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Instructions

This IKIEX template provides a standard framework for documenting the work plans for each division of
the Collaboration. Various class, style and macro files are located in the tools subdirectory. In general, any
necessary changes to these files should be backported to the template repository so that the modifications
can be made available to all of the white paper projects.

There are a number of macros near the top of WP—template.tex that will allow you to define the long
name of the division, the division acronym, the white paper year, and the document control numbers for
LIGO, Virgo and KAGRA.

The Executive Summary provides an overview of the division’s work. Each working group should describe
the mission of the group and the rationale behind the group’s priorities (we strongly recommend keeping
this to 2 pages max). The file ES-template.tex provides a sample format; each division should decide
on a standard format for the working group summaries within their division. The target audience for this
section is outside the Collaboration.

Each subsequent section of the white paper documents a set of Collaboration Projects scoped to the working
group(s) in the section name, as shown in AP—-template.tex. A Collaboration Project delivers a product
for the Collaboration, e.g. data, software, designs, hardware, publications, services, .... To map this to
the language of a work breakdown structure (WBS), as used by some working groups, each project is a
level-1 element which is broken down into a complete list of level-2 elements (or activities) representing
intermediate deliverables of the project. Each level-2 element may be further broken down into a list of
level-3 elements (or tasks); we strongly recommend including task-level items if a complete list is available
at the time of writing.

The file AP-template.tex shows how to organize the information about each project. The following
IATEX commands and environments allow standardized information entry for projects:

Command \WPproject {Name} {yyyy-mm—-dd} {yyyy-mm-dd}: A WPproject is alevel-1 WBS
element. It takes three arguments: the project name, the project start date (in the format yyyy-mm-dd),
and the estimated project due date (in the format yyyy-mm-dd). If the dates are not known, please use
TBD.

Environment \begin{WPactivity} [f] {Name} ...\end{WPactivity: A WPactivity is a
level-2 element of the WBS for the project. It has one optional argument that takes either t to indicate
the activity is \InfraOpsTrue or f to indicate the activity \InfraOpsFalse. The defaultis f.
The first required argument is the name of the activity.

Environment \begin{WPtask} ...\end{WPtask}: A WPtask is a level-3 element of the WBS for
the project. Tasks inherit their InfraOps classification from their parent WPactivity.

Each \WPactivity is automatically added to a list of activities that is included at the end of the white

paper. The same is true for each \WPtask. A script is provided to parse this information into a csv-file for
ingestion into the LSC MOU system.

Required personpower estimates should be added to the central internal spreadsheet
https://docs.google.com/spreadsheets/d/194HOAAEO-Ps6mC3aMVRg4XtcL_mf5CU7RNjauoRYI3E

once the projects, activities, and tasks are defined.
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Overview and Executive Summary

The Collaboration program committees review and establish the goals of the Collaboration on an annual
basis. The LSC Program is documented in LIGO-M2300188. Each Division of the Collaboration identifies
the work needed to achieve the Collaboration’s goals and documents them in a white paper. This is the white
paper for the Observational Science [OBS] Division.

Gravitational wave (GW) searches and astrophysics in the LIGO Scientific Collaboration (LSC), Virgo Col-
laboration and KAGRA Collaboration are organized into four working groups. The Compact Binary Co-
alescence (CBC) group searches for and studies signals from merging neutron stars and black holes by
filtering the data with waveform templates. The Burst group searches for generic gravitational wave tran-
sients with minimal assumption on the source or signal morphology. The Continuous Waves (CW) group
targets periodic signatures from rotating neutron stars. The Stochastic Gravitational-Wave Background
(SGWB) group looks for a gravitational wave background of cosmological or astrophysical origin.

These groups also collaborate with the Detector Characterization (DetChar) group, which interfaces with
the detector commissioning teams and works to improve GW signal searches by identifying and mitigating
noise sources that limit sensitivity to astrophysical signals, as well as with the Calibration and Computing
& Software teams.

The LSC, Virgo Collaboration and KAGRA Collaboration are separate entities but work together closely,
especially on data analysis. We often refer to the LSC-Virgo-KAGRA combination as ‘LVK’.

This LSC-Virgo-KAGRA Observational Science White Paper describes the planned activities of the mem-
bers of the four astrophysical search working groups, including science goals and methods. The subsections
in sections 1 through 8 contain “activity plans” with a wide range of themes. Each activity plan is associated
with either Section 2 or Section 4 of the LIGO Scientific Collaboration Program (2023 Edition) LIGO-
M?2300188. Activities that qualify as Infrastructure and Operations activities according to Section 2 of the
Program are indicated by the suffix INFRAOPS. All other activities are indicated by the suffix OTHER.

The LSC Program Committee and Virgo Core Program Committee set specific goals for collaboration work
on an annual basis, using this white paper and other inputs. While this white paper concerns the activi-
ties of the four astrophysical search groups, LSC, Virgo and KAGRA activities in the domains of Com-
missioning, Calibration, Computing, Detector Characterization, LSC Fellows program, and Run Planning
can be found in the LSC-Virgo-KAGRA Operations White Paper (L1IGO-T2300409, VIR-0999A-23, JGW-
T2217777). The other white papers are for Education and Public Outreach, LIGO-T2300410, Collaboration
Standards and Services, LIGO-M2300215, and Instrument Science, LIGO-T2300411.

Achieving the direct detection of gravitational waves was the result of decades of development of both
instrumentation and data analysis methods. Substantial advances were made using data collected by the
initial LIGO detectors (2002-2010) and the initial Virgo detector (2007-2011), but no GW signals were
detected. The era of GW detection, GW astronomy and astrophysics was enabled by the Advanced LIGO
and Advanced Virgo upgrades. The first Advanced LIGO observing run, O1, began in September 2015 and
immediately yielded the first detected event, GW150914. The second observing run (O2) took place in from
November 2016 to August 2017, starting with just the two Advanced LIGO detectors but with Advanced
Virgo joining the run for the final month. The third observing run (O3) took place from April 2019 through
March 2020, with both LIGO detectors and the Virgo detector collecting data with better sensitivity than
ever before. The KAGRA detector observed jointly with the GEO 600 detector for two weeks in April 2020
as an extension of O3. The fourth observing run (O4) began on 24 May 2024, initially with only the two
LIGO detectors participating. At the time of writing this white paper, it is planned that the Virgo detector
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will join for the second half of the run, named O4b, from March 2024, following a LIGO commissioning
break. The KAGRA detector will also join O4 in spring 2024.

Typical Binary Neutron Star Eqw = 107 2Myc?
Run Run (BNS) Range (Mpc) Burst Range (Mpc)
Epoch | Name | Duration LIGO Virgo KAGRA LIGO Virgo
2015-16 (0] 4 months 80 - - 50 - actual
2016-17 02 9 months 100 30 - 60 25 actual
2019-20 03 11 months | 110-130 50 1 80-90 35 actual
2023-24 04 20 months | 120-170 - - 7 - actual (to date)
160-190 | 80-115 1-10 110-120 | 65-80 | projected
2026-28 05 TBD 240-325 | 150-260 | 25-128 210 100-155 | projected

Table 1: Observing schedule, actual and projected sensitivities for the Advanced LIGO, Advanced Virgo and
KAGRA detectors. Adapted from Prospects for Observing and Localizing Gravitational-Wave Transients
with Advanced LIGO, Advanced Virgo and KAGRA (LIGO-P1200087, VIR-0288C-12, and published in
Living Reviews in Relativity), curated by the LVK Joint Run Planning Committee. Projected BNS ranges
for OS5 are updated by using publicly announced information https://dcc.ligo.org/LIGO-G2002127/public
and |LIGO-G2002127-v13.

Scientific Operations and Observational Results

LSC-Virgo-KAGRA data analysis activities for Observing run 4 (very similar to the activities for O3) are
summarized in Table 2] by search group, and prioritized in three categories:

* Highest priority: searches most likely to make detections or yield significant astrophysical results.

* High priority: promising extensions of the highest priority goals that explore larger regions of pa-
rameter space or can further the science potential of LIGO, Virgo and KAGRA.

* Additional priority: sources with lower detection probability but high scientific payoff.

Computing needs and resource allocations are derived, in part, from the science priorities presented in this
table. Scientific motivations, details on methods and strategies for result validation are provided in the
activity plans included in the later sections of this white paper.

We note that the LSC and Virgo Collaboration have adopted a Multiple Pipeline Policy [LIGO-M1500027],
which calls for astrophysical results to be validated with a different analysis, using independent methods
and tools when possible. In some cases this may require the same data to be analyzed by more than one
pipeline for the same science target.

page 7 of


https://dcc.ligo.org/P1200087
https://tds.virgo-gw.eu/?content=3&r=17320
https://dcc.ligo.org/LIGO-G2002127/public
https://dcc.ligo.org/LIGO-G2002127/public
https://dcc.ligo.org/LIGO-M1500027

LIGO-T2300406-v1, VIR-1043A-23, IGW-T2315390-v0

LSC-Virgo-KAGRA Observational Science Working Group

Burst

CBC (compact binaries)

Continuous Wave

Stochastic Background

Search for short-duration
GW bursts (both online and
offline)

Search for long-duration GW
bursts

Responding to exceptional
compact binary coalescence
detections

Cataloging detections of co-
alescence of neutron star and

Targeted searches for high-
interest known pulsars, e.g.
Crab, Vela

Narrow-band searches for
high-interest known pulsars

Searches for an isotropic
stochastic GW background

Directional  searches for
anisotropic stochastic GW

ton dark matter

black hole binaries and their backgrounds from point
meaured parameters sources
> | Responding to exceptional | Characterizing the astrophys- | Directed searches for high- | Detector  characterization,
:5 GW burst and multi- | ical distribution of compact | interest point sources, e.g. | data quality, and correlated
& | messenger detections binaries Cassiopeia A, Scorpius X-1 noise studies specific to
é SGWB searches
e | Searches without templates | Testing General Relativity | All-sky searches for un- | All-sky search for extended
T | from GWs from binary black | with compact binaries known  sources, either | sources using spherical har-
holes isolated or in binary systems | monic analysis
GW burst signal characteri- | Low-latency searches to en- | Long-transient searches for | SGWB implications and
zation able multimessenger astron- | emission from nearby post- | modeling
omy merger neutron stars
Multimessenger search for | Multimessenger search for | Follow-up searches of any
GW bursts associated with | CBC-GRB coincidences promising candidates found
GRBs by other searches
Measuring the properties of | Detector  characterization,
extreme matter, e.g. the neu- | data preparation, scientific
tron star equation of state software maintenance
Determination of the Hubble
constant
2 | Multimessenger searches | Improved searches for in- | Targeted searches for other
.:9: for GW bursts associated | termediate mass black hole | known pulsars, and non-
2 with fast radio bursts, | binaries and intermediate | tensor polarisations
20 | core-collapse  supernovae, | mass-ratio inspirals
= magnetar flares and high-
energy neutrinos.
Search for BNS post-merger | Search for sub-solar mass | Targeted searches for CW | Dark matter searches
signals compact binary coalescences | signals with non-tensor po-
larizations
All-sky cosmic string search | Search for gravitationally | Directed searches for other
lensed signals from compact | point sources of interest
binary coalesceces
Search for domain wall grav- | Improved waveform models | Long-transient searches for
itational signatures for signals expected during | emission from distant post-
the O4 run merger neutron stars
Optimized algorithms for | Multimessenger searches for
non-vanilla binary black | binary mergers associated
hole mergers (eccentric, | with fast radio bursts and
parabolic, or hyperbolic | high energy neutrinos
orbits).
Optimized search for | Searches for long-lived tran- | Analysis to separate compo-
‘? stochastic background of | sient emission following a | nents of a stochastic GW
2 GWs from CBCs known pulsar glitch background
= Continuous GW emission | Search for very long tran-
g from ultra-light boson clouds | sients (~ 10 hr — days)
% around black holes
2 Direct detection of dark pho- | Search for SGWB-EM sky

correlations

Table 2: Scientific Operations and Observational Results: Priorities of the LIGO Scientific Collaboration,
Virgo Collaboration and KAGRA, for the four astrophysical search working groups. Targets are grouped
into three categories (highest priority, high priority, additional priority) based on their detection potential.
There is no additional ranking within each category in this table.
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Enhanced Analysis Methods for Advancing Frontiers of GW Astrophysics, Astronomy and
Fundamental Physics

Longer term developments which are pursued to advance the scientific frontiers of GW observational science
are summarized in Table 3| by search group, and classified in two categories:

» Essential: developments considered necessary steps for enhancing the scientific return of future ob-
serving runs.
* Exploratory: developments which can further the science potential of future observing runs.

Depending on the course of development, these enhancements may be used in the analysis of the O4 data,
or may be used farther in the future.

LSC-Virgo-KAGRA Observational Science Working Group

Burst

CBC (compact binaries)

Continuous Wave

Stochastic Background

Essential

Improvement of existing
pipelines and methods for
GW burst searches

Plans for the detection of
exceptional multi-messenger
sources

Parameter estimation accel-
eration

Essential improvements to
waveform models

Improved models of popula-
tion inference

Improvements to statistical
measurement of the Hubble
constant

Essential enhancements to
all-sky searches

Further improvement and op-
timization of existing data
analysis pipelines
Development of model-
robust/agnostic data analysis
methods

Implement optimal method
to search for stochastic back-
ground from CBC events

Exploratory

Development of new meth-
ods for GW burst searches

Research and development
in  parameter estimation
methodology
New tests for exotic black
hole physics

Long-term improvements to
waveform models

Robust population inference
with marginal events
Real-time cosmology calcu-
lation

Exploratory enhancements to
all-sky searches

Development of new and po-
tentially more sensitive data
analysis methods

Use mock data challenges
to compare data analysis
pipelines

Cross-correlation search for
intermittent background

Component separation using
narrowband maps

Models for anisotropic back-
grounds

Table 3: Enhanced Analysis Methods for Advancing Frontiers: longer term R&D activities of the LIGO
Scientific Collaboration, Virgo Collaboration and KAGRA, for the four astrophysical search groups: Burst,
Compact Binary Coalescence (CBC), Continuous Waves (CW), and Stochastic Gravitational-Wave Back-
ground (SGWB). The targets are grouped into two categories (essential, exploratory). There is no ranking
within each category in this table.
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OBS-0.1 Searches for Generic Transients, or Bursts

The mission of the burst group is to detect gravitational-wave transients, or bursts, and to gain new informa-
tion on populations, emission mechanisms, and source physics of the associated astrophysical objects. Cen-
tral to the burst group philosophy is the assumption of minimal information on the source, so that searches
for gravitational-wave bursts typically do not require a well-known or accurate waveform model and are
robust against uncertainties in the gravitational-wave signature. Burst searches are, therefore, sensitive to
gravitational-wave transients from a wide range of progenitors, ranging from known sources such as binary
black hole (BBH) mergers, in particular the most massive and loudest ones, to poorly-modeled signals such
as core-collapse supernovae (CCSN) as well as gravitational-wave transients that are currently unknown to
science such as cosmic strings, neutron star instabilities, fast radio burst and magnetars. We refer to this as
the “eyes wide open" approach.

For example, the complexity of supernovae makes it difficult to reliably map the dynamics of a CCSN into
a gravitational-wave signal. The merger of precessing intermediate-mass black holes (> 100 M) produces
gravitational-wave transients which appear as short, sub-second bursts in the data. Long gamma-ray bursts
(GRBs) could be associated with a gravitational-wave transient lasting more than 10 seconds. Since robust
models are not available for many plausible sources, the group employs data analysis methods that are able
to detect emission mechanisms that have not been envisioned yet.

The burst group implements a variety of methods to identify instances of statistically significant excess
power, localized in the time-frequency domain. To discriminate between gravitational waves and noise
fluctuations, each search requires the signal to appear coherently in multiple detectors. The confidence of
a candidate event is established by repeating the analysis on many instances of background, obtained by
shifting the data from different detectors with non-physical delays.

Although burst search algorithms are designed to detect a wide range of signals, their tuning and interpre-
tation benefit from considering how they perform for plausible astrophysical signals. A variety of targeted
searches are designed to increase sensitivity to expected classes of signals. Therefore, the group’s science
program involves an active collaboration with the theoretical astrophysics, source modeling, and numerical
relativity communities.

