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Gravitational Waves: Ripples in spacetime
   Unusual news headlines on 11/12 February 2016 

   First direct detection of gravitational waves: GW150914



 So, what happened?
   Sep 14, 2015 at 09:50:45 UTC:   SNR 

   Abbott et al. PRL 2016,    Abbott et al. PRX 2016 

   BBH inspiral, merger and ringdown:
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What really happened…
   Once upon a time:                      ago, somewhere in the universe

   Deep Precambrian

1.34+0.52
�0.59 Gyr



Overview

    A brief theory of gravitational waves 

    Frequency windows, sources and detectors  


    Parameter estimation and source modeling 

    The GW events 

    Some future applications 

    Conclusions



Gravitational waves



General relativity in 30 seconds
   Spacetime as a curved manifold 

   Key quantity: spacetime metric  


  Curvature, geodesics etc. all follow 

  Einstein equations 

  10 non-linear PDEs for 

              Matter fields 

  Conceptually simple, 

  hard in practice 

   E.g. Schwarzschild
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General relativity in 30 seconds
   Spacetime as a curved manifold 
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Gravitational waves: weak-field solutions
   Consider small deviations from Minkowski in Cartesian coordinates 

   “Background”: Manifold 

   “Perturbation”:  

   Coordinate freedom: “Transverse-traceless (TT)” gauge 

   Vacuum, no cosmological constant: 

   Einstein’s eqs.: 

   Plane wave solution in z direction:

M = R4, ⌘µ⌫ = diag(�1, 1, 1, 1)

hµ⌫ = O(✏) ⌧ 1 ) gµ⌫ = ⌘µ⌫ + hµ⌫
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Effect on particles
   Geodesic eq. 

   Particle at rest at        stays at                     in TT gauge 

   Proper separation: 

   Effect on test particles: 

   Mirshekari 1308.5240


   Debate on physical 

   reality until late 1950s 

   e.g.Saulson GRG (2011)

)

xµ xµ = const

ds2 = �dt2 + (1 + h+) dx
2 + (1� h+) dy

2 + 2h⇥ dx dy + dz2



Effect on particles

   Measure this effect; Michelson-Morley type interferometer



The GW spectrum, sources and detectors



The gravitational wave spectrum

    Source types and detection strategies       4 regimes   

    Ultra low 

    Very low 

    Low 

    High 

   Major sources 

   Ultra low:   Fluctuations in the early universe 

   Very low:  Supermassive BH binaries (high M, z) 

   Low:      SMBHs, EMRIs, Compact binaries,… 

   High:     Neutron star / BH binaries, supernovae,…
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The gravitational wave spectrum



The ultra low frequency regime
   Wave periods      Hubble time 

   Primordial GWs       Signature in polarization of CMB    


  E.g. BICEP2

⇠
!

   Problem: Pattern can be attributed to galactic dust (BICEP2, Planck)  

   See e.g. Flauger, Hill, Spergel  1405.7351



The very low frequency regime
   Pulsar timing arrays   PPTA, EPTA, NANOGrav 

   Search for correlated arrival time delays of pulses    



The very low frequency regime

   Exotic sources: Topological defects, cosmic strings (early Universe) 

   SMBH binaries 

   Most/all galaxies host BHs hole-halo correlation:  

   Ferrarese & Merrit ApJ (2000), Gültekin et al, ApJ (2009) 

   Galaxies merge      SMBH merger 

   But “Final parsec problem” 

   Few individually observed systems possible. 

   But mostly stochastic background. 

   Model as power law
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The low frequency regime



The low frequency regime

   Interferometry with                arms   

   Realm of space missions 

   LISA: L3 mission of ESA‘s “Cosmic Vision”   Launch: 

    Configuration still uncertain: 

   2 arms vs. 3 arms 

              vs. 

   2 yr     vs.  5 yr life span 

   Verification binaries (WDs) 

   Outstanding SNR 

   LISA Pathfinder: Test mission 

   Launched 3 Dec 2015  

   Major success!!!

⇠ 106 km
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The high frequency regime
   Interferometry with           arms  

   Detector nework: 

   2 LIGO (2015), Virgo (2017), GEO600, KAGRA (2020), LIGO-India

⇠ km



The interferometer diagram: LIGO

Abbott et al, PRL 116 (2016) 061102


  Seismic, thermal, shot noise



The high frequency regime
   Supernovae 

   Neutron star oscillations 

   Neutron star / stellar-mass black hole binaries

Abbott et al, PRL 116 (2016) 061102



Summary: sensitivity curves

http://gwplotter.com

http://gwplotter.com


Parameter estimation and
source modeling



The search for GWs in the data stream

  Weak effect of matter on geometry 

  GWs carry huge energy but barely interact with anything 

  Induced changes in length: < atomic nucleus / km

Gµ⌫ =
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   Einstein’s field equations



 Detection and parameter estimation

   No specific waveform model 

   Identify excess power in detector strain data   


  Use multi detector maximum likelihood   Klimenko et al. 1511.05999

Generic transient search

Binary coalescence search
   “Matched Filtering’’ 

   Compare data stream 

   with GW templates 

   (“Finger print search”)  


   Bayesian analysis: 

   Prior        Posterior!



