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Welcome to the LIGO/Virgo/KAGRA Public Alerts User Guide! This document is intended for both professional
astronomers and science enthusiasts who are interested in receiving alerts and real-time data products related to
gravitational-wave (GW) events.

Four sites (LHO, LLO, Virgo, KAGRA) together form a global network of ground-based GW detectors. The LIGO
Scientific Collaboration, the Virgo Collaboration, and the KAGRA Collaboration jointly analyze the data in real time
to detect and localize transients from compact binary mergers and other sources. When a signal candidate is found, an
alert is sent to astronomers in order to search for counterparts (electromagnetic waves or neutrinos).

LIGO/Virgo/KAGRA alerts are public. Alerts are distributed through NASA’s Gamma-ray Coordinates Network
(GCN, https://gcn.nasa.gov) and Scalable Cyberinfrastructure to support Multi-Messenger Astrophysics (SCiMMA,
https://scimma.org). There are two types of alerts: human-readable GCN Circulars and machine-readable Notices.
This document provides a brief overview of the procedures for vetting and sending GW alerts, describes their contents
and format, and includes instructions and sample code for receiving Notices and decoding GW sky maps.
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CHAPTER
ONE

GETTING STARTED CHECKLIST

In addition to reading this user guide, we encourage you to sign up for certain e-mail lists and community resources.
Make sure that you have completed the items on this checklist.

1.1 1. Read This User Guide

Pay particular attention to the Alert Contents section of this user guide to familiarize yourself with the contents of
machine-readable LIGO/Virgo/KAGRA Notices. Play with the Sample Code to receive example Notices and practice
working with sky localization maps.

1.2 2. Subscribe to GCN Circulars

Subscribe to GCN Circulars and review the instructions for posting GCN Circulars. A GCN Circular is a short, public
bulletin to rapidly report an astronomical observation. GCN Circulars are distributed by email and archived online.'
LIGO/Virgo/KAGRA uses GCN Circulars to announce detections, and the astronomy community expects participants
to promptly disseminate preliminary reports of follow-up observations of LIGO/Virgo/KAGRA counterparts using
GCN Circulars as well.

Important

GCN Circulars can only be posted from registered email addresses. You must sign up for GCN Circulars in advance
in order to post to the list.

1.3 3. Join the OpenLVEM Community

Sign up to the OpenLVEM mailing list by following the OpenLVEM instructions. LIGO/Virgo/KAGRA will use this
list to make announcements and solicit input. It is also a great place to ask questions or discuss issues related to
LIGO/Virgo/KAGRA public alerts. Documents relating to teleconferences and in-person meetings are available at
OpenLVEM wiki.

I GCN Circulars are similar to Astronomer’s Telegrams (ATels). By longstanding convention, the gamma-ray burst and gravitational-wave
astronomy communities use GCNs, whereas the supernova community uses ATels.



https://gcn.gsfc.nasa.gov/gcn_circ_signup.html
https://gcn.gsfc.nasa.gov/gcn3_circulars.html
https://gcn.gsfc.nasa.gov/gcn3_archive.html
https://wiki.gw-astronomy.org/OpenLVEM/OpenLVEMSignUp
https://wiki.gw-astronomy.org/OpenLVEM/WebHome
https://www.astronomerstelegram.org
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1.4 4. Visit GraceDB

Familiarize yourself with GraceDB, LIGO/Virgo/KAGRA’s online portal for alerts and real-time results.
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https://gracedb.ligo.org

CHAPTER
TWO

OBSERVING CAPABILITIES

This section summarizes the projected observing capabilities of the global gravitational-wave detector network as of
March 2023, superseding the Living Review' on prospects for observing and localizing gravitational-wave transients
with Advanced LIGO, Advanced Virgo, and KAGRA.

2.1 Timeline

Note

Check the LIGO, Virgo, and KAGRA Observing Run Plans for the latest details on scheduling of the next observing
run, which are summarized here.

The gravitational-wave observing schedule is divided into Observing Runs or epochs of months to years of operation at
fixed sensitivity, down time for construction and commissioning, and transitional Engineering Runs between commis-
sioning and observing runs. The long-term observing schedule is shown below. Since BNS mergers are a well-studied
class of gravitational-wave signals, this figure gives the BNS range for highly confident detections in each observing
run.

Updated mm Of 02 == QO3 == O4 05
15 Nov 2022
80 100 100-140 160-190 240-325
Mpc  Mpc Mpc Mpc Mpc
LIGO i . T
30 40-50 80-115 150-260
] Mpc Mpc Mpc Mpc
Virgo ] I
0.7 (1-3) ~10 25-128
Mpc Mpc Mpc
KAGRA | | ]

G2002127-v13 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028

During 04, we expect that four facilities (LHO, LLO, Virgo, and KAGRA) will observe for one year. LHO, LLO, and
Virgo will have a one-month commissioning break in the middle of the run. KAGRA will begin the run with LIGO

! Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2020, Living Rev. Rel., 23, 3. doi:10.1007/s41114-020-00026-9



https://observing.docs.ligo.org/plan/index.html
https://doi.org/10.1007/s41114-020-00026-9
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and Virgo and then return to extended commissioning to re-join with greater sensitivity toward the end of O4.

2.2 Live Status

There are a handful of public web pages that report live status of the LIGO/Virgo/KAGRA detectors and alert infras-
tructure.

* Detector Status Portal: Daily summary of detector performance.
https://www.gw-openscience.org/detector_status/

* GWIStat: Real-time detector up/down status.
https://1das-jobs.ligo.caltech.edu/~gwistat/gwistat/gwistat.html

* LIGO Data Grid Status: Live dashboard showing up/down status of the detectors and online analyses. Status
of the LIGO/Virgo/KAGRA alert pipeline is indicated by the “EMFollow” box.

https://monitor.ligo.org/gwstatus

2.3 Public Alert Rate and Localization Accuracy

Here we provide predicted public alert rates, distances, and localization uncertainties for BNS, NSBH, and BBH mergers
in O4 and OS5, based on a Monte Carlo simulation of detection and localization of events.

