Downloaded from https://www .pnas.org by "PENNSYLVANIA STATE UNIVERSITY PSU, ELECTRONIC RESOURCES UNIT" on May 14, 2024 from IP address 104.39.6.192.

Check for
updates

p NAS RESEARCH ARTICLE | ASTRONOMY

Low-latency gravitational wave alert products and their
performance at the time of the fourth LIGO-Virgo-KAGRA
observing run

Sushant Sharma Chaudhary®', Andrew Toivonen®' (), Gaurav Waratkar(2), Geoffrey Mo®®(L), Deep Chatterjee® (), Sarah Antier’, Patrick Brockill8,
Michael W. Coughlin®(), Reed Essick™, Shaon Ghosh", Soichiro Morisaki', Pratyusava Baral®, Amanda Baylor8{2), Naresh Adhikarié, Patrick Brady®,
Gareth Cabourn Davies™, Tito Dal Canton" (%), Marco Cavaglia®(, Jolien Creighton®(, Sunil Choudhary®9, Yu-Kuang Chu®(%, Patrick Clearwater™,
Luke Davis™¥, Thomas Dent" (), Marco Drago®(¥), Becca Ewing"", Patrick Godwin”{2), Weichangfeng Guo™?, Chad Hanna"*"*, Rachael Huxford™,
lan Harry' (), Erik Katsavounidis®®, Manoj KovalamP?, Alvin K.Y. L, Ryan Magee" (), Ethan Marx®¢, Duncan Meacher®, Cody Messické,

Xan Morice-Atkinson”, Alexander Pace", Roberto De Pietri“®®, Brandon Piotrzkowskié, Soumen Roybb'CC . Surabhi Sachdev&??, Leo P. Singereeﬁ,
Divya Singh™, Marek Szczepanczyke, Daniel Tang®®, Max Trevor™, Leo Tsukada", Verénica Villa-Ortega’, Linging WenP9(2), and Daniel Wysockié

Edited by Neta Bahcall, Princeton University, Princeton, NJ; received September 25, 2023; accepted March 16, 2024

Multimessenger searches for binary neutron star (BNS) and neutron star-black hole

(NSBH) mergers are currently one of the most exciting areas of astronomy. The search Significance

for joint electromagnetic and neutrino counterparts to gravitational wave (GW)s has

resumed with ALIGO’s, AdVirgo’s and KAGRA’s fourth observing run (O4). To We present the low-latency alert
support this effort, public semiautomated data products are sent in near real-time infrastructure performance and
and include localization and source properties to guide complementary observations. data products based on an

In preparation for O4, we have conducted a study using a simulated population of end-to-end MDC designed to
compact binaries and a mock data challenge (MDC) in the form of a real-time replay prepare for O4. We aim to

to optimize and profile the software infrastructure and scientific deliverables. End-to- provide a useful reference for the
end performance was tested, including data ingestion, running online search pipelines, broader astronomy community

performing annotations, and issuing alerts to the astrophysics community. We present
an overview of the low-latency infrastructure and the performance of the data products
that are now being released during O4 based on the MDC. We report the expected
median latency for the preliminary alert of full bandwidth searches (29.5 s) and show
consistency and accuracy of released data products using the MDC. We report the
expected median latency for triggers from early warning searches (—3.1s), which are

following up on GW alerts, and
aid in interpreting the data
products made public by the LVK.
The MDC covers a dense sample
of compact binary coalescence

new in O4 and target neutron star mergers during inspiral phase. This paper provides a (CBCQ) events similar to those we
performance overview for LIGO-Virgo-KAGRA (LVK) low-latency alert infrastructure hope to observe during 04,

and data products using the MDC and serves as a useful reference for the interpretation demonstrating up-to-date results
of O4 detections. for the public data products. We

strive to maximize the efficacy of
multimessenger follow-up
searches by helping astronomers
utilize our data products to their

gravitational waves | multimessenger astronomy | compact binary mergers

As of May 24 2023, aLIGO’s, AdVirgo’s and KAGRA’s fourth observing run (O4)
is underway, following a series of observing runs, which have reported the detection

of the first binary black hole (BBH) in ALIGO’s first observing run (O1) (1), the uul advar'ltage. e desilpiion e
detection of the first binary neutron star (BNS) merger (2) and associated electromagnetic the alert infrastructure may be
counterparts AT2017gfo (3-5) and GRB170817A (6-8) in the ALIGO’s and AdVirgo’s used as a reference for

second observing run (O2),and neutron star-black hole (NSBH) (9) in the ALIGO’s and astronomical experiments
AdVirgo’s third observing run (O3). Focusing on neutron star (NS) mergers, there are targeting similar timescales.

a variety of science cases for their multimessenger counterpart searches and detections,
including measurements of the NS equation of state (EoS) (10-20), the Hubble constant
(19, 21-24), and r-process nucleosynthesis (4, 25-31).

