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90 compact binary coalescences observed


‣What have we learned from these observations?


‣What else have we looked for and learned?

Fourth Observing Run (O4) planned to start on May 24


‣What is happening in preparation for this run?

[Detectors are covered in the talks after this one] 
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it was argued the smallest they might be 

is 1 billionth of the neutron star radius.. if 

that was scaled up to the size of the Earth 

it would be about as high as a pea. If neu-

tron stars are really that round their grav-

itational waves would be out of reach of 

our detectors for many years to come. 

Why is it important to make predic-

tions on what we expect to observe?

Michela: Predictions are essential to get 

ready for what we are going to observe 

and to optimize our analysis tools. Let’s 

take the first BBH, GW150914: if nobody 

would have predicted the existence of 

black holes with mass larger than 30 solar 

masses, we might have missed the clue to 

analyze and interpret these terrific data.

axies. With one year of observation time, 

that’s only a 0.02–0.03 chance of it even 

happening. The payoff would be incred-

ible though, if astronomers found the 

electromagnetic signal — if it wasn’t hid-

den behind our dusty galactic plane — it 

could be even bigger than GW170817!

Tom: And don’t forget neutrinos — a su-

pernova gives off way more of them than 

any other type of radiation, including 

light. If one goes off anywhere near our 

galaxy, neutrino detectors might be the 

first to know. 

We haven’t really mentioned long-lived 

gravitational-wave sources yet: continu-

ous waves, for instance. These originate 

Gravitational wave signals can be classi!ed into short duration, such as binary mergers and burst events (e.g. supernova) and long duration, such 

as continuous waves from rotating neutron stars and the stochastic background of gravitational waves. They can also be classi!ed in terms of 

“modeled” and “unmodeled” based on how well our astrophysical theories can predict the signal. 

from rapidly-spinning neutron stars that 

can give off gravitational radiation for 

millions of years. Unlike the binary neu-

tron star, GW170817, these neutron stars 

are not colliding and merging with each 

other; they’re just sitting around in space 

and rotating steadily. Because of the ri-

diculous high density of neutron stars  

—  they have more mass than the Sun 

compressed into just a few tens of kilo-

meters  — they have been considered a 

likely detectable source. The one catch is 

that if a neutron star is perfectly round 

(symmetric about its rotation axis) it just 

doesn’t emit any gravitational waves. To 

detect them, we need the neutron stars 

to have mountains.. but no-one knows 

how high these mountains are. Recently 
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OBSERVING RUNS 

• O1: 2015–2016

• O2: 2016–2017

• O3: 2019–2020


Most are binary black 
holes (BBHs)


Some are neutron star–
black hole binaries 
(NSBHs)


Two are binary neutron 
stars (BNSs)

Observing Runs and Gravitational-Wave Transient Catalog Releases
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[arXiv:2111.03606]

CATALOG RELEASES 

• GWTC-1 (O1+O2) 
arXiv:1811.12907


• GWTC-2 (O3a) 
arXiv:2010.14527 
youtu.be/nJD3DAaEkxs


• GWTC-2.1 (O3a) 
arXiv:2108.01045 
youtu.be/tD36nX_rzic 

• GWTC-3 (O3b) 
arXiv:2111.03606 
youtu.be/MUyOVX1HqB8
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GW candidates during O3 was enabled by the improved
sensitivity of the detector network. A conventional mea-
sure of sensitivity is the binary neutron star (BNS) inspi-
ral range, which quantifies the average distance at which
a fiducial 1.4M� + 1.4M� BNS could be detected with a
signal-to-noise ratio (SNR) of 8 [20–22]. During O3b the
median BNS inspiral range for LIGO Livingston, LIGO
Hanford and Virgo was 133 Mpc, 115 Mpc and 51 Mpc,
respectively. In Fig. 1 we show the growth in the num-
ber of candidates in the LVK catalog across observing
runs. Here, the search sensitivity is quantified by the
BNS time–volume, which should be approximately pro-
portional to the number of detections [3]. This is defined
as the observing time multiplied by the Euclidean sen-
sitive volume for the detector network [22]. For O1 and
O2, the observing time includes periods when at least
two detectors were observing, and the Euclidean sensi-
tive volume is the volume of a sphere with a radius equal
to the BNS inspiral range of the second most sensitive
detector in the network. For O3, to account for the po-
tential of single-detector triggers, the observing time also
includes periods when only one detector was observing,
and the radius of the Euclidean sensitive volume is the
greater of either (i) the BNS inspiral range of the second
most sensitive detector, or (ii) the BNS inspiral range of
the most sensitive detector divided by 1.5 (correspond-
ing to a SNR threshold of 12) [3]. As the sensitivity of
the detector network improves [23], the rate of discovery
increases.

