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Sorry for the virtual presence…



Please do interrupt me with question

● This is your talk

● Zoom makes it hard enough
So don’t hesitate to speak up!
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Outline

• Day 1
• Gravitational waves from an Experimentalist View

• History of the field
• How can you measure them in principle?

• Scale of effect
• How to read out such small motions (Classical Shot Noise)
• How to isolate all other large motion (Seismic isolation, Newtonian noise, Thermal Noise)

• How is Advanced LIGO doing in O4?
• Day 2

• Key Technologies for the Future
• Beyond Quantum Noise (Quantization of EM field, squeezing)

• Cosmic Explorer: the Next-generation of US GW detectors
• Will not talk about sources

• See presentations from Jim Lattimer and Neil Cornish for that



Gravitational waves from an Experimentalist View



“Approximate integration of the field equations of gravitation” 



Gravitational Waves
Quadrupole Formula

NASA/Dana Berry, Sky Works Digital

“Matter”
“Curvature  of
Space-Time”

Linearize

I: Quadrupole moment of source

Emitting source



“… is disfigured by a regrettable calculation error… ”



Signal Amplitude

NASA/Dana Berry, Sky Works Digital

• For 2  1.4MSun Neutron stars, at 
1 Mpc (3 million light years):



Signal Amplitude

A strain of h=3x10-21 :

• The Center of our Galaxy is L=27000lyr:
dL ~ 1 meter

• The nearest star is L=4.2 light years away:
dL ~ 0.1 millimeter

• Over a LIGO arm cavity, L=4km=13usec:
dL ~ 0.01 femtometer



Signal Amplitude

A strain of h=3x10-21 :

• The Center of our Galaxy is L=27000lyr:
dL ~ 1 meter

• The nearest star is L=4.2 light years away:
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Before 1957

“… in all imaginable cases A must have a practically vanishing value.



Josh Goldberg, Syracuse University





1960s and ‘70s:
First gravitational wave detectors
By Joseph Webber 



1972: Gravitational
Wave Antenna

• Electromagnetically coupled
broad-band gravitational wave
antenna, R.Weiss, MIT RLE QPR 1972

• Use a laser to
compare the
length of the
interferometer
arms!

1972 2017



MIT Research Laboratory of 
Electronics Quarterly Progress Report 

1972



Relativistic Binary
Pulsar B1913+16 

• First binary Pulsar
– Spinning neutron star

with radio beacon
• Discovered in 1974

• Loses energy by
radiating gravitational
waves

R. A. Hulse J. H. Taylor

1993



Relativistic Binary Pulsar 
B1913+16 

• Nobel prize in 1993
• Orbital parameters

measured for 30yr!
• Energy loss agrees

with GW emission

• Standard source for
GW observatories
– Merges in 300Myr

Weisberg, Taylor, arXiv:astro-ph/0407149



…can we measure strains of 1e-21?

How…



The wave’s field

Image credit: Markus Pössel, 
Einstein Online Vol. 02 (2006), 1008 

• “Ripples in Space-Time”

• Measureable effect:
– Stretches/contracts

distances
perpendicular to 
propagation

Amplitude:

dL/L = h

Wave
propagation
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The wave’s field

• 2 polarizations:

• Note:
Test particle remain at rest -
only their separation changes!

+ polarization x polarization



The interferometer



(A)

(B)

(C)

(D)Somewhere else



Measuring Power
• Interferometer translates 

length fluctuations into 
laser power fluctuations

• What is the limit on how 
precisely we can 
measure laser power?

• Light is quantized
• Shot noise!









• At DC: dx = L h

• But h(t) changes èif L is too long, the 
interrogation time is too long, and we start 
averaging. Roughly at L=λ/4

• At 100Hz: λ/4 = 750km
• At 1kHz:   λ/4 =   75km
• No easy way to adjust effective length

Arm Length



• Instead of extremely long arm we 
can use a partially reflective input 
mirror (ITM) in the arm
è Fabry-Perot cavities

• Enhances phase sensitivity
• Allows for shorter arms
• Interrogation time set by input mirror 

(and signal extraction mirror…)
• But increases mirror thermal noise

(more on that later)

Arm Cavities





Interferometer Sensitivity

Laser

end test mass

4 km Fabry-Perot cavity

recycling
mirror input test mass

50/50 beam splitter

Michelson
Interferometer
+ Fabry-Perot

Arm Cavities
+ Power Recycling
+ Signal Recycling

GW signal
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Advanced LIGO
Noise Budget



…do we isolate from any other motion?

