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The field of gravitational-wave astronomy has been opened up by gravitational-wave
observations made with interferometric detectors. This review surveys the current state-
of-the-art in gravitational-wave detectors and data analysis methods currently used by
the Laser Interferometer Gravitational-Wave Observatory in the United States and the
Virgo Observatory in Italy. These analysis methods will also be used in the recently
completed KAGRA Observatory in Japan. Data analysis algorithms are developed to
target one of four classes of gravitational waves. Short duration, transient sources in-
clude compact binary coalescences, and burst sources originating from poorly modelled
or unanticipated sources. Long duration sources include sources which emit continuous
signals of consistent frequency, and many unresolved sources forming a stochastic back-
ground. A description of potential sources and the search for gravitational waves from
each of these classes are detailed.

Keywords: Gravitational waves; data analysis; astrophysical sources; LIGO; Virgo.

1. Introduction

Gravitational waves carry information about the changing distribution of matter
and detecting them provides humans with another medium to observe the Universe.
Specifically, sources of gravitational waves involve mass that is accelerating in a
spherically asymmetric manner. These sources are typically categorized into four
classes:

e Compact binary coalescences (CBC) are binary sources of compact objects
(black holes, neutron stars, white dwarfs) whose orbits shrink until the
objects merge, q.v. section 3.

e Burst gravitational waves originate from sources that are not well modeled
(e.g. core collapse supernovae) or are unanticipated, q.v. 4.

e Continuous gravitational waves have a consistent frequency over long pe-
riods of time originating from rapidly rotating objects, such as a neutron
star with a surface defect, q.v. 6.

e Stochastic gravitational waves are the unresolved gravitational waves from
many different sources, such as primordial gravitational waves from the Big
Bang, q.v. 7.

The field of multimessenger astrophysics consists of the observation of the same
astronomical event in multiple media such as electromagnetic (EM) radiation, grav-
itational waves, or neutrinos. The sources for both the CBC and burst searches are
expected to be strong emitters of gravitational waves and potentially EM radia-
tion. LIGO and Virgo have a long history of performing follow-up observations
of events observed in EM and neutrinos (e.g. Ref. 1, 2, 3, 4, 5). Now that CBC
and burst searches can be performed with low latency, the gravitational-wave com-
munity is issuing alerts of candidate gravitational-wave events. The application of
gravitational-wave searches to multimessenger astrophysics is detailed in section 5.

A passing gravitational wave is transverse and will create alternating compres-
sion and expansion at orthogonal angles. This creates a measurable strain (h) de-
fined as a change in length (AL) caused by the compression or expansion divided
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by the nominal length (L), h = %, in freely falling masses. T'wo polarizations are
permitted in standard general relativity: the plus-polarization, 4, and the cross-
polarization, x, which is the plus-polarization rotated by 45°.6°

Current methods of seeking gravitational waves include ground-based interfer-
ometric detectors and pulsar timing arrays (PTA). Interferometers use lasers to
directly measure the strain between suspended mirrors caused by a passing gravi-
tational wave. Current interferometric detectors have sensitive bandwidths between
tens of Hz to several kHz and include:

e LIGO: The Laser Interferometer Gravitational-Wave Observatory (LIGO)
is composed of two detectors operated by the United States located in
Livingston, Louisiana, and Hanford, Washington. Each detector has two
4-km long arms.9

e Virgo: The Virgo detector located outside Pisa, Italy, has 3-km long arms.!*

e KAGRA: Kamioka Gravitational Wave-Detector (KAGRA) is a cryogenic
detector with 3-km long arms constructed underground in the Kamioka
Observatory in Japan.!'?

e GEO600: The GEO600 detector is located in Hannover, Germany with

600-m long arms and is a test bed for advanced detector technologies.'3

Pulsar timing arrays (PTA) study deviations in predicted pulse arrival times on
the order of tens of nanoseconds from several pulsars to measure correlations that
are dependent on the changing curvature of space-time (gravitational waves) and
not the pulsars themselves. PTAs are sensitive to gravitational waves with nanohertz
frequencies. The International Pulsar Timing Array (IPTA)'* is made up of three
collaborations: the North American Nanohertz Observatory for Gravitational Waves
(NANOGrav),'® the European Pulsar Timing Array (EPTA),'6 and the Australian-
based Parkes Pulsar Timing Array (PPTA).!7

Planned future detectors include both ground-based detectors and a space-based
detector. Of the ground based detectors, LIGO-India'® is a third LIGO interferom-
eter being constructed in India to increase the ability of the existing ground-based
interferometer network to localize the sky location of a detected gravitational-wave
source. The current LIGO and Virgo detectors, called Advanced LIGO (aLIGO)
and Advanced Virgo (adVirgo), will have another significant upgrade after which
they will be called A+ and AdV+.1? There are also next generation interferometers
proposed including the Einstein Telescope?® in Europe comprised of three 10-km
long arms forming an equilateral triangle, and the Cosmic Explorer?! in the United
States with two 40-km long orthogonal arms.

The Laser Interferometer Space Antenna (LISA)?? is a space-based detector
planned to be launched by the European Space Agency. LISA is a constellation of
three satellites arranged in an equilateral triangle with a distance of 1 million km
between each satellite. The constellation will orbit the Sun 20° behind the Earth
with each satellite on its own orbital path so that they also rotate once around the
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center of their configuration per orbit. LISA will be sensitive to gravitational waves
between the frequencies of 0.1-100 mHz. This frequency range lies between that of
pulsar timing techniques and interferometric techniques.

This review focuses on the state-of-the-art data analysis techniques currently
used in the LIGO and Virgo interferometers. KAGRA began taking data in 2020
and will use many of the data analysis techniques reviewed here.

2. Data

LIGO and Virgo observe fluctuating laser power created by the changing relative
length of their interferometer arms as a gravitational wave passes. These power
measurements are then calibrated into a strain timeseries sampled at 16,384 Hz in
LIGO?? and 20,000 Hz in Virgo.?* These data are made publicly available through
the Gravitational Wave Open Science Center (GWOSC).?%26 GWOSC curates full
strain data for the events contained in the latest catalog release as well as strain
data passing certain data quality cuts for full observing runs. There are also many
auxiliary channels recorded that monitor the behavior of the detectors and their
environment, although GWOSC currently has limited auxiliary data available.

Advanced LIGO and Advanced Virgo have completed 3 observing runs, labeled
“O” and a sequential number. O1 took place between 12 Nov 2015 to 19 January
2016 and O2 took place between 30 November 2016 to 25 August 2017. O3 was
broken into to parts: O3a took place between 1 April 2019 to 1 October 2019 and
03b took place between 1 November 2019 to 27 March 2019.2” KAGRA joined
LIGO and Virgo in taking science quality data during O3b. O4 is expected to begin
during the summer of 2022.

A critical step to detecting gravitational waves is to understand the proper-
ties of the noise contained in its observation data. Improperly modeled noise can
lead to incorrect estimates of the significance of an event and systematic biases in
parameter estimation. The sensitivity of the strain data is limited at low frequen-
cies (< 10 Hz) by ground motion and at high frequencies (> 100 Hz) by quantum
(shot) noise. Other noise sources include gravity gradients, mirror suspension ther-
mal noise, Brownian noise from optics and their coatings, and thermo-optic noise
from coatings.% 19 There are also high amplitude, narrow bandwidth features (spec-
tral lines) caused by coupling to the AC power grid, mechanical resonances of the
mirror suspensions, injected calibration lines, and noise from the detector control
systems.?® 29 The calibration lines and the power grid lines are removed from the
data before detection algorithms are applied.?® The remaining lines must be care-
fully modeled especially for analyses that search for continuous sources which have
a stable frequency of gravitational waves (see section 6, and reference 31).

The noise in the LIGO and Virgo detectors is approximately stationary. How-
ever, transient artifacts called glitches, caused by environmental or instrumental
disturbances, occur frequently. These glitches are studied to understand how they
impact the different searches for gravitational waves and to measure the statistical
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confidence of candidate detections.

Once data has been collected, the effects of glitches can be mitigated through
exclusion of contaminated times from producing a candidate gravitational wave or
by modeling and subtracting the glitch from the data. The two commonly used ex-
clusion methods are gating and vetoes. Glitches can also be modeled using wavelets
and MCMC (Markov Chain Monte Carlo) methods®? so that they can be separated
from candidate gravitational-wave signals and allow for better source parameter
estimation. This method of glitch subtraction is effective but computationally ex-
pensive.

Gating is used to remove high-amplitude glitches from searches by multiplying
the affected data by an inverse Tukey window to smoothly reduce the measured
strain to zero at the beginning of the glitch and then back to the measured strain
at the end. Gates typically have a sub-second duration.3?