 Black-hole binaries: parameters
   8+1 Intrinsic parameters 

   Masses 

   Spins 

   Eccentricity   (often ignored; GW emission circularizes orbit)  

   7 Extrinsic parameters 

   Location: Luminosity distance      , Right ascension    , Declination 

   Orientation: Inclination    , Polarization 

   Time      and Phase       of coalescence 

   Other parameters 

   Anything beyond vacuum GR….     (ignored for starters…)

m1 , m2

S1 , S2
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 GW source modeling
   Key requirement for matched filtering:   GW template catalog 

   Model black holes in general relativity

   Combine “NR” with “Post-Newtonian”,  “Effective one body”  methods 

   2 families in use: Phenomenological, Effective one body 

 Use reduced bases or similar to cover parameter space 

   Multipolar decomposition

 Post Newtonian theory      Inspiral    Blanchet Liv.Rev.Rel. 2006 

 Numerical relativity       final orbits, merger 

      Pretorius PRL 2005, Baker et al PRL 2006, Campanelli et al PRL 2006 

 Perturbation theory      Ringdown
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 Hybrid waveforms and catalogs
   Stitch together PN and NR waveforms

US et al CQG 2011

   Mass produce waveforms;  

   Hinder et al CQG 2013,   Mroué et al PRL 2013,   Boyle et al CQG 2019 



 Anatomy of a BHB coalescence

Thanks to Caltech-Cornell groups



The GW events



Subset of GW detections up to 2024

test



GW150914

GW150914
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GW150914: The signal

   Whitened by power spectral density 

   Wavelet = Linear combination of sine-Gaussian pieces 

 Abbott et al 1602.03840



GW150914: BH masses

   Source frame 

   2 Waveform models   

Abbott et al. 1602.03840

m1 = 36+5
�4 M�

m2 = 29+4
�4 M�

Mfin = 62+4
�4 M�

   Deficit in GWs!

 Abbott et al 1602.03840

�M ⇡ 3 M�

⇡ 5.4⇥ 1054 erg

Lmax ⇡ 3.6⇥ 1056 erg/s



GW150914: BH parameters
   Mass ratio 

   Spins harder to measure: few cycles, no full-precession catalog 

  Luminosity distance 

  Source redshift

�1 =
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m2

1
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|S2|
m2

2

< 0.9

�fin = 0.67+0.05
�0.07

q ⌘ m2

m1
= 0.65± 0.03

DL = 410+160
�180 Mpc

z = 0.088+0.031
�0.038



GW150914: Sky location

   Important for EM follow-up 

   GW detectors are all-sky


  Via triangulation 

  2 detectors 

  Southern hemisphere  

  To be improved with 

  Virgo, KAGRA, LIGO India

⇠ 590 deg2

 Abbott et al 1602.03840



2017: Virgo joins O2

⚫  3 detectors 

⚫     much improved 

     sky location! 

⚫  First triple coincidence 

     detection GW170814  



GW170817

GW170817
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GW170817: Binary Neutron Star Merger
   Fermi and Gamma-Ray Burst Monitor send GRB170817A alert 

   Within 6 minutes, LIGO, Virgo find GW170817 in the data stream



GW170817: Binary Neutron Star Merger
   Fermi and Gamma-Ray Burst Monitor send GRB170817A alert 

   Within 6 minutes, LIGO, Virgo find GW170817 in the data stream 

   Note the duration!!!



GW170817: Multi messenger astronomy
   Gravitational Waves, Gamma rays 

   Optical: 6 left panels 

   X-ray, Radio:  Chandra, Jansky VLA



GW170817: Multi messenger astronomy



Some things we have learned
   GRB associated with Binary Neutron Star Merger 

   Kilonova (infrared transient) due to decay of heavy elements 

   Independent measurement of Hubble constant: 

   Binary NS merger rate:  

   First  insight into EOS at supernuclear densities through 

   tidal effects 

   Results will improve with more NS events

H0 = 70+12
�8 km s�1 Mpc�1

1540+3200
�1220 Gpc�3 yr�1



GW190521

GW190521

test



GW190521

  Progenitor masses: 

  Remnant mass:                                           Abbott et al. 2010.14527


  Mass defect                     ; cf. Tsar Bomba:   


  Open questions: How did the progenitor BHs form?  Is it a BBH?

M = 150M�
!
= m1 +m2

<latexit sha1_base64="9JdkkZ1KgNhADopfSSb6gyOT7CA=">AAACEHicbVDLSgMxFM34rPVVdekmWkRBKTOi2E2h4MZNoYJ9QKcMmTTVYDIZkjtCGeYT3Pgrblwo4talO//G9LHQ1gOBwznncnNPGAtuwHW/nbn5hcWl5dxKfnVtfWOzsLXdNCrRlDWoEkq3Q2KY4BFrAAfB2rFmRIaCtcL7y6HfemDacBXdwCBmXUluI97nlICVgsJhreKdu/5JLUh91VOQYV8N8wzSvSytZFgG3rEMToNC0S25I+BZ4k1IEU1QDwpffk/RRLIIqCDGdDw3hm5KNHAqWJb3E8NiQu/JLetYGhHJTDcdHZThA6v0cF9p+yLAI/X3REqkMQMZ2qQkcGemvaH4n9dJoF/upjyKE2ARHS/qJwKDwsN2cI9rRkEMLCFUc/tXTO+IJhRsJ3lbgjd98ixpnpY8t+RdnxWr5UkdObSL9tER8tAFqqIrVEcNRNEjekav6M15cl6cd+djHJ1zJjM76A+czx+KvZud</latexit><latexit sha1_base64="9JdkkZ1KgNhADopfSSb6gyOT7CA=">AAACEHicbVDLSgMxFM34rPVVdekmWkRBKTOi2E2h4MZNoYJ9QKcMmTTVYDIZkjtCGeYT3Pgrblwo4talO//G9LHQ1gOBwznncnNPGAtuwHW/nbn5hcWl5dxKfnVtfWOzsLXdNCrRlDWoEkq3Q2KY4BFrAAfB2rFmRIaCtcL7y6HfemDacBXdwCBmXUluI97nlICVgsJhreKdu/5JLUh91VOQYV8N8wzSvSytZFgG3rEMToNC0S25I+BZ4k1IEU1QDwpffk/RRLIIqCDGdDw3hm5KNHAqWJb3E8NiQu/JLetYGhHJTDcdHZThA6v0cF9p+yLAI/X3REqkMQMZ2qQkcGemvaH4n9dJoF/upjyKE2ARHS/qJwKDwsN2cI9rRkEMLCFUc/tXTO+IJhRsJ3lbgjd98ixpnpY8t+RdnxWr5UkdObSL9tER8tAFqqIrVEcNRNEjekav6M15cl6cd+djHJ1zJjM76A+czx+KvZud</latexit><latexit sha1_base64="9JdkkZ1KgNhADopfSSb6gyOT7CA=">AAACEHicbVDLSgMxFM34rPVVdekmWkRBKTOi2E2h4MZNoYJ9QKcMmTTVYDIZkjtCGeYT3Pgrblwo4talO//G9LHQ1gOBwznncnNPGAtuwHW/nbn5hcWl5dxKfnVtfWOzsLXdNCrRlDWoEkq3Q2KY4BFrAAfB2rFmRIaCtcL7y6HfemDacBXdwCBmXUluI97nlICVgsJhreKdu/5JLUh91VOQYV8N8wzSvSytZFgG3rEMToNC0S25I+BZ4k1IEU1QDwpffk/RRLIIqCDGdDw3hm5KNHAqWJb3E8NiQu/JLetYGhHJTDcdHZThA6v0cF9p+yLAI/X3REqkMQMZ2qQkcGemvaH4n9dJoF/upjyKE2ARHS/qJwKDwsN2cI9rRkEMLCFUc/tXTO+IJhRsJ3lbgjd98ixpnpY8t+RdnxWr5UkdObSL9tER8tAFqqIrVEcNRNEjekav6M15cl6cd+djHJ1zJjM76A+czx+KvZud</latexit><latexit sha1_base64="9JdkkZ1KgNhADopfSSb6gyOT7CA=">AAACEHicbVDLSgMxFM34rPVVdekmWkRBKTOi2E2h4MZNoYJ9QKcMmTTVYDIZkjtCGeYT3Pgrblwo4talO//G9LHQ1gOBwznncnNPGAtuwHW/nbn5hcWl5dxKfnVtfWOzsLXdNCrRlDWoEkq3Q2KY4BFrAAfB2rFmRIaCtcL7y6HfemDacBXdwCBmXUluI97nlICVgsJhreKdu/5JLUh91VOQYV8N8wzSvSytZFgG3rEMToNC0S25I+BZ4k1IEU1QDwpffk/RRLIIqCDGdDw3hm5KNHAqWJb3E8NiQu/JLetYGhHJTDcdHZThA6v0cF9p+yLAI/X3REqkMQMZ2qQkcGemvaH4n9dJoF/upjyKE2ARHS/qJwKDwsN2cI9rRkEMLCFUc/tXTO+IJhRsJ3lbgjd98ixpnpY8t+RdnxWr5UkdObSL9tER8tAFqqIrVEcNRNEjekav6M15cl6cd+djHJ1zJjM76A+czx+KvZud</latexit>

