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OUTLINE

I. OBSERVATION OF GW170817 
 

II. CONSTRAINING THE EQUATION OF 
STATE FROM GW OBSERVATIONS  
 

III. CONSTRAINING THE EOS WITH 
GW+EM+NUCLEAR THEORY
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GW CANDIDATE 
IDENTIFICATION
▸ A bank of template 

waveforms is filtered through 
the data in each detector

▸ Triggers are points where 
SNR is maximized

▸ Look for coincidence 
between detectors

▸ Use relative time, phase, 
amplitude of triggers to 
estimate a sky location
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LIGO-Virgo higher 
latency localization 

28 deg2

LIGO-Virgo rapid 
localization 

31 deg2

Position 
& 

distance 
to NGC4993

LSC+Virgo, PRL 119, 161101 (2017)
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LIGO Collaboration, https://youtu.be/4X1j2b2atGM

https://youtu.be/4X1j2b2atGM


GRB170817A

▸ Occurred (1.74 ± 0.05) 
seconds after 
GW170817  

▸ Probability that 
GW170817 and 
GRB170817A occurred 
this close in time and 
with location agreement 
by chance is 5.0x10-8 
(Gaussian equivalent 
significance of 5.3σ)
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LSC+Virgo, Fermi GBM, & INTEGRAL, ApJL 848, L13 (2017)



GRB170817A

▸ Closest GRB ever 
found with known 
redshift 

▸ Unusually dim 

▸ Suggests that 
viewing angle is off 
axis
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LSC+Virgo, Fermi GBM, & INTEGRAL, ApJL 848, L13 (2017)
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�17credit: LIGO Collaboration

Las Cum
bres O

bs.

Optical transient may 
have been observed 
~5 hours earlier if not 
for the glitch in L1
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Swope telescope

+10.9h (23:33 UTC) Swope observes optical transient 
+12.5h (1:05 UTC) 1M2H team issues GCN
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(AT 2107gfo)
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Abbott et al., ApJL 848 L12 (2017)



OPTICAL

▸ Faded and reddened within days
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INFRARED

▸ Found 11.5 hours after merger 

▸ Faded more slowly than optical
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Drout et al., Science 358, 6370 (2017)



ULTRAVIOLET

▸ Detected 15 hours after merger 

▸ Faded much more quickly than optical & infrared
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Evans et al., Science 358, 6370 (2017)



X-RAY

▸ Detected 9 days later
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D. Haggard et al., ApJL 848 2 (2017)



RADIO

▸ Detected 16 days later
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Hallinan et al., Science 358, 6370 (2017)

22 Aug. - 1 Sept.9 Sept.



EARLY SPECTRA

▸ Spectra and spectral  
evolution rule out supernova 

▸ No x-ray, radio emissions at early 
time suggest viewing off-axis 

▸ Consistent with 2-component kilonova: lanthanide-poor (blue) & 
lanthanide rich (red) ejecta
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Cowperthwaite et al. ApJ 848 L17 (2017) 

Shappee et al., Science 358, 6370 (2017)



AFTERGLOW

▸ X-ray, radio peaked ~100 
days after 

▸ Afterglow caused by jet 
hitting interstellar medium 

▸ Important for 
understanding jet structure
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HST; Lamb et al., ApJ. 870 (2019) no.2, L15



CONSTRAINING THE EOS 
FROM GW OBSERVATIONS
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⇤2
<latexit sha1_base64="ZkdnmVahvKuKUJmjpuMIBK4EVTs=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4Gmbqo9Nd0Y0LFxXsQ9qhZDKZNjTJDElGKEO/wo0LRdz6Oe78G9NpBRU9EDiccy659wQJo0o7zodVWFpeWV0rrpc2Nre2d8q7e20VpxKTFo5ZLLsBUoRRQVqaaka6iSSIB4x0gvHlzO/cE6loLG71JCE+R0NBI4qRNtJd/9pEQzSoDsoVx66fe55Xg4Z4rntWz4lTdzzo2k6OCligOSi/98MYp5wIjRlSquc6ifYzJDXFjExL/VSRBOExGpKeoQJxovwsX3gKj4wSwiiW5gkNc/X7RIa4UhMemCRHeqR+ezPxL6+X6sjzMyqSVBOB5x9FKYM6hrPrYUglwZpNDEFYUrMrxCMkEdamo5Ip4etS+D9pV233xK7enFYaF4s6iuAAHIJj4IIaaIAr0AQtgAEHD+AJPFvSerRerNd5tGAtZvbBD1hvn9xIkHc=</latexit>



▸ Tidal forces cause neutron stars 
to deform
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m1

m2

�1
<latexit sha1_base64="1Fgtxj1Fuu68/lupWSH9Z8SUel4=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyFTams3UnDjsoJ9QGcYMmmmDc08SDJCHfolblwo4tZPceffmJlWUNEDgcM593JPjp9wJhVCH0ZpbX1jc6u8XdnZ3duvmgeHfRmngtAeiXkshj6WlLOI9hRTnA4TQXHoczrwZ1e5P7ijQrI4ulXzhLohnkQsYAQrLXlm1QmxmvpB5pApW3i2Z9aQ1W6eI7sNNWm16g1UkGa7jaBtoQI1sELXM9+dcUzSkEaKcCzlyEaJcjMsFCOcLipOKmmCyQxP6EjTCIdUulkRfAFPtTKGQSz0ixQs1O8bGQ6lnIe+nsxjyt9eLv7ljVIVXLgZi5JU0YgsDwUphyqGeQtwzAQlis81wUQwnRWSKRaYKN1VRZfw9VP4P+nXLRtZ9k2j1rlc1VEGx+AEnAEbtEAHXIMu6AECUvAAnsCzcW88Gi/G63K0ZKx2jsAPGG+fVu6Thg==</latexit><latexit sha1_base64="1Fgtxj1Fuu68/lupWSH9Z8SUel4=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyFTams3UnDjsoJ9QGcYMmmmDc08SDJCHfolblwo4tZPceffmJlWUNEDgcM593JPjp9wJhVCH0ZpbX1jc6u8XdnZ3duvmgeHfRmngtAeiXkshj6WlLOI9hRTnA4TQXHoczrwZ1e5P7ijQrI4ulXzhLohnkQsYAQrLXlm1QmxmvpB5pApW3i2Z9aQ1W6eI7sNNWm16g1UkGa7jaBtoQI1sELXM9+dcUzSkEaKcCzlyEaJcjMsFCOcLipOKmmCyQxP6EjTCIdUulkRfAFPtTKGQSz0ixQs1O8bGQ6lnIe+nsxjyt9eLv7ljVIVXLgZi5JU0YgsDwUphyqGeQtwzAQlis81wUQwnRWSKRaYKN1VRZfw9VP4P+nXLRtZ9k2j1rlc1VEGx+AEnAEbtEAHXIMu6AECUvAAnsCzcW88Gi/G63K0ZKx2jsAPGG+fVu6Thg==</latexit><latexit sha1_base64="1Fgtxj1Fuu68/lupWSH9Z8SUel4=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyFTams3UnDjsoJ9QGcYMmmmDc08SDJCHfolblwo4tZPceffmJlWUNEDgcM593JPjp9wJhVCH0ZpbX1jc6u8XdnZ3duvmgeHfRmngtAeiXkshj6WlLOI9hRTnA4TQXHoczrwZ1e5P7ijQrI4ulXzhLohnkQsYAQrLXlm1QmxmvpB5pApW3i2Z9aQ1W6eI7sNNWm16g1UkGa7jaBtoQI1sELXM9+dcUzSkEaKcCzlyEaJcjMsFCOcLipOKmmCyQxP6EjTCIdUulkRfAFPtTKGQSz0ixQs1O8bGQ6lnIe+nsxjyt9eLv7ljVIVXLgZi5JU0YgsDwUphyqGeQtwzAQlis81wUQwnRWSKRaYKN1VRZfw9VP4P+nXLRtZ9k2j1rlc1VEGx+AEnAEbtEAHXIMu6AECUvAAnsCzcW88Gi/G63K0ZKx2jsAPGG+fVu6Thg==</latexit><latexit sha1_base64="1Fgtxj1Fuu68/lupWSH9Z8SUel4=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyFTams3UnDjsoJ9QGcYMmmmDc08SDJCHfolblwo4tZPceffmJlWUNEDgcM593JPjp9wJhVCH0ZpbX1jc6u8XdnZ3duvmgeHfRmngtAeiXkshj6WlLOI9hRTnA4TQXHoczrwZ1e5P7ijQrI4ulXzhLohnkQsYAQrLXlm1QmxmvpB5pApW3i2Z9aQ1W6eI7sNNWm16g1UkGa7jaBtoQI1sELXM9+dcUzSkEaKcCzlyEaJcjMsFCOcLipOKmmCyQxP6EjTCIdUulkRfAFPtTKGQSz0ixQs1O8bGQ6lnIe+nsxjyt9eLv7ljVIVXLgZi5JU0YgsDwUphyqGeQtwzAQlis81wUQwnRWSKRaYKN1VRZfw9VP4P+nXLRtZ9k2j1rlc1VEGx+AEnAEbtEAHXIMu6AECUvAAnsCzcW88Gi/G63K0ZKx2jsAPGG+fVu6Thg==</latexit>

