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Newton’s Gravity!

!
FOn Earth = − GMSunMEarth

rE-S
2 r̂E-S

MEarth

MSun

!rE-S

à Instantaneous “action at a distance”!
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Einstein’s Gravity!
Gµν = 8πTµν

Matter tells spacetime how to curve, and 
curved space tells matter how to move!

John Wheeler:!
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Curved space 
also tells light 
how to move!

Courtesy: University of Oregon!

Sir Arthur Eddington’s 1919 African 
expedition to observe the total solar 
eclipse established that Einstein’s 
predicted deflection of light was correct!

First confirmed prediction of General 
Relativity*!
!

*Einstein used the precession of Mercury’s!
 perihelion as a guide in checking GR!
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Compact Binary Systems!
Now imagine two very compact stars (neutron stars or black holes) 
in a tight binary orbiting system:!

Space is “swirled” by the orbiting stars, creating a ripple that 
propagates to distant regions of the universe!

Courtesy Jet Propulsion Laboratory 
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à Coalescence in about 
300 million years!

Binary system’s orbit 
shrinks about 3 mm 
every revolution from 
GW energy loss!

Present 
orbital 
extent!

Orbit 
slowly 
shrinking!

Weisberg et al, 1981!

·	

·	
Observed  
17-Hz pulsar!
PSR 1913+16! Unseen companion 

(neutron star)!
Orbital period is 7.75 hours!

Taylor-Hulse binary system 
(1974)!
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Comparing prediction to measurement!
Smooth curve is absolute 
prediction from General 
Relativity                         
(no free parameters!)!

Dots are measured data!

Cumulative 
advance in time 
of periastron!

Can we detect the 
implied gravitational 
waves here on Earth?!

Unfortunately, no.          
GW frequency is ~ 70 μHz!

Task for future space-
based detector !



Final stages of death spiral!

Well, what if we waited 
around for 300 million 
years?!
What might we “see”?!

A Chirp!!

Graphs show waveform 
for 4 different 1-second 
intervals near the end of 
the inspiral, a.k.a.,   
“death spiral”!
(in arbitrary but 
consistent units)!

Observation of Gravitational Waves from a Binary Black Hole Merger!



Last nine 
seconds!
of inspiral!
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How is the strength of a 
gravitational wave 
described?!

By fractional change in 
distance, i.e., strain h(t)!

ΔL(t)   ~   h(t)  x  L!
L!

ΔL!

Observation of Gravitational Waves from a Binary Black Hole Merger!

Gµν = 8πTµν

hµν = h+ (t − z / c)+ h× (t − z / c)
+

×

(∇2 − 1
c2

∂2

∂t2
)hµν = 0

Metric wave 
disturbance!
(weak field)!



The “most sure-fire” signal!

Imagine two neutron stars:!
q  Each with mass equal to 1.4 solar masses!
q  In circular orbit of radius 20 km (imminent coalescence)!
q  Resulting orbital frequency is 400 Hz (!)!
q  Resulting GW frequency is 800 Hz!

Courtesy: Peter Shawhan!

General Relativity predicts:!

h ≈ 10−21

(r /15 Mpc)
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à  Virgo cluster – Initial LIGO hoped for this signal…!
     (just detectable)!
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So how likely is it to see such a binary neutron star (BNS) signal?!
!
Three distinct approaches to estimate BNS merger rates:!
•  Known double-neutron-star systems in the Galaxy!
•  Stellar evolution modeling (population synthesis)!
•  Short gamma-ray burst rates (with beaming assumptions)!

Galactic systems give the strongest constraints:!
!

BNS rates: [mergers per Mpc3 per Myr]!
Low !  0.01!
Realistic !  1 !
Optimistic !10 !
High !50 !

!
Predicted BNS counts for the first Advanced LIGO Observing Run O1

! !  0.0005 – 4 events !
!
à  Would have to be lucky to see a BNS in O1!
     (and extremely lucky to have seen one in initial LIGO data)!
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Other compact binary coalescences:  NS-BH and BH-BH!
!
Rates: [mergers per Mpc3 per Myr]!
!
!

! !  !NS-NS ! !NS-BH ! !BH-BH!
Low !0.01 ! !0.0006 ! !0.0001!
Realistic ! 1 ! !0.03 ! !0.005!
Optimistic   10 ! !1 ! !0.3 !

