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Direct measurement of the luminosity distance 

Luminosity Distance∝1/Amplitude

Credit: Lynn Cominsky
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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.  

Credit: Lynn Cominsky
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Direct measurement of the luminosity distance 

Luminosity Distance∝1/Amplitude

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

DL = c(1 + z)
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Electromagnetic counterpart

Unique redshift No redshiftMultiple possible redshifts
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Without electromagnetic counterpart

Different methods for gravitational-wave cosmology



Electromagnetic counterpart

Unique redshift No redshiftMultiple possible redshifts

Different methods for gravitational-wave cosmology
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Without electromagnetic counterpart



Determine the redshift of gravitational-wave source  
with the host galaxy [“Standard Siren”] 

LIGO
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Determine the redshift of gravitational-wave source  
with the host galaxy [“Standard Siren”] 

LIGO

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
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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

<latexit sha1_base64="3XdyKLhJ7zNxmnui9GIcPvDEbfc=">AAACB3icdVDLSgMxFL3js9ZXq0sXBotQUMuMFmsXQkEXLhQqWFto65BJ0zY08yDJCGXo0o2/4saFilt/wZ1/YzpTQUUPXO7hnHtJ7nECzqQyzQ9janpmdm4+tZBeXFpeWc1k166lHwpCa8Tnvmg4WFLOPFpTTHHaCATFrsNp3RmcjP36LRWS+d6VGga07eKex7qMYKUlO7N5ap8fFw9uop39QnlkR3uHurV2o5Zw0UVARnYmZxbKMVBCSsUJKVvIKpgxcpVsOlcBgKqdeW91fBK61FOEYymblhmodoSFYoTTUboVShpgMsA92tTUwy6V7Sg+ZIS2tdJBXV/o8hSK1e8bEXalHLqOnnSx6svf3lj8y2uGqnvUjpgXhIp6JHmoG3KkfDROBXWYoETxoSaYCKb/ikgfC0yUzi6tQ/i6FP1PajrBgnWpw8hDghRswBbkwYISVOAMqlADAnfwAE/wbNwbj8aL8ZqMThmTnXX4AePtE49GmLE=</latexit><latexit sha1_base64="5myElXMPWCxk+G7u4l9QmM/3s84="></latexit><latexit sha1_base64="5myElXMPWCxk+G7u4l9QmM/3s84="></latexit><latexit sha1_base64="Q57CdBHmzsbSVkImDanp4iRJev4=">AAACB3icdVDLSgMxFM3UV62vUZcuDBahoJYZLdYuhIIuXChUsLbQqUMmzbShycyQZIQydOnGX3HjQsWtv+DOvzGdVlDRA5d7OOdeknu8iFGpLOvDyExNz8zOZedzC4tLyyvm6tq1DGOBSR2HLBRND0nCaEDqiipGmpEgiHuMNLz+ychv3BIhaRhcqUFE2hx1A+pTjJSWXHPz1D0/Lh3cJDv7xcrQTfYOdXN2E0dweBHhoWvmrWIlBRyTcmlCKja0i1aKPJig5prvTifEMSeBwgxJ2bKtSLUTJBTFjAxzTixJhHAfdUlL0wBxIttJesgQbmulA/1Q6AoUTNXvGwniUg64pyc5Uj352xuJf3mtWPlH7YQGUaxIgMcP+TGDKoSjVGCHCoIVG2iCsKD6rxD3kEBY6exyOoSvS+H/pK4TLNqXVr5amKSRBRtgCxSADcqgCs5ADdQBBnfgATyBZ+PeeDRejNfxaMaY7KyDHzDePgGPO5fz</latexit>

From LIGO-Virgo:
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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