�2
<latexit sha1_base64="+zm9QBn6z/Sx3IvwwNk4KgzhE5c=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCq5IptXU2UnDjsoJ9QGcYMmmmDc08SDJCHfolblwo4tZPceffmJlWUNEDgcM593JPjp9wJhVCH0ZpbX1jc6u8XdnZ3duvmgeHfRmngtAeiXkshj6WlLOI9hRTnA4TQXHoczrwZ1e5P7ijQrI4ulXzhLohnkQsYAQrLXlm1QmxmvpB5pApW3gNz6yhut06R5YNNWm3G01UkJZtI2jVUYEaWKHrme/OOCZpSCNFOJZyZKFEuRkWihFOFxUnlTTBZIYndKRphEMq3awIvoCnWhnDIBb6RQoW6veNDIdSzkNfT+Yx5W8vF//yRqkKLtyMRUmqaESWh4KUQxXDvAU4ZoISxeeaYCKYzgrJFAtMlO6qokv4+in8n/QbdQvVrZtmrXO5qqMMjsEJOAMWaIMOuAZd0AMEpOABPIFn4954NF6M1+VoyVjtHIEfMN4+AVhyk4c=</latexit><latexit sha1_base64="+zm9QBn6z/Sx3IvwwNk4KgzhE5c=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCq5IptXU2UnDjsoJ9QGcYMmmmDc08SDJCHfolblwo4tZPceffmJlWUNEDgcM593JPjp9wJhVCH0ZpbX1jc6u8XdnZ3duvmgeHfRmngtAeiXkshj6WlLOI9hRTnA4TQXHoczrwZ1e5P7ijQrI4ulXzhLohnkQsYAQrLXlm1QmxmvpB5pApW3gNz6yhut06R5YNNWm3G01UkJZtI2jVUYEaWKHrme/OOCZpSCNFOJZyZKFEuRkWihFOFxUnlTTBZIYndKRphEMq3awIvoCnWhnDIBb6RQoW6veNDIdSzkNfT+Yx5W8vF//yRqkKLtyMRUmqaESWh4KUQxXDvAU4ZoISxeeaYCKYzgrJFAtMlO6qokv4+in8n/QbdQvVrZtmrXO5qqMMjsEJOAMWaIMOuAZd0AMEpOABPIFn4954NF6M1+VoyVjtHIEfMN4+AVhyk4c=</latexit><latexit sha1_base64="+zm9QBn6z/Sx3IvwwNk4KgzhE5c=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCq5IptXU2UnDjsoJ9QGcYMmmmDc08SDJCHfolblwo4tZPceffmJlWUNEDgcM593JPjp9wJhVCH0ZpbX1jc6u8XdnZ3duvmgeHfRmngtAeiXkshj6WlLOI9hRTnA4TQXHoczrwZ1e5P7ijQrI4ulXzhLohnkQsYAQrLXlm1QmxmvpB5pApW3gNz6yhut06R5YNNWm3G01UkJZtI2jVUYEaWKHrme/OOCZpSCNFOJZyZKFEuRkWihFOFxUnlTTBZIYndKRphEMq3awIvoCnWhnDIBb6RQoW6veNDIdSzkNfT+Yx5W8vF//yRqkKLtyMRUmqaESWh4KUQxXDvAU4ZoISxeeaYCKYzgrJFAtMlO6qokv4+in8n/QbdQvVrZtmrXO5qqMMjsEJOAMWaIMOuAZd0AMEpOABPIFn4954NF6M1+VoyVjtHIEfMN4+AVhyk4c=</latexit><latexit sha1_base64="+zm9QBn6z/Sx3IvwwNk4KgzhE5c=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCq5IptXU2UnDjsoJ9QGcYMmmmDc08SDJCHfolblwo4tZPceffmJlWUNEDgcM593JPjp9wJhVCH0ZpbX1jc6u8XdnZ3duvmgeHfRmngtAeiXkshj6WlLOI9hRTnA4TQXHoczrwZ1e5P7ijQrI4ulXzhLohnkQsYAQrLXlm1QmxmvpB5pApW3gNz6yhut06R5YNNWm3G01UkJZtI2jVUYEaWKHrme/OOCZpSCNFOJZyZKFEuRkWihFOFxUnlTTBZIYndKRphEMq3awIvoCnWhnDIBb6RQoW6veNDIdSzkNfT+Yx5W8vF//yRqkKLtyMRUmqaESWh4KUQxXDvAU4ZoISxeeaYCKYzgrJFAtMlO6qokv4+in8n/QbdQvVrZtmrXO5qqMMjsEJOAMWaIMOuAZd0AMEpOABPIFn4954NF6M1+VoyVjtHIEfMN4+AVhyk4c=</latexit>

L
<latexit sha1_base64="z9ckbEe0OKRxQLEl5hAyra/y8rk=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4GjKlts5GCm5cuKhgH9gOJZNm2tBMZkgyQhn6F25cKOLWv3Hn35iZVlDRA4HDOfeSc48fc6Y0Qh9WYWV1bX2juFna2t7Z3SvvH3RUlEhC2yTikez5WFHOBG1rpjntxZLi0Oe0608vM797T6VikbjVs5h6IR4LFjCCtZHuBiHWEz9Ir+fDcgXZbv0MOS40pNGo1lBO6q6LoGOjHBWwRGtYfh+MIpKEVGjCsVJ9B8XaS7HUjHA6Lw0SRWNMpnhM+4YKHFLlpXniOTwxyggGkTRPaJir3zdSHCo1C30zmSVUv71M/MvrJzo491Im4kRTQRYfBQmHOoLZ+XDEJCWazwzBRDKTFZIJlphoU1LJlPB1KfyfdKq2g2znplZpXizrKIIjcAxOgQMaoAmuQAu0AQECPIAn8Gwp69F6sV4XowVruXMIfsB6+wRIX5FP</latexit><latexit sha1_base64="z9ckbEe0OKRxQLEl5hAyra/y8rk=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4GjKlts5GCm5cuKhgH9gOJZNm2tBMZkgyQhn6F25cKOLWv3Hn35iZVlDRA4HDOfeSc48fc6Y0Qh9WYWV1bX2juFna2t7Z3SvvH3RUlEhC2yTikez5WFHOBG1rpjntxZLi0Oe0608vM797T6VikbjVs5h6IR4LFjCCtZHuBiHWEz9Ir+fDcgXZbv0MOS40pNGo1lBO6q6LoGOjHBWwRGtYfh+MIpKEVGjCsVJ9B8XaS7HUjHA6Lw0SRWNMpnhM+4YKHFLlpXniOTwxyggGkTRPaJir3zdSHCo1C30zmSVUv71M/MvrJzo491Im4kRTQRYfBQmHOoLZ+XDEJCWazwzBRDKTFZIJlphoU1LJlPB1KfyfdKq2g2znplZpXizrKIIjcAxOgQMaoAmuQAu0AQECPIAn8Gwp69F6sV4XowVruXMIfsB6+wRIX5FP</latexit><latexit sha1_base64="z9ckbEe0OKRxQLEl5hAyra/y8rk=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4GjKlts5GCm5cuKhgH9gOJZNm2tBMZkgyQhn6F25cKOLWv3Hn35iZVlDRA4HDOfeSc48fc6Y0Qh9WYWV1bX2juFna2t7Z3SvvH3RUlEhC2yTikez5WFHOBG1rpjntxZLi0Oe0608vM797T6VikbjVs5h6IR4LFjCCtZHuBiHWEz9Ir+fDcgXZbv0MOS40pNGo1lBO6q6LoGOjHBWwRGtYfh+MIpKEVGjCsVJ9B8XaS7HUjHA6Lw0SRWNMpnhM+4YKHFLlpXniOTwxyggGkTRPaJir3zdSHCo1C30zmSVUv71M/MvrJzo491Im4kRTQRYfBQmHOoLZ+XDEJCWazwzBRDKTFZIJlphoU1LJlPB1KfyfdKq2g2znplZpXizrKIIjcAxOgQMaoAmuQAu0AQECPIAn8Gwp69F6sV4XowVruXMIfsB6+wRIX5FP</latexit><latexit sha1_base64="z9ckbEe0OKRxQLEl5hAyra/y8rk=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4GjKlts5GCm5cuKhgH9gOJZNm2tBMZkgyQhn6F25cKOLWv3Hn35iZVlDRA4HDOfeSc48fc6Y0Qh9WYWV1bX2juFna2t7Z3SvvH3RUlEhC2yTikez5WFHOBG1rpjntxZLi0Oe0608vM797T6VikbjVs5h6IR4LFjCCtZHuBiHWEz9Ir+fDcgXZbv0MOS40pNGo1lBO6q6LoGOjHBWwRGtYfh+MIpKEVGjCsVJ9B8XaS7HUjHA6Lw0SRWNMpnhM+4YKHFLlpXniOTwxyggGkTRPaJir3zdSHCo1C30zmSVUv71M/MvrJzo491Im4kRTQRYfBQmHOoLZ+XDEJCWazwzBRDKTFZIJlphoU1LJlPB1KfyfdKq2g2znplZpXizrKIIjcAxOgQMaoAmuQAu0AQECPIAn8Gwp69F6sV4XowVruXMIfsB6+wRIX5FP</latexit>

