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ASTROPHYSICS AND COSMOLOGY USING LIGO-VIRGO

2

Biggish bang: artist's impression of a 
neutron-star merger (Courtesy: NASA)

300 different theories ruled out by a 
SINGLE measurement!!!

https://physicsworld.com/wp-content/uploads/2018/04/gw170817.png


MOST SENSITIVE DISPLACEMENT MEASUREMENT

3
Sensitivity and performance of the Advanced LIGO detectors in the third observing run
A. Buikema et al.
Phys. Rev. D 102, 062003 – Published 11 September 2020



GW ASTRONOMY & COSMOLOGY BELOW THE AUDIO 
BAND

Credit: gwplotter



GWS ABOVE THE AUDIO BAND?
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http://www.ctc.cam.ac.uk/activities/UHF-GW.php

Members: NA, Mike Cruise, Valerie 
Domcke, Francesco Muia, Fernando 
Quevedo, Andreas Ringwald, Jessica 
Stenlechner, Sebastien Steinlechner



NEW INITIATIVE FOCUSES ON GWS ABOVE AUDIO BAND
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Aggarwal, N., Aguiar, 
O.D., Bauswein, A. et al.
Challenges and 
opportunities of 
gravitational-wave 
searches at MHz to GHz 
frequencies. Living Rev 
Relativ 24, 4 (2021).



NUMEROUS INTERESTING SOURCES & PROMISING TECHS!!!
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Aggarwal, N., Aguiar, 
O.D., Bauswein, A. et al.
Challenges and 
opportunities of 
gravitational-wave 
searches at MHz to 
GHz frequencies. Living 
Rev Relativ 24, 4 
(2021).



GW DETECTOR AT 10-300 KHZ

Latest addition to the 
spectrum!
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LEVITATED SENSOR DETECTOR
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SCIENCE CASE

Deborah Ferguson, Karan Jani, Deirdre Shoemaker, Pablo Laguna | 
Georgia Tech, MAYA Collaboration

Primordial black holes

Masha Baryakhtar

BH Superradiance

10The unknown unknowns???
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OPTICAL TRAPPING

K. Schakenraad et al

Niklas Elmehed, Nobel Media

𝑈𝑈 𝑟𝑟 = −
1
2
𝛼𝛼 (𝑟𝑟 ) 𝐸𝐸2(𝑟𝑟)

12



GW DETECTOR USING OPTICAL TRAPS

Δ𝐿𝐿 =
ℎ
2
𝐿𝐿, Δ𝑥𝑥𝑎𝑎 = Δ𝐿𝐿, Δ𝑥𝑥𝑠𝑠 =

ℎ
2
𝑥𝑥𝑠𝑠

Δ𝑥𝑥𝐺𝐺𝐺𝐺 = Δ𝑥𝑥𝑠𝑠 − Δ𝑥𝑥𝑎𝑎 = ℎ
2

(𝑥𝑥𝑠𝑠 − 𝐿𝐿),  maximized at 𝑥𝑥𝑠𝑠 → 0

𝐹𝐹𝐺𝐺𝐺𝐺 = 𝑀𝑀Ω𝑇𝑇2 Δ𝑥𝑥𝐺𝐺𝐺𝐺 = 𝑀𝑀 Ω𝑇𝑇2
𝐿𝐿
2
ℎ0 cosΩ𝐺𝐺𝐺𝐺𝑡𝑡
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𝐿𝐿

Arvanitaki and Geraci, 
PRL 110, 071105 (2013)



LIMITING NOISE: GAS DAMPING AND PHOTON 
RECOIL HEATING

• 𝑆𝑆𝐹𝐹𝐹𝐹 = 4 𝑀𝑀( 𝑘𝑘𝐵𝐵𝑇𝑇 𝛾𝛾𝑔𝑔 + ℏ 𝜔𝜔 𝛾𝛾𝑠𝑠𝑠𝑠)

• Limit on resonance (Ω → Ω𝑇𝑇),  𝑆𝑆ℎℎ ∼ 16 1
Ω𝑇𝑇
2
1
𝑀𝑀

1
𝐿𝐿2

(ℏ 𝜔𝜔 𝛾𝛾𝑠𝑠𝑠𝑠 + 𝑘𝑘𝐵𝐵𝑇𝑇 𝛾𝛾𝑔𝑔)

temperature 𝑇𝑇 length 𝐿𝐿 recoil 𝛾𝛾𝑠𝑠𝑠𝑠 mass 𝑀𝑀
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PARTICLE GEOMETRY AFFECTS SCATTER

• Sphere scatters light 
in all directions

• Disk scatters light in 
the beam direction 
(low 𝛾𝛾𝑠𝑠𝑠𝑠)

• Numerical 
simulations of 
scattering from 
disks show low 
scattering loss, 
hence low recoil 
heating

15Aggarwal et al arxiv:2010.13157 Phys. Rev. Lett. 128, 111101,
Winstone et al arxiv:2204.10843 Phys. Rev. Lett. 129, 053604 

plane wave incident: 𝐸𝐸 = 1 𝑉𝑉𝑚𝑚−1 �𝑥𝑥 cos𝑘𝑘𝑘𝑘

NaYF Hexagon (d=4 um, 𝜏𝜏 =200 nm), 
300 times more mass

SiO2 Sphere (d=300 nm)



INCREASE PARTICLE MASS WHILE KEEPING SCATTER LOW?