How…

Seismic Noise



Active insolation system
– Reach accelerometer 

sensor noise in 
observation band

– Make the platform 
follow the ground at 
low frequencies using 
displacement sensors

Ground 
Motion
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The Advanced LIGO Detectors
Seismic Isolation

2

4
5
6

7

1

3

Internal Seismic Isolation (ISI) on top
Quadruple Pendulum below



Newtonian Noise:  Bypassing the Isolation System

39

test 
mass

ambient seismic waves

vibrational
coupling

gravitational
(Newtonian)

coupling

Vibrational coupling can be filtered 
or suppressed

Gravitational coupling cannot be 
shielded
- couples as 1/f2
- steeper drop-off from source
coherence



…do we isolate from any other motion?

How…

Thermal Noise



Thermal Noise - Basics

• Fluctuation-dissipation theorem: It’s the loss!
– Equipartition theorem.:

vs.









Thermal Noise - Basics

• Fluctuation-dissipation theorem: It’s the loss!
– Equipartition theorem.:

• Fluctuation-dissipation theorem

– The energy loss per cycle (normalized by the driving 
force squared) is proportional to the velocity power 
spectrum

vs.



𝑄 =
𝜔!𝑚
𝛾

Thermal 
Noise





Suspension Thermal Noise

● Dominated by last suspension stage
○ Thermal noise from upper stages filtered by 

remaining suspension stages

● Most potential energy stored by gravity
è mechanical loss diluted

● SiO2 has extraordinary
low mechanical loss
at room temperature!
è Monolithic bottom stage



Coating Thermal Noise

● Dielectric Mirror Coating 
dominates mechanical loss 
(TiO2-doped Ta2O5 SIO2)

● Mirror coating interacts directly 
with laser light, no extra 
filtering possible

● Need better coating material!



TiO2:GeO2 / SiO2 coatings

● Germania (GeO2) has loss angle ~4e-5 
○ similar to Silica  (SiO2)
○ much lower than Tantala (Ta2O5)

● But:
○ Refractive index of 

Germania 1.6
○ 2.1 for Tantala
○ 1.45 for Silica

● Can achieve ~30% thermal noise 
amplitude reduction

● Candidate for A+ upgrade



Satoshi Tanioka
Steve Penn



O4 Run:
Advanced LIGO is working at its original Design Sensitivity

160 Mpc BNS Range

Black Hole mergers observed almost daily…







https://gwosc.org/detector_status/today

https://gwosc.org/detector_status/today
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O4 Events

57

● https://gracedb.ligo.org/superevents/public/O4

https://gracedb.ligo.org/superevents/public/O4


Observations

Image credit "Carl Knox (OzGrav, Swinburne University of Technology)"
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Slide: S. Fairhurst



GW190412: Unequal mass binary

59
Slide: S. Fairhurst



Features in the Black Hole mass spectrum

Observations clustered in chirp 
mass

• Chirp mass is the combination 
of masses which is best 
measured

Inferred 
Astrophysic
al 
Distribution

60
Credit: S. Fairhurst

• Over-density between 8M¤ and 10M¤ and around 26M¤.

• A weaker feature present at around 14M¤

• Absence of mergers with chirp masses between 10M¤ and 
12M¤.



O4 
Commissioning 
Break

• LIGO Hanford
Output Mode Cleaner

• LIGO Livingston
End Test Mass cleaning

• Squeezer path work

• New scattered light 
baffles and baffle 
dampeners

• Resume observations 
Apr 3rd

61Syracuse University team in the Hanford Control Room (3/9/2024)



Where do we go 
from here?

“Recently, we have waded a little out to sea,
enough to dampen our toes or, at most, wet our
ankles. The water seems inviting. The ocean calls.”

Carl Sagan



That’s for tomorrow…
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Outline

• Day 1
• Gravitational waves from an Experimentalist View

• History of the field
• How can you measure them in principle?

• Scale of effect
• How to read out such small motions (Classical Shot Noise)
• How to isolate all other large motion (Seismic isolation, Newtonian noise, Thermal Noise)

• How is Advanced LIGO doing in O4?
• Day 2

• Key Technologies for the Future
• Beyond Quantum Noise (Quantization of EM field, squeezing)

• Cosmic Explorer: the Next-generation of US GW detectors
• Will not talk about sources

• See presentations from Jim Lattimer and Neil Cornish for that



Gravitational waves from an Experimentalist View



https://gwosc.org/detector_status/today

https://gwosc.org/detector_status/today


…do we surpass…

How…

Quantum Noise

Shot Noise
&

Radiation Pressure Noise



test 
mass

Quantum noises
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Shot noise
(photon counting on detector)

⇒ need high optical power

Radiation pressure noise
(photon momentum)

⇒ need heavy test masses



Classical:

70



71



72



73



74



75



76



77



78



79



80



How to calculate quantum noise in any interferometer

81

● Calculate optical input-output relations for all ports of 
the interferometer (dark port, bright port)

● Send in normal vacuum state at every port:
|

in each quadrature
○

● Propagate to the output.
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Dhruva Ganapathy
Vicky Xu



Beyond
Quantum Noise

Laser

Readout quadrature

C. M. Caves, Phys. Rev. Lett. 45, 75 (1980).
C. M. Caves, Quantum-mechanical noise in an 
interferometer. Phys. Rev. D 23, p. 1693 (1981).