Many potential gravitational-wave burst sources should also be observable in other astronomy channels,
including v-ray, X-ray, optical, radio, and neutrino signals. Knowledge of the time and/or sky position
of the astrophysical event producing a gravitational-wave burst can be used to increase the sensitivity of a
triggered burst search compared to an untriggered, all-sky search, and the association with a known astro-
physical event may be critical in establishing our confidence in a gravitational-wave burst detection. Most
importantly, joint multi-messenger studies of complementary data enable scientific insight that cannot be
accessed through gravitational waves or other messengers alone. Therefore, in addition to searches using
only the gravitational-wave data, a significant part of the burst group’s science program involves connect-
ing with other observations and working closely with the astronomy and astrophysics communities. An
important component of this connection utilizes burst searches running in low- and medium-latency, from
minutes to hours, and providing information on transient gravitational-wave candidates to the astronomical
community. The first BBH detection, GW 150914, and the binary neutron star merger GW 170817 illustrated
the scientific value of this approach.

Once a confident gravitational-wave transient is identified, characterizing its properties becomes an impor-
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tant goal of the group. This includes producing waveform reconstruction, polarization, and source localiza-
tion estimates for all observed transients (CBC, CCSN, cosmic strings, etc.) This information can then be
used to learn about the nature of the astrophysical source and test different astrophysical scenarios.

OBS-0.1.1 Scientific Operations and O4 Observational Results

The Scientific Operations and O4 Observational Results priorities of the burst group are:

1. Highest Priority

* Search for short-duration gravitational-wave bursts both online and offline: The burst
group will search for a broad class of short-duration transients. Deliverables include low-latency
triggers for electromagnetic follow-up, and papers describing search results. [Section

Search for long duration gravitational-wave bursts: The burst group will search for a broad
class of long-duration transients. Deliverables include papers describing the search results. [Sec-

tionOBS 1]

Responding to exceptional gravitational-wave burst and multi-messenger detections (CCSN,
BNS, GRB, FRB, Magnetar Flare, Neutrino): In the event of an exceptional gravitational-
wave burst or astrophysical event with a reasonable expectation for detecting gravitational waves,
the group will deliver a detection statement (or non-detection statement) in a timely manner, as
well as waveform reconstruction and signal interpretation. Examples include a galactic core-
collapse supernova, an unusually close binary neutron star merger or gamma-ray burst, or a

highly energetic magnetar flare. [Sections[OBS-1.3] [OBS-5.2] [OBS-1.6[OBS-5.4]

Multi-messenger searches from GRB triggers: Using a known GRB event as a target can
increase the sensitivity of a gravitational-wave search. The group will pursue gravitational-wave
targeted searches associated to the closest GRB triggers. Deliverables include papers describing

the search results. [Section[OBS-5.2]]

Searches without templates for gravitational waves from binary black holes: Although most
expected BBH mergers will also be detected with CBC searches, burst algorithms are sensitive
to a range of features not included in current template banks, including higher order modes,
eccentricity, and spin precession. This is important to detect some classes of BBH events.
Deliverables include the results of searches targeting both stellar mass and intermediate mass
(M > 100 Mg) black hole systems, with results to be included in papers written jointly with

the CBC group. [Sections[OBS-1.3 [OBS-5.1]|

Gravitational-wave burst signal characterization: For detected transients, a coherent wave-
form reconstruction, polarization estimates, and source localization enable many potential in-
vestigations. Deliverables include producing waveform reconstructions and localizations for all

detected transients. [Section[OBS-1.4]]

Search for gravitational waves associated with GRB: Using a known astrophysical GRB event
as a target can increase the sensitivity of a gravitational-wave search. The group will pursue a
triggered search. Deliverables include papers describing the search results. [Sections[OBS-5.2]

2. High Priority
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* Multi-messenger searches (CCSN, GRB, Magnetar Flare, Neutrino, Fast Radio Burst):
Using a known astrophysical event as a target can increase the sensitivity of a gravitational-
wave search. The group will pursue a number of searches, both triggered and untriggered. This
includes some sub-threshold searches. Deliverables include papers describing the search results.

[Sections [OBS-1.5] [OBS-5.2] [OBS-1.6] [OBS-5.4 [OBS-5.3]

* Search for BNS post-merger signals: Following a BNS detection, the group will search for
a post-merger signal. Finding (or limiting) such a signal provides a powerful equation-of-state
measurement. Deliverables include the result of a search for a post-merger signal after each
nearby BNS detection. [Section|OBS-5.2]

* All-sky cosmic string search: The group will search for signals from cosmic strings, and inter-
pret any upper limits as constraints on string parameters. Deliverables include papers describing

search results. [Section [OBS-6.1]|

* Domain wall search: The group will search for (non gravitational-wave) signatures from do-
main walls, and interpret any upper limits as constraints on domain wall coupling parameters.
Deliverables include papers describing search results. [Section [OBS-1.7]]

* Optimized algorithms for BBH mergers with features well-suited to unmodeled searches.
The group will optimize burst algorithms to search for new populations of non-vanilla BBH
mergers, such as systems with high eccentricity, hyperbolic and parabolic encounters. Deliver-
ables include offline searches for these systems and papers describing the search results. [Sec-

tions

Several of these science targets — including BBH mergers, gamma-ray bursts, and low-latency trigger pro-
duction — overlap with the CBC group, while others — including long transient and cosmic string searches
— overlap with the stochastic group. Joint teams are working together across the multiple groups on these
targets.

OBS-0.1.2 Enhanced Analysis Methods for Advancing Frontiers of GW Astrophysics, Astronomy and
Fundamental Physics

The two main levels of longer term R&D activities of the burst group comprise:

1. Essential

* Improvement of existing pipelines and methods for GW burst searches: The group will
maintain and improve the pipelines employed in GW burst searches and the methods used to
produce high-priority results. Deliverables include technical notes and papers describing these
improvements.

* Plans for the detection of exceptional multi-messenger sources: In advance of an exceptional
astrophysical event, the group will make plans for what types of statements to make in case of a
multi-messenger detection, including the quantification of the significance of a candidate multi-
messenger detection of cosmic events, and further develop software that will be used to produce
the results.

2. Exploratory
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* Development of new methods for GW burst searches: The group will develop new methods
and software to look for GW burst signals. Deliverables include technical notes and papers
describing the algorithms and data analysis methods.

OBS-0.2 Searches for Signals from Compact Binary Coalescences

As of this writing, we are in the middle of the O4 run and there have been 60 public alerts for high-
significance binary merger events. These are in addition to the 90 binaries that were observed in O1 through
03 with astrophysical probability greater than 0.5.

The O3a and O3b catalog reporting significant events discovered during O3 along with several companion
papers are completed. These papers contain significant events, and include more detailed estimation of
population distributions of binary masses and spins, more sensitive tests of general relativity using a much
larger statistical sample of signals, and improved measurements of the Hubble constant through direct and
statistical methods. Furthermore, we reported the discovery of another binary neutron star merger as well as
the detection of two coalescing systems comprising likely a neutron star and a black hole.

During O4, we are seeing a compact binary coalescence detection rate approaching a few per week. Pro-
jecting the current number of detections made online, we will have ~ 200 high-significance detections by
the end of O4. This will pose a significant challenge to the group in analysing the data and producing sci-
entific publications in a timely fashion. But, the scientific payoff will be substantial. The larger population
uncovered will help to answer fundamental questions raised by tentative hints seen so far. High-SNR events
will yield new insights into the nature of black holes. With additional neutron star mergers, we will be able
to make more precise measurements of the neutron star equation of state. The Compact Binary Coalescence
(CBC) group aims to discover additional compact binary mergers and to use the gravitational wave signals
to advance our understanding of fundamental physics and astrophysics.

The range of scientific activities pursued by the CBC group requires us to prioritize our goals. In the
regime of increasing detection frequency over the coming observing runs, we must strike a balance between
exploitation of established classes of sources and preparing for detection of new source classes. Achieving
these goals requires the group to prioritize the continued research and development of our tools and methods
for source detection, estimation of parameters, inference of rates and populations, probing fundamental
physics and modeling of waveforms with analytical and numerical relativity. We will continue to develop
our search pipelines to improve their sensitivity to quiet sources by improvements in detection statistics,
understanding of the noise background and rigorous understanding of data quality. A tremendous human
effort is required to develop, deploy, run and interpret the results of low-latency and offline searches in the
context of evolving detector sensitivity and data quality. Additionally, the CBC group maintains an active
collaboration with a broader community to enhance the impact of our discoveries on theoretical astrophysics
and the electromagnetic and astroparticle observing communities.

OBS-0.2.1 Scientific Operations and O4 Observational Results
The Scientific Operations and O4 Observational Results priorities of the CBC group are:
1. Highest priority

* Responding to exceptional events.

We must be prepared to detect and respond to novel sources of extraordinary scientific impor-
tance. We define these as sources that yield significant new astrophysics and would warrant
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a rapid stand-alone publication. These would naturally include new detections of binary neu-
tron stars, intermediate-mass or sub-solar mass binary systems. We also anticipate examples in
which measurement of a source’s parameters (e.g., masses and spins) could provide significant
constraints on its formation channel or our understanding of stellar evolution (e.g., the possible
existence of gaps in the black hole mass distribution, minimum or maximum neutron star mass).
Other examples could include sources which are exceptionally loud and allow us to measure the
source physics with unprecedented precision, thereby providing exceptional constraints on gen-
eral relativity, or, for binaries containing a neutron star, improved measurement of the nuclear
equation of state. Binaries with observed electromagnetic counterparts can significantly improve
our estimate of Hubble constant using the standard-siren distance estimate.

Producing a catalogue of detected compact binaries.

We will produce a summary of all compact binaries detected during each observing run in or-
der to provide a reference for the astrophysics community with details of the detected source’s
physical parameters, notable properties, and waveform estimates. This requires a good under-
standing of systematic errors, including waveform modelling errors. We will continue to re-
duce our sources of systematic errors by improving our waveform modeling with comparison
to numerical relativity simulations. The catalog completeness will be improved by including
uncertain signals along with their estimated significance and sky-localization in order to enable
subthreshold multimessenger searches.

Eccentric binary systems are another potential class of source where the searches and waveforms
are less mature. Templated searches and unmodeled searches can be combined to allow for more
robust searches over a range of eccentricity.

Along similar lines, the concrete possibility of detection of hyperbolic captures will require the
development of models to be used in templated searches to be run in synergy with unmodeled
searches.

Characterizing the astrophysical distributions of compact objects.

As the number of detections increases, we will build a clearer picture of the astrophysical dis-
tribution of compact binaries in terms of their masses and spins. This will set novel empirical
constraints on the astrophysics of binary evolution. To accurately learn these distributions we
need the ability to infer the physical properties of our detected sources and estimate their distri-
bution taking into account the selection effects of our detectors and pipelines.

Testing general relativity.

The final stages of compact binary coalescence provide a unique window into the behaviour
of gravity in the strong-field, high-velocity regime. We will continue to develop the range of
tests we are able to perform on our detections, ensuring their robustness through comparison to
numerical relativity simulations where possible. We will develop methods of combining multiple
detections to place better constraints on the theory, and test specific predictions from general
relativity such as the no-hair, area theorems and the general nature of merger remnants, local
Lorentz invariance and the mass of the graviton, and the speed of gravitational waves. As more
detectors are added to the network we will also be able to make improved tests of the polarization
states of gravitational waves.

Low-latency and early warning searches to enable multimessenger astronomy.

Observations of an electromagnetic or neutrino counterparts to a gravitational wave signal are
of huge astrophysical importance to the field, so we will continue to pursue multi-messenger
astronomy by searching data in near-real-time and providing public alerts to the astronomical
community. This requires the continued development of low-latency pipelines for detection,

page 14 of 234]



LIGO-T2300406-v1, VIR-1043A-23, IGW-T2315390-v0

localization, and estimation of parameters of sources. Early warning pipelines have been de-
ployed in O4 providing pre-merger alerts for binary neutron stars and neutron star black holes
in order to capture any prompt emission associated with such events. (The Operations White
Paper describes other essential components of this effort, including data quality checks and the
infrastructure associated with collating information and distributing alerts.)

* Multimessenger search for gravitational waves associated with gamma-ray bursts.
The coincident detection of a gravitational wave with a gamma-ray burst ranks among the highest
impact observations in the compact binary field. We will continue performing a deep coherent
search for gravitational waves focused on the sky position of any known gamma-ray bursts, and
pursue joint searches for gravitational-wave and GRB signals.

* Probing the properties of matter in the extremes of physical limits.
Binary coalescences involving neutron stars are a unique laboratory for studying the behaviour
of matter at super-nuclear densities and pressures. We will refine methods of constraining the
neutron star equation of state by measuring its observable effects on the inspiral, merger and
post-merger phases of the coalescence signal, and apply these to forthcoming neutron star merger
observations.

* Determination of the Hubble constant.

Gravitational waves provide a new way to measure the distance of extra-galactic binary coales-
cences. When these events are also observed electromagnetically, and the redshift of the host
galaxy is measured, an estimate of the Hubble constant can be obtained. As such observations
accumulate, this method is expected to provide a competitive and independent method for ob-
taining the Hubble constant. In addition, statistical approaches such as those involving spatial
correlations with a galaxy catalog or those studying the population distribution of binaries can
be used for merger events when no identified counterpart is available. With new observations,
we will improve our estimate of the Hubble constant.

To enable these highest-priority activities we will engage in research and development in compact bi-
nary coalescence search pipelines and parameter estimation, externally-triggered searches, waveform
modelling, rate and population inference, tests of general relativity, measurement of cosmological
parameters, and measurement of neutron star equation of state.

. High priority

High priority activities are those which are less certain to produce a significant result in the near term,
but where the potential payoff would be high.

* Improved searches for intermediate mass black hole binaries & intermediate mass-ratio
inspirals.
A goal of the CBC group is to search for intermediate mass black hole binaries. Especially
at the highest masses, the success of any search will be sensitive to the effects of higher order
modes and precession in the waveforms. An extension of the intermediate mass black hole
binaries research is the development of refined searches for intermediate-mass-ratio inspirals
and waveforms to describe them.

* Search for sub-solar mass compact binary coalescences.

A speculative source is black hole binaries (or other compact object binaries) having component
masses below one solar mass. Primordial black holes could be one channel by which such
systems are formed, but there are other possibilities. Such systems might possibly constitute
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some fraction of the dark matter. A search for sub-solar mass binaries could reveal the existance
of a new class of object, or place stronger constraints on the fraction of dark matter explained by
sub-solar mass black hole binaries.

* Search for gravitationally lensed binary coalescences.
Gravitational lensing of gravitational waves can result in magnification of gravitational wave
signals as well as multiple images, which has the effect that the same source is seen as multiple
events separated in time. Lensing can also alter the gravitational waveform in ways that could
allow us to determine that a signal has been lensed. Detection of a lensed signal would allow us
to make inferences about cosmology and population of compact binaries and would allow us to
perform improved tests of the number of gravitational wave polarization states.

* Improved waveform models.

The O4 run is likely to produce additional interesting CBC events, possibly with higher signal-
to-noise ratio or in new regions of parameter space. Development and validation of improved
waveform models may be needed to robustly interpret the detected signal or signals.

* Multimessenger search for gravitational waves associated with fast radio bursts.

It is possible that fast radio bursts are produced during compact binary coalescence. The method
for performing deep searches for gravitational waves associated with gamma-ray bursts can be
extended to explore periods of time around triggers produced by fast radio bursts. Though the
methods are similar, the time window to be explored will need to be reassessed.

* Multimessenger search for gravitational waves associated with high-energy neutrinos.

High-energy neutrinos can be produced during compact binary coalescence. The catalog of
compact binary coalescence candidates including the subthreshold trigger list with sky local-
ization information will used to search for joint sources of gravitational waves and high-energy
neutrinos around astrophysically motivated time window.

3. Additional priority

Additional priority activities are activities that the Compact Binary Coalescence (CBC) group will
undertake if resources are available.

* Stochastic background of gravitational waves from compact binary coalescences.

The superposition of a large number of weak signals arising from compact binary coalescences
in the distant universe will produce a stochastic background of gravitational radiation. Such a
background produced by binary black hole mergers is not truly continuous, though, as it orig-
inates from discrete signals that are not fully overlapping in time, and an optimized statistical
search for such sub-threshold signals will be pursued.