The methodology of the simulation is the same as described in™ ! and?, although the GW detector network config-
urations, sensitivity curves, astrophysical rates, and mass and spin distributions have been updated.

Source code to reproduce these simulations is available at  https:/github.com/lpsinger/
observing-scenarios-simulations/tree/v2 or https://doi.org/10.5281/zenodo.5206852.

Sky localization FITS files from these simulations are provided at doi:10.5281/zenodo.7026209.

2.3.1 Detection Threshold

The network SNR threshold for detection was set to 8 in order to approximately reproduce the rate of public alerts that
were sent in O3 (see?).

Important

This section predicts the rate of public alerts, not the rate of highly confident detections. Most public alerts do not
survive as confident detections in the authoritative end-of-run LIGO/Virgo/KAGRA compact binary catalogs.

Previous versions of this User Guide used a network SNR threshold of 12, which roughly corresponds to the single-
detector SNR threshold that is assumed for the canonical BNS range shown in the timeline figure above.

The change in the detection threshold from 12 to 8 accounts for an increase in the predicted number of events by a
factor of ~ (12/8)3 = 3.375 over previous versions of this User Guide.

2 Petrov, P, Singer, L. P, Coughlin, M. W, et al. 2022, Astrophys. J. 924, 54. doi:https://doi.org/10.3847/1538-4357/ac366d

6 Chapter 2. Observing Capabilities


https://www.gw-openscience.org/detector_status/
https://ldas-jobs.ligo.caltech.edu/~gwistat/gwistat/gwistat.html
https://monitor.ligo.org/gwstatus
https://github.com/lpsinger/observing-scenarios-simulations/tree/v2
https://github.com/lpsinger/observing-scenarios-simulations/tree/v2
https://doi.org/10.5281/zenodo.5206852
https://doi.org/10.5281/zenodo.7026209
https://doi.org/https://doi.org/10.3847/1538-4357/ac366d

LIGO/Virgo/KAGRA Public Alerts User Guide, Version 17.1+0.ge8ebe5d.dirty

2.3.2 Detector Network

The detector sensitivity curves used for the simulation are available in LIGO-T2200043-v3. The filenames for each
detector and observing run are given in the table below.

Detector | Observing run
04 05
LHO, LLO | aligo_0O4high.txt AplusDesign.txt
Virgo avirgo_04high_NEW.txt | avirgo_O5low_NEW.txt
KAGRA kagra_10Mpc. txt kagra_128Mpc. txt

These noise curves correspond to the high ends of the BNS ranges shown in the timeline figure above, with the exception
of Virgo in OS5, for which it represents the low end.

We assume that each detector has an independent observing duty cycle of 70%.

2.3.3 Source Distribution

We draw masses and spins of compact objects from a global maximum a posteriori fit of all O3 compact binary
observations®. The distribution and its parameters are described below.

Masses

The 1D source-frame component mass distribution is the “Power Law + Dip + Break”” model based on®, and is given
by:
p(ml/\) X l(m|MmaX7 nmaX) X h(m|Mmin7 nmin) X n(m|Mgap M}%:leg])m Mow > Thigh s A)

low ?

ai
m s gap
(*Mgap ) ifm < Mhigh

% high
m 2, gap '
Wiagr; ifm 2 Mhigh

defined for 1 < m /Mg < 100. It consists of four terms:
* a high-mass tapering function I(m|Mmax, max) = (1 + (m/Mmax)”“"“")_l,
* alow-mass tapering function A(m|Mmin, Mmin) = 1 — {(m|Mmin, Mmin)»

* a function n(m\MEﬁf,Mﬁlﬁl,mow,nhigh,A) =1- Al(m|M§§;,nhigh) h(m|MEP miow) that suppresses

masses in the hypothetical “mass gap” between NSs and BHs, and
* apiecewise power law.

The joint 2D distribution of the primary mass m; and the secondary mass mg builds on the 1D component mass
distribution and adds a pairing function that weights binaries by mass ratio:

B
p(mi,me|A) x p(m = mqi|A)p(m = ma|A) (nmzj) ,

defined for (m; > mga) N ((m1 < 60Mg) U (me > 2.5My)). The two figures below show the 1D and joint 2D
component mass distributions.

3 LIGO Scientific Collaboration & Virgo Collaboration 2021, The population of merging compact binaries inferred using gravitational waves
through GWTC-3. arXiv:2111.03634

4 Farah, A., Fishbach, M., et al. 2022, Bridging the Gap: Categorizing Gravitational-wave Events at the Transition between Neutron Stars and
Black Holes. Astrophys. J., 931, 108. doi:10.3847/1538-4357/ac5f03
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Spins

The spins of the binary component objects are isotropically oriented. Component objects with masses less than 2.5
M have spin magnitudes that are uniformly distributed from 0 to 0.4, and components with greater masses have spin

magnitudes that are uniformly distributed from O to 1.

Sky Location, orientation

Sources are isotropically distributed on the sky and have isotropically oriented orbital planes.

Redshift

Sources are uniformly distributed in differential comoving volume per unit proper time.

Rate

The total rate density of mergers, integrated across all masses and spins, is set to 240f?18 Gpe3yr=t (273 Table

I1, first row, last column).

Parameters

The parameters of the mass and spin distribution are given below.

Parameter | Description Value
i Spectral index for the power law of the mass distribution at low mass -2.16

Qo Spectral index for the power law of the mass distribution at high mass -1.46

A Lower mass gap depth 0.97
MEP Location of lower end of the mass gap 2.72 Mg,
Mgy Location of upper end of the mass gap 6.13 Mg
Mow Parameter controlling how the rate tapers at the low end of the mass gap | 50

Thigh Parameter controlling how the rate tapers at the low end of the mass gap | 50

min Parameter controlling tapering the power law at low mass 50

Nmax Parameter controlling tapering the power law at high mass 491

I6] Spectral index for the power law-in-mass-ratio pairing function 1.89
Mnin Onset location of low-mass tapering 1.16 Mg
Minax Onset location of high-mass tapering 54.38 M,
Omax, NS Maximum allowed component spin for objects with mass < 2.5 M, 0.4
Gmax,BH Maximum allowed component spin for objects with mass > 2.5 Mg 1

2.3.4 Summary Statistics

The table below summarizes the estimated public alert rate and sky localization accuracy in O4 and O5. All values are

given as a 5% to 95% confidence intervals.