Further searches for GW transients in O3b data have
been conducted focusing on: intermediate-mass black
hole (IMBH) binaries (with a component & 65M� and a
final BH & 100M�) [24], signals coincident with gamma-
ray bursts [25], cosmic strings [26], and both minimally
modeled short-duration (. O(1) s, such as from super-
novae explosions) [27] and long-duration (& O(1) s, such
as from deformed magnetars or from accretion-disk insta-
bilities) [28] signals. However, no high-significance can-
didates for types of signals other than the CBCs reported
here have yet been found.

We begin with an overview of the status of the Ad-
vanced LIGO and Advanced Virgo detectors during O3b
(Sec. II), and the properties and quality of the data used
in the analyses (Sec. III). We report the significance of
the candidates identified by template-based and mini-
mally modeled search analyses, and compare this set of
candidates to the low-latency public GW alerts issued
during O3b (Sec. IV). We describe the inferred astro-
physical parameters for the O3b candidates (Sec. V). Fi-
nally, we show the consistency of reconstructed wave-
forms with those expected for CBCs (Sec. VI). In the
Appendices, we review public alerts and their multimes-
senger follow-up (Appendix A); we describe commission-
ing of the observatories for O3b (Appendix B); we de-
tail data-analysis methods used to assess data quality
(Appendix C), search for signals (Appendix D) and in-
fer source properties (Appendix E), and we discuss the
di�culties in assuming a source type when performing a
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Figure 1. The number of CBC detection candidates with
a probability of astrophysical origin pastro > 0.5 versus the
detector network’s e↵ective surveyed time–volume for BNS
coalescences [3]. The colored bands indicate the di↵erent ob-
serving runs. The final data sets for O1, O2, O3a and O3b
consist of 49.4 days, 124.4 days, 149.8 days (177.2 days) and
125.5 days (142.0 days) with at least two detectors (one de-
tector) observing, respectively. The cumulative number of
probable candidates is indicated by the solid black line, while
the blue line, dark blue band and light blue band are the me-
dian, 50% confidence interval and 90% confidence interval for
a Poisson distribution fit to the number of candidates at the
end of O3b.

minimally modeled search analyses (Appendix F). A data
release associated with this catalog is available from the
Gravitational Wave Open Science Center (GWOSC) [29];
this includes calibrated strain time-series around signif-
icant candidates, detection-pipeline results, parameter-
estimation posterior samples, source localizations, and
tables of inferred source parameters.

II. INSTRUMENTS

The Advanced LIGO [1] and Advanced Virgo [2] in-
struments are kilometer-scale laser interferometers [30–
32]. The advanced generation of interferometers be-
gan operations in 2015, and observing periods have
been alternated with commissioning periods [23]. After
O1 [13, 33] and O2 [14], the sensitivity of the interfer-
ometers has improved significantly [3, 34]. The main im-
provements were the adjustment of in-vacuum squeezed-
light sources, or squeezers, for the LIGO Hanford and
LIGO Livingston interferometers and the increase of the
laser power in the Virgo interferometer. The instrumen-
tal changes leading to improved sensitivities during O3b

GWTC-3 CBC candidates with p-astro > 0.5

http://youtu.be/nJD3DAaEkxs
http://youtu.be/tD36nX_rzic
http://youtu.be/MUyOVX1HqB8


35 events with p-astro > 0.5


3 NSBH (or potential NSBH) 
+ GW200105 


3 marginal candidates with 
identified instrumental origin 
(including unmodeled search 
only event 200214) 


2 single detector 
candidates + GW200105

GWTC-3 Candidate List

4Gareth Cabourn Davies, University of Portsmouth
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Mass Distribution of Binary Black Holes

5

15

FIG. 1. New observations since Gravitational Wave Transient Catalog 2 (GWTC-2). The measured properties of new
CBC candidates announced since GWTC-2 with FAR< 1/yr and reported parameters (blue shaded regions), compared to
the expected population of detected BBHs (black contours) as inferred from past analysis of GWTC-2 with the same FAR
threshold [25]. The left hand plot shows the inferred primary mass m1 and mass ratio q; the center plot shows the e↵ective
spin �e↵ and chirp mass M and the right plot shows redshift z and primary mass. The least-massive sources in this sample
include NSBH events GW200105 and GW200115.

