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Gravitational-wave observations  
from quarks to the Universe
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This is a black hole. This is a neutron star.
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Information is encoded in the gravitational waveforms

Inspiral Merger 

Ringdown
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Gravitational-wave sources detected by LIGO-Virgo 

LIGO-Virgo
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Abbott et al., PRL, 2017 
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Gravitational-wave sources detected by LIGO-Virgo 
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30+ binary black hole mergers

3.5 binary neutron star mergers

With electromagnetic counterparts

Without electromagnetic counterpart
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Gravitational-wave sources detected by LIGO-Virgo 
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May or may not have  
electromagnetic counterparts

2.5 Neutron star-black hole mergers
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Gravitational-wave detector sensitivities 

LIGO Lab/LIGO Document T1500293 
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Gravitational-wave detector sensitivities 
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http://gwc.rcc.uchicago.edu Chen et al, 2017

http://gwc.rcc.uchicago.edu
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Gravitational-wave cosmology  
with the standard sirens



Direct measurement of the luminosity distance 

Luminosity Distance∝1/Amplitude

-Mass, sky location, and binary 
orientation also affect the amplitude, 
however these parameters can either 

be determined independently or 
marginalized out.  

-Constrain the cosmological parameters 
with the redshift and luminosity distance:

DL = c(1 + z)

Z z

0

dz
0

H(z0)

H(z) = H0

q
⌦M(1 + z)3 + ⌦k(1 + z)2 + ⌦⇤(1 + z)3(1+w0+wa)e�3waz/(1+z)
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Schutz, Nature, 1986



LIGO-Virgo

-GW170814:  
(Dark Energy Survey Year 3 data)

H0 = 75.2+39.5
�32.4 km/s/Mpc

<latexit sha1_base64="hjmD1h0mBNQOumv3vY2VD5u2wrg="></latexit><latexit sha1_base64="hjmD1h0mBNQOumv3vY2VD5u2wrg="></latexit><latexit sha1_base64="hjmD1h0mBNQOumv3vY2VD5u2wrg="></latexit><latexit sha1_base64="hjmD1h0mBNQOumv3vY2VD5u2wrg="></latexit>

DES & LVC, 2019

-GW170817:  H0 = 76+48
�23 km/s/Mpc
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Fishbach, ~Chen et al., ApJL, 2019

Schutz, Nature, 1986/ Del Pozzo,PRD, 2011 Statistical method:  
Combine the redshifts of all possible host galaxies.
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Determine the redshift of gravitational-wave source  
with the host galaxy
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Determine the redshift of gravitational-wave source  
with the host galaxy

LIGO-Virgo

Schutz, Nature, 1986 / Holz & Hughes, ApJ, 2005 

Counterpart method: 
Find the host galaxy of the electromagnetic counterpart.

Telescope
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The first standard siren measurement  
with an electromagnetic counterpart 

Soares-Santos, ~, Chen+, ApJL, 2017

DL = 43+2.9
�6.9 Mpc
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From LIGO-Virgo:

