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A bit of history of the GW 
interferometers


•  The LIGO project was approved in 1992 and inaugurated in 1999. 
Built at a cost of almost 3x108 $, LIGO was the largest single 
enterprise ever undertaken by the foundation. It  started the operation 
in 2002.


•  VIRGO was formally proposed in 1989 and approved in 1993. The 
construction  was divided in two step: it started in 1996 and then 
completed in 2003. The first science run is date 2007. The total 
investment done by  CNRS and INFN was almost 8 x 107 $.


•  GEO600 was proposed in 1994. Since September 1995 this British-
German GW detector was under construction. The first science run 
was performed in 2002. In 2013 Squeezing light was used over one 
complete year!


•  First attempt to  exchange data and mix the data analysis groups 
started in 2004. The formal MoU of data sharing and common 
analysis among  GEO-LIGO-VIRGO was signed in 2007.




H1-­‐	
  Hanford	
  –	
  Washington	
  state	
  

L1-­‐	
  Livingston	
  –	
  Louisiana	
  state	
  

Virgo	
  –	
  Cascina	
  (Pisa)	
  –	
  EGO	
  site	
  

GEO600	
  –	
  Hannover	
  -­‐	
  Germany	
  	
  

The 2007 GW network             




Advanced detectors

•  Upgrade of the LIGO

•  LIGO cost: $205M (NSF) and $16M in 

hardware from partners in Germany, UK, 
and Australia


•  aLIGO approved in 2008, inauguration   May 
2015


•  First observing run O1 from mid-September 
2015 to mid-January 2016.




•  Upgrade of  Virgo

•  aVirgo cost: 23 M from CNRS,INFN and 

NIKHEF

•  aVirgo approved in 2011 and project started 

in 2012

•  Installation to be completed in the first half 

of 2016

 





Advanced Reach 
Ultimately 10x more sensitive "
à1000x more volume probed









Increased 
Laser Power

Signal Recycling / 
Signal Extraction

Increased Arm 
Cavity 
Finesse

Larger Mirrors, 
Larger Beams, 
B e t t e r 
Coatings

Big Investment in 
Seismic Isolation 
and Suspensions

From the first generation 

to the second one




First sensitivity target achieved already !




Compact
Binary
Coalescence:
The
Primer


•  Compact objects form in the galaxy: we 
have observations of (at least) binary 
neutron stars


•  All binaries emit gravitational radiation (just as 
accelerated charges emit electromagnetic 
radiation) PGW  ~ M3/r5, so binaries have to be 
close and very massive in order to emit non-
negligible amounts


•  Unstable process: loss of energy implies smaller 
orbits, smaller orbits imply smaller radial 
separation, smaller radial separation implies 
larger energy loss, rinse, repeat ad nauseum


•  Strong field general relativity takes over at 
some point, and the objects can only occupy 
stable orbits, they plunge together and merge, 
forming a single compact object


Earth / Sun 
system


1.4 + 1.4

neutron star 
binary just 

before merger


PGW
 ~102 W
 ~1048 W


.

ω/ω

10-33 Hz
 102 Hz




Compact Coalescing Binaries


Models	
  

Detection perspectives  with advanced detectors      Phys. Rev D85 (2012) 
082002GW data


Probe beyond local 
universe 100 M⊙  + 100 M⊙  
BBH visible out to ~16 Gpc 
at design sensitivity (~5 Gpc 
in O1), even further if the 
source is spinning


Mandel	
  2015	
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The first run of the advanced detectors


|h|
~
10-21


Hanford 

Livingston 



%me	
  analyzed	
  to	
  determine	
  the	
  significance	
  
of	
  GW150914	
  
(Sept	
  12	
  -­‐	
  Oct	
  20,	
  2015,	
  	
  
39	
  days,	
  16	
  days	
  of	
  obs	
  data)	
  



Hanford (H1) and Livingston (L1) in 
action


The detector was in a  rather stable conditions from the beginning of September 2015  and 
took data until January 2016 


Here we present just the analysis of the data taken

in the period from September 12  to October 20, 2015


16 days of coincident data taking !!

