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Detection rates
LIGO-Virgo Collaboration, arXiv:1304.0670 (2013)

Figure 5: Network sensitivity and localization accuracy for face-on BNS systems with advanced
detector networks. The ellipses show 90% confidence localization areas, and the red crosses show
regions of the sky where the signal would not be confidently detected. The top two plots show the
localization expected for a BNS system at 80Mpc by the HLV network in the 2016–17 run (left)
and 2017–18 run (right). The bottom two plots show the localization expected for a BNS system
at 160Mpc by the HLV network in the 2019+ run (left) and by the HILV network in 2022+ with
all detectors at final design sensitivity (right). The inclusion of a fourth site in India provides good
localization over the whole sky.

Estimated EGW = 10�2M�c2 Number % BNS Localized
Run Burst Range (Mpc) BNS Range (Mpc) of BNS within

Epoch Duration LIGO Virgo LIGO Virgo Detections 5 deg2 20 deg2

2015 3 months 40 – 60 – 40 – 80 – 0.0004 – 3 – –
2016–17 6 months 60 – 75 20 – 40 80 – 120 20 – 60 0.006 – 20 2 5 – 12
2017–18 9 months 75 – 90 40 – 50 120 – 170 60 – 85 0.04 – 100 1 – 2 10 – 12
2019+ (per year) 105 40 – 80 200 65 – 130 0.2 – 200 3 – 8 8 – 28

2022+ (India) (per year) 105 80 200 130 0.4 – 400 17 48

Table 1: Summary of a plausible observing schedule, expected sensitivities, and source localization
with the advanced LIGO and Virgo detectors, which will be strongly dependent on the detectors’
commissioning progress. The burst ranges assume standard-candle emission of 10�2M�c2 in GWs

at 150Hz and scale as E1/2
GW. The burst and binary neutron star (BNS) ranges and the BNS

localizations reflect the uncertainty in the detector noise spectra shown in Fig. 1. The BNS detection
numbers also account for the uncertainty in the BNS source rate density [28], and are computed
assuming a false alarm rate of 10�2 yr�1. Burst localizations are expected to be broadly similar
to those for BNS systems, but will vary depending on the signal bandwidth. Localization and
detection numbers assume an 80% duty cycle for each instrument.
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Table 4. Compact binary coalescence rates per Mpc3 per Myra.

Source Rlow Rre Rhigh Rmax

NS–NS (Mpc−3 Myr−1) 0.01 [1] 1 [1] 10 [1] 50 [16]
NS–BH (Mpc−3 Myr−1) 6 × 10−4 [18] 0.03 [18] 1 [18]
BH–BH (Mpc−3 Myr−1) 1 × 10−4 [14] 0.005 [14] 0.3 [14]

a See footnotes in table 2 for details on the sources of the values in this table.

Table 5. Detection rates for compact binary coalescence sources.