10
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Observing run Network Source class
BNS NSBH BBH

Merger rate per unit comoving volume per unit proper time
(Gpc™ year'!, log-normal uncertainty)

[ 210755 8.6730 1717705
Sensitive volume: detection rate / merger rate
(Gpc?, Monte Carlo uncertainty)
04 HKLV 0.17275013 0.787013 15157097
05 HKLV 0.827700%3 3.657 0% 50.7112
Annual number of public alerts
(log-normal merger rate uncertainty x Poisson counting uncertainty)
04 HKLY 3675 Gy 26073%0
05 HKLV 1807220 317 % 870F 450"
Median luminosity distance
(Mpc, Monte Carlo uncertainty)
04 HKLV 398717 770757 2685755
05 HKLV 738750 1318770, 4607750
Median 90% credible area
(deg?, Monte Carlo uncertainty)
04 HKLV 18607750 21407355 1428750
05 HKLV 2050 159 20007550 1256738
Median 90% credible comoving volume
(10° Mpc?, Monte Carlo uncertainty)
04 HKLV 67975 2327 01 34007530
05 HKLV 37675 13507200 85807500

Merger rate per unit comoving volume per unit proper time is the astrophysical rate of mergers in the reference
frame that is comoving with the Hubble flow. It is averaged over a distribution of masses and spins that is assumed to
be non-evolving.

Caution

The merger rate per comoving volume should not be confused with the binary formation rate, due to the time delay
between formation and merger.

It should also not be confused with the merger rate per unit comoving volume per unit observer time. If the number
density per unit comoving volume is n = dN/dV(, and the merger rate per unit proper time 7 is R = dn/dr, then the
merger rate per unit observer time is R/(1 + z), with the factor of 1 + z accounting for time dilation.

See’ for further discussion of cosmological distance measures as they relate to sensitivity figures of merit for
gravitational-wave detectors.

Sensitive volume is the quotient of the rate of detected events per unit observer time and the merger rate per unit
comoving volume per unit proper time. The definition is given in the glossary entry for sensitive volume. To calculate

5 Chen, H.-Y., Holz, D. E., et al. 2017, Distance measures in gravitational-wave astrophysics and cosmology. arXiv:1709.08079

2.3. Public Alert Rate and Localization Accuracy 11
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the detection rate, multiply the merger rate by the sensitive volume.
The quoted confidence interval represents the uncertainty from the Monte Carlo simulation.

Annual number of public alerts is the number of alerts in one calendar year of observation. The quoted confidence
interval incorporates both the log-normal distribution of the merger rate and Poisson counting statistics, but does not
include the Monte Carlo error (which is negligible compared to the first two sources of uncertainty).

The remaining sections all give median values over the population of detectable events.

Median luminosity distance is the median luminosity distance in Mpc of detectable events. The quoted confidence
interval represents the uncertainty from the Monte Carlo simulation.

Note

Although the luminosity distances for BNSs in the table above are about twice as large as the BNS ranges in the figure
in the Timeline section, the median luminosity distances should be better predictors of the typical distances of events
that will be detectable during the corresponding observing runs.

The reason is that the BNS range is a characteristic distance for a single GW detector, not a network of detectors.
LIGO, Virgo, and KAGRA as a network are sensitive to a greater fraction of the sky and a greater fraction of binary
orientations than any single detector alone.

Median 90% credible area is the area in deg? of the smallest (not necessarily simply connected) region on the sky
that has a 90% chance of containing the true location of the source.

Median 90% credible volume is the median comoving volume enclosed in the smallest region of space that has a 90%
chance of containing the true location of the source.

2.3.5 Cumulative Histograms

Below are cumulative histograms of the 90% credible area, 90% credible comoving volume, and luminosity distance
of detectable events in O3, O4, and OS5.

12 Chapter 2. Observing Capabilities
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Fig. 1: Cumulative annual public alert rate of simulated mergers as a function of 90% credible area (left column),
90% credible comoving volume (middle column), or luminosity distance (right column). Rates are given for three
sub-populations: BNS (top row), NSBH (middle row), and BBH (bottom row). The shaded bands give the inner 90%
confidence interval including uncertainty in the estimated merger rate, Monte Carlo uncertainty from the finite sample
size of the simulation, and Poisson fluctuations in the number of sources detected in one year.
This plot is based on Figure 2 of “¢° %2 but uses the simulations described above employing the mass and spin distributions
fromPagc 7,3 .
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CHAPTER
THREE

DATA ANALYSIS

In this section we describe the different online searches looking for GW signals, the selection and vetting of candidates,
and parameter estimation analysis.

When multiple candidates from different pipelines are close enough together in time, they will be considered as origi-
nating from the same physical event and will be grouped into a single superevent. See the following pages for technical
details.

3.1 Online Pipelines

A number of search pipelines run in a low latency, online mode. These can be divided into two groups, modeled and
unmodeled. The modeled (CBC) searches specifically look for signals from compact binary mergers of neutron stars
and black holes (BNS, NSBH, and BBH systems). The unmodeled (Burst) searches on the other hand, are capable of
detecting signals from a wide variety of astrophysical sources in addition to compact binary mergers: core-collapse
of massive stars, magnetar star-quakes, and more speculative sources such as intersecting cosmic strings or as-yet
unknown GW sources.

3.1.1 False alarm rate and significance

Each search produces a set of candidate events time-stamped at or close to the estimated peak of GW strain amplitude.
For binary merger candidates, this would be the time of merger.