Vetoes are times when the data are known to be contaminated and not to be
used to produce candidate detections.?® Data is deemed to be contaminated and
included as a veto when a glitch is observed both in the detector strain data and in
an instrumental or environmental data stream (auxiliary channel) that is insensitive
to an astrophysical gravitational wave. These channels are known as “safe” channels
and minimize the chance that what appears to be a glitch may be a true gravitational
wave.

There are categories of vetoes numbered 1 through 5, with category 1 being the
most severe.3%34 Vetoes identified as category 1 include times where the detector
is not in its nominal state/configuration, missing data or has poor calibration. Cat-
egory 2 contains times of well-understood contamination that are excluded from
the data before being processed by individual searches. Category 3 vetoes are sta-
tistically significant, but the coupling mechanism is less well understood compared
to category 2 vetoes. Category 1 and 2 vetoes are applied before triggers (times
analysis methods identify as significant) are produced while Category 3 vetoes are
applied after. Only categories 1-3 are actively used for data analysis purposes, al-
though their specific usage can vary. Vetoes typically have a duration of a second
to a few seconds.

While the data are recorded as a timeseries, there are features that become
apparent when represented in the frequency domain. For example, transforming
the timeseries data using a Fast Fourier Transform (FFT) will show the relative
amplitudes and phases of sinusoids over a range of fixed frequency widths (bins). A
time-frequency representation can be assembled by applying the Fourier transform
to successive periods of data. The high level of noise at low frequencies due to ground
motion is readily apparent as are the spectral lines. Data analysis techniques often
take advantage of the representation of data in the frequency domain.?® Common
data conditioning that is easily, but not exclusively, applied in the frequency domain
includes equalizing the amplitude of the noise across the frequency range (whitening)
and excluding specific frequency ranges (band passing).

The wavelet transform is another frequency domain representation of timeseries
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data that uses an infinite orthonormal set of basis of functions, based on a “mother
function,” that can scale to the duration of a feature. This allows a time-frequency
representation to be generated directly from the single application of the wavelet
transform with broader time bins at low frequencies and narrower time bins at higher
frequencies. There are different mother functions that generate different wavelet
families. The wavelet family chosen for a particular application of the wavelet trans-
form depends on the properties of the data.3% 32

3. Compact Binary Coalescence

The coalescence of compact binaries composed of neutron stars and stellar-mass
black holes are currently the most promising sources of new gravitational-wave dis-
coveries. While there is a large population of compact objects below 1 Mg, the only
objects compact enough to allow for detection by current ground-based detectors
are black holes and neutron stars. Since the first discovery of gravitational waves
from a binary black hole (BBH) in 2015,3¢ 50 detections from compact binary co-
alescences have been made by LIGO and Virgo. The 11 detections made during
Advanced LIGO and Virgo’s first and second observing run were reported in the
catalog GWTC-1.%" This included 10 signals from BBH coalescences as well as the
first signal from a binary neutron star (BNS) coalescence, GW170817,38 which was
also the first joint detection of gravitational waves and electromagnetic radiation.
Recently, 39 additional detections were reported from the first part of the third ob-
serving run (O3a) in the catalog GWTC-2.39 Among these were the second signal
from a BNS (GW190425), two signals from BBHs with very asymmetric masses
(GW190412 and GW190814), and a signal from the merger of two heavy black
holes that formed an intermediate-mass black hole (GW190521). With these de-
tections, we are probing gravity in the strong-field regime, establishing population
parameters of BBH systems, placing constraints on neutron-star matter as well as

impacting many other fundamental questions in physics and astrophysics.*’

3.1. Potential Sources

Compact binary systems evolve according to general relativity. As the system com-
pletes orbits, energy and angular momentum are lost due to gravitational radiation.
This causes the orbit to shrink and the two objects to slowly inspiral. The emitted
gravitational waves increase in frequency and amplitude in a characteristic chirp-like
pattern, until the two objects merge. Depending on the masses of the objects, the
nature of the merged object can either be a hypermassive neutron star, a supramas-
sive neutron star, or a single perturbed black hole from prompt collapse.*! 43 In the
case of the single perturbed black hole, it will radiate gravitational waves as a super-
position of quasinormal ringdown modes that will be exponentially damped.*47 In
the case of the hypermassive or supramassive neutron star, the black hole formation
is delayed and gravitational waves with characteristic frequencies depending on the
properties of the remnant are emitted.*® 3! It is even possible for for a massive
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neutron star remnant, rather than a final black hole, to form from configurations
with small total masses.

The amplitude and phase evolution of the emitted gravitational waves will de-
pend on intrinsic and extrinsic parameters of the binary. In the simplest case, four
intrinsic parameters are needed including the component masses m; and ms, where
we choose the convention m; > mso and the spin angular momenta of the two bi-
nary components §1,2- Typically, we represent these as dimensionless spin vectors
Xi = cS; / (Gm?). In addition, seven extrinsic parameters are needed to describe
the location and orientation of the binary with respect to the observer including
luminosity distance Dy, right ascension «, and declination §, the binary’s orbital
inclination ¢ and polarization angle ¥ and time t. and phase ¢, of coalescence mea-
sured in the frame of the observer. A binary is said to be “face-on” if t =0 or ¢t =7
and “edge-on” if « = 7/2. The polarization angle ¥ is needed to fully specify the
radiation frame and specifies the orientation of the gravitational wave polarization
axes relative to the detector arms.

Other parameters may modify the gravitational wave signal but are not regularly
included in searches for compact binaries. For example, two additional parameters
are needed to describe the eccentricity of the system: the magnitude e and the
argument of periapsis. But we typically assume that the radiation reaction has suf-
ficiently circularized the binary orbit and that eccentricity is not a large effect in
the sensitive band of ground-based detectors. Nevertheless, dynamically formed bi-
naries may have residual eccentricity as the signal enters the sensitive band of the
detector so these systems have been the target of unmodelled searches of previous
observing runs, but with no candidate events reported.?> More information about
searches for eccentric systems can be found in Sect. 4.3 and 4.2.1. As another exam-
ple, the internal structure of neutron stars effects how the stars can be deformed via
tidal interactions. This is quantified by the dimensionless tidal deformabilities A 2
of each binary component. We typically assume the tidal term has a small affect on
the waveform in the most sensitive frequency band and is not needed for detection.
However, systems with extreme equations of states could be missed with current
searches.?3 %4

The full gravitational waveform for compact binary coalescence is described by
three distinct phases: inspiral, merger and ringdown. The low frequency inspiral
signal, also called a chirp, is characterized by monotonically-increasing frequency
and amplitude as the orbital motion radiates away energy and the orbit shrinks.
The inspiral signal for a binary with non-spinning objects can be well-modeled with
post-Newtonian theory. Then the two polarizations are given by

2 _ —1/4
h+(t):_1—|—<;os L((;/\;> <5é3\4/tc3) 008 [26, + 26 (t — to; M, )] (1)

B —1/4
hx(t)_—COSL<f2'AD4) (55\4/23) sin 26 + 26 (t — to: M, )] (2)
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where D is the distance to the source, M = p3/5M?/5 is the chirp mass with M =
m1 + mo the total mass and p = myma/M the reduced mass. The coalescence time
t. and phase ¢, are defined to set a reference time and phase, and by convention,
mark when the inspiral waveform ends. In the case of binary systems with spinning
component objects, the expressions for hy « (¢) will have an additional dependence
on the three components of the spins and will no longer differ by an amplitude
scaling that depends only on ¢ and a constant phase shift. The short merger phase
marks the point at which the two compact objects start to coalesce and the peak
of gravitational wave emission. This process is highly nonlinear and is modeled
with numerical relativity simulations. The merger is followed by a high frequency
ringdown phase that occurs after the objects have merged to a single object, likely
a black hole. From black hole perturbation theory and numerical simulations, the
ringdown signal is modeled as a superposition of quasinormal modes that decay
exponentially with time.

3.1.1. Binary Neutron Stars

With our searches for gravitational waves from binary neutron star systems, we
allow for the broadest definition of possible neutron star component masses.?® %8
Based on observation and standard astrophysical scenarios, remnant neutron stars
can have a minimum mass ~1 M.%? From a theoretical perspective, requiring that
the equation of state satisfies causality and our knowledge of nuclear matter at
60762 Regarding the range
we consider the distributions observed for pulsars in

low densities provides a loose upper limit of < 3 Mg
of angular momentum,?%364
binaries with |x1 2| < 0.04 and add a bit more to allow for additional uncertainty.5?
Thus searches for gravitational waves from binary neutron stars to-date3® have

covered my o € [1,3] Mg with |x1,2] < 0.05.

3.1.2. Binary Black Holes

Stellar evolution models predict that black holes may exist with a minimum mass
down to 2 Mg and a maximum mass up to 100 Mg or potentially higher. How-
ever, primordial processes could lead to the formation of binary black holes over a
much wider mass range, including subsolar mass black holes. Regarding the range
of angular momentum,%¢%8 the relativistic Kerr bound allows |x12| < 1.9 Thus
standard searches for gravitational waves from binary black holes to-date3 have
covered mq 2 between 3 Mg and ~ 100 — 400 Mg with |x1,2] < 0.999, as close to
the Kerr limit as allowed with current waveform approximants.