IFO Sourcea Ṅlow yr−1 Ṅre yr−1 Ṅhigh yr−1 Ṅmax yr−1

NS–NS 2 × 10−4 0.02 0.2 0.6
NS–BH 7 × 10−5 0.004 0.1

Initial BH–BH 2 × 10−4 0.007 0.5
IMRI into IMBH <0.001b 0.01c

IMBH-IMBH 10−4 d 10−3 e

NS–NS 0.4 40 400 1000
NS–BH 0.2 10 300

Advanced BH–BH 0.4 20 1000
IMRI into IMBH 10b 300c

IMBH-IMBH 0.1d 1e

a To convert the rates per MWEG in table 2 into detection rates, optimal horizon distances of
33 Mpc/445 Mpc are assumed for NS–NS inspirals in the Initial/Advanced LIGO–Virgo networks. For
NS–BH inspirals, horizon distances of 70 Mpc/927 Mpc are assumed. For BH–BH inspirals, horizon
distances of 161 Mpc/2187 Mpc are assumed. These distances correspond to a choice of 1.4 M⊙ for
NS mass and 10 M⊙ for BH mass. Rates for IMRIs into IMBHs and IMBH–IMBH coalescences are
quoted directly from the relevant papers without conversion. See section 3 for more details.
b Rate taken from the estimate of BH–IMBH IMRI rates quoted in [19] for the scenario of BH–IMBH
binary hardening via three-body interactions; the fraction of globular clusters containing suitable
IMBHs is taken to be 10%, and no interferometer optimizations are assumed.
c Rate taken from the optimistic upper limit rate quoted in [19] with the assumption that all globular
clusters contain suitable IMBHs; for the advanced network rate, the interferometer is assumed to be
optimized for IMRI detections.
d Rate taken from the estimate of IMBH-IMBH ringdown rates quoted in [20] assuming 10% of all
young star clusters have sufficient mass, a sufficiently high binary fraction, and a short enough core
collapse time to form a pair of IMBHs.
e Rate taken from the estimate of IMBH-IMBH ringdown rates quoted in [20] assuming all young star
clusters have sufficient mass, a sufficiently high binary fraction, and a short enough core collapse time
to form a pair of IMBHs.

Where posterior probability density functions (PDFs) for rates are available, Rre refers
to the PDF mean, Rlow and Rhigh are the 95% pessimistic and optimistic confidence intervals,
respectively, and Rmax is the upper limit, quoted in the literature based on very basic limits set
by other astrophysical knowledge (see table 1). However, many studies do not evaluate the
rate predictions in that way, and for some speculative sources even estimates of uncertainties
may not be available at present. In these cases, we assign the rate estimates available in the
literature to one of the four categories, as described in detail in section 4. The values in all
tables in this section are rounded to a single significant figure; in some cases, the rounding
may have resulted in somewhat optimistic predictions.
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The basic problem
• Imagine you have a box 

containing your search. 

• It is sensitive to real signals 
AND noise events. You cannot 
shield the detector from real 
signals. 

• Every time it detects an event it 
outputs the “loudness” and the 
time. 

• If you don’t know the rate/
probability of noise events then 
how do you detect real events?

4
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Inside the box
• We do actually know what’s in 

the box. 

• We construct a filter that is 
tuned to output large numbers 
when our particular signal is 
present and low numbers 
otherwise. 

• Usually run over a large bank 
of templates. 

• This is matched-filtering with 
tweaks (signal based vetoes) 
for deviations from Gaussianity.  

5

Cannon et al, in preparation (2014)
Babak et al, PRD 87, 024033 (2013)

to detector
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More detectors
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to detector 1

to detector 2

• Now we can start to use the 
signal properties to our 
advantage. 

• Both detectors should be 
sensitive to the same signal but 
have different noise. 

• So a coincident detection of 
similar loudness would indicate 
a signal. 

• But there is still a chance that 
noise could conspire to trick us.
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Background estimation
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• What if we just offset the results of 
each detector by a fixed amount 
of time? 

• Then there would be no chance 
that any coincident event could be 
considered a real signal! 

• Any resulting coincidence would 
be representative of the noise, 
right? 

• But what about contamination from 
signals? (the “Hamlet” issue).

detector 2detector 1

Tuesday     9

Thursday   17

Friday       2

Sunday      3

Tuesday      9

Wednesday    1

Thursday     18

Saturday     4
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Significance

8

• Our primary scheme for 
determining detection is to 
compare our loudest event(s) 
with the estimated 
background distribution. 

• We then make claims based 
entirely on the consistency of 
our statistic with the 
background (estimate). 

• If this significance is small 
enough (5-σ?) then we claim 
detection.
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Big dog significance
IV. BLIND INJECTION RECOVERY