C. M. Caves



Beyond
Quantum Noise

Laser

Readout quadrature

C. M. Caves, Phys. Rev. Lett. 45, 75 (1980).
C. M. Caves, Quantum-mechanical noise in an 
interferometer. Phys. Rev. D 23, p. 1693 (1981).

C. M. Caves



Key Pieces of LIGO A+ done: Freq. Dep. Squeezing in O4!



Dhruva Ganapathy
Vicky Xu



Dhruva Ganapathy
Vicky Xu



Where do we 
go from here?

“Recently, we have waded a little out to sea,
enough to dampen our toes or, at most, wet our
ankles. The water seems inviting. The ocean calls.”

Carl Sagan



● Next-Generation Gravitational-Wave 
Observatory

○ 40 km and 20 km L-shaped surface observatories
○ 10x sensitivity of today’s observatories
○ Global network together with

European Einstein Telescope

● Enables access to
○ Stellar to intermediate mass mergers

throughout Cosmic Time
○ Dynamics of Dense Matter
○ Extreme Gravity

90

Cosmic Explorer
The US Vision for Gravitational-Wave Astrophysics

90 Artist: Eddie Anaya (Cal State Fullerton)https://cosmicexplorer.org

Stefan Ballmer

https://cosmicexplorer.org/


Reaching the 
Far Shores of 
the Cosmic 

Ocean
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Reaching the 
Far Shores of 
the Cosmic 

Ocean



Reaching the 
Far Shores of 
the Cosmic 

Ocean

Credit: Alex Nitz



Cosmology with Cosmic Explorer

● Expected event rate
○ O(1e5) BHBH merger annually
○ O(1e6) NSNS mergers annually

● Across redshifts up to O(30)
○ Sky localization from detector network

● The full Cosmic Explorer data set is a 
treasure trove for structure formation studies 

98





Detecting Baryon Acoustic Oscillations

100https://iopscience.iop.org/article/10.3847/1538-4357/ac5e34Sumit Kumar

Combined posterior field 1year 3G detector network CMB - WMAP

https://iopscience.iop.org/article/10.3847/1538-4357/ac5e34


Cosmic Explorer Updates

● Horizon Study for more information available at:
○ https://arxiv.org/abs/2109.09882
○ https://cosmicexplorer.org

● CE is as envisioned an NSF-funded Project
• Initial design funding for 3 years at ~ USD 9M…
• Institutions involved (alphabetically):

Caltech, CSU Fullerton, MIT (lead), Syracuse University, 
University of Arizona, University of California Riverside, 
University of Florida, University of Minnesota, University of 
Oregon

101

https://arxiv.org/abs/2109.09882
https://cosmicexplorer.org/


Design and Hardware
for Cosmic Explorer



Overview of CE Design and Research Activities

• Funded NSF awards:
• “Launching the Cosmic Explorer Conceptual Design”
• “Collaborative Research: Identifying and Evaluating Sites for Cosmic Explorer”
• “Cosmic Explorer Optical Design”
• “Enabling Megawatt Optical Power in Cosmic Explorer”
• “Local Gravity Disturbances and Next-Generation Gravitational-Wave Astrophysics.”
• “Cosmic Explorer: Research and Conceptual Designs for Scattered-Light Mitigation.” 

• Other related funded awards partly supporting Cosmic Explorer:
• Observational Science (consortium driven)
• Vacuum system research
• Center for Coatings Research
• Suspension design (A#)
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CE Retreat, Minnowbrook, NY, Oct 15-19, 2023

● Workshop to kick off design work 
for Cosmic Explorer

○ Site search for Cosmic Explorer

○ Optical and Thermal design

○ Project management and international 
collaborations

104



Identifying and Evaluating Sites for Cosmic Explorer

105

Sedimentary Basin Seismic Response
Joshua Russell, Syracuse University

● Identification and evaluation of the 
most promising locations for CE 
observatories while developing 
protocols

● Many considerations:
○ Site Topography
○ Seismicity
○ Land ownership and Indigenous People 

