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GW150914: first light
• Surprising properties… 

Masses: 36 + 29 → 62 M  
3 M  radiated in GWs! 
 
much heavier than BHs known in X-
ray binaries → low-metallicity 
formation scenario  
 
Spins weakly constrained, but 
nowhere near maximal: 
<0.7 + <0.9 → ~0.6 

• Distance: ~400±200 Mpc, z~0.09 

• Stringent tests of general relativity… 
Best ever measurement of graviton 
mass: mg<10-22 eV

image: LVC 2016, PRL, arXiv:1602.03837 3

https://arxiv.org/abs/1602.03837


The future is bright!
• EM counterparts of LIGO 

sources 

• Central engine vs. external 
fireball and ejecta 

• Pinpoint host galaxy, 
determine formation 
environment 

• Standard sirens: Calibration-
free rung on cosmological 
distance ladder 

• Explain cosmic abundance of 
heavy elements – “bling nova”

• Explain nature of short GRBs 

• …and (uh oh): challenge 
whether stellar BBHs are truly 
barren of matter!

Understanding the full astrophysical 
richness of compact binaries will take not 
just LIGO, but the broad astronomy 
community across many wavelengths!

4





L O C A L I Z AT I O N  
A N D  B R O A D B A N D  
F O L L O W- U P  
O F  T H E  
G R AV I TAT I O N A L - WAV E  
T R A N S I E N T  G W 1 5 0 9 1 4

LVC+ 2016, 
ApJL, in press 
arXiv:1602.08492
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http://arxiv.org/abs/1602.08492


SELECTED HIGHLIGHTS from O1 
localization + follow-up campaign

• Prompt, consistent localization of the first LIGO signal  
(although LIGO/Virgo alert sent two days late) 

• Possible 𝛾-ray transient (Fermi GBM, though not seen by INTEGRAL SPI-ACS) 
Connaughton+ 2016, Savchenko+ 2016 

• Follow-up of nearby galaxies with Swift XRT 
Evans, Kennea, Barthelmey+ 2016 

• DECam search for failed missing supergiants/failed SN in LMC 
Annis+ 2016 

• Keck spectroscopy of iPTF candidates <1 hr after discovery images; 
superluminous supernova discovered in iPTF follow-up 
Kasliwal, Cenko, Singer+ 2016 

• DECam (Soares-Santos+), AGILE (Tavani+), XMM (Troja+), Fermi LAT (LAT Collab.), 
Pan-STARRS/PESSTO (Smartt+), +many more in preparation
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disfavors low-mass clusters [151]. On the other hand, if all
merging BBHs arise from isolated binaries evolving via the
common-envelope phase, the lower limit on the merger rate
disfavors a combination of very low common envelope bind-
ing energy with a high efficiency of common envelope ejec-
tion [175] (high values of a ⇥ l , as defined in [177–179]),
or very high black hole natal kicks of several hundred km/s
[180]. However, since population synthesis studies have typ-
ically varied one parameter at a time, individual parameter
values cannot be ruled out until the full parameter space is
explored [e.g., 181]. Moreover, the parametrisations used in
existing models may not even capture the full physical uncer-
tainties [e.g., 182, 183].

It is likely, however, that multiple formation channels are
in operation simultaneously, and GW150914, LVT151012,
and GW151226 could have been formed through different
channels or in different environments. A lower limit on the
merger rate cannot be used to rule out evolutionary parame-
ters if multiple channels contribute. Future observations will
be required to test whether binaries can be classified into dis-
tinct clusters arising from different formation channels [184],
or to compare the population to specific evolutionary models
[185–188]. Such observations will make it possible to further
probe the underlying mass distribution of merging BBHs and
the dependence of the merger rate on redshift. Meanwhile,
space-borne detectors such as eLISA could observe heavy
BBHs several years before merger; multi-spectrum observa-
tions with ground-based and space-borne observatories would
aid in measuring binary parameters, including location, and
determining the formation channel by measuring the eccen-
tricity at lower frequencies [189–191].