The search pipeline described above identified a
gravitational-wave candidate occurring on September 16,
2010, at 06:42:23 UTC, with !c ¼ 12:5 in coincidence
between the two LIGO detectors in the middle mass bin
3:48 " M=M# < 7:40. The highest matched-filter SNR
obtained in the search was 15 at M ¼ 4:7M# in H1 and
10 at M ¼ 4:4M# in L1. This difference in SNRs is
consistent with typical differences in antenna response
factors for these differently oriented detectors. Virgo was
also operating at the time of the event, but its sensitivity
was a factor of approximately 4 lower than the LIGO
detectors; the absence of a signal in Virgo above the
single-detector SNR threshold of 5.5 was consistent with
this fact. In the LIGO detectors, the signal was louder than
all time-shifted H1L1 coincident events in the same mass
bin throughout S6. However, with only 100 time-shifts, we
could only bound the FAR to<1=23 yr, even when folding
in all data from the entire analysis. To obtain a better
estimate of the event’s FAR we performed all possible
multiples of 5 sec time-shifts on four calendar months of
data around the event, corresponding to an effective analy-
sis time of 2:0$ 105 yr. We found five events with a value
of !c equal to or larger than the candidate’s, as shown in
Fig. 3. These five events were all coincidences between the
candidate’s signal in H1 and time-shifted transient noise in
L1. When we excluded 8 sec from around the event’s time
in the background estimation, we found no background
events with !c greater than the candidate and we obtained a
significantly different background distribution, also shown
in Fig. 3.

Including the events at the time of the candidate in the
background estimate, the FAR of the event in the 3:48 "
M=M# < 7:40 mass bin, coincident in the LIGO detec-
tors, was estimated to be 1 in 4$ 104 yr. Since this event
occurred in H1L1V1 time during VSR3, only two event
types were considered: H1L1 double-coincident events and
H1L1V1 triple-coincident events. This resulted in a trials
factor of 6 (accounting for the three mass bins and two
coincidence types) and a combined FAR of 1 in 7000 yr.
The false alarm probability of this event in this analysis,
over the 0.47 yr of coincident time remaining after all
vetoes were applied, was 7$ 10%5.

The detectors’ environmental monitoring channels re-
cord data from seismometers, accelerometers, micro-
phones, magnetometers, radio receivers, weather sensors,
and a cosmic ray detector. Injections of environmental
signals and other tests indicate that these channels are
much more sensitive to environmental signals than the
gravitational-wave readout channels are. Arrays of these
detectors were operating and providing full coverage at the
time of the event, and did not record environmental signals
that could account for the event. Environmental signal
levels at our observatories and at external electromagnetic
weather observatories were typical of quiet times.

Mechanisms that could cause coincident signals among
widely separated detectors—such as earthquakes, micro-
seismic noise due to large weather systems, and electro-
magnetic disturbances in the ionosphere [24,25]—were
therefore ruled out.
A loud transient occurred in L1 9 sec before the coales-

cence time of the signal. That transient belonged to a
known family of sharp (& 10 ms) and loud (SNR '
200–80 000) glitches that appear 10–30 times per day in
the output optical sensing system of this detector. Since the
candidate signal swept through the sensitive band of the
detector, from 40 Hz to coalescence, in less than 4 sec, it
did not overlap the loud transient. Studies, including rean-
alysis of the data with the glitch removed, indicated that the
signal was not related to the earlier instrumental glitch. No
evidence was found that the observed signal was associated
with, or corrupted by, any instrumental effect.
Following the completion of this analysis, the event was

revealed to be a blind injection. While the analysis groups
did not know the event was an injection prior to its un-
blinding, they did know that one or more blind injections
may be performed during the analysis period. Such blind
injections have been carried out before: see [4] for the

FIG. 3 (color online). The cumulative rate of events with chirp
mass 3:48 " M=M# < 7:40 coincident in the H1 and L1 de-
tectors, seen in four months of data around the September 16
candidate, as a function of the threshold ranking statistic !c. The
blue triangles show coincident events. Black dots show the
background estimated from 100 time-shifts. Black crosses
show the extended background estimation from all possible
5 sec shifts on this data restricted, for computational reasons,
to only the tail of loudest events. The gray dots and crosses show
the corresponding background estimates when 8 sec of data
around the time of the candidate are excluded. Gray shaded
contours show the 1-5" (dark to light) consistency of coincident
events with the estimated background including the extended
background estimate, for the events and analysis time shown,
including the candidate time. This event was later revealed to
have been a blind injection.
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Hamlet : “to remove 
or not to remove? 

That is the question

significance is the 
ratio of the 

background (black/
grey) with the 

foreground (blue)
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Bayesian?
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• Ask a different question. What’s the probability that this event came 
from an astrophysical distribution vs coming from the background?