Partnership
○ Long-term suitability and Economic Impact

● Initial candidate site selection in 
progress



Cosmic Explorer Optical Design

●

106

Advanced LIGO Squeezer, Credit: Georgia Mansell/LIGO Hanford Observatory



Talk on final day
May 24, 2013

Advanced LIGO
noise budget

Scaled to longer 
arm length

GWADW 2013
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Large Test masses

109

320 kg ultra-pure glass:
Reduce thermodynamic 
fluctuations and heat-induced 
deformation

Research into fabrication 
techniques & metrology

Metal-oxide thin-film coatings:
Turn test mass into a mirror with 
reflectivity >99.995%



Configuration changes compared to Advanced LIGO
● Longer arm cavities (4kmà40km)

● Larger test masses (m=40kg, ø=34cm àm=320kg, ø=70cm )

● 2nd input mode cleaner for frequency stabilization (arXiv:2107.14349)

● Scaled filter cavity (compared to A+)

● Homodyne readout (same as A+)

● Larger vacuum system (cost-critical)

110



Cosmic Explorer: Why Not Just Scale up LIGO Design?

● Unique challenges arise from a 10x longer arm length (CE-G2300033)
○ Minimum beam size for 40 km arms is ~12 cm. For < 1 ppm clipping loss on ITMs, 

require ~70 cm ITMs. Beamsplitter should be √2 bigger* (at 45° AOI). 1 m diameter 
unfeasible?
➥ Consider alternate layouts with a different beamsplitter location

● Signal Extraction Cavity (SEC) resonance approaches detection band
with 40 km or 20 km arms

➥ SEC length must be < 200 m (40 km arms) or < 90 m (20 km arms)
● FSR of 40 km arms is 3.75 kHz. With same arm finesse, DARM pole is 10x lower

➥ Need 10x higher SEC finesse to recover same bandwidth

111



Cosmic Explorer: Why Not Just Scale up LIGO Design?

● With a 10x lower arm cavity FSR, nearly all higher-order mode (HOM) 
resonances will lie in the observation band

➥ Precision mode-matching is critical to suppress noise couplings, squeezing loss, 
and squeezing angle mis-rotation around the frequencies of these resonances

112



113

~1.5MWatt
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IMC1A
IMC1B

IMC1C

iIMCsteer1

iIMCsteer2 iIMCsteer3

IM1

IMC2A IMC2C

IMC2B

PRM

PR2

PR3

BS

M1X

M1Y

M2X

M2Y

ITMX

ITMY

SEM

BHDsteer

BHD

More to scale



Cosmic Explorer Technology Challenges

● Large Optics
● Coatings (Thermal noise, Absorption)
● Squeezing (application)
● Suspensions and seismic isolation systems
● Vacuum system
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The Road Ahead



Next-Generation Gravitational Wave Observatory 
Subcommittee (NextGenGW SC)
● Established by the NSF
● Committee home page with membership: https://www.nsf.gov/mps/phy/nggw.jsp
● Charge:

○ “… Based on this survey, a recommended list of GW detection network configurations that will 
deliver a detector with sensitivity an order of magnitude greater than the LIGO A+ design….”

○ https://www.nsf.gov/mps/advisory/subcommittee_charges/mpsac-nggw-charge_signed.pdf
● Call for White Papers:

○ Addressing”… science motivation and key science objectives, technical description of the proposed 
concept(s) and how different aspects are associated with key science, current and new 
technologies needed, risks, timelines, and approximate cost assessment, any synergies or 
dependencies on other multi-messenger facilities. …”

○ https://www.nsf.gov/mps/phy/nggw/WhitePaperCall2.pdf
● Cosmic Explorer White Paper submitted: https://arxiv.org/abs/2306.13745
● Report is now published

118

https://www.nsf.gov/mps/phy/nggw.jsp
https://www.nsf.gov/mps/advisory/subcommittee_charges/mpsac-nggw-charge_signed.pdf
https://www.nsf.gov/mps/phy/nggw/WhitePaperCall2.pdf
https://arxiv.org/abs/2306.13745


Report available on home page:
https://www.nsf.gov/mps/phy/nggw.jsp 
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https://www.nsf.gov/mps/phy/nggw.jsp
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Take-away points
• GW astronomy is here, and we are staring to understand the actual source 

population. 

• Advanced LIGO design works extraordinary well
• Limiting: - Quantum noise

- Coating Thermal noise
- Power handing due to point absorbers

• US effort for designing the next-generation observatories is underway. Based on 
proven technology, but some R&D is needed.

• Quantum sensing (optical squeezing, …)
• Large optics and coatings
• Vacuum technology
• …
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Thank you for the invite!



The End

125
Credit: Eddie Anaya, Cal State Fullerton Undergraduate