16 days of data produced by 2 interferometers:


5x10 7 hours of CPU time è 69444 months of CPU time ! 




•  Accumulated more space-time volume surveyed in first ~30 days than all 
previous data taking combined.


•  1.4 + 1.4 horizon: 130 Mpc


•  1.4 + 5 horizon: 200 Mpc


•  20 + 20 horizon: ~1 Gpc


The
First
Month
of
Observation
Run
1


Signal-to-Noise 
ratio (SNR)


horizon distance 
(luminosity)




Matched filtering

•  Calculate	
  matched	
  filter	
  signal/noise	
  as	
  
func[on	
  of	
  [me	
  ρ(t)	
  and	
  iden[fy	
  maxima	
  
and	
  calculate	
  χ2  to	
  test	
  consistency	
  with	
  
matched	
  template,	
  then	
  apply	
  detector	
  
coincidence	
  within	
  15	
  msec	
  
	
  

•  Calculate	
  quadrature	
  sum	
  	
  	
  	
  	
  	
  	
  of	
  the	
  
signal	
  to	
  noise	
  of	
  each	
  detector	
  

•  Background:	
  	
  Time	
  shi`	
  and	
  recalculate	
  
107	
  [mes	
  equivalent	
  to	
  608,000	
  years	
  



System
Parameterization


L

θJN


S2


S1


m1


m2


N(α,
δ)


h(φ,
ψ)


At
a
given 
reference
time tc / 

assume
zero 
eccentricity


dL


Extrinsic 
Intrinsic


J




Compact
Binary
Coalescence:
Waveforms


“Orbital Hang-up” Effect 
m1 = m2 = 10 M☉	

s1,z = s2,z = 0.99 

s1,z = 0.99, s2,z = -0.99

s1,z = s2,z = -0.99
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“Orbital Hang-up” Effe 
m1 = m2 = 10 Ms 
s1,z = s2,z = 0.99


s1,z = 0.99, s2,z = -0.9 
s1,z = s2,z = -0.99


ct


9


Compact
Binary
Coalescence:
Waveforms


Effects of Precession 
m1 = 5 m2 = 1.4

s1,x = s1,y = 0.5


modulation envelope


h(t)


|h(t)|
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strain amplitude evolution in time and frequency


Residual noise after waveform subtraction


35 – 350 Hz bandpassed strain time series


Various reconstructions of the waveform




Data
Quality
and
Sanity
Checks


•  Tens of thousands of environmental, magnetic, optical path, and seismic

measurements from both instruments


 

•  Channels are checked for spectral correlations as well as statistical 
correlations between transients in the channel and the gravitational-wave 
strain measurement channel


shot noise


power line 
couplings


calibration 
lines
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Data
Quality
and
Sanity
Checks

•  Candidates are vetoed if a correlation is detected
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Data near GW150914 is very clean, no a priori or a posteriori vetoes would have 
indicated non- astrophysical origin

	
  



GW150914:
a 
Binary
Black
Hole
Coalescence


•  The generic analysis provided a characterization of the time-frequency track 
of the event: the first blush was that this was a binary coalescence with a 
peak energy at a frequency of ~200 Hz, bandwidth between 30-300 Hz: 
consistent with a system containing at least one black hole and probably 
two


•  Signal-to-noise ratio recorded from the generic analysis: ~19 from Hanford 
and ~16 from Livingston -> preliminary upper limit on the false alarm rate 
of these events of <10-8  Hz (1 / 30 yrs)


•  Time-frequency track very indicative of a compact binary signal, 
preliminary fits showed total mass > 50


•  Low-latency searches tailored for binary coalescences were looking for 
EM- bright signals and were not searching in this region at the time
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Measuring the parameters

•  Orbits decay due to emission of gravitational waves


–  Leading order determined by “chirp mass”"





–  Next orders allow for measurement of mass ratio and 

spins

–  We directly measure the red-shifted masses (1+z)m

–  Amplitude inversely proportional to luminosity distance


•  Orbital precession occurs when spins are misaligned with 
orbital angular momentum – no evidence for precession