We can use the inferred rates to estimate the number of
BBH mergers expected in future observing runs. We make
use of the future observing plans laid out in [128] to predict
the expected rate of signals in the second and third advanced
LIGO and Virgo observing runs. To do so, we restrict at-
tention to those signals which will be observed with a false
alarm rate smaller than 1/100yr. In the simulations used to
estimate sensitive time-volumes, 61% of the events above the
low threshold used in the PyCBC rates calculation are found
with a search false alarm rate lower than one per century. The
expected number of observed events will then scale linearly
with the sensitive time-volume hV T i of a future search. The
improvement in sensitivity in future runs will vary across the
frequency band of the detectors and will therefore have a dif-
ferent impact for binaries of different mass. For concreteness,
we use a fiducial BBH system with total mass 60M� and
mass ratio q = 1 [146], to estimate a range of sensitive time-
volumes for future observing runs. The second observing run
(O2) is anticipated to begin in late 2016 and last six months,
and the third run (O3) to begin in 2017 and last nine months.
We show the predictions for the probability of obtaining N or
more high-significance events as a function of hV T i (in units
of the time-volume surveyed during O1) in Fig. 12. Current
projections for O2 suggest that the sensitivity will be consis-
tent with the lower end of the band indicated in Figure 12.
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FIG. 12. The probability of observing N > 10, N > 35, and N > 70
highly significant events, as a function of surveyed time-volume. The
vertical line and bands show, from left to right, the expected sensitive
time-volume for the second (O2) and third (O3) advanced detector
observing runs.

VIII. CONCLUSION

During its first observing run Advanced LIGO has observed
gravitational waves from the coalescence of two stellar-mass
BBHs GW150914 and GW151226 with a third candidate
LVT151012 also likely to be a BBH system. Our mod-
eled binary coalescence search detects both GW150914 and
GW151226 with a significance of greater than 5.3s , while
LVT151012 is found with a significance 1.7s . The compo-
nent masses of these systems span a range from the heav-
iest black hole in GW150914 with a mass of 36.2+5.2

�3.8M�,
to 7.5+2.3

�2.3M�, the lightest black hole of GW151226. The
spins of the individual coalescing black holes are weakly con-
strained, but we can rule out two non-spinning components
for GW151226 at 99% credible level. All our observations are
consistent with the predictions of general relativity, and the fi-
nal black holes formed after merger are all predicted to have
high spin values with masses that are larger than any black
hole measured in x-ray binaries. The inferred rate of BBH
mergers based on our observations is 9–240Gpc�3 yr�1which
gives confidence that future observing runs will observe many
more BBHs.
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Figure 3. Left panel: The median value and 90% credible interval for the expected number of highly significant events
(FARs <1/century) as a function of surveyed time-volume in an observation (shown as a multiple of hV T i0). The
expected range of values of hV T i for the observations in O2 and O3 are shown as vertical bands. Right panel: The
probability of observing N > 0 (blue), N > 10 (green), N > 35 (red), and N > 70 (purple) highly significant events,
as a function of surveyed time-volume. The vertical line and bands show, from left to right, the expected sensitive
time-volume for each of the O1 (dashed line), O2, and O3 observations.

The rates presented here are consistent with the theo-
retical expectations detailed in Abadie et al. (2010), but
rule out the lowest theoretically-allowed rates. See Ab-
bott et al. (2016a) for a detailed discussion of the impli-
cations of our rate estimates for models of the binary BH
population.

