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Abstract

It is said that good things come in threes, and often “the third time is the charm”. We hope that
will hold true for the gravitational-wave detector network in various ways, and things are looking good so
far. I report on the first part of the O3 observing run, focusing on the operation of the Advanced LIGO
detectors and the searches for gravitational-wave signals which are being carried out. I also share the status
of near-term upgrades to the LIGO detectors and the construction of a third Advanced LIGO observatory,
in India. I end with a discussion of “third generation” (3G) gravitational-wave detector designs which are
currently being developed.

Key words: gravitational waves — LIGO — Virgo — multi-messenger astronomy

1. Introduction

In just a few years since gravitational waves (GWs) were
first directly detected (Abbott et al. 2016), GWs are ful-
filling their promise to provide unique insights for fun-
damental physics, astronomy and astrophysics. Thanks
to a series of upgrades and systematic noise reduction
efforts, the Advanced LIGO detectors (Aasi et at. 2015)
in the United States and the Advanced Virgo detector in
Italy (Acernese et al. 2015), which use laser interferome-
try to measure the tensor spacetime distortions of GWs
sweeping through them, have reached sensitivity levels of
∼ 10−23 Hz−1/2 (amplitude spectral density) for frequen-
cies around 100 Hz. They form the core of a growing net-
work of advanced GW detectors around the world. This
article will focus on Advanced LIGO (aLIGO) and future
detectors; more about Advanced Virgo may be found in
the article by M. Branchesi in these proceedings.

As of this writing, aLIGO has completed two observing
runs (O1, from 12 September 2015 to 19 January 2016,
and O2, from 30 November 2016 to 25 August 2017)
and its third (O3, which began on 1 April 2019) is in
progress. Virgo joined LIGO for the last month of the
O2 run and is a full partner for O3 and onward. LIGO
and Virgo data from the O1 and O2 runs, along with
data analysis tutorials and software, can be downloaded
from the Gravitational Wave Open Science Center1.

*1 https://www.gw-openscience.org

2. Discoveries and other results from O1 and O2

Analysis of the full O1 and O2 data by the LIGO
Scientific Collaboration (LSC) and Virgo Collaboration
yielded ten confidently-detected binary black hole (BBH)
mergers plus one binary neutron star (BNS) merger. The
properties of all of these events have been published in
the GWTC-1 catalog (Abbott et al. 2019a), and some
characteristics of the population of merging BBHs are
starting to appear (Abbott et al. 2019b). Individual
component masses are not very well measured—the GW
signal is largely determined by the total mass for high-
mass mergers or the “chirp mass” combination for low-
mass mergers—but all ten events are consistent with be-
ing equal-mass binaries (or nearly so), and the distribu-
tion seems to end at ∼ 50 M� on the high end, matching
the general expectation of a “mass gap” due to (pulsa-
tional) pair-instability supernovae (Woosley 2017). At
the low end, all black hole (BH) components detected so
far have mass & 5 M�.

Along with masses, BH spins can help distinguish
among various possible formation pathways for merging
BBH systems. The GW data provide limited informa-
tion about individual component spins since the wave-
form depends predominantly on a single “effective spin”
parameter, χeff , which is the mass-weighted linear com-
bination of the spin vectors projected onto the orbital
axis. Two of the GWTC-1 BBH events, GW151226 and
GW170729, have χeff values differing from zero; the rest
are all consistent with zero within the measurement un-
certainties.



The BNS merger GW170817 was a momentous event
for multimessenger astronomy. The remarkably strong
signal in the GW data (Abbott et al. 2017a) was fol-
lowed ∼ 2 seconds later by a short gamma-ray burst
(GRB) detected by the Fermi and INTEGRAL space-
craft (Abbott et al. 2017b) and localized using the GW
data to a 31 deg2 region within ∼ 4.5 hours (after work-
ing around a glitch in the LIGO-Livingston data). Op-
tical astronomers searched the region and located a dis-
tinctive transient (see Abbott et al. (2017c) and refer-
ences therein) which was confirmed as the counterpart,
located in the galaxy NGC 4993. Intensive observa-
tions of its UV/optical/infrared light curves (for exam-
ple, Drout et al. (2017)) matched models of “kilonova”
thermal emission from ejected material heated by the de-
cay of r-process elements formed in the merger. Further-
more, afterglow emission was observed in X-rays and ra-
dio with a slow onset, a peak after ∼ 4 months, and then
gradual fading (see, for example, Troja et al. (2019)).
These multiwavelength observations, and others, fit with
the picture that a relativistic jet was generated from the
merger remnant somewhat off-axis to our line of sight.