m1 = 91M� , m2 = 67M�
<latexit sha1_base64="yxg2i1etUAQmKC6sNHIr4PcO61s=">AAACEXicbVDLSsNAFJ3UV62vqEs3wSJ0UUpSxNZFoeDGjVDBPqAJYTKdtkNnMmFmIpTQfoIbf8WNC0XcunPn3zhts6itBy4czrmXe+8JIkqksu0fI7OxubW9k93N7e0fHB6ZxyctyWOBcBNxykUngBJTEuKmIoriTiQwZAHF7WB0M/Pbj1hIwsMHNY6wx+AgJH2CoNKSbxaY79SuHbd45ycu73E1cYvF6XTK/HLtqrIk+2beLtlzWOvESUkepGj45rfb4yhmOFSIQim7jh0pL4FCEUTxJOfGEkcQjeAAdzUNIcPSS+YfTawLrfSsPhe6QmXN1eWJBDIpxyzQnQyqoVz1ZuJ/XjdW/aqXkDCKFQ7RYlE/ppbi1iweq0cERoqONYFIEH2rhYZQQKR0iDkdgrP68jpplUuOXXLuL/P1ahpHFpyBc1AADqiAOrgFDdAECDyBF/AG3o1n49X4MD4XrRkjnTkFf2B8/QJ8D5wn</latexit><latexit sha1_base64="yxg2i1etUAQmKC6sNHIr4PcO61s=">AAACEXicbVDLSsNAFJ3UV62vqEs3wSJ0UUpSxNZFoeDGjVDBPqAJYTKdtkNnMmFmIpTQfoIbf8WNC0XcunPn3zhts6itBy4czrmXe+8JIkqksu0fI7OxubW9k93N7e0fHB6ZxyctyWOBcBNxykUngBJTEuKmIoriTiQwZAHF7WB0M/Pbj1hIwsMHNY6wx+AgJH2CoNKSbxaY79SuHbd45ycu73E1cYvF6XTK/HLtqrIk+2beLtlzWOvESUkepGj45rfb4yhmOFSIQim7jh0pL4FCEUTxJOfGEkcQjeAAdzUNIcPSS+YfTawLrfSsPhe6QmXN1eWJBDIpxyzQnQyqoVz1ZuJ/XjdW/aqXkDCKFQ7RYlE/ppbi1iweq0cERoqONYFIEH2rhYZQQKR0iDkdgrP68jpplUuOXXLuL/P1ahpHFpyBc1AADqiAOrgFDdAECDyBF/AG3o1n49X4MD4XrRkjnTkFf2B8/QJ8D5wn</latexit><latexit sha1_base64="yxg2i1etUAQmKC6sNHIr4PcO61s=">AAACEXicbVDLSsNAFJ3UV62vqEs3wSJ0UUpSxNZFoeDGjVDBPqAJYTKdtkNnMmFmIpTQfoIbf8WNC0XcunPn3zhts6itBy4czrmXe+8JIkqksu0fI7OxubW9k93N7e0fHB6ZxyctyWOBcBNxykUngBJTEuKmIoriTiQwZAHF7WB0M/Pbj1hIwsMHNY6wx+AgJH2CoNKSbxaY79SuHbd45ycu73E1cYvF6XTK/HLtqrIk+2beLtlzWOvESUkepGj45rfb4yhmOFSIQim7jh0pL4FCEUTxJOfGEkcQjeAAdzUNIcPSS+YfTawLrfSsPhe6QmXN1eWJBDIpxyzQnQyqoVz1ZuJ/XjdW/aqXkDCKFQ7RYlE/ppbi1iweq0cERoqONYFIEH2rhYZQQKR0iDkdgrP68jpplUuOXXLuL/P1ahpHFpyBc1AADqiAOrgFDdAECDyBF/AG3o1n49X4MD4XrRkjnTkFf2B8/QJ8D5wn</latexit><latexit sha1_base64="yxg2i1etUAQmKC6sNHIr4PcO61s=">AAACEXicbVDLSsNAFJ3UV62vqEs3wSJ0UUpSxNZFoeDGjVDBPqAJYTKdtkNnMmFmIpTQfoIbf8WNC0XcunPn3zhts6itBy4czrmXe+8JIkqksu0fI7OxubW9k93N7e0fHB6ZxyctyWOBcBNxykUngBJTEuKmIoriTiQwZAHF7WB0M/Pbj1hIwsMHNY6wx+AgJH2CoNKSbxaY79SuHbd45ycu73E1cYvF6XTK/HLtqrIk+2beLtlzWOvESUkepGj45rfb4yhmOFSIQim7jh0pL4FCEUTxJOfGEkcQjeAAdzUNIcPSS+YfTawLrfSsPhe6QmXN1eWJBDIpxyzQnQyqoVz1ZuJ/XjdW/aqXkDCKFQ7RYlE/ppbi1iweq0cERoqONYFIEH2rhYZQQKR0iDkdgrP68jpplUuOXXLuL/P1ahpHFpyBc1AADqiAOrgFDdAECDyBF/AG3o1n49X4MD4XrRkjnTkFf2B8/QJ8D5wn</latexit>