GW150914 is unusually significant; only ⇠ 8% of the
astrophysical distribution of sources appearing in our
search with a threshold at FARs of one per century will
be more significant than GW150914. However, it is not
so significant as to call into question the assumption used
here that BBH coalescences are distributed uniformly
in comoving volume and source time. As we accumu-
late more BBH sources with ongoing Advanced LIGO
observing runs, we will eventually be able to test this
assumption. Similarly, as we accumulate more sources
and observation time, we will learn more about the mass
distribution of BBH systems. This is only the beginning.
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BBH rates: 
~10 by O2, ~10–100 by O3

Based on all O1 events. 
LVC 2016, arXiv:1606.04856

Based on GW150914 alone. 
LVC 2016, PRL, arXiv:1602.03842 9
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BNS/NSBH: same story as 
Observing Scenarios 
document. 

Detections or 
astrophysically interesting 
rate constraints by O2/O3.

22 Abbott, B. P. et al. (The LIGO Scientific Collaboration and the Virgo Collaboration)

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�2 M�c

2 in gravitational waves at 150 Hz
and scale as E1/2

GW, so it is greater for more energetic sources (such as binary black holes). The binary
neutron-star (BNS) localization is characterized by the size of the 90% credible region (CR) and the
searched area. For 2015 – 2016 and 2016 – 2017, these have been calculated from parameter-estimation
studies (neglecting detector calibration uncertainty) [31, 99] using LALInference [110]. The CRs for
subsequent periods are estimated from timing triangulation (highlighted by italics), which is known to
provide estimates on average a factor of ⇠ 4 too large for a three-detector network [60, 31], hence these
serve as a conservative bound. Both ranges as well as the BNS timing-triangulation localizations reflect the
uncertainty in the detector noise spectra shown in Figure 1. Di↵erences in the shape of the detector noise
curves and also relative sensitivities between detectors have an e↵ect on the localization areas. The BNS
detection numbers also account for the uncertainty in the BNS source rate density [13]. BNS detection
numbers and localization estimates are computed assuming a signal-to-noise ratio greater than 12. Burst
localizations are expected to be broadly similar to those derived from timing triangulation, but vary
depending on the signal bandwidth; the median burst searched area (with a false alarm rate of ⇠ 1 yr�1)
may be a factor of ⇠ 2 – 3 larger than the values quoted for BNS signals [51]. No burst detection numbers
are given, since the source rates are currently unknown. Localization and detection numbers assume an
80% duty cycle for each instrument.

Epoch 2015 – 2016 2016 – 2017 2017 – 2018 2019+ 2022+ (India)

Estimated run duration 4 months 6 months 9 months (per year) (per year)

Burst range/Mpc
LIGO 40 – 60 60 – 75 75 – 90 105 105
Virgo — 20 – 40 40 – 50 40 – 80 80

BNS range/Mpc
LIGO 40 – 80 80 – 120 120 – 170 200 200
Virgo — 20 – 60 60 – 85 65 – 115 130

Estimated BNS detections 0.0005 – 4 0.006 – 20 0.04 – 100 0.2 – 200 0.4 – 400

90% CR
% within

5 deg2 < 1 2 > 1 – 2 > 3 – 8 > 20

20 deg2 < 1 14 > 10 > 8 – 30 > 50

median/deg2 480 230 — — —

searched area
% within

5 deg2 6 20 — — —
20 deg2 16 44 — — —

median/deg2 88 29 — — —

Living Reviews in Relativity
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BNS ranges for the various stages of aLIGO and AdV expected evolution are also provided in
Figure 1.
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Figure 1: aLIGO (left) and AdV (right) target strain sensitivity as a function of frequency. The binary
neutron-star (BNS) range, the average distance to which these signals could be detected, is given in
megaparsec. Current notions of the progression of sensitivity are given for early, mid and late commissioning
phases, as well as the final design sensitivity target and the BNS-optimized sensitivity. While both dates
and sensitivity curves are subject to change, the overall progression represents our best current estimates.