FIG. 2. Illustrating substructure in the chirp mass distribution for BBH (with FAR < 1 yr�1, excluding GW190814, as in
Sec. VI). Top The individual-event observations versus chirp mass (grey) and an inferred distribution of the observed chirp
mass distribution (black solid) using an adaptive kernel density estimator [42, 43]. The kernel bandwidth is optimized for the
local event density and a 90% confidence interval (black dashed) is obtained by bootstrapping [44]. Bottom The solid curve is
the predicted chirp mass distribution obtained using the flexible mixture model framework (FM); see Sec. III for details. The
distribution shows three clusters at low masses and a lack of mergers in the chirp-mass range 10 � 12M�.

Observed

Predicted

• Highly significant structure in the 
chirp mass distribution


• Localized peaks in the component 
mass distribution, e.g., overdensities 
in the merger rate as a function of the 
primary mass when compared to a 
power law and 


• Inconclusive evidence for upper 
mass gap


• No evidence that mass varies with 
redshift, but BBH merger rate is 
observed to increase with redshift as 

, where 

10+0.29
−0.59 M⊙ 35+1.7

−2.9 M⊙

(1 + z)κ κ = 2.9+1.7
−1.8

[AbboM et al.,  Phys. Rev. X 13, 011048 (2023)]



Neutron Star Mass Distribution
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FIG. 7. Inferred neutron star mass distribution. The me-
dian mass distribution (solid) and 90% credible interval (shad-
ing) inferred for the Power (respectively, Peak) population
model is shown in blue (orange), as compared to the mass
distribution of NSs in Galactic BNSs [41] (dot-dashed black)
and the mass distribution of all Galactic NSs [142] (solid
black). The inferred gravitational-wave population has a
greater prevalence of high-mass NSs. The inset shows the pos-
terior distribution for the maximum mass in the NS popula-
tion for both models, as compared to the Galactic mmax. The
EOS-informed mmax prior, which is proportional to the cumu-
lative distribution function of Mmax,TOV, is also shown in the
inset (dashed). It enforces m  Mmax,TOV using the max-
imum Tolman-Oppenheimer-Volko↵ mass estimate from [9].
The maximum mass in the gravitational-wave population is
as large as Mmax,TOV within statistical uncertainties.

to 3 M�, where the prior truncates and the models’ fixed
BH mass distribution begins. The inferred NS mass dis-
tributions with GW190814 are similar, but flatter and
broader, than those depicted in Fig. 7.

To test whether GW190814 hails from the same
population as GW170817, GW190425, GW200105 and
GW200115, we examine the Peak model’s posterior
predictive distribution for secondary masses with and
without GW190814 in the event list. Figure 8 com-
pares GW190814’s measured m2 = 2.59+0.08

�0.09M� against
the prediction for the largest observed secondary mass,
max5(m2), after two BNS observations and three NSBH
observations. That is, we draw two pairs of masses from
the posterior predictive distribution for BNSs and three
secondary masses from the posterior predictive distribu-
tion for NSBHs, take the largest of the five secondaries,
and build up the plotted distributions by performing this
procedure repeatedly. The probability of observing a sec-
ondary mass at least as large as the mean of GW190814’s

m2 in the population is only 0.2% according to the Peak
model fit that excludes GW190814. (We characterize
GW190814’s m2 by its mean, since it is measured so pre-
cisely.) The equivalent probability relative to the Peak
model fit that includes GW190814 is 3.3%; we expect a
rigorous, fully self-consistent calculation of a p-value to
lie between these two numbers [145]. Hence, GW190814’s
secondary component is an outlier from the secondaries
in BNS and NSBH systems. In the next section, we also
establish GW190814 as an outlier from the BBH popu-
lation observed in gravitational waves, corroborating our
previous analysis [11]. These findings reinforce that it
represents a distinct subpopulation of merging compact
binaries.