GW

◆
<latexit sha1_base64="7DYaqh+XPz4AMYyPuqdOOAjTvX8=">AAAB7HicdVBNSwMxEM36WetX1aOXYBE8Lbu1UHsrevFYwX5Au5Rsmm1Ds8mSzApl6W/w4kERr/4gb/4b03aFKvpg4PHeDDPzwkRwA5736aytb2xubRd2irt7+weHpaPjtlGppqxFlVC6GxLDBJesBRwE6yaakTgUrBNObuZ+54Fpw5W8h2nCgpiMJI84JWClVp8rIINS2Xe9BbDn1i1q1ZzUffxtlVGO5qD00R8qmsZMAhXEmJ7vJRBkRAOngs2K/dSwhNAJGbGepZLEzATZ4tgZPrfKEEdK25KAF+rqREZiY6ZxaDtjAmPz25uLf3m9FKKrIOMySYFJulwUpQKDwvPP8ZBrRkFMLSFUc3srpmOiCQWbT3E1hP9Ju+L6l27lrlpuXOdxFNApOkMXyEc11EC3qIlaiCKOHtEzenGk8+S8Om/L1jUnnzlBP+C8fwFlvo8X</latexit>

⇤1
<latexit sha1_base64="SvVIwgajWCirPoxhd8gK4eEavaQ=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4Gmbqo9Nd0Y0LFxXsQ9qhZDKZNjTJDElGKEO/wo0LRdz6Oe78G9NpBRU9EDiccy659wQJo0o7zodVWFpeWV0rrpc2Nre2d8q7e20VpxKTFo5ZLLsBUoRRQVqaaka6iSSIB4x0gvHlzO/cE6loLG71JCE+R0NBI4qRNtJd/9pEQzRwB+WKY9fPPc+rQUM81z2r58SpOx50bSdHBSzQHJTf+2GMU06Exgwp1XOdRPsZkppiRqalfqpIgvAYDUnPUIE4UX6WLzyFR0YJYRRL84SGufp9IkNcqQkPTJIjPVK/vZn4l9dLdeT5GRVJqonA84+ilEEdw9n1MKSSYM0mhiAsqdkV4hGSCGvTUcmU8HUp/J+0q7Z7YldvTiuNi0UdRXAADsExcEENNMAVaIIWwICDB/AEni1pPVov1us8WrAWM/vgB6y3T9rEkHY=</latexit>

⇤2
<latexit sha1_base64="ZkdnmVahvKuKUJmjpuMIBK4EVTs=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4Gmbqo9Nd0Y0LFxXsQ9qhZDKZNjTJDElGKEO/wo0LRdz6Oe78G9NpBRU9EDiccy659wQJo0o7zodVWFpeWV0rrpc2Nre2d8q7e20VpxKTFo5ZLLsBUoRRQVqaaka6iSSIB4x0gvHlzO/cE6loLG71JCE+R0NBI4qRNtJd/9pEQzSoDsoVx66fe55Xg4Z4rntWz4lTdzzo2k6OCligOSi/98MYp5wIjRlSquc6ifYzJDXFjExL/VSRBOExGpKeoQJxovwsX3gKj4wSwiiW5gkNc/X7RIa4UhMemCRHeqR+ezPxL6+X6sjzMyqSVBOB5x9FKYM6hrPrYUglwZpNDEFYUrMrxCMkEdamo5Ip4etS+D9pV233xK7enFYaF4s6iuAAHIJj4IIaaIAr0AQtgAEHD+AJPFvSerRerNd5tGAtZvbBD1hvn9xIkHc=</latexit>



▸ Tidal forces cause neutron stars 
to deform

▸ Deformation is encoded in 
gravitational wave

�28

m1

m2

�1
<latexit sha1_base64="1Fgtxj1Fuu68/lupWSH9Z8SUel4=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyFTams3UnDjsoJ9QGcYMmmmDc08SDJCHfolblwo4tZPceffmJlWUNEDgcM593JPjp9wJhVCH0ZpbX1jc6u8XdnZ3duvmgeHfRmngtAeiXkshj6WlLOI9hRTnA4TQXHoczrwZ1e5P7ijQrI4ulXzhLohnkQsYAQrLXlm1QmxmvpB5pApW3i2Z9aQ1W6eI7sNNWm16g1UkGa7jaBtoQI1sELXM9+dcUzSkEaKcCzlyEaJcjMsFCOcLipOKmmCyQxP6EjTCIdUulkRfAFPtTKGQSz0ixQs1O8bGQ6lnIe+nsxjyt9eLv7ljVIVXLgZi5JU0YgsDwUphyqGeQtwzAQlis81wUQwnRWSKRaYKN1VRZfw9VP4P+nXLRtZ9k2j1rlc1VEGx+AEnAEbtEAHXIMu6AECUvAAnsCzcW88Gi/G63K0ZKx2jsAPGG+fVu6Thg==</latexit><latexit sha1_base64="1Fgtxj1Fuu68/lupWSH9Z8SUel4=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyFTams3UnDjsoJ9QGcYMmmmDc08SDJCHfolblwo4tZPceffmJlWUNEDgcM593JPjp9wJhVCH0ZpbX1jc6u8XdnZ3duvmgeHfRmngtAeiXkshj6WlLOI9hRTnA4TQXHoczrwZ1e5P7ijQrI4ulXzhLohnkQsYAQrLXlm1QmxmvpB5pApW3i2Z9aQ1W6eI7sNNWm16g1UkGa7jaBtoQI1sELXM9+dcUzSkEaKcCzlyEaJcjMsFCOcLipOKmmCyQxP6EjTCIdUulkRfAFPtTKGQSz0ixQs1O8bGQ6lnIe+nsxjyt9eLv7ljVIVXLgZi5JU0YgsDwUphyqGeQtwzAQlis81wUQwnRWSKRaYKN1VRZfw9VP4P+nXLRtZ9k2j1rlc1VEGx+AEnAEbtEAHXIMu6AECUvAAnsCzcW88Gi/G63K0ZKx2jsAPGG+fVu6Thg==</latexit><latexit sha1_base64="1Fgtxj1Fuu68/lupWSH9Z8SUel4=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyFTams3UnDjsoJ9QGcYMmmmDc08SDJCHfolblwo4tZPceffmJlWUNEDgcM593JPjp9wJhVCH0ZpbX1jc6u8XdnZ3duvmgeHfRmngtAeiXkshj6WlLOI9hRTnA4TQXHoczrwZ1e5P7ijQrI4ulXzhLohnkQsYAQrLXlm1QmxmvpB5pApW3i2Z9aQ1W6eI7sNNWm16g1UkGa7jaBtoQI1sELXM9+dcUzSkEaKcCzlyEaJcjMsFCOcLipOKmmCyQxP6EjTCIdUulkRfAFPtTKGQSz0ixQs1O8bGQ6lnIe+nsxjyt9eLv7ljVIVXLgZi5JU0YgsDwUphyqGeQtwzAQlis81wUQwnRWSKRaYKN1VRZfw9VP4P+nXLRtZ9k2j1rlc1VEGx+AEnAEbtEAHXIMu6AECUvAAnsCzcW88Gi/G63K0ZKx2jsAPGG+fVu6Thg==</latexit><latexit sha1_base64="1Fgtxj1Fuu68/lupWSH9Z8SUel4=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyFTams3UnDjsoJ9QGcYMmmmDc08SDJCHfolblwo4tZPceffmJlWUNEDgcM593JPjp9wJhVCH0ZpbX1jc6u8XdnZ3duvmgeHfRmngtAeiXkshj6WlLOI9hRTnA4TQXHoczrwZ1e5P7ijQrI4ulXzhLohnkQsYAQrLXlm1QmxmvpB5pApW3i2Z9aQ1W6eI7sNNWm16g1UkGa7jaBtoQI1sELXM9+dcUzSkEaKcCzlyEaJcjMsFCOcLipOKmmCyQxP6EjTCIdUulkRfAFPtTKGQSz0ixQs1O8bGQ6lnIe+nsxjyt9eLv7ljVIVXLgZi5JU0YgsDwUphyqGeQtwzAQlis81wUQwnRWSKRaYKN1VRZfw9VP4P+nXLRtZ9k2j1rlc1VEGx+AEnAEbtEAHXIMu6AECUvAAnsCzcW88Gi/G63K0ZKx2jsAPGG+fVu6Thg==</latexit>