!
Predicted counts for NS-BH and BH-BH comparable to NS-NS, 
despite lower rate densities because the heavier systems can be 
seen to larger distances and much larger volumes!

Higher masses lead to higher rates !
à  Event rate proportional to (mass)3!
à BH rates depend sensitively on assumed mass distributions!
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One BH-BH Example!
Now imagine two heavy black holes :!
q  Each with mass equal to 30 solar masses!
q  In circular orbit of radius 175 km (imminent coalescence)!
q  Resulting orbital frequency is 100 Hz!
q  Resulting GW frequency is 200 Hz!

Courtesy: Peter Shawhan!

GR prediction:!

h ≈ 10−21

(r/400Mpc)

à Easily detectable in fall 2015 O1 run!
High mass à Low chirp frequency!



So how does one detect a gravitational wave?!
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Adding more detail !
(Initial LIGO)!

Fabry-Perot 
arm cavities!

Suspended mirrors 
(test masses)!
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Initial LIGO à Advanced LIGO!

Increased test mass: !
10 kg à 40 kg!
Compensates increased radiation pressure noise!

Increased laser power: !
10 W à  200 W!
Improved shot noise (high freq)!

Higher-Q test mass: !
Fused silica with better optical coatings!
Lower internal thermal noise in band!
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New suspensions: !
Single à Quadruple pendulum!
Lower suspensions thermal noise in 
bandwidth!

Improved seismic isolation: !
Passive à Active!
Lowers seismic “wall” to ~10 Hz !

Initial LIGO à Advanced LIGO!



19!
Range increases by 10     à     Volume increases by ~1000!

                                                Rate increases by ~1000 !

Full design 
sensitivity!
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Adding still more detail – Advanced LIGO !        
(nominal laser powers are for near design sensitivity)!

‘Test Mass’ Mirror!

Input Optics!

Output Mode Cleaner!

Auxiliary Laser !



LIGO Observatories!

Livingston!

Hanford! Observation of nearly simultaneous 
(|Δt|<10 ms) signals 3000 km apart 
rules out terrestrial artifacts!

Observation of Gravitational Waves from a Binary Black Hole Merger!

Timing and antenna pattern give 
(some) directionality on sources !



LIGO Scientific Collaboration – Feb 2016!
“LIGO Logos”!



LIGO Scientific Collaboration – Aug 1997 founding!
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Original LIGO Proposal – 1989!
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LIGO-P720002-00-R

Rai Weiss – 1972!

Noise analysis for an!
“Electromagnetically 
Coupled Broadband 
Gravitational Antenna” !
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Joe Weber – 1965!



LIGO Scientific Collaboration – Aug 1997 founding!



Michigan Gravitational Wave Group (MGWG)!

Dick Gustafson (c, d)!

Keith Riles (d, a)!

Pranav Rao (a)!
!

Weigang Liu (d)!

Orion Sauter (a)!

Camera-shy: Eilam Morag (d)!

c = commissioning!
d = detector characterization!
a = analysis!

Ansel Neunzert (c,a)!

Stephen Trembath-
Reichert (d)!

Curtis Rau (c)!



MGWG Alumni working in GW science!

Grant Meadors!
Ph.D. 2014!

Albert Einstein 
Institute!

Vladimir Dergachev!
Ph.D. 2009!

LIGO Laboratory!Jaclyn Sanders!
Ph.D. 2015!

Syracuse University!
Santiago Caride!

Ph.D. 2015!
Texas Tech University!

Evan Goetz!
Ph.D. 2010!

LIGO Hanford 
Observatory!

Jacob Slutsky!
B.S. 2006!

Goddard Space Flight 
Center!

Alex Nitz!
B.S. 2010!

Albert Einstein Institute!
Jamie Rollins!

B.S. 1999!
LIGO Laboratory!
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“Prospects for Observing and Localizing Gravitational-Wave 
Transients with Advanced LIGO and Advanced Virgo” , arXiv:

1304.0670 “!

LIGO and Virgo Collaborations 
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O1 Data Run!
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Average range vs time for detecting NS-NS binaries with SNR = 8!
O1 Data Run!

Observing!
Scenario!
range!



GW150914!

§  Last September 2015, we were in the final stages of 
preparation for first Advanced LIGO data run (O1).!

§  The very last step is a short “Engineering Run,” during 
which on Sept 14 our online monitor recorded GW150914.!