�M ⇡ 8M�
<latexit sha1_base64="cyjpgPVOlysujrkvI4eNm1v7VYc=">AAACBnicbVDLSgNBEJz1GeMr6lGEwSB4kLArgjkG9OAlEME8IBvC7OxsMmR2Z5jpFcOSkxd/xYsHRbz6Dd78GyePgyYWNBRV3XR3BUpwA6777Swtr6yurec28ptb2zu7hb39hpGppqxOpZC6FRDDBE9YHTgI1lKakTgQrBkMrsZ+855pw2VyB0PFOjHpJTzilICVuoUj/5oJILiKfaKUlg+47J9Vu5kvQwmjbqHoltwJ8CLxZqSIZqh1C19+KGkaswSoIMa0PVdBJyMaOBVslPdTwxShA9JjbUsTEjPTySZvjPCJVUIcSW0rATxRf09kJDZmGAe2MybQN/PeWPzPa6cQlTsZT1QKLKHTRVEqMEg8zgSHXDMKYmgJoZrbWzHtE00o2OTyNgRv/uVF0jgveW7Ju70oVsqzOHLoEB2jU+ShS1RBN6iG6oiiR/SMXtGb8+S8OO/Ox7R1yZnNHKA/cD5/APbfmCI=</latexit><latexit sha1_base64="cyjpgPVOlysujrkvI4eNm1v7VYc=">AAACBnicbVDLSgNBEJz1GeMr6lGEwSB4kLArgjkG9OAlEME8IBvC7OxsMmR2Z5jpFcOSkxd/xYsHRbz6Dd78GyePgyYWNBRV3XR3BUpwA6777Swtr6yurec28ptb2zu7hb39hpGppqxOpZC6FRDDBE9YHTgI1lKakTgQrBkMrsZ+855pw2VyB0PFOjHpJTzilICVuoUj/5oJILiKfaKUlg+47J9Vu5kvQwmjbqHoltwJ8CLxZqSIZqh1C19+KGkaswSoIMa0PVdBJyMaOBVslPdTwxShA9JjbUsTEjPTySZvjPCJVUIcSW0rATxRf09kJDZmGAe2MybQN/PeWPzPa6cQlTsZT1QKLKHTRVEqMEg8zgSHXDMKYmgJoZrbWzHtE00o2OTyNgRv/uVF0jgveW7Ju70oVsqzOHLoEB2jU+ShS1RBN6iG6oiiR/SMXtGb8+S8OO/Ox7R1yZnNHKA/cD5/APbfmCI=</latexit><latexit sha1_base64="cyjpgPVOlysujrkvI4eNm1v7VYc=">AAACBnicbVDLSgNBEJz1GeMr6lGEwSB4kLArgjkG9OAlEME8IBvC7OxsMmR2Z5jpFcOSkxd/xYsHRbz6Dd78GyePgyYWNBRV3XR3BUpwA6777Swtr6yurec28ptb2zu7hb39hpGppqxOpZC6FRDDBE9YHTgI1lKakTgQrBkMrsZ+855pw2VyB0PFOjHpJTzilICVuoUj/5oJILiKfaKUlg+47J9Vu5kvQwmjbqHoltwJ8CLxZqSIZqh1C19+KGkaswSoIMa0PVdBJyMaOBVslPdTwxShA9JjbUsTEjPTySZvjPCJVUIcSW0rATxRf09kJDZmGAe2MybQN/PeWPzPa6cQlTsZT1QKLKHTRVEqMEg8zgSHXDMKYmgJoZrbWzHtE00o2OTyNgRv/uVF0jgveW7Ju70oVsqzOHLoEB2jU+ShS1RBN6iG6oiiR/SMXtGb8+S8OO/Ox7R1yZnNHKA/cD5/APbfmCI=</latexit><latexit sha1_base64="cyjpgPVOlysujrkvI4eNm1v7VYc=">AAACBnicbVDLSgNBEJz1GeMr6lGEwSB4kLArgjkG9OAlEME8IBvC7OxsMmR2Z5jpFcOSkxd/xYsHRbz6Dd78GyePgyYWNBRV3XR3BUpwA6777Swtr6yurec28ptb2zu7hb39hpGppqxOpZC6FRDDBE9YHTgI1lKakTgQrBkMrsZ+855pw2VyB0PFOjHpJTzilICVuoUj/5oJILiKfaKUlg+47J9Vu5kvQwmjbqHoltwJ8CLxZqSIZqh1C19+KGkaswSoIMa0PVdBJyMaOBVslPdTwxShA9JjbUsTEjPTySZvjPCJVUIcSW0rATxRf09kJDZmGAe2MybQN/PeWPzPa6cQlTsZT1QKLKHTRVEqMEg8zgSHXDMKYmgJoZrbWzHtE00o2OTyNgRv/uVF0jgveW7Ju70oVsqzOHLoEB2jU+ShS1RBN6iG6oiiR/SMXtGb8+S8OO/Ox7R1yZnNHKA/cD5/APbfmCI=</latexit>