The LIGO-Virgo-KAGRA (LVK)’s real-time alert infrastructure depends on several
components. Broadly this includes low-latency data calibration and transfer, running
modeled and unmodeled online searches, and maintaining the state of events in ST ) >
GRAvitational-wave candidate event database (GraceDB) following the discovery. In This a‘mde 153 PNAS Direct SmeISSIOn"
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addition to GraceDB, which serves as both the database and as an internal and This article is distributed under Creative Commons
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Fig. 1. Task flow of low-latency alert infrastructure. The process begins with search pipeline trigger(s) on a candidate in the GW datastream, which are passed
through data quality checks and compiled into a superevent. If the preferred event from the superevent passed the significant FAR cut, a preliminary alert is

sent out to the public.

system to communicate the state of events, and GWCelery>¥ a
task queue, to cluster, annotate, and orchestrate the events, as
well as publish public alerts” for the community to subscribe to.
Fig. 1 shows the task flow of the low-latency alert infrastructure
(LLAI) for candidate events. The current LLAI is a significantly
upgraded version of the infrastructure used earlier, described in
ref. 32, and used in the more recently reported early-warning
system, reported in ref. 33. The primary changes compared to
previous observing run are the transition from a XMPP based
pubsub system internally to Kafka-based messaging provided by
the SCIMMA broker, removal of timeouts at various places of
synchronization and instead relying on labels on GraceDB to
keep track of the state of the superevent, and reconfiguring
the snapshotting configuration for Redis database to strike a
balance between fault tolerance and avoid filling disk quota. Aside
from this, upgrades to software versions of the dependencies and
running computationally expensive resources on specific pool of
modern hardware contributed to an improvement compared to
previous observing run. The LVK Alert User Guide! constitutes
a living document where information and updates about this
system are regularly communicated to the broader community.
Further discussion of GraceDB, igwn-alert, and GWCelery is
provided in 87 Appendix.

To prepare for O4 and demonstrate performance across a
variety of software and alert system improvements, we carried
out a mock data challenge (MDC). This MDC constitutes a
testing environment for the LLAI to prepare for O4, producing
repeated sets of 40 d of data from O3, with associated simulations
of CBCs to stress test the system. While the rates of simulated
events (see Section E for a description of the dataset) were much
higher than that expected for O4, this high rate was designed

to test the various components of searches, the alert system and

§https://git.ligo.org/emfollow/gwcelery.
Shttps://rtd.igwn.org/projects/gwceIery/en/latest/.
#For example, those hosted by SCIMMA and NASA.

I https://emfollow.docs.ligo.org/userguide/.
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the scientific deliverables before heading into O4; these include,
for example, tests of the detection efficiency of online real-time
low-latency searches, the rapid estimation of the binary system
properties, and their associated sky localizations.

In this paper, we describe the details of the alert system for O4
and its performance based on this MDC. In addition, we provide
an overview of the detection performance of real-time searches,
along with the consistency and accuracy of alert data products.
Sections A-D provide an overview of the LLAI and the scientific
data products reported, while Section E describes the properties
of the MDC, including the motivations for the choices made.
Section 1 reports the properties of the LLAI as of the beginning
of O4, as measured by the MDC, and Section 2 describes the
conclusions and prospects for future development.

A. Searches. Low-latency GW searches consist of two categories:
“modeled” CBC (34) and “unmodeled” Burst (35) searches.
Modeled CBC searches target BNS, NSBH, or BBH; unmodeled
searches look for signals with generic morphologies from a wide
variety of astrophysical sources like core-collapse of massive stars,
magnetar star-quakes, and other sources, in addition to compact
binary mergers (35, 36). For the purpose of this MDC analysis,
we focus on CBC searches, but also report latencies of injections
found by Burst pipelines. CBC searches can be categorized as
early warning, referring to premerger searches (37, 38), or full
bandwidth, referring to postmerger, based on how the search
truncates their templates. Each search produces candidate GW
triggers and assigns them ranking statistic values and false alarm
rates (FARs); the FAR for a trigger in a given search pipeline is
defined as the expected rate of triggers due to detector noise, in
that pipeline, with equal or higher ranking. Each search pipeline
has different and independent methods of generating and ranking
triggers and estimating the noise background and thus the false
alarm rate (FAR); for details see refs. 39—45. In addition, the
probability of astrophysical origin, p,, for a trigger is calculated
for CBC searches, which is briefly introduced in Section C.

pnas.org
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The MDC data were analyzed by four CBC searches
GStreamer LIGO scientific collaboration algorithm library
(GstLAL) (39, 46, 47), multi-band template analysis (MBTA)
(40), Python based compact binary coalescence search software
(PyCBC) (44, 48), summed parallel infinite impulse response
(SPIIR) (38, 49), two burst searches coherent waveburst (cWB)
(50-52), and Omicron LALInferenceBurst (oLIB) (53), and
an external coincidences search rapid, on-source VOEvent
coincident monitor (RAVEN) (45, 54, 55). A brief description
of these pipelines is given in ST Appendix.

