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Friction is a result of electromagnetism
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Something similar happens with gravity

Hulse-Taylor binary

Weisberg and Huang, ApJ 829 (2016)

pulsar

neutron star

http://adsabs.harvard.edu/abs/2016ApJ...829...55W
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Gravitational waves from binary mergers

Animation created by SXS, the Simulating eXtreme Spacetimes (SXS) project (http://www.black-holes.org) 
Video and explanation: https://www.ligo.caltech.edu/video/ligo20160211v10

https://www.ligo.caltech.edu/video/ligo20160211v10
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VERY short general relativity overview

Einstein’s field equations:

Einstein tensor 
(how spacetime is curved)

stress-energy tensor 
(what energy/momentum is doing)

“Spacetime tells matter how to move; 
matter tells spacetime how to curve.” 

- J. A. WheelerESA - C. Carreau

https://www.esa.int/ESA_Multimedia/Images/2015/09/Spacetime_curvature
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VERY short general relativity overview

Assuming perturbations to spacetime are small 
(and then doing a bunch of math …) 

we get gravitational waves 
when we have a changing mass quadrupole

ESA - C. Carreau

gravitational-wave strain 
(fractional change in 
length of spacetime)

~ mass

distance

rotational requency

https://www.esa.int/ESA_Multimedia/Images/2015/09/Spacetime_curvature


Sylvia J. Zhu | Gravitational Waves | DESY Ukraine Winter School, Feb 2023 7

VERY short general relativity overview

B. P. Abbott et al., PRL 116, 061102 (2016)

gravitational-wave strain 
(fractional change in 
length of spacetime)

~ mass

distance

rotational requency

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.061102
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The first detection of gravitational waves in 2015

signal plus detector noise

Caltech/MIT/LIGO Lab

GW observatories, current and planned

Caltech/MIT/LIGO Lab

https://www.ligo.caltech.edu/image/ligo20160211a
https://www.ligo.caltech.edu/image/ligo20160211c
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The first detection of gravitational waves in 2015

GW observatories, current and planned

GEO600 is in Germany and anyone can visit! 
See https://www.geo600.org/23408/visiting-geo600 for more info

Caltech/MIT/LIGO Lab

https://www.geo600.org/23408/visiting-geo600
https://www.ligo.caltech.edu/image/ligo20160211c
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How do GW interferometers work?
LIGO/T. Pyle

This is a simplification; for more details, see https://www.ligo.caltech.edu/page/ligos-ifo

https://www.ligo.caltech.edu/video/ligo20160211v6
https://www.ligo.caltech.edu/page/ligos-ifo
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How do GW interferometers work?
Caltech/MIT/LIGO Lab

Caltech/MIT/LIGO Lab

L = 4 km

h = 
ΔL
L

= 10-21       so       ΔL ~ 10-18 m

but the actual setup is more complicated than this, 
and the effective length is more like 1000 km

(in comparison, a proton radius is 10-15 m)

https://www.ligo.caltech.edu/image/ligo20160211a
https://www.ligo.caltech.edu/page/ligos-ifo
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GW detectors

Caltech/MIT/LIGO Lab

Caltech/MIT/LIGO Lab

Caltech/MIT/LIGO Lab
The Virgo collaboration

ICRR, Univ. of Tokyo

https://www.ligo.caltech.edu/image/ligo20160211c
https://www.ligo.caltech.edu/image/ligo20150731f
https://www.ligo.caltech.edu/image/ligo20150731a
https://www.ligo.caltech.edu/image/ligo20170927e
https://www.ligo.caltech.edu/image/ligo20191004b
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Raw data must be treated to remove noise and extract signal

13

How are GW signals found?

For details, see https://arxiv.org/abs/1908.11170

Look for excess power
Compare data to a library of 
signal models (“match-filter”)

or

Caltech/MIT/LIGO Lab

https://arxiv.org/abs/1908.11170
https://www.ligo.caltech.edu/image/ligo20160211a
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How are GW signals found?
B. P. Abbott et al., PRL 116, 061102 (2016)

Caltech/MIT/LIGO Lab

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.061102
https://www.ligo.caltech.edu/image/ligo20160211a
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GW detections, and what we’ve learned from them

This is what the GW landscape looked like in 2016 …

Caltech/MIT/LIGO Lab

https://www.ligo.caltech.edu/image/ligo20160615e
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GW detections, and what we’ve learned from them

This is what the GW landscape looked like in 2016 … … and this is what it looks like now

Caltech/MIT/LIGO Lab
LIGO-Virgo-KAGRA | Aaron Geller | Northwestern

https://www.ligo.caltech.edu/image/ligo20160615e
https://www.ligo.caltech.edu/image/ligo20211107a
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What we can learn from binary black hole mergers

How do two black holes form a binary and eventually merge? 
How heavy can black holes be? How light can they be? 
How quickly do they spin? 
Do they have any charge? Magnetic field? 
Is general relativity correct? 
How do we know they’re black holes and not something else?