<latexit sha1_base64="3XdyKLhJ7zNxmnui9GIcPvDEbfc=">AAACB3icdVDLSgMxFL3js9ZXq0sXBotQUMuMFmsXQkEXLhQqWFto65BJ0zY08yDJCGXo0o2/4saFilt/wZ1/YzpTQUUPXO7hnHtJ7nECzqQyzQ9janpmdm4+tZBeXFpeWc1k166lHwpCa8Tnvmg4WFLOPFpTTHHaCATFrsNp3RmcjP36LRWS+d6VGga07eKex7qMYKUlO7N5ap8fFw9uop39QnlkR3uHurV2o5Zw0UVARnYmZxbKMVBCSsUJKVvIKpgxcpVsOlcBgKqdeW91fBK61FOEYymblhmodoSFYoTTUboVShpgMsA92tTUwy6V7Sg+ZIS2tdJBXV/o8hSK1e8bEXalHLqOnnSx6svf3lj8y2uGqnvUjpgXhIp6JHmoG3KkfDROBXWYoETxoSaYCKb/ikgfC0yUzi6tQ/i6FP1PajrBgnWpw8hDghRswBbkwYISVOAMqlADAnfwAE/wbNwbj8aL8ZqMThmTnXX4AePtE49GmLE=</latexit><latexit sha1_base64="5myElXMPWCxk+G7u4l9QmM/3s84="></latexit><latexit sha1_base64="5myElXMPWCxk+G7u4l9QmM/3s84="></latexit><latexit sha1_base64="Q57CdBHmzsbSVkImDanp4iRJev4=">AAACB3icdVDLSgMxFM3UV62vUZcuDBahoJYZLdYuhIIuXChUsLbQqUMmzbShycyQZIQydOnGX3HjQsWtv+DOvzGdVlDRA5d7OOdeknu8iFGpLOvDyExNz8zOZedzC4tLyyvm6tq1DGOBSR2HLBRND0nCaEDqiipGmpEgiHuMNLz+ychv3BIhaRhcqUFE2hx1A+pTjJSWXHPz1D0/Lh3cJDv7xcrQTfYOdXN2E0dweBHhoWvmrWIlBRyTcmlCKja0i1aKPJig5prvTifEMSeBwgxJ2bKtSLUTJBTFjAxzTixJhHAfdUlL0wBxIttJesgQbmulA/1Q6AoUTNXvGwniUg64pyc5Uj352xuJf3mtWPlH7YQGUaxIgMcP+TGDKoSjVGCHCoIVG2iCsKD6rxD3kEBY6exyOoSvS+H/pK4TLNqXVr5amKSRBRtgCxSADcqgCs5ADdQBBnfgATyBZ+PeeDRejNfxaMaY7KyDHzDePgGPO5fz</latexit>

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:
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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

<latexit sha1_base64="3XdyKLhJ7zNxmnui9GIcPvDEbfc=">AAACB3icdVDLSgMxFL3js9ZXq0sXBotQUMuMFmsXQkEXLhQqWFto65BJ0zY08yDJCGXo0o2/4saFilt/wZ1/YzpTQUUPXO7hnHtJ7nECzqQyzQ9janpmdm4+tZBeXFpeWc1k166lHwpCa8Tnvmg4WFLOPFpTTHHaCATFrsNp3RmcjP36LRWS+d6VGga07eKex7qMYKUlO7N5ap8fFw9uop39QnlkR3uHurV2o5Zw0UVARnYmZxbKMVBCSsUJKVvIKpgxcpVsOlcBgKqdeW91fBK61FOEYymblhmodoSFYoTTUboVShpgMsA92tTUwy6V7Sg+ZIS2tdJBXV/o8hSK1e8bEXalHLqOnnSx6svf3lj8y2uGqnvUjpgXhIp6JHmoG3KkfDROBXWYoETxoSaYCKb/ikgfC0yUzi6tQ/i6FP1PajrBgnWpw8hDghRswBbkwYISVOAMqlADAnfwAE/wbNwbj8aL8ZqMThmTnXX4AePtE49GmLE=</latexit><latexit sha1_base64="5myElXMPWCxk+G7u4l9QmM/3s84="></latexit><latexit sha1_base64="5myElXMPWCxk+G7u4l9QmM/3s84="></latexit><latexit sha1_base64="Q57CdBHmzsbSVkImDanp4iRJev4=">AAACB3icdVDLSgMxFM3UV62vUZcuDBahoJYZLdYuhIIuXChUsLbQqUMmzbShycyQZIQydOnGX3HjQsWtv+DOvzGdVlDRA5d7OOdeknu8iFGpLOvDyExNz8zOZedzC4tLyyvm6tq1DGOBSR2HLBRND0nCaEDqiipGmpEgiHuMNLz+ychv3BIhaRhcqUFE2hx1A+pTjJSWXHPz1D0/Lh3cJDv7xcrQTfYOdXN2E0dweBHhoWvmrWIlBRyTcmlCKja0i1aKPJig5prvTifEMSeBwgxJ2bKtSLUTJBTFjAxzTixJhHAfdUlL0wBxIttJesgQbmulA/1Q6AoUTNXvGwniUg64pyc5Uj352xuJf3mtWPlH7YQGUaxIgMcP+TGDKoSjVGCHCoIVG2iCsKD6rxD3kEBY6exyOoSvS+H/pK4TLNqXVr5amKSRBRtgCxSADcqgCs5ADdQBBnfgATyBZ+PeeDRejNfxaMaY7KyDHzDePgGPO5fz</latexit>

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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• Realistic distance posteriors were used.