B. Selection of the Public GW Event Candidate. When a poten-
tial GW signal appears in the detector, the low-latency search
pipelines analyze the signal and produce event candidates. Each
pipeline can report multiple candidates for a single GW signal.
The event candidates, reported within a specific time window (1 s
around coalescence time for CBC searches, and 1 s around trigger
time for burst searches), are collected and grouped as a superevent.
In the collection, one GW event candidate is identified as the
preferred event [defined as the event with the highest network
signal-to-noise ratio (SNR) for CBC pipelines whereas lowest
FAR for burst pipelines], and its properties and data products
are prepared for release to the public, which include the merger
time, FAR, sky localization, and classification (Section C).

Alerts are released publicly when a FAR passes the public alert
threshold, currently FAR < 1.6 x 10~4Hz (14 per day). An alert
is labeled as significant when a CBC alert passes a FAR threshold
of FAR < 3.9 x 10~/ Hz (one per mo) or when an unmodeled
burst alert passes a FAR threshold of FAR < 3.2 x 1078 Hz
(one per year). Since multiple CBC and burst searches run in
low-latency, to account for the trials factor from these different
searches with statistically independent false alarms, events from
CBC searches are labeled significant when a FAR passes a
threshold of FAR < 7.7 x 1078 Hz (one per 5 mo), whereas
events from burst target searches require a FAR < 7.9 x 1077 Hz
(one per 4 y). In the MDC, however, CBC trials factor of 6 was
used due to which CBC events were labeled significant when
a FAR passes a threshold of FAR < 6.4 x 1078 Hz (one per
6 mo). Considering the trials factor accounting for all searches,
the public alert threshold is FAR < 2.3 x 107> Hz (two per
day). Alerts that meet the public alert threshold but not the
significant threshold are labeled low significance. RAVEN only
uses the significant FAR thresholds when assessing its joint FAR
for publication, with additional trials factors to compensate for
listening to multiple GW pipelines. The LVK Alert User Guide™*
should be referenced for up-to-date information on trials factors
during observing runs.

C. Alert Contents. Public alerts are sent in order to inform
the greater astronomical community of GW events, enabling
multimessenger follow-up of these events. These alerts are
distributed both via GCN and the Scalable Cyberinfrastructure
to support multi-messenger a\strophysicsTJf (SCiMMA) project
in order to reach maximum consumers through two broad bases
of subscribers. The alerts come in two types: notices, which are
machine-readable and come in a variety of formats, and GCN
circulars, which are human-readable.

There are five types of notices that may be sent out for a
candidate event: Early Warning, Preliminary, Initial, Update,

and Retraction. Early Warning Notices arise from dedicated
premerger search pipelines, potentially enabling the release of
alerts seconds before merger (33). A first Preliminary Notice
is sent out when an event candidate of a superevent exceeds the
public FAR threshold. Following a timeout, the preferred event is
determined and a second Preliminary Notice is then issued (even
if the preferred event candidate remains unchanged). Both Early
Warning and Preliminary Notices are sent out if the candidate
passes automatic data quality checks (56). These data quality
checks are carried out by the Data Quality Report framework*,
and include checks for terrestrial noise and stationarity of the
data, among others. In certain cases, such as when manual data
quality checks yield suspicions on the astrophysical nature of the
candidate, a Retraction Notice may be sent. If, however, the Early
Warning or Preliminary Notice passes human vetting, then an
Initial Notice is sent out accompanied by a GCN Circular to
announce the detection. The final type of notice, an Update
Notice, is used to send out improved estimates of alert contents
based on parameter estimation when they become available.
Included in each alert is an estimate of the event’s probability
of astrophysical origin, or pu,. Both Initial and Update Notices
are accompanied by human-readable GCN Circulars. This is
broken up into four categories that sum to 1 by definition:
P(BNS), P(NSBH), P(BBH), and P(Terrestrial), where the mass
boundary between NS and Black hole (BH) is set at 3 M. The
specifics of individual pipeline p4y, calculations can be found
in SI Appendix, Text. If the superevent is coincident with a
GCN candidate, the various data products concerning the joint
candidate are included, such as the time delay, joint FAR,SS and
combined sky map if applicable.

C.1. Sky localization. One of the key data products to enable
multimessenger follow-up is the rapid inference of the sky
localization from GW observations. This sky localization consists
of the posterior probability distribution of the source location in
the sky. The sky localization, mapped either over a 2D map
of right ascension and declination, or a 3D volume which
also includes a distance estimate, is known as a “sky map.”
Sky localization (and parameter estimation more generally) is
conducted in multiple stages once a candidate is identified.

For CBC sources, BAYESian TriAngulation and rapid localiza-
tion (BAYESTAR), a rapid sky localization algorithm (57), is used
to generate sky maps, and may be updated by Bilby (Section D), a
python-based parameter estimation pipeline that uses stochastic
sampling methods (58, 59). Sky maps from BAYESTAR are
released with Preliminary Notices and sky maps from Bilby are
released in Update Notices. Additionally, cWB also generates
localizations for burst event candidates (60).