v = 3017± 166 km/s
<latexit sha1_base64="xAFPa6ivRRafr3pe0rQIDua8hFE=">AAACAXicdVA9SwNBEJ2LXzF+nVqJzaIIKSTeqSSmEAI2lhGMCeRC2NtskiW7d8fuXiAewca/YmOhYmvjb7AQ/DduPgQVfTDweG+GmXl+xJnSjvNhpWZm5+YX0ouZpeWV1TV7feNKhbEktEJCHsqajxXlLKAVzTSntUhSLHxOq37vbORX+1QqFgaXehDRhsCdgLUZwdpITXurf3rkuAUvEsjN5739xJMC9cSBGjbtXSdXHANNSOF4SooucnPOGLul9PX7KwCUm/ab1wpJLGigCcdK1V0n0o0ES80Ip8OMFysaYdLDHVo3NMCCqkYyfmGI9ozSQu1Qmgo0GqvfJxIslBoI33QKrLvqtzcS//LqsW6fNBIWRLGmAZksascc6RCN8kAtJinRfGAIJpKZWxHpYomJNqllTAhfn6L/SeUwV8y5FyaMLEyQhm3YgSy4UIASnEMZKkDgBu7gAR6tW+veerKeJ60pazqzCT9gvXwCnfyYDw==</latexit><latexit sha1_base64="yR3XUW8IHJ9aSiQ48v0UJTzoAZY=">AAACAXicdVDLSgMxFM3UV1tfVVfiJliELmScUWntQii4cVnRWqEzlEyatqFJZkgyhToUN/6KGxcqbv0Edy4E/8b0IajogQuHc+7l3nuCiFGlHefDSs3Mzs0vpDPZxaXlldXc2vqlCmOJSQ2HLJRXAVKEUUFqmmpGriJJEA8YqQe9k5Ff7xOpaCgu9CAiPkcdQdsUI22kZm6zf3zguCUv4tAtFr3dxJMc9vieGjZzeccujwEnpHQ4JWUXurYzRr6Svn5/Pa9mqs3cm9cKccyJ0JghpRquE2k/QVJTzMgw68WKRAj3UIc0DBWIE+Un4xeGcMcoLdgOpSmh4Vj9PpEgrtSAB6aTI91Vv72R+JfXiHX7yE+oiGJNBJ4sascM6hCO8oAtKgnWbGAIwpKaWyHuIomwNqllTQhfn8L/SW3fLtvumQmjACZIgy2wDQrABSVQAaegCmoAgxtwBx7Ao3Vr3VtP1vOkNWVNZzbAD1gvn5IumMY=</latexit><latexit sha1_base64="yR3XUW8IHJ9aSiQ48v0UJTzoAZY=">AAACAXicdVDLSgMxFM3UV1tfVVfiJliELmScUWntQii4cVnRWqEzlEyatqFJZkgyhToUN/6KGxcqbv0Edy4E/8b0IajogQuHc+7l3nuCiFGlHefDSs3Mzs0vpDPZxaXlldXc2vqlCmOJSQ2HLJRXAVKEUUFqmmpGriJJEA8YqQe9k5Ff7xOpaCgu9CAiPkcdQdsUI22kZm6zf3zguCUv4tAtFr3dxJMc9vieGjZzeccujwEnpHQ4JWUXurYzRr6Svn5/Pa9mqs3cm9cKccyJ0JghpRquE2k/QVJTzMgw68WKRAj3UIc0DBWIE+Un4xeGcMcoLdgOpSmh4Vj9PpEgrtSAB6aTI91Vv72R+JfXiHX7yE+oiGJNBJ4sascM6hCO8oAtKgnWbGAIwpKaWyHuIomwNqllTQhfn8L/SW3fLtvumQmjACZIgy2wDQrABSVQAaegCmoAgxtwBx7Ao3Vr3VtP1vOkNWVNZzbAD1gvn5IumMY=</latexit><latexit sha1_base64="+Svqk2JsuTRn8QPBc6o6iUSORiw=">AAACAXicdVBNS8NAEN3Ur1q/op7Ey2IRepCYqLT2IBS8eKxgbKEJZbPdtkt3k7C7KZRQvPhXvHhQ8eq/8Oa/cZtGUNEHA4/3ZpiZF8SMSmXbH0ZhYXFpeaW4Wlpb39jcMrd3bmWUCExcHLFItAMkCaMhcRVVjLRjQRAPGGkFo8uZ3xoTIWkU3qhJTHyOBiHtU4yUlrrm3vji1HZqXsyhU616R6knOBzxYzntmmXbqmeAc1I7y0ndgY5lZyiDHM2u+e71IpxwEirMkJQdx46VnyKhKGZkWvISSWKER2hAOpqGiBPpp9kLU3iolR7sR0JXqGCmfp9IEZdywgPdyZEayt/eTPzL6ySqf+6nNIwTRUI8X9RPGFQRnOUBe1QQrNhEE4QF1bdCPEQCYaVTK+kQvj6F/xP3xKpbzrVdblTyNIpgHxyACnBADTTAFWgCF2BwBx7AE3g27o1H48V4nbcWjHxmF/yA8fYJdwWVtw==</latexit>

From electromagnetic:

Abbott et al. (2017)

H0 = 70+12
�8 km/s/Mpc
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15
2% Hubble constant measurement within a few years
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2% Hubble constant measurement within a few years

The search for electromagnetic counterparts is crucial 
for gravitational-wave cosmology.

Counterpart method

Statistical method
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Why is it difficult to find the 
electromagnetic counterpart?

-We don’t know where it is on the sky.

-The counterpart emissions fade away.

-Rapid sky localization.  