The GWTC-1 catalog also includes a list of marginal
candidates. Additional binary merger events or candi-
dates have been reported by other groups who have an-
alyzed the O1 and O2 data (for example, Zackay et al.
(2019); Venumadhav et al. (2019); Nitz et al. (2019)).
The LSC and Virgo have also searched for many other
types of GW signals, including multi-messenger searches
for GW signals associated with GRBs (besides 170817A),
magnetar flares, and nearby core-collapse supernovae;
sub-solar-mass and very-high-mass binary mergers; more
general GW bursts; quasiperiodic GW signals from ro-
tating neutron stars; and a stochastic GW background.

The LSC and Virgo have used the detected events to
perform various tests of general relativity (GR); see, for
example, Abbott et al. (2019c). These include compar-
ing the speed of gravitational waves against the speed of
light, placing an upper limit on the mass of the gravi-
ton, testing for deviations of the inspiral waveform due
to dipole gravitational radiation or other non-GR effects,
and constraining the presence of alternative GW polar-
ization states. So far, all results have been consistent
with GR, within uncertainties.

3. LIGO in the O3 observing run

The end of the O2 run was followed by about 1.5 years
of work to make the LIGO detectors better. For exmple,
test masses and reaction masses were replaced, “acous-
tic mode” dampers were affixed to test masses, work
was done to mitigate scattered light, the lasers were up-
graded, and squeezed light sources were installed and
commissioned at both sites. These efforts resulted in
substantially better sensitivity for both LIGO detectors,

increasing the “BNS range” figure-of-merit distances
(angle-averaged, signal-to-noise ratio of 8) to around 135
Mpc at LIGO-Livingston at 110 Mpc at LIGO-Hanford
(Buikema et al. 2020). These ranges are ∼ 30 to 40%
greater than achieved in O1/O2, corresponding to a fac-
tor of ∼ 2.5 in reachable volume and event detection
rate.

Low-latency search pipelines analyze LIGO and Virgo
data as it is collected. During O3, four pipelines (Gst-
LAL, MBTAOnline, PyCBC Live and SPIIR) are us-
ing matched filtering to search for compact binary co-
alescence (CBC) signals, while one pipeline (coherent
WaveBurst) searches for general GW burst signals. Each
pipeline assesses the significance of any signal candidate,
assigning it a false alarm rate (FAR) based on empiri-
cally measured noise properties. Candidates passing a
FAR threshold and basic data quality checks are an-
nounced publicly, typically with an automated prelim-
inary notice within minutes followed by a confirmation
(or retraction) within tens of minutes. Details about
LSC-Virgo low-latency searches and alerts may be found
in the Public Alerts User Guide2. Candidate information
can also be retrieved from the GraceDB database3. In
the first half of the O3 run (called O3a, through 1 Octo-
ber 2019), 33 candidate alerts were issued, not counting
candidates which were announced and then retracted.
Among the 33, 21 were classified as BBH and nearly all
of these are assessed to have a high probability of being
real. The other 12 were classified as likely or possible
BNS, NS-BH (neutron-star-black-hole), or “MassGap”
(defined as having at least one component mass between
3 and 5 M�). It is important to keep in mind, though,
that the initial searches focus on detection, not param-
eter estimation, and source classifications are subject to
revision after detailed offline study.

LIGO duty factors during O3a were 71% for LIGO-
Hanford and 76% for LIGO-Livingston, with a coincident
duty factor of 59%. The O3 run was paused during the
month of October 2019 to do some mid-run maintenance
and commissioning work. The average LIGO-Hanford
sensitivity has improved somewhat, and O3b is scheduled
to run through April 2020.