The sky map is stored as flexible image transport system (FITS)
file using the hierarchical equal area isolatitude pixelization
(HEALPix) (61) framework in the multi-order coverage (MOC)
representation (62); flattened versions at a fixed HEALPix grid
size are also available for superevents. MOC sky maps use adaptive
division of the HEALPix grid, focusing areas of highest resolution
on regions of highest probability with minimal information loss.
Sky maps are made available both through the distributed alert
as well as uploaded on GraceDB, where they are available for
direct download. If there is a coincidence with a GRB candidate
that has a sky localization, we compute the overlap integral with
the GW sky map information. This weighted sky map is then
included in the alert. The technique of combining sky maps from

**https://emfollow.docs.ligo.org/userguide/.
TJrhttps://scimma.org/.
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two independent datasets is laid out for the first time in ref. 54,
under the signal hypothesis of the Bayesian framework, and is
presented in an accessible manner in ref. 63.

C.2. EM-bright. EM-bright’? is a pipeline designed to assess
whether a GW candidate is capable of producing an electro-
magnetic counterpart (64). A rapid assessment of EM-bright
properties, HasNS and HasRemnant, is essential to trigger target
of opportunity (ToO) follow-up by ground and space-based
observatories. In this regard, HasNS and HasRemnant quantities
are reported as a part of the automated and update discovery
notices. The HasNS is the probability of the binary having a NS
component, while HasRemnant is the probability of the merger
leaving remnant matter postmerger in the form of dynamical or
tidal ejecta.

The exact nature of EM emission from the merger is
complex and depends on several factors like the properties of
the ejecta, the NS EoS, and the BH mass and spin. Detailed
analyses are required to assess the accurate properties of EM
counterparts (see, for example, ref. 65 for a review). These are,
however, impractical in a real-time setting. Aside from theoretical
uncertainties, measurement uncertainties predominantly affect
the assessment of EM-brightness in real-time. Note that the
only real-time data products available from match filter CBC
searches are the template parameters that maximize the likelihood
of detection, and these values are internal. Bayesian parameter
estimation from computationally cheap waveform models may
be available in ~ hours, as discussed later, but it is not available
in the seconds after a trigger is registered. Hence, inference from
the template parameters and real-time detection statistics is the
feasible solution.

To this end, ref. 64 showed the application of supervised
machine learning trained on a feature space involving the tem-
plate parameters and detection statistics to make this inference.
Training is done using large-scale simulation campaigns where
the ground truth and the recovery of search pipelines are regis-
tered. The ground truth is labeled based on its intrinsic source-
frame mass as having a NS component, or both mass and spin
components as leaving remnant matter behind postmerger, based
on a phenomenological fit to numerical relativity simulations
by ref. 66. The NS EoS plays a crucial role in the labeling
as stiffer EoS favor tidal disruption, and therefore prefer larger
ejecta masses. While in ref. 64 a single, stiff NS EoS was used
on conservative grounds, here we extend the analysis to multiple
EoSs, and reweight the score based on Bayes factors computed
against GW170817 (67) tidal deformability measurements for
several NS EoSs presented in ref. 68. The score presented is
therefore marginalized over several EoSs.

In addition to HasNS and HasRemnant, a new quantity
HasMassGap, the probability that at least one component of
the binary merger is in the lower mass-gap region, i.e., source-
frame mass between 3 Mg to 5 M is computed. The technique
used in computing HasMassGap is similar to the original EM-
bright quantities, except the labeling is different and does not
involve the knowledge of the NS EoS. The values reported
for HasNS and HasRemnant use a nearest-neighbor classifier
algorithm, while that used for HasMassGap use a random-forest
classifier algorithm.

Similar to the sky maps, these quantities are updated from
online parameter estimation samples, which are made publicly
available ~ hours after discovery. The parameter estimation
samples allow for these quantities to be computed directly.

“https://git.Iigo.org/emfoIIow/em-properties/em-bright
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D. Low-latency Parameter Estimation. CBC signal candidates
labeled as significant (B) are further investigated via automated
Bayesian parameter estimation analysis with the Bilby library.
It employs the nested sampling technique implemented in the
Dynesty library (69) to explore the full parameter space of masses
and spins, producing accurate inference results immune to biases
included in the point estimates of masses and spins from search
pipelines. It also takes into account uncertainties in detector
calibration and marginalizes the posterior probability distribution
over them.

To accelerate the analysis, we employ the reduced order
quadrature (ROQ) technique (70-72), which approximates
gravitational waveform with ROQ basis elements to reduce the
computational cost of likelihood evaluations. The ROQ basis
elements employed in the automated parameter estimation of
O4 are presented in ref. 73.

For BNS candidates, the analysis assumes that dimensionless
spins have norms less than 0.05 and are aligned with the orbital
angular momentum, and employs the IMRPhenomD waveform
approximant (74, 75) to recover the observed signals. With the
acceleration technique, the sampling completes typically in less
than 10 min. The actual time from detection to upload of results
from Bilby is a few tens of minutes since this analysis starts
around 5 min after signal detection, and preparing input data
and postprocessing results take several minutes. Currently, the
output of this analysis is not automatically made public but
manually sent after it passes human vetting. Hence it is sent at
the earliest when an Initial Notice is sent, and the actual latency
of the update is higher than the latency of upload of the results.