B =

�
d�� p(X|��, signal)p(��|signal)

p(X|noise)

O =
p(signal)

p(noise)
.

�
d�� p(X|��, signal)p(��|signal)

p(X|noise)

Farr et al, arXiv:1302.5341 (2013)

• Can also factor in what we think about detection prospects prior to the 
observation. 

• Would you equally value an SNR=8 event differently in the initial and 
advanced detector era?
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Ongoing Work
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• We are conducting 2 
large mock-data 
challenges to test 
significance and 
astrophysical rates 
estimation. 

• Significance - resolving 
the removal vs non-
removal issue. 

• Rates - Testing biases, 
uncertainties and multiple 
detections.

PRELIMINARY Y. Hu et al, in preparation (2014)

method 1 
method 2 
method 3 
mean
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Summary
• The advanced GW detector era is 

fast approaching and detections are 
anticipated. 

• All detection criteria crucially hinge 
upon background estimation. 

• Bayesian approaches could allow us 
to fold in event rate priors. 

• We are in the process of testing our 
significance and rate estimation 
through extensive MDCs

12

ht
tp

s:
//d

cc
.li

go
.o

rg
/L

IG
O

-P
10

00
14

6

PL
EA

SE
N

O
TE

.T
hi

s
pa

pe
rd

ra
ft

de
sc

rib
es

th
e

re
su

lts
of

a
t
e
s
t

of
th

e
LI

G
O

an
d

V
irg

o
da

ta
an

al
ys

is
pr

oc
ed

ur
es

,a
nd

is
n

o
t

th
e

de
te

ct
io

n
of

a
re

al
gr

av
ita

tio
na

lw
av

e.
Th

e
LI

G
O

an
d

V
irg

o
de

te
ct

or
s

re
gu

la
rly

un
de

rg
o

co
m

pl
et

el
y

bl
in

d
in

je
ct

io
ns

of
lik

el
y

G
W

si
gn

al
s,

to
en

su
re

th
at

th
e

an
al

ys
is

pr
oc

es
s

co
rr

ec
tly

le
ad

s
to

id
en

tifi
ca

tio
n

of
ca

nd
id

at
es

;t
he

di
sc

us
si

on
in

th
is

dr
af

t
pa

pe
ri

sm
er

el
y

th
e

re
su

lt
of

a
“d

et
ec

tio
n”

of
su

ch
a

bl
in

d
in

je
ct

io
n;

n
o

t
a

re
al

gr
av

ita
tio

na
lw

av
e.

TH
IS

PA
PE

R
D

R
A

FT
IS

C
O

N
FI

D
EN

TI
A

L
an

d
is

in
te

nd
ed

fo
rl

im
ite

d
re

le
as

e
to

in
te

re
st

ed
sc

ie
nt

ifi
c

co
lle

ag
ue

s.
W

e
w

el
co

m
e

yo
ur

co
m

m
en

ts
an

d
co

ns
tru

ct
iv

e
cr

iti
ci

sm
!

4

FIG. 3: A time-frequency decomposition of the signal power associated with the detection event observed in the LHO (left), LLO
(middle), and Virgo (right) detectors [23]. The zero of time in these plots is the event time reported above. The “normalized tile
energy” is roughly equivalent to SNR2/2 in a time-frequency tile. For Gaussian noise in the absence of signal, the normalized tile
energy rarely exceeds 8. The images from the LIGO detectors both show a significant signal with frequency increasing over time,
characteristic of compact binary coalescence. The best matched binary coalescence waveform found by the modeled search sweeps
from from 40 Hz to 400 Hz in just under 4 s.