�M ⇡ 2.65 kg
<latexit sha1_base64="e4krRz5TcZ69iTxibObB7cjU3a4=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4kJAUH10WdOFGqGAf0IQymU7aoZOZMDMRS+jSjb/ixoUibv0Ed/6N0zYLbT1w4XDOvdx7T5gwqrTrflsLi0vLK6uFteL6xubWtr2z21AilZjUsWBCtkKkCKOc1DXVjLQSSVAcMtIMB5djv3lPpKKC3+lhQoIY9TiNKEbaSB37wL8iTCN4A32UJFI8wLJzfuafZL6M4aA36tgl13EngPPEy0kJ5Kh17C+/K3AaE64xQ0q1PTfRQYakppiRUdFPFUkQHqAeaRvKUUxUkE0eGcEjo3RhJKQpruFE/T2RoVipYRyazhjpvpr1xuJ/XjvVUSXIKE9STTieLopSBrWA41Rgl0qCNRsagrCk5laI+0girE12RROCN/vyPGmUHc91vNvTUrWSx1EA++AQHAMPXIAquAY1UAcYPIJn8ArerCfrxXq3PqatC1Y+swf+wPr8AVONmDg=</latexit><latexit sha1_base64="e4krRz5TcZ69iTxibObB7cjU3a4=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4kJAUH10WdOFGqGAf0IQymU7aoZOZMDMRS+jSjb/ixoUibv0Ed/6N0zYLbT1w4XDOvdx7T5gwqrTrflsLi0vLK6uFteL6xubWtr2z21AilZjUsWBCtkKkCKOc1DXVjLQSSVAcMtIMB5djv3lPpKKC3+lhQoIY9TiNKEbaSB37wL8iTCN4A32UJFI8wLJzfuafZL6M4aA36tgl13EngPPEy0kJ5Kh17C+/K3AaE64xQ0q1PTfRQYakppiRUdFPFUkQHqAeaRvKUUxUkE0eGcEjo3RhJKQpruFE/T2RoVipYRyazhjpvpr1xuJ/XjvVUSXIKE9STTieLopSBrWA41Rgl0qCNRsagrCk5laI+0girE12RROCN/vyPGmUHc91vNvTUrWSx1EA++AQHAMPXIAquAY1UAcYPIJn8ArerCfrxXq3PqatC1Y+swf+wPr8AVONmDg=</latexit><latexit sha1_base64="e4krRz5TcZ69iTxibObB7cjU3a4=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4kJAUH10WdOFGqGAf0IQymU7aoZOZMDMRS+jSjb/ixoUibv0Ed/6N0zYLbT1w4XDOvdx7T5gwqrTrflsLi0vLK6uFteL6xubWtr2z21AilZjUsWBCtkKkCKOc1DXVjLQSSVAcMtIMB5djv3lPpKKC3+lhQoIY9TiNKEbaSB37wL8iTCN4A32UJFI8wLJzfuafZL6M4aA36tgl13EngPPEy0kJ5Kh17C+/K3AaE64xQ0q1PTfRQYakppiRUdFPFUkQHqAeaRvKUUxUkE0eGcEjo3RhJKQpruFE/T2RoVipYRyazhjpvpr1xuJ/XjvVUSXIKE9STTieLopSBrWA41Rgl0qCNRsagrCk5laI+0girE12RROCN/vyPGmUHc91vNvTUrWSx1EA++AQHAMPXIAquAY1UAcYPIJn8ArerCfrxXq3PqatC1Y+swf+wPr8AVONmDg=</latexit><latexit sha1_base64="e4krRz5TcZ69iTxibObB7cjU3a4=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4kJAUH10WdOFGqGAf0IQymU7aoZOZMDMRS+jSjb/ixoUibv0Ed/6N0zYLbT1w4XDOvdx7T5gwqrTrflsLi0vLK6uFteL6xubWtr2z21AilZjUsWBCtkKkCKOc1DXVjLQSSVAcMtIMB5djv3lPpKKC3+lhQoIY9TiNKEbaSB37wL8iTCN4A32UJFI8wLJzfuafZL6M4aA36tgl13EngPPEy0kJ5Kh17C+/K3AaE64xQ0q1PTfRQYakppiRUdFPFUkQHqAeaRvKUUxUkE0eGcEjo3RhJKQpruFE/T2RoVipYRyazhjpvpr1xuJ/XjvVUSXIKE9STTieLopSBrWA41Rgl0qCNRsagrCk5laI+0girE12RROCN/vyPGmUHc91vNvTUrWSx1EA++AQHAMPXIAquAY1UAcYPIJn8ArerCfrxXq3PqatC1Y+swf+wPr8AVONmDg=</latexit>



GW190814

GW190814

test



GW190521
  Progenitor masses: 

  Remnant mass:                                Abbott et al. 2010.14527


  Key question: What is the secondary?