Singer, Chen et al, ApJL, 2016
Chen and Holz, ApJ, 2017

Chen and Holz, 2016

Singer et al, ApJ, 2014
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We can anticipate from where on the sky the events will 
most likely come at a given time.

Chen, Essick et al., ApJ, 2017

IT’S GON’ RAIN

GRAVITATIONAL WAVES!

Gravitational-wave weather forecast



Chen, Essick et al., ApJ, 2017

Gravitational-wave weather forecast

-Spatial selection effect: Antenna Patterns

19



Chen, Essick et al., ApJ, 2017

Instantaneous24hr average

Gravitational-wave weather forecast

-Spatial selection effects: Antenna Patterns

20



Night Day24hr average24hr, diurnal cycle

Gravitational-wave weather forecast
-Temporal selection effect: Diurnal cycle

Chen, Essick et al., ApJ, 2017
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Jan.

May.

Sep.

Mar.

Jul.

Nov.

Probability

Sun

Chen, Essick et al., ApJ, 2017

This method has already been implemented on the  
Swift Gamma-Ray Burst satellite observatory.

Gravitational-wave weather forecast
22



• Combine the detector characteristics, source 
properties and electromagnetic emission 
modeling to maximize the probability of 
successful follow-up.

23

Electromagnetic Follow-up

Image credit: A. Tonita, L. Rezzolla, F. Pannarale
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Improve the precision of standard sirens

-Break the distance-inclination degeneracy.



Distance-inclination degeneracy 

LIGO-Virgo

LIGO-Virgo
Small 

 Distance

Large Distance

Face-on binary Edge-on binary

25

Ɩ=90°
Ɩ=0°



Break the distance-inclination degeneracy 
26

A) Neutron star mergers with viewing angles constrained 
by electromagnetic emission.

Chen et al., PRX, 2019

A factor of 5 to10 fewer events are required to reach the same  
Hubble Constant precision if the viewing angle is constrained.