Each candidate event is assigned a ranking statistic value by the search pipeline that produced it: higher statistic values
correspond to a higher probability of astrophysical (signal), as opposed to terrestrial (noise) origin. The statistical
significance of a candidate produced by a given pipeline is quantified by its false alarm rate. This is the expected
number of events of noise origin produced by the pipeline with a higher ranking statistic than the candidate, per unit
of time searched. Since each search pipeline has an independent method of generating and ranking events, and of
estimating the noise background, the false alarm rates assigned for events in the same superevent will in general be
different. For an alert to be sent automatically, we require at least one event to have a false alarm rate below the alert
threshold.

15
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3.1.2 Modeled Search

GstLAL, MBTA, PyCBC Live and SPIIR are matched-filtering based analysis pipelines that rapidly identify compact
binary merger events, with < 1 minute latencies. They use discrete banks of waveform templates to cover the target
parameter space of compact binaries, with all pipelines covering the mass ranges corresponding to BNS, NSBH, and
BBH systems.

A coincident analysis is performed by all pipelines, where candidate events are extracted separately from each de-
tector via matched-filtering and later combined across detectors. SPIIR extracts candidates from each detector via
matched-filtering and looks for coherent responses from the other detectors to provide source localization. Of the four
pipelines, GstLAL and MBTA use several banks of matched filters to cover the detectors bandwidth, i.e., the templates
are split across multiple frequency bands. All pipelines also implement different kinds of signal-based vetoes to reject
instrumental transients that cause large SIVR values but can otherwise be easily distinguished from compact binary
coalescence signals.

GstLAL'? is a matched-filter pipeline designed to find gravitational waves from compact binaries in low-latency. It
uses a likelihood ratio, which increases monotonically with signal probability, to rank candidates, and then uses Monte
Carlo sampling methods to estimate the distribution of likelihood-ratios in noise. This distribution can then be used to
compute a FAR and p-value.

MBTA?” constructs its background by making every possible coincidence from single detector triggers over a few hours
of recent data. It then folds in the probability of a pair of triggers passing the time coincidence test.

PyCBC Live®’ estimates the noise background by performing time-shifted analyses using triggers from a few hours of
recent data. Single-detector triggers from one detector are time shifted by every possible multiple of 100 ms, thus any
resulting coincidence must be unphysical given the ~ 10 ms light travel time between detectors. All such coincidences
are recorded and assigned a ranking statistic. The false alarm rate is then estimated by counting accidental coincidences
ranked higher than a given candidate, i.e. with a higher statistic value. When three detectors are observing at the time
of a particular candidate, the most significant double coincidence is selected, and its false alarm rate is modified to take
into account the data from the remaining detector.

SPIIR’* applies summed parallel infinite impulse response (IIR) filters to approximate matched-filtering results. It se-
lects high-SNR events from each detector and finds coherent responses from other detectors. It constructs a background
statistical distribution by time-shifting detector data one hundred times over a week to evaluate foreground candidate
significance.

3.1.3 Unmodeled Search

c¢WB?’ searches for and reconstructs gravitational-wave transient signals without relying on a specific waveform model.
cWB searches for signals with durations of up to a few seconds that are coincident in multiple detectors. The analysis
is performed on the time-frequency data obtained with a wavelet transform. cWB selects wavelet amplitudes above
the fluctuations of the detector noise and groups them into clusters. Tuned versions for binary black holes (search
name BBH and IMBH) choose time-frequency patterns with frequency increasing in time. For clusters correlated
in multiple detectors, cWB reconstructs the direction to the source and the signal waveforms with the constrained
maximum likelihood method. To assign detection significance to the found events, cWB ranks them by the coherent
signal-to-noise ratio obtained from cross-correlation of the signal waveforms reconstructed in different detectors.

! Messick, C., Blackburn, K., Brady, P., et al. 2017, Phys. Rev. D, 95, 042001. doi:10.1103/PhysRevD.95.042001

2 Sachdev, S., Caudill, S., Fong, H., et al. 2019. arXiv:1901.08580

5 Adams, T., Buskulic, D., Germain, V., et al. 2016, Class. Quantum Grav., 33, 175012. doi:10.1088/0264-9381/33/17/175012

6 Nitz, A. H., Dal Canton, T., Davis, D. & Reyes, S. 2018, Phys. Rev. D, 98, 024050. doi:10.1103/PhysRevD.98.024050

7 Dal Canton, T., & Harry, I. W. 2017. arXiv:1705.01845

3 Hooper, S., Chung, S. K., Luan, J., et al. 2012, Phys. Rev. D, 86, 024012. doi:10.1103/PhysRevD.86.024012

4 Chu, Q. 2017, Ph.D. Thesis, The University of Western Australia. https:/api.research-repository.uwa.edu.au/portalfiles/portal/ 18509751
8 Klimenko, S., Mohanty, S., Rakhmanov, M., Mitselmakher, Phys. Rev. D, 72, 122002. doi:10.1103/PhysRevD.72.122002

9 Klimenko, S., Vedovato, G., Drago, M., et al. 2016, Phys. Rev. D, 93, 042004. doi:10.1103/PhysRevD.93.042004
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oLIB'" uses the Q transform to decompose GW strain data into several time-frequency planes of constant quality
factors Q, where @@ ~ 7 f. The pipeline flags data segments containing excess power and searches for clusters of these
segments with identical fy and @ spaced within 100 ms of each other. Coincidences among the detector network of
clusters within a 10 ms light travel time window are then analyzed with a coherent (i.e., correlated across the detector
network) signal model to identify possible GW candidate events.

Note

oLIB is not currently in operation.

3.1.4 Coincident with External Trigger Search

RAVEN!! In addition, we will operate the Rapid On-Source VOEvent Coincidence Monitor (RAVEN), a fast search
for coincidences between GW and non-GW events. RAVEN will process alerts for gamma-ray bursts (GRBs) from the
Gamma-ray Burst Monitor (GBM) onboard Fermi, the Burst Alert Telescope (BAT) onboard the Neil Gehrels Swift
Observatory, and the Mini-Calorimeter (MCAL) onboard AGILE, as well as galactic supernova alerts from the SNEWS
collaboration. Two astronomical events are considered coincident if they are within a particular time window of each
other, which varies depending on which two types of events are being considered (see the table below). Note that these
time windows are centered on the GW, e.g., [-1,5] s means we consider GRBs up to one second before or up to 5
seconds after the GW.