�M ⇡ 8M�
<latexit sha1_base64="cyjpgPVOlysujrkvI4eNm1v7VYc=">AAACBnicbVDLSgNBEJz1GeMr6lGEwSB4kLArgjkG9OAlEME8IBvC7OxsMmR2Z5jpFcOSkxd/xYsHRbz6Dd78GyePgyYWNBRV3XR3BUpwA6777Swtr6yurec28ptb2zu7hb39hpGppqxOpZC6FRDDBE9YHTgI1lKakTgQrBkMrsZ+855pw2VyB0PFOjHpJTzilICVuoUj/5oJILiKfaKUlg+47J9Vu5kvQwmjbqHoltwJ8CLxZqSIZqh1C19+KGkaswSoIMa0PVdBJyMaOBVslPdTwxShA9JjbUsTEjPTySZvjPCJVUIcSW0rATxRf09kJDZmGAe2MybQN/PeWPzPa6cQlTsZT1QKLKHTRVEqMEg8zgSHXDMKYmgJoZrbWzHtE00o2OTyNgRv/uVF0jgveW7Ju70oVsqzOHLoEB2jU+ShS1RBN6iG6oiiR/SMXtGb8+S8OO/Ox7R1yZnNHKA/cD5/APbfmCI=</latexit><latexit sha1_base64="cyjpgPVOlysujrkvI4eNm1v7VYc=">AAACBnicbVDLSgNBEJz1GeMr6lGEwSB4kLArgjkG9OAlEME8IBvC7OxsMmR2Z5jpFcOSkxd/xYsHRbz6Dd78GyePgyYWNBRV3XR3BUpwA6777Swtr6yurec28ptb2zu7hb39hpGppqxOpZC6FRDDBE9YHTgI1lKakTgQrBkMrsZ+855pw2VyB0PFOjHpJTzilICVuoUj/5oJILiKfaKUlg+47J9Vu5kvQwmjbqHoltwJ8CLxZqSIZqh1C19+KGkaswSoIMa0PVdBJyMaOBVslPdTwxShA9JjbUsTEjPTySZvjPCJVUIcSW0rATxRf09kJDZmGAe2MybQN/PeWPzPa6cQlTsZT1QKLKHTRVEqMEg8zgSHXDMKYmgJoZrbWzHtE00o2OTyNgRv/uVF0jgveW7Ju70oVsqzOHLoEB2jU+ShS1RBN6iG6oiiR/SMXtGb8+S8OO/Ox7R1yZnNHKA/cD5/APbfmCI=</latexit><latexit sha1_base64="cyjpgPVOlysujrkvI4eNm1v7VYc=">AAACBnicbVDLSgNBEJz1GeMr6lGEwSB4kLArgjkG9OAlEME8IBvC7OxsMmR2Z5jpFcOSkxd/xYsHRbz6Dd78GyePgyYWNBRV3XR3BUpwA6777Swtr6yurec28ptb2zu7hb39hpGppqxOpZC6FRDDBE9YHTgI1lKakTgQrBkMrsZ+855pw2VyB0PFOjHpJTzilICVuoUj/5oJILiKfaKUlg+47J9Vu5kvQwmjbqHoltwJ8CLxZqSIZqh1C19+KGkaswSoIMa0PVdBJyMaOBVslPdTwxShA9JjbUsTEjPTySZvjPCJVUIcSW0rATxRf09kJDZmGAe2MybQN/PeWPzPa6cQlTsZT1QKLKHTRVEqMEg8zgSHXDMKYmgJoZrbWzHtE00o2OTyNgRv/uVF0jgveW7Ju70oVsqzOHLoEB2jU+ShS1RBN6iG6oiiR/SMXtGb8+S8OO/Ox7R1yZnNHKA/cD5/APbfmCI=</latexit><latexit sha1_base64="cyjpgPVOlysujrkvI4eNm1v7VYc=">AAACBnicbVDLSgNBEJz1GeMr6lGEwSB4kLArgjkG9OAlEME8IBvC7OxsMmR2Z5jpFcOSkxd/xYsHRbz6Dd78GyePgyYWNBRV3XR3BUpwA6777Swtr6yurec28ptb2zu7hb39hpGppqxOpZC6FRDDBE9YHTgI1lKakTgQrBkMrsZ+855pw2VyB0PFOjHpJTzilICVuoUj/5oJILiKfaKUlg+47J9Vu5kvQwmjbqHoltwJ8CLxZqSIZqh1C19+KGkaswSoIMa0PVdBJyMaOBVslPdTwxShA9JjbUsTEjPTySZvjPCJVUIcSW0rATxRf09kJDZmGAe2MybQN/PeWPzPa6cQlTsZT1QKLKHTRVEqMEg8zgSHXDMKYmgJoZrbWzHtE00o2OTyNgRv/uVF0jgveW7Ju70oVsqzOHLoEB2jU+ShS1RBN6iG6oiiR/SMXtGb8+S8OO/Ox7R1yZnNHKA/cD5/APbfmCI=</latexit>