Sub-solar mass primordial black holes could make up a fraction of dark matter.
Searches for these sub-solar binaries with at least one component between 0.2 and
1.0 M, have been performed with no detections to-date.”™

Black holes with masses between 10 and 10° Mg, are classified as intermediate-
mass black holes,”! and bridge the gap between stellar black holes and supermassive
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black holes. They may provide the missing link to explain the formation of super-
175 is
consistent with a binary black hole merger that has a final remnant mass of 142725
Mg, classifying it as an intermediate-mass black hole.

In the sensitivity band of Advanced LIGO and Virgo, signals from intermediate-
mass black hole mergers will be short duration (tenths of seconds). There are very
few cycles observable as the systems will merge at frequencies of 10s of Hz, so
detection of these signals can be made by modeled matched-filter searches and also
by weakly-modeled transient burst searches (see Sect. 4.2.1). A recent search for
gravitational waves from intermediate mass black holes placed upper limits on the
merger rate density for sources with total masses M € [120,800] M.

massive black holes.”> 7 The recent gravitational-wave detection GW19052

3.1.3. Neutron-star Black-hole Binaries

Neutron-star-black-hole systems are thought to be efficiently formed either through
the stellar evolution of field binaries or through dynamical capture of an neutron
star by a black hole. Though no neutron-star-black-hole systems are known to exist,
likely progenitors have been observed, including Cyg X-3.77

To-date, standard searches for gravitational waves from neutron-star-black-hole
systems3? have covered neutron star masses msy € [1,3] My and black hole masses
my are typically chosen so that the mass ratio does not exceed ¢ = mo/m; = 0.01.

3.2. Analyses

Searches for modeled sources of gravitational radiation typically use matched-filter-
based analyses. Matched-filtering is necessary for the detection of compact binary
signals for which the signal energy is spread over a long time interval. For the
analyses presented here, this is typically < 1 minute in the sensitivity band of
Advanced LIGO and Virgo. The method correlates a waveform model with data over
the detectors’ sensitive bands to extract signals from detector noise. The method is
optimal when a known signal waveform is in stationary Gaussian noise.

The matched-filter output of a data stream s(t) with a filter template h(t) is
given by the noise-weighted cross-correlation

(s,h) = 4R / f(b df (3)
where S,,(f) is the one-sided power spectral density and $ denotes the real part.
The data stream s(¢) may contain just noise or noise and a signal. To construct
the signal-to-noise ratio, the norm of each template is computed, using systems at
a distance of 1 Mpc, as 02 = (h, h). Then the matched filter signal-to-noise ratio is
defined as

SNR = 8

g

(4)
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78,79 80,81

Template banks of waveforms are constructed via geometric, stochastic,
or hybrid methods.2:8% Traditionally, searches have been performed for (anti)-
aligned spin systems and hence template placement is in {mi,ms, x1, X2 }-space.
Typically, the placement is such that the loss in matched-filter SNR, caused by the
bank’s discrete nature is < 3%. However, sub-threshold and focused-searches often
choose < 1%.

Template waveforms for matched filtering use precise waveform models of com-

84-87 Waveforms have been developed combining various

pact binary coalescence.
techniques to model the two-body dynamics and gravitational wave emission. For
lower mass binaries (component masses < 3 M) post-Newtonian theory is suitable
for describing the inspiral waveform. For higher mass binaries (component masses
> 3 M%), the merger and ringdown phases will occur at lower frequencies, po-
tentially within the detectors’ sensitive band. Thus, templates also need to include
these phases. For this, the effective-one-body formalism®® and numerical relativ-
ity90.91
the Newtonian dynamics were obtained almost a century ago.?%% More recently,
waveforms have been provided through various techniques including higher-order
post-Newtonian calculations,?* 9% analytical techniques to model the relativistic
two-body dynamics and gravitational waves,”” %1 and numerical-relativity simula-
tions.1027197 Waveform models that accurately describe the two-body dynamics and
the emitted gravitational waves are used to construct the set of matched filters.84:108

Each matched-filter search identifies “triggers” from individual interferometer
data streams. These triggers mark GPS times where the SNR exceeds a preset SNR
threshold (typically SNR> 4). As described in Sect. 2, detector data often contain
glitches that can falsely produce high SNR. Thus, periods of bad data quality are
often removed from the analyses using vetoed times or triggers from these times
are penalized in the final candidate ranking list. After the initial trigger, searches
employ a pipeline of statistical tests for further candidate vetting. Search pipelines
typically maximize the SNR of each template over time for short windows (~ 15s)
and only record triggers passing the threshold for every data stream. Various types
of clustering algorithms are used to reduce trigger lists. Often a coincidence test is
applied requiring that a trigger from the same template is found within the inter-

are needed to describe the full waveform. The first relativistic corrections to

site light travel time, plus a small window for uncertainty in the arrival time of
weak signals. Recently, single-detector triggers have been analyzed, relaxing the
requirement for multi-detector coincidence.

Search pipelines then employ a set of consistency tests that may include informa-
tion about the time delay and phase differences between candidates in each detector,
the sensitivity of each detector, the time-frequency morphology of the candidates
and expectations for different astrophysical population models. The parameters de-
rived from each of these tests are then used to construct ranking statistics for each
of the candidates. Below we provide more details on each of the matched-filter-based
search pipelines currently used for searches for gravitational waves from compact
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binary coalescence in LIGO and Virgo.

Search pipelines may run in either low-latency mode on streaming gravitational-
wave data or offline mode on archival gravitational-wave data. The goal of low-
latency analyses is to provide rapid alerts of candidate gravitational-wave signals,
particularly for BNS signals which may be accompanied by an EM counterpart.
GCN Notices from low-latency gravitational-wave pipelines are currently released
with a typical latency of a few minutes.'% Recently, several pipelines have also
demonstrated the ability to make detections of the pre-merger inspiral of long-
lived BNSs, potentially enabling more effective EM followup.!'% 111 A mock data
challenge was recently completed with two pipelines demonstrating the ability to
produce pre-merger (early warning) detections of binary neutron star signals and
send alerts to partner facilities before merger.%?

3.2.1. GstLAL

The GstLAL-based inspiral pipeline,'*? 13 built upon the GstLAL library,4 115
utilizes the GStreamer framework!'® and the LIGO Algorithm Library.''” It runs
in both low-latency and offline modes.

This pipeline performs matched-filtering in the time-domain and employs the
LLOID method!!'® which combines singular value decomposition (SVD)!1%120 with
multi-banding to construct a reduced set of both matched filters and samples. Typ-
ically, candidates with SNR > 4 are kept for further vetting.

The pipeline utilizes a multidimensional likelihood-ratio ranking statistic £ to
identify gravitational-wave candidates.3% 112 113,121,122 The gtatistic incorporates
information including the SNRs of the triggers, a time-domain signal-consistency
test,’'? timing and phase differences between coincident triggers in each detec-
tor,'13:122 the time-averaged volumetric sensitivity of each detector, the signal pop-
ulation model'?3 and the probability that a signal trigger is recovered by a waveform
template given its SNR,'?* and the background noise model described below. Addi-
tionally, single-detector candidates when only one detector is operating are ranked
with additional data quality information from machine-learning based predictions
(iDQ).lQS’ 126

The pipeline computes the background of the search by first splitting the
template bank into many bins with similar time-frequency evolution. Statistics
from non-coincident triggers when more than one detector are operating are his-
togrammed in each bin. This set of triggers characterize the noise background of
the search, in each bin. Final rankings are determined after marginalizing over all
the bins. Monte Carlo samples from these background £ distributions are drawn to
determine the mapping between £ and the false-alarm probabilities of the candi-
dates.!?3

The signal model used in determining £ for each candidate is determined by
assuming a uniform-in-volume distribution of sources and a maximum of 10% loss

in SNR due to waveform mismatch.'?3
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3.2.2. PyCBC

127129 performs matched-filtering in the fre-

The PyCBC-based inspiral pipeline
quency domain. It runs in both low-latency and offline modes.

Data during times flagged by category 2 veto flags are removed from PyCBC
searches. The pipeline requires triggers in more than two detectors using a multi-
detector coincidence test.!3? These candidate events are then ranked using a multi-
detector ranking statistic'3? that incorporates information including the SNRs of
the triggers, signal consistency tests such as the time-frequency x? veto!3!

test to identify excess power at high frequencies,'3? the network sensitivity for each

and a

detector, phase-time-amplitude consistency checks and a comparison of the proper-
ties of the event against expected signal and noise populations. The signal model is
incorporated as signal prior distributions that model the amplitudes, phases, arrival
times in detectors with differing sensitivities.