•  Sky location, and binary orientation information extracted 
from time-delays and differences in observed amplitude 
and phase in the detectors


dr
af

t
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590 deg2, primarily in the southern hemisphere. The binary merges into a black hole of mass 62+4

�4

M�279

and spin 0.67+0.05
�0.07. This black hole is significantly more massive than any other known in the stellar-mass280

regime.281

PACS numbers: 04.80.Nn, 04.25.dg, 95.85.Sz, 97.80.–d282

Introduction— In [1] we reported the detection283

of gravitational waves (GWs), observed on Septem-284

ber 14, 2015 at 09:50:45 UTC by the twin instruments of285

the Laser Interferometer Gravitational-wave Observatory286

(LIGO) located at Hanford, Washington, and Livingston,287

Louisiana, in the USA [2, 3]. The transient signal, named288

GW150914, was detected with a false-alarm-probability of289

< 2 ⇥ 10�7 and has been associated with the merger of a290

binary system of black holes (BHs).291

Here we discuss the properties of this source and its in-292

ferred parameters. The results are based on a complete293

analysis of the data surrounding this event. The only in-294

formation from the search-stage is the time of arrival of295

the signal. Crucially, this analysis differs from the search296

in three fundamental ways: it is coherent across the LIGO297

network, it uses waveform models that include the full rich-298

ness of the physics introduced by BH spins, and it cov-299

ers the full multidimensional parameter space of the con-300

sidered models with a fine (stochastic) sampling; we also301

account for uncertainty in the calibration of the measured302

strain.303

In general relativity, two bodies in orbit slowly spiral to-304

gether due to the loss of energy and momentum through305

gravitational radiation [4, 5]. This is in contrast to New-306

tonian gravity where bodies can follow closed, elliptical307

orbits [6, 7]. As the binary shrinks, the frequency and am-308

plitude of the emitted GWs increase. Eventually the two309

objects merge. If these bodies are BHs, they form a single310

perturbed BH that settles down in its final state by radiating311

GWs at constant frequency with amplitude damped over a312

few cycles [8, 9].313

An isolated BH is described by only its mass and spin,314

since we expect the electric charge of astrophysical BHs to315

be negligible [10–13]. Merging binary black holes (BBHs)316

are therefore relatively simple systems. The two BHs are317

described by eight intrinsic parameters: the masses m
1,2318

and spins S
1,2 (magnitude and orientation) of the individ-319

ual BHs. For a BH of mass m, the spin can be at most320

Gm2/c; hence it is conventional to quote the spin magni-321

tude a = c|S|/(Gm2)  1. Nine additional parameters322

are needed to fully describe the binary: the location (lu-323

minosity distance D
L

, right ascension ↵ and declination324

�); orientation (the binary’s orbital inclination ◆ and polar-325

ization  ); time t
c

and phase �
c

of coalescence, and the326

eccentricity (two parameters) of the system.327

Radiation reaction is efficient in circularising orbits [14]328

before the signal enters the sensitivity band of the instru-329

ments. In our analysis, we assume circular orbits (we there-330

fore do not include the eccentricity parameters), and we331

find no evidence for residual eccentricity, see the Discus-332

sion and [15]. Under the approximation of circular orbit,333

dominant emission from the binary occurs at twice the or-334

bital frequency [16]335

The gravitational waveform observed for GW150914336

comprises of order of 10 cycles during the inspiral phase337

from where it enters LIGO’s sensitive band at 20 Hz, fol-338

lowed by the merger and ringdown. The properties of the339

binary affect the phase and amplitude evolution of the reg-340

istered signal, leaving fingerprints that can be exploited to341

measure the source parameters.342

Here we briefly summarise these signatures, and provide343

an insight into our ability to characterise the properties of344

GW150914 before we present the details of the Results; for345

methodological studies, we refer the reader to [17–21] and346

references therein.347

In general relativity, gravitational radiation is fully de-348

scribed by two independent, and time-dependent polariza-349

tions, h
+

and h⇥. Each instrument k measures the strain350

hk = F
(+)