OBS-0.2.2 Enhanced Analysis Methods for Advancing Frontiers of GW Astrophysics, Astronomy and
Fundamental Physics

The two main levels of longer term R&D activities of the CBC group comprise:
1. Essential

* Parameter Estimation Acceleration and Automation.
Parameter estimation engines need to be modernized and optimized to increase their utility,
computational performance, and ease of use, in order to handle the future onslaught of events.
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This will entail management, archiving and interfacing with workflows from other analyses as
well as an increase in the level of automation of existing and future pipelines.

* Essential Improvements to Waveform Models.

With increasing sensitivity we will become increasingly dependent on highly accurate waveform
models. Waveform models that capture sub-dominant modes of emission, improved models of
precession, and eccentricity will be developed. In addition, inclusion of additional matter effects,
e.g., during the merger and post-merger phases, will be needed for modeling neutron star binary
systems. A new and flexible interface for waveform models will be implemented to harvest
the power of modern hardware, like GPUs, and software, such as Machine Learning methods.
Such interface will help the need improvements in the computational performance of waveform
simulations to enable faster parameter estimation on the scale necessary for O4.

* Improved Models of Population Inference.
As the census of compact binary coalescences grows, more sophisticated models of the as-
trophysical population will become possible (e.g., with redshift evolution). New methods of
population inference will be introduced to exploit the large number of detections anticipated.

* Improvements to Statistical Measurement of the Hubble Constant.
There are a number of potentially biasing systematic effects present in the statistical method of
measuring the Hubble constant. These effects will be studied and methods for mitigating them
with be implemented in the cosmology code.

* Essential Enhancements to All-Sky Searches.
As the network of detectors grows with the addition of KAGRA, and with improvements in the
detector sensitivity curves, search pipelines need to be enhanced to make optimal use of the
available data. This continued development will improve the search sensitivity of both online
and offline pipelines.

2. Exploratory

* Research and Development in Parameter Estimation Methodology.
Investigation of new algorithms and optimization has the potential to greatly improve the speed
of the parameter estimation code and add scalability to allow for increasing number of parame-
ters and more complex signal models.

* New Tests for Exotic Black Hole Physics.
Tests for exotic speculative physics such as black hole mimickers or late time gravitational wave
echos from black holes will be explored.

* Long-Term Improvements to Waveform Models.
In the long term, we seek waveforms containing the full set of possible physics, capable of mod-
eling the inspiral, merger, and post-merger of precessing, eccentric (even hyperbolic), systems
including, where applicable, matter effects and disruption.

* Robust Population Inference with Marginal Events.
Additional information about the astrophysical population of compact binary coalescences can
be gleaned by inclusion of marginal events, whose astrophysical origin is not certain. New
methods for including marginal events in population inference will be explored.
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* Real-Time Cosmology Calculation.
As we move toward larger signal rates and longer stretches of continuous operation, a cosmology
calculation that updates in real time as events occur (with or without a counterpart) will be a
boon.

* Exploratory Enhancements to All-Sky Searches.
Novel methods can be incorporated into the all-sky search pipelines. For example, searches us-
ing templates modelling precessing and sub-dominant emission modes; fully-coherent searches;
and the use of machine learning to improve event ranking and detector characterization.

OBS-0.3 Searches for Continuous-Wave Signals

The Continuous Waves (CW) Group aims to measure gravitational wave signals that are long-lived, nearly
sinusoidal, and extremely weak. Such signals are believed to be emitted by rapidly rotating neutron stars in
our Galaxy. These stars can emit gravitational radiation through a variety of mechanisms, including rotation
with elastic deformations, magnetic deformations, unstable r-mode oscillations, and free precession, all of
which operate differently in accreting and non-accreting stars. Long-term simultaneous GW and electro-
magnetic observations of a galactic neutron star would support a rich astrophysical research program. Other
possible astrophysical CW sources include boson clouds around black holes and low-mass compact binaries
during early inspiral, and CW detection methods can also be used for dark matter directly interacting with
interferometric detectors.

There is much astrophysical uncertainty surrounding CW emission mechanisms, in part because (i) elec-
tromagnetic astronomers have detected only a small fraction (a few thousand) of the population of neutron
stars in the Galaxy (believed to be 108-10%), and (ii) modeling the physics of the interiors of neutron stars,
particularly beyond nuclear densities, is extremely difficult. To try to mitigate these uncertainties, the CW
group maintains a broad program to search for GW emission from several distinct source categories, as de-
scribed below. The CW group also encourages active research and development into further improvements
to existing search pipelines, as well as formulating ideas for new search methods. In addition, mock data
challenges can be useful tools to rigorously compare the performance of data analysis pipelines targeting a
particular source category.

For known pulsars with measured spin frequencies, frequency derivatives (also known as spindowns) and
distances, energy conservation sets an upper limit on GW strain amplitude, known as the spindown limit,
albeit with significant uncertainties. Searches of LIGO and Virgo data have obtained high-confidence upper
limits well below the spindown limits for many pulsars, including the Crab and Vela pulsars; as detector
sensitivities improve the number of pulsars for which the spindown limit has been surpassed will continue
to increase, primarily at spin frequencies below 100 Hz. For suspected neutron stars with unknown spin
frequencies, indirect upper limits based on estimated age or estimated accretion rates can also be derived.
Such indirect limits are more optimistic for non-accreting stars, but accreting neutron stars are more likely
to be emitting near their limits.

The primary categories of searches pursued by the CW group are ordered below by decreasing prior infor-
mation known about the sources, which generally leads to decreased sensitivity of the associated searches:

Searches for known pulsars use known ephemerides from radio, X-ray or y-ray timing measurements, and
can achieve strain sensitivities limited only by the intrinsic detector sensitivity and observation time spans.
Of high interest are those pulsars with spindown limits within factors of a few of the achievable sensitivities.
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For these high-interest targets it is desirable to also perform complementary narrowband searches which
forego a small part of the sensitivity and, relaxing the strict assumption of phase coherence between the GW
signal and the measured ephemeris, perform a search in small frequency and spindown bands around their
nominal values. It is also of interest to search for evidence of non-tensor polarizations, which if detected
would imply a violation of general relativity.

Directed searches use known sky locations of interesting astrophysical point sources but lack prior frequency
or spindown information. They are therefore less sensitive than searches for known pulsars due to the com-
putational expense and trials factor associated with searching over several parameters: the GW frequency,
and potentially higher-order spindowns; and, if the target astrophysical source has a binary companion, pa-
rameters of the binary orbit where unknown. This typically precludes using fully-coherent matched filtering
over the year-long time spans of an observing runs. Semi-coherent methods — which partition the data set
into shorter segments and incoherently combine the results from these — make the computational problem
tractable, but sacrifice additional sensitivity beyond that from the trials factor of exploring a larger parameter
space. Important astrophysical sources in this category are: galactic supernova remnants which may contain
a young neutron star, e.g. Cassiopeia A; low-mass X-ray binaries (LMXBs) where accretion could over time
have built up a detectable non-axisymmetry, e.g. Scorpius X-1; the region of the Galactic center, which may
contain a large population of neutron stars not detectable by electromagnetic surveys; and nearby globular
clusters (e.g. NGC 6544, Terzan 5, 47 Tuc, NGC5139, Palomar 5, M22, NGC 3201, NGC 6397), where
older neutron stars may acquire a detectable non-axisymmetry through debris accretion.

All-sky searches use no astrophysical priors, and instead perform broad surveys for undiscovered neutron
stars. The sensitivity achievable with all-sky searches is further limited, with respect to directed searches,
by the need to make sky-location-dependent corrections for the Doppler modulation of the detected source
frequency due to the Earth’s daily rotation and yearly orbit. The number of sky directions that must be
searched to maintain accurate demodulation grows rapidly with the time span of the data set being analyzed,
and the associated increase in computational cost is typically severe enough to require shorter coherence
times than in directed searches. Finally, to be sensitive to neutron stars with a binary companion, the
parameters of the binary orbit must also be searched over, further enlarging the search parameter space and
computational cost.

In addition to the categories above, the CW group is also interested in searching for GW's from several other
sources. Searches for long-lived transients, in collaboration with the Burst and Stochastic working groups
(Section [OBS-1.2)), could target emission from e.g. a remnant neutron star formed in a binary neutron star
coalescence, or following a pulsar glitch. Ultra-light boson clouds around black holes may also produce
long-lived CW signals and can be searched for in both directed and all-sky modes. Compact binaries can
also be CW sources during their early inspiral phase, and for certain mass ranges, such as compact binaries
with at least one component being a low-mass primordial black hole, can be covered by CW search methods
with the LVK network. A direct detection of dark matter with GW detectors, under various models that
allow for direct interaction with the interferometers, is also being pursued using CW data analysis methods,

and in collaboration with the Stochastic working group (Section|O 3.2)).

OBS-0.3.1 Scientific Operations and O4 Observational Results

The input data to any CW analysis pipeline must be carefully characterized and prepared before use. Im-
properly calibrated data, or data that is otherwise contaminated with excess noise, must be excised from
the input data, otherwise analysis results may be affected by large numbers of spurious outliers. Work on
identification and mitigation of spectral noise artifacts (lines or combs) coupling into the calibrated strain

page 19 of 234]



LIGO-T2300406-v1, VIR-1043A-23, IGW-T2315390-v0

channel benefits from a close interaction with the detector characterization working group and the site com-
missioning staff. A small set of data quality flags, produced by the detector characterization working group,
are applied to the calibrated detector data so that the most egregious data are discarded. Frequent, large
transient glitches seen beginning in the O3 observing run have motivated the use of data cleaning methods
to excise them. The detector response is also validated via “hardware injection” recovery, that is, via the
successful reconstruction of signals injected into the interferometer data by radiation pressure actuation on
the test masses. A set of such signals are monitored daily, weekly and cumulatively during observing runs,
and are essential to validate the detector calibration, data cleaning, and other post-processing steps.

The CW group is undertaking a comprehensive search program using data from the O4 observing run, which
is reflected in the following list of priority activities. The prioritization of each activity into different classes
is arrived at by considering a number of factors: the prior likelihood of detecting a particular category of
source; the sensitivity achievable by searches targeting that source category, which in many cases is restricted
by their computational cost; and available human resources needed to produce a vetted observational result.

It is important to note that these factors contain several uncertainties. Prior likelihoods of detection are
difficult to quantify and may be re-assessed over time. The sensitivity and computational cost of a particular
search is often influenced by the specific data set under consideration, including its spectral noise, which may
be hard to predict before the data is examined in detail. The availability of human resources, in particular to
bring new analysis methods under development to maturity, may also be uncertain. For those reasons, the
prioritization of activities that follows is a best guess at the time of writing, and is subject to change when
extrapolated into the future. Finally, note that the ordering of activities within the same priority class in the
list below does not imply any further prioritization within that class.

The categorisation into key/other from the 2023 LSC programmeE] is related to the following highest, high
and additional priorities in such a way that we call the highest and high papers key and additional priorities
are categorised as other.

1. Highest priority

* Targeted searches (Section[OBS-3.1]) for all known pulsars for which upper limits within a factor
of two of the spindown limit are likely to be achieved, e.g. the Crab and Vela pulsars. These
searches will include searching at once and twice the pulsar spin frequency.

* Narrow-band searches (Section for high-interest pulsars, as above, which explore
small frequency and spindown bands around the nominal parameters given by the known ephemerides.

* Directed searches targeting as many high-interest astrophysical point sources as resources allow,

in particular Cassiopeia A (Section[OBS-3.4), Scorpius X-1 (Section[OBS-3.5)). and the Galactic
center (Section[OBS-3.7).

* All-sky searches for undiscovered neutron stars, either isolated (Section or in binary
systems (Section[OBS-3.T1).

* Long- and short-transient searches for GWs from post-merger neutron stars (Section[OBS-3.12)
where the estimated distance is similar to or closer than GW170817.

* Searches for long-lived transient GW's following a pulsar glitch (Section[OBS-3.13) where indi-
rect upper limits based on measured glitch parameters are expected to be surpassed.

* Follow-up searches of any promising CW candidates found by other searches (Section
B.16).

* Support for CW searches through detector characterization (see the Operations White Paper),

data preparation (Section[OBS-3.17), and scientific software maintenance (Section[OBS-3.18).

12023 LSC programme: https://dcc.ligo.org/M2300188/public
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2. High priority

* Targeted searches (Section[OBS-3.T)) for known pulsars for which the spindown limit is unlikely
to be surpassed, E]including searches sensitive to non-tensor polarizations.

» Searches for CW emission from r-modes from known pulsars, especially PSR J0537-6910 (Sec-
tion [OBS-3.3).

* Narrow-band searches for CWs from Accreting Millisecond X-ray Pulsars (AMXPs), which are
neutron stars in LMXBs with known spin frequency (Section|OBS-3.6).

e Searches for a direct detection of dark matter from various models, in collaboration with the

Stochastic working group (Section|O 3.2)).
3. Additional priority

* More robust, but less sensitive all-sky searches for more generic CW-like signals (Section[OBS
3.9).

* Directed searches for other point sources of interest, including but not limited to: additional
galactic supernova remnants (Section [OBS-3.4), sources in LMXBs (Section with
unknown spin frequency other than Scorpius X-1, and sources in nearby globular clusters (Sec-
tion [OBS-3.8).

* All-sky and directed searches for CWs from ultra-light boson clouds around black holes (Sec-
tion[OBS-3.14).

* Follow-up of candidates from directional stochastic searches, in collaboration with the Stochas-
tic working group (Section[OBS-8.1].

* Long- and short-transient searches for GW from post-merger neutron stars (Section
at estimated distances larger than GW170817.

¢ Searches for long-lived transient GWs following a pulsar glitch (Section where indi-
rect upper limits are unlikely to be surpassed.

» Searches for transient CW-like emission from low-mass primordial black-hole binaries (Sec-

tion [OBS-3.T5).

OBS-0.3.2 Enhanced Analysis Methods for Advancing Frontiers of GW Astrophysics, Astronomy and
Fundamental Physics

The search for CWs is a challenging scientific problem. In particular, when parameters of the sources are un-
known and therefore must be searched for over wide parameter spaces, the achievable sensitivity compared
to the theoretically-optimal method (e.g. matched filtering) is severely limited by finite computational re-
sources. Sub-optimal but computationally-cheaper algorithms must be utilized. The problem of determining
the most sensitive search method, given a fixed computational budget, is not easily solved — yet its solution
may prove critical to a first CW detection. Furthermore, many sources may exhibit behaviors which deviate
from the usual CW signal model, e.g. spin wandering in LMXBs, or sources with intermittent gravitational
emission. Investment in optimization of existing pipelines, as well as development of new, potentially more
sensitive and/or robust methods, is therefore of critical importance.

The CW group aims to support at least two independent search methods/pipelines for each search type;
more may be supported as resources allow. This redundancy provides greater robustness against incorrect
assumptions in signal modeling and against non-optimal handling of instrumental artifacts.

Note that, due to the maturity and insignificant computational cost of the targeted search pipelines, there is virtually no practical
benefit to separating the high-interest targets from the others and delivering two separate sets of results.
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1. Essential

* Further improvement and optimization of existing data analysis pipelines (Section [OBS-3.19).
* Development of model-robust/agnostic data analysis methods (Section [OBS-3.20).

2. Exploratory

* Development of new and potentially more sensitive data analysis methods (Section [OBS-3.21].
* Use mock data challenges to compare data analysis pipelines (Section [OBS-3.22).

OBS-0.4 Searches for Stochastic Backgrounds

A stochastic gravitational-wave background (SGWB) is formed from the superposition of many events or
processes that are too weak and/or too numerous to be resolved individually. The prime objective of the
SGWB group is to measure this background, which can arise from cosmological sources such as infla-
tion, cosmic strings, and phase transition models or from astrophysical sources such as compact binary
coalescences, supernovae, and neutron stars. The measured rate of binary black hole (BBH) and binary neu-
tron star (BNS) mergers indicates that, at design sensitivity, Advanced LIGO may detect an astrophysical
background. This detection will be of great interest as a probe of the evolution of the Universe since the
beginning of stellar activity. Meanwhile, the detection of a cosmological background would be a landmark
discovery of enormous importance to the larger physics and astronomy community. The stochastic searches
are built on the cross-correlation infrastructure, which was originally designed to carry out searches for an
isotropic stochastic background, but has been adapted to also search for directional stochastic backgrounds
and transient GW signals.

