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▸ Gravitational waves are invisible! 

▸ Gravity, not light. Gravitons, not photons (or neutrinos or cosmic rays) 

▸ Gravitational waves teach us about fundamental physics, cosmology, and 
astrophysics 

▸ Black holes and neutron stars are extreme physical laboratories 

▸ This talk will touch on some of the things we’ve learned from recent 
gravitational-wave detections 
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–John Archibald Wheeler

Spacetime tells matter how to move
Matter tells spacetime how to curve
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General Relativity 
• Space and time are 

inextricably linked:  
spacetime

• Spacetime can become 
infinitely warped:  
black holes

• Spacetime can wiggle: 
gravitational waves

sciencenews.org

NASA
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Gravitational waves

Ripples in the fabric of spacetime
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Ripples in the fabric of spacetime

Gravitational waves
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Why did it take 100 years to detect GWs?

• Gravitational waves are weakly coupled

• Loud gravitational waves would change the 
distance between us and the next closest star (4.3 
lightyears away) by the width of a human hair! 

4.3 lightyears

Earth Alpha Centauri
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How do we detect these waves?

❖ LIGO and Virgo! (and KAGRA, LIGO-India, LISA, …)
❖ Michelson interferometers, Fabry-Perot cavities, 

power and signal recycling, quantum squeezing, ….

See talk by Brian Lantz later today!!

See talk by Jason Hogan tomorrow!!
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There are three detectors!

LIGO (Hanford, WA) LIGO (Livingston, LA)

Virgo (Pisa, Italy)

▸ Most sensitive instruments ever built!!

See talk by Brian Lantz later today!!
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On September 12, 2015 we 
turned on LIGO.  

Two days later we heard….
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The sound of 2 black holes colliding
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What did we detect?
• The merger of two black holes

• Each black hole was 30 

• System was 40 Mpc away

M⊙

• For a fraction of a second 
this event emitted more 
energy than all the stars 
in the Universe combined

12



Important scientific milestone
▸ First direct detection of gravitational waves (a Century 

after Einstein predicted them) 

▸ First direct detection of black holes
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GW150914 was just the beginning…
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On August 17, 2017:
▸ Beautiful “chirp” in Hanford!!
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LOUD GLITCH!!

What happened at Livingston? 16



▸ Beautiful chirping track in Livingston!

Clean up the glitch, and find:

▸ This is louder than anything else we’ve ever detected  
in gravitational waves!

17



What did we hear? 18



All previous GW detections

M⊙
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But wait, there’s more…
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NASA GSFC/CI Lab
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A burst of 
gamma-rays!!
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But wait, there’s even more!!
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Kilonova! 24



GW170817 is revolutionary
▸ For the very first time, we are hearing the thunder and seeing the 

lightning from an astronomical cataclysm (the thunder comes first) 

▸ Constrain general relativity, nuclear physics, astrophysics, 
cosmology,…

NASA GSFC/CI Lab
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Do gravitons and photons travel at the same speed?
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▸ The gravitational waves and gamma-rays traveled for ~100 million 
years, and yet arrived within 1.7 seconds of each other 

▸ Their speeds must be very similar: 

▸ Upper bound: generated at same time 
▸ Lower bound: GRB emission 10 seconds later

GRB170817A “Speed of Gravity”

�3⇥ 10�15  vGW � vEM

vEM
 +7⇥ 10�16

Vivek Seth

27



Do gravitons and photons travel at the same speed?

Yes!
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Do gravitons and photons travel 
through the same Universe?
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Do gravitons and photons see the same Universe?

▸ Can modify general relativity by adding extra dimensions, and/or 
scalar fields 

▸ can potentially account for dark matter and/or dark energy 

▸ if the gravitons “leak” into the bulk/higher dimensions, then 
gravity is modified 

▸ gravitational leakage would cause GW sources to appear farther 
away than they really are 

▸ GW170817 offers an opportunity to test this 

▸ Are the distances inferred from gravitational waves and photons 
consistent?
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How many spacetime dimensions?

▸ In GR, we have: 

▸ In modified gravity theories, flux conservation gives 
 
 
 
                         with 

▸ Some theories have a screening scale,      , and transition steepness, 
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How many spacetime dimensions?

▸ Do gravitational waves “leak” into an extra dimension? 
▸ No! Gravity and light travel through the same Universe

Pardo, Fishbach, DH, & Spergel
JCAP 2018

# of spacetime dimensions
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Time varying Planck mass?

▸ Time-varying Planck mass affects amplitude of GWs 
▸ Define running of the Planck mass: 

▸ Time parameterization:  

▸ Characterized by  where  is GR with constant Planck 
mass

cM cM = 0

αM ≡
d ln(M*/MP)2

d ln a

αM(z) = cM
ΩDE(z)
ΩDE(0)
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Time varying Planck mass?