The pipeline computes the background of the search using the method of time-
shifted single-detector triggers. These are performed using intervals of 0.1s using
a many-detector shifting procedure described in Ref. 130. Triggers from apparent
gravitational-wave signals are iteratively removed from the time-shifted analyses
and only times from when all detectors were observing are included to avoid biasing
the significance estimation. For each candidate with a measured ranking statistic, a
false alarm rate is computed by comparing the rate of coincident noise events from
the time-shift analyses that had a higher ranking statistic.

Recently, the results from a focused search for binary black hole coalescences!33
was presented.?® This search uses the detection statistic presented in'3% 34 which
includes a number of tuning choices to reject triggers that do not well match the
filter waveforms, and also includes a template weighting implementing a prior that
signals detectable in any given range of SNR are uniformly distributed in chirp
mass.

3.2.3. MBTA

The multi-band template analysis (MBTA) pipeline’3® runs primarily as a low-
latency coincident analysis pipeline for the detection of gravitational waves from
compact binary coalescences.

The MBTA pipeline identifies triggers from individual interferometer data
streams and then performs a coincident analysis using time and exact template
match coincidence. To reduce the computational cost of the matched filtering,
MBTA splits the matched filter across two (or more) frequency bands. The bound-
ary frequency between the low frequency (LF) and high frequency (HF) bands, f.
is selected so that the SNR is shared roughly equally between the low and high
frequency bands, typically f. ~ 100 Hz, for advanced detectors. On average, this
procedure loses no SNR compared to a matched filter performed with a single band
analysis .

Due to the use of multibanding, MBTA employs a computationally inexpensive
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signal consistency test, the x2 cut.!3! Additionally, a matched-filter timeseries signal
consistency test is also employed, to supplement the x? cut. This test exploits the
fact that the matched filter timeseries for a gravitational wave signal will have a
single narrow peak, while noise will have a timeseries with a broader peak and
multiple maximums around the central feature.!36-137

In low-latency, the pipeline computes the background of the search by making
every possible coincidence from single detector triggers in recently collected data,
and computes the probability of a pair of triggers passing the coincidence test. The
significance of each candidate is estimated by calculating the false alarm rate as the
expected rate of coincidence triggers from background triggers that have an equal
or larger combined SNR than the candidate.

3.2.4. SPIIR

The summed parallel infinite impulse response (SPIIR) pipeline!?8140

ily as an online low-latency coincident analysis on time-domain data. SPIIR applies
time-domain summed parallel infinite impulse response (ITR) filters to approximate
matched-filtering results with high accuracy and, in theory, zero latency. For online
low-latency analyses, this method is more computationally efficient than traditional
Fourier methods, achieving a median online latency during O3 of ~ 9s.14! Addition-
ally, parallelization of this algorithm is straightforward using Graphics Processing
Units (GPUs) to accelerate both filtering!4% 43 and coherent candidate selection.3®

GPU acceleration also enables SPIIR to apply an online coherent search that
coherently adds SNR output for each sky direction from the detector network to
form a detection statistic.'0:142 This detection statistic, called the coherent net-
work SNR, is based on the maximum likelihood ratio principle.'*? To address the
computational challenge of finding triggers in real-time, high SNR candidates from
each detector are pre-selected and then the coherent responses from other detectors
are found for each possible sky direction. The pipeline ranks the triggers by the
coherent network SNR and the average x? values from individual detectors. It com-
putes the background of the search by performing 100 time-shifts over two weeks.
The K-nearest-neighbor (KNN) technique is used to estimate the significance for
triggers. 14!

runs primar-

4. Bursts

Many astrophysical processes are expected to emit transient signals including merg-
ing compact binary systems consisting of black holes and/or neutron stars, core
collapse supernovae, magnetars, and cosmic string cusps. The key strategy of tran-
sient unmodelled burst searches is to search for gravitational-wave signals without
making assumptions on the morphologies of these signals. This approach allows
the burst searches to be sensitive to a wide range of signal morphologies and as-
trophysical models for which robust models are not available. The burst searches
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include analyses that do not make assumptions either on the source sky location
or the gravitational wave arrival time, labelled as “all-sky searches”, and targeted
searches that involve information from multimessenger observations such as super-
novae or gamma-ray burst (GRB) searches. Burst searches can also detect and
reconstruct well modelled transient signals (e.g. due to compact binary mergers)
with the flexibility to allow for the existence of unexpected characteristics of the
signal. In fact, parametrized models of the detected emissions from compact binary
coalescences may not always accurately cover all the gravitational wave emission
features such as the ones in the case of orbital eccentricity, misaligned spins and
post-merger emission from neutron star remnants.

4.1. Unmodelled pipelines

The different algorithms to search for unmodelled transient gravitational waves
are based on the identification of statistically significant excess power in the time-
frequency (TF) representation of the whitened data. The (frequency-domain) noise-
scaled whitened data is defined as w[i] = x[i]/+/Sk[i], where Sk[i] is the power spec-
tral density, and x[i] = x1[i], ..., Tx[i] the t1meser1es, where k refers to the detector
and ¢ to the data sampling. The timeseries observations made by the interferometer,
x[i], are defined as:

x[i] = Fh[i] + n[i] (5)

where n[i] is the detector noise realization, h[i] = [hg[i], ho[i]] is the gravitational
wave signal composed of its two polarizations, hy and hy, and F is the network
antenna pattern matrix:

Fi1:(0,9) Fix(0,9)
F = (6)

Fk—i— (97 ¢) FkX (97 ¢)

where 6 and ¢ are the sky position coordinates.

A common approach4146 to the detection and reconstruction of gravitational-
wave signals, defines the two hypotheses: Hy “data when a gravitational-wave signal
is absent” and H; “data when a gravitational-wave signal is present.” Assuming
the noise as stationary Gaussian white noise not correlated between detectors, the
corresponding probability densities can be determined as:

p(w | Ho) = H1 Jl_woexp( V;L’f) (1)

202

plow | 1) = [[ e (- S0 ©

where £[i] = F[i]h[i] is the detector response to a gravitational-wave signal.
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The likelihood ratio is then:

p(w | Hi(2))

AMw. ) = e THo @) ®)

where € are the parameters of the sky position for the signal source. The maxi-
mization of the likelihood ratio over the possible sky position provide the solution
for the gravitational-wave waveforms, hy and hx.

Multi -detector analysis can be performed using coincident or coherent approach.
Coincident methods require events from individual detectors to be identified within
a fixed time window (with duration compatible with the light travel time between
detectors) and with similar morphology. On the other hand, coherent methods com-
bine data streams from multiple detectors and builds a ranking statistic as a coher-
ent sum over the detector responses.

To estimate the statistical significance of a foreground gravitational-wave candi-
date, the standard procedure calculate its false alarm probability by comparing its
ranking statistic to the distribution of the ranking statistic for the expected back-
ground of accidental trigger. This is obtained by repeating the analysis on many
instances of network data where non-physical time-shifting has been introduced;
this breaks coherence in the network data and produces triggers that are due only
to random coincidences in detector noise without any contribution from real signals.
The expected background distribution generated with the time-shift methodology is
able to take in to account non-Gaussian and non-stationary features of the consid-
ered data timeseries. This procedure is highly computational demanding, involving
the analysis of many years of equivalent data.

4.1.1. Coherent WaveBurst (¢cWB)

The Coherent WaveBurst (cWB) algorithm!4? is based on a coherent maximum
likelihood approach applied to the multi-resolution time-frequency representation
of the whitened timeseries of the detectors’ data through the fast discrete Wilson-
Daubechies-Meyer (WDM) transformation.!4® Using a linear combination of wavelet
bases at different resolutions allows for a more complete representation of the signal.
The triggers are then identified by clustering the pixels that pass the threshold on
the excess power over all the network interferometers. For the selected cluster of
pixels, the likelihood statistic is built and the maximization is determined with a
loop over all possible sky positions. cWB’s peculiarity is the possibility to promote a
selection of clusters with a given pattern. For example, patterns in which frequency
increases with time (a chirping structure) is especially suitable for most of the CBC
sources. The cWB event ranking statistic is proportional to the coherent signal-to-
noise ratio (SNR) across the network of detectors. cWB then estimates the network
correlation, defined as the ratio between the coherent energy to the total energy
(sum of coherent and incoherent energy or residual noise). The network correlation
is used to better discriminate gravitational-wave signals as it is expected to be close
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to unity for genuine gravitational-wave signal and << 1 for non stationary noise
fluctuations (glitches).

4.1.2. BayesWave

The BayesWave!4% 159 algorithm considers the data from an interferometer k ()
as the linear combination of interferometer response to gravitational wave signals
(ht), Gaussian noise (ny), and transient glitches (gx): 2 = hy +ni + gi. To model
the properties of a gravitational wave h from data x under model M using Bayesian
statistics, it calculates the posterior distribution function p(h | z, M):

p(z | h, M)p(h | M)
p(x | M)

p(h |z, M) = (10)
where p(h | M) is the prior likelihood for h in model M, p(z | h, M) is the likelihood
of the data for the given waveform, and p(z | M) = [p(h | M)p(z | h, M) is the
marginal likelihood, or evidence, for the model M under consideration.