FIG. 8. Comparison between GW190814’s secondary com-
ponent and the largest secondary mass in the observed BNS
and NSBH population. The Peak model is fit to the popula-
tion including (respectively, excluding) GW190814. The pre-
dicted distribution of the largest secondary mass, max5(m2),
observed after five detections—two BNSs and three NSBHs—
is shown in orange (blue). The shaded region represents the
90% credible interval of the posterior distribution for the mass
of GW190814’s secondary component. GW190814’s m2 is a
0.2%-level outlier from the rest of the observed population of
NS secondaries.

VI. MASS DISTRIBUTION OF BLACK HOLES
IN BINARIES

We find two key new conclusions about the black hole
mass distribution using the GWTC-3 dataset to infer a
population: that the mass distribution has a substruc-
ture, reflected in clustering of detected events, and that
observations are consistent with a continuous, monoton-
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• No support for mass distribution with a pronounced 
single peak


• Neutron stars as heavy as the equation of state can 
support can end up in merging compact binaries


• Maximum mass:  ( ) vs 
 inferred from the Galactic neutron stars


• These medians are shifted by  when 
GW190814 is folded in the analysis and an upper 
bound on the neutron star mass is not enforced

2.0+0.3
−0.3 M⊙ 2.0+0.2

−0.2 M⊙
2.2+0.8

−0.2 M⊙

0.7 − 0.8 M⊙

[AbboM et al.,  Phys. Rev. X 13, 011048 (2023)]



Forecast of Astrophysical GW Background Due to Binary Mergers
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FIG. 23. Forecast of astrophysical gravitational-wave background due to binary mergers following O3. (Left): The individual
contributions expected from BNS, NSBH and BBH mergers. While uncertainties on the energy-density due to BNS and NSBH
are due to Poisson uncertainties in their merger rates, our forecast for the stochastic background due to BBHs additionally
includes systematic uncertainties associated with their imperfectly known mass distribution. (Right): Estimate of the total
gravitational-wave background (blue), as well as our experimental current sensitivity (solid black) [172, 313]. For comparison,
we additionally show the expected sensitivities of the LIGO-Virgo network at design sensitivity, as well as that of LIGO’s
anticipated “A+” configuraton.

Analyses presented in our previous work [11] and in a
companion paper [316] employ coarse-grained models for
the BBH population, smoothing over some of the sub-
tle features identified above. We find that these coarse-
grained models draw similar conclusions on current data
as our previous studies; see Sec. VIA. Applications that
focus on large-scale features of the mass distribution (e.g.,
the stochastic background, as described in Sec. X) only
require these coarse-grained results. Nonetheless, the
mass distribution remains a critical source of systematic
uncertainty in any merger rate integrated over any mass
interval, particularly in mass intervals with few observa-
tions. We specifically find the BNS and NSBH merger
rates exhibit considerable uncertainty in the mass dis-
tribution, with relative merger rate errors within (and
between) models far in excess of the expected statisti-
cal The Poisson error associated with the count of these
events. These systematics propagate directly into our
most conservative estimates for their merger rates.

The next GW survey could have a BNS detection range
increased by approximately 15–40% [317]. Even without
allowing for increased merger rates at higher redshift,
the next survey should identify roughly 3 times more
events of each class then used in this study, including
several new events from the BNS and BHNS category.
We continuously revise our assessment of future observ-
ing prospects [317].
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• Left: individual contributions expected from BNS, NSBH and BBH mergers. Uncertainties on the energy-
density due to BNS and NSBH are due to Poisson uncertainties in their rates, while the BBH forecast also 
includes systematic uncertainties associated with their imperfectly known mass distribution


• Right: estimate of the total GW background (blue)



Continuous Waves
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• Upper limits were obtained in a multitude of searches for continuous GWs


‣ Targeted searches: known frequency evolution and sky location (e.g., pulsars) 


‣ Narrow-band searches: known sky location, search over a small frequency band


‣ Directed searches: known location (e.g., supernova remnant, Galactic Center), unknown frequency 
evolution, (some) unknown binary parameters 


‣ All-sky (or blind) searches: unknown location, frequency evolution, binary parameters 


• The outlook for the first detection of continuous GWs is highly uncertain, mostly due to large uncertainties 
on expected non-axisymmetries


‣When detections are made they will likely provide persistent sources (unlike the transient ones 
discussed so far) that can be studied with increasing precision for decades



Continuous Waves: Targeted Search Results

10
[AbboM et al.,  ApJ 935, 1 (2022)]

restricted prior search, the results are shown in parentheses next
to the unrestricted results.