Although no SGWB was detected during O1, O2 and O3, results from the isotropic search constrain the
energy density of the stochastic background to be g < 1.7 x 1078 at 95% confidence. When the Advanced
detectors reach design sensitivity, we expect to be as low as 6 x 10710,

The isotropic search has been extended to include a test of General Relativity (GR) by searching for a
background of non-tensor polarizations. This extension provides a tool for model selection between a tensor
and non-tensor background signal, as well as an estimate of the background energy density from tensor,
vector, and scalar polarizations. It is also important to estimate the individual contributions of distinct
sources of the background, which may be described by distinct spectral shapes. Independent methods have
been developed to consider all physically allowed spectral shapes using either a mixing matrix deconvolution
or Bayesian parameter estimation. Bayesian parameter estimation techniques are also used to estimate or
constrain the average chirp mass and merger rate of the binary black hole population. Significant model
development will be necessary for understanding and interpretating the observational results. To support
the interpretation of the results, mock data challenges with different sources, such as compact binaries and
cosmic strings, will be pursued. Additionally, search pipelines targeting popcorn backgrounds are being
developed using both the traditional cross-correlation approach as well as the fully Bayesian techniques.

The directional searches provide a method of distinguishing between different stochastic sources using sky
maps of gravitational-wave power. The group employs both a radiometer algorithm and a spherical harmonic
decomposition to generate sky maps (and strain spectra) that can be used to identify cosmological or local
anisotropies as well as point sources. The spherical harmonic decomposition provides an estimate of the
energy density of the SGWB from extended sources over the sky. It can also be applied to search for a GW
background with parameterized anisotropy, for example anisotropies associated with the compact binary
black hole background or cosmic strings. To further study anisotropies in the astrophysical background, GW
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sky maps can be cross correlated with electromagnetic observables. The broadband radiometer measures
the background energy density from point-like sources over the sky, and provides an important tool for GW
astronomy when there is significant uncertainty in the phase evolution of a continuous-wave signal. As an
application, a narrowband radiometer has been used to search for gravitational waves from Scorpius X-1,
the Galactic Center, and SN 1987A. Using a compressed data set folded over a sidereal day, the radiometer
can be applied to perform an unmodeled search for persistent sources over all frequencies and sky locations.
Directional searches are performed separately for multiple spectral indices in standard LIGO analyses but
it may be possible to deconvolve the skymaps to constrain backgrounds of multiple spectral components.
Exploration studies are being performed, initially considering two or three power-law spectral indices. We
also investigate models of SGWB anisotropies, such as compact binaries and cosmic strings, which we
can test against our results. We will test these models with mock data challenges. Continuous-wave (CW)
sources with deterministic but unknown phase evolution, such as a neutron star with unknown spin period,
may be detectable either via the stochastic radiometer or via methods being developed in the CW group.
The Stochastic group continues to develop these searches, in consultation with the CW Group.

It may be possible for neutron stars to emit transient gravitational waves on time scales lasting hours to
weeks. Moreover, exotic models allow for the possibility of a seemingly persistent signal to start or stop
during an observing run, also leading potentially to very long transient signals. The Stochastic group has
developed a cross-correlation pipeline to search for very long-lived gravitational-wave transients on these
time scales. Applications of this search include the ability to establish whether an apparently persistent
source, e.g., observed in a stochastic background search, exhibits variability in time; and an understanding
of the behaviour of detector artefacts on timescales of days to weeks. There is overlap between the very long
transient search and searches being carried out in the Burst and Continuous Waves search groups.

The traditional stochastic searches share a common assumption of a Gaussian and stationary background.
However, a background from unresolvable binary BH mergers, for example, is likely to be detected first by
the Stochastic group even though it will not be stationary and is unlikely to be Gaussian. Non-Gaussian
stochastic background signals have been studied using software injections and analyses on mock data. A
search for an astrophysical background from unresolved compact binary coalescences is being pursued in
conjunction with the CBC group. The joint activity are developing and implementing a Bayesian search
strategy that is optimally suited to handle the non-stationarity of the expected background from BBH merg-
ers. We note that collecting information from unresolved binaries at large luminosity distance will also
help test the Primordial Black Hole scenario, whose merger rate evolution with redshift is expected to be
significantly different from the one of astrophysical black holes.

The Stochastic group is actively involved in detector characterization efforts, with overlap with the Detector
Characterization (DetChar) group. For example, the SGWB group relies on magnetic field measurements to
estimate and mitigate contamination due to Schumann resonances. There are also plans to study how inter-
mittent signals from (instrumental, environmental, or astrophysical) transients may bias stochastic analyses
using software injections. The group has also developed and maintains a stochastic data-quality monitor to
track search sensitivity in real time and to identify problematic sources of noise.

OBS-0.4.1 Scientific Operations and O4 Observational Results
The Scientific Operations and O4 Observational Results priorities of the Stochastic group are:
1. Highest priority

* Search for an isotropic background. Analyze the O4 data for an isotropic stochastic gravitational-
wave background, looking as well for evidence of non-GR polarization modes; constrain rele-
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vant astrophysical and cosmological models of isotropic gravitational-wave backgrounds; inves-
tigate the effect of correlated magnetic noise on the search.

* Directional searches for anisotropic backgrounds . Analyze the O4 data using the radiometer
method to generate sky maps for point sources of an anisotropic gravitational-wave background;
Produce the O4 data folded to one sidereal day to facilitate applications of more computationally-
expensive stochastic searches like the all-sky all-frequency radiometer and searches for parame-
terized anisotropy; optimize the search sensitivity in terms of angular resolution, regularization
bias, and frequency band used in search; perform an unmodeled search for potentially interest-
ing persistent gravitational-wave sources from specific sky locations; perform modelled searches
targeting specific anisotropy in the sky, such as in the galactic plane.

* Data quality and detector characterization studies. Investigate the effect of non-stationarity
and coherent lines in the O4 data on the stochastic searches, and pursue approaches to mitigate
these sources of noise.

* Spherical harmonic analysis for anisotropic background. Perform all-sky search for ex-
tended gravitational wave background sources using spherical harmonic decomposition method
applied to O4 data; constrain astrophysical and cosmological models of anisotropic gravitational-
wave backgrounds, using angular spectra for both auto-power in gravitational wave background
and for the cross-power between the gravitational-wave background and electromagnetic ob-
servables.

* Implications and gravitational-wave background modeling. Develop more accurate theoret-
ical models of astrophysical and cosmological gravitational-wave backgounds; perform mock
data challenges to test the recovery of simulated backgrounds corresponding to different theo-
retical models, using Bayesian model selection or parameter estimation.

2. High priority

* Dark matter searches. Searches for dark photon dark matter in collaboration with Continuous
Wave working group.

3. Additional priority

* Component separation. Implement frequentist or Bayesian component separation methods to
determine the individual spectral contributions to an isotropic gravitational-wave background.

* Search for very long transients. Analyze the O4 data for very-long transient events, thus
assessing the temporal distribution of the SGWB. In the case of a BNS or a BHNS detection,
the search for a very long duration signal from a merger remnant will be promoted to the rank
of highest priority.

* GW-EM Correlations. Develop techniques for measuring possible correlations between GW
anisotropy maps and maps of matter structure obtained through electromagnetic approaches
(galaxy counts, gravitational lensing and others).
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OBS-0.4.2 Enhanced Analysis Methods for Advancing Frontiers of GW Astrophysics, Astronomy and
Fundamental Physics

1. Essential

* Stochastic background from compact binary coalescences. Implement and test an optimal
Bayesian search for the nonstationary background produced by individually unresolvable CBC
events (e.g., BBH mergers) throughout the universe.

* Cross-Correlation Based Search for Intermittent Gravitational-wave Backgrounds. De-
velop a search for intermittent (i.e., popcorn-like) stochastic GW backgrounds by modifying the
standard cross-correlation search for a stationary-Gaussian background to target short intermit-
tent “bursts" of correlated GW signals.

2. Exploratory

» Component separation using narrowband maps. Develop and implement component separa-
tion methods for anisotropic gravitational-wave backgrounds.

* Models for anisotropic backgrounds. Develop theoretical models of astrophysical backgrounds.

OBS-0.5 Working Group Leadership Roles

Each of the four observational science working groups (CBC, Burst, CW, SGWB) is led by Co-Chairs, with
at least one from each collaboration. Because the working groups have many active members and encompass
a large scientific scope, the Co-Chair role demands a considerable amount of time and energy.

Some of the working groups have defined formal subgroups devoted to developing and maintaining specific
technical capabilities and pursuing various science goals. Several of these subgroups span two or more
working groups where the science suggests overlap in sources or methods.

Each paper being prepared has a designated Editorial Team (or Paper Writing Team), formed at the onset of
paper preparation, and a paper project manager (or co-manager).
Internal review of science results is led and coordinated by a pair of Review Co-Chairs (one each from the
LSC and Virgo) for each of the four astrophysical search groups.

Each collaboration also appoints a Data Analysis (or Observational Science) Coordinator. The Data Analysis
Coordinators facilitate the overall process of planning, producing and reviewing scientific analyses and
papers, and lead weekly Data Analysis Coordination (DAC) meetings, among other tasks.
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OBS-1 Burst Group Activity Plans

In addition to the activities described in this section, see the activities being undertaken jointly with the CBC
and Stochastic groups in sections [OBS-5]and [OBS-6| respectively.

OBS-1.1 Search for short-duration gravitational-wave bursts

Start date: 2024-01-01
Estimated due date: 2024-12-31

A wide range of highly energetic astrophysical phenomena are expected to be accompanied by emission of
gravitational-wave transients lasting from milliseconds to several seconds within the instruments’ frequency
band. For some transient sources, especially compact binary systems composed of neutron stars and/or black
holes, their expected gravitational-wave emission is modeled sufficiently well over most of their parameter
space that matched-filter techniques using waveform templates can be used to optimally retrieve astrophysi-
cal signals from the interferometer data. However, there exists a range of plausible sources of short-duration
gravitational-wave emission for which their signal morphologies are poorly modeled or even unknown, and
for which no matched-filter techniques can be effectively employed. Such sources, e.g., core-collapse super-
novae, soft gamma repeaters and neutron star glitches. The all-sky search for short-duration bursts targets
this wide class of sources. For this reason, the all-sky search invokes general transient-finding methods with
minimal assumptions on signal morphology. This also provides the opportunity to identify unanticipated
sources and signals.

Since O1, the search for unmodeled transients has benefited from independent implementations of burst
analysis pipelines [, 2, 13]]. Each analysis uses a measurement basis (Fourier, wavelet or others) in order to
identify coincident or coherent excess power in the data from multiple detectors (e.g. cWB [4], oLIB [5]],
MLy [6] and BayesWave [[7]]). These analyses use gravitational-wave strain data from all available detectors
to solve the inverse problem for the impinging gravitational-wave signal by using maximum likelihood and
Bayesian statistics approaches. Multi-instrument analysis is essential for the robust detection of unmodeled
gravitational-wave transients; coincident or fully coherent methods have been shown to perform well at
rejecting noise transients while recovering relatively weak signals. We plan to continue using multiple
burst pipelines in the foreseeable future. Independent searches for the same science targets present the
opportunity for direct comparisons of the analysis, an ability to validate search results, and often leads to
search innovation. Multiple, independent searches may also better cover the signal parameter space.

In addition to offline analyses, an all-sky search for transient events is performed in low-latency and suc-
cessfully produces triggers with as short as a few minutes of time delay to allow for rapid follow-up multi-
messenger observations. The ability to quickly identify triggers from generic transient events complements
current targeted searches for compact binaries, remaining sensitive to a wider variety of sources.

Gravitational-wave transient searches benefit from data quality information provided by detector experts.
That especially includes the findings of the detector characterization groups to identify and understand
the origin of the non-stationary noise sources. In particular, data quality vetoes are provided by detector
characterization groups to exclude noise outliers and improve the burst search sensitivities.

ACTIVITY OBS-1.1-A-INFRAOPS: LOW-LATENCY UN-MODELED GRAVITATIONAL-WAVE SEARCHES

TASK OBS-1.1-A(i)-INFRAOPS: ONLINE PIPELINE OPERATION

Prepare, deploy and maintain low-latency pipelines to search for gravitational-wave bursts for
04, using LIGO, Virgo and KAGRA data. This task covers all low-latency pipelines that gen-
erate burst alerts (all-sky and BBH). This also includes the source properties inference analyses
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(skymaps, waveform reconstruction, and unmodelled source properties) performed with low la-
tency.

TASK OBS-1.1-A(ii)-INFRAOPS: STRATEGY TO FOLLOW-UP BURST EVENTS DETECTED ONLINE
Decide and implement a strategy to follow-up burst-only candidates found by online pipelines.
This procedure includes source identification and parameter estimation using burst waveform
models.

TASK OBS-1.1-A(iii)-INFRAOPS: BACKGROUND TRIGGERS
Extract background triggers found by online searches. This shall be done on a regular basis
during the observing run. This information will guide investigation conducted by detector char-
acterization groups. This will also help search groups to configure offline analyses.

ACTIVITY OBS-1.1-B-INFRAOPS: OFFLINE SEARCH FOR SHORT-DURATION BURST SIGNALS IN LIGO,
VIRGO, AND KAGRA O4 DATA

TASK OBS-1.1-B(1)-INFRAOPS: RUN THE ALL-SKY BURST SEARCHES ON O4 DATA
Configure and run burst pipelines on O4 data and produce search results. Characterize the close-
box results and eventually open the boxes. Estimate the significance of the most promising
gravitational-wave candidates.

TASK OBS-1.1-B(ii)-INFRAOPS: WAVEFORM CATALOG DEVELOPMENT FOR SHORT-DURATION
BURST SEARCHES
Continue to enhance the short-duration transient waveform catalogue with astrophysically mo-
tivated sources. A selection of the most interesting waveforms will be done for the O4 search
results publication.

TASK OBS-1.1-B(iii)-INFRAOPS: SIGNAL INJECTIONS FOR ALL-SKY BURST SEARCHES

Perform burst signal injections to assess the pipeline detection efficiency following the method-
ology developed for previous runs.

TASK OBS-1.1-B(iv)-INFRAOPS: BACKGROUND TRIGGERS
Extract background triggers found by offline searches. This shall be done on a regular basis
during the observing run. This information will guide investigation conducted by detector char-
acterization groups. This will also help search groups to configure offline analyses.

TASK OBS-1.1-B(v)-INFRAOPS: FOLLOW-UP DETECTION CANDIDATES FROM ALL-SKY BURST
SEARCHES
Use codes designed to evaluate gravitational-wave candidate significance. Employ models to test
significance of candidates as astrophysical versus “glitch” (detector artifact) models. As needed,
employ techniques to remove glitches from the data near a gravitational-wave candidate — to
be used by parameter estimation or other follow-up analyses. Test all existing burst waveform
models to match the data and assess the astrophysical origin of the event.

TASK OBS-1.1-B(vi)-INFRAOPS: REPORT RESULTS AND REVIEW

Report intermediate results in a timely manner as data becomes available during the observing
run (O4 milestones). Periodically report results to the All-Sky Short-Duration group and to the
burst group.
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TASK OBS-1.1-B(vii)-INFRAOPS: REVIEW ANALYSES
Review the Burst all-sky pipelines, the pipeline configurations, as well as the results produced

by the pipelines (search results, injection studies, astrophysical upper limits, etc). See also
and

TASK OBS-1.1-B(viii)-INFRAOPS: PUBLISH RESULTS FROM ALL-SKY BURST SEARCHES IN O4A

Publish a collaboration paper reporting any signals found by the short-duration searches in the
O4a data, and place limits on some classes of sources. See also[OBS-9.2-G|

ACTIVITY OBS-1.1-C-INFRAOPS: BURST ALL-SKY SHORT-DURATION SUBGROUP ADMINISTRATION

TASK OBS-1.1-C(i)-INFRAOPS: SUBGROUP LEADERSHIP: ALL-SKY SHORT-DURATION BURST
SEARCHES

Administrative and managerial tasks associated with the leadership of the All-Sky Short-Duration

subgroup. See also

ACTIVITY OBS-1.1-D-OTHER: BENCHMARK BURST ALL-SKY SHORT-DURATION SEARCH PIPELINES

TASK OBS-1.1-D(i)-OTHER: BENCHMARK ALL-SKY SEARCH PIPELINES
Measure the pipeline sensitivity to short-duration gravitational-wave bursts using a common set
of simulated waveforms. Characterize how the different search pipelines complement each other
in terms of sensitivity and parameter-space coverage. Use these results to select search pipelines
and to evaluate the trial factor.