In addition to this automated analysis, more costly manual
analyses incorporating general spin configurations and tidal
deformation of colliding objects may follow, depending on
the significance of the signal. For candidates with higher
masses, the automated analysis takes into account general spin
configurations, and employs IMRPhenomXPHM (76) if its
ROQ basis elements are available in the target mass range, and
IMRPhenomPv2 (77) otherwise. This analysis typically takes
hours to complete. If this analysis completes after an Initial Notice
is sent, its output is released as an Update Notice. The UV-optical
radiation from a kilonova is expected to fade away within ~48 h
(5), so parameter estimation updates within ~ hour are sufficient
for follow-up purposes.

E. Mock Data Challenge. To create a background for the MDC,
we consider the stretch of data taken between Jan 05, 2020
to Feb 14, 2020, by the LVK instruments during O3. A total
of 5 x 10* simulated CBC waveforms with mass and spin
distributions mentioned in Table 1 are injected into the O3
data with an interval of ~1 min between injections. The optimal
network SNR is greater than 4 for all the injections. This is done
to prevent “hopeless” injections, which are improbable to be
detected in reality. The IMRPhenomPv2_NRTidalv2 waveform
approximant is used to consider matter effects in case of NS
components of the injections. For BHs, the same waveform is
used with the tidal parameters set to zero. In order to label a
component as a NS, the SLy (78) NS EoS is used, which allows
for a maximum mass of ~2.05 Mg. Hence, in this scheme,
the tidal deformability of component masses above this limit
is set to zero consistent with being a BH. In particular, all
injections above the SLy maximum mass are assumed to be BHs,
and the appropriate relative rate is used for the same. These
injected signals are primarily recovered by CBC pipelines, and
occasionally by Burst pipelines. In the MDC exercise, we have

pnas.org
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Table 1.

Distribution of intrinsic properties (component masses m and spins a) of binary systems in the injection

sample

Binary type Object m/Mg (min/max) m distribution Max a a distribution

Compact object properties

BNS Primary 1.0to 2.05 Uniform 0.4 Uniform & isotropic
Secondary 1.0 to 2.05 Uniform 0.4 Uniform & isotropic

Nsbh Primary 1.0 to 60.0 m- 0.998 Uniform & isotropic
Secondary 1.0to 2.05 Uniform 0.4 Uniform & isotropic

Bbh Primary 2.05to 100 M—235 0.998 Uniform & isotropic
Secondary 2.05to 100 M’ 0.998 Uniform & isotropic

The spin distributions are uniform in magnitude and isotropic in orientation, as seen in the last column.

focused most of our analysis on the output and data products of
the CBC pipelines. We also note that the injection rate density
used in the study is artificially high and not representative of the
true discovery rate in O4. We expect O(10?) CBC detections
during the full duration of O4 (79), compared to O(103) of
detections across the 40 d MDC cycle. Therefore, quantities like
Pastro Which rely on the background distribution, may not be the
true representation as compared to a realistic signal density. The
CBC injection set consists of 40.9% BNS, 35.8% NSBH, and
23.3% BBH injections.

The events are distributed uniformly in comoving volume as-
suming flat ACDM cosmology with Hy = 67.3 km s~' Mpc™!
and Q,, = 0.3 based on Planck 2018 results mentioned in Table
1 of ref. 80. The BNS systems are distributed up to a maximum
redshift of z = 0.15, the neutron-star black-hole systems up to
z = 0.25, and the BBHs up to z = 1.9. The simulated strain
is projected on to the detector geometries, shifted in time to the
time of experiment and streamed as 1's segments for the search
and annotation pipelines to analyze in real-time (Section A). The
triggers and their annotations were reported in GraceDB for post
processing studies.

This exercise is repeated in several cycles for benchmarking
analysis and will continue internally during the observing run to
continuously track improvements in the alert infrastructure and

[ 50th percentile: 29.5s
90th percentile: 171.8s
103 - mmmm 50th percentile, Oda: 29.7s

Number of events
]
T

lUA
0 N

TTT

Z102 —10'  —10° 0 100 100 102 10
teen_PRELIM — 1o (8)

provide avenues for pipelines to test their changes. The numbers
reported here are those from a single cycle of 5 x 104 injections
where the status of most analyses was close to their O4
configurations.