4. Next steps for LIGO

The aLIGO detectors are not yet operating at their
full design sensitivity; more commissioning is needed
to address the remaining noise contributions that are
limiting their sensitivity. The work period after O3
will include upgrading the lasers (doubling their power)
and replacing some of the large mirrors, plus numer-
ous smaller technical improvements and vacuum system
maintenance.

*2 https://emfollow.docs.ligo.org/userguide/index.html

*3 https://gracedb.ligo.org/superevents/public/O3/



In parallel, upgrades to the aLIGO detectors are be-
ing prepared to enable even better sensitivities. Strategic
design improvements have been collected into the “A+”
(Advanced LIGO Plus) upgrade project, which has re-
ceived major funding from the U.S. National Science
Foundation (NSF), U.K. Research & Innovation / STFC,
and the Australian Research Council. The A+ project
addresses the quantum and thermal noise effects that
limit LIGO sensitivity. Major areas of improvement are:
add long “filter cavities” to provide frequency-dependent
squeezing, reducing quantum noise at both high and low
frequencies (Evans et al. 2013); improve mirror coatings
on the large test masses to reduce thermal noise; install
new optical components to reduce losses at high power;
and implement balanced homodyne readout (Fritschel
et al. 2014). Full realization of A+ improvements is ex-
pected to increase the detection rate of GW events by a
factor of ∼ 5 overall, and a bit more for BNS mergers.

The projected run schedule for the next few years has
an O4 observing run starting around the beginning of
2022 and an O5 run beginning in late 2024 or in 2025,
both coordinated with Virgo and the Japanese detector
KAGRA (Abbott et al. 2020). Some A+ components
will be installed prior to O4 and used during that run,
while the remaining tasks will be completed prior to O5.
After installing all A+ components, it may take some
time to tune things up for full sensitivity.

5. The 3rd LIGO detector: LIGO-India

The Advanced LIGO project enabled the fabrication of
three Advanced detectors, initially with the idea that two
of them would be co-located at LIGO-Hanford, as in the
initial LIGO project. However, around the time aLIGO
was funded, it was realized that the third detector could
have significantly more value if located at a separate ob-
servatory elsewhere on Earth in order to provide better
localization of GW sources and robustness against local
environmental disturbances. After an attempt to build
support for a LIGO observatory in Australia, a group
of Indian scientists formed a consortium, IndIGO, and
proposed that India could build and operate the third
observatory. The proposal was conditionally approved
by the U.S. NSF and National Science Board in 2012,
and formalized with the Indian government and lead in-
stitutions in 2016.

The procured and fabricated components of the third
aLIGO detector are currently in storage, waiting to be
shipped to India and installed at the appropriate time.
Meanwhile, a vibrant community of GW scientists and
facility support agencies has been established in India
and is still growing.

The site for the LIGO-India observatory4 has been
selected, in the Hingoli district of the state of Maha-

*4 http://www.ligo-india.in/

rashtra, and the land has been acquired. The region of
cental India in which it is situated features low seismic
noise, favorable for stable operation of the detector. In-
frastructure (electric power, water, housing for staff) has
been arranged and ground should soon be broken for the
observatory buildings. The project timeline anticipates
that the observatory will be operational in 2025 as an
Advanced LIGO detector with A+ upgrades, matching
the LIGO-Livingston and LIGO-Hanford observatories.

Each additional GW detector in the network supplies
another measurement of arrival time and polarization
projection of an incoming GW signal. The addition of
KAGRA will improve GW event reconstruction and lo-
calization in the next few years, but LIGO-India will
improve it further and make the reconstruction quality
more uniform over the sky (Fairhurst 2018; Pankow et
al. 2019; Abbott et al. 2020). A less-recognized bene-
fit of LIGO-India as the fifth detector in the network
is to signifcantly increase the fraction of the time when
there are 4 or 3 sensitive detectors operating. For ex-
ample, if each observatory has a duty cycle of 80%, then
a four-detector network will have all four operating only
(0.8)4 = 41% of the time; in contrast, a five-detector net-
work will have four or more operating 74% of the time,
significantly improving the operational efficiency of the
network for identifying well-localized events.