§  We identified the signal within 3 minutes!
§  We responded by starting the data run officially, keeping all 

settings fixed and ran for 16 live days coincidence time 
(long enough to assess background levels, etc)!

§  Data analyzed for assessing significance: Sept 12 – Oct 20!
__________________!

§  O1 continued data taking until 12 Jan 2016                        
à Will report on those results, when analysis is complete. !

Observation of Gravitational Waves from a Binary Black Hole Merger!



Gravitational Wave Event 
GW150914!

Data bandpass filtered 
between 35 Hz and 350 Hz!
Time difference 6.9 ms with 
Livingston first!
!

Second row – calculated GW 
strain using Numerical 
Relativity Waveforms  for 
quoted parameters compared 
to reconstructed waveforms 
(Shaded)!
!

Third Row –residuals!
!

Bottom row – time frequency 
plot showing frequency 
increases with time (chirp)!
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Estimated GW Strain Amplitude: 
GW150914!

 !

Full bandwidth 
waveforms without 
filtering.    Numerical 
relativity models of black 
hole horizons during 
coalescence!
!
Effective black hole 
separation in units of 
Schwarzschild radius 
(Rs=2GMf / c2);  and 
effective relative 
velocities given by post-
Newtonian parameter v/c 
= (GMf πf /c3)1/3!
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Transient Event Searches (1) 
Binary Coalescence search!

§  Targets searches for  GW emission from binary sources!
§  Search from 1 to 99 solar masses; total mass , 100 solar masses and 

dimensionless spin < 0.99!
§  ~250,000 wave forms, calculated using analytical and numerical 

methods, are used to cover the parameter space!
§  Calculate matched filter signal/noise as function of time ρ(t) and identify 

maxima and calculate χ2 to test consistency with matched template, 
then apply detector coincidence within 15 msec.!

§  Calculate quadrature sum ρc of the signal to noise of each detector!
§  Background :  Time shift and recalculate 107 times equivalent to 

608,000 years.!
§  Significance:  GW150914 has ρc = 23.6 (largest signal), corresponding 

to false alarm rate less than 1 per 203,000 years or significance > 5.1σ!

Observation of Gravitational Waves from a Binary Black Hole Merger!
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Statistical Significance of GW150914!

Binary Coalescence Search!



Transient Event Searches (2) 
Generic Transient Search!

§  No specific waveform model:   Identifies coincident excess power in 
wavelet representations  (f < 1 kHz and t < few seconds)!

§  Reconstruct waveform in both detectors using multi-detector maximum 
likelihood method.!

§  Detection Statistic:!

§  Ec = dimensionless coherent signal energy by cross correlating the two 
reconstructed waveforms and En  is residual noise energy!

§  Restricting to events with f increasing with time, GW150914 is the 
strongest event in the search with ηc = 20!

§  Yields false alarm rate < 1 per 22,500 years !

§  Probability of background event during data run < 2×10-6  or  > 4.6 σ!

Observation of Gravitational Waves from a Binary Black Hole Merger!
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Statistical Significance of GW150914!
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Source Parameters for GW150914!

36 + 29 ≠ 62
Fits to numerical simulations of black hole mergers 
determines the following parameters:!

Total energy radiated in gravitational waves is 3.0 ± 0.5 solar masses!
à Peak “luminosity” ~3.6 ×1056 erg/s!

Not maximal spin!



Testing General Relativity 

q  Most relativistic binary known previously : J0737-3039 
w  Orbital velocity  

q  GW150914 : Highly disturbed black holes 
w  Non linear dynamics 

q  Access to the properties of space-time 
w  Strong field, high velocity regime testable for the first time 

q  Tests : 
w  Check of the residuals 
w  Waveform internal consistency check 
w  Deviation of Post-Newtonian coefficients from General Relativity ? 
w  Bound on graviton mass 

q  Confirms predictions of General Relativity 

Observation of Gravitational Waves from a Binary Black Hole Merger!



Localization!

Observation of Gravitational Waves from a Binary Black Hole Merger!

Two detectors and a time offset 
define a ring on the sky!
!
Can do (somewhat) better by 
exploiting antenna pattern 
sensitivities and Bayesian prior 
on location!
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m2/m1, and with 5 M�  m2  m1  100 M� and
m1 + m2  100 M�. Using this distribution in an injec-
tion campaign yields the results shown in Table 2. This
distribution likely produces more low-mass BHs than the
true astrophysical distribution, and therefore the sensi-
tive time-volume is probably smaller than would be ob-
tained with the true distribution; the estimated rate is
correspondingly higher.