�2
<latexit sha1_base64="+zm9QBn6z/Sx3IvwwNk4KgzhE5c=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCq5IptXU2UnDjsoJ9QGcYMmmmDc08SDJCHfolblwo4tZPceffmJlWUNEDgcM593JPjp9wJhVCH0ZpbX1jc6u8XdnZ3duvmgeHfRmngtAeiXkshj6WlLOI9hRTnA4TQXHoczrwZ1e5P7ijQrI4ulXzhLohnkQsYAQrLXlm1QmxmvpB5pApW3gNz6yhut06R5YNNWm3G01UkJZtI2jVUYEaWKHrme/OOCZpSCNFOJZyZKFEuRkWihFOFxUnlTTBZIYndKRphEMq3awIvoCnWhnDIBb6RQoW6veNDIdSzkNfT+Yx5W8vF//yRqkKLtyMRUmqaESWh4KUQxXDvAU4ZoISxeeaYCKYzgrJFAtMlO6qokv4+in8n/QbdQvVrZtmrXO5qqMMjsEJOAMWaIMOuAZd0AMEpOABPIFn4954NF6M1+VoyVjtHIEfMN4+AVhyk4c=</latexit><latexit sha1_base64="+zm9QBn6z/Sx3IvwwNk4KgzhE5c=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCq5IptXU2UnDjsoJ9QGcYMmmmDc08SDJCHfolblwo4tZPceffmJlWUNEDgcM593JPjp9wJhVCH0ZpbX1jc6u8XdnZ3duvmgeHfRmngtAeiXkshj6WlLOI9hRTnA4TQXHoczrwZ1e5P7ijQrI4ulXzhLohnkQsYAQrLXlm1QmxmvpB5pApW3gNz6yhut06R5YNNWm3G01UkJZtI2jVUYEaWKHrme/OOCZpSCNFOJZyZKFEuRkWihFOFxUnlTTBZIYndKRphEMq3awIvoCnWhnDIBb6RQoW6veNDIdSzkNfT+Yx5W8vF//yRqkKLtyMRUmqaESWh4KUQxXDvAU4ZoISxeeaYCKYzgrJFAtMlO6qokv4+in8n/QbdQvVrZtmrXO5qqMMjsEJOAMWaIMOuAZd0AMEpOABPIFn4954NF6M1+VoyVjtHIEfMN4+AVhyk4c=</latexit><latexit sha1_base64="+zm9QBn6z/Sx3IvwwNk4KgzhE5c=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCq5IptXU2UnDjsoJ9QGcYMmmmDc08SDJCHfolblwo4tZPceffmJlWUNEDgcM593JPjp9wJhVCH0ZpbX1jc6u8XdnZ3duvmgeHfRmngtAeiXkshj6WlLOI9hRTnA4TQXHoczrwZ1e5P7ijQrI4ulXzhLohnkQsYAQrLXlm1QmxmvpB5pApW3gNz6yhut06R5YNNWm3G01UkJZtI2jVUYEaWKHrme/OOCZpSCNFOJZyZKFEuRkWihFOFxUnlTTBZIYndKRphEMq3awIvoCnWhnDIBb6RQoW6veNDIdSzkNfT+Yx5W8vF//yRqkKLtyMRUmqaESWh4KUQxXDvAU4ZoISxeeaYCKYzgrJFAtMlO6qokv4+in8n/QbdQvVrZtmrXO5qqMMjsEJOAMWaIMOuAZd0AMEpOABPIFn4954NF6M1+VoyVjtHIEfMN4+AVhyk4c=</latexit><latexit sha1_base64="+zm9QBn6z/Sx3IvwwNk4KgzhE5c=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCq5IptXU2UnDjsoJ9QGcYMmmmDc08SDJCHfolblwo4tZPceffmJlWUNEDgcM593JPjp9wJhVCH0ZpbX1jc6u8XdnZ3duvmgeHfRmngtAeiXkshj6WlLOI9hRTnA4TQXHoczrwZ1e5P7ijQrI4ulXzhLohnkQsYAQrLXlm1QmxmvpB5pApW3gNz6yhut06R5YNNWm3G01UkJZtI2jVUYEaWKHrme/OOCZpSCNFOJZyZKFEuRkWihFOFxUnlTTBZIYndKRphEMq3awIvoCnWhnDIBb6RQoW6veNDIdSzkNfT+Yx5W8vF//yRqkKLtyMRUmqaESWh4KUQxXDvAU4ZoISxeeaYCKYzgrJFAtMlO6qokv4+in8n/QbdQvVrZtmrXO5qqMMjsEJOAMWaIMOuAZd0AMEpOABPIFn4954NF6M1+VoyVjtHIEfMN4+AVhyk4c=</latexit>

L
<latexit sha1_base64="z9ckbEe0OKRxQLEl5hAyra/y8rk=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4GjKlts5GCm5cuKhgH9gOJZNm2tBMZkgyQhn6F25cKOLWv3Hn35iZVlDRA4HDOfeSc48fc6Y0Qh9WYWV1bX2juFna2t7Z3SvvH3RUlEhC2yTikez5WFHOBG1rpjntxZLi0Oe0608vM797T6VikbjVs5h6IR4LFjCCtZHuBiHWEz9Ir+fDcgXZbv0MOS40pNGo1lBO6q6LoGOjHBWwRGtYfh+MIpKEVGjCsVJ9B8XaS7HUjHA6Lw0SRWNMpnhM+4YKHFLlpXniOTwxyggGkTRPaJir3zdSHCo1C30zmSVUv71M/MvrJzo491Im4kRTQRYfBQmHOoLZ+XDEJCWazwzBRDKTFZIJlphoU1LJlPB1KfyfdKq2g2znplZpXizrKIIjcAxOgQMaoAmuQAu0AQECPIAn8Gwp69F6sV4XowVruXMIfsB6+wRIX5FP</latexit><latexit sha1_base64="z9ckbEe0OKRxQLEl5hAyra/y8rk=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4GjKlts5GCm5cuKhgH9gOJZNm2tBMZkgyQhn6F25cKOLWv3Hn35iZVlDRA4HDOfeSc48fc6Y0Qh9WYWV1bX2juFna2t7Z3SvvH3RUlEhC2yTikez5WFHOBG1rpjntxZLi0Oe0608vM797T6VikbjVs5h6IR4LFjCCtZHuBiHWEz9Ir+fDcgXZbv0MOS40pNGo1lBO6q6LoGOjHBWwRGtYfh+MIpKEVGjCsVJ9B8XaS7HUjHA6Lw0SRWNMpnhM+4YKHFLlpXniOTwxyggGkTRPaJir3zdSHCo1C30zmSVUv71M/MvrJzo491Im4kRTQRYfBQmHOoLZ+XDEJCWazwzBRDKTFZIJlphoU1LJlPB1KfyfdKq2g2znplZpXizrKIIjcAxOgQMaoAmuQAu0AQECPIAn8Gwp69F6sV4XowVruXMIfsB6+wRIX5FP</latexit><latexit sha1_base64="z9ckbEe0OKRxQLEl5hAyra/y8rk=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4GjKlts5GCm5cuKhgH9gOJZNm2tBMZkgyQhn6F25cKOLWv3Hn35iZVlDRA4HDOfeSc48fc6Y0Qh9WYWV1bX2juFna2t7Z3SvvH3RUlEhC2yTikez5WFHOBG1rpjntxZLi0Oe0608vM797T6VikbjVs5h6IR4LFjCCtZHuBiHWEz9Ir+fDcgXZbv0MOS40pNGo1lBO6q6LoGOjHBWwRGtYfh+MIpKEVGjCsVJ9B8XaS7HUjHA6Lw0SRWNMpnhM+4YKHFLlpXniOTwxyggGkTRPaJir3zdSHCo1C30zmSVUv71M/MvrJzo491Im4kRTQRYfBQmHOoLZ+XDEJCWazwzBRDKTFZIJlphoU1LJlPB1KfyfdKq2g2znplZpXizrKIIjcAxOgQMaoAmuQAu0AQECPIAn8Gwp69F6sV4XowVruXMIfsB6+wRIX5FP</latexit><latexit sha1_base64="z9ckbEe0OKRxQLEl5hAyra/y8rk=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4GjKlts5GCm5cuKhgH9gOJZNm2tBMZkgyQhn6F25cKOLWv3Hn35iZVlDRA4HDOfeSc48fc6Y0Qh9WYWV1bX2juFna2t7Z3SvvH3RUlEhC2yTikez5WFHOBG1rpjntxZLi0Oe0608vM797T6VikbjVs5h6IR4LFjCCtZHuBiHWEz9Ir+fDcgXZbv0MOS40pNGo1lBO6q6LoGOjHBWwRGtYfh+MIpKEVGjCsVJ9B8XaS7HUjHA6Lw0SRWNMpnhM+4YKHFLlpXniOTwxyggGkTRPaJir3zdSHCo1C30zmSVUv71M/MvrJzo491Im4kRTQRYfBQmHOoLZ+XDEJCWazwzBRDKTFZIJlphoU1LJlPB1KfyfdKq2g2znplZpXizrKIIjcAxOgQMaoAmuQAu0AQECPIAn8Gwp69F6sV4XowVruXMIfsB6+wRIX5FP</latexit>