▸ GW170817 is consistent with  

▸ No evidence for running of the Planck mass
cM = 0

Lagos, Fishbach, Landry, 
& DH 2019, PRD

34



Do gravitons and photons travel 
through the same Universe?

Yes!
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In what follows, assume GR is correct
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What is the equation of state of neutron-star matter?
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Constrain the neutron star equation of state

▸ The properties of the neutron star are embedded in the waveform of 
emitted gravitational waves 

▸ Combining GW data with electromagnetic data provides 
unprecedented constraints on the equation-of-state of neutron stars 

▸ Use a non-parametric analysis (Landry & Essick 2019 PRD; Essick, 
Landry, & DH 2020 PRD) 

▸ Combined analysis of gravitational-wave data, electromagnetic 
measurements of massive pulsars, and NICER X-ray observations 
of PSR J0030+0451 (Essick, Tews, Landry, Reddy, & DH, arXiv:
2004.07744) 

▸ Direct astrophysical tests of Chiral EFT at supranuclear densities
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Constrain the neutron star equation of state

▸ Constraints from gravitational-waves (GW170817) and electromagnetic observations 
of pulsars (radio and X-ray)

density
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Essick, Tews, Landry, Reddy, & DH 
arXiv:2004.07744

agnostic analysis

agnostic analysis

Chiral EFT

Chiral EFT
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How does the Universe make binary neutron stars?

40



Host galaxy properties
▸ Binary neutron stars are formed in galaxies 

▸ Observable properties of a galaxy (e.g. stellar mass, star 
formation rate, metallicity) carry information about its 
history 

▸ Examine properties of host galaxies to learn about how 
binary neutron stars are formed! 

▸ Binary-host connection (Adhikari, Fishbach, DH, Wechsler, & 
Fang; arXiv:2001.01025)

Hubble Heritage Team
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▸ Simplest description: 

▸ Binary neutron stars are formed at some 
evolving rate 

▸ Probably related to star formation rate 

▸ There is a delay between the time of 
formation of the binary and its eventual 
merger 

▸ Assume this is described by a delay 
time distribution (e.g.  with 

; Dominik,..DH 2012 ApJ)
dN/dt ∝ tα

α = − 1.5

How does the Universe make binary neutron stars?42



Star formation, stellar mass, or dark matter?!

▸ Different 
weightings 
produce 
different 
distributions 
of host 
galaxy 
properties

Dark matter mass
Star formation
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Stellar mass

Stellar mass
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Binary-host connection event #1: GW170817!

▸ Binary neutron-star merger in gravitational-waves 

▸ Identification of host galaxy: NGC 4993

Hubble Space Telescope, NASA and ESA
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What do we learn from NGC 4993?

▸ NGC 4993 
prefers a 
minimum time 
delay of ~6 Gyr 
and a relatively 
steep slope 

▸ This is because 
it has a lower 
than expected 
star-formation 
rate for its 
measured 
stellar mass

Adhikari, Fishbach, DH, Wechsler, & Fang 
arXiv:2001.01025
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What is the value of the Hubble constant?

46



What is the value of the Hubble constant?

▸ >4𝜎 discrepancy between early Universe (CMB) and late Universe (Type 
Ia supernova) measurements of the Hubble constant 

▸ Systematics? New physics?!

Freedman 2017 Nature Astronomy

See talk by Adam Riess on Friday!!
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▸ Black holes are the simplest macroscopic objects 
in the Universe 

▸ Binary coalescence is understood from first 
principles; provides direct absolute measurement 
of luminosity distance (Schutz 1986) 

▸ Calibration is provided by General Relativity 

▸ Need independent measurement of redshift to do 
cosmology*

Gravitational-wave standard siren

* Proposals to use mass distribution, EOS, etc.
Finn 1996; Taylor, Gair, & Mandel 2012; 
Messenger & Read 2012; Del Pozzo, Li, & 
Messenger 2017
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What is a standard siren?

Strongest harmonic (widely separated): 

dimensionless strain 
luminosity distance 
accumulated GW phase 
GW frequency 
position & orientation dependence 
(redshifted) chirp mass:

h(t) =
M5/3

z f(t)2/3

DL
F (angles) cos(�(t))

h(t)
DL

�(t)
f(t) = (1/2�)d�/dt

F (angles)

Mz = (1 + z)(m1m2)3/5/(m1 + m2)1/5
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What good is a standard siren?

▸ From the measured amplitude of the waves can directly calculate the 
absolute distance to the source 

▸ No distance ladder. Calibrated by general relativity 

▸ The gravitational waves do not provide a redshift 

▸ Need an electromagnetic counterpart! 

▸ Combining GW distance and EM redshift/recession velocity: 

▸ Can directly fit for Hubble relation (nearby)

v = H0 d

from EM from GW
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GW170817 is an ideal standard siren

▸ GW170817 was detected in gravitational waves 

▸ Very high SNR 

▸ Excellent measurement of distance

▸ GW170817 had an optical 
counterpart 

▸ Host galaxy is NGC 4993 

▸ Measurement of redshift 

▸ Poster child for the standard siren 
method….