Source Parameters— In order to determine the parame-
ters of the event, we performed coherent Bayesian analyses
of the data using models of both spinning and non-spinning
compact binary objects. Parameter estimates vary signifi-
cantly depending on the exact model used for the gravita-
tional waveform, particularly when we include spin effects.
However, all models support the presence of a compact bi-
nary system in which the more massive component has a
mass m1 in the range 5.4M� < m1 < 10.5M�, while
the less massive component has a mass m2 in the range
2.7M� < m2 < 5.6M�. Using a union of 90% proba-
bility intervals from several waveform models we find the
chirp mass to lie between 4.4 and 5.2M� and the mass
ratio (m1/m2) between 4 and 1. The analysis also shows
clear evidence that (at least) the more massive object has
a dimensionless spin parameter above 0.67. Templates in-
corporating spin obtain up to 20% greater SNR and lower
(better) reduced chi-squared values than their non-spinning
counterparts, adding further evidence in favor of spin. The
signal appears in Virgo data with an SNR > 5 when using
spinning templates, and the significance of this will be dis-
cussed in a companion paper [27]. In a follow-up study, no
significant signal was found in the GEO 600 data. The ac-
curacy with which the source location can be determined is
limited by SNR, parameter degeneracies, and low relative
sensitivity in the Virgo detector. We find that the source
lies at a luminosity distance dL between 7 and 60Mpc.
The sky positions, estimated by different coherent recon-
struction methods including a model-independent analysis,
are mutually consistent. The three-site observation allows
only a few probable source locations around the annulus
corresponding to a ⇠ 7ms timing delay between LLO and
LHO. This corresponds to an arc of a ring with apex an-
gle between 50� and 100�, centered at right ascension 4h

and declination �28�. Further details of these parameter
estimations can be found in a companion paper [27].

Discussion— The event described here is remarkably
well separated from the background in the compact binary
coalescence search. Detailed follow-up investigations have

identified no instrumental or environmental cause. It is
therefore a compelling detection candidate, which we la-
bel as GW100916.

The maximum mass of a neutron star may be signifi-
cantly higher than 2M� [28], but most of the parame-
ter space favored for this source corresponds to a pair of
black holes. This single event can be used to roughly es-
timate the rate of binary black hole mergers in the local
Universe. Our binary coalescence search is sensitive to
signals from binary black holes to a distance of 46 Mpc,
assuming a total mass between 8 and 11M�and averag-
ing over source location, orientation and observation time
during our 2009�2010 run (0.47 y). We also include our
previous observations (summarized in [13]) amounting to
an average sensitive distance of 35 Mpc in 0.96 y of obser-
vation time. From these numbers and a single observed
event, we estimate the rate of binary black hole mergers to
be of order 3 ⇥ 10�6 Mpc�3 y�1. This is ten times higher
than the upper-end of current predicted rates, which range
from 10�10 to 3⇥10�7 Mpc�3 y�1 [29]. This event there-
fore suggests that the next generation of gravitational-wave
detectors [14, 15] could detect significantly more binary
black hole mergers than previously anticipated.
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FIG. 3: A time-frequency decomposition of the signal power associated with the detection event observed in the LHO (left), LLO
(middle), and Virgo (right) detectors [23]. The zero of time in these plots is the event time reported above. The “normalized tile
energy” is roughly equivalent to SNR2/2 in a time-frequency tile. For Gaussian noise in the absence of signal, the normalized tile
energy rarely exceeds 8. The images from the LIGO detectors both show a significant signal with frequency increasing over time,
characteristic of compact binary coalescence. The best matched binary coalescence waveform found by the modeled search sweeps
from from 40 Hz to 400 Hz in just under 4 s.

Source Parameters— In order to determine the parame-
ters of the event, we performed coherent Bayesian analyses
of the data using models of both spinning and non-spinning
compact binary objects. Parameter estimates vary signifi-
cantly depending on the exact model used for the gravita-
tional waveform, particularly when we include spin effects.
However, all models support the presence of a compact bi-
nary system in which the more massive component has a
mass m1 in the range 5.4M� < m1 < 10.5M�, while
the less massive component has a mass m2 in the range
2.7M� < m2 < 5.6M�. Using a union of 90% proba-
bility intervals from several waveform models we find the
chirp mass to lie between 4.4 and 5.2M� and the mass
ratio (m1/m2) between 4 and 1. The analysis also shows
clear evidence that (at least) the more massive object has
a dimensionless spin parameter above 0.67. Templates in-
corporating spin obtain up to 20% greater SNR and lower
(better) reduced chi-squared values than their non-spinning
counterparts, adding further evidence in favor of spin. The
signal appears in Virgo data with an SNR > 5 when using
spinning templates, and the significance of this will be dis-
cussed in a companion paper [27]. In a follow-up study, no
significant signal was found in the GEO 600 data. The ac-
curacy with which the source location can be determined is
limited by SNR, parameter degeneracies, and low relative
sensitivity in the Virgo detector. We find that the source
lies at a luminosity distance dL between 7 and 60Mpc.
The sky positions, estimated by different coherent recon-
struction methods including a model-independent analysis,
are mutually consistent. The three-site observation allows
only a few probable source locations around the annulus
corresponding to a ⇠ 7ms timing delay between LLO and
LHO. This corresponds to an arc of a ring with apex an-
gle between 50� and 100�, centered at right ascension 4h