Can be viewed  
as  

H0 uncertainty

�H0 / 1p
N

<latexit sha1_base64="Q51oY0JwdM6EFziIA0987aDiaMY=">AAACDnicdVDLSsNAFJ34rPUVdelmsChdlUQKtbuCm66kgrGFJoTJdNIOnTycmQhlyB+48VfcuFBx69qdf+M0jaCiBwYO59zLnXOClFEhLevDWFpeWV1br2xUN7e2d3bNvf1rkWQcEwcnLOGDAAnCaEwcSSUjg5QTFAWM9IPp+dzv3xIuaBJfyVlKvAiNYxpSjKSWfPPEFXQcIV91fSt3U56kMoFuyBFWdq5cccOlushz36xZjXYBuCCtZknaNrQbVoEaKNHzzXd3lOAsIrHEDAkxtK1UegpxSTEjedXNBEkRnqIxGWoao4gITxV5cnislREME65fLGGhft9QKBJiFgV6MkJyIn57c/Evb5jJ8MxTNE4zSWK8OBRmDOrM83LgiHKCJZtpgjCn+q8QT5AuQ+oKq7qEr6Twf+KcNtoN+7JZ69TLNirgEByBOrBBC3RAF/SAAzC4Aw/gCTwb98aj8WK8LkaXjHLnAPyA8fYJY5udtA==</latexit><latexit sha1_base64="Q51oY0JwdM6EFziIA0987aDiaMY=">AAACDnicdVDLSsNAFJ34rPUVdelmsChdlUQKtbuCm66kgrGFJoTJdNIOnTycmQhlyB+48VfcuFBx69qdf+M0jaCiBwYO59zLnXOClFEhLevDWFpeWV1br2xUN7e2d3bNvf1rkWQcEwcnLOGDAAnCaEwcSSUjg5QTFAWM9IPp+dzv3xIuaBJfyVlKvAiNYxpSjKSWfPPEFXQcIV91fSt3U56kMoFuyBFWdq5cccOlushz36xZjXYBuCCtZknaNrQbVoEaKNHzzXd3lOAsIrHEDAkxtK1UegpxSTEjedXNBEkRnqIxGWoao4gITxV5cnislREME65fLGGhft9QKBJiFgV6MkJyIn57c/Evb5jJ8MxTNE4zSWK8OBRmDOrM83LgiHKCJZtpgjCn+q8QT5AuQ+oKq7qEr6Twf+KcNtoN+7JZ69TLNirgEByBOrBBC3RAF/SAAzC4Aw/gCTwb98aj8WK8LkaXjHLnAPyA8fYJY5udtA==</latexit><latexit sha1_base64="Q51oY0JwdM6EFziIA0987aDiaMY=">AAACDnicdVDLSsNAFJ34rPUVdelmsChdlUQKtbuCm66kgrGFJoTJdNIOnTycmQhlyB+48VfcuFBx69qdf+M0jaCiBwYO59zLnXOClFEhLevDWFpeWV1br2xUN7e2d3bNvf1rkWQcEwcnLOGDAAnCaEwcSSUjg5QTFAWM9IPp+dzv3xIuaBJfyVlKvAiNYxpSjKSWfPPEFXQcIV91fSt3U56kMoFuyBFWdq5cccOlushz36xZjXYBuCCtZknaNrQbVoEaKNHzzXd3lOAsIrHEDAkxtK1UegpxSTEjedXNBEkRnqIxGWoao4gITxV5cnislREME65fLGGhft9QKBJiFgV6MkJyIn57c/Evb5jJ8MxTNE4zSWK8OBRmDOrM83LgiHKCJZtpgjCn+q8QT5AuQ+oKq7qEr6Twf+KcNtoN+7JZ69TLNirgEByBOrBBC3RAF/SAAzC4Aw/gCTwb98aj8WK8LkaXjHLnAPyA8fYJY5udtA==</latexit><latexit sha1_base64="Q51oY0JwdM6EFziIA0987aDiaMY=">AAACDnicdVDLSsNAFJ34rPUVdelmsChdlUQKtbuCm66kgrGFJoTJdNIOnTycmQhlyB+48VfcuFBx69qdf+M0jaCiBwYO59zLnXOClFEhLevDWFpeWV1br2xUN7e2d3bNvf1rkWQcEwcnLOGDAAnCaEwcSSUjg5QTFAWM9IPp+dzv3xIuaBJfyVlKvAiNYxpSjKSWfPPEFXQcIV91fSt3U56kMoFuyBFWdq5cccOlushz36xZjXYBuCCtZknaNrQbVoEaKNHzzXd3lOAsIrHEDAkxtK1UegpxSTEjedXNBEkRnqIxGWoao4gITxV5cnislREME65fLGGhft9QKBJiFgV6MkJyIn57c/Evb5jJ8MxTNE4zSWK8OBRmDOrM83LgiHKCJZtpgjCn+q8QT5AuQ+oKq7qEr6Twf+KcNtoN+7JZ69TLNirgEByBOrBBC3RAF/SAAzC4Aw/gCTwb98aj8WK8LkaXjHLnAPyA8fYJY5udtA==</latexit>



27

Vitale & Chen, PRL, 2018

Break the distance-inclination degeneracy 

B) Neutron star-black hole mergers with precession.

-Electromagnetic emissions could be powered by tidal 
disruption of the neutron star and the resulting accretion disk. 

-The distance-inclination degeneracy can be broken by the 
observation of merger-ringdown and precession.
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Gravitational-wave detector sensitivities 
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Can be viewed  
as  

H0 uncertainty

BNS

NSBH

BNS

The difference between BNS and NSBH is mainly due to the observation 
of merger-ringdown.

Vitale & Chen, PRL, 2018

Break the distance-inclination degeneracy 

B) Neutron star-black hole mergers with precession.



30

Vitale & Chen, PRL, 2018

Break the distance-inclination degeneracy 

2. Neutron star-black hole mergers with precession.
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Without 
Precession

With 
Precession

Can be viewed  
as  

H0 uncertainty

BNS

NSBH

BNS

NSBH

BNS

NSBHs can provide more precise Hubble Constant measurement if its 
astrophysical rate is larger than 1/10 of binary neutron star mergers.

A large and misaligned black hole spins results in a significant waveform  
amplitude modulation, which entirely breaks the degeneracy.

Vitale & Chen, PRL, 2018

Break the distance-inclination degeneracy 

2. Neutron star-black hole mergers with precession.

�H0 / 1p
N
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• Combine and compare to other cosmological 
measurements. 

• Electromagnetic emission modelings, instrumental 
calibration, waveform modeling, weak lensing etc. 
can all lead to systematics. How much will them 
affect the accuracy of cosmological measurement? 
What are possible methods to eliminate them? 

