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Schematic detector 
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Noise budget
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Precision interferometry for gravitational wave detection: Current status and future trends
Vajente, Gustafson, Reitze in Advances In Atomic, Molecular, and Optical Physics, Academic Press, 68, 2019
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Observing runs
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LIGO-Virgo-KAGRA Collaborations, Prospects for Localizing Gravitational-wave Transients … , arXiv:1304.0670



GWTC-1
• First LIGO-Virgo Gravitational-wave Transient 

Catalog (GWTC-1) released in December 2018

• 11 events with false-alarm-rate < 1/30 days and 
> 50% chance of being astrophysical

• 10 binary black hole (BBH) mergers

•  1 binary neutron star (BNS) merger

• 14 marginal candidates < 50% chance of being 
astrophysical
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Gravitational-wave Transient Catalog
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FIG. 11. Astrophysical signal and terrestrial noise event models compared with results for the matched filter searches, PyCBC (left) and
GstLAL (right), versus the respective search’s ranking statistic: % for PyCBC [71] and lnL for GstLAL [9, 79]. These ranking statistics are
not the same as the SNRs reported in Table I; see citations for details. For each panel, the solid colored lines show the median estimated rate
(‘model’) of signal, noise or signal plus noise events above a given ranking statistic threshold, while shaded regions show the estimated model
uncertainties on the combined and individual models at 68% and 95% confidence. The observed number of events above ranking statistic
threshold is indicated by the black line, with confidently detected events (Sec. IV B) labelled. The PyCBC signal model and observed events
are restricted to events with masses compatible with BBH, with chirp mass > 4.35M� (so that BNS candidate events including GW170817 are
not plotted); the GstLAL signal model includes all events, with the signal counts summed over the three astrophysical categories BNS, NSBH,
BBH. The di↵erent ranking statistic used in the PyCBC and GstLAL searches lead to di↵erently-shaped signal models. The black dashed line
in the GstLAL plot shows a realization of the cumulative counts in time-shifted data, reinforcing its consistency with the noise model.

pAi (xµ|{x}) =
Z

p({R},⇤T , {hVT i}|{x})
RihVT ii p(xµ|Ai)

⇤T p(xµ|T ) +
P

j R jhVT i j p(xµ|Aj)
d{R}d⇤T d{hVT i} . (10)

Thus, we obtain pterrestrial, pBBH, pBNS, pNSBH, which are mu-
tually exclusive categorizations. The overall probability of
astrophysical origin sums the expression over all categories in
{A}.

We expect di↵erent values of pAi to be assigned to any
given event by di↵erent search pipelines. This is due to dif-
ferences in the averaged e�ciency of various methods to dis-
criminate signal from noise events, and also to the e↵ects of
random noise fluctuations on the ranking statistics assigned to
a specific event. We also expect systematic uncertainties in
the quoted probabilities due to our lack of knowledge of the
true event populations, for instance the mass distribution of
BNS and NSBH mergers.

Parameter estimation is not performed on all candidates
used to obtain rate estimates, so only the search masses and
rankings are used to derive the astrophysical probabilities. Ta-
ble IV shows the per-pipeline assigned probability values for
each of the relevant categories. The cWB search does not
have a specific event type corresponding to NSBH or BNS,
thus we treat all cWB search events as BBH candidates. Py-
CBC astrophysical probabilities are estimated by applying
simple chirp mass cuts to the set of events with ranking statis-

tic ⇢ > 8: events with M < 2.1 are considered as candidate
BNS, those withM > 4.35 as candidate BBH, and all remain-
ing events as potential NSBH.

B. Binary Black Hole Event Rates

After the detection of GW170104, the event rate of
BBH mergers had been measured to lie between 12-213
Gpc�3 y�1 [15]. This included the four events identified at
that time. The hVT i, and hence the rates, are derived from a
set of assumed BBH populations. In O1, two distributions of
the primary mass — one uniform in the log and one a power
law p(m1) / m�↵1 with an index of ↵ = 2.3 — were used
as representative extremes. In both populations shown here,
the mass distribution cuts o↵ at a lower mass of 5 M�. The
mass distributions cut o↵ at a maximum mass of 50 M�. The
new cuto↵ is motivated both by more sophisticated modelling
of the mass spectrum [55] preferring maximum BH masses
much smaller than the previous limit of 100 M�, as well as as-
trophysical processes which are expected to truncate the dis-
tribution [136]. The BH spin distribution has magnitude uni-
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Binary systems
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Credit: SXS Collaboration



Strain at detector
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E. Porter - GR 22 / Amaldi 13, Valencia, Spain, July 7-12, 2019 

CBC Parameter Space
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GWTC-1 with EM
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EM Black Holes

EM Neutron Stars

LIGO-Virgo 
Neutron Stars

A binary black hole merger every few 
minutes somewhere in the universe



Open Data
• O1 strain data released in 2018; O2 strain data released in 

2019

• https://www.gw-openscience.org

• Six additional candidate BBH in O2 reported by IAS group 
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Venumadhav et al., New Binary Black Hole Mergers … , arXiv:1904.07214

https://www.gw-openscience.org


GW 170817
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Credit: NASA's Goddard Space Flight Center, Caltech/MIT/LIGO Lab