ACTIVITY OBS-1.1-E-OTHER: TEST ALTERNATIVE MODELS TO GENERAL RELATIVITY USING BURST
METHODS

In addition to searching for generic transient gravitational-wave events, we also plan to search for
gravitational-wave bursts with alternative polarizations. While Einstein’s general theory of relativity
(GR) predicts that gravitational waves will have a tensor polarization, some alternative theories of
gravity predict gravitational waves with other polarizations (namely scalar and vector polarizations).
Using data from LIGO, Virgo and KAGRA detectors makes it possible to distinguish between polar-
izations of a gravitational-wave signal and to search for these alternative polarizations. We plan to use
one or more burst pipeline to search for gravitational-wave signals with non-GR polarizations, and to
quantify the consistency between recovered signals and GR polarizations.

TASK OBS-1.1-E(1)-OTHER: INVESTIGATE ALTERNATIVES TO GR USING SHORT-DURATION BURST
SEARCHES
Model-independent reconstructions of CBC waveforms can be compared with model-dependent
reconstructions to search for discrepancies that may highlight deviations from GR.

TASK OBS-1.1-E(ii)-OTHER: SEARCH FOR POSTMERGER FEATURES THAT MAY INDICATE DEVI-
ATIONS FROM GR USING BURST TECHNIQUES.
Postmerger features in CBCs can be predicted from a knowledge of the inspiral phase, and any
unexpected deviation can signal a deviation from GR. Among the postmerger features we count
echoes, which are predicted by some extensions of GR. Echoes are not modeled by conventional
CBC models, they are expected to be very short transients, and their detection - which would
mark a significant deviation from GR - would be a genuine burst result.

page 28 of 234]



LIGO-T2300406-v1, VIR-1043A-23, IGW-T2315390-v0

ACTIVITY OBS-1.1-F-OTHER: BURST ALL-SKY SHORT-DURATION PIPELINE IMPROVEMENTS

TASK OBS-1.1-F(i)-OTHER: INVESTIGATE PIPELINE IMPROVEMENTS FOR SHORT-DURATION BURST
SEARCHES
Continue to investigate improvements to pipelines to increase the sensitivity to gravitational-
wave bursts. For example, machine learning tools can be used at the post-processing stage to
overcome the issue of non-Gaussian transients hampering the searches.

OBS-1.2 Search for long-duration gravitational-wave bursts

Start date: 2024-01-01

Estimated due date: 2024-12-31

Unmodeled long-lived gravitational-wave transients (lasting from = 10s to 1000 ) are an exciting class of
signals for advanced detectors. Such long-lived transients have been predicted to originate at the death of
massive stars. In one class of models, gravitational waves are emitted by a rapidly spinning protoneutron
star, which may be spun up through fallback accretion. In another class of models, the signal comes from
the motion of clumps in an accretion disk. In either case, the signals are long-lived, narrowband, and may
occur with a sufficiently high rate so as to be observed with advanced detectors. Other possible scenarios
for long-lived gravitational-wave emission include protoneutron star convection, rotational instabilities in
merger remnants, r-mode instabilities associated with glitching pulsars, type I bursts from accreting pulsars,
and eccentric binary systems. Searches [8,19,[10] for these sources use minimal assumptions about the signal
waveform, so unexpected sources are detectable as well.

ACTIVITY OBS-1.2-A-INFRAOPS: SEARCH FOR LONG-DURATION BURST SIGNALS IN LIGO, VIRGO,
AND KAGRA O4 DATA

TASK OBS-1.2-A(i)-INFRAOPS: RUN THE ALL-SKY BURST SEARCHES ON O4 DATA

Configure and run burst pipelines on O4 data and produce search results. Characterize the close-
box results and eventually open the boxes. Estimate the significance of the most promising
gravitational-wave candidates.

TASK OBS-1.2-A(ii))-INFRAOPS: WAVEFORM CATALOG DEVELOPMENT FOR LONG-DURATION
BURST SEARCHES

Continue to enhance the long-duration transient waveform catalogue with astrophysically mo-
tivated sources. A selection of the most interesting waveforms will be done for the O4 search
results publication.

TASK OBS-1.2-A(iii)-INFRAOPS: SIGNAL INJECTIONS FOR ALL-SKY BURST SEARCHES

Perform burst signal injections to assess the pipeline detection efficiency following the method-
ology developed for previous runs.

TASK OBS-1.2-A(iv)-INFRAOPS: BACKGROUND TRIGGERS

Extract background triggers found by offline searches. This shall be done on a regular basis
during the observing run. This information will guide investigation conducted by detector char-
acterization groups. This will also help search groups to configure offline analyses.
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TASK OBS-1.2-A(v)-INFRAOPS: FOLLOW-UP DETECTION CANDIDATES FROM ALL-SKY BURST
SEARCHES

Use codes designed to evaluate gravitational-wave candidate significance. Employ models to test
significance of candidates as astrophysical versus “glitch” (detector artifact) models. As needed,
employ techniques to remove glitches from the data near a gravitational-wave candidate — to
be used by parameter estimation or other follow-up analyses. Test all existing burst waveform
models to match the data and assess the astrophysical origin of the event.

TASK OBS-1.2-A(vi)-INFRAOPS: REPORT RESULTS

Report intermediate results in a timely manner as data becomes available during the observing
run (O4 milestones). Periodically report results to the All-Sky Long-Duration subgroup and to
the burst group.

TASK OBS-1.2-A(vii)-INFRAOPS: REVIEW ANALYSES

Review the Burst all-sky pipelines, the pipeline configurations, as well as the results produced
by the pipelines (search results, injection studies, astrophysical upper limits, etc). See also[OBS
©.2-Eland [OBS-9.2-El

TASK OBS-1.2-A(viii)-INFRAOPS: PUBLISH RESULTS FROM ALL-SKY BURST SEARCHES IN O4A

Publish a collaboration paper reporting any signals found by the long-duration searches in the
O4a data, and place limits on some classes of sources. See also[OBS-9.2-G|

ACTIVITY OBS-1.2-B-INFRAOPS: BURST ALL-SKY LONG-DURATION SUBGROUP ADMINISTRATION

TASK OBS-1.2-B(i)-INFRAOPS: SUBGROUP LEADERSHIP: ALL-SKY LONG-DURATION BURST SEARCHES
Administrative and managerial tasks associated with the leadership of the All-Sky Long-Duration

subgroup. See also(OBS-9.2-B

ACTIVITY OBS-1.2-C-OTHER: BENCHMARK BURST ALL-SKY LONG-DURATION SEARCH PIPELINES

TASK OBS-1.2-C(i)-OTHER: BENCHMARK ALL-SKY LONG-DURATION SEARCH PIPELINES

Measure the pipeline sensitivity to long-duration gravitational-wave bursts using a common set
of simulated waveforms. Characterize how the different search pipelines complement each other
in terms of sensitivity and parameter-space coverage. Use these results to select search pipelines
and to evaluate the trial factor.

ACTIVITY OBS-1.2-D-OTHER: BURST ALL-SKY LONG-DURATION PIPELINE IMPROVEMENTS

Continue to investigate improvements to pipelines to increase the sensitivity to gravitational-wave
bursts. For example, machine learning tools can be used at the post-processing stage to overcome the
issue of non-Gaussian transients hampering the searches.

TASK OBS-1.2-D(i)-OTHER: INVESTIGATE PIPELINE IMPROVEMENTS FOR LONG-DURATION BURST
SEARCHES

ACTIVITY OBS-1.2-E-OTHER: BURST ALL-SKY LONG-DURATION PARAMETER ESTIMATION
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TASK OBS-1.2-E(1)-OTHER: SOURCE RECONSTRUCTION FOR ALL-SKY LONG-DURATION BURST
EVENTS

Investigate modeled and unmodeled source reconstruction methods for long transients. It in-
cludes to adapt and test the Bayesian parameter estimation code for long-duration signals with
the different models of long-duration GW transient sources.

ACTIVITY OBS-1.2-F-OTHER: LOW-LATENCY ALL-SKY LONG-DURATION GRAVITATIONAL-WAVE SEARCHES

TASK OBS-1.2-F(i)-OTHER: DEVELOP AND TEST A LOW-LATENCY SEARCH PIPELINE FOR LONG-
DURATION GRAVITATIONAL WAVES

OBS-1.3 Search without templates for gravitational waves from binary black holes

Start date: 2024-01-01
Estimated due date: 2024-12-31

The binary black hole (BBH) systems in the normal stellar mass range (total mass less than about 100 Mg
have been efficiently detected in observing runs O1, O2, and O3 with the matched filter searches using quasi-
circular CBC templates, as described in the CBC section. However, other types of potential of CBC systems
covering a larger range of component masses, spins and eccentricities should also be considered. Detection
of such systems would provide information regarding the viability of several proposed binary formation
mechanisms and would help discriminate among different formation models. Targeting this wider parameter
space of CBC sources with a burst analysis method, which does not rely on templates, creates a search which
is robust to a variety of features including high mass ratios, higher order modes, misaligned spins, eccentric
orbits, or deviations from general relativity. These may create mismatch between the observed signal and
CBC matched-filter search templates.

There are foreseen two major types of BBH systems for which the Burst searches are especially informative,
IMBH and non-circular BBHs. We briefly discuss these two cases below.

High-mass BBH systems

The GW190521 discovery [11]] in O3a, representing the first black hole with mass in the pair instability mass
gap and the first definitive IMBH, promises to revolutionize this topic. Previously, stellar-mass black holes,
originating from core collapse of massive stars, have been observed in the mass range up to ~ 65 Mg.
Due to the pair instability, it is expected that normal stellar evolution will not result in black holes with
mass roughly in the range 65 to 100 M. Meanwhile, massive black holes, exceeding 10° M, appear to
be generic in galactic centers. Intermediate-mass black holes (IMBHs) occupy the mass range between
these two. IMBHs exceeding the 65 M mass limit of stellar-mass black holes may form in dense stellar
environments upon the merger of multiple stellar-mass black holes [[12} 13 [14]]. These IMBHs may then
form binaries and merge with stellar-mass black holes in dense environments. Several channels for IMBH
formation were explored in the GW 190521 “implications” paper [[15].

IMBHs with a mass of a few hundred solar masses may generically exist in globular clusters [16,117]. These
IMBHs may form binaries, either when two or more IMBHs are formed in the same cluster [18], or as a
result of a merger of two clusters each of which contains an IMBH in the suitable mass range [19]. A large
number of IMBH mergers may be a generic feature of some mechanisms of structure formation, although
these are likely to occur at high redshifts [20]. Binaries including two IMBHs could also form as a result
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of evolution of isolated binaries with very high initial stellar masses [21]. Hence, detections of additional
IMBH systems may serve as probes of globular cluster dynamics, and, potentially, as probes of structure
formation and growth of super-massive black holes.

The searches are carried out both with matched filter algorithms using CBC templates and Burst algorithms,
which do not rely on templates. The matched filter technique yields the optimal detection efficiency for
signals of known form in stationary, Gaussian noise and thus requires a sufficiently accurate signal waveform
model for use as a template. The IMBH Burst search is robust to a variety of features that may create mis-
match between the observed signal and BBH template banks, including high mass ratios, mis-aligned spins,
eccentricity, precession, deviations from general relativity, or detector noise artifacts. Therefore, the IMBH
search benefits from the combination of the two complementary analysis techniques.

Non-circular BBH systems

The all-sky Burst searches represent a viable detection method for BBH systems over a wide range of their
potential parameter space. A particularly interesting case is that of eccentric (¢éBBH) systems. Theoretical
work has suggested that galactic nuclei and globular clusters may be promising settings for the formation
of dynamical capture binaries. Since these systems can form with large eccentricities and very small initial
separations, there is good reason to expect that significant eccentricity will persist when the binaries evolve
into the LIGO/Virgo detection band. Current CBC searches using quasi-circular waveforms from stellar-
mass binaries will not efficiently detect these systems for eccentricities of e ~ 0.05 or more[22], therefore
dedicated burst searches for these potential sources represent a viable alternative [23]. In practice, the
eccentric BBH (eBBH) analysis uses a variation of the generic binary stellar mass black hole search carried
out with the cWB pipeline [4] which is optimized for such systems. Finally, it is expected that for O4 there
will sufficient coverage of e BBH waveforms available to allow application of standard parameter estimation
techniques for e BBH candidates.

Other potential non-quasi-circular BBH systems include close hyperbolic encounters (CHE) or BBH cap-
tures. Numerical relativity waveforms are starting to become available for such systems, which allows the
evaluation of detection efficiencies for Burst searches. Because these waveforms morphologically resemble
the class of instrumental artifacts known as “blip glitches," it will be important to evaluate these searches in
the presence of real detector noise.

In recent years, the proposal that there is a large population of black holes living in dense clusters has been
gaining popularity, both in the context of primordial black hole (PBH) clusters [24] and dense globular
clusters with a large amount of stellar remnants [25]. One natural consequence of these dense clusters is
that the black holes inside them will gravitationally scatter off each other in hyperbolic encounters [26]], and
if they get close enough, they will emit bremsstrahlung gravitational waves that can be detected by the LVK
interferometers [27]. To date, no systematic search looking for CHE has been published, which if detected
could give information about the dynamics of the clusters in which black holes live.

BBH captures are characterised by a close encounter between 2 objects, which become bound at high eccen-
tricities if a critical amount of angular momentum and energy loss occur. Under such conditions there is not
enough time for the binary to circularise, and hence BHs merge with high eccentricity. Various scenarios
can lead to capture, such as single-single interactions in galactic nuclei, in regions around supermassive BHs
[28]], and single-single [29]], binary-single [30]] and binary-binary interactions [31]] in globular clusters. Work
by [132} 28] suggests that single-single interactions in galactic nuclei produce the highest rate of eccentric
stellar mass BH capture events, with most encounters being parabolic and forming within the LIGO/Virgo
band. Binary-single capture events are most common in globular clusters, possibly accounting for ~ 10% of
all BBH mergers formed in these environments [30]. Recent simulations have shown that these waveforms

page 32 of 234]



LIGO-T2300406-v1, VIR-1043A-23, IGW-T2315390-v0

are similar to signals detectable by burst search [33]], thus it is important for us to characterize the sensitivity
of burst searches to such sources.

Given the complementary nature of Burst and CBC searches for BBH systems, a joint Burst-CBC all-sky
effort has been organized and is briefly discussed in Section|0OBS-5.

ACTIVITY OBS-1.3-A-INFRAOPS: SEARCH FOR GRAVITATIONAL WAVES FROM BBHS WITH BURST
METHODS

TASK OBS-1.3-A(i)-INFRAOPS: OFFLINE SEARCH

Prepare and run the O4 search pipelines. Report results in a timely manner. Provide feedback
on data quality issues to detector characterization.

TASK OBS-1.3-A(ii)-INFRAOPS: FOLLOWING-UP DETECTION CANDIDATES

Prepare and use codes designed to evaluate GW candidate significances. Employ models to
test significance of candidates as astrophysical versus “glitch” (detector artifact) models. As
needed, employ techniques to remove glitches from the data near a GW candidate — to be used
by parameter estimation or other follow-up analyses.

TASK OBS-1.3-A(iii)-INFRAOPS: EVALUATION OF SENSITIVE PARAMETER SPACE

Use injections to evaluate the sensitivity of the search for ranges of BBH system parameters, in-
cluding mass ratio, spin, precession, higher-order modes, etc. Compare with the CBC templated
searches.

TASK OBS-1.3-A(iv)-INFRAOPS: REPORT RESULTS AND REVIEW

Report intermediate results in a timely manner as data becomes available during engineering
runs and in the O4 observing run. Reporting should be made within the Burst-BBH group, the
joint Burst-CBC group, and periodically to the Burst group.

TASK OBS-1.3-A(v)-INFRAOPS: CONTRIBUTE TO GW TRANSIENT CATALOG AND RELATED PA-
PERS

The all-sky team should work with the catalog team to agree on thresholds for GW detection
candidates. They should oversee any necessary follow-up studies for evaluating candidates.