Soares-Santos, DH+ 2017 ApJL
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Caveat: GW17081 is too good!

▸ Host galaxy is so close (40 Mpc) that 
peculiar motions are important. We 
use 6dF and 2MASS to correct for a 
coherent bulk flow of 310 ± 150 km/
s (Springob+ 2014)

Soares-Santos, DH+ 2017 ApJL

▸ Virial velocity: NGC 4993 belongs to 
a group of galaxies with center-of-
mass velocity 3327 ± 72 km/s in the 
CMB frame (Crook+ 2007)
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Standard siren measurement of the Hubble constant

H0 = 70.0+12
�8 km s�1 Mpc�1

Abbott+ 2017 Nature
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Precision standard siren cosmology

▸ With one year at design sensitivity (starting ~2022?) we get to ~2.5% 
measurement of the Hubble constant: enough to adjudicate current tension

Chen, Fishbach, & DH 2018 Nature

2.5% measurement of H0

See talk by Adam Riess on Friday!!
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Lots of gravitational-wave detections!

M⊙
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Where are LIGO’s big black holes?
▸ The biggest BH 

LIGO has detected 
is ~30 M☉ 

▸ LIGO is sensitive to 
BHs up to >100 M☉ 

▸ Absence of 
evidence is 
evidence of absence 

▸ We argue that there 
is a mass gap, as 
expected from 
pulsational/pair 
instability 
supernovae 
(Belczynski,..,DH+ 
2016 A&A)

Fishbach & DH 2017 ApJL

mass distribution power-law slope
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▸ The edge of the mass gap 
imprints an “absorption” 
feature in the mass 
distribution of binary black 
holes 

▸ Five years of observation 
of binary black holes with 
Advanced LIGO/Virgo 
would constrain  at 
pivot redshift of  to 
2%

H(z)
z ∼ 0.75

A new method for standard siren cosmology
▸ LIGO/Virgo is missing big black holes (Fishbach & DH 2017, Abbott+ 2019) 

▸ Existence of upper mass gap, as expected from pulsational/pair instability 
supernovae

Farr, Fishbach, Ye, & DH 
2019 ApJL
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Does the rate of mergers evolve over time?

▸ No evidence for evolution (yet) 
▸ Powerful probe of how compact objects are made 
▸ The deaths of today’s black holes tells us about the the earliest stars

Fishbach, DH, & Farr 2018 ApJL
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How did LIGO’s black holes form?

▸ Are the spins of the LIGO black holes aligned or isotropic? (corresponding 
to isolated or dynamical formation) We find weak evidence for aligned. 

▸ We produce spin magnitude distributions (assuming aligned)

Farr, DH, & Farr 2018 ApJL
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Are LIGO’s Black Holes Made From Smaller Black Holes?

▸ There is a universal 
spin for merged 
black holes 

▸ It is very hard to 
shed the orbital 
angular momentum 

▸ Puts pressure on 
dark matter models, 
which (might) have 
hierarchical 
formation

▸ Are the LIGO/Virgo events consistent with being from BHs spinning at 
a~0.7? 
                                   Probably not.

Fishbach & DH 2017 ApJL
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Shouts and murmurs

▸ Combining GW detections with the non-detection of a stochastic 
background constrains binary formation astrophysics! 

▸ We can already make statements about how the rate of binary 
mergers evolves with redshift 

▸ In the future, the combination of compact-binary and stochastic 
measurements will provide strong constraints on the formation 
mechanisms of binary systems

Callister, Fishbach, DH, & Farr 2020 ApJL

See talk by Geraldine Servant tomorrow!!
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LIGO/Virgo 3rd observing run!

▸ April 1, 2019—March 27, 2020 

▸ ~60 detection alerts 

▸ ~50% more sensitive than in O2! 

▸ 3 discoveries published thus far….
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GW190425

▸ Another binary neutron star event!! 

▸ Unfortunately, no light was detected 

▸ Unusually high mass for neutron stars. Curious.
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GW190412

▸ Another binary black hole event!! 

▸ A big black hole (30 Msun) and a much smaller black hole (8 Msun) 

▸ Clues to how these binary black holes are formed!!
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GW190814

▸ A black hole with a neutron star? Or maybe two black holes?! 

▸ We don’t know!! Fascinating either way 

▸ Unusually high mass. Curious.
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More results from O3 coming soon!
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UChicago LIGO Group

Jose María Ezquiaga

Zoheyr Doctor 
(now at U. Oregon)

Amanda Farah

Maya Fishbach

Reed Essick
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The future is loud and bright
▸ The era of gravitational-wave multi-messenger astronomy has arrived 

▸ LIGO, Virgo, and KAGRA are now being upgraded, and are expected 
to turn back on at design sensitivity in ~18 months 

▸ The future should bring additional spectacular events, and hopefully 
some interesting surprises as well!
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