m1 = 23.2M� , m2 = 2.59M�
<latexit sha1_base64="PnNG+JFODLXec+rpje80326ZFbA=">AAACFXicbVDLSsNAFJ34rPVVdekmWAQXJSRRsS4KBTduhAr2AU0Jk8mkHTqTCTMToYT2I9z4K25cKOJWcOffOH0sauuBC4dz7uXee4KEEqls+8dYWV1b39jMbeW3d3b39gsHhw3JU4FwHXHKRSuAElMS47oiiuJWIjBkAcXNoH8z9puPWEjC4wc1SHCHwW5MIoKg0pJfKDHfqbjnluuV7vzM4yFXQ69UGo1GzHcrrnV5PWf4haJt2ROYy8SZkSKYoeYXvr2Qo5ThWCEKpWw7dqI6GRSKIIqHeS+VOIGoD7u4rWkMGZadbPLV0DzVSmhGXOiKlTlR5ycyyKQcsEB3Mqh6ctEbi/957VRF5U5G4iRVOEbTRVFKTcXNcURmSARGig40gUgQfauJelBApHSQeR2Cs/jyMmm4lmNbzv1FsVqexZEDx+AEnAEHXIEquAU1UAcIPIEX8AbejWfj1fgwPqetK8Zs5gj8gfH1C1ZQnQs=</latexit><latexit sha1_base64="PnNG+JFODLXec+rpje80326ZFbA=">AAACFXicbVDLSsNAFJ34rPVVdekmWAQXJSRRsS4KBTduhAr2AU0Jk8mkHTqTCTMToYT2I9z4K25cKOJWcOffOH0sauuBC4dz7uXee4KEEqls+8dYWV1b39jMbeW3d3b39gsHhw3JU4FwHXHKRSuAElMS47oiiuJWIjBkAcXNoH8z9puPWEjC4wc1SHCHwW5MIoKg0pJfKDHfqbjnluuV7vzM4yFXQ69UGo1GzHcrrnV5PWf4haJt2ROYy8SZkSKYoeYXvr2Qo5ThWCEKpWw7dqI6GRSKIIqHeS+VOIGoD7u4rWkMGZadbPLV0DzVSmhGXOiKlTlR5ycyyKQcsEB3Mqh6ctEbi/957VRF5U5G4iRVOEbTRVFKTcXNcURmSARGig40gUgQfauJelBApHSQeR2Cs/jyMmm4lmNbzv1FsVqexZEDx+AEnAEHXIEquAU1UAcIPIEX8AbejWfj1fgwPqetK8Zs5gj8gfH1C1ZQnQs=</latexit><latexit sha1_base64="PnNG+JFODLXec+rpje80326ZFbA=">AAACFXicbVDLSsNAFJ34rPVVdekmWAQXJSRRsS4KBTduhAr2AU0Jk8mkHTqTCTMToYT2I9z4K25cKOJWcOffOH0sauuBC4dz7uXee4KEEqls+8dYWV1b39jMbeW3d3b39gsHhw3JU4FwHXHKRSuAElMS47oiiuJWIjBkAcXNoH8z9puPWEjC4wc1SHCHwW5MIoKg0pJfKDHfqbjnluuV7vzM4yFXQ69UGo1GzHcrrnV5PWf4haJt2ROYy8SZkSKYoeYXvr2Qo5ThWCEKpWw7dqI6GRSKIIqHeS+VOIGoD7u4rWkMGZadbPLV0DzVSmhGXOiKlTlR5ycyyKQcsEB3Mqh6ctEbi/957VRF5U5G4iRVOEbTRVFKTcXNcURmSARGig40gUgQfauJelBApHSQeR2Cs/jyMmm4lmNbzv1FsVqexZEDx+AEnAEHXIEquAU1UAcIPIEX8AbejWfj1fgwPqetK8Zs5gj8gfH1C1ZQnQs=</latexit><latexit sha1_base64="PnNG+JFODLXec+rpje80326ZFbA=">AAACFXicbVDLSsNAFJ34rPVVdekmWAQXJSRRsS4KBTduhAr2AU0Jk8mkHTqTCTMToYT2I9z4K25cKOJWcOffOH0sauuBC4dz7uXee4KEEqls+8dYWV1b39jMbeW3d3b39gsHhw3JU4FwHXHKRSuAElMS47oiiuJWIjBkAcXNoH8z9puPWEjC4wc1SHCHwW5MIoKg0pJfKDHfqbjnluuV7vzM4yFXQ69UGo1GzHcrrnV5PWf4haJt2ROYy8SZkSKYoeYXvr2Qo5ThWCEKpWw7dqI6GRSKIIqHeS+VOIGoD7u4rWkMGZadbPLV0DzVSmhGXOiKlTlR5ycyyKQcsEB3Mqh6ctEbi/957VRF5U5G4iRVOEbTRVFKTcXNcURmSARGig40gUgQfauJelBApHSQeR2Cs/jyMmm4lmNbzv1FsVqexZEDx+AEnAEHXIEquAU1UAcIPIEX8AbejWfj1fgwPqetK8Zs5gj8gfH1C1ZQnQs=</latexit>

M = 25.6M�
<latexit sha1_base64="P910jSXzq5pkcNYs2N6/LAu34J4=">AAAB+nicbVDLSsNAFJ34rPWV6tJNsAguJCTFRzdCwY2bQgX7gCaEyWTSDp3MhJmJUmI/xY0LRdz6Je78G6dtFtp64MLhnHu5954wpUQqx/k2VlbX1jc2S1vl7Z3dvX2zctCRPBMItxGnXPRCKDElDLcVURT3UoFhElLcDUc3U7/7gIUknN2rcYr9BA4YiQmCSkuBWWle1y7sS++sGeQej7iaBGbVsZ0ZrGXiFqQKCrQC88uLOMoSzBSiUMq+66TKz6FQBFE8KXuZxClEIzjAfU0ZTLD089npE+tEK5EVc6GLKWum/p7IYSLlOAl1ZwLVUC56U/E/r5+puO7nhKWZwgzNF8UZtRS3pjlYEREYKTrWBCJB9K0WGkIBkdJplXUI7uLLy6RTs13Hdu/Oq416EUcJHIFjcApccAUa4Ba0QBsg8AiewSt4M56MF+Pd+Ji3rhjFzCH4A+PzB41Ckt4=</latexit><latexit sha1_base64="P910jSXzq5pkcNYs2N6/LAu34J4=">AAAB+nicbVDLSsNAFJ34rPWV6tJNsAguJCTFRzdCwY2bQgX7gCaEyWTSDp3MhJmJUmI/xY0LRdz6Je78G6dtFtp64MLhnHu5954wpUQqx/k2VlbX1jc2S1vl7Z3dvX2zctCRPBMItxGnXPRCKDElDLcVURT3UoFhElLcDUc3U7/7gIUknN2rcYr9BA4YiQmCSkuBWWle1y7sS++sGeQej7iaBGbVsZ0ZrGXiFqQKCrQC88uLOMoSzBSiUMq+66TKz6FQBFE8KXuZxClEIzjAfU0ZTLD089npE+tEK5EVc6GLKWum/p7IYSLlOAl1ZwLVUC56U/E/r5+puO7nhKWZwgzNF8UZtRS3pjlYEREYKTrWBCJB9K0WGkIBkdJplXUI7uLLy6RTs13Hdu/Oq416EUcJHIFjcApccAUa4Ba0QBsg8AiewSt4M56MF+Pd+Ji3rhjFzCH4A+PzB41Ckt4=</latexit><latexit sha1_base64="P910jSXzq5pkcNYs2N6/LAu34J4=">AAAB+nicbVDLSsNAFJ34rPWV6tJNsAguJCTFRzdCwY2bQgX7gCaEyWTSDp3MhJmJUmI/xY0LRdz6Je78G6dtFtp64MLhnHu5954wpUQqx/k2VlbX1jc2S1vl7Z3dvX2zctCRPBMItxGnXPRCKDElDLcVURT3UoFhElLcDUc3U7/7gIUknN2rcYr9BA4YiQmCSkuBWWle1y7sS++sGeQej7iaBGbVsZ0ZrGXiFqQKCrQC88uLOMoSzBSiUMq+66TKz6FQBFE8KXuZxClEIzjAfU0ZTLD089npE+tEK5EVc6GLKWum/p7IYSLlOAl1ZwLVUC56U/E/r5+puO7nhKWZwgzNF8UZtRS3pjlYEREYKTrWBCJB9K0WGkIBkdJplXUI7uLLy6RTs13Hdu/Oq416EUcJHIFjcApccAUa4Ba0QBsg8AiewSt4M56MF+Pd+Ji3rhjFzCH4A+PzB41Ckt4=</latexit><latexit sha1_base64="P910jSXzq5pkcNYs2N6/LAu34J4=">AAAB+nicbVDLSsNAFJ34rPWV6tJNsAguJCTFRzdCwY2bQgX7gCaEyWTSDp3MhJmJUmI/xY0LRdz6Je78G6dtFtp64MLhnHu5954wpUQqx/k2VlbX1jc2S1vl7Z3dvX2zctCRPBMItxGnXPRCKDElDLcVURT3UoFhElLcDUc3U7/7gIUknN2rcYr9BA4YiQmCSkuBWWle1y7sS++sGeQej7iaBGbVsZ0ZrGXiFqQKCrQC88uLOMoSzBSiUMq+66TKz6FQBFE8KXuZxClEIzjAfU0ZTLD089npE+tEK5EVc6GLKWum/p7IYSLlOAl1ZwLVUC56U/E/r5+puO7nhKWZwgzNF8UZtRS3pjlYEREYKTrWBCJB9K0WGkIBkdJplXUI7uLLy6RTs13Hdu/Oq416EUcJHIFjcApccAUa4Ba0QBsg8AiewSt4M56MF+Pd+Ji3rhjFzCH4A+PzB41Ckt4=</latexit>