The signal and glitch models are built as the linear combination of sine-Gaussian
Morlet-Gabor wavelets, with a number of wavelets independently optimized for the
two models by a reversible jump Markov Chain Monte Carlo. The algorithm consid-
ers three possible hypotheses: the data contain only Gaussian noise, the data contain
Gaussian noise and glitches, or the data contain Gaussian noise and gravitational
wave signal (which requires at least one wavelet to be coherently projected onto
the network). The Bayes factor between the latter two models is used as detection
statistic. This algorithm produces posterior distributions for the model parameters
as the reconstructed waveform signal and source sky position.

4.1.3. Omicron-LIB (oLIB)

The Omicron-LIB (oLIB)'®! algorithm is an hierarchical pipeline that consists of
a initial incoherent stage in which Omicron!®? identifies excess power in a single
interferometer’s data stream through the Q-transform.!®31°% Then only triggers
with similar central frequency and quality factor across detectors and with temporal
difference consistent with time-of-flight window, are selected.

The selected events are passed onto LALInferenceBurst (LIB) algorithm based
on LALInference, that models signals with sine-Gaussian templates, depending on
parameters such as frequency, quality factor, amplitude, and sky position. This
stage of the algorithm computes two Bayes factors (natural logarithm of the ratios
of the evidence of two hypotheses): the first as a gravitational-wave signal vs. a
Gaussian noise signal, and the second as a coherent gravitational-wave signal vs. an
incoherent noise transient. The joint likelihood ratio of these two Bayes factors, de-
fines the ranking statistic of the search to estimate the gravitational-wave detection
significance.
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4.2. Short duration all-sky searches

As discussed previously, gravitational-wave bursts can be generated by a wide vari-
ety of astrophysical sources, such as merging compact binary systems, core-collapse
supernovae of massive stars, coalescence of binary neutron stars, pulsar glitches,
and cosmic string cusps. These kinds of signals are expected to generate signal with
frequency in the range from several Hz to a few kHz, and duration in range from
1073 s to tens of seconds.

c¢WB, oLIB and BayesWave have been employed to perform gravitational-wave
searches in this parameter space, for the past LIGO Virgo data takings. The use
of multiple search algorithms with different performances for specific classes of
gravitational-wave signals can improve coverage of the wide parameter space, in-
crease overall detection efficiency, and provide independent validation of the results.

The ¢cWB search is divided in two different frequency ranges which cover the low
(32 - 1024 Hz) and high frequency (up to 4kHz) bands. Burst searches’ sensitivity
can be strongly affected by the fact that data can been polluted by glitches due to
instrumental and environmental noise artifacts. To minimize their impact, in the
LIGO and Virgo analysis, cWB triggers have been divided into bins, with different
signal waveform features. For O1 and O2 analyses, the triggers in the low frequency
band search have been divided in two classes. In particular one of these classes has
included signals with most of their energy in a frequency bandwidth of few Hz, and
with a small quality factor, which separated triggers caused by non-stationary power
spectrum lines and ‘blip’-glitches'®> 156 (a type of low frequency, short duration
terrestrial glitch which cannot be effectively vetoed) from triggers that may be
astrophysical in origin. For the analysis of O1 and O2 data collections BayesWave
pipeline is employed as a follow-up of the cWB search by analysing cWB triggers
in the low frequency bands exceeding a fixed detection statistic.

oLIB search covers the low (32 — 1024 Hz) and high (1024 — 2048 Hz) band
frequency range; then triggers identified candidate events are classified in bins de-
pending on the quality factor of the signal.

Unmodelled searches for short-duration gravitational-wave transients in O1 and
02 data reported null results, apart from the known BBH signals detected by CBC
template searches; upper limits on the 90% confidence intervals for the gravitational-
wave rate-density have been estimated through a full simulation campaign, and they
are reported in Ref. 157.

4.2.1. Search: CBC related searches for Binary Black Holes, Intermediate
Mass Black Holes (BBH-IMBH), and eccentric binary systems

Burst unmodelled transient algorithms can also complement the template searches
for CBC sources; these algorithms can be sensitive to signals with features due to
higher-order modes, high mass ratios, misaligned spins, eccentric orbits and, possible
deviations from general relativity. Moreover, as discussed in section 3, IMBH binary
systems are expected to merge at low frequencies resulting in few signal cycles
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being in LIGO’s and Virgo’s sensitive bandwidth. We leverage the strength of burst
analyses’ lack of waveform assumptions by applying them to these well-modelled
sources to compliment the CBC search.

These searches contributed to the detection of the first gravitational waves signal
GW150914; it was in fact detected and reported within three minutes of data acqui-
sition by low-latency unmodelled searches.? In Ref. 158 the analysis of GW150914
with minimal assumptions is discussed, reporting the significance estimation of the
detection, waveform reconstruction, and consistency with the theoretical signal from
a binary black-hole merger.

Unmodelled searches for CBC signals targeting low-mass and high-mass BBH
systems have been performed for O3 Advanced LIGO-Advanced Virgo data using
two different configurations of the cWB analysis.?? 75159 Minimally-modeled low-
mass searches require the frequency of a trigger to be increasing in time (chirping
time-frequency pattern). Moreover, unique data quality vetoes are defined for this
search to limit the consequence of non-stationary noise in the detectors’ bandwidth.

The cWB-BBH search is used also used to search for black hole mergers that
inspiral in eccentric orbits, which are not fully modeled by theoretical predictions.
Simulation studies have showed!'% that the detection capability is independent of
the eccentricity at the time the binary enters Advanced LIGO’s and Advanced
Virgo’s frequency band at ~ 10 Hz.

Unmodelled algorithms are also employed to test general relativity and the con-
sistency of the waveform reconstruction to templates models. A transient signal
strongly deviating from general relativity and missed by template searches could
be found by unmodelled or minimally-modelled searches, as well as the specific fea-
tures of the signals that are missed by templated models.?® Consistency tests of
unmodelled waveform reconstruction (k1) and maximum likelihood template-based
waveforms (hsy) are based on the evaluation of the agreement of the two waveforms
by the overlap of the two signals, defined as:

(ha | ho)
v (ha [ ha)(ha | he)

O(h1, ho) = (11)

The expected distribution of these match values is obtained by performing anal-
yses on off-source data (data surrounding the event) adding waveforms from the
template-based analysis. The p-value of the detected events is given by the fraction
of off-source match values that are below the on-source match value.?’

To test for possible deviation from general relativity, the algorithm analyzes
the residual power in the data once the best-fit template is subtracted.36: 161,162
Specifically, for each event, the BayesWave pipeline produces a distribution of pos-
sible residual coherent signals consistent with the data, that allows to estimate the
90%-credible upper limit.
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4.3. Long duration all-sky searches

Different astrophysical phenomena are foreseen to emit transient gravitational-wave
signals with intermediate time duration between a tens to a few hundreds of sec-
onds and in a wide range of expected frequencies. Among different astrophysical
processes, promising sources are: fallback accretion (fallback of ejected mass in new-
born neutron stars induces deformation and emission of gravitational waves until
it collapses into a black hole), accretion disk instabilities (stellar material spiraling
into a black hole can be origin of gravitational-wave emission), and nonaxisymmet-
ric deformations in magnetars. Theoretical signal predictions for those astrophysical
processes, when available, cover a wide range of morphologies and are in some cases
poorly known.

Four unmodelled pipelines have been employed to search for long duration tran-
sient gravitational-wave signals in LIGO and Virgo data: the long-duration config-
uration of cWB, two different versions of the Stochastic Transient Analysis Multi-
detector Pipeline (STAMP-AS) pipeline, and the X-pipeline Spherical Radiometer
(X-SphRad).163

The STAMP-AS'64 pipeline performs cross correlation of data from two interfer-
ometers to calculate coherent time-frequency maps of cross-power SNR with pixel
size of 1s x 1H z. Pixels whose SNR exceed a certain threshold are selected to form
triggers by two possible algorithms. The first one, Zebragard!6 166
clustering algorithm, that groups pixels that are within a certain distance from each
others. The ranking statistic is defined as the quadratic sum of the pixels’ SNR. The
other algorithm, Lonetrack'S” employs a hierarchical approach. It uses a seedless
cluster algorithm on the selected pixels of single-detector spectrograms; it calcu-
lates an incoherent statistic integrating the signal power along many parametrized
Bezier curves. Single-detector triggers whose incoherent statistic passes a threshold
are then used to build coherent detection statistic through cross-power SNR. In
both algorithms, a loop over the possible sky positions is performed.