k h
+

+ F
(⇥)

k h⇥ , (1)

a linear combination of the polarisations weighted by the
antenna beam patterns F (+,⇥)

k (↵, �, ), which in turn de-
pend on the source location in the sky and the polarisation
of the waves [22]. During the inspiral and at the leading
order, the GW polarizations can be expressed as

h
+

(t) = A
GW

(t)
�
1 + cos2 ◆

�
cos�

GW

(t) , (2a)
h⇥(t) = �2A

GW

(t) cos ◆ sin�
GW

(t) , (2b)

where A
GW

(t) and �
GW

(t) are the GW amplitude and351

phase, respectively. For a binary viewed face-on, GWs are352

circularly polarized, whereas for a binary observed edge-353

on, GWs are linearly polarized.354

During the inspiral, the phase evolution355

�
GW

(t;m
1,2,S1,2) can be computed using post-356

Newtonian (PN) theory, which is a perturbative expansion357

in powers of the orbital velocity v/c [23]. For GW150914,358

v/c is in the range ⇡ 0.2–0.5 in the LIGO sensitivity359

band. At the leading order, the phase evolution is driven360

by a particular combination of the two masses, commonly361

called the chirp mass [24],362

M =
(m

1

m
2

)3/5

M 1/5
' c3

G


5

96
⇡�8/3f�11/3ḟ

�
3/5

, (3)

where f is the GW frequency, ḟ is its time derivative and363

M = m
1

+ m
2

is the total mass. Additional parameters364

enter at each of the following PN orders. First, the mass365

ratio, q = m
2

/m
1

 1, and the BH spin components par-366

allel to the orbital angular momentum vector L affect the367



Timeline:
from
low
latency
to
followup

•  Followup began immediately: given highly suggestive waveform morphology, 

Markov Chain Monte Carlo methods began probing the compact binary 
parameter space


•  Within a day, those methods showed very clear confirmation: pending 
data quality / data calibration checks the evidence for the astrophysical 
origin of the signal was overwhelming (SNR ~25!)


•  Bayesian posterior probability over the sky position released to other 
observatories for electromagnetic facility follow up after about 48 hours


•  Unfortunately, given the nature of the signal, there are few believable 
scenarios where electromagnetic emission is expected: most require a 
medium of matter around the event to be present and would likely be weak
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Rapid
Parameter
Estimation

Mass
estimates 

and
source
orientation

in
less
than
an
hour


inclination

 

distance


RA


declination
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Gravitational-Wave
Sky
Posteriors
 15


Sky areas 
broadly 

consistent with 
simply 

triangulation, 
and mostly 

cross- 
consistent


Triangulation 
ring consistent 
with time delay 
of about ~7 ms


Search area: 
620 sq. 

degrees to 
cover: 


	
  



Statistical significance over 38 (16 effective) Days of 
observation


•  Upshot: all (modeled and generic) searches identified the candidate, CBC 
search SNR of 24 (CBC), with masses and spins that were consistent with the 
initial CBC parameter estimation posterior results


•  Significance was off the charts (literally), upper limit on FAP of ~10-7
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GW 151012


•  Full offline deep search revealed a 
second event on October 12, 2015: 
false alarm probability of

~2%


 

•  Much less significant: if it is 
interpreted as a candidate of 
astrophysical origin it contribute to 
event rate eveluation and it can 
increases confidence in detection


•  Event properties are quantitatively 
different, but still very likely a binary 
black hole coalescence


GW151012


20




Parameter
Estimation


•  May be the most energetic astronomical event ever observed: 1056  ergs, 3 M☉  c2  

very briefly outshone the universe... by a factor of 50


•  Online search pipelines have some biases in parameter recovery, and marginalize 
others for speed — full parameter measurement comes from Markov Chain Monte 
Carlo algorithms


•  Two waveform models (both full inspiral-merger-ringdown families):