The Crab pulsar is of interest due to its high spin-down
luminosity. For the single-harmonic Bayesian analysis and with
the glitch accounted for by a phase offset, its upper limit as a
fraction of the spin-down limit is only 0.0094(0.0085) meaning

that GWs contribute to less than 0.009% of the available spin-
down luminosity. This is consistent with previous studies that
also surpassed the spin-down limit (Abbott et al. 2019b, 2017b).
Its h0

95% upper limit was found to be 1.3(1.2)× 10−26. With a
distance of 2 kpc and period derivative of 4.2× 10−13 s s−1, the
upper limits on the mass quadrupole and ellipticity were
calculated to be = ´( )Q 5.6 5.0 1022

95% 32 kg m2 and
ε95%= 7.2(6.5)× 10−6. The base-10 logarithm of the Bayesian
odds for this analysis favoring a coherent signal over incoherent
noise is −2.6(−2.7).
The Vela pulsar also has a very high spin-down luminosity

and is considered another source of interest. Unlike the Crab
pulsar, the Vela pulsar did not experience any glitches over the
course of this analysis. In the single-harmonic Bayesian
analysis, the spin-down limit was surpassed with a ratio of
0.052(0.051), with = ´ -( )h 1.8 1.7 100

95% 25. This ratio
corresponds to a maximum of 0.27% of the spin-down
luminosity being emitted by GWs. The previous known pulsar
search by Abbott et al. (2019b) found the spin-down ratio to be
0.042 with = ´ -h 1.4 100

95% 25, which is lower than in this
analysis. This is due to significant noise in the LIGO Hanford
detector at twice Vela’s rotational frequency, with an angular
sensing control dither line being the most likely culprit.322

Figure 2. Upper limits on h0 for the 236 pulsars in this analysis using the time-domain Bayesian method. The stars show 95% credible upper limits on the amplitudes
of h0. Gray triangles represent the spin-down limits for each pulsar (based on the distance measurement stated in Table 3 and assuming the canonical moment of
inertia). For those pulsars that surpass their spin-down limits, their results are plotted within shaded circles. The pink curve gives an estimate of the expected strain
sensitivity of all three detectors combined during the course of O3. The highlighted pulsars are those with the best h0, Q22, and spin-down ratio out of the pulsars that
surpassed their spin-down limit, as well as the best h0 limit out of the whole sample. The Vela pulsar is highlighted, and the pulsar J0537−6910 upper and spin-down
limits calculated in Abbott et al. (2021c) are also included for completeness.

Figure 3. A histogram of the spin-down ratio for all pulsars for which a spin-
down ratio was calculated.

322 This contamination was removed for the final third of O3, although its
presence at earlier times still has a detrimental effect on the result.

22

The Astrophysical Journal, 935:1 (33pp), 2022 August 10 Abbott et al.

• 95% credible upper limits from targeted 
searches for 236 known pulsars


• Best strain upper limit 


• Benchmark: indirect upper limit on strain by 
ascribing to GW emission all rotational 
kinetic energy loss inferred from frequency 
spin-down


• In 23 cases, direct upper limits are more 
stringent than this benchmark

∼ 5 ⋅ 10−27



Continuous Waves: Directed Search Results for Scorpius X-1
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[AbboM et al., ApJL 941, L30 (2022)]

where 0.1 X 1 is a phenomenological parameter that
encodes the uncertainty in the truncation radius of the disk.
Using the mass accretion rate of Sco X-1 inferred from X-ray
observations (Watts et al. 2008), along with B= 108 G
and X= 1, gives an Alfvén radius of rA≈ 49 km, which

is used to generate the curve in Figure 7. We also consider one
of the parameterized models of Glampedakis & Suvorov
(2021), which encompass a wide range of physics and can
successfully fit spin-up episodes in a number of observed
LMXBs. In particular, for illustrative purposes, we use their