GW170817: Masses
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RNS = 11.9 km ± 1.4 km

 binary neutron star merger rate                                       
.∼ 1/Mpc3/Myr

https://doi.org/10.1103/PhysRevLett.119.161101


Explosion
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NGC4993
120 million light years

GW+GRB delay+distance:
|vgw − c |
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Expansion of Universe
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Observing run O3
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Livingston O2
Hanford O2

• Start: 1 April 2019 
• Break: Oct 2019 
• End: 30 April 2020

LIGO Hanford

LIGO Livingston

Virgo

This is first 6 months (O3a).
Second 6 months (O3b) is similar.



Observing run O3
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• Start: 1 April 2019 
• Break: Oct 2019 
• End: 30 April 2020

LIGO Hanford

LIGO Livingston

Virgo

1.5 × 106 Mpc3yr

This is first 6 months (O3a).
Second 6 months (O3b) is similar.



Low-latency Alerts in O3
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Observing run O3
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S190425z

S190707q

S190814bv

Sum of probabilities in each category
• ~35 BBH
• ~4.5 NSBH
• ~4.5 BNS
• ~3 Gap
• ~6 Terr

• No multi-messenger counterparts so far
https://emfollow.docs.ligo.org/userguide/



GW190425
• Most likely second binary neutron star

• Identified in single detector analysis

• Mass is outlier relative to Galactic population

 20

Abbott et al., GW190425: Observation of a Compact 
Binary Coalescence with Total Mass ~ 3.4 Msun,

 arXiv:2001.01761. To appear in ApJL



Publication Plans

• S190412m: Release in ~Mar/Apr 2020 

• S190521g: Release in ~Mar/Apr 2020

• S190814bv: Release ~Mar/Apr 2020

• GWTC-2: Release ~ April 2020

 21



2020s
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Observing runs
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LIGO-Virgo-KAGRA Collaborations, Prospects for Localizing Gravitational-wave Transients … , arXiv:1304.0670



aLIGO Design (O4)
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Credit: LIGO Laboratory /  A+ Team / D. Reitze

aLIGO desig
n

BNS: 173 Mpc, ~25/yr
BBH: 1607 Mpc, ~100/yr

A+



A+ (~2025)
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aLIGO desig
n

BNS: ~325 Mpc, ~150/yr
BBH: ~2563 Mpc, ~700/yr

A+



AdV+ (~2025)
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Transients 2020, Cape Town, February 5, 2020 17

O5:  AdV+ (circa 2025)
•Tuned signal recycling and HPL: 120 Mpc
•Frequency dependent squeezing: 150 Mpc
•Newtonian noise cancellation: 160 Mpc

•Larger mirrors (105 kg): 200-230 Mpc
•Improved coatings: 260-300 Mpc

Increase laser power, implement signal 
recycling, frequency dependent 
squeezing and Newtonian noise 
suppression

larger mirrors and better coatings 



IGWN 2030 and 
Beyond
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Voyager
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Transients 2020, Cape Town, February 5, 2020 19

BNS reach:   ~10x O2

BBH reach:  z~5

~10^4 binary coalescences per year

aLIGO with: 
Si optics, > 100 kg; 
Si or AlGaAs coatings; 
‘mildly’ Cryogenic; 
λ~2 µm, 300 W  

Long-term Future for current facilities:  Voyager
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Voyager: a next-gen detector in the ligo facilities
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Advanced ���� ���� Voyager

N. Smith and R. Adhkiari, Cold voyage, tech. rep. G1500312 (LIGO, 2015)

7 / 22

A concept under study for incremental 
performance improvement in the late 2020s

E. Hall

 

• Conceptual design 
for detectors in 
current facilities

• ~10,000 binary 
coalescences per 
day



3rd Generation (~2035)
• Cosmic Explorer

• NSF-funded US conceptual design study

• 40km surface observatory

• Stage 1 (~2035): extension of A+

• Stage 2 (~2045): cryogenic, new test masses, coatings, …

• Einstein Telescope

• European conceptual design study

• 10km, triangle, multi-detector, underground

• 10-15 year technology development

 29

Transients 2020, Cape Town, February 5, 2020 20

The 3rd Generation
~10^5 binary coalescences per year (circa 2035)

• European conceptual design study

• Multiple instruments in xylophone configuration 

• underground to reduce newtonian background

• 10 km arm length, in triangle.  

• Assumes 10-15 year technology development

• Site selection ~2023

Einstein Telescope

LHC

FCC

ET

Gravitational-wave International Committee, 3G Subcommittee
https://gwic.ligo.org/3Gsubcomm/documents.shtml

https://cosmicexplorer.org

http://www.et-gw.eu/

https://cosmicexplorer.org


Sensitivity to Binary Mergers

Credit: D. Reitze et al, arXiv:1903.04615
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Thank you!