• Application to 3G ground-based detectors and the 
space-based detector—LISA.
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Gravitational-Wave Cosmology

Image credit: A. Tonita, L. Rezzolla, F. Pannarale
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Tidal deformation of neutron stars

-Neutron star equation-of-state.
GW170817 Equation-of-state  

(Abbott et al., PRX 2019)



Were they really binary neutron stars?  
Could they be… 

A) Neutron star-black hole mergers

Chen & Chatziioannou, 2019
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Were they really binary neutron stars?  
Could they be… 

B) Hybrid star mergers (Quark matter core)

Chen et al., 2019
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Neutron star mass



Were they really binary neutron stars?  
Could they be… 

A) Neutron star-black hole mergers
Chen & Chatziioannou, 2019

B) Hybrid star mergers 
(Quark matter core)

Chen et al., 2019

Combining O(10) to O(100) detections will verify/exclude these scenarios.
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• Make use of the better-measured mass 
distribution and improved waveform 
modeling. 

• Develop pipelines to optimize the 
identification of different types of sources.
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Extreme Matter Equation-of-State

Image credit: A. Tonita, L. Rezzolla, F. Pannarale
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Summary

-Gravitational waves can serve as an 
independent probe to the Universe.

-More detections will shed light on the high-
density low-temperature nuclear matter 
equation-of-state 

-The electromagnetic counterpart 
observations are crucial for gravitational-
wave cosmology.



Thank you!



Gravitational-Wave Observatories Across the Globe
40



• Realistic distance posteriors were used.

412% in five years

Chen et al., Nature, 2018

• 50% duty cycle for 3 detectors, 30% duty 
cycle for 5 detectors.
— s190425z (no EM counterpart)-like events were not included.

• BNS astrophysical rate is the major 
uncertainty.

• 200 km/s peculiar velocities.
— BNSs at 40-80 Mpc give smallest H0 uncertainty.

Chen & Holz (2016) / Chen et al. (2018)



• Complete galaxy catalog was assumed.

42

Statistical Method

• Most of the BBHs can not be localized well.

Chen et al., Nature, 2018

— They do not contribute to the H0 measurement.

— This is not true for most of the cases.
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Electromagnetic observation selection effects 

- Mass, spin 

-Viewing angle 

Systematics error of gravitational wave distance measurement 
- Calibration errors, waveform

What has not been discussed?

H0 = 70+12
�8 km/s/Mpc
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LVC+1M2H+DECam+DLT40+Las Cumbres+VINROUGE+MASTER , Nature (2017)

Chen et al., 2018

With the redshift from electromagnetic wave observations,  
the constraint of viewing angle can be interesting.



Identical signal

Determine the redshift of gravitational-wave source  
with the source frame mass

(1 + z1)M1
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Taylor+, PRD, 2012

-Mass distribution: Understand the mass distribution 
 and compare it to the detected populations. 

Messenger & Read, PRL, 2012

-Neutron star mergers tidal effect: Understand the neutron star  
equation-of-state and measure the mass from the tidal effect  

presented in the gravitational-wave signals.

Significant number of detections are needed.
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Distinguishing binary neutron star from 
neutron star-black hole mergers with 
gravitational waves
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Chen & Chatziioannou, arXiv:  1903.11197
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Neutron star mass-radius relation 

Abbott et al., PRX 2019

Ozel et al., Ann.Rev.Astron.Astrophys 2016
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We still have only one binary 
neutron star with electromagnetic 
counterparts. Why?

• The binary neutron star mergers in O3a were only 
detected by LIGO-Livingston (+Virgo).

S190425z  [L,V] S190901ap  [L,V] S190910h  [L]
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We still have only one binary 
neutron star with electromagnetic 
counterparts. Why?

• The detector network duty factor is similar as before.

Brian O’Reilly, LV-EM Forum  Sep. 26, 2019
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We still have only one binary 
neutron star with electromagnetic 
counterparts. Why?

• Is the binary neutron star merger rate too low?

No. If we assume 1.4-1.4 M☉ for all BNSs 
detected so far, the BNS astrophysical rate is 
~30% higher than the O1-O2 estimation from 
GW170817.
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We still have only one binary 
neutron star with electromagnetic 
counterparts. Why?

Because we used up our luck in O1 and O2. 

☹

O3b is running! 