1. Results

A. Latency Measures. Due to the desire for timely follow-up by
the multimessenger community, a key feature of the LLAI is
dissemination of results as quickly as possible. The goal for the
LLAI system is to send alerts for events within 30s of merger
time; this number sets the timescale for comparison below. Here,
we perform a systematic study of the alert latency for three of
the key pieces of the pipeline [a fourth, the data calibration,
construction, and transfer between sites, which takes ~5 to
10s, is not captured here, as well as latency from the ingestion
and redistribution by general coordinates network (GCN) or
scalable Cyberlnfrastructure for multi-messenger astrophysics
(SCiMMA)]. Latency comes primarily from these three compo-
nents: i) the search pipelines, ii) the event orchestrator GWCelery,
and iii) GraceDB. We note that technical issues during the MDC
may also cause some high-latency outliers, so the results presented
are conservative when excluding the time needed for transfer and
construction of the strain data.
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Fig. 2. Left: Histogram of latencies for the sending of the GCN preliminary alert. We compare the MDC latencies to the median latency measured during O4a.
The O4a measurement includes data calibration, construction, and transfer time, while the MDC latencies do not. Right: Histogram of latencies for Early Warning
alerts. tgen prerim corresponds to the time the GCN preliminary alert is sent, ¢y corresponds to the preferred event merger time, and teyent Corresponds to the

time of event creation.
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To calculate event latencies, we compare the time an event is
created and appears on GraceDB to that of the known merger
time. For GW event candidates during an observing run, the
merger time is defined as the time the signal peak reaches Earth’s
center. For CBC pipelines, we find a median (90%) latency
of 12.3s (41.45); for Burst pipelines, we find a median (90%)
latency of 72.3s (671.3's) We then compare this number to the
creation of a superevent; we find a median (90%) latency of 9.4's
(18.1s). The median superevent latency is lower than the event
latency simply due to the fact that the superevent may be created
upon the first trigger, and that a superevent often consists of
multiple events. We also make the same measurement for Early
Warning alerts, shown on the right of Fig. 2; we find a median
(90%) latency of —3.15 (2.9 s). Considering the joint candidates,
we find that it takes a median (90%) latency of 32.9 s (44.45s)
to find a coincidence with a GRB injection and a median (90%)
latency of 35.3 s (48.4s) to trigger a RAVEN alert.

Once the event(s) have been created, there is a request for
human vetting of the alert, called the Advocate Request; we find a
median (90%) latency of 12.7 s (40.1 s) to notify the advocate. To
measure the latency of event communication to the community,
we also measure the latency for sending of the GCN preliminary
alert, which occurs for superevents that pass automated data
quality checks; we find a median (90%) latency 0£29.5s (171.8s).
We show this statistic for GCN preliminary alerts on the Lef?
of Fig. 2. This latency reported specifically measures that time
until the GCN preliminary label is applied. We also compare
this to the measured median GCN latency during O4a, the first
half of O4, which, including data calibration, construction, and
transfer time, is 29.7 s. The agreement between the GCN latency
during the MDC and O4a shows our latency has not increased,
and has likely slightly decreased as the O4a measure includes
data calibration, construction, and transfer time, while the MDC
measurement does not. Table 2 shows a compilation of these
latency statistics for comparison. The number of candidate events
within a superevent was not shown to have a noticeable effect on
the latency of that event and its corresponding preliminary alert.

B. Probability of Astrophysical Origin. Each CBC pipeline up-
loads its own estimate of pp, as described in Section C, and is
inherited by the superevent if the event is the preferred event. By
matching the MDC’s injected parameters to the recovered pusro
values from pipelines, we can test the accuracy of pgy. Fig. 3
shows the recovered P(source) for true sources (e.g., P(BNS)
for true injected BNS events), for superevents which pass the
public alert FAR threshold. In matching these injections, we

Table 2. Measured latencies for a number of steps in
the pipeline

Latency measure Description 50% (s)  90% (s)
Superevents tsuperevent— to 94 181
CBC events tevent— to 12.3 41.4
Burst events tevent— to 72.3 671.3
Early warning events tevent— to -3.1 2.9
GW advocate request tabv Req— to 12.7 401
GCN preliminary sent tGCN_PRELIM_ to 29.5 171.8
Coincidence with tem_coinc— to 32.9 44.4
GRB found
RAVEN alert triggered tRAVEN_ALERT— lo 353 48.4

to corresponds to the event merger time reported by the pipeline, while tsyperevent and
tevent Correspond to the time of superevent or event creation. For the case of superevent
latencies, ty is determined by the preferred event.
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Fig. 3. Top: Histogram of “preferred” recovered P(source) for true sources,
for superevents which pass the significant public alert threshold. The possible
source classes are BNS, NSBH, and BBH. This excludes early warning events,
which were not fully functional during the time of this analysis. Bottom:
Cumulative density of the same data. We also include the distribution of
correctly recovered BNS or NSBH, which checks for contamination between
the two classes due to misrecovered secondary masses or effects from
varying the NS/BH mass boundary. As this is a cumulative histogram, the
fraction of events above a certain P(source) corresponds to the TPR. We see
that the majority of events with a P(source) greater than 0.5 correctly recover
the injection source type.