GW

◆
<latexit sha1_base64="7DYaqh+XPz4AMYyPuqdOOAjTvX8=">AAAB7HicdVBNSwMxEM36WetX1aOXYBE8Lbu1UHsrevFYwX5Au5Rsmm1Ds8mSzApl6W/w4kERr/4gb/4b03aFKvpg4PHeDDPzwkRwA5736aytb2xubRd2irt7+weHpaPjtlGppqxFlVC6GxLDBJesBRwE6yaakTgUrBNObuZ+54Fpw5W8h2nCgpiMJI84JWClVp8rIINS2Xe9BbDn1i1q1ZzUffxtlVGO5qD00R8qmsZMAhXEmJ7vJRBkRAOngs2K/dSwhNAJGbGepZLEzATZ4tgZPrfKEEdK25KAF+rqREZiY6ZxaDtjAmPz25uLf3m9FKKrIOMySYFJulwUpQKDwvPP8ZBrRkFMLSFUc3srpmOiCQWbT3E1hP9Ju+L6l27lrlpuXOdxFNApOkMXyEc11EC3qIlaiCKOHtEzenGk8+S8Om/L1jUnnzlBP+C8fwFlvo8X</latexit>

⇤1
<latexit sha1_base64="SvVIwgajWCirPoxhd8gK4eEavaQ=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4Gmbqo9Nd0Y0LFxXsQ9qhZDKZNjTJDElGKEO/wo0LRdz6Oe78G9NpBRU9EDiccy659wQJo0o7zodVWFpeWV0rrpc2Nre2d8q7e20VpxKTFo5ZLLsBUoRRQVqaaka6iSSIB4x0gvHlzO/cE6loLG71JCE+R0NBI4qRNtJd/9pEQzRwB+WKY9fPPc+rQUM81z2r58SpOx50bSdHBSzQHJTf+2GMU06Exgwp1XOdRPsZkppiRqalfqpIgvAYDUnPUIE4UX6WLzyFR0YJYRRL84SGufp9IkNcqQkPTJIjPVK/vZn4l9dLdeT5GRVJqonA84+ilEEdw9n1MKSSYM0mhiAsqdkV4hGSCGvTUcmU8HUp/J+0q7Z7YldvTiuNi0UdRXAADsExcEENNMAVaIIWwICDB/AEni1pPVov1us8WrAWM/vgB6y3T9rEkHY=</latexit>

⇤2
<latexit sha1_base64="ZkdnmVahvKuKUJmjpuMIBK4EVTs=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4Gmbqo9Nd0Y0LFxXsQ9qhZDKZNjTJDElGKEO/wo0LRdz6Oe78G9NpBRU9EDiccy659wQJo0o7zodVWFpeWV0rrpc2Nre2d8q7e20VpxKTFo5ZLLsBUoRRQVqaaka6iSSIB4x0gvHlzO/cE6loLG71JCE+R0NBI4qRNtJd/9pEQzSoDsoVx66fe55Xg4Z4rntWz4lTdzzo2k6OCligOSi/98MYp5wIjRlSquc6ifYzJDXFjExL/VSRBOExGpKeoQJxovwsX3gKj4wSwiiW5gkNc/X7RIa4UhMemCRHeqR+ezPxL6+X6sjzMyqSVBOB5x9FKYM6hrPrYUglwZpNDEFYUrMrxCMkEdamo5Ip4etS+D9pV233xK7enFYaF4s6iuAAHIJj4IIaaIAr0AQtgAEHD+AJPFvSerRerNd5tGAtZvbBD1hvn9xIkHc=</latexit>



▸ Tidal forces cause neutron stars 
to deform

▸ Deformation is encoded in 
gravitational wave

▸ Amount of deformation 
depends on EOS

�28

m1

m2

�1
<latexit sha1_base64="1Fgtxj1Fuu68/lupWSH9Z8SUel4=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyFTams3UnDjsoJ9QGcYMmmmDc08SDJCHfolblwo4tZPceffmJlWUNEDgcM593JPjp9wJhVCH0ZpbX1jc6u8XdnZ3duvmgeHfRmngtAeiXkshj6WlLOI9hRTnA4TQXHoczrwZ1e5P7ijQrI4ulXzhLohnkQsYAQrLXlm1QmxmvpB5pApW3i2Z9aQ1W6eI7sNNWm16g1UkGa7jaBtoQI1sELXM9+dcUzSkEaKcCzlyEaJcjMsFCOcLipOKmmCyQxP6EjTCIdUulkRfAFPtTKGQSz0ixQs1O8bGQ6lnIe+nsxjyt9eLv7ljVIVXLgZi5JU0YgsDwUphyqGeQtwzAQlis81wUQwnRWSKRaYKN1VRZfw9VP4P+nXLRtZ9k2j1rlc1VEGx+AEnAEbtEAHXIMu6AECUvAAnsCzcW88Gi/G63K0ZKx2jsAPGG+fVu6Thg==</latexit><latexit sha1_base64="1Fgtxj1Fuu68/lupWSH9Z8SUel4=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyFTams3UnDjsoJ9QGcYMmmmDc08SDJCHfolblwo4tZPceffmJlWUNEDgcM593JPjp9wJhVCH0ZpbX1jc6u8XdnZ3duvmgeHfRmngtAeiXkshj6WlLOI9hRTnA4TQXHoczrwZ1e5P7ijQrI4ulXzhLohnkQsYAQrLXlm1QmxmvpB5pApW3i2Z9aQ1W6eI7sNNWm16g1UkGa7jaBtoQI1sELXM9+dcUzSkEaKcCzlyEaJcjMsFCOcLipOKmmCyQxP6EjTCIdUulkRfAFPtTKGQSz0ixQs1O8bGQ6lnIe+nsxjyt9eLv7ljVIVXLgZi5JU0YgsDwUphyqGeQtwzAQlis81wUQwnRWSKRaYKN1VRZfw9VP4P+nXLRtZ9k2j1rlc1VEGx+AEnAEbtEAHXIMu6AECUvAAnsCzcW88Gi/G63K0ZKx2jsAPGG+fVu6Thg==</latexit><latexit sha1_base64="1Fgtxj1Fuu68/lupWSH9Z8SUel4=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyFTams3UnDjsoJ9QGcYMmmmDc08SDJCHfolblwo4tZPceffmJlWUNEDgcM593JPjp9wJhVCH0ZpbX1jc6u8XdnZ3duvmgeHfRmngtAeiXkshj6WlLOI9hRTnA4TQXHoczrwZ1e5P7ijQrI4ulXzhLohnkQsYAQrLXlm1QmxmvpB5pApW3i2Z9aQ1W6eI7sNNWm16g1UkGa7jaBtoQI1sELXM9+dcUzSkEaKcCzlyEaJcjMsFCOcLipOKmmCyQxP6EjTCIdUulkRfAFPtTKGQSz0ixQs1O8bGQ6lnIe+nsxjyt9eLv7ljVIVXLgZi5JU0YgsDwUphyqGeQtwzAQlis81wUQwnRWSKRaYKN1VRZfw9VP4P+nXLRtZ9k2j1rlc1VEGx+AEnAEbtEAHXIMu6AECUvAAnsCzcW88Gi/G63K0ZKx2jsAPGG+fVu6Thg==</latexit><latexit sha1_base64="1Fgtxj1Fuu68/lupWSH9Z8SUel4=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyFTams3UnDjsoJ9QGcYMmmmDc08SDJCHfolblwo4tZPceffmJlWUNEDgcM593JPjp9wJhVCH0ZpbX1jc6u8XdnZ3duvmgeHfRmngtAeiXkshj6WlLOI9hRTnA4TQXHoczrwZ1e5P7ijQrI4ulXzhLohnkQsYAQrLXlm1QmxmvpB5pApW3i2Z9aQ1W6eI7sNNWm16g1UkGa7jaBtoQI1sELXM9+dcUzSkEaKcCzlyEaJcjMsFCOcLipOKmmCyQxP6EjTCIdUulkRfAFPtTKGQSz0ixQs1O8bGQ6lnIe+nsxjyt9eLv7ljVIVXLgZi5JU0YgsDwUphyqGeQtwzAQlis81wUQwnRWSKRaYKN1VRZfw9VP4P+nXLRtZ9k2j1rlc1VEGx+AEnAEbtEAHXIMu6AECUvAAnsCzcW88Gi/G63K0ZKx2jsAPGG+fVu6Thg==</latexit>