TASK OBS-1.3-A(vi)-INFRAOPS: REVIEW ANALYSES

Review the Burst BBH pipelines, the pipeline configurations, as well as the results produced by
the pipelines (search results, injection studies, astrophysical upper limits, etc). See also [OBS-

©.2-Eland

ACTIVITY OBS-1.3-B-INFRAOPS: SEARCH FOR GRAVITATIONAL WAVES FROM ECCENTRIC BBHS (EBBH)
WITH BURST METHODS

The following tasks for O4 apply specifically to eccentric BBH systems, as well as hyperbolic BBH
encounters or BBH captures.

TASK OBS-1.3-B(1)-INFRAOPS: SEARCH OPTIMIZATION
Optimize the eBBH search for O4.
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TASK OBS-1.3-B(ii)-INFRAOPS: RUN THE SEARCH AND CHARACTERIZE SIGNIFICANT CANDI-
DATES

Search for eBBH signals in O4 data. Evaluate the significance of eBBH candidates. Characterize
and follow up the most signifcant candidates.

TASK OBS-1.3-B(iii)-INFRAOPS: ECCENTRIC WAVEFORMS

Evaluate eccentric BBH waveforms or hyperbolic BBH encounter waveforms for use in O4
analyses. This includes waveform sensitivity tests and implementation in the analysis.

TASK OBS-1.3-B(iv)-INFRAOPS: REPORT RESULTS AND REVIEW

Report intermediate results in a timely manner as data becomes available during engineering runs
and in the O4 observing run. Reporting should be made within working groups and periodically
to the Burst group. A significant eBBH detection will result in an exceptional event paper.

TASK OBS-1.3-B(v)-INFRAOPS: REVIEW ANALYSES

Review the Burst eccentric BBH pipelines, the pipeline configurations, as well as the results
produced by the pipelines (search results, injection studies, astrophysical upper limits, etc). See
also[OBS-9.2-Fland

TASK OBS-1.3-B(vi)-INFRAOPS: PUBLISH RESULTS

Publish an exceptional-event paper if the eccentricity of a confidently detected binary merger
will have a reconstructed eccentricity that is inconsistent with e=0 at 90% confidence level or
higher or if a close hyperbolic encounter event is confidently detected. See also|OBS-9.2-G

ACTIVITY OBS-1.3-C-INFRAOPS: BURST BBH SUBGROUP ADMINISTRATION

TASK OBS-1.3-C(i)-INFRAOPS: SUBGROUP LEADERSHIP

Administrative and managerial tasks associated with Burst-BBH subgroup leadership. This will
include maintaining close ties with the relevant Burst and CBC sub-groups. See also|OBS-9.2-B

ACTIVITY OBS-1.3-D-OTHER: DEVELOPMENT OF ECCENTRIC WAVEFORMS FOR O4 BURST SEARCHES

TASK OBS-1.3-D(i)-OTHER: WAVEFORM DEVELOPMENT

Continue to monitor the development of waveform models for IMBH, eBBH systems, hyperbolic
BBH encounters, or BBH captures. Test and evaluate their impact.

ACTIVITY OBS-1.3-E-OTHER: IMPROVEMENT OF SEARCH SENSITIVITY TO BBH SIGNALS BEYOND
04

TASK OBS-1.3-E(i)-OTHER: OPTIMIZING THE BBH SEARCH
Optimize the non-templated all-sky searches for any BBH system beyond O4.

TASK OBS-1.3-E(ii)-OTHER: METHODS FOR IMPROVING THE NON-CIRCULAR BBH SEARCH
SENSITIVITY
Investigate options to improve the burst search sensitivity to eccentric black hole signals by using
different clustering algorithms and time-frequency graphs obtained from relevant signal models.
Same for hyperbolic encounters or BBH captures.
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TASK OBS-1.3-E(iii)-OTHER: METHODS FOR LOW-MASS CHIRP SYSTEMS.

Investigate methods for improving the Burst BBH search sensitivity for systems with chirp mass
less than 10 M.

TASK OBS-1.3-E(iv)-OTHER: ECCENTRICITY RECONSTRUCTION
Investigate methods for reconstructing the eccentricity of BBH mergers for any eccentricity.

OBS-1.4 Gravitational-wave burst signal characterization

Start date: 2024-01-01
Estimated due date: 2024-12-31

One of the exciting features of gravitational-wave astrophysics is the observation of signals directly tied to
the flow of energy and momentum within a source [34]. This signal can be extremely rich in the information
it contains. For compact object mergers, it encodes the source masses, spins, distance, and orientation. An
observed gravitational-wave signature from a galactic supernova would probe the stellar core, and would
give valuable clues to the supernova explosion mechanism, angular momentum, and other dynamic vari-
ables. The gravitational waveform from an oscillating neutron star would constrain the neutron star equa-
tion of state. For new classes of signals, the waveform will provide a unique path towards understanding
the astrophysical source. Even without an astrophysical model, it may be possible to constrain some source
parameters based on time-scale and energy arguments.

Reconstructing the waveform of a detected CBC or burst signal with minimal assumptions is a non-trivial
process, involving data from multiple detectors, knowledge of detector positions and responses, and a statis-
tical framework for evaluating a best-fit waveform and properties of the detector noise [[7,135,136]]. Quantify-
ing the uncertainty on reconstructed CBC or burst waveforms is also critical to allow comparisons between
measured signals and proposed source models, as well as test different astrophysical scenarios such as core-
collapse supernovae, neutron star equation of state, and cosmic strings models.

During O1, O2 and O3, reconstructed waveforms were seen to agree with models for expected signals
from binary compact objects coalescences [37]. In addition, burst searches provide a measurement of the
polarization state for detected gravitational-wave events [36]. Meaningful polarization measurements are
possible with three or more detectors in the network.

Closely related to the best-fit waveform is an estimate of the source’s direction 38|39, /40]. The angular po-
sition reconstruction of a gravitational wave source, or “skymap”, enables searches for coincident emission
by a wide range of electromagnetic and particle observatories. This includes both searches of archival data
from all-sky instruments or serendipitous observations, and attempts to rapidly respond to low-latency GW
triggers by slewing radio, optical, and X-ray instruments.

ACTIVITY OBS-1.4-A-INFRAOPS: PARAMETER ESTIMATION OF BURST EVENTS

TASK OBS-1.4-A(i)-INFRAOPS: WAVEFORM RECONSTRUCTION

Deliver reconstructed waveforms, with uncertainty, for all detected sources during O4. Compare
reconstructed waveforms with the best templates used in CBC match-filtered searches.

TASK OBS-1.4-A(ii)-INFRAOPS: SKYMAP RECONSTRUCTION
Deliver reconstructed skymaps for all detected sources during O4.
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TASK OBS-1.4-A(ii1)-INFRAOPS: WAVEFORM MODELS AND SOURCE IDENTIFICATION

Test available burst waveform models against the data. Examples include core-collapse super-
novae [OBS-1.5| cosmic strings pulsar glitches, close hyperbolic encounters of two
black holes, etc. For a given gravitational-wave event, this analysis shall be able to prefer one
waveform model against another.

TASK OBS-1.4-A(iv)-INFRAOPS: O4 CATALOGS AND PAPERS

Deliver reconstructed waveforms, waveform matching results and reconstructed skymaps to the
04 GWTC, and to the corresponding companion papers. Maintain a close working relationship
with the catalog paper writing/editorial team.

TASK OBS-1.4-A(v)-INFRAOPS: RESULTS AND REVIEW

Report progress and results in a timely manner as data becomes available during the observing
run. Reporting should be made within working groups and periodically to the burst group.

ACTIVITY OBS-1.4-B-OTHER: DEVELOPMENT OF NEW AND IMPROVED METHODS TO ESTIMATE PA-
RAMETERS OF BURST EVENTS

TASK OBS-1.4-B(i)-OTHER: IMPROVE WAVEFORM AND SKY LOCALIZATION RECONSTRUCTION

Continue the development of improved methods for waveform reconstruction, waveform com-
parisons, and sky localization.

TASK OBS-1.4-B(ii)-OTHER: TOOLS FOR SOURCE IDENTIFICATION
Develop methods and analysis tools to identify Burst sources given the reconstructed waveform.

TASK OBS-1.4-B(iii)-OTHER: POLARIZATION STUDIES

Provide measurement and interpretation of the polarization patterns for gravitational-wave events
detected with the LIGO-Virgo-KAGRA network.

ACTIVITY OBS-1.4-C-OTHER: IMPACT OF CALIBRATION ERRORS ON BURST SEARCHES

TASK OBS-1.4-C(1)-OTHER: IMPACT OF CALIBRATION ERRORS ON SKY LOCALIZATION AND
WAVEFORM RECONSTRUCTION OF BURST SOURCES
Development of methods to quantify the impact of calibration error on burst searches. For
example, how the relative calibration error between the detectors impacts the sky localization of
the sources.

OBS-1.5 Search for gravitational waves from core-collapse supernova

Start date: 2024-01-01
Estimated due date: 2024-12-31

Once a star with mass M 2 10M, exhausts its fuel, its core collapses to a hot proto-neutron star. The
proto-neutron star cools by emitting neutrinos. A shock wave is promptly formed from the proto-neutron
star and plows through the stellar mantle. If it breaks out of the star’s surface, it lights up the star in a
supernova explosion. The neutrinos and/or EM radiation herald a core-collapse supernova, and can be used
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to trigger a search for GW bursts. GWs are produced by bulk aspherical accelerated motion of matter; in the
CCSN context they are a direct probe of the uncertain degree of asymmetry of the supernova engine.

GW signals from CCSN are typically much weaker than signals from binary mergers. Numerical simulations
have shown that CCSN signals can span frequencies up to few kHz and durations up to a few seconds,
making them hard to detect because their energy is spread over a large area in the time-frequency domain.
The current burst searches are not designed to detect such signals and can miss a Galactic CCSN with
signal-to-noise ratio below 30. Thus pipeline developments are needed to improve the detection efficiency
of CCSN searches.

The strategies for these searches can vary according to detection of different messengers. It may happen that
GWs are produced while no electromagnetic or neutrino counterpart is detected, in which case a CCSN-
specific all-sky burst search would be the best search strategy. In case we observe only light from a nearby
supernova an optically-triggered search is performed, as was performed for O1-O2 [41]]. In case we observe
low-significance neutrinos, then a sub-threshold neutrino search may be performed. But special attention
is placed when an SNEWS alert reports the detection by neutrinos of a galactic or nearby extragalactic
supernova, like supernova SN1987A. See also for gravitational-wave and neutrino joint analyses.

ACTIVITY OBS-1.5-A-INFRAOPS: SEARCH FOR GRAVITATIONAL WAVES FROM CORE-COLLAPSE SU-
PERNOVA

TASK OBS-1.5-A(i)-INFRAOPS: COLLECT TRIGGERS

Review the identification of candidate CCSNe within roughly 20 Mpc from electromagnetic
observations. Determine from the electromagnetic observations the best estimates for the time
of core collapse and nature of the progenitor.

TASK OBS-1.5-A(ii))-INFRAOPS: RUN A TARGETED GRAVITATIONAL-WAVE SEARCH ON O4 DATA

Run a targeted search for CCSN within roughly 20 Mpc with the CCSN time and sky position
using dedicated pipelines. In case of non-detection, provide an estimate of the upper limits found
by the search.

TASK OBS-1.5-A(iii)-INFRAOPS: RUN A CCSN-SPECIFIC ALL-SKY GRAVITATIONAL-WAVE SEARCH
ON O4 DATA

Run an all-sky search specifically targeted at CCSN waveforms. Evaluate GW candidate signif-
icances and follow-up astrophysical candidates. In case of non-detection, provide upper limits
for various CCSN models.

TASK OBS-1.5-A(iv)-INFRAOPS: REPORTING RESULTS AND REVIEW

Report progress and the final results of these searches in a timely manner. Reporting should be
made within the Supernova group and to the Burst group.

TASK OBS-1.5-A(v)-INFRAOPS: REVIEW ANALYSES

Review the supernova search analyses, the search configurations, as well as the results produced
by the searches (search results, injection studies, astrophysical upper limits, etc). See also
and

ACTIVITY OBS-1.5-B-INFRAOPS: CORE-COLLAPSE SUPERNOVA EXTRAORDINARY EVENTS

page 37 of 234]



LIGO-T2300406-v1, VIR-1043A-23, IGW-T2315390-v0

TASK OBS-1.5-B(i)-INFRAOPS: FORMULATE AND IMPLEMENT A PLAN FOR AN EXTRAORDI-
NARY DETECTION

Formulate and implement a plan to respond to a near-galactic CCSN in O4, including searches
triggered by neutrino and/or electromagnetic observations.

TASK OBS-1.5-B(ii)-INFRAOPS: RUN THE SEARCH

Run all search pipelines (including the pipelines described in[OBS-1.5-A(i1)land[OBS-1.5-A(iii))
associated to the external trigger and determine its significance.

TASK OBS-1.5-B(iii)-INFRAOPS: PARAMETER ESTIMATION

Employ parameter estimation methods to determine the CCSN parameters and possible explo-
sion mechanism.

TASK OBS-1.5-B(iv)-INFRAOPS: REPORT RESULTS AND REVIEW

Report progress and the results of the search in a timely manner. Report final results. Reporting
should be made within the Supernova group and to the Burst group.

TASK OBS-1.5-B(v)-INFRAOPS: PUBLISH RESULTS

Publish a collaboration paper reporting any significant signals found by the search. Publish a
collaboration paper for closeby supernova triggers, for which the previous (O3) upper limits are

significantly improved. See also

ACTIVITY OBS-1.5-C-INFRAOPS: SUPERNOVA SUBGROUP ADMINISTRATION

TASK OBS-1.5-C(1)-INFRAOPS: SUBGROUP LEADERSHIP

Administrative and managerial tasks associated with Supernova subgroup leadership. See also[OBS-
9.2-Bl

ACTIVITY OBS-1.5-D-OTHER: DEVELOPMENT ACTIVITIES FOR SUPERNOVA ANALYSES

TASK OBS-1.5-D(i)-OTHER: PIPELINE DEVELOPMENT AND OPTIMIZATION

Continue to develop and optimize current pipelines for CCSN targeted or all-sky searches. Eval-
uate improved pipeline sensitivities.

TASK OBS-1.5-D(ii)-OTHER: CCSN WAVEFORM DEVELOPMENT

Continue to procure and catalog CCSN waveforms and use them to develop waveform recon-
struction and parameter estimation techniques for use in targeted or all-sky CCSN searches.

TASK OBS-1.5-D(iii)-OTHER: WAVEFORM RECONSTRUCTION AND PARAMETER ESTIMATION

Develop techniques to distinguish CCSN models in search data and infer the properties of the
supernova dynamics, for example parameters of the proto-neutron star.

TASK OBS-1.5-D(iv)-OTHER: SUB-THRESHOLD NEUTRINO-GW COINCIDENT SEARCH
Develop a joint sub-threshold neutrino/GW search.
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TASK OBS-1.5-D(v)-OTHER: STATISTICAL SIGNIFICANCE OF CCSN SEARCH TRIGGERS
Develop methods to separate CCSN signals from non-astrophysical detector noise artifacts and
assess the statistical significance of astrophysical candidates. Develop noise reduction tech-
niques to increase the significance of astrophysical triggers, e.g., with signal processing or ma-
chine learning algorithms.

TASK OBS-1.5-D(vi)-OTHER: SINGLE-INTERFEROMETER DETECTION
Develop methods for detecting CCSN with data from a single GW detector.

OBS-1.6 Search for gravitational-wave transients from magnetar flares and neutron star glitches

Start date: 2024-01-01
Estimated due date: 2024-12-31

Violent phenomena associated with neutron stars, such as flaring activity in magnetars [42} 43| 44] and pulsar
glitches, may result in the excitation of various oscillatory modes which leads to transient gravitational wave
emission.

The energetics involved with phenomena such as magnetar flares or pulsar glitches place an associated
gravitational wave burst near or below the sensitivity of current detectors. If a coincident detection were
made, however, this would provide a wealth of knowedge about the progenitors of these events. The detec-
tion and characterization of gravitational waves associated with neutron star oscillations holds the potential
for gravitational-wave neutron star asteroseismology, while neutron star oscillation mode identification and
characterization leads to constraints on the equation of state of the interior of neutron stars.