place the cut between NS and BH at 3 Mg. “True” terrestrial
events correspond to superevents which were not temporally
matched to injections, indicating that they arose from detector
noise. Injected BBHs are typically recovered confidently, with
the vast majority resulting in P(BBH) > 0.5. Over 90% of BBHs
are recovered with P(BBH) > 0.9. The P(BNS) and P(NSBH)
distributions are less confident than the P(BBH) distribution;
about 10% of true BN'Ss and NSBHs are recovered with P(BNS)
or P(NSBH) < 0.1. As a check against contamination across
P(BNS) and P(NSBH) due to errors in recovered masses or
variation in the definitions of the mass border between NS and
BH (i.e., the Tolman—Oppenheimer—Volkoff mass), we can also
look at the distribution of the sum of P(BNS) and P(NSBH) for
injected events where my < 3M¢g. This is shown in the Boszom
panel of Fig. 3. Compared to P(BNS) or P(NSBH) alone, P(BNS)
+ P(NSBH) performs slightly better, with ~ 75% of true BNS
or NSBHs receiving P(BNS) + P(NSBH) > 0.9, compared to
60% and 65% for NSBH and BNS respectively. If instead we
use a threshold P(source) of 0.5, we find a TPR of ~98% for
BBH, ~90% for BNS, and ~76% for NSBH injections.
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Fig. 4. Top Left: A P-P plot showing the BAYESTAR sky map statistics for the preferred event. The credible intervals shown in gray are based on the total number
of events. Bottom Left: Cumulative histograms of BAYESTAR searched area for all events (blue), compared to two-interferometer (Orange), three-interferometer
(Green), and Hanford (H1) and Livingston (L1) (Red) events. We see that the three-interferometer events produced smaller searched areas than the two-
interferometer events by almost an order of magnitude as discussed in Section C. Top Right: A P-P plot showing the performance of BAYESTAR (blue) and Bilby
(orange) generated sky maps for BNS events. The credible intervals shown in gray based on the total number of such preferred events where both BAYESTAR
and Bilby sky maps are available. Bottom Right: Cumulative histograms showing searched area statistics for BAYESTAR and Bilby sky maps. We observe that
Bilby sky maps give a lower searched area and tend to be more precise than their BAYESTAR counterparts as discussed in Section C.

C. Sky Localization. In order to evaluate localization perfor-
mance, in the following, we focus on three metrics: i) localization
area, ii) retrieved median distance of the source, and iii)
searched area. Localization area is the area (measured in degz)
which encloses a given probability contour in the sky map;
in this paper, we use 90% as the total cumulative probability
threshold. Retrieved distance refers to the median of the distance
distribution along the line of sight of the injected sky position.
The searched area is the smallest 2D area, starting with the
regions of highest probability, that contains the true location
of the source; it represents a measurement of the sky area that a
telescope with a small FOV relative to the sky map size would
need to cover before imaging the true location. We refer the
reader to ref. 57 for more details on these parameters, and use
the ligo.skymap™ package to compute all metrics.

##https://git.ligo4org/leo»singer/ligo.skymap.

PNAS 2024 Vol. 121 No. 18 e2316474121

When evaluating sky map performance, we consider the
preferred events for superevents that fall under the significant
FAR threshold before trials factor and were detected by more
than one interferometer. We exclude single detector triggers as
most resulted from injections that occurred during a portion of
O3 replay data where one or more detectors was not in science
mode, and they may have sky localizations on the order of the
entire sky. For the Left half of Fig. 4, we also exclude a slice
of parameter space for injected NSs of mass < 2M, with spins
> 0.05, as these events may not have a match within the pipeline
template banks.

Further, in the Top Lef panel of Fig. 4, we show the accuracy
of BAYESTAR sky maps through a P-P plot. P-P plots of this
format show the fraction of injections found within a given
credible interval across all levels of credible intervals. The three

gray lozenges around the diagonal show the three different
levels of confidence (1-3 o) for the combined BAYESTAR
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map sample. We find that the BAYESTAR sky maps fall just
outside the credible intervals for higher credible intervals. This
tells us BAYESTAR slightly overstates the precision of its sky
localizations. We also show the performance of different pipelines
that detected the preferred event in the given sample. See S/
Appendix for a discussion of sky map performance for each
individual pipeline. In the Bottom Left panel of Fig. 4, we show
the cumulative trend of the searched area statistics from the
combined sample. We find a median searched area of 100 to
200 deg?. We then compare the two interferometer events with
the three interferometer events, to show that the latter produced
smaller searched areas. We also include a line for the two-
interferometer case where Hanford (H1) and Livingston (L1)
specifically observed the event, as those are the interferometers
currently being used during O4. The LVK Alert User Guide
(https://emfollow.docs.ligo.org/userguide/). provides up-to-date
information about the interferometers currently in use. In this
case, we see that there is marginal difference between the two-
interferometer line, and the H1, L1 line.