•  Effective One-Body Numerical Relativity w/spin (SEOBNR): numerical evolution 
of GR equations, with tuning to result of numerical relativity and appropriate 
ringdown attachment — component spins are aligned to the orbital angular 
momentum vector


•  IMRPhenomP: Phenomenologically motivated family, simple precession effects 
embodied in a single effective spin parameter — excludes extreme and 
misaligned spin effects
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Source
Distance
and
Orientation


•  GW directional emission intensity is 
invariant to reflections across the plane of 
the rotation if non-spinning


•  Typical distance / inclination degeneracy 
could be broken by spin effects, now 
favoring a “face on” orientation


•  Luminosity distance peaks ~400 ± 100 
Mpc, bringing cosmological effects into 
play, redshift estimated near z ~0.1 ± 0.04 
(ΛCDM cosmology)


•  Redshift affects not only the distance measurement, but also redshifts the 
frequencies received at the instrument, and hence the phasing of the waveform, 
we infer different source masses, modulated by our current understand of 
cosmology




Black
Hole
Masses


•  Degeneracies in waveform 
morphology arise along 
equal chirp mass lines in m1/ 
m2  space


•  Since Mc  (or total mass) is 
the better measured quantity 
m1/m2  is anticorrelated


•  Detected masses are 
redshifted, lower frequency 
implies higher masses are 
“detected” than source 
frame: Detector frame 
masses are ~39 + 32 Ms




Source
Spin
Parameters
/
Precession?


aligned spin measures components 
of S1,2 along the orbital angular 

momentum


in plane spin measures 
components of S1,2 in the plane 

of the instantaneous orbit




Source
Spin
Parameters
/
Precession?


Upshot: constrained aligned spin values to be small (and slightly negative)

— not really able to measure the precessional component


|S1/m1 
| < 0.7
2
 |S2/m2 
| < 0.9
2




Source
Spin
Parameters
/
Precession?


Caveat:
If
the
system
is
“face
on”
(L
aligned
with
line
of
sight) 
precessional
effects
are
mostly
unobservable


2 
2
|S1/m1 
| < 0.7 
|S2/m2 
| < 0.9

|S1/m1 
| < 0.7
2
 |S2/m2 
| < 0.9
2




Astrophysical
Event
Rate
Implications


•  Difficult to be very specific with rates, 
we still don’t have a definitive handle o 
BBH formation scenarios, only 
simulations from stellar evolution 
modeling


•  If you use only GW150914 (FAP

~4e-7): the rate for a “class of even 
with astrophysical features like this 
one” is between 2-53 Gpc-3yr-1 

(median 14)

 

•  If you use both events (LVT151012 
FAP ~0.02): the rate for BBHs 
“including these two classes” is 
between 6-400 Gpc-3yr-1


n

 
 
 
 
 
 
ts


Summed rate 
GW150914-like 
LVT151012-like
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Astrophysical
Event
Rate
Implications


•  Difficult to be very specific with 
rates, we still don’t have a definitive 
handle on BBH formation scenarios, 
only simulations from stellar 
evolution modeling


•  Compare to previous rate limits 
set by 2009-2010 LIGO-Virgo run: 
≤ 330 Gpc-3yr-1  (all BBH) ≤ 420 
(GW150914)


•  Rate intervals are consistent 
with astrophysically motivated 
rate predictions, excluding only 
those models with R ~ 0.


Summed rate 
GW150914-like 
LVT151012-like
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The role of the low frequency sensitivity


43


2010 SNR ~ 3


st
ra

in 
de

ns
ity



frequency (Hz)


2015 SNR ~ 20


2018 SNR ~ 40




•  Further upgrades in sensitivity over a broad 
bandwidth, double the observation time


•  Virgo will join the observation run 

•  Great improvement in the  sky localization, 
decreased uncertainty in posterior 
distributions


•  If the rates extrapolation holds, O2 will have about 
one event per week from BBH alone (still waiting 
for that NSBH, BNS, SN, etc...!)


•  Should begin some time during fall  2016...


45
Conclusion