In O3, two exceptional magnetar-related phenomena lead to a collaboration O3 paper [45]. The first was the
observation of a fast radio burst (FRB) associated with the galactic magnetar SGR 1935+2154 (see Section
[OBS-5.3). While the FRB occurred just after the end of O3, this magnetar was active in x-ray flares earlier
during O3. The second was the discovery of a young galactic magnetar J1818 in March 2020, during O3
observations.

Neutron star f-modes may be excited by pulsar glitches and are expected to emit GWs in the frequency range
2-3 kHz. A search for short transient and high-frequency GW emission associated with oscillations of the
fundamental quadrupole mode excited by a pulsar timing glitch will be conducted by the Burst group for
promising nearby pulsars. This search will be coordinated by the CW group: see section

Our goals for science deliverables are focused on the improvement on O3 gravitational-wave emission upper
limits [45]], development of novel searches and techniques, and the deployment of morphology-independent
searches, waveform reconstructions, and parameter estimation follow-ups to extraordinary events. Past
searches targeting such events include [46| 147, 48| 49, 50]. The methods employed overlap with the long-
duration burst searches (Section and the Multimessenger Transient Searches group (Section
5.2).

ACTIVITY OBS-1.6-A-INFRAOPS: PREPARE FOR A POTENTIAL EXCEPTIONAL O4 MAGNETAR FLARE
SEARCH

An exceptional magnetar flare, providing for a possible gravitational-wave detection or an astrophys-
ically interesting limit, would provide motivation for a collaboration paper.

TASK OBS-1.6-A(i)-INFRAOPS: MONITOR FLARES DATA
Monitor the reported x-ray flare activity reported by external groups such as Swift or Fermi.
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TASK OBS-1.6-A(i1)-INFRAOPS: TEST TRIGGERED PIPELINES

Run pipelines similar to those used in O3 in early O4 data to check for sensitivity and any
important data quality issues to prepare for the case of any exceptional events.

ACTIVITY OBS-1.6-B-INFRAOPS: O4 MAGNETAR FLARE BURST SEARCH

TASK OBS-1.6-B(i)-INFRAOPS: CARRY OUT THE O4 ANALYSIS
Carry out the triggered gravitational-wave burst analyses associated with O4 x-ray magnetar
flares. This is to include searches for both short- and long-duration gravitational-wave bursts.
This will include development of appropriate on-source and off-source windows and a new
stacking analysis, analogous to that developed previously [47], that combines data from repeated
events from the same progenitor.

TASK OBS-1.6-B(ii)-INFRAOPS: REPORTING RESULTS AND REVIEW
Report progress and the results of these searches in a timely manner during the observing run.
Report final results. Reporting should be made within the Multimessenger Transient Searches
group and periodically to the Burst group.

TASK OBS-1.6-B(iii)-INFRAOPS: PUBLISHING RESULTS
If there is an extraordinary event(s) — e.g. a giant galactic flare, an associated FRB, or a very
nearby (~ 1 kpc) normal flare — or a significant improvement in upper limits compared to O3
from the search over all events, publish a collaboration paper reporting the search results. See

also

ACTIVITY OBS-1.6-C-INFRAOPS: PREPARE FOR A POTENTIAL EXCEPTIONAL O4 PULSAR GLITCH
BURST SEARCH

An exceptional pulsar glitch, providing for a possible gravitational-wave detection or an astrophysi-
cally interesting limit, would provide motivation to run a dedicated Burst search, in coordination with
the effort conducted in the CW group: see section|OBS-3.13

TASK OBS-1.6-C(i)-INFRAOPS: TEST TRIGGERED PIPELINES

Run targeted search pipelines to check for sensitivity and any important data quality issues to
prepare for the case of any exceptional events.

ACTIVITY OBS-1.6-D-OTHER: DEVELOP NEW AND IMPROVED METHODS TO SEARCH FOR GRAVITA-
TIONAL WAVES ASSOCIATED TO MAGNETARS

TASK OBS-1.6-D(i)-OTHER: METHODS AND MODELING STUDIES
Continue to develop improved search and analysis methods. Anticipating the possibility of a
gravitational-wave detection from the magnetar searches, methods are being developed to char-
acterize an observed signal in astrophysical terms. One consideration will be whether a candidate
gravitational-wave signal is consistent with f-mode excitations from a realistic neutron star at the
location provided by the x-ray flares.
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OBS-1.7 Search for domain-wall signatures in LIGO-Virgo data

Start date: 2024-01-01
Estimated due date: 2024-12-31

Domain walls are hypothetical two-dimensional topological defects that have been proposed as a possible
form of dark matter [S1}, [52]]. Physically they would correspond to the boundary region between disjoint
vacuum states of an as-yet undetected scalar field. Depending on the coupling between the scalar field
and ordinary matter, the passage of a domain wall through an interferometer could produce an impulsive
signal with duration of order 10 ms, with time-of-flight delays of order 10 s between the LIGO, Virgo, and
KAGRA detectors [53), 154} 55]. Preliminary analyses with a modified burst search pipeline indicate that
the LIGO-Virgo-KAGRA network is 4-6 orders of magnitude more sensitive in terms of the scalar-field
coupling energy scale than ground-based and GPS clock detection networks for walls with thicknesses in
the 1 m- 10 km range [S6].

ACTIVITY OBS-1.7-A-INFRAOPS: PREPARE THE O4 DOMAIN-WALL SEARCH

TASK OBS-1.7-A(1)-INFRAOPS: DEVELOP A SEARCH PIPELINE

Develop an analysis pipeline to detect the effect of domain walls on the mirrors of gravitational-
wave detectors. Estimate the event significance and compare with an estimate of the background.

TASK OBS-1.7-A(i1)-INFRAOPS: DEVELOP ANALYSIS TOOLS TO DERIVE UPPER LIMITS
Develop analysis tools to derive upper limits on the energy scale of domain walls.

TASK OBS-1.7-A(iii)-INFRAOPS: RUN THE SEARCH ON O4 DATA
Test the newly developed search as data becomes available during the O4 run.

TASK OBS-1.7-A(iv)-INFRAOPS: REVIEW ANALYSIS TOOLS
Review the analysis tools developed to search for a domain wall signature in LIGO-Virgo data

and to derive upper limits on domain-wall models. See also

TASK OBS-1.7-A(v)-INFRAOPS: REPORT RESULTS AND REVIEW

Periodically report results to the Cosmological Sources subgroup and to the burst group. Review
the results before publication. See also[OBS-9.2-F

OBS-2 CBC Group Activity Plans

In addition to the activities described in this section, see the activities being undertaken jointly with the Burst
and Stochastic groups in sections[OBS-5]and [OBS-7]

OBS-2.1 CBC Parameter Estimation R&D (Short Term)

Development of tools for characterizing CBC sources in terms of their parameters (short term).

page 41 of 234]



LIGO-T2300406-v1, VIR-1043A-23, IGW-T2315390-v0

Motivation and methods

The primary task of the parameter estimation (PE) group is to develop, improve, and maintain the techniques
and tools necessary for characterizing compact binaries. For each detected event the PE group delivers
posterior estimates for the physical characteristics of each binary, using sophisticated models available for
both signal and noise. To this end, the PE group’s primary research tasks are focused on developing the
tools and techniques necessary to take advantage of new signal models that account for more physical
effects (e.g., eccentricity, matter effects) as they become available. The group also maintains infrastructure
to support tests of general relativity. The group is also working on improved noise models that will relax
assumptions made about the stationarity of the detectors’ noise. Finally, the group assesses the improvement
in parameter inference from such models, guides gravitational-wave model developments and science cases
for future gravitational-wave measurements, and informs instrument design.

Major aspects and methods for this activity

ACTIVITY OBS-2.1-A-INFRAOPS: DEVELOPMENT OF PARAMETER ESTIMATION CODE

Incremental improvements of the parameter estimation code will be made in preparation for O4, to
improve parameter estimation accuracy and performance.

TASK OBS-2.1-A(i)-INFRAOPS: FASTER CONVERGENCE WITH IMPROVED SAMPLING ALGO-
RITHMS AND PARALLELIZATION
Working closely with the CBC waveform models R&D group (Sec. [OBS-2.7), accelerate PE
convergence using a variety of methods, including reduced-order-quadrature (ROQ) techniques,
heterodyning, multibanding, machine learning techniques, and through the implementation and
maintenance of CPU- and GPU-parallelized algorithms. This includes ongoing testing and re-
view for low-latency PE in O4 for new source classes, e.g., SSM.

ACTIVITY OBS-2.1-B-INFRAOPS: EVALUATION OF PARAMETER ESTIMATION METHODS

The PE methods will be evaluated to understand potential biases.

TASK OBS-2.1-B>i)-INFRAOPS: USING AND ASSESSING MORE ACCURATE WAVEFORMS

As more faithful waveform models and more numerical relativity simulations become available
(see Sec. which include and explore more physical effects (e.g., multi-modal effects,
amplitude corrections, eccentricity), studies will be required to determine the impacts of the
inclusion of such physical effects on PE. Studies will also be required to assess the potential
for these waveform models to enable new discoveries and to achieve the scientific goals of the
collaboration.

TASK OBS-2.1-B(ii)-INFRAOPS: BETTER MEASUREMENT OF WAVEFORM SYSTEMATIC ERRORS
Coordinating closely with waveform group efforts to quantify systematic errors in the waveform
models to be developed for and used in O4, the PE group will continue to investigate and quantify
the impact of waveform systematics on parameter estimation, especially for exceptional source
classes which may be detected in O4.

TASK OBS-2.1-B(iii)-INFRAOPS: STUDY THE BIASES TO PE CAUSED BY NON-STATIONARY
NOISE
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Current PE analyses assume the detector noise to be stationary over intermediate timescales, 1
to 100’s times the length of a detected signal. We know the noise is not always stationary on
these timescales, thus we must characterize the biases introduced in parameter estimates due to
this false assumption.

TASK OBS-2.1-B(iv)-INFRAOPS: REQUIREMENTS AND CONSTRAINTS FROM CALIBRATION UN-
CERTAINTY
The use of marginalisation over uncertanties in the data calibration connects the astrophysical
and instrumental inference. Therefore, investigating what requirements on the calibration un-
certanties are, for both low- and high-latency analyses, in order to ensure unbiased astrophysical
PE results. This also includes accounting for potential systematic errors in the calibration. The
work is to be done in coordination with the calibration groups in LIGO, Virgo and KAGRA.

ACTIVITY OBS-2.1-C-INFRAOPS: DEPLOYMENT AND MAINTENANCE OF PARAMETER ESTIMATION
CODE

Parameter estimation libraries will be deployed and maintained for both online and offline usage
during O4.

TASK OBS-2.1-C(i)-INFRAOPS: DEPLOYMENT AND MAINTENANCE OF ONLINE PARAMETER
ESTIMATION CODE
The parameter estimation pipeline and configuration will be deployed and integrated into the
low-latency infrastructure in preparation for and during O4.

TASK OBS-2.1-C(ii)-INFRAOPS: DEPLOYMENT AND MAINTENANCE OF OFFLINE PARAMETER
ESTIMATION CODE
The parameter estimation libraries will be maintained and deployed on collaboration computa-
tional clusters for use in preparation for and during O4.

TASK OBS-2.1-C(iii)-INFRAOPS: MAINTENANCE OF LIBRARY INFRASTRUCTURE
To better facilitate the goals outlined above, we will continue to improve and maintain the code
bases used by the PE group. This includes the continued migration of various libraries and
functionalities from C to Python to become more development-friendly, and tighter integration
of the various code bases, including post-processing routines.

ACTIVITY OBS-2.1-D-INFRAOPS: PARAMETER ESTIMATION ANALYSIS, INTEGRATION AND AUTOMA-
TION

As the number of GW event candidates increase, a greater focus on automation and standardization
of the PE analysis is required.

TASK OBS-2.1-D(i)-INFRAOPS: AUTOMATION OF GENERATING PE CONFIGURATION FILES

We will continue to develop automated methods for generating a configuration file for offline PE
using inputs from searches and low-latency PE.

TASK OBS-2.1-D(ii)-INFRAOPS: AUTOMATION OF COLLATION OF INPUT DATA TO PE ANALY-
SES
We will continue to ensure that the collation of additional inputs to parameter estimation is done
in an automated and integrated fashion. These include PSDs, calibration uncertainty envelopes,
and the appropriate frame files.
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TASK OBS-2.1-D(iii)-INFRAOPS: AUTOMATION OF INITIALIZATION AND MONITORING OF PE
ANALYSES

The PE group will continue to develop and maintain methods for automatically initializing and
monitoring PE analyses. This includes further development and maintenance of overview boards
where ongoing analyses can be monitored.

TASK OBS-2.1-D(iv)-INFRAOPS: AUTOMATION OF POSTPROCESSING OF PE ANALYSES

For a completed PE analysis, the group will continue to archive the finalized results in an auto-
mated, centralized, and version controlled way. The group will continue to develop and improve
these procedures, and strive to make results easily accessible to all groups within the collabo-
rations. This task also includes generation of comparisons and diagnostics of the analyses to
ensure convergence of the samples, and also to avoid problematic railing against prior bounds.
This is also a requirement for improvements to the overall PE review process.

ACTIVITY OBS-2.1-E-INFRAOPS: PE WITH MATTER EFFECTS

LIGO/Virgo made the first detection of a binary neutron star (BNS) merger in 2017, with one more
certain BNS detection in O3 together with two neutron star-black hole (NSBH) candidates. The
detected GWs allow for novel measurements of matter effects in the binary mergers, including the
neutron star equation of state. Developing good techniques for measuring these effects is an active
area of research, and the most recent developments of this work need to be implemented in LIGO’s
Parameter Estimation code libraries. All of these activities will be carried out in close coordination
with the Extreme Matter and Rates & Populations subgroups.

TASK OBS-2.1-E(i)-INFRAOPS: PARAMETERIZED EQUATION OF STATE ESTIMATION

Implement new matter equation of state parameterizations, for example, spectral parameteriza-
tions, and incorporate them into the parameter estimation engines.

TASK OBS-2.1-E(ii)-INFRAOPS: NON-PARAMETRIC EQUATION OF STATE ESTIMATION

Implement non-parametric methods for equation of state estimation into the parameter estima-
tion engines.

TASK OBS-2.1-E(ii1)-INFRAOPS: PARAMETER ESTIMATION ON MULTIPLE EVENTS

Since the equation of state is believed to be universal, it can be better constrained by analyzing
multiple events together. Coordinating closely with the Rates & Populations subgroup, imple-
ment and improve methods to do a multiple event equation of state estimation.

ACTIVITY OBS-2.1-F-INFRAOPS: PARAMETER ESTIMATION REVIEW

Review of changes to parameter estimation code and deployment configuration.

TASK OBS-2.1-F(i)-INFRAOPS: PARAMETER ESTIMATION CODE REVIEW
Review modifications to parameter estimation code.

TASK OBS-2.1-F(ii)-INFRAOPS: PARAMETER ESTIMATION ONLINE PIPELINE REVIEW
Review of deployment, configuration, and integration of the online parameter estimation engine.
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TASK OBS-2.1-F(iii)-INFRAOPS: PARAMETER ESTIMATION AUTOMATION REVIEW

Review of pipelines which perform automated parameter estimation and postprocessing of re-
sults.

ACTIVITY OBS-2.1-G-INFRAOPS: PARAMETER ESTIMATION SUBGROUP ADMINISTRATION

Management of the Parameter Estimation subgroup.

TASK OBS-2.1-G(i)-INFRAOPS: SUBGROUP LEADERSHIP
Administrative and managerial tasks associated with subgroup leadership.

OBS-2.2 CBC Parameter Estimation R&D (Long Term)

Development of tools for characterizing CBC sources in terms of their parameters (long term).

Major aspects and methods for this activity

ACTIVITY OBS-2.2-A-OTHER: FASTER PARAMETER ESTIMATION (UP TO LOW-LATENCY)

Results from stochastic samplers can often take hours to days to obtain, with the lowest-latency analy-
ses making simplifying assumptions (e.g., spins aligned with the orbital angular momentum). We aim
to reduce latency, particularly for the more physically accurate and computationally expensive wave-
form models (e.g., including precession effects). Development along multiple avenues for accelerating
PE will continue, including improvement of parallelized sampling algorithms, ROQs, heterodyning,
multibanding, improvements to traditional sampling algorithms, and machine learning approaches.

