could happen .-

4 Photodetector
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Outline

3. Gravitationalwave detectors: overview
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GW detection Sensitivity of the detfector
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GW detection Sensitivity of the detfector
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Role of cavities: amplify power and signal on resonance & increase bandwidth
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GW detection Sensitivity of the detfector

O

I
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Role of cavities: amplify power and signal on resonance & increase bandwidth
Cavities don't affect the geontropic noise detection (probably)
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GW detection Sensitivity of the detfector

O
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GW detection Sensitivity of the detfector
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GW detection Future detectors

Einstein telescope Cosmic Explorer s seapIlElee
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GW detection Cosmic reach

We will see most of the Universe!

Neutron stars Black holes

* ‘o ¥c
GW150914

*
W170817

cosmicexplorer.org
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Outline

4. Detecting QG in modern and tuture detectors
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QG in GW detectors Future detectors

O
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QG in GW detectors O GO
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QG in GW detectors GO HF
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QG in GW detectors GO HF

1.x 10721

J5. X 10'22:— ******************* ffffffffffffffffff ,,,,,,,,,,,,,,,,,, ,,,,,
Peak in the noise at the worst frequency
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QG in GW detectors GO HF
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QG in GW detectors O GO HF
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QG in GW detectors O GO HF
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Conclusions
2
Geontropic noise is tackled on many fronts
& Theory building stronger foundation
2 New dedicated detectors
& Bounds from existing detectors
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Conclusions o
Geontropic noise is tackled on many fronts
2> Theory building stronger foundation
> New dedicated detfectors
> Bounds from existing detfectors

LIGO

LIGO
~+* Without IR Cutoff
""" With IR |Cutoff

G\/\/ detectors are perfect to sense this noise
> Current generation sefs a bound

> Future detectors might be swamped with it :
> Could we use nextFSR defection? s}
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A\

A\

20 100 500 1000 5000
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Conclusions
Geontropic noise is tackled on many fronts
2 Theory building stronger foundation
> New dedicated detectors
> Bounds from existing detectors

LIGO
Without IR Cutoff
""" With IR |Cutoff

GW detectors are perfect to sense this noise
> Current generation sets a bouna

> Future defectors might be swamped with it _
> Could we use next-FSR detection? s

20 100 500 1000 5000

Many open guestions (fo me]

> VWhat is the response fo oft-axis sourced fieldse
> How fo take the IFO response into accounte 7
> Are we in trouble with next-generation detectorse ..
> What can we measure in current detectorse
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