The c¢cWB pipeline has a specific configuration for the long-duration
gravitational-wave transient search, the relevant differences with respect to the short
duration transient search configuration are the use of specific time-frequency map

is a seed-based

time resolutions with longer pixels in time and specific post trigger production cut
on time duration of the triggers.

X-SphRad pipeline'%? is based on a cross-correlation algorithm in the spherical
harmonic domain. The cluster algorithm groups next-nearest-neighbor pixels on a
time-frequency representation of the data; then the trigger events are ranked by
the ratio of the power in the homogeneous polynomials of degree [ > 0 modes to
that in the [ = 0 mode. The background estimation is performed for all pipelines
employing the usual time-slides methodology.

Searches for long duration gravitational-wave signals were performed for first
and second LIGO-Virgo observation runs in the frequency range 24 — 2000H z;
no significant events were detected (apart from the binary neutron star merger
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GW170817). The best sensitivity limits on the root-sum-square strain amplitude
hrss at 50% detection efficiency estimated for those searches through simulation
campaigns are hrsssoy = 2.7 x 10722H 2z~ /2 for a millisecond magnetar model and
hrsssoy = 9.6722H 2~ 1/2 for eccentric compact binary coalescence signals.6 169

5. Multimessenger searches

Many astrophysical sources of gravitational-wave transients, such as coalescing bi-
naries, supernovae and gamma-ray bursts (GRBs), are expected to be source of
multimessenger signals, emitting also electromagnetic (EM) signals or neutrinos.
Then the joint analysis of signals due to different messengers can provide a more
complete knowledge of the astrophysical sources.

Multimessenger astrophysics searches can follow different approaches. Triggered
or directed transient gravitational-wave searches plan to use information provided
by other messengers of a common astrophysical source such as sky positions, timing,
and source parameters to improve the search sensitivity and candidate event signif-
icance. Likewise gravitational-wave detections can trigger electromagnetic searches,
in this case source sky position of gravitational-wave candidates are used to point
EM observatories looking for possible counterparts in EM spectrum. This follow-up
campaign is possible thanks to the online identification of gravitational-wave can-
didates and the distribution of alerts by the LIGO and Virgo collaborations'™ in
low-latency mode.

Targeted searches have been set to look for gravitational-wave transients as-
sociated with short and long GRBs, using both modelled and unmodelled search
methods; in these searches gravitational-wave data are analysed in the time around a
GRB detection, requiring the consistency of gravitational wave and GRB source sky
position; in that way a better sensitivity with respect to the all-sky gravitational-
wave searches is achieved. The unmodelled approach employs the X-Pipeline! 7! 172
algorithm that looks for excess power coherent across the network and requires con-
sistency with the sky localization and time window for each GRB. The PyGRB
173,174 is instead based on a coherent matched filtering search; it looks for
a gravitational-wave signal due to the inspiral of a BNS or neutron start-black hole
binary in the time window associated with an observed short GRB. The results
for targeted gravitational-wave searches associated with GRBs for first and sec-
ond LIGO/Virgo data collections,*® has involved the analysis of the 41 GRBs in
the O1 data, 98 GRBs using the unmodelled method, and 42 using the modeled
method in the O2 data; these searches detected the already discussed GW170817A.
The analysis of O3a data!™ has covered 105 GRBs for unmodelled method and 32
GRBs for modeled methods that targets BNS, finding no significant evidence for
gravitational-wave signals associated with the GRBs.

pipeline

Triggered or directed transient gravitational-wave searches plan to use infor-
mation provided by common astrophysical source as sky positions and timing, to
improve search sensitivity and candidate significance. Likewise, gravitational-wave
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detections can be used to point EM observatories and search for the EM signa-
tures.!70

In 2017, the first combined detection of gravitational waves due to a BNS coales-
cence3® and GRB170817A'76 have confirmed BNS mergers as a progenitor of short
GRBs. Targeted searches have been set to look for gravitational-wave transients
associated with short and long GRBs, using both modelled and unmodelled search
methods.'™ In particular, X-Pipeline!™*
that looks for excess power coherent across the network and for this search requires
consistency with the sky localization and time window for each GRB.

Core-collapse supernovae (CCSNe) are multimessenger emitters, expected to be
a source of EM signals, low energy neutrinos, and gravitational waves which are
theoretically not well modelled. Targeted searches for CCSNe detected by astro-
nomical observations,'””17® have been performed employing the cWB pipeline and

is pipeline based on unmodelled approach

imposing the sky location, the source distance, and a time window for the arrival
time of the gravitational-wave signal.

A specific searches also have been performed to look for the joint emission of
gravitational waves and high energy neutrinos (HEN).'™ The multimessenger search
algorithm!®® estimates the significance of the candidate starting from the signifi-
cance of HEN events and gravitational-wave candidates, identified by the short
duration cWB search, and their temporal and directional coincidence.

6. Continuous
6.1. Potential Sources

For all cases of gravitational-wave emission, including long-lasting (continuous, per-
sistent) gravitational waves, non-negligible time-varying quadrupole moments are
needed. In the case of isolated neutron stars, such emission can be triggered by
e.g. elastically and/or magnetically driven deformations: mountains on the stellar
surface supported by the elastic strain or magnetic field, free precession, or unsta-
ble oscillation modes (e.g. r-modes). Potential sources and emission mechanisms
are reviewed in Refs. 181, 182, 31, 183. According to the ATNF (Australia Tele-
scope National Facility) Pulsar Database,'® more than 2700 pulsars have been
observed via electromagnetic radiation. Assuming that a continuous gravitational-
wave signal is approximately twice the neutron star spin frequency!'®® (in the case of
elastic/magnetic deformations) or close to 4/3 of the spin frequency!'8¢ (Newtonian
approximation in case of r-modes), around 300 pulsars from the ATNF Database lie
within the most sensitive bandwidths of the LIGO and Virgo detectors. According
to studies on population synthesis of isolated radio pulsars, e.g. in Ref. 187, there
should be ~ 160, 000 isolated neutron stars in the Galaxy. Such a relatively large
population of potential continuous gravitational-wave emitters motivates searching
for persistent signals.

Rotating nonaxisymmetric neutron stars possibly emit gravitational waves with
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strain amplitude'®® 192 that is on the order of hg ~ 10726 :

€ P \?/ d \!
. —26
ho = 4.2 10 (10—6) (10 ms) (1 kpc) ’ (12)

where € denotes the deformation of an object (also called ellipticity), P is the rota-
tional period and d is the distance to a source.
This amplitude is a few orders of magnitude smaller than signals from coalescing

binaries. However, the detectability of a signal, determined by the signal-to-noise
ratio (SN R), is related not only to hg, but also to the observation time T and the
sensitivity of a detector S. For example, for the coherent searches such relation is:

SNR ~ ho\/g. (13)

For comparison, the GW150914 event lasted in the LIGO detectors for T" ~ 0.2 s,
with an peak amplitude of hg ~ 10721, yielding SN R ~ 24. For continuous sources,
the expected amplitude is smaller, hg ~ 1072%, but the data are collected for months
or even years. Additionally, the SN R increases with the number of operating de-
tectors in the network N, as SNR ~ v/N. All these aspects (observation time,
improvement of the detectors’ sensitivities, and new instruments in the global net-
work) make continuous gravitational-wave signals serious candidates for the future
detections. 193,194

Neutron stars in binary systems, especially in low mass X-ray binaries
(LMXBs)!% are also expected to produce persistent gravitational waves. In such
systems, mass is transferred between the neutron star and its companion via Roche-
lobe overflow. Searches for signals from such sources require not only the inclusion
of complex astrophysical processes, but also orbital parameters of the binary system
that additionally modulate the signal.!?®

The most exotic potential sources of the long-lasting continuous gravitational
waves are axion clouds bound to black holes.!?” 198 These bosons clouds, in theory,
can be formed due to the energy extraction from the rotation of the black hole.
Annihilation or energy level transitions in such a cloud may trigger gravitational-
wave emission.!?? For stellar mass black holes, and boson masses in the range of
(10~ — 107!2) eV, the signals would have a frequency in the sensitivity band of
terrestrial detectors and amplitudes that are potentially detectable if emitted within
the Galaxy or even outside for a particularly favorable system configurations such
as high black hole masses and small boson mass. Even in case of non-detection,
analysis results could be used to put interesting constraints on the allowed mass
range of ultra-light bosons.200:201

6.2. General information about the analyses

Most of the continuous gravitational-wave searches are dedicated to signals from
isolated neutron stars. As was shown previously, SN R increases with longer obser-
vation time but coherent analysis of the large amounts of data is computationally
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expensive. The strategy for the search depends on our a priori knowledge of the
source, robustness of the data analysis method, and available computational re-
sources. In principle, continuous gravitational-wave searches can be divided into
three categories: ¢) Targeted searches in which relevant parameters such as sky po-
sition, rotational frequency, and its evolution are known from the electromagnetic
observations. Such searches are computationally easy to perform, as they only check
if a continuous gravitational-wave signal is associated with the known source and
the data can be analysed coherently. Narrow-band searches are a slight modification
to the targeted searches, in which a small mismatch between known (from electro-
magnetic observations) and expected (from gravitational-wave data) frequency pa-
rameters is allowed. i7) Directed searches are dedicated to the sources with known
sky position, but unknown frequency and its evolution. Example sources that are
targets for directed searches include core-collapse supernovae remnants or sources
close to the Galactic Center. The explored (unknown) parameter space usually re-
quires not only frequency and spin-down (first frequency derivative), but also higher
frequency derivatives. It is therefore not possible to perform a long coherent directed
search. This means that the data has to be partitioned into shorter time segments,
the search performed individually for each segment, the the power from all segments
combined following consistent frequency evolution. Such methods are so-called semi-
coherent search strategies. i77) All-sky (blind) searches are the most computationally
expensive types, since only minimal assumptions are made. They are dedicated to
signals from completely unknown sources. Such searches are less sensitive than tar-
geted and directed ones. They also require well-optimised data analysis tools and
large computational infrastructure. However, they may also detect neutron stars
that are not emitting electromagnetically.