Event Type Time window (s) Notice Type Considered
CBC Burst (see full list)
[-1,5] [-60,600]
GRB FERMI_GBM_ALERT
(Fermi, Swift, FERMI_GBM_FIN_POS
INTEGRAL, AGILE) FERMI_GBM_FLT_POS

FERMI_GBM_GND_POS

FERMI_GBM_SUBTHRES$H

SWIFT_BAT_GRB_ALER[
SWIFT_BAT_GRB_LC
INTEGRAL_WAKEUP
INTEGRAL_REFINED
INTEGRAL_OFFLINE
AGILE_MCAL_ALERT

[-10,10] [-10,10] SNEWS

Low-energy Neutrinos
(SNEWS)

In addition, RAVEN will calculate coincident FARs, one including only timing information (temporal) and one includ-
ing GRB/GW sky map information (space-time) as well. RAVEN is currently under review and is planned to be able

10 Lynch, R., Vitale, S., Essick, R., Katsavounidis, E., & Robinet, F. 2017, Phys. Rev. D, 95, 104046. doi:10.1103/PhysRevD.95.104046
11 Urban, A. L. 2016, Ph.D. Thesis. https://dc.uwm.edu/etd/1218/

3.1. Online Pipelines 17


https://gcn.gsfc.nasa.gov/filtering.html
https://doi.org/10.1103/PhysRevD.95.104046
https://dc.uwm.edu/etd/1218/

LIGO/Virgo/KAGRA Public Alerts User Guide, Version 17.1+0.ge8ebe5d.dirty

to trigger preliminary alerts once this is finished.

LLAMA "3 The Low-Latency Algorithm for Multi-messenger Astrophysics is a an online search pipeline combining
LIGO/Virgo/KAGRA GW triggers with High Energy Neutrino (HEN) triggers from IceCube. It finds temporally-
coincident sub-threshold IceCube neutrinos and performs a detailed Bayesian significance calculation to find joint
GW+HEN triggers.

3.2 Superevents

Superevents are an abstraction to unify gravitational-wave candidates from multiple search pipelines. Each superevent
is intended to represent a single astrophysical event.

A superevent consists of one or more event candidates, possibly from different pipelines, that are neighbors in time.
At any given time, one event belonging to the superevent is identified as the preferred event. The superevent inherits
properties from the preferred event such as time, significance, sky localization, and classification.

The superevent accumulates event candidates from the search pipelines and updates its preferred event as more signifi-
cant event candidates are reported (see Selection of the Preferred Event). The name of the superevent does not change.
The naming scheme is described in the alert contents section. Once a preferred event candidate passes the public alert
threshold (see Alert Threshold), it is frozen and a preliminary alert is queued using the data products of this preferred
event. New event candidates are still allowed to be added to the superevent as the necessary annotations are completed.
Once the preliminary alert is received by the GCN broker, the preferred event is revised after a timeout and a second
preliminary notice is issued. Note that the latter is issued even if the preferred event candidate remains unchanged.

3.2.1 Selection of the Preferred Event

When multiple online searches report events at the same time, the preferred event is decided by applying the following
rules, in order:

1. A publishable event, meeting the public alert threshold, is given preference over one that does not meet the
criteria.

2. An event from modeled CBC searches is preferred over an event from unmodeled Burst searches (see Searches
for details on search pipelines).

3. Inthe case of multiple CBC events, three-interferometer events are preferred over two-interferometer events, and
two-interferometer events are preferred over single-interferometer events.

4. In the case of multiple CBC events with the same number of participating interferometers, the event with the
highest SNR is preferred. In the case of multiple Burst events, the event with the lowest FAR is preferred.

See also the preferred event selection flow chart in our software documentation.

Note

¢ A Preliminary GCN is automatically issued for a superevent if the preferred event’s FAR is less than the threshold
value stated in the Alert Threshold section.

* A second Preliminary GCN is usually issued automatically after the first one is successfully dispatched to the
GCN broker. However, this may not be sent if the superevent is vetoed on grounds of data quality before the alert
is sent.

* An additional preliminary notice may be issued by human intervention in case of unexpected circumstances to
help in time-sensitive follow-up operations.

12 Bartos, I., Veske, D., Keivani, A., et al. 2019, Phys. Rev. D, 100, 083017. doi:10.1103/PhysRevD.100.083017
13 Countryman, S., Keivani, A., Bartos, L, et al. 2019. arXiv:1901.05486
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* In case of an event created by a pipeline due to an offline analysis, no preliminary GCN will be sent.

* The SNR is used to select the preferred event among CBC candidates because higher SNR implies better sky
location and parameter estimates from low-latency searches.

3.3 Candidate Vetting

GWCelery orchestrates and supervises performing basic data quality and detector state checks, grouping of events
from individual pipelines into superevents, initiating automated sky localization and parameter estimation, inferring
classification and source properties, and sending alerts.

A Data Quality Report is prepared that consists of a semi-automated detector characterization and data quality inves-
tigation for each event. It provides a variety of metrics based on auxiliary instrumental and environmental sensors that
are used by a rapid response team in order to make a decision of whether to confirm or retract a candidate.

The rapid response team consists of commissioning, computing, and calibration experts from each of the detector sites,
pipeline experts, detector characterization experts, and follow-up advocates.

3.4 Sky Localization and Parameter Estimation

Immediately after one of the search pipelines reports an event, sky localization and parameter estimation analyses
begin. These analyses all use Bayesian inference to calculate the posterior probability distribution over the parameters
(sky location, distance, and/or intrinsic properties of the source) given the observed gravitational-wave signal.