We use the same astrophysical and terrestrial trigger
densities as described in Section 2.1; we now consider all
triggers to belong to only two populations, an astrophys-
ical and a terrestrial population, as in the analysis at the
beginning of Section 2.1 (see Eq. (5)). We relate counts,
⇤1, to rates via Eq. (13), with the hV T i for the astro-
physical distributions given in Table 2. The posteriors
on the limiting rates, Rflat and Rpl, together with the
reference BBH coalescence rate R from Section 2 appear
in Figure 5. A summary of the various inferred rates
appears in Table 1.

4. DISCUSSION

In the absence of clear detections, previous LIGO-
Virgo observing runs have yielded merger rate upper
limits (Aasi et al. 2013). Even the most optimistic
assumptions about the BBH distribution from Section
3 imply rates that are significantly below the corre-
sponding distribution-averaged upper limits from Aasi
et al. (2013). For the rate estimates from Section 2.2,
the corresponding upper limits from Aasi et al. (2013)
are 140Gpc�3 yr�1 and 420Gpc�3 yr�1; compared to
R1 = 17+39

�13 Gpc�3 yr�1 and R2 = 62+165
�54 Gpc�3 yr�1, it

is clear that the sensitive time-volume reach of Advanced
LIGO, even from only 16 days of coincident observations,
is vastly larger than that of any previous gravitational-
wave observations.

A pycbc detection statistic of x

0 � 10.1 corresponds
to FARs smaller than one per century—an exceptionally
significant event. From the signals with x

0 � 8 only a
fraction 0.49 will have of x

0 � 10.1. One may wonder,
then, how many of these highly significant events we can
expect to see in future observations.

For a Poisson mean occurrence number ⇤ with x

0 � 8
in an experiment with sensitive time-volume hV T i0 , the
number of highly significant triggers with FARs smaller
than one per century in subsequent experiments with
sensitive time-volume hV T i 0 will follow a Poisson dis-
tribution with mean

⇤0 = 0.49⇤1
hV T i 0

hV T i0
. (20)

We plot the median value for ⇤0 obtained in this way,
as well as the 90% credible interval, as a function of sur-
veyed time-volume in the left panel of Figure 6. There is,
unsurprisingly, a wide range of reasonable possibilities for

100 101 102 103

R (Gpc�3 yr�1)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

R
p
(R

)

Flat

Reference

Power Law

Figure 5. Sensitivity of the inferred BBH coalescence
rate to the assumed astrophysical distribution of BBH
masses. The curves represent the posterior assuming
that BBH masses are flat in log (m1)-log (m2) (blue;
“Flat”), are exactly GW150914-like or LVT151012-like
as described in Section 2 (green; “Reference”), or are dis-
tributed as in Eq. (19) (red; “Power Law”). The pycbc

results are shown in solid lines and the gstlal results
are shown in dotted lines. Though the searches di↵er
in their models of the astrophysical and terrestrial trig-
gers, the rates inferred from each search are very similar.
The posterior median rates and symmetric 90% CL in-
tervals are given in Table 1. Comparing to the total rate
computed using the assumptions in Kim et al. (2003) in
Section 2 we see that the rate can change by a factor of
a few depending on the assumed BBH population. In
spite of this seemingly-large variation, all three rate pos-
terior distributions are consistent within our statistical
uncertainties.

the number of highly significant events in future observa-
tions. The 90% credible interval for the expected number
of highly significant events is larger than one when hV T i 0

is approximately twice hV T i0. The expected number of
highly significant events, then, is larger than one at 90%
confidence for any experiment surveying approximately
twice the time-volume analyzed in this paper. As a point
of reference, we show the expected value of hV T i for
the second and third planned observing runs, O2 and
O3. These volumes are calculated as in (Abbott et al.
2016b), for an equal-mass binary with non-spinning com-
ponents and total mass 60 M�, assuming an observation
of 6 months for O2 and 9 months for O3 with the same
coincident duty cycle as during the first 39 d days of O1.
We find estimates of hV T i O2/ hV T i0 between 6.7 and
25.8, and hV T i O3/ hV T i0 between 29 and 70.