�82% in five years

Chen, Fishbach, Holz , 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 source of 
the uncertainty.

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

Chen & Holz (2016) / Chen et al. (2018)
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Without electromagnetic counterpart
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Different methods for gravitational-wave cosmology
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Electromagnetic counterpart



LIGO

Determine the redshift of gravitational-wave source  
with the host galaxy [“Standard Siren”] 

Schutz, Nature, 1986/ Del Pozzo,PRD, 2011 Statistical method:  
Combine the redshifts of all possible host galaxies.
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LIGO

Singer, Chen+,  ApJL, 2016

-GW170814:  
(Dark Energy Survey Year 3 data)

H0 = 75.2+39.5
�32.4 km/s/Mpc
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DES & LVC, 2019

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

Determine the redshift of gravitational-wave source  
with the host galaxy [“Standard Siren”] 

Schutz, Nature, 1986/ Del Pozzo,PRD, 2011 Statistical method:  
Combine the redshifts of all possible host galaxies.
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Electromagnetic counterpart

Unique redshift No redshiftMultiple possible redshifts

Different methods for gravitational-wave cosmology
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Finding the electromagnetic counterpart is critical

Chen, Fishbach, Holz , Nature, 2018



• Complete galaxy catalog was assumed.
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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.



Improve the H0 measurement precision: 

Break the distance-inclination degeneracy 

Face-on binary Edge-on binary
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Face-on binary Edge-on binary

�15



Improve the H0 measurement precision: 

Break the distance-inclination degeneracy 

�16

-Neutron star mergers with viewing angles constrained by 
electromagnetic emission.

Chen, Vitale, Narayan, 2018

Can be viewed  
as  

H0 uncertainty



Improve the H0 measurement precision: 

Break the distance-inclination degeneracy 

�16

-Neutron star mergers with viewing angles constrained by 
electromagnetic emission.

Chen, Vitale, Narayan, 2018

Can be viewed  
as  

H0 uncertainty



Improve the H0 measurement precision: 

Break the distance-inclination degeneracy 

�16

-Neutron star mergers with viewing angles constrained by 
electromagnetic emission.

Chen, Vitale, Narayan, 2018
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



How well can GW detectors constrain the 
viewing angle?
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Chen, Vitale, Narayan, 2018

-HLV at design sensitivity. O3 is ~10% worse. Five detectors at design 
sensitivity is ~10% better.



How well can GW detectors constrain the 
viewing angle?
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Chen, Vitale, Narayan, 2018
Redshift measurement makes a factor of ~3 difference.

-HLV at design sensitivity. O3 is ~10% worse. Five detectors at design 
sensitivity is ~10% better.



What is special about  
neutron star-black hole merger?

-Electromagnetic and neutrino emissions could be powered by 
tidal disruption of the neutron star and the resulting accretion 
disk. 
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-Electromagnetic and neutrino emissions could be powered by 
tidal disruption of the neutron star and the resulting accretion 
disk. 
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-At 2G design sensitivity the average detectable redshift is ~0.1 
(10-1.4 M☉). The measurement of redshift is less affected by 
peculiar velocity and other local velocity fields.

-The distance-inclination degeneracy can be broken by the 
observation of merger-ringdown and precession.



Improve the H0 measurement precision: 

Break the distance-inclination degeneracy 

�19

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
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Improve the H0 measurement precision: 

Break the distance-inclination degeneracy 
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Without 
Precession

With 
Precession

Can be viewed  
as  

H0 uncertainty

BNS

NSBH

BNS

NSBH

BNS

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

Vitale & Chen, PRL, 2018



Improve the H0 measurement precision: 

Break the distance-inclination degeneracy 

�19

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.

Vitale & Chen, PRL, 2018
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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?

LVC+1M2H+DECam+DLT40+Las Cumbres+VINROUGE+MASTER , Nature (2017)

Beyond 2G, beyond H0



Summary

-Gravitational waves can serve as an independent probe to the 
Universe. The Hubble constant uncertainty is expected to 
reduce to two percent in five years.

�21

-In addition to capturing the EM counterpart, we also need to 
address various possible systematics and selection effects 
carefully to ensure an accurate H0 measurement.