and declination �28�. Further details of these parameter
estimations can be found in a companion paper [27].

Discussion— The event described here is remarkably
well separated from the background in the compact binary
coalescence search. Detailed follow-up investigations have

identified no instrumental or environmental cause. It is
therefore a compelling detection candidate, which we la-
bel as GW100916.

The maximum mass of a neutron star may be signifi-
cantly higher than 2M� [28], but most of the parame-
ter space favored for this source corresponds to a pair of
black holes. This single event can be used to roughly es-
timate the rate of binary black hole mergers in the local
Universe. Our binary coalescence search is sensitive to
signals from binary black holes to a distance of 46 Mpc,
assuming a total mass between 8 and 11M�and averag-
ing over source location, orientation and observation time
during our 2009�2010 run (0.47 y). We also include our
previous observations (summarized in [13]) amounting to
an average sensitive distance of 35 Mpc in 0.96 y of obser-
vation time. From these numbers and a single observed
event, we estimate the rate of binary black hole mergers to
be of order 3 ⇥ 10�6 Mpc�3 y�1. This is ten times higher
than the upper-end of current predicted rates, which range
from 10�10 to 3⇥10�7 Mpc�3 y�1 [29]. This event there-
fore suggests that the next generation of gravitational-wave
detectors [14, 15] could detect significantly more binary
black hole mergers than previously anticipated.
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PL
EA

SE
N

O
TE

.T
hi

s
pa

pe
rd

ra
ft

de
sc

rib
es

th
e

re
su

lts
of

a
t
e
s
t

of
th

e
LI

G
O

an
d

V
irg

o
da

ta
an

al
ys

is
pr

oc
ed

ur
es

,a
nd

is
n

o
t

th
e

de
te

ct
io

n
of

a
re

al
gr

av
ita

tio
na

lw
av

e.
Th

e
LI

G
O

an
d

V
irg

o
de

te
ct

or
s

re
gu

la
rly

un
de

rg
o

co
m

pl
et

el
y

bl
in

d
in

je
ct

io
ns

of
lik

el
y

G
W

si
gn

al
s,

to
en

su
re

th
at

th
e

an
al

ys
is

pr
oc

es
s

co
rr

ec
tly

le
ad

s
to

id
en

tifi
ca

tio
n

of
ca

nd
id

at
es

;t
he

di
sc

us
si

on
in

th
is

dr
af

t
pa

pe
ri

sm
er

el
y

th
e

re
su

lt
of

a
“d

et
ec

tio
n”

of
su

ch
a

bl
in

d
in

je
ct

io
n;

n
o

t
a

re
al

gr
av

ita
tio

na
lw

av
e.

TH
IS

PA
PE

R
D

R
A

FT
IS

C
O

N
FI

D
EN

TI
A

L
an

d
is

in
te

nd
ed

fo
rl

im
ite

d
re

le
as

e
to

in
te

re
st

ed
sc

ie
nt

ifi
c

co
lle

ag
ue

s.
W

e
w

el
co

m
e

yo
ur

co
m

m
en

ts
an

d
co

ns
tru

ct
iv

e
cr

iti
ci

sm
!