�2
<latexit sha1_base64="+zm9QBn6z/Sx3IvwwNk4KgzhE5c=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCq5IptXU2UnDjsoJ9QGcYMmmmDc08SDJCHfolblwo4tZPceffmJlWUNEDgcM593JPjp9wJhVCH0ZpbX1jc6u8XdnZ3duvmgeHfRmngtAeiXkshj6WlLOI9hRTnA4TQXHoczrwZ1e5P7ijQrI4ulXzhLohnkQsYAQrLXlm1QmxmvpB5pApW3gNz6yhut06R5YNNWm3G01UkJZtI2jVUYEaWKHrme/OOCZpSCNFOJZyZKFEuRkWihFOFxUnlTTBZIYndKRphEMq3awIvoCnWhnDIBb6RQoW6veNDIdSzkNfT+Yx5W8vF//yRqkKLtyMRUmqaESWh4KUQxXDvAU4ZoISxeeaYCKYzgrJFAtMlO6qokv4+in8n/QbdQvVrZtmrXO5qqMMjsEJOAMWaIMOuAZd0AMEpOABPIFn4954NF6M1+VoyVjtHIEfMN4+AVhyk4c=</latexit><latexit sha1_base64="+zm9QBn6z/Sx3IvwwNk4KgzhE5c=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCq5IptXU2UnDjsoJ9QGcYMmmmDc08SDJCHfolblwo4tZPceffmJlWUNEDgcM593JPjp9wJhVCH0ZpbX1jc6u8XdnZ3duvmgeHfRmngtAeiXkshj6WlLOI9hRTnA4TQXHoczrwZ1e5P7ijQrI4ulXzhLohnkQsYAQrLXlm1QmxmvpB5pApW3gNz6yhut06R5YNNWm3G01UkJZtI2jVUYEaWKHrme/OOCZpSCNFOJZyZKFEuRkWihFOFxUnlTTBZIYndKRphEMq3awIvoCnWhnDIBb6RQoW6veNDIdSzkNfT+Yx5W8vF//yRqkKLtyMRUmqaESWh4KUQxXDvAU4ZoISxeeaYCKYzgrJFAtMlO6qokv4+in8n/QbdQvVrZtmrXO5qqMMjsEJOAMWaIMOuAZd0AMEpOABPIFn4954NF6M1+VoyVjtHIEfMN4+AVhyk4c=</latexit><latexit sha1_base64="+zm9QBn6z/Sx3IvwwNk4KgzhE5c=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCq5IptXU2UnDjsoJ9QGcYMmmmDc08SDJCHfolblwo4tZPceffmJlWUNEDgcM593JPjp9wJhVCH0ZpbX1jc6u8XdnZ3duvmgeHfRmngtAeiXkshj6WlLOI9hRTnA4TQXHoczrwZ1e5P7ijQrI4ulXzhLohnkQsYAQrLXlm1QmxmvpB5pApW3gNz6yhut06R5YNNWm3G01UkJZtI2jVUYEaWKHrme/OOCZpSCNFOJZyZKFEuRkWihFOFxUnlTTBZIYndKRphEMq3awIvoCnWhnDIBb6RQoW6veNDIdSzkNfT+Yx5W8vF//yRqkKLtyMRUmqaESWh4KUQxXDvAU4ZoISxeeaYCKYzgrJFAtMlO6qokv4+in8n/QbdQvVrZtmrXO5qqMMjsEJOAMWaIMOuAZd0AMEpOABPIFn4954NF6M1+VoyVjtHIEfMN4+AVhyk4c=</latexit><latexit sha1_base64="+zm9QBn6z/Sx3IvwwNk4KgzhE5c=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCq5IptXU2UnDjsoJ9QGcYMmmmDc08SDJCHfolblwo4tZPceffmJlWUNEDgcM593JPjp9wJhVCH0ZpbX1jc6u8XdnZ3duvmgeHfRmngtAeiXkshj6WlLOI9hRTnA4TQXHoczrwZ1e5P7ijQrI4ulXzhLohnkQsYAQrLXlm1QmxmvpB5pApW3gNz6yhut06R5YNNWm3G01UkJZtI2jVUYEaWKHrme/OOCZpSCNFOJZyZKFEuRkWihFOFxUnlTTBZIYndKRphEMq3awIvoCnWhnDIBb6RQoW6veNDIdSzkNfT+Yx5W8vF//yRqkKLtyMRUmqaESWh4KUQxXDvAU4ZoISxeeaYCKYzgrJFAtMlO6qokv4+in8n/QbdQvVrZtmrXO5qqMMjsEJOAMWaIMOuAZd0AMEpOABPIFn4954NF6M1+VoyVjtHIEfMN4+AVhyk4c=</latexit>

L
<latexit sha1_base64="z9ckbEe0OKRxQLEl5hAyra/y8rk=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4GjKlts5GCm5cuKhgH9gOJZNm2tBMZkgyQhn6F25cKOLWv3Hn35iZVlDRA4HDOfeSc48fc6Y0Qh9WYWV1bX2juFna2t7Z3SvvH3RUlEhC2yTikez5WFHOBG1rpjntxZLi0Oe0608vM797T6VikbjVs5h6IR4LFjCCtZHuBiHWEz9Ir+fDcgXZbv0MOS40pNGo1lBO6q6LoGOjHBWwRGtYfh+MIpKEVGjCsVJ9B8XaS7HUjHA6Lw0SRWNMpnhM+4YKHFLlpXniOTwxyggGkTRPaJir3zdSHCo1C30zmSVUv71M/MvrJzo491Im4kRTQRYfBQmHOoLZ+XDEJCWazwzBRDKTFZIJlphoU1LJlPB1KfyfdKq2g2znplZpXizrKIIjcAxOgQMaoAmuQAu0AQECPIAn8Gwp69F6sV4XowVruXMIfsB6+wRIX5FP</latexit><latexit sha1_base64="z9ckbEe0OKRxQLEl5hAyra/y8rk=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4GjKlts5GCm5cuKhgH9gOJZNm2tBMZkgyQhn6F25cKOLWv3Hn35iZVlDRA4HDOfeSc48fc6Y0Qh9WYWV1bX2juFna2t7Z3SvvH3RUlEhC2yTikez5WFHOBG1rpjntxZLi0Oe0608vM797T6VikbjVs5h6IR4LFjCCtZHuBiHWEz9Ir+fDcgXZbv0MOS40pNGo1lBO6q6LoGOjHBWwRGtYfh+MIpKEVGjCsVJ9B8XaS7HUjHA6Lw0SRWNMpnhM+4YKHFLlpXniOTwxyggGkTRPaJir3zdSHCo1C30zmSVUv71M/MvrJzo491Im4kRTQRYfBQmHOoLZ+XDEJCWazwzBRDKTFZIJlphoU1LJlPB1KfyfdKq2g2znplZpXizrKIIjcAxOgQMaoAmuQAu0AQECPIAn8Gwp69F6sV4XowVruXMIfsB6+wRIX5FP</latexit><latexit sha1_base64="z9ckbEe0OKRxQLEl5hAyra/y8rk=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4GjKlts5GCm5cuKhgH9gOJZNm2tBMZkgyQhn6F25cKOLWv3Hn35iZVlDRA4HDOfeSc48fc6Y0Qh9WYWV1bX2juFna2t7Z3SvvH3RUlEhC2yTikez5WFHOBG1rpjntxZLi0Oe0608vM797T6VikbjVs5h6IR4LFjCCtZHuBiHWEz9Ir+fDcgXZbv0MOS40pNGo1lBO6q6LoGOjHBWwRGtYfh+MIpKEVGjCsVJ9B8XaS7HUjHA6Lw0SRWNMpnhM+4YKHFLlpXniOTwxyggGkTRPaJir3zdSHCo1C30zmSVUv71M/MvrJzo491Im4kRTQRYfBQmHOoLZ+XDEJCWazwzBRDKTFZIJlphoU1LJlPB1KfyfdKq2g2znplZpXizrKIIjcAxOgQMaoAmuQAu0AQECPIAn8Gwp69F6sV4XowVruXMIfsB6+wRIX5FP</latexit><latexit sha1_base64="z9ckbEe0OKRxQLEl5hAyra/y8rk=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4GjKlts5GCm5cuKhgH9gOJZNm2tBMZkgyQhn6F25cKOLWv3Hn35iZVlDRA4HDOfeSc48fc6Y0Qh9WYWV1bX2juFna2t7Z3SvvH3RUlEhC2yTikez5WFHOBG1rpjntxZLi0Oe0608vM797T6VikbjVs5h6IR4LFjCCtZHuBiHWEz9Ir+fDcgXZbv0MOS40pNGo1lBO6q6LoGOjHBWwRGtYfh+MIpKEVGjCsVJ9B8XaS7HUjHA6Lw0SRWNMpnhM+4YKHFLlpXniOTwxyggGkTRPaJir3zdSHCo1C30zmSVUv71M/MvrJzo491Im4kRTQRYfBQmHOoLZ+XDEJCWazwzBRDKTFZIJlphoU1LJlPB1KfyfdKq2g2znplZpXizrKIIjcAxOgQMaoAmuQAu0AQECPIAn8Gwp69F6sV4XowVruXMIfsB6+wRIX5FP</latexit>