Figure 6. Upper limits from directed searches in advanced LIGO data. Top: upper limit on h0, after marginalizing over NS spin inclination ι, assuming an isotropic
prior. The dashed line shows the nominal expected level assuming torque balance (Equation (5)) as a function of GW frequency. Bottom: upper limit on h0

eff , defined
in Equation (2). This is equivalent to the upper limit on h0 assuming circular polarization. (Note that the marginalized upper limit in the top panel is dominated by
linear polarization and so is a factor of almost 8 higher). The blue dotted–dashed line (labeled as “tb w/ι = 44°”) corresponds to the assumption that the NS spin is
aligned to the most likely orbital angular momentum and ι ≈ i ≈ 44° (see Table 1). The blue diagonal bands show h0

eff levels corresponding to the torque balance h0 in
the top panel. The darker-shaded band corresponds (5th to 95th percentiles) to a Gaussian distribution with mean and standard deviation corresponding to
ι = 44° ± 6°, as used in Zhang et al. (2021). Finally, the lighter-shaded band shows the full range of possible h0

eff values corresponding to torque balance, with
circular polarization at the top and linear polarization on the bottom. For comparison with the “CrossCorr O3” results presented in this paper, we show in the top panel
the isotropic marginalized limits from the previous cross-correlation searches in Abbott et al. (2017c) (“CrossCorr O1”) and Zhang et al. (2021) (“CrossCorr O2”). In
the bottom panel we include the limits assuming circular polarization from other searches of O3 data: “Radiometer O3” is the narrowband radiometer analysis of
Abbott et al. (2021a), which used data from Advanced LIGO’s first three observing runs, and “Viterbi O3” is the analysis of Abbott et al. (2022a) using a hidden
Markov model.

16

The Astrophysical Journal Letters, 941:L30 (19pp), 2022 December 20 Abbott et al.

• Scorpius X-1 is a low-mass X-ray binary 
system undergoing accretion


• Strain upper limit after marginalizing 
over spin inclination, assuming an 
isotropic prior


•  as the spin frequency is 
unknown, and orbital parameters have 
substantial uncertainties


• Benchmark: equate the angular 
momentum lost to GW emission and 
that gained from accretion (torque 
balance strain limit vs. frequency)

∼ 10−25



Public Data is also an Achievement
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T. Venumadhav, B. Zackay, J. Roulet, L. Dai, and M. Zaldarriaga, New Binary Black Hole Mergers in the Second Observing 
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B. Zackay, T. Venumadhav, L. Dai, J. Roulet, and M. Zaldarriaga, Highly Spinning and Aligned Binary Black Hole Merger in 
the Advanced LIGO First Observing Run, Phys. Rev. D 100, 023007 (2019)


A. H. Nitz, T. Dent, G. S. Davies, S. Kumar, C. D. Capano, I. Harry, S. Mozzon, L. Nuttall, A. Lundgren, and M. Tápai, 2-
OGC: Open Gravitational-Wave Catalog of Binary Mergers from Analysis of Public Advanced LIGO and Virgo Data, 
Astrophys. J. 891, 123 (2020)


A. H. Nitz, C. D. Capano, S. Kumar, Y.-F. Wang, S. Kastha, M. Schäfer, R. Dhurkunde, and M. Cabero, 3-OGC: Catalog of 
Gravitational Waves from Compact- Binary Mergers, Astrophys. J. 922, 76 (2021)


A. H. Nitz, S. Kumar, Y.-F. Wang, S. Kastha, S. Wu, M. Schäfer, R. Dhurkunde, C. D. Capano, 4-OGC: Catalog of 
gravitational waves from compact-binary mergers, arXiv:2112.06878
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• Planned to begin on May 24, with 18 months of active observing time + short commissioning breaks


• Detectors currently engaged in a collaborative engineering run to test upgraded instruments in real time 
and systems required for observing


• If exceptional candidate events occur during an engineering run, they may be released to the scientific 
community and studied further


O4 False Alarm Rate (FAR) threshold to release automatic alerts: 2/day

13
[hMps://emfollow.docs.ligo.org/userguide/analysis/index.html]