The commissioning of aLIGO is well under way. The original plan called for three identical
4-km interferometers, two at Hanford (H1 and H2) and one at Livingston (L1). In 2011, the LIGO
Lab and IndIGO consortium in India proposed installing one of the aLIGO Hanford detectors (H2)
at a new observatory in India (LIGO-India) [64]. As of early 2015, LIGO Laboratory has placed
the H2 interferometer in long-term storage for possible use in India. Funding for the Indian portion
of LIGO-India is in the final stages of consideration by the Indian government.

Advanced LIGO detectors began taking sensitive data in August 2015 in preparation for the
first observing run. O1 formally began 18 September 2015 and ended 12 January 2016. It involved
the H1 and L1 detectors; the detectors were not at full design sensitivity. We aimed for a BNS
range of 40 – 80 Mpc for both instruments (see Figure 1), and both instruments were running with a
60 – 80 Mpc range. Subsequent observing runs will have increasing duration and sensitivity. We aim
for a BNS range of 80 – 170 Mpc over 2016 – 2018, with observing runs of several months. Assuming
that no unexpected obstacles are encountered, the aLIGO detectors are expected to achieve a
200 Mpc BNS range circa 2019. After the first observing runs, circa 2020, it might be desirable to
optimize the detector sensitivity for a specific class of astrophysical signals, such as BNSs. The BNS
range may then become 215 Mpc. The sensitivity for each of these stages is shown in Figure 1.

As a consequence of the planning for the installation of one of the LIGO detectors in India, the
installation of the H2 detector has been deferred. This detector will be reconfigured to be identical
to H1 and L1 and will be installed in India once the LIGO-India Observatory is complete. The final
schedule will be adopted once final funding approvals are granted. If project approval comes soon,
site development could start in 2016, with installation of the detector beginning in 2020. Following
this scenario, the first observing runs could come circa 2022, and design sensitivity at the same
level as the H1 and L1 detectors is anticipated for no earlier than 2024.

The time-line for the AdV interferometer (V1) [23] is still being defined, but it is anticipated
that in 2016 AdV will join the aLIGO detectors in their second observing run (O2). Following an
early step with sensitivity corresponding to a BNS range of 20 – 60 Mpc, commissioning is expected

Living Reviews in Relativity
DOI 10.1007/lrr-2016-1
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BNS ranges for the various stages of aLIGO and AdV expected evolution are also provided in
Figure 1.
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Figure 1: aLIGO (left) and AdV (right) target strain sensitivity as a function of frequency. The binary
neutron-star (BNS) range, the average distance to which these signals could be detected, is given in
megaparsec. Current notions of the progression of sensitivity are given for early, mid and late commissioning
phases, as well as the final design sensitivity target and the BNS-optimized sensitivity. While both dates
and sensitivity curves are subject to change, the overall progression represents our best current estimates.

The commissioning of aLIGO is well under way. The original plan called for three identical
4-km interferometers, two at Hanford (H1 and H2) and one at Livingston (L1). In 2011, the LIGO
Lab and IndIGO consortium in India proposed installing one of the aLIGO Hanford detectors (H2)
at a new observatory in India (LIGO-India) [64]. As of early 2015, LIGO Laboratory has placed
the H2 interferometer in long-term storage for possible use in India. Funding for the Indian portion
of LIGO-India is in the final stages of consideration by the Indian government.

Advanced LIGO detectors began taking sensitive data in August 2015 in preparation for the
first observing run. O1 formally began 18 September 2015 and ended 12 January 2016. It involved
the H1 and L1 detectors; the detectors were not at full design sensitivity. We aimed for a BNS
range of 40 – 80 Mpc for both instruments (see Figure 1), and both instruments were running with a
60 – 80 Mpc range. Subsequent observing runs will have increasing duration and sensitivity. We aim
for a BNS range of 80 – 170 Mpc over 2016 – 2018, with observing runs of several months. Assuming
that no unexpected obstacles are encountered, the aLIGO detectors are expected to achieve a
200 Mpc BNS range circa 2019. After the first observing runs, circa 2020, it might be desirable to
optimize the detector sensitivity for a specific class of astrophysical signals, such as BNSs. The BNS
range may then become 215 Mpc. The sensitivity for each of these stages is shown in Figure 1.