GW

◆
<latexit sha1_base64="7DYaqh+XPz4AMYyPuqdOOAjTvX8=">AAAB7HicdVBNSwMxEM36WetX1aOXYBE8Lbu1UHsrevFYwX5Au5Rsmm1Ds8mSzApl6W/w4kERr/4gb/4b03aFKvpg4PHeDDPzwkRwA5736aytb2xubRd2irt7+weHpaPjtlGppqxFlVC6GxLDBJesBRwE6yaakTgUrBNObuZ+54Fpw5W8h2nCgpiMJI84JWClVp8rIINS2Xe9BbDn1i1q1ZzUffxtlVGO5qD00R8qmsZMAhXEmJ7vJRBkRAOngs2K/dSwhNAJGbGepZLEzATZ4tgZPrfKEEdK25KAF+rqREZiY6ZxaDtjAmPz25uLf3m9FKKrIOMySYFJulwUpQKDwvPP8ZBrRkFMLSFUc3srpmOiCQWbT3E1hP9Ju+L6l27lrlpuXOdxFNApOkMXyEc11EC3qIlaiCKOHtEzenGk8+S8Om/L1jUnnzlBP+C8fwFlvo8X</latexit>

⇤1
<latexit sha1_base64="SvVIwgajWCirPoxhd8gK4eEavaQ=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4Gmbqo9Nd0Y0LFxXsQ9qhZDKZNjTJDElGKEO/wo0LRdz6Oe78G9NpBRU9EDiccy659wQJo0o7zodVWFpeWV0rrpc2Nre2d8q7e20VpxKTFo5ZLLsBUoRRQVqaaka6iSSIB4x0gvHlzO/cE6loLG71JCE+R0NBI4qRNtJd/9pEQzRwB+WKY9fPPc+rQUM81z2r58SpOx50bSdHBSzQHJTf+2GMU06Exgwp1XOdRPsZkppiRqalfqpIgvAYDUnPUIE4UX6WLzyFR0YJYRRL84SGufp9IkNcqQkPTJIjPVK/vZn4l9dLdeT5GRVJqonA84+ilEEdw9n1MKSSYM0mhiAsqdkV4hGSCGvTUcmU8HUp/J+0q7Z7YldvTiuNi0UdRXAADsExcEENNMAVaIIWwICDB/AEni1pPVov1us8WrAWM/vgB6y3T9rEkHY=</latexit>

⇤2
<latexit sha1_base64="ZkdnmVahvKuKUJmjpuMIBK4EVTs=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4Gmbqo9Nd0Y0LFxXsQ9qhZDKZNjTJDElGKEO/wo0LRdz6Oe78G9NpBRU9EDiccy659wQJo0o7zodVWFpeWV0rrpc2Nre2d8q7e20VpxKTFo5ZLLsBUoRRQVqaaka6iSSIB4x0gvHlzO/cE6loLG71JCE+R0NBI4qRNtJd/9pEQzSoDsoVx66fe55Xg4Z4rntWz4lTdzzo2k6OCligOSi/98MYp5wIjRlSquc6ifYzJDXFjExL/VSRBOExGpKeoQJxovwsX3gKj4wSwiiW5gkNc/X7RIa4UhMemCRHeqR+ezPxL6+X6sjzMyqSVBOB5x9FKYM6hrPrYUglwZpNDEFYUrMrxCMkEdamo5Ip4etS+D9pV233xK7enFYaF4s6iuAAHIJj4IIaaIAr0AQtgAEHD+AJPFvSerRerNd5tGAtZvbBD1hvn9xIkHc=</latexit>

⇤i ⌘
2

3
k2

✓
Gmi

Ric2

◆�5

<latexit sha1_base64="szObIzi1uueVRw9y1+m+k2OnreU="></latexit>



BAYESIAN INFERENCE

▸ GW’s source parameters are estimated using Bayesian inference. 

▸ Assume a signal h exists in data d. 

▸ Probability that the signal has parameters ! = {m1, m2, …} is:

�29

p(~#|d, h) = p(d|~#, h) p(~#|h)
p(d|h)
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BAYESIAN INFERENCE

▸ GW’s source parameters are estimated using Bayesian inference. 

▸ Assume a signal h exists in data d. 

▸ Probability that the signal has parameters ! = {m1, m2, …} is:

�29

Posterior
PriorLikelihood=

p(~#|d, h) = p(d|~#, h) p(~#|h)
p(d|h)
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BAYESIAN INFERENCE

▸ GW’s source parameters are estimated using Bayesian inference. 

▸ Assume a signal h exists in data d. 

▸ Probability that the signal has parameters ! = {m1, m2, …} is:

�29

Posterior
PriorLikelihood=

▸ Marginal distribution:

p(#n|d, h) /
Z

p(d|~#, h)p(~#|h)d#1 · · · d#n�1
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p(~#|d, h) = p(d|~#, h) p(~#|h)
p(d|h)
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▸ In Nd detectors with wide-sense stationary Gaussian noise, likelihood is: 
 
 
 
 
where: 

�30

ha, bi = 4<
Z 1

0

ã⇤(f)b̃(f)

Sn(f)
df

<latexit sha1_base64="Xm+TcV0rDP9SVcd0LF9jVnEBRh0="></latexit><latexit sha1_base64="Xm+TcV0rDP9SVcd0LF9jVnEBRh0="></latexit><latexit sha1_base64="Xm+TcV0rDP9SVcd0LF9jVnEBRh0="></latexit><latexit sha1_base64="Xm+TcV0rDP9SVcd0LF9jVnEBRh0="></latexit>

Power 
Spectral 
Density 
(PSD)

log p(d|~#, h) / �1

2

NdX

i=1

D
di � hi(~#), di � hi(~#)

E
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INITIAL ANALYSIS

▸ Initial result: tidal 
deformation of each 
component allowed to vary 
independently 

▸ Equivalent to allowing each 
NS to have a different EOS 

▸ Enforcing both NS to have 
the same EOS requires 
sampling over EOS is some 
way
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low-spin case and (1.0, 0.7) in the high-spin case. Further
analysis is required to establish the uncertainties of these
tighter bounds, and a detailed studyof systematics is a subject
of ongoing work.
Preliminary comparisons with waveform models under

development [171,173–177] also suggest the post-
Newtonian model used will systematically overestimate
the value of the tidal deformabilities. Therefore, based on
our current understanding of the physics of neutron stars,
we consider the post-Newtonian results presented in this
Letter to be conservative upper limits on tidal deform-
ability. Refinements should be possible as our knowledge
and models improve.

V. IMPLICATIONS

A. Astrophysical rate

Our analyses identified GW170817 as the only BNS-
mass signal detected in O2 with a false alarm rate below
1=100 yr. Using a method derived from [27,178,179], and
assuming that the mass distribution of the components of
BNS systems is flat between 1 and 2 M⊙ and their
dimensionless spins are below 0.4, we are able to infer
the local coalescence rate density R of BNS systems.
Incorporating the upper limit of 12600 Gpc−3 yr−1 from O1
as a prior, R ¼ 1540þ3200

−1220 Gpc−3 yr−1. Our findings are

consistent with the rate inferred from observations of
galactic BNS systems [19,20,155,180].
From this inferred rate, the stochastic background of

gravitational wave s produced by unresolved BNS mergers
throughout the history of the Universe should be compa-
rable in magnitude to the stochastic background produced
by BBH mergers [181,182]. As the advanced detector
network improves in sensitivity in the coming years, the
total stochastic background from BNS and BBH mergers
should be detectable [183].