TASK OBS-2.2-A(i)-OTHER: INVESTIGATE FASTER PE

ACTIVITY OBS-2.2-B-OTHER: MARGINALIZATION OVER CALIBRATION UNCERTAINTIES

During O1, O2 and O3 frequency-dependent but instrument-agnostic models for calibration errors
were used for the purposes of marginalization, and estimates of the noise PSD computed from on-
source data were used for each analysis. We plan to move toward physically motivated models for
calibration errors, and to marginalize over uncertainties in the estimated noise PSDs.

TASK OBS-2.2-B(i)-OTHER: MARGINALIZATION OVER FREQUENCY-DEPENDENT DETECTOR CAL-
IBRATION ERRORS AND PSD UNCERTAINTIES

ACTIVITY OBS-2.2-C-OTHER: INVESTIGATIONS OF WAVEFORM SYSTEMATICS ON PARAMETER ES-
TIMATION

Coordinating closely with waveform group efforts to quantify systematic errors in the waveform mod-
els, the PE group will continue to investigate and quantify the impact of waveform systematics on
parameter estimation, especially in challenging regions of parameter space

TASK OBS-2.2-C(1)-OTHER: INVESTIGATE WAVEFORM SYSTEMATICS ON PE
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ACTIVITY OBS-2.2-D-OTHER: MARGINALISATION OVER WAVEFORM UNCERTAINTY

The systematic differences between waveform models can be incorporated in a statistical model that
allows for uncertainty in the waveforms as well as in the parameter of the signal itself. This will allow
us to mitigate the effect of waveform systematic errors in the estimation of source properties. This
is particularly important for regions of parameter space where numerical simulations are sparse, and
there is less data to calibrate waveform models.

TASK OBS-2.2-D(i)-OTHER: MARGINALISATION OVER WAVEFORM UNCERTAINTY

ACTIVITY OBS-2.2-E-OTHER: PARAMETER ESTIMATION ANALYSES OF BACKGROUND EVENTS

Though not an official task of the PE group, as the most rigorous stage of signal characterization, PE
is often looked to for verification of a trigger’s status as signal vs. noise. To better inform the collab-
oration on such matters, we must conduct complete studies of PE analyses of background events to
better understand the behavior of posteriors and detection-related statistics (e.g., coherent vs. incoher-
ent Bayes factor) on foreground and background. This work is coordinated with the CBC detection

and search R&D group (Sec. [OBS-2.13).

TASK OBS-2.2-E(i)-OTHER: PE ANALYSES OF BACKGROUND EVENTS

ACTIVITY OBS-2.2-F-OTHER: DEVELOPING FULLY BAYESIAN SEARCHES (PE ANGLE)

For many sources of GWs we expect a stochastic background, which need not be persistent or Gaus-
sian. The use of Bayesian inference to detect a population of sub-threshold events could lead to the
detection of such a stochastic background. This work is coordinated with the binary coalescence Rates

and Population R&D group (Sec. and the Stochastic group (Sec.[OBS-7).

TASK OBS-2.2-F(i)-OTHER: DEVELOPING FULLY BAYESIAN SEARCHES: PE ANGLE

ACTIVITY OBS-2.2-G-OTHER: USE OF BAYES FACTORS IN LOW LATENCY TO HELP INFORM DETEC-
TIONS

The production of Bayes factors, which can be useful as detection statistics, currently takes too long
to be useful for decisions made in low latency. The fact that such analyses can include physical
effects not accounted for in searches (e.g., precession) means that obtaining such statistics on shorter
timescales could allow PE to provide crucial new information at the time of detection. This work is
coordinated with the CBC detection and search R&D group (Sec.[OBS-2.13).

TASK OBS-2.2-G(i)-OTHER: USE OF BAYES FACTORS IN LOW LATENCY

ACTIVITY OBS-2.2-H-OTHER: RESEARCH AND DEVELOPMENT OF NEW PARAMETER ESTIMATION
TECHNIQUES

We will continue to investigate the use of new algorithms or hardware-specific optimization (e.g.,
GPUs and/or machine learning techniques) for CBC parameter estimation, to support the desire to
lower overall latency until final results are obtained, but also to allow codes to scale to increasing
numbers of parameters and/or complex signal models.

TASK OBS-2.2-H(i)-OTHER: RESEARCH AND DEVELOPMENT OF NEW PE TECHNIQUES
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OBS-2.3 Tests of General Relativity R&D (Short Term)

Short-term research and development on tests of general relativity using compact binary coalescences.

Motivation and methods

The Testing General Relativity group is primarily responsible for testing the consistency of the GW signals
observed by LIGO, Virgo, and KAGRA with predictions of GR and for developing the associated data
analysis infrastructure. Due to the lack of reliable waveform models in alternative theories, so far the group’s
primary focus has been on “null” tests, which aim to put constraints on deviations from GR predictions
without assuming specific alternative theories. Several other aspects of strong gravity, such as the true
nature of black holes, the possible existence of exotic compact objects are also explored within the group.
Whenever possible, interpretations of our results will be given, by mapping any observational constraints
derived from our analyses onto bounds on alternative models.

Major aspects and methods for this activity

ACTIVITY OBS-2.3-A-INFRAOPS: DEVELOPING METHODS FOR TESTING GRAVITATIONAL-WAVE PROP-
ERTIES

TASK OBS-2.3-A(i)-INFRAOPS: TESTING THE MULTIPOLAR STRUCTURE OF GRAVITATIONAL
WAVES

Develop methods that test the consistency of the amplitudes of different GW multipoles beyond
the (I=2,m=2) mode with the predictions of general relativity for compact binaries.

TASK OBS-2.3-A(ii)-INFRAOPS: SEARCHES FOR NON-STANDARD POLARIZATIONS

Further develop and improve model agnostic and theory-specific analyses for non-tensorial po-
larizations.

TASK OBS-2.3-A(iii)-INFRAOPS: TESTING THE PROPERTIES OF GRAVITATIONAL WAVE PROP-
AGATION

Develop and improve analyses that will look for signs of modified GW propagation, like disper-
sion or birefringence related to spacetime symmetry breaking mechanisms.

TASK OBS-2.3-A(iv)-INFRAOPS: EXPLORING ACCELERATION EFFECTS ON GRAVITATIONAL WAVE-
FORM

Develop analysis to look for signs of line-of-sight acceleration that a binary may undergo when
coalescing in the vicinity of a massive object.

TASK OBS-2.3-A(v)-INFRAOPS: PRINCIPAL COMPONENT ANALYSIS OF MULTIPLE POST-NEWTONIAN
COEFFICIENTS

Develop analysis to constrain deviations in multiple post-Newtonian coefficients simultaneously
using principal component analysis.

ACTIVITY OBS-2.3-B-INFRAOPS: TESTING MERGER REMNANT PROPERTIES AND NEAR-HORIZON
DyNAMICS
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Sufficiently loud signals from massive compact objects will allow us to test their immediate environ-
ments. These tests can be either 1. agnostic with respect to the progenitor, 2. inspiral-informed with
respect to progenitor parameters for sampling the prior of remnant parameters, or 3. inspiral-informed
with respect to the progenitor with a joint likelihood computation.

TASK OBS-2.3-B(1)-INFRAOPS: TESTS OF THE NATURE OF THE MERGER REMNANT
Develop and improve tests of the nature of merger remnants through measurements of parametrized
deviations from GR predictions on complex frequencies and cross-comparison of various modes.

TASK OBS-2.3-B(ii)-INFRAOPS: PROBING THE NEAR-HORIZON STRUCTURE
Develop and improve searches for echoes, signs of anomalous flux or Hawking radiation and
other features that probe the near-horizon structure of the merger remnant or BHs of the progen-
itor, using template-based and model-agnostic approaches.

ACTIVITY OBS-2.3-C-INFRAOPS: CONSTRAINING THE PARAMETER SPACE OF VARIOUS BLACK HOLE
MIMICKERS

There are theoretical proposals of exotic alternatives to black holes, which can be massive and compact
enough to be confused with black holes. Several distinct signatures in the emission of gravitational
waves can help distinguish between these objects and black holes, such as finite-size effects on the
phase evolution, resonant excitations, etc.

TASK OBS-2.3-C(1)-INFRAOPS: CONSTRAINING FINITE-S1ZE EFFECTS OF BLACK HOLE MIM-
ICKERS
We will be able to constrain the parameter space of some models of black hole mimickers based
on measurements of the tidal deformability and spin-induced quadrupole moment, and aim to
extend this analysis to include other finite-size effects.

ACTIVITY OBS-2.3-D-INFRAOPS: INTERPRETATION OF TGR ANALYSES RESULTS AND IMPLICATIONS
FOR THEORY

TASK OBS-2.3-D(i)-INFRAOPS: MAPPING CONSTRAINTS TO PARAMETER SPACES OF SELECTED
THEORIES
Identify alternative theory frameworks for which a mapping can be drawn between our obser-
vational constraints on measured parameters and the theory parameter space. Investigate the
regime of validity for such mappings and combine with other observational or theoretical con-
straints.

ACTIVITY OBS-2.3-E-INFRAOPS: TESTING GR INFRASTRUCTURE MAINTENANCE AND IMPROVE-
MENT

Working in close coordination with the PE and Waveforms R&D groups, we will improve our data
analysis code libraries for testing GR and perform incremental upgrades to meet the state-of-the-art
in performance, robustness, and automation.

TASK OBS-2.3-E(i)-INFRAOPS: IMPROVEMENTS TO LIBRARY INFRASTRUCTURE
Improve the base code for testing-GR data analysis pipelines and bring them up to speed with PE
standards. This includes integration with Python libraries, inclusion of the most sophisticated
waveform models, in coordination with the Waveforms R&D group, and integration with the
central CBC data management system.
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TASK OBS-2.3-E(ii)-INFRAOPS: PACKAGING AND MAINTENANCE OF TGR PIPELINE CODES

Collect TGR libraries as plugins to standard packages like Bilby, PESummary, and BayesWave,
when applicable. Package and ensure streamlined installation on computing clusters, centrally
managed via IGWN.

TASK OBS-2.3-E(iii)-INFRAOPS: PIPELINE AUTOMATION
In anticipation of a much higher rate of GW detections in O4 and beyond, develop a framework
to automate the processes of job submission and resubmission, monitoring, post-processing, and
review for each testing-GR pipeline. This will be done in line with the best practices adopted by
the PE R&D group and the CBC group at large.

ACTIVITY OBS-2.3-F-INFRAOPS: TESTING GR M0OCK DATA CHALLENGES AND ANALYSIS READI-
NESS FOR O4

TASK OBS-2.3-F(i)-INFRAOPS: GLITCH MOCK DATA CHALLENGE
Set up and run campaigns on sets of simulated signals overlapping with different types of
glitches. Examine the different TGR pipelines’ ability to distinguish between the presence of
a glitch or a violation of GR in the data and their response to different types of glitches and
glitch-removal/data-cleaning processes.

TASK OBS-2.3-F(ii)-INFRAOPS: WAVEFORM SYSTEMATICS MOCK DATA CHALLENGE
Set up and run campaigns on sets of simulated signals generated using waveform models that
incorporate different physics (precession, higher harmonics) and assess the response of TGR
analyses.

TASK OBS-2.3-F(iii)-INFRAOPS: MOCK DATA CHALLENGE ON GR-VIOLATING SIGNALS

Set up and run campaigns of analyses on a diverse, selected set of simulated GR-violating sig-
nals. Examine impact on detectability by search pipelines.

TASK OBS-2.3-F(iv)-INFRAOPS: REVIEW OF NEW PIPELINES
Participate in the review of the implementation of TGR pipelines destined to run in O4a and/or
O4b. A final readiness test will be performed for each candidate pipeline that will run on O4
data.

ACTIVITY OBS-2.3-G-INFRAOPS: TESTING GR: COMBINING CONSTRAINTS FROM MULTIPLE EVENTS

Several of the tests described in this section can benefit from the combination of the observed data
coming from different GW events and electromagnetic counterparts, thus leading to stronger con-
straints. In most cases however, there is not a single statistically robust way of doing so. We will
explore Bayesian methods such as hierarchical or nonparametric models to establish the optimal way
of combining information for each test of GR.

TASK OBS-2.3-G(i)-INFRAOPS: COMBINING TGR CONSTRAINTS FROM MULTIPLE EVENTS

ACTIVITY OBS-2.3-H-INFRAOPS: TESTING GR SUBGROUP ADMINISTRATION
Management of the Testing General Relativity subgroup.

TASK OBS-2.3-H(i)-INFRAOPS: SUBGROUP LEADERSHIP
Administrative and managerial tasks associated with subgroup leadership.
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OBS-2.4 Tests of General Relativity R&D (Long Term)

Long-term research and development on tests of general relativity using compact binary coalescences.

Major aspects and methods for this activity

We will develop methods to perform the following tests of general relativity and assessment of systematics.

ACTIVITY OBS-2.4-A-OTHER: CHARACTERIZATION OF WAVEFORM SYSTEMATICS FOR TESTING GR

Missing physics, including eccentricity, higher-order modes, spin precession, black-hole charge, and
non-vacuum environments, have the ability to mimic deviations of GR. A systematic exploration of
the impact of inaccuracies and missing physics in waveform templates on various tests of GR will be
conducted.

TASK OBS-2.4-A(i1)-OTHER: CHARACTERIZATION OF WAVEFORM SYSTEMATICS FOR TGR

ACTIVITY OBS-2.4-B-OTHER: IMPROVEMENTS OF ANALYSIS ON RESIDUALS FOR TESTING GR

TASK OBS-2.4-B(i)-OTHER: IDENTIFYING DEVIATIONS FROM GR BY CORRELATING RESIDU-
ALS

Develop a method for detecting and characterizing deviations from GR (or systematic effects)
by projecting cross-correlated residuals onto templates.

ACTIVITY OBS-2.4-C-OTHER: IMPROVEMENT OF TESTING-GR ANALYSIS PIPELINES AND THEIR PER-
FORMANCE

TASK OBS-2.4-C(i)-OTHER: SPEED-UP USING REDUCED-ORDER-QUADRATURE METHODS
TASK OBS-2.4-C(ii)-OTHER: SPEED-UP USING MULTIBANDING METHODS
TASK OBS-2.4-C(iii)-OTHER: SPEED-UP USING MACHINE-LEARNING TECHNIQUES

TASK OBS-2.4-C(iv)-OTHER: PIPELINE IMPROVEMENT USING OTHER TECHNIQUES

ACTIVITY OBS-2.4-D-OTHER: BEYOND-GR EFFECTS ON THE GW WAVEFORM AND TESTS OF GR

Effects beyond GR will manifest themselves in all stages of the gravitational waveform, including
the inspiral, merger, ringdown, and possible echoes. Different tests of GR will respond differently to
different classes of effects. We will explore models of beyond-GR effects on the GW waveform and
tests of GR, including those motivated by general classes of modified theories (e.g. described by an
effective-field-theory framework). We will improve existing tests of GR and create new ones, guided
by the results of studies using the non-GR waveforms.

TASK OBS-2.4-D(i)-OTHER: BEYOND-GR EFFECTS ON GW WAVEFORM AND TGR

TASK OBS-2.4-D(ii1)-OTHER: NEW OR IMPROVED TESTS OF GR

Develop new or improved methods to constrain deviations from GR using CBC signals. For
instance, develop an analysis that can infer the true deviations in post-Newtonian coefficients
from non-GR signals.
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ACTIVITY OBS-2.4-E-OTHER: TESTING GR: INTERACTION WITH ADJACENT WORKING GROUPS

TASK OBS-2.4-E(i)-OTHER: WAVEFORMS

Continuously liaise with the Waveforms group to keep the TGR pipelines up to date with the
most state-of-the-art waveform models available in terms of accuracy and features.

TASK OBS-2.4-E(ii)-OTHER: CONTINUOUS WAVES

Explore potential for collaborations on tests of GR, such as searches for non-tensorial polariza-
tions.

TASK OBS-2.4-E(iii)-OTHER: STOCHASTIC

Explore potential for collaborations on tests of GR, such as searches for non-tensorial polariza-
tions.

TASK OBS-2.4-E(iv)-OTHER: COSMOLOGY

Collaborate on analyses for which there is common scope and expertise, such as modified prop-
agation at cosmological distances (e.g., cases where there is