As a consequence of the planning for the installation of one of the LIGO detectors in India, the
installation of the H2 detector has been deferred. This detector will be reconfigured to be identical
to H1 and L1 and will be installed in India once the LIGO-India Observatory is complete. The final
schedule will be adopted once final funding approvals are granted. If project approval comes soon,
site development could start in 2016, with installation of the detector beginning in 2020. Following
this scenario, the first observing runs could come circa 2022, and design sensitivity at the same
level as the H1 and L1 detectors is anticipated for no earlier than 2024.

The time-line for the AdV interferometer (V1) [23] is still being defined, but it is anticipated
that in 2016 AdV will join the aLIGO detectors in their second observing run (O2). Following an
early step with sensitivity corresponding to a BNS range of 20 – 60 Mpc, commissioning is expected
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Transition to three detectors 
• Commissioning of Virgo, KAGRA, and LIGO-India are staggered 

compared to LIGO timetable (see Lisa Barsotti’s talk) 

• We will experience a transition where detection rate is driven by 
one pair of detectors but sky localization is driven by a third 
detector. 

• Similar transitions may occur with the first third-generation 
detectors. 

• Impact on a given event depends on sky localization and S/N. 

• The average or typical impact of a third detector will depend on its 
relative sensitivity. At what ratio of sensitivities does the threshold 
occur? Is it a sharp or a smooth transition?
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Area 
(deg2)

GW
150914 NSBH NSNS

HL 400 300 200

HLV 11 11 5

HLI 6 7 4

GW150914

with Adv. Virgo (early)
as BNS with the same S/N

Even with“early” 
sensitivity, Advanced 
Virgo can fundamentally 
transform the character 
of GW observations.

THE NEED FOR Advanced Virgo
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GW150914

GW151226

LVT151012

image credit: LIGO/Leo Singer (Milky Way image: Axel Mellinger) 14



GW150914 +VIRGO

GW151226 +VIRGO

LVT151012 +VIRGO

image credit: LIGO/Leo Singer (Milky Way image: Axel Mellinger) 15



Case study: varying preliminary 
sensitivity of Advanced Virgo

• TL;DR: If Virgo's range is 25% of LIGO's, then Virgo shrinks our 
localizations to ~60% of their HL-only size. 

• Assume LIGO (H, L) BNS range of 81 Mpc:  
"mid, low” curve from Obs. Scenarios document, also approximately what 
was achieved in O1 

• Assume baseline Virgo (V) BNS range of 21 Mpc: 
"early, low” curve from Obs. Scenarios document 

• Vary Virgo range from 0.1x to ~4x the baseline, for ranges of ~2 to ~84 Mpc 

• Uniform and isotropic sample of BNS events and selected those that would 
be detectable assuming a single-detector threshold SNR of 4, a minimum of 
2 detectors above threshold, and a network SNR threshold of 12.
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Conclusions
• O(10) BBH signals by O2, O(100) by O3. Detections or 

meaningful limits for BNS and NSBH binaries by O2/O3. 

• The detection rate is set by the range of the second most 
sensitive detector. 

• Accurate sky localization is achieved by maximizing the range 
of the third most sensitive detector. 

• Therefore, localization will begin improving once a third 
detector is online at any sensitivity. 

• Point of reference: median 90% area improves by a factor of 
60% if Virgo is 1/4 as sensitive as LHO/LLO.
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Extra Slides



Distance accuracy is not sensitive to 
Virgo range (see S. Vitale’s presentation)

Distance accuracy improves by only a factor ~0.7 at equal sensitivity



Example 3D position 
reconstruction with HLV network

After “Going the Distance”, Singer+ 2016, arXiv:1603.07333

10-1 100 100.6

http://arxiv.org/abs/1603.07333