B. Remnant

Binary neutron star mergers may result in a short- or long-
lived neutron star remnant that could emit gravitational
waves following the merger [184–190]. The ringdown of
a black hole formed after the coalescence could also produce
gravitational waves, at frequencies around 6 kHz, but the
reduced interferometer response at high frequencies makes
their observation unfeasible. Consequently, searches have
been made for short (tens of ms) and intermediate duration
(≤ 500 s) gravitational-wave signals from a neutron star
remnant at frequencies up to 4 kHz [75,191,192]. For the
latter, the data examined start at the time of the coalescence
and extend to the end of the observing run on August 25,
2017. With the time scales and methods considered so far
[193], there is no evidence of a postmerger signal of

FIG. 5. Probability density for the tidal deformability parameters of the high and low mass components inferred from the detected
signals using the post-Newtonian model. Contours enclosing 90% and 50% of the probability density are overlaid (dashed lines). The
diagonal dashed line indicates the Λ1 ¼ Λ2 boundary. The Λ1 and Λ2 parameters characterize the size of the tidally induced mass
deformations of each star and are proportional tok2ðR=mÞ5. Constraints are shown for the high-spin scenario jχj ≤ 0.89 (left panel) and
for the low-spin jχj ≤ 0.05 (right panel). As a comparison, we plot predictions for tidal deformability given by a set of representative
equations of state [156–160] (shaded filled regions), with labels following [161], all of which support stars of 2.01M⊙. Under the
assumption that both components are neutron stars, we apply the function ΛðmÞ prescribed by that equation of state to the 90% most
probable region of the component mass posterior distributions shown in Fig. 4. EOS that produce less compact stars, such as MS1 and
MS1b, predict Λ values outside our 90% contour.

PRL 119, 161101 (2017) P HY S I CA L R EV I EW LE T T ER S week ending
20 OCTOBER 2017

161101-7

Fig. 5 from LSC+Virgo PRL 119 161101 (2017)
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COMMON EOS CONSTRAINT

Results of TOV integrations 
for physically realistic 
polytropes: 

▸   
  

▸
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De et al., PRL 121, 091102 (2018)

p
h�Ri2 = 0.11 km

⇤ ⇡ ↵

✓
Gm

Rc2

◆�6
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= �0.070km
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COMMON EOS CONSTRAINT

Adopt a common EOS 
constraint:

�36

De et al., PRL 121, 091102 (2018)

⇤1 = q6⇤2

R̂ ⌘ R1 ⇡ R2

Get:

R̂ = 10.74+2.08
�1.61 km
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COMMON EOS (LVC)

LVC used two methods to enforce a common EOS 

1. “EOS insensitive relations” 

▸ Use (anti-)symmetric tidal parameters: 

▸ And a universal fit* over EOS to relate the two: 

▸ Then sample in "s, with uniform prior in [0, 5000)
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LSC+Virgo, PRL 121, 161101 (2018)

⇤s/a ⌘ 1

2
(⇤1 ± ⇤2)
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COMMON EOS (LVC)

LVC used two methods to enforce a common EOS 

2. “Parameterized EOS” 

▸ Use spectral expansion* of EOS adiabatic index #: 
 

▸ Sample directly in the four $k 
▸ For each set of {$k}, integrate TOV equations to get "1,2 

▸ Include constraint that EOS must support MNS > 1.97M⨀
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LSC+Virgo, PRL 121, 161101 (2018)

�(p) ⌘ ✏+ p

p

dp

d✏
⇡ exp

"
3X

k=0

�k log(p/p0)

#
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COMMON EOS (LVC) �39

EOS Insensitive Parameterized EOS

R1,2 = 11.9+1.4
�1.4 km
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LOWER BOUND ISSUES
▸ Kastaun & Ohme* pointed 

out that the quoted lower 
bounds on the "’s and 
radii are somewhat 
meaningless
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*Kastaun & Ohme, arXiv:1909.12718 (2019)
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LSC+Virgo, arXiv:1908.01012 (2019) 
[see also De et al.,  PRL 121, 091102 (2018)]

m1,2/M� ⇠ N (1.33, 0.09)

|�1,2| ⇠ U(0, 0.05)
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LSC+Virgo, arXiv:1908.01012 (2019) 
[see also De et al.,  PRL 121, 091102 (2018)]

m1,2/M� ⇠ U(0.7, 3)

|�1,2| ⇠ U(0, 0.7)
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GW data alone cannot distinguish BH from NS

LSC+Virgo, arXiv:1908.01012 (2019) 
[see also De et al.,  PRL 121, 091102 (2018)]

m1,2/M� ⇠ U(0.7, 3)

|�1,2| ⇠ U(0, 0.7)
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COMBINING NUCLEAR 
THEORY WITH GW AND EM 
OBSERVATIONS
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Capano et al., arXiv:1908.10352 (2019) 



COLLABORATORS

▸ Ingo Tews, Los Alamos National Lab 

▸ Stephanie Brown, AEI Hannover 

▸ Ben Margalit, UC Berkeley 

▸ Soumi De, Syracuse University 

▸ Sumit Kumar, AEI Hannover 

▸ Duncan Brown, Syracuse University 

▸ Badri Krishnan, AEI Hannover 

▸ Sanjay Reddy, University of Washington

�43



OUR STUDY

▸ Use chiral effective field theory (EFT) to produce a 
collection of physically-plausible equations of state 

▸ Two collections of equations of state considered 

▸ Enforce EFT constraints up to: 

▸ nuclear saturation density (nsat) 

▸ twice nuclear saturation density (2nsat) 

▸ At higher densities, enforce causality & EOS supports NS 
masses ≥ 2M⨀
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OUR STUDY

▸ EOS are constructed such that the prior on R1.4 ~ uniform 

▸ Order EOS by R1.4 

▸ Sample directly over discrete equations of state
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PRIOR �46

nsat 2nsat



GW POSTERIOR �47

nsat 2nsat



GW POSTERIOR �47

Suggests the chiral EFT approach can be applied up to twice nuclear saturation density 

nsat 2nsat



EM CONSTRAINTS

▸ Use fit from Bauswein et al. to estimate threshold mass for prompt 
collapse; exclude any points with total mass larger than threshold 

▸ Also exclude any points with maximum NS mass > 2.3M⨀
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Margalit & Metzger, ApJ 850 (2017) no.2, L19



GW �49

nsat 2nsat



GW + MTOTAL ≤ MTHRESH �50

nsat 2nsat



GW + MTOTAL ≤ MTHRESH 
  + MMAX < 2.3 M⨀
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NSBH IMPLICATIONS

▸ Only expect EM 
counterpart from 
NSBH if NS is 
disrupted 

▸ Our constraints 
imply we need a 
highly-spinning, 
or unusually low 
mass, BH to get a 
counterpart
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Created using fit from Foucart et al., PRD 98, 081501(R) (2018)



S190814BV �54

No EM counterpart detected



S190814BV

▸ Lack of EM counterpart (assuming it 
wasn’t missed) suggests BH spin >~0.5 

▸ PE on this event will offer nice 
consistency test
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LOOKING FORWARD
▸ Without EM counterpart, will need to rely on GW to distinguish 

NSBH from BBH 

▸ We simulated a mbh = 10M⨀, mns = 1.4M⨀ NSBH at 40 Mpc 

▸ Used softest EOS in our 90% credible interval (" = 370) 

▸ Assumed exact knowledge of EOS 

▸ Advanced LIGO design sensitivity (SNR = 190) 

▸ Bayes factor between NSBH and BBH model still ~1 

▸ May be difficult to distinguish high-mass NS from mass-gap BH 
until next  generation (A+, Voyager, or 3G) detectors built
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LOOKING FORWARD

▸ Straightforward to combine results from future events 

▸ Use posterior on EOS as prior for next event, etc. 

▸ Will be able to further constrain EOS from GW data, even if 
no EM counterpart available
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SUMMARY
▸ GW170817 has offered a wealth of information 

▸ GW data disfavor stiff EOS, but cannot rule out BBH 

▸ EM observations suggest no prompt collapse, no long-lived NS 

▸ Combining EM & GW observations with nuclear theory, we 
obtained tighter constraints on NS radius 

▸ NSBH EM counterparts will require unusually low-mass or high-
spin BH 

▸ Results can be combined with future events to further constrain 
EOS
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