ESA

https://www.esa.int/ESA_Multimedia/Images/2019/05/Two_merging_black_holes


Sylvia J. Zhu | Gravitational Waves | DESY Ukraine Winter School, Feb 2023 18

Black hole or neutron star (or something else?)

[link]

https://www.britannica.com/science/astronomy/Star-formation-and-evolution
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Black hole or neutron star (or something else?)

neutron degeneracy pressure

gravity

stellar core

neutron star

black hole
or quark star 
or other exotic objects

m < 2-ish M⦿

m ≫ 2-ish M⦿

Solar mass 
(mass of Sun)
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GW170817: binary neutron star merger

Everything becomes more complicated when you add matter

Merger

Gamma-ray burst

gamma rays

B. P. Abbott et al., ApJL 848 (2017)

N. R. Tanvir et al., ApJL 848 (2017)

kilonova (mostly optical light)

before merger hours after merger 8.5 days after merger

https://iopscience.iop.org/article/10.3847/2041-8213/aa920c
https://iopscience.iop.org/article/10.3847/2041-8213/aa90b6
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GW170817: binary neutron star merger

NASA’s Goddard Space Flight Center / CI Lab

https://svs.gsfc.nasa.gov/12740
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What we can learn from binary neutron star mergers

How heavy can neutron stars get? 
What does the interior of a neutron star look like? 
How do two neutron stars form a binary and then merge? 
What is left when two neutron stars merge? 
Where are the heavy elements in the Universe produced and how? 
Do light and gravity travel at the same speed? 
How do neutron star mergers produce neutrinos?

NSF/LIGO/Sonoma State University/A. Simonnet

https:/https://www.ligo.caltech.edu/image/ligo20171016d/www.esa.int/ESA_Multimedia/Images/2019/05/Two_merging_black_holes
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Other sources of gravitational waves

M.A. Papa, MPI for Gravitational Physics, Hannover

Continuous gravitational waves Stochastic gravitational-wave background

+ other, more exotic sources

NAOJ

https://www.youtube.com/watch?v=mV4-DUalJ5I
https://gwpo.nao.ac.jp/en/gallery/000061.html
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The gravitational-wave spectrum
M. Bailes et al., Nature Reviews Physics 3 (2021)

https://www.nature.com/articles/s42254-021-00303-8
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Binaries of (super)massive black holes
We have snapshots of Galaxies that seem to be in binaries

NASA, ESA, and F. Summers (STScI)

https://esahubble.org/videos/heic0810d/
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Gravitational waves from supermassive black hole binaries

B. P. Abbott et al., PRL 116, 061102 (2016)

NASA/ESA and The Hubble Heritage Team (STScI)

(super)massive black hole binaries: 
~ same GW signal, much different scales

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.061102
https://esahubble.org/images/opo9941a/
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LISA: Laser Interferometer Space Antenna

Launch: late 2030s 
Arm length: 2.5 million km

AEI / Milde Marketing

University of Florida / Simon Barke

https://lisa.nasa.gov/
https://www.aei.mpg.de/lisa
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Pulsar timing arrays

David J. Champion

NANOGrav Collaboration

https://astrobites.org/2012/11/23/the-race-to-detect-gravitational-waves-pulsar-timing-arrays/
https://nanograv.github.io/optimalobs/
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The gravitational-wave spectrum
M. Bailes et al., Nature Reviews Physics 3 (2021)

https://www.nature.com/articles/s42254-021-00303-8
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The gravitational-wave spectrum
gwplotter

http://gwplotter.com/
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A few good resources for further reading or study

General information 
https://www.ligo.caltech.edu/ 
https://www.lisamission.org/articles/lisa-mission/lisa-mission-gravitational-universe   
https://www.nature.com/articles/s42254-021-00303-8 

Full LIGO-Virgo-KAGRA publication list 
https://pnp.ligo.org/ppcomm/Papers.html 

LIGO data analysis and hands-on tutorials 
https://www.gw-openscience.org/tutorials/ 
https://cplberry.com/2020/02/09/gw-data-guides/#data-analysis-guide

https://www.ligo.caltech.edu/
https://www.lisamission.org/articles/lisa-mission/lisa-mission-gravitational-universe
https://www.nature.com/articles/s42254-021-00303-8
https://pnp.ligo.org/ppcomm/Papers.html
https://www.gw-openscience.org/tutorials/
https://cplberry.com/2020/02/09/gw-data-guides/#data-analysis-guide