• Stacked disks to increase mass (high 𝑀𝑀)

16

𝑡𝑡1 =
𝜆𝜆1
4

𝑡𝑡2 =
𝜆𝜆2
2 𝑡𝑡1

Modified 
wavelength

𝜆𝜆𝑖𝑖 = 𝜆𝜆0
𝑛𝑛𝑖𝑖

Aggarwal et al arxiv:2010.13157
Phys. Rev. Lett. 128, 111101

Is such a stack trappable?
1. What is the transmission through 

the stack?
2. What is the field inside the stack?
3. What is the trapping 

frequency/stiffness?
4. Can these things be fabricated in 

the lab?



INCREASE PARTICLE MASS WHILE KEEPING SCATTER LOW?

• Stacked disks to increase mass (high 𝑀𝑀)
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𝑡𝑡1 =
𝜆𝜆1
4

𝑡𝑡2 =
𝜆𝜆2
2 𝑡𝑡1

Modified 
wavelength

𝜆𝜆𝑖𝑖 = 𝜆𝜆0
𝑛𝑛𝑖𝑖

Aggarwal et al arxiv:2010.13157
Phys. Rev. Lett. 128, 111101

Ω02 =
8𝜋𝜋𝜋𝜋(1 − 𝑒𝑒−2𝑅𝑅2/𝑤𝑤2)

𝑐𝑐𝜆𝜆2𝜌𝜌0𝑅𝑅2

In prep: Aggarwal et al. 



IMPROVED SENSITIVITY

18

Aggarwal et al 
arxiv:2010.13157
Phys. Rev. Lett. 128, 111101



SENSITIVITY TO BH SUPERRADIANCE
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Aggarwal et al 
arxiv:2010.13157
Phys. Rev. Lett. 128, 111101



SENSITIVITY TO BLACKHOLE MERGERS
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Aggarwal et al 
arxiv:2010.13157
Phys. Rev. Lett. 128, 111101



TRAPPING OF FLAT OBJECTS IN THE LAB…
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FIRST SPECTRA, TRAPPING OF NAYF HEXAGON PLATES
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STATE OF THE ART IN OPTICAL TRAPPING

23

𝜂𝜂thermal = Ω𝑧𝑧
2𝜋𝜋

2
𝑀𝑀𝜌𝜌𝜌𝜌

𝛾𝛾𝑔𝑔 ∝ 1/𝜌𝜌𝜌𝜌
𝜂𝜂recoil =

Ω𝑧𝑧
2𝜋𝜋

3/2 𝑀𝑀
𝛾𝛾𝑠𝑠𝑠𝑠



STAY TUNED…
• New initiative for building high-

frequency GW detectors

• Miniature GW detector based on 
levitated nanoparticles to probe 
GWs in 10 kHz – 300 kHz band

• Limited by gas damping and 
photon recoil

• Proposed new design with 20 times 
improved sensitivity and 
theoretically verified feasibility

• Will set independent limits on BH 
superradiance and primordial 
black holes 24



HONING THE NOISE AND REFINING SOURCE ESTIMATE

25

Laser

Aggarwal et al 
arxiv:2010.13157
Phys. Rev. Lett. 128, 111101



1. EXAMINE TRANSMISSION THROUGH STACKS

26

𝑡𝑡1 =
𝜆𝜆1
4

𝑡𝑡2 =
𝜆𝜆2
2

𝑡𝑡1

1.5 nm precision for 99%
0.5 nm precision for 99.9%

𝛿𝛿𝑇𝑇𝑂𝑂𝑂𝑂𝑂𝑂 = −1218.31 1.000(𝜖𝜖1 + 𝜖𝜖3) + 1.075𝜖𝜖2 2

Preliminary: Aggarwal et al. 

• Symmetric
• Whole number of quarter wavelengths in end caps
• Even number of quarter wavelengths in center

Modified 
wavelength𝜆𝜆𝑖𝑖 =
𝜆𝜆0
𝑛𝑛𝑖𝑖



2. ELECTRIC FIELD INSIDE STACKS

27
Preliminary: Aggarwal et al. 



ANTICIPATED NOISES

28

Limiting Noise

Preliminary Aggarwal et al

Alain Doyon and Sylvia Jeney

• Thermal noise from gas damping
• 𝑆𝑆𝐹𝐹𝐹𝐹,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 4 𝑘𝑘𝐵𝐵 𝑇𝑇 𝑀𝑀 𝛾𝛾𝑔𝑔

• Quantum noise from photon recoil
• 𝑆𝑆𝐹𝐹𝐹𝐹,𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 4 ℏ𝜔𝜔 𝑀𝑀 𝛾𝛾𝑠𝑠𝑠𝑠



3. FEASIBLE TRAP FREQUENCY

29

Ω02 =
8𝜋𝜋𝜋𝜋(1 − 𝑒𝑒−2𝑅𝑅2/𝑤𝑤2)

𝑐𝑐𝜆𝜆2𝜌𝜌0𝑅𝑅2

𝑡𝑡1 =
𝜆𝜆1
4

(2 𝑖𝑖1 + 1)

𝑡𝑡2 =
𝜆𝜆2
2

(2 𝑖𝑖2)

𝑡𝑡1

Preliminary: Aggarwal et al. 

