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RECAP 

!  Last time… started our discussion of BHs as 
laboratories for fundamental physics 

!  Discussed current/on-going X-ray studies of GR 
effects around black holes 
"  Spectral distortions confirmed basic predictions of GR  
"  Allows us to measure spin rates of black holes 



This class 

!  Gravitational Waves 
"  Existence of gravitational waves is a fundamental 

predictions of GR 
"  Already seen it indirectly 
"  Astrophysically important for compact binaries 
"  Area of cutting edge experimental physics 



I : Basics of Gravitational Waves  

!  Fundamental prediction of GR: 
"  Accelerating masses create ripples in the curvature 

of space-time 
"  Ripples propagate at the speed of light 
"  Carry the information about changing gravitational 

fields 

!  Features of gravitational waves… 
"  Usually extremely weak! 
"  Only become strong when massive objects are 

orbiting close to each other. 
"  Gravitational waves carry energy away from orbiting 

objects… lets objects spiral together. 



II : The binary pulsar (PSR1913+16) 

!  Russell Hulse & Joseph Taylor (1974) 
"  Discovered remarkable binary system 
"  Nobel prize in 1993 

From Nobel Prize website 





!  Two neutron stars orbiting each other 
!  One neutron star is a pulsar –  

"  Neutron star is spinning on its axis (period 
of 59ms) 

"  Emits pulse of radio towards Earth with 
each revolution 

"  Acts as a very accurate clock! 

!  Interesting place to study GR 
"  Orbit precesses by 4 degree per year! 

(compare with Mercury’s 43 arcsec/century) 
"  Orbit is shrinking due to gravitational waves   





!  Very precise test of certain aspects of GR 



III : Gravitational Waves and 
Black Holes 

!  Consider the merger of two galaxies… 
"  Galaxies merge to form one larger galaxy 
"  Each galaxy starts with a supermassive black hole 

(SMBHs)… so the final (merged) galaxy now has two 
SMBHs.  

"  The two SMBHs since to the center due to dynamical 
friction… eventually form a binary SMBH system 

"  The two SMBHs then spiral together due to the 
energy lost to gravitational waves. 

!  Detailed computer simulations of black hole mergers 
only been possible for past 10 years.  









IV : Direct detection of 
gravitational waves 

!  How do you search for gravitational waves? 
!  Small distortions in space-time curvature show 

up as weak oscillatory tidal forces 
!  Subject pioneered by Joseph Weber (former 

UMd Professor) 
"  Thinking about binary neutron stars, he estimated 

wave frequency (10000Hz) 
"  Looked for resonant “ringing” in a metal bar caused 

by passage of gravitational wave. 
"  Weber claimed detection of waves in early 1970s 
"  Never verified – but Weber held out to the end… 



Modern experiments : LIGO 

!  Laser Interferometer Gravitational Wave 
Observatory (LIGO) 
"  Two L-shaped 4km interferometers 

#  Hanford, Washington 
#  Livington, Louisiana 
#  (currently exploring a third site in India) 

"  Essentially the same as the Michelson-Morley expt 
#  Looks for small changes in the length of the arms as a 

gravitational wave passes by 

"  Needs to be extremely sensitive… 
#  Expected signal is 1 part in 1022 

#  So over 4km length, looking for changes of 4x10-19m 
#  [How small is this?  What’s a good comparison?] 





11/19/15 17 



11/19/15 18 





!  Will become fully operational very soon! 
!  Can detect gravitational waves with 

frequencies of about 10-1000Hz. 
!  VERY sensitive… need to account for 

"  Earthquakes and Geological movement 
"  Traffic, trains, falling trees and people! 

!  What will it see? 
"  Stellar mass black holes spiraling together 
"  Neutron stars spiraling together 





Space Based GW Astronomy 

!  Future projects will permit detection of 
gravitational waves with space-based 
detectors 

!  Sensitive to lower-frequency waves (0.0001 – 
0.1Hz) 

!  Can see 
"  Normal binary stars in the Galaxy 
"  Stars spiraling into large black holes in the nearby 

Universe. 
"  Massive black holes spiraling together anywhere in 

the universe! 
"  Gravitational radiation from a fraction of a second 

after the Big Bang (?) 



The e-LISA concept – current launch planned for 2035. 