An interesting solution for the limited computational resources was proposed
by the Einstein@Home project.2°?27296 The Einstein@Home - formerly used by the
LIGO Scientific Collaboration and the Virgo Collaboration - is a volunteer dis-
tributed computing project, in which a global network of contributors provides the
idle time of their computers to perform computationally intensive data analysis.

So far, no continuous gravitational-wave signal has been confirmed in the LIGO-
Virgo data. However, targeted,?97 218 directed,?!? 227 blind202-206:228-239 51 binary
229,240-243 were intensively performed in the past. In principle, by combin-
ing Eqgs. 12 and 13 it is possible to set interesting upper limits. It is especially easy
for the targeted searches, where the period and distance of the source are known
from the electromagnetic observations. For the known sensitivity of the detector(s)
and observation time, one can set signal-to-noise ratio threshold, above which signal
should be visible in the data and determine astrophysical information about defor-

mation of the star. For example, for the Crab pulsar (J053442200a), 95% credible
075.244

searches

upper limits on the fiducial ellipticity was set to be € ~ 1
Below we present several the most commonly used and up-to-date algorithms and
methods that are used for various types of continuous gravitational-wave searches.
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6.3. Strategies

F-statistic**® is a matched-filtering method, obtained by maximising the likelihood
function (function that measures the goodness of fit of a statistical model to a
sample of data) with respect to four unknown parameters of the simple emission
model (rotating triaxial ellipsoid): strain amplitude hg, wave polarisation angle,
initial phase, and the angle between the object’s rotational axis and the line of
sight (which are henceforth called the extrinsic parameters). This leaves a function
of only four remaining parameters: frequency, spin-down and two sky coordinates
(called the intrinsic parameters). Thus the dimension of the parameter space that
we need to search decreases from 8 to 4. F-statistic is the universal method for all
types of searches: targeted, directed and all-sky, as some or all intrinsic parameters
can be set as known or be treated as a free parameters. In the case of the blind
searches, to improve method efficiency, the F-statistic can be evaluated on the
4-dimensional optimal grid246
tectability of the signal increases with observation time. However, longer timeseries

of the intrinsic parameters. According to Eq. 13, de-

require more computational resources. The solution to this challenge is a hierar-
chical semi-coherent method, in which data is broken into short segments. In the
first stage, each segment is analysed with the F-statistic method. In second stage,
the short time segment results are combined incoherently using a certain algorithm
(coincidences among candidates,?0% 229 stack-slide method,?3 247248 Power-Flux
method,?3% 231,249 g]gbal correlation coordinate,?°% 251 Weave method?°? 253). The
final follow-up stage is the optimisation procedure?®* 25 that precisely estimate a
global maximum of the F-statistic in the four-dimensional parameter space. An
extension of the F-statistic, called C-statistic,?>” is dedicated to the signals from
LMXBs (neutron stars in binary systems). The strategy is divided into three stages:
1) a wide bandwidth, F-statistic search demodulated for sky position; 2) signal can-
didates are identified through the frequency-domain convolution of the F-statistic
(a priori knowledge about the orbital period and orbital semi-major axis is re-
quired to construct a template); 3) fully coherent Monte Carlo Markov Chain to
follow-up the promising candidates. A similar strategy for binary systems, that uses
frequency-domain matched filter, is a J-statistic.?>® In contrast to the C-statistic,
this method uses a Hidden Markov Model technique to efficiently track the signal
with a wandering frequency on the follow-up stage of the search.

The Hough transform and Sn-vector is a feature extraction technique used in
image analysis. In the case of the Frequency-Hough transform?°9:260 the inputs
are the most significant time-frequency peaks found in the spectrum and selected
above a given threshold. The transform converts the selected time-frequency peaks
(peakmap) into lines of the parameter space, identified by the intrinsic frequency
and its first time derivative. This method is typically used in the semi-coherent
searches i.e., directed and all-sky searches, for which the rotational parameters of
the star are unknown. Another type of the Hough transform, used in the continu-

h,261

ous gravitational-wave searches, is a Sky-Houg where peakmaps are generated
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on the celestial sphere. For searches with known (targeted) or roughly estimated
(narrow-band) phase evolution, fully coherent searches can be performed. In such
cases it is more convenient to used matched-filtering techniques like the 5n-vector
method.?5% 263 This method exploits the typical 5-frequency feature observed in the
spectrum of an impinging persistent signal at the detector, when some frequency
modulations can be eliminated. These frequency modulations (i.e., Doppler, spin-
down plus other relativistic effects) can be removed with a resampling technique or
heterodyning the data, using the Band Sampled Data framework.2%* Generalised
application of the Hough transform was introduced in Ref. 265. While most of the
searches assume some specific process of the gravitational-wave radiation (purely
quadrupolar radiation or spin-down due to the oscillations), Generalised Hough
models assume the frequency evolution as a power-law, which essentially allows for
the analysis of all spin-down orders, in contrast to the Hough searches that only
consider first frequency derivatives. This method is best used for rapidly spinning-
down neutron stars, i.e. remnants of mergers, such as GW170817266
remnants. Recently, the Hough method was used for an all-sky search for continuous
gravitational-wave signals from unknown neutron stars in binary systems.?5” The

or supernovae

pattern recognition algorithm was applied to every point on the sky. The method
replaces the search over the spin-down parameter of isolated sources for the three
binary orbital parameters characterizing different possible circular orbits. Machine
learning techniques (clustering, Monte Carlo Markov Chains) are used to increase
the robustness of the search.

Bayesian approach?®:269 takes measurements of the spin, its evolution (up to
the second frequency derivative), and sky localisation from the electromagnetic ob-
servations. It is typically used (due to the relatively large computational cost) for the
targeted searches and application to the directed searches has been proposed.?7% 271
Unknown parameters of that search are: strain amplitude hg, wave polarisation an-
gle, initial phase and the angle between object’s rotational axis, and the line of sight.
Due to the Earth’s rotation, the amplitude of the signal recorded by an interfero-
metric detector is time-varying as the source moves through the antenna pattern.
The data is demodulated (effects of the Earth’s movement and rotation is removed)
and binned to short (e.g., 1 min) samples. Then the classical Bayesian approach
is adopted. Posterior probability p(a|Bg, I) of the pulsar parameters a given the
binned data, By, is calculated as follows:

_ plallp(Bila 1)
PalBe D ="

where a is the set of parameters inferred from data Bj given our model I, and
with likelihood p(Bg|a, I). Finally, the parameter estimation is done by numerical
marginalisation. Robust and ordinarily used algorithm for the last marginalisation
stage is called Markov Chain Monte Carlo,?!!272
plored effectively without spending much time in the areas with very low probability

(14)

in which the parameter space is ex-

densities. Bayesian approach versus maximum-likelihood statistics is summarised in
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273.

TwoSpect Algorithm is dedicated to the all-sky searches for continuous
gravitational waves from unknown sources in binary systems. Similar to the other
continuous all-sky searches, the data is divided into short timeseries. The Fourier
transform is performed for each data chunk and the power of each Fourier coeffi-
cient is computed. Next, each Fourier transform is weighted according to the noise

240,274

level and by the antenna pattern of the detector. Time spectrograms over a narrow
frequency band are created and the effects of the Earth’s motion are removed. For
each spectrogram one has to compute the Fourier transform for powers of each fre-
quency bin as a function of time and then, using the calculated Fourier coefficients,
determine the power spectra of the second Fourier transform. Interesting regions of
parameter space are selected if a specific threshold value is exceeded. At this stage,
candidates from the doubly-Fourier-transformed data do not depend on any signal
template. Finally, the interesting regions are compared with the model templates
in order to confirm or reject specific outliers.