Modified 
wavelength𝜆𝜆𝑖𝑖 =
𝜆𝜆0
𝑛𝑛𝑖𝑖



4. FABRICATING THE DISKS

30

Cris Montoya and Chetn Galla Cris Montoya and Chetn Galla



FUTURE DIRECTION2: ADD MORE MASS!!

Ω02 =
8𝜋𝜋𝜋𝜋(1 − 𝑒𝑒−2𝑅𝑅2/𝑤𝑤2)

𝑐𝑐𝜆𝜆2𝜌𝜌0𝑅𝑅2
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𝑡𝑡1 =
𝜆𝜆1
4

(2 𝑖𝑖1 + 1)

𝑡𝑡2 =
𝜆𝜆2
2

(2 𝑖𝑖2)

𝑡𝑡1

Preliminary: Aggarwal et al. 

Modified 
wavelength𝜆𝜆𝑖𝑖 =
𝜆𝜆0
𝑛𝑛𝑖𝑖



TABLETOP DETECTOR

32

Laser



OPTICAL TRAPPING FOR GW DETECTION
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Searching for new physics with a 
levitated-sensor-based GW detector
NA, G. Winstone, M. Teo et al
arxiv:2010.13157



TRAP FREQUENCY FOR SINGLE CYLINDER
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DETAILED PBH STRAIN

35
Preliminary: Aggarwal et al. 

St
ra

in
 (

1/
𝐻𝐻
𝐻𝐻)



ESTIMATED PBH RATE UPPER LIMIT
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Preliminary: Aggarwal et al. 

PBH binary formation+merger models



CHANGE NUMBER OF TRAPS
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Preliminary: Aggarwal et al. 



FUTURE DIRECTION 1: XYLOPHONE
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Preliminary: Aggarwal et al. 



EXCLUSION W/ LIGO

39

Preliminary: Aggarwal et al. (see LIGO T2000423 ) Miller, A.,  Aggarwal, N., A. et al. Constraints on 
planetary and asteroid-mass primordial black holes 
from continuous gravitational wave searches.
PRD, 2022



CBC VS CW SEARCHES

𝑓𝑓𝐺𝐺𝐺𝐺 𝑡𝑡
= 𝑓𝑓𝐺𝐺𝐺𝐺 𝑡𝑡0 + ̇𝑓𝑓 𝑡𝑡 − 𝑡𝑡0

̇𝑓𝑓 < 109 Hz/s

Monochromatic GW
“Chirping” GW



ℎ0 =
4
𝑑𝑑

𝐺𝐺 ℳ
𝑐𝑐2

5/3 𝜋𝜋𝑓𝑓𝐺𝐺𝐺𝐺
𝑐𝑐

2/3

DISTANCE LIMIT FOR EACH 𝑀𝑀𝑐𝑐 AND 𝑓𝑓𝐺𝐺𝐺𝐺

̇𝑓𝑓 < 109 Hz/s

𝑓𝑓𝐺𝐺𝐺𝐺 𝑡𝑡 = 𝑓𝑓𝐺𝐺𝐺𝐺 𝑡𝑡0 + ̇𝑓𝑓 𝑡𝑡 − 𝑡𝑡0

CW constraints:

Miller, A.,  Aggarwal, N., A. et al.
PRD, 2022



EXCLUSION W/ LIGO

Miller, A.,  Aggarwal, N., A. et 
al. Constraints on planetary 
and asteroid-mass primordial 
black holes from continuous 
gravitational wave searches.
PRD, 2022



CONSTRAINTS WITH ASYMMETRIC MASS RATIO

𝑚𝑚1 = 2.5 𝑀𝑀⊙

Miller, A.,  Aggarwal, N., A. et 
al. Constraints on planetary 
and asteroid-mass primordial 
black holes from continuous 
gravitational wave searches.
PRD, 2022



UPPER LIMITS ON PRIMORDIAL BLACK HOLES

1. Extend continuous-wave (CW) 
searches to faster frequency 
evolution

2. Combine CBC + CW for 
higher frequency GWs at a 
given mass

3. Use 1 & 2 to constrain PBHs 
of heavier masses

4. Combine constraints from 
multiple detectors

44

Miller, A.,  Aggarwal, N., A. et al.
PRD, 2022
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