4

FIG. 3: A time-frequency decomposition of the signal power associated with the detection event observed in the LHO (left), LLO
(middle), and Virgo (right) detectors [23]. The zero of time in these plots is the event time reported above. The “normalized tile
energy” is roughly equivalent to SNR2/2 in a time-frequency tile. For Gaussian noise in the absence of signal, the normalized tile
energy rarely exceeds 8. The images from the LIGO detectors both show a significant signal with frequency increasing over time,
characteristic of compact binary coalescence. The best matched binary coalescence waveform found by the modeled search sweeps
from from 40 Hz to 400 Hz in just under 4 s.

Source Parameters— In order to determine the parame-
ters of the event, we performed coherent Bayesian analyses
of the data using models of both spinning and non-spinning
compact binary objects. Parameter estimates vary signifi-
cantly depending on the exact model used for the gravita-
tional waveform, particularly when we include spin effects.
However, all models support the presence of a compact bi-
nary system in which the more massive component has a
mass m1 in the range 5.4M� < m1 < 10.5M�, while
the less massive component has a mass m2 in the range
2.7M� < m2 < 5.6M�. Using a union of 90% proba-
bility intervals from several waveform models we find the
chirp mass to lie between 4.4 and 5.2M� and the mass
ratio (m1/m2) between 4 and 1. The analysis also shows
clear evidence that (at least) the more massive object has
a dimensionless spin parameter above 0.67. Templates in-
corporating spin obtain up to 20% greater SNR and lower
(better) reduced chi-squared values than their non-spinning
counterparts, adding further evidence in favor of spin. The
signal appears in Virgo data with an SNR > 5 when using
spinning templates, and the significance of this will be dis-
cussed in a companion paper [27]. In a follow-up study, no
significant signal was found in the GEO 600 data. The ac-
curacy with which the source location can be determined is
limited by SNR, parameter degeneracies, and low relative
sensitivity in the Virgo detector. We find that the source
lies at a luminosity distance dL between 7 and 60Mpc.
The sky positions, estimated by different coherent recon-
struction methods including a model-independent analysis,
are mutually consistent. The three-site observation allows
only a few probable source locations around the annulus
corresponding to a ⇠ 7ms timing delay between LLO and
LHO. This corresponds to an arc of a ring with apex an-
gle between 50� and 100�, centered at right ascension 4h

and declination �28�. Further details of these parameter
estimations can be found in a companion paper [27].

Discussion— The event described here is remarkably
well separated from the background in the compact binary
coalescence search. Detailed follow-up investigations have

identified no instrumental or environmental cause. It is
therefore a compelling detection candidate, which we la-
bel as GW100916.

The maximum mass of a neutron star may be signifi-
cantly higher than 2M� [28], but most of the parame-
ter space favored for this source corresponds to a pair of
black holes. This single event can be used to roughly es-
timate the rate of binary black hole mergers in the local
Universe. Our binary coalescence search is sensitive to
signals from binary black holes to a distance of 46 Mpc,
assuming a total mass between 8 and 11M�and averag-
ing over source location, orientation and observation time
during our 2009�2010 run (0.47 y). We also include our
previous observations (summarized in [13]) amounting to
an average sensitive distance of 35 Mpc in 0.96 y of obser-
vation time. From these numbers and a single observed
event, we estimate the rate of binary black hole mergers to
be of order 3 ⇥ 10�6 Mpc�3 y�1. This is ten times higher
than the upper-end of current predicted rates, which range
from 10�10 to 3⇥10�7 Mpc�3 y�1 [29]. This event there-
fore suggests that the next generation of gravitational-wave
detectors [14, 15] could detect significantly more binary
black hole mergers than previously anticipated.
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Detection significance
• How do you determine the 

statistical significance of a GW 
event? 

• We need to know/estimate the 
background noise distribution. 

• But we can’t turn off the foreground 
GW signals. 

• Use a technique known as time-
slides to estimate the background. 

14

Time-slides.  a) Simulated data from 
2 detectors, b) detector 2 data is 
artificially slid in time with respect to 
detector 1.  
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A global network
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Advanced detectors
• Advanced detectors have 

an ~10 X improvement in 
sensitivity. 

• This gives an ~1000 X 
improvement in volume and 
therefore event rate! 

• The design sensitivity 
volume includes ~10 galaxy 
superclusters.
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