6. Development of 3rd-generation GW detectors

With decades of experience from LIGO, Virgo, GEO600
and various prototype facilities, we understand the limi-
tations of the current facilities and detectors rather well.
Although instrumentation improvements at the existing
observatories are still possible (Adhikari et al. 2019), we
can gain immensely by increasing the arm lengths since
the reachable volume of space scales as the inverse cube
of strain sensitivity. Reducing noise at low frequencies
is also a priority to gain signal-to-noise ratio for binary
mergers, especially for redshifted signals.

These considerations have led leaders in the field to
envision facilities which can enormously increase the
number of compact binary mergers detected; provide
samples of “loud” signals measured with very high fi-
delity; greatly improve tests of cosmology and fundamen-
tal physics; trace the cosmic evolution of compact binary
mergers, inferring their origins and evolution; and search
more deeply for signals other than binary mergers such
as spinning neutron stars, core-collapse supernovae, and
the stochastic GW background.

A global initiative is now underway to design, study,
and build support for such facilities. Major efforts in
Europe and the U.S. are being coordinated to some de-
gree by the Gravitational Wave International Committee
(GWIC) and its 3G Subcommittee5. All parties want to

*5 https://gwic.ligo.org/3Gsubcomm/



maximize the value of the worldwide investment in GW
detection, which involves collecting and analyzing data
together. The current effort builds on a base of funded
conceptual design studies and detector R&D, with more
recent focus on solidifying the science case, roadmap and
project planning. Several white papers have been writ-
ten recently6 with science case and project overviews,
considering the merits of individual facilities as well as
their role in a future (likely heterogeneous) network of
operating GW facilities.

The major European vision, called Einstein Telescope,
has been under study for over a decade (Punturo et al.
2019). It consists of an underground, triangular design
with 10 km arms, ultimately to house three pairs of in-
terferometers, with low- and high-frequency interferom-
eters working in tandem to broaden the sensitive range
of the detector. Two European sites are currently under
consideration for the location of the facility.

The U.S.-led concept, Cosmic Explorer, foresees an L-
shaped detector on the Earth’s surface with arms up to
40 km long (Abbott et al. 2017d). Following a staged
approach, it will leverage “Voyager” technology develop-
ments (Adhikari et al. 2020) including longer-wavelength
infrared lasers and higher-mass silicon mirrors operating
in a cryogenic environment.

While LIGO and Virgo are exploring the nearby uni-
verse, 3G detectors will have cosmological reach. At the
full envisioned sensitivity, Cosmic Explorer will be able
to detect BNS mergers out to redshift of ∼ 10 and BBH
mergers with total mass 10 M� out to redshift ∼ 100
(Sathyaprakash et al. 2019); Einstein Telescope will have
similar reach for systems with masses about a factor of 2
higher. This sensitivity will allow 3G detectors to sam-
ple essentially all stellar-mass binary mergers in the uni-
verse, measuring the evolution of their rate and proper-
ties over cosmic time (Reitze et al. 2019).

7. Summary and Outlook

The O3 observing run, currently underway, is living up
to expectations. Detector sensitivities are significantly
better than O1/O2, and we are identifying more than one
decent event candidate per week, on average, including
some BNS and NS-BH candidates. We are prepared and
hoping for one or more multi-messenger discoveries in
O3, perhaps like GW170817, but will have to see what
nature gives us.

Construction of the 3rd Advanced LIGO observatory,
in India, is on track. The site has been chosen, land ac-
quired, and infrastructure is being built up. LIGO-India
will be a valuable addition to the global GW detector
network.

*6 See https://gwic.ligo.org/3Gsubcomm/documents.shtml and

Maggiore et al., arXiv:1912.02622

3G (third-generation) GW detectors are firmly in our
future plans. Order-of-magnitude better strain sensitivi-
ties are feasible, and the science case is very strong. The
outlook for gravitational-wave science in the 2030s is ex-
tremely promising!
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