There are different parameter estimation methods for modeled (CBC) and unmodeled (burst) events. However, in both
cases there is a rapid analysis that estimates only the sky localization, and is ready in seconds, and a refined analysis
that explores a larger parameter space and completes up to hours or a day later.

3.4.1 Modeled Events

BAYESTAR! is the rapid CBC sky localization algorithm. It reads in the matched-filter time series from the search
pipeline and calculates the posterior probability distribution over the sky location and distance of the source by coher-
ently modeling the response of the gravitational-wave detector network. It explores the parameter space using Gaussian
quadrature, lookup tables, and sampling on an adaptively refined HEALPix grid. The sky localization takes tens of sec-
onds and is included in the preliminary alert.

LALInference’ is a full CBC parameter estimation pipeline. It explores a greatly expanded parameter space including
sky location, distance, masses, and spins, and performs full forward modeling of the gravitational-wave signal and
the strain calibration of the gravitational-wave detectors. It explores the parameter space using MCMC and nested
sampling. For all events, there is an automated LALInference analysis that uses the least expensive CBC waveform
models and completes within hours and may be included in a subsequent alert. More time-consuming analyses with
more sophisticated waveform models are started at the discretion of human analysts, and will complete days or weeks
later.

Bilby’ is a next-generation python-based Bayesian inference parameter estimation code. Bilby provides a user-friendly
and accessible interface with the latest stochastic sampling methods built-in. It can be used for gravitational-wave
analyses to extract source properties of CBC events such as masses, spins, distance and sky location. These parameters
are extracted by employing the use of stochastic sampling methods such as MCMC and nested sampling. An automated

! Singer, L. P., & Price, L. R. 2016, Phys. Rev. D, 93, 024013. doi:10.1103/PhysRevD.93.024013
2 Veitch, J., Raymond, V., Farr, B., et al. 2015, Phys. Rev. D, 91, 042003. doi:10.1103/PhysRevD.91.042003
3 Ashton, G., Hiibner, M., Lasky, P. D., Talbot, C., et al. 2019, Astropys. J. Supp., 241, 27. doi:10.3847/1538-4365/ab06fc
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pipeline is used to perform a Bilby analysis on all CBC events. The automated parameter estimation pipeline uses less
expensive default settings, including the use of simpler waveforms, to perform an initial analysis of the event. Further
analyses with more complex waveforms are performed by a human analyst as needed.

3.4.2 Unmodeled Events

c¢WB, the burst search pipeline, also performs a rapid sky localization based on its coherent reconstruction of the
gravitational-wave signal using a wavelet basis and the response of the gravitational-wave detector network*. The cWB
sky localization is included in the preliminary alert.

Refined sky localizations for unmodeled bursts are provided by two algorithms that use the same MCMC and nested
sampling methodology as LALInference. LALInference Burst (LIB)° models the signal as a single sinusoidally
modulated Gaussian. BayesWave® models the signal as a superposition of wavelets and jointly models the background
with both a stationary noise component and glitches composed of wavelets that are present in individual detectors.

3.5 Inference

For CBC events, we calculate a number of quantities that are inferred from the signal. In preliminary alerts, these
quantities are based on the candidate significance and the matched-filter estimates of the source parameters. Once
parameter estimation has been completed, updated values will be provided based on samples drawn from the posterior
probability distribution.

3.5.1 Classification

The classification consists of four numbers, summing to unity, that give the probability that the source is either a BNS,
NSBH, BBH merger, or is of Terrestrial (i.e. a background fluctuation or a glitch) origin. See the figure in the alert
contents section for the boundaries of the source classification categories in the (my, m2) plane. The boundary between
NSs and BHs is set to 3M,.

This assumes that terrestrial and astrophysical events occur as independent Poisson processes. A source-dependent
weighting of matched-filter templates is used to compute the mean values of expected counts associated with each of
these four categories. The mean values are updated weekly based on observed matched-filter count rates. They are
then used to predict the category for new triggers uploaded by search pipelines.

For details, see', especially Section II E. and Equation 18 therein.

3.5.2 Properties

The source properties consist of a set of numbers, each between zero and unity, that give the probabilities that the
source satisfies certain conditions. These conditions are:

HasNS: At least one of the compact objects in the binary (that is, the less massive or secondary compact object) has
a mass that is consistent with a neutron star. Specifically, we define this as the probability that the secondary mass
satisfies mo < My ax, Where My, is the maximum mass allowed by the neutron star equation of state (£OS). Several
NS EOSs are considered and the value is marginalized by weighting using the Bayes factors reported in’.

4 Klimenko, S., Vedovato, G., Drago, M., et al. 2011, Phys. Rev. D, 83, 102001. doi:10.1103/PhysRevD.83.102001

5 Lynch, R., Vitale, S., Essick, R., Katsavounidis, E., & Robinet, F. 2017, Phys. Rev. D, 95, 104046. doi:10.1103/PhysRevD.95.104046
6 Cornish, N. J., & Littenberg, T. B. 2015, Class. Quantum Grav., 32, 135012. doi:10.1088/0264-9381/32/13/135012

! Kapadia, S. J., Caudill, S., Creighton, J. D. E., et al., 2020, Class. Quantum Grav., 37, 045007. doi:10.1088/1361-6382/ab5f2d

2 Ghosh, S., Liu, X., Creighton, J., et. al., 2021, Phys. Rev. D, 104, 083003. doi:10.1103/PhysRevD.104.083003
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HasRemnant: The source formed a nonzero mass outside the final remnant compact object. Specifically, the proba-
bility is calculated using the disk mass fitting formula from® (Equation 4). Several neutron star EOSs are considered
to compute the remnant mass. The value is marginalized by weighting based on Bayes factors in reference mentioned
above.

HasMassGap: At least one of the compact objects in the binary has a mass in the hypothetical “mass gap” between
neutron stars and black holes, defined here as 3Mo < m < 5Mg.