Significant GW alerts


‣ CBC searches: FAR < 1/month


‣ Unmodeled searches: FAR < 1/yr


‣ Automated data quality checks and human vetting

Low-significance GW alerts


‣ CBC searches: 1/month < FAR < 2/day


‣ Unmodeled searches: 1/yr < FAR < 2/day


‣ Only automated data quality checks

Fourth Observing Run (O4)

https://emfollow.docs.ligo.org/userguide/analysis/index.html


O4 Public Alerts: Timeline

14
[hMps://emfollow.docs.ligo.org/userguide/early_warning.html]

} • Fully automatic


• Another issued if low-
significance → significant


• Final issued when all 
searches completed

• Updates issued when 
improved parameter 
estimation results are available 

• Fully automatic

https://emfollow.docs.ligo.org/userguide/early_warning.html


O4 Public Alerts: Content
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[hMps://emfollow.docs.ligo.org/userguide/content.html]

• FAR estimate


• “Significant” field (new)


• Event time and sky localization (2D skymaps)


• Unmodeled search candidates:


‣ Central frequency


‣ Duration


• Modeled (CBC) search candidates:


‣ 3D skymaps with direction-dependent 
luminosity distance


‣ Luminosity Distance marginalized over the 
whole sky


‣ Source Classification and Properties

[Singer et al. 2016]

https://emfollow.docs.ligo.org/userguide/content.html
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• FAR estimate


• “Significant” field (new)


• Event time and sky localization (2D skymaps)


• Unmodeled search candidates:


‣ Central frequency


‣ Duration


• Modeled (CBC) search candidates:


‣ 3D skymaps with direction-dependent 
luminosity distance


‣ Luminosity Distance marginalized over the 
whole sky


‣ Source Classification and Properties

[Singer et al. 2016]

Introduction
The first three LVK observing runs

Towards O4
Prospects for GW and multi-messenger detections

Conclusions

Timeline
The engineering run ER15
GW alerts in O4

Public alerts: Source Classification

p astro probability that the source is astrophysical;

it comes from evaluating whether the source belongs to one of 4 categories (5 in O3):

O3: BNS, mass gap, NS-BH,
BBH, Terrestrial (i.e., noise)

O4: BNS, NS-BH, BBH, Terres-
trial

Image credit: Public alerts user guide https://emfollow.docs.ligo.org/userguide/

Mass-gap moved from “Source Classification” to “Source Properties”
28 / 40

p-astro: probability 
that the source is 
astrophysical

Classification

https://emfollow.docs.ligo.org/userguide/content.html
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• FAR estimate


• “Significant” field (new)


• Event time and sky localization (2D skymaps)


• Unmodeled search candidates:


‣ Central frequency


‣ Duration


• Modeled (CBC) search candidates:


‣ 3D skymaps with direction-dependent 
luminosity distance


‣ Luminosity Distance marginalized over the 
whole sky


‣ Source Classification and Properties

[Singer et al. 2016]

HasNS: probability that at least one of the 
compact objects is a neutron star ( )


 
HasRemnant: probability that a non-zero 
amount of neutron star matter is around the 
central objects 


HasMassGap: probability that one or both 
compact objects have 

m < 3M⊙

3M⊙ ≤ m ≤ 5M⊙

Properties

[Pannarale & Ohme 2014, Foucart et al. 2018]

https://emfollow.docs.ligo.org/userguide/content.html


Final Remarks
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• 90 transient candidates with p-astro > 0.5 plus several lower probability candidates (notably GW200105): 
35 O3b candidates from improved detector sensitivities and data analysis techniques


‣ No support for neutron star mass distribution with a pronounced single peak


‣ Highly significant structure in the mass distribution: benchmark for population synthesis and/or 
constraints on fundamental physics if the census includes primordial black holes


‣ Binary black hole merger rate grows into the past


‣ Spins of black holes are low but nonzero and of binaries have 


‣ Observation of correlation between mass ratio and spins of binary black holes


• Upper limits from searches not yielding observations are becoming more stringent and informative


• An exciting new observing run is ahead shortly and infrastructure is in place to broadcast candidates 
outside the LIGO-Virgo-KAGRA Collaboration 

29+15
−13 % χeff < 0
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