Further, we probed the accuracy of the BAYESTAR sky maps
compared with Bilby sky maps for BNS events. This comparison
P-P plot and searched area histogram can be seen in the right
half of Fig. 4 for the preferred event of all BNS superevents for
which both sky maps were produced. In this figure, we include
the events excluded in the Leff half of Fig. 4 to demonstrate
Bilby’s performance even without the cuts. A plot with those
cuts applied can be found in the appendix. From the 7op Right
panel of Fig. 4, we see that the BAYESTAR sky maps tend to
sag below Bilby’s implying that their precision was overstated
as compared to Bilby. There is a trade-off between the latency
of BAYESTAR sky maps available with the Preliminary GCN
alert, and the improved accuracy of the Bilby sky maps that
are available with the completion of parameter estimation. The
cumulative searched area plot in the Bottom Right panel of Fig. 4
shows that typically Bilby sky maps have lower searched area by
factor of 2 or more.

D. EM-Bright. We show the performance of the EM-bright
classifiers (64) across all four CBC pipelines via their receiver
operating characteristic (ROC) curves. For this, the NSBH
boundary is chosen according to SLy EoS but the probabilities
are EoS marginalized, meaning we include some uncertainty in
the NS EoS in our classifications. The markers indicates three
different representative thresholds (a score above which events
are considered to be positively classified as the source type in
question) along the ROC curves for each pipeline. Since EM-
bright classifiers are trained only using GstLAL injection-recovery
data (64), evaluating performance across various CBC pipelines
is crucial.

In Fig. 5, we see that the HasRemnant quantity for all four
pipelines has greater than a 95% TPR for a 5% False positive
rate (FPR). In the Middle panel, we see (GstLAL, PyCBC,
MBTA) perform consistently at ~97% TPR at ~3% FPR for
HasNS classifier. The SPIIR pipeline purity is slightly lower
compared to the other pipelines, ~94% TPR at the same
misclassification fraction. One possible mitigation technique is
to use more training data from the pipeline in the training
process. In the last panel, for HasMassGap, we see (GstLAL,
SPIIR, MBTA) perform with ~80% TPR at ~20% FPR while
PyCBClags slightly below. We expect to enhance the perfor-
mance of these classifiers further in the near future by retraining
the classifiers using the O3 MDC data and considering all
pipelines.
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Fig. 5. The ROC curves for the different EM-Bright classifiers are shown
here for MDC events. The Top, Middle, and Bottom panels refer to HasRem-
nant, HasNS, and HasMassGapquantities respectively. The markers denote
different representative thresholds along the curve.

2. Conclusion

In this paper, we present the performance of the low-latency
alert infrastructure and associated data products based on the O3
MDC. A large simulation campaign of compact binaries, i.e.,
BNS, NSBH, and BBH are injected into a stretch of real data
from O3. The data is taken through the entire end-to-end alert
infrastructure starting from the search pipeline, data products
computation, and alert generation. We demonstrate that for full
bandwidth searches automated preliminary alerts, excluding time
for data transfer and construction, are delivered with a median
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latency of <30, which is an improvement since O3 (81). We
show that low-mass BNS injections are successfully detected by
early warning searches. Annotations and alert delivery is achieved
for a significant fraction of such signals before merger time with
a median alert latency of ~—3s. It is to be noted however
that alert delivery before merger time does not happen for all
early warning events. In addition, through the use of this MDC
dataset, we demonstrate that the data products, produced in the
same workflow as planned for O4, are statistically consistent with
simulated values.

The pasiro values giving probability of an astrophysical BBH,
BNS, or NSBH were found to correctly classify the source for
the majority of events. For a threshold P(source) of 0.5, we find a
TPR of ~98% for BBH, ~90% for BNS, and ~76% for NSBH
injections.

The distribution of injected sky positions is found to be well
recovered by the sky maps produced by both BAYESTAR and
Bilby, as evidenced by Fig. 4. BAYESTAR provides low-latency
sky maps thatsslightly overstate the precision, while Bilby provides
improved accuracy upon completion of parameter estimation.
The median searched area is found to be 100 to 200 deg?, with
slight variations between the method and pipelines. We observed
that Bilby sky maps have better precision, and typically gave a
smaller searched area.

The EM-Bright values corresponding to the probabilities
of HasNS and HasRemnant have a TPR of above ~95%
at ~5% FPR across GstLAL, PyCBC, MBTA pipelines. The
SPIIR pipeline is performing similarly for HasRemnant but its
performance is slightly lower for HasNS. HasMassGap, on the
other hand, has a TPR of above ~80% at ~20% FPR.

This paper presents the low-latency data products for O4
and their expected performance. Additional data products that
expand on the current EM-bright products for determining
the likelihood of a kilonova are being developed that include
predictions of mass ejecta for BNS and NSBH events, as well as
peak magnitudes for corresponding kilonovae. We hope to make
these data products public in the future.

Data, Materials, and Software Availability. The entire mock data challenge
consists of a number of cycles each with 40 d of replayed GW strain data with
frequent injections. A single trigger alone on an injection contains a large set
of data products and outputs, so for logistical reasons it would be best to only
release very specificand reduced portions of our data. Software and data products
required to reproduce figures will be provided upon reasonable request to the
authors.
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