6.4. Future prospects

Continuous gravitational-wave data analysis is an evolving field. Persisting improve-
ments of the existing methods and software, development of the new strategies, as
well as the upgrade of the detectors increase our chances to detect gravitational-
waves from isolated neutron stars and ones in LMXBs. A trend that is currently
observed, not only in gravitational-wave data analysis but also in many sectors in-
side and outside science, is the application of machine learning techniques.?”® Some
of them, like clustering or Monte Carlo Markov Chains, were mentioned in the pre-
vious subsection. As was pointed out in 265, the Generalised Hough method can be
even more universal (including recognition of the different constant or time-varying
power laws of the gravitational-wave emission) by using neural networks and random
forests. Exploitation of Deep Neural Networks have been proposed as a novel search
method for continuous gravitational waves from unknown spinning neutron stars,?7
giving promising results on artificial data. Convolutional neural networks can be
used not only to detect persistent signal in the detectors’ data, but also to deter-
mine if a certain signal has instrumental or astrophysical origin.2”">27® Deep learning
can replace traditional methods and reduce the number of promising candidates (as

well as computational cost) in the large projects like Einstein@Home.?"% 281

7. Stochastic

The gravitational-wave background (GWB) is a superposition of signals from astro-
physical and cosmological gravitational-wave sources that can be described statis-
tically.282
in the very early Universe such as inflation, phase transitions, and cosmic strings;

There are many potential sources, ranging from physics that takes place

to astrophysical sources such as individual rotating neutron stars, supernovae, and
the mergers of compact binaries; see Refs. 283, 284 for reviews of GWB sources.
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The observable used in searches for a GWB is gravitational-wave energy density per
unit logarithmic frequency:

- i dpaw
B pe df
where p. = 3HZc?/(87G) is the energy density needed for a spatially flat Universe,
and dpgw is the gravitational-wave energy density contained in the frequency in-
terval f to f + df. The standard search uses cross-correlation methods to look for
these sources. For an isotropic background, perhaps the most promising source is
from compact binaries.?8%:286 Using a fiducial model and observations from O3a,
the median and 90% credible interval predicted for the GWB from binary black
holes and binary neutron stars is 7.2753 x 10710 at 25 Hz, while the 95% upper
limit from O3 for a power-law GWB with a spectral index of 2/3, consistent with
expectations of a GWB from inspiralling binaries, is 3.4 x 107? at 25 Hz.2%7 At the
design sensitivity of Advanced LIGO and Virgo, we will start to approach the ex-
pected level of the background, and a network operating with A+ design sensitivity
is sensitive to a significant fraction of the expected range. For detailed reviews of
search methods for GWBs, see Refs. 288, 289, and for a recent review of the state
of the field see Ref. 290. With each data set, LIGO and Virgo regularly produce
search results for isotropic backgrounds,?87: 291,292 293,294
backgrounds, 225 227
tivity.2% Contaldi and Renzini??® 298 have also constrained isotropic and anisotropic
backgrounds, using open data from O1 and 02.2%

Extensions of these methods have enabled searches for anisotropies in the back-
300-302

Qaw(f) (15)

cosmic strings, anisotropic

and scalar and vector polarizations not present in general rela-

groun

d3
Qaw(f,6) = - L.
where © refers to the sky direction (angle). Additionally, the radiometer algorithm,
built on similar principles, can search for unmodelled signals from persistent nar-
rowband sources. For example, the radiometer can search for gravitational waves
from an individual rotating neutron star with accretion, which might be difficult to
model analytically.

(16)

7.1. Cross-correlation search

We can write output timeseries dy(t) of a set of N detectors as
dr(t) = hr(t) +ni(t) (17)

where I = {1,2,--- N} labels the detector, hr(t) is the signal in detector I, and
ny(t) is noise in detector I. The fundamental idea of the cross correlation search is
that by cross correlating the data over a long period of time, uncorrelated noise in
widely separated detectors will tend to cancel, and what remains will be a correlated
gravitational wave signal. Denoting the short Fourier transform of the data in a



August 4, 2021 0:36  WSPC/INSTRUCTION FILE Review

28 S. Caudill, S. Kandhasamy, C. Lazzaro, A. Matas, M. Sieniawska, €& A. Stuver

segment of duration T as d}( f,t), the expectation value of the cross correlation

C(f,t) is:
(Cralf,1)) = (i (s (F,0)

- % <<B}(f, Ohy(f,)) + (hF(f, )i T Ohy (f.)) +W>
x Qaw(f) s

where the second two terms cancel because the gravitational-wave signal and noise
are uncorrelated, while the last term cancels if the noise is uncorrelated between
the two detectors (we will revisit this assumption later in this section). To optimize
the search in real analysis applications, one can introduce a time-and-frequency-
dependent filter function Q7 s(f,t) in the cross-correlation by considering the com-
bination (Qr(f,t)Crs(f,t)). The best choice of a filter function Qr;(f,t) depends
on the type of GWB signal being studied. The stochastic data analysis group in
LIGO-Virgo uses a MATLAB?% implementation of the searches below, available at
Ref. 304.

7.1.1. Isotropic GWBs

For a gravitational-wave background that is isotropic, Gaussian, stationary, and
unpolarized, the expected GWB signal is independent of time. One can derive an

optimal statistic:?88

T y1s50(f)
where ~;7;(f) is the overlap-reduction function®®:3% between the two detectors I
and J, which accounts for the individual detector response functions, as well as
the relative orientation and separation of the detectors. We have also defined the
function So(f) = (3HZ)/(10mf3). This statistic is an unbiased estimator in the
sense that (C77(f)) = Qaw(f). In the weak-signal approximation, the variance of
this statistic can be estimated as:

0,2 (f)% 1 Pl(f)PJ(f)
1 2TAf A7, (NSEf)

where Pr_;(f) are the power spectral densities of the detectors data d, ;(t). One can
combine the estimators over different baselines by optimally weighting according to
the inverse variance of the baseline, C(f) = >, ; Crs(f)Ars(f), with the optimal
weights given by Ar;(f) = o7 7(f)/ 1,077 (f). For a known spectral shape, one
can also derive an optimal search statistic.

(19)

(20)

7.1.2. Anisotropic GWBs

For anisotropic backgrounds, the strength of the GWB measured by the detec-
tors will change due to changes in the detector response function as Earth ro-
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tates through a sidereal day. We assume that the GWB can be factorized as
Qew(f,©) = H(f)P(©). Following a procedure very similar to the isotropic case,

one is led to an optimal estimate:302

Py =) [asXs (21)
E

where «, 8 are indices that depend on the angular coordinates. The indices can label
pixels on the sky, or spherical harmonic multipoles ¢, m. In this expression, the P,
is the so-called clean map and is an unbiased estimator of the gravitational-wave
power, H(f)(Py) = Qaw/(f,a), and the dirty map X, and Fisher matrix ', are

given by:
NS g B
Xp" = Zt:zf:%m(fa t)PI(f, DPs (T, t)CzJ(f, t)
Fé{ﬂ = zt: zf:W?J.,a(fa f)%w‘w(ﬁ t) (22)

The overlap functions 7,(f,t) depend both on the angular coordinates as well as
time and frequency.3?

The clean map depends on the inverse of the Fisher matrix I',5, however the
Fisher matrix is singular due to the diffraction limit and due to blind spots in the
detector network. Depending on the signal model, there are different approaches
for regularizing and inverting the Fisher matrix have been proposed. For ezxtended
sources on the sky, one can use the spherical-harmonic decomposition, and remove
multipoles above a certain maximum multipole number £,,,,x. For point-like sources,
one assumes that a source can only be in one pixel and then use only the diagonal
elements of the Fisher matrix, so I'"! = 1'6(19. This is known as the radiometer
algorithm.3%0 The inverse of the Fisher matrix is also used as an estimator of the
variance of the clean map.

One can also consider narrow-band anisotropic gravitational-wave sources. For
this search, one looks at the sky map as a function of frequency. Historically, due
to computational resources, this method has only been applied to a limited number
of promising sky directions: the remnant of supernova 1987A, the X-ray binary
Scorpius X-1, and the Galactic Center. More efficient algorithms have enabled the
radiometer search for all frequencies and sky directions.?06:307

Neglecting small Doppler shift effects, the expressions for the search statistic in
Eq. (22) are invariant under time translations by a sidereal day. This allows one
to fold the data from an entire observing run to one sidereal day,3°® by combining
data segments which are separated by a sidereal day. Folding reduces the amount
of data that needs to be analyzed by a factor of the number of sidereal days in the
run, and enables new searches such as an all-sky-all-frequency radiometer,3°6:397 a5
well as efficient algorithms to perform the directional search such as PyStoch.3%?
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7.2. Upper limits on isotropic sources

A useful and straightforward way to constrain backgrounds that can be approxi-
mated as a power law is to use a power-law integrated (PI) curve. The PI curve is a
function of frequency. For each frequency, the value of the PI curve is given by the
amplitude of the largest power-law GWB at that