The mass values mentioned in this section are source-frame mass. The value reported in the preliminary alert is
calculated using a supervised machine learning classifier on a feature space consisting of the masses, spins, and SNR
of the best-matching template, described in*. This is to account for the uncertainty in the reported template parameters
compared to the true parameters. The value reported in the update alerts uses the online parameter estimation to
compute the value.

The timeline for distribution of alerts is described below.

3.6 Alert Timeline

Here, we describe the sequence of LIGO/Virgo/KAGRA alerts for a single event that will be distributed through the
Gamma-ray Coordinates Network (GCN) via notices and circulars (see the Alert Contents and Sample Code sections
for details).

Time since gravitational-wave signal

Automated Vetting || 1st Preliminary
Classification || Alert Sent

Rapid Sky Localization [

Cluster additional events |:| 2nd Preliminary
Re-annotate []] Alert Sent

Parameter Estimation [
A Initial Alert or
Human Vetting [ [ 2 ctraction Sent

Classification |

Parameter Estimation [N | Update

Classification | Alert Sent

10 sécond 1 milnute 1 hlour 1 day 1 week

Within 1-10 minutes after GW trigger time, the first and second preliminary notices will be sent fully autonomously.
The trigger will be immediately and publicly visible in the GraceDB database. Since the procedure is fully automatic,
some preliminary alerts may be retracted after human inspection for data quality, instrumental conditions, and pipeline
behavior.

Within 24 hours after the GW trigger time (possibly within 4 hours for BNS or NSBH sources), the Initial or Re-
traction notice and circular will be distributed. It will include an updated sky localization and source classification.
At this stage, the event will have been vetted by human instrument scientists and analysts. The candidate will either
be confirmed by an Initial notice and circular or withdrawn by a Retraction notice and circular if the data quality is
unsuitable.

3 Foucart, F., Hinderer, T. & Nissanke, S. 2018, Phys. Rev. D, 98, 081501. doi:10.1103/PhysRevD.98.081501
4 Chatterjee, D., Ghosh, S., Brady, P. R., et al. 2020, Astrophys. J., 896, 54. doi:10.3847/1538-4357/ab8dbe
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Within a day, black hole mergers will be fully vetted by experts and retraction or confirmation status will be reported.

Update notice and circulars are sent whenever the sky localization area or significance accuracy improves (e.g. as a
result of improved calibration, glitch removal, or computationally deeper parameter estimation). Updates will be sent
up until the position is determined more accurately by public announcement of an unambiguous counterpart. At that
point, there will be no further sky localization updates until the publication of the event in a peer-reviewed journal.

At any time, we can promote an extraordinary candidate that does not pass our public alert thresholds if it is com-
pellingly associated with a multimessenger signal (e.g. GRB, core-collapse SN). In this case, Initial notices and circu-
lars will be distributed.

3.7 Alert Threshold

Automated preliminary alerts are sent for all events that pass a false alarm rate (FAR) threshold. The FAR threshold is
3.8 x 10~® Hz (one per 10 months) for CBC searches and is 7.9 x 10~ (one per 4 years) for unmodeled burst searches.
Since there are 4 independent CBC searches and 3 independent burst searches, as well as a coincidence search RAVEN
that looks at the results from both the aforementioned CBC and burst searches, the effective rate of false alarms for
CBC sources is 1.9 x 10~7 Hz (one per 2 months), and for unmodeled bursts is 3.2 x 10~8 Hz (one per year).
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FOUR

ALERT CONTENTS

Public LIGO/Virgo/KAGRA alerts are distributed using NASA’s General Coordinates Network (GCN, https://gen.
nasa.gov) and Scalable Cyberinfrastructure to support Multi-Messenger Astrophysics (SCiMMA, https://scimma.org).
There are two types of alerts:

Notices are machine-readable packets. They are available as JSON, Avro, VOEvent XML, and several other legacy
formats. See the Sample Code section for instructions on receiving notices, which are available via Kafka and VOEvent
brokers.

Warning
The JSON, Avro, and VOEvent formats are fully supported, but the legacy text, binary, and email formats are not.

The VOEvent XML alerts are official data products of LIGO/Virgo/KAGRA. GCN produces several other legacy for-
mats from them, in particular a text-based “full format” and binary format. LIGO/Virgo/KAGRA performs only limited
quality control of the legacy formats.

GCN Circulars are short human-readable astronomical bulletins. They are written in a certain well-established format
and style. You can subscribe to GCN Circulars to receive and post them by email, or you can view them in the public
GCN Circulars archive.

4.1 Notice Types

For each event, there are up to five kinds of Notices:

An Early Warning Notice may be issued for CBC events up to tens of seconds before merger. The candidate must have
passed some automated data quality checks, but it may later be retracted after human vetting. There is no accompanying
GCN Circular at this stage. Early Warning alerts are an experimental feature in O3. Early Warning alerts are only
possible for exceptionally loud and nearby CBC events, and are expected to be rare.

A Preliminary Notice is issued automatically within minutes after a gravitational-wave candidate is detected. Like an
Early Warning Notice, the candidate must have passed automated data quality checks, but it may later be retracted,
and there is no accompanying GCN Circular.

An Initial Notice is issued after human vetting (see Candidate Vetting). If the signal does not pass human vetting (e.g.,
it is a glitch), then instead of an initial alert there will be a retraction. The initial alert is also accompanied by a GCN
Circular, which should be considered as the first formal publication of the candidate and can be cited as such.

An Update Notice is issued whenever further analysis leads to improved estimates of the sky localization, significance,
or classification. There may be multiple updates for a given event, and updates may be issued hours, days, or even
weeks after the event.
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Lastly, a Retraction Notice is issued if the candidate is rejected as a result of vetting by human instrument scientists
and data analysts. A retraction indicates that the candidate has been withdrawn because it is probably not astrophysical.

All types of Notices except for Retraction notices contain the following information, which are described in further
detail below:

e Name: a unique identifier for the candidate

e Significance: estimated false alarm rate (FAR)

* Sky localization: inferred sky position and (CBC candidates only) distance

e Inference: (CBC candidates only) inferred source classification and properties
Of the above fields, Retraction notices provide only the name.