 The heaviest neutron star ever seen? 

 The lightest black hole ever seen? 

 An exotic compact object? Wormhole or Boson Star or …



(Selected) Future applications



Overview
Early Universe Testing Einstein’s theory Galaxy history

Equation of state BH populations The unknown…



Testing GR with GW170817: Graviton mass 
   Phenomenological model 

   Massive graviton      Compton wavelength 

  Dispersion relation: 

 

       Quasi-1PN phase term 

 

 

   Will 1998 PRD
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 Abbott et al 1602.03841



Equation of state of matter

   E.g. through tidal effects 



Cosmological distance ladder

   Need electromagnetic counterpart or large number of events ! 



Standard Sirens: H0 from GW170817

   Redshift     from EM, Luminosity distance       from GWs 

    

   More sirens needed to resolve tension

z
<latexit sha1_base64="HJm8VKpJdugFpTYTTn208YpQnqo=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0MIiYGOZgPmA5Ah7m7lkzd7esbsnxCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e3Mbz+i0jyW92aSoB/RoeQhZ9RYqfHUL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/mx86JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZfU0GXCEzYmIJZYrbWwkbUUWZsdmUbAje8surpHVR9dyq17is1G7yOIpwAqdwDh5cQQ3uoA5NYIDwDK/w5jw4L86787FoLTj5zDH8gfP5A+dzjPg=</latexit><latexit sha1_base64="HJm8VKpJdugFpTYTTn208YpQnqo=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0MIiYGOZgPmA5Ah7m7lkzd7esbsnxCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e3Mbz+i0jyW92aSoB/RoeQhZ9RYqfHUL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/mx86JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZfU0GXCEzYmIJZYrbWwkbUUWZsdmUbAje8surpHVR9dyq17is1G7yOIpwAqdwDh5cQQ3uoA5NYIDwDK/w5jw4L86787FoLTj5zDH8gfP5A+dzjPg=</latexit><latexit sha1_base64="HJm8VKpJdugFpTYTTn208YpQnqo=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0MIiYGOZgPmA5Ah7m7lkzd7esbsnxCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e3Mbz+i0jyW92aSoB/RoeQhZ9RYqfHUL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/mx86JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZfU0GXCEzYmIJZYrbWwkbUUWZsdmUbAje8surpHVR9dyq17is1G7yOIpwAqdwDh5cQQ3uoA5NYIDwDK/w5jw4L86787FoLTj5zDH8gfP5A+dzjPg=</latexit><latexit sha1_base64="HJm8VKpJdugFpTYTTn208YpQnqo=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0MIiYGOZgPmA5Ah7m7lkzd7esbsnxCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e3Mbz+i0jyW92aSoB/RoeQhZ9RYqfHUL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/mx86JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZfU0GXCEzYmIJZYrbWwkbUUWZsdmUbAje8surpHVR9dyq17is1G7yOIpwAqdwDh5cQQ3uoA5NYIDwDK/w5jw4L86787FoLTj5zDH8gfP5A+dzjPg=</latexit>
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H0 = 70+12.0
�8.0 km s�1 Mpc�1
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 Abbott et al 1710.05835



Dark Sirens: H0 from BH binaries
   No EM signal        redshift unknown 

   Solution: Statistical analysis using galaxies in sky window 

   Combine sky localization from LIGO with galaxy surveys 

   Here for GW170814   

 Soares-Santos et al 1901.01540
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 Rather well localized! 

 Dark Energy Survey “DES” 

 Not yet competitive, but will 

    improve with many events



Conclusions



   GW150914 marks the dawn of GW astronomy 

   “We” measured the change in length by a fraction 

   of an atomic nucleus caused by sth. 1 Gyr away! 

   >1 BBH! Not merely a lucky shot. 

   First surprises: BHs heavier than expected   GW190521 

                       Compact objects in the mass gap GW190814


   GW170817 marks the dawn of multi messenger astronomy! 

   Applications: Test GR, BH census, History of universe, EOS,… 

   A new window to the universe reveals interesting things…

Conclusions  