Conditional on the count of loud events, ⇤0, we can

Rate estimates!
q  With only one event, can’t 

measure rates accurately!
q  Rate estimates also depend 

upon astrophysical 
assumptions!

Observation of Gravitational Waves from a Binary Black Hole Merger!

Gold-plated event alone:!
   2–53 Gpc-3 yr-1!
!

Adding 2nd-loudest event*:!
   20–251 Gpc-3 yr-1!
!

Including all triggers:!
   6–400 Gpc-3 yr-1!

M1 = 23MSun  and M2 =12 MSun
*
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Expectations for future runs!

Probability of observing !
q  N > 0 (blue)!
q  N > 5 (green)!
q  N > 10 (red)!
q  N > 35 (purple) !
highly significant events, 
as a function of surveyed 
time-volume. !

2016-17! 2017-18!2015!
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Dynamical capture!

GW energy density per  log-
frequency, normalized to the 
density ρc to close the 
Universe!
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At high redshifts, could be many more sub-threshold BBH mergers!
Not detectable as individual signals!
Potentially detectable as a correlated noise among detectors!

Potential Stochastic Background!

Width of pink band due to!
BBH rate uncertainty!
!
à Will know more in a year or two!



Guide to companion papers!
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! !Detector and Performance!
!

arXiv:1602.03838 !GW150914: The Advanced LIGO Detectors in the Era of First Discoveries!
!
arXiv:1602.03844 !Characterization of transient noise in Advanced LIGO relevant to!

! !gravitational wave signal GW150914!
!
arXiv:1602.03845 !Calibration of the Advanced LIGO detectors for the discovery of the binary!

! !black-hole merger GW150914!
!

! !Search Programs!
!

arXiv:1602.03839 !GW150914: First results from the search for binary black hole coalescence!
                               !with Advanced LIGO!
!
arXiv:1602.03843 !Observing gravitational-wave transient GW150914 with minimal !!

! !assumptions!
!

! !Partner Observations!
!

arXiv:1602.05411 !High-energy Neutrino follow-up search of Gravitational Wave Event!
! !GW150914 with IceCube and ANTARES!

!
(in preparation) !Localization and broadband follow-up of the gravitational-wave !

! !transient GW150914 !!
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! !    Astrophysical Interpretation!
!

ApJL, 818, L22, 2016  Astrophysical Implications of the Binary Black-Hole Merger GW150914!
!
arXiv:1602.03840 !    Properties of the binary black hole merger GW150914!
!
arXiv:1602.03841 !    Tests of general relativity with GW150914!
!
arXiv:1602.03842 !    The Rate of Binary Black Hole Mergers Inferred from Advanced LIGO!

! !    Observations Surrounding GW150914!
!
arXiv:1602.03847 !    GW150914: Implications for the stochastic gravitational-wave background!

! !    from binary black holes!
!

Guide to companion papers (cont.)!
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Coalescing binaries containing neutron stars (may) offer glimpse into the 
neutron star equation of state, as NS is tidally shredded!
à  Will probably need good SNR at high frequencies to see effects!

Outlook -- Other gravitational wave sources?!

Coincident electromagnetic observations of short GRB with NS-NS merger:!
•  New insight into GRB dynamics!
•  New rung on cosmological distance ladder – calibrate redshift with       

GW luminosity distance!
•  Can set limits on |c-cGW| !

Supernovae are seen now via 
electromagnetic observations of outer 
envelopes and (once!) by neutrinos!
à  Gravitational waves would give 

view of core collapse itself!
!

Courtesy: Dr. Tony Mezzacappa -- ORNL 
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The Big Bang may have produced residual gravitational waves strong 
enough to be detected on Earth (but not likely)!

Planck!

Fast-spinning neutron stars in our 
galaxy could be non-axisymmetric 
enough to produce an extremely weak 
but continuous signal !
à Focus of Michigan group’s searches!

Chandra view of Crab Pulsar!

Outlook -- Other gravitational wave sources?!



Summary!

§  LIGO has observed gravitational waves from the 
merger of two stellar mass black holes!

§  The detected waveforms match the prediction of 
general relativity for the inspiral and merger of a pair 
of black holes and the ringdown of the resulting black 
hole.!

§  This observation is the first direct detection of 
gravitational waves and the first observation of a 
binary black hole merger.!

Observation of Gravitational Waves from a Binary Black Hole Merger!



February 11, 2016 Discovery Announcement!