Initial and Update notices are accompanied by human-readable GCN Circulars, which restate all of the above informa-
tion and also may include a data quality assessment.

4.2 Notice Formats

Notices essentially come in two different formats: a format that is distributed over Kafka and a different format that is
distributed using VOEvent brokers. These two formats contain the same information about the candidate but contain
different metadata and follow different schema.

4.2.1 Kafka Notice (GCN, SCiMMA)

Public LIGO/Virgo/KAGRA notices distributed over Kafka as either JSON or Avro follow the format of the table below.
The event field will be null in retraction notices; the external_coinc field will only be non-null in the event of a
coincidence between a gravitational-wave candidate and an alert from a third party.

Important

The sky map field stores the raw byte-string representation of the sky localization file (described below) in Avro notices,
but stores the Base64 encoded byte-string representation in JSON notices.

JSON

Avro
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alert_type

{EarlyWarning,Preliminary,Initial,Update,Retraction}

time_creatg

dTime notice was created (UTC, ISO-8601) 2018-11-01T22:34:20Z

su-
perevent_id

GraceDB ID: [{T,M}]1SYYMMDDabc. Example: MS181101abc

event

time Time of event (UTC, ISO-8601), e.g. 2018-11-01T22:22:46.654Z

far Estimated FAR in Hz

instru- List of detectors, e.g. ['H1', 'L1','V1'] whose data have been used by the online pipeline that has
ments produced the preferred event for that particular superevent

skymap The contents of a sky map in a multi-order FITS format as a Base64-encoded string.

search {A11Sky, AllSkyLong, BBH, EarlyWarning, HighMass, IMBH, MDC}

group CBC Burst
pipeline {gstlal,MBTAOnline,pycbc,spiir} {CWB, oLIB}
event.properties

HasNS, Probability, under the assumption that the source is not noise, that at least one | N/A
HasRem- | of the compact objects was a neutron star, that the system ejected a non-zero

nant, amount of neutron star matter, and that at least one of the compact objects has

Has- mass in the range 3-5 solar masses, respectively

MassGap

event.classification

BNS, Probability that the source is a BNS, NSBH, BBH, or Terrestrial (i.e, noise) | N/A

NSBH, respectively

BBH,

Noise

external_coinc

gen_notice| id583417860, 583327924}

ivorn External IVORN identification field

observa- {Fermi,Swift}

tory

search {GRB, SubGRB}

time_differenfime between source and external event in seconds
time_coincidEstiendted coincidence false alarm rate in Hz using timing

time_sky_pokKistimatednuitteridenta false alarm rate in Hz using timing and sky position
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alert_type

{EarlyWarning,Preliminary,Initial,Update,Retraction}

time_creatg

dTime notice was created (UTC, ISO-8601) 2018-11-01T22:34:20Z

su-
perevent_id

GraceDB ID: [{T,M}]SYYMMDDabc. Example: MS181101abc

event

time Time of event (UTC, ISO-8601), e.g. 2018-11-01T22:22:46.654Z

far Estimated FAR in Hz

instru- List of detectors, e.g. ['H1', 'L1','V1'] whose data have been used by the online pipeline that has
ments produced the preferred event for that particular superevent

skymap The contents of a sky map in a multi-order FITS format as a byte-string.

search {A11Sky, AllSkyLong, BBH, EarlyWarning, HighMass, IMBH, MDC}

group CBC Burst
pipeline {gstlal,MBTAOnline,pycbc,spiir} {CWB, oLIB}
event.properties

HasNS, Probability, under the assumption that the source is not noise, that at least one | N/A
HasRem- | of the compact objects was a neutron star, that the system ejected a non-zero

nant, amount of neutron star matter, and that at least one of the compact objects has

Has- mass in the range 3-5 solar masses, respectively

MassGap

event.classification

BNS, Probability that the source is a BNS, NSBH, BBH, or Terrestrial (i.e, noise) | N/A

NSBH, respectively

BBH,

Noise

external_coinc

gen_notice| id583417860, 583327924}

ivorn External IVORN identification field

observa- {Fermi,Swift}

tory

search {GRB, SubGRB}

time_differenfime between source and external event in seconds
time_coincidEstiendted coincidence false alarm rate in Hz using timing

time_sky_pokKistimatednuitteridenta false alarm rate in Hz using timing and sky position

4.2.2 VOEvent Notice (GCN Classic)

The table below is a representation of the contents of a LIGO/Virgo/KAGRA GCN Notice.
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Root

IVORN | ivo://gwnet/LVC#[{T,M}]SYYMMDDabc-{1,2,3}-{EarlyWarning,Preliminary,Initial,
Update,Retraction}

Role {observation, test}

Who

Date Time sent (UTC, ISO-8601), e.g. 2018-11-01T22:34:49

Author | LIGO Scientific Collaboration, Virgo Collaboration, and KAGRA Collaboration

What

Gra- GraceDB ID: [{T,M}]SYYMMDDabc. Example: MS181101abc

celD

Packet GCN Notice type: {Preliminary,Initial,Update,Retraction}

Type

Notice Numerical equivalent of GCN Notice type: {150,151,152,164}

Type

FAR Estimated FAR in Hz

Sky Versioned URL of HEALPix FITS sky localization file in the format https://gracedb.ligo.

Map org/api/superevents/[{T,M}]SYYMMDDabc/files/{bayestar,LALInference, ciiB}.
multiorder.fits, [0-8]. Example: https://gracedb.ligo.org/api/superevents/
S190901ap/files/bayestar.multiorder. fits,0

Group | CBC Burst

Pipeline | {gstlal,MBTA,pycbc,spiir} {CWB,oLIB}

Cen- N/A Central frequency in Hz

tral-

Freq

Dura- Duration of burst in s

tion

BNS, Probability that the source is a BNS, NSBH, BBH, or Ter- | N/A

NSBH, | restrial (i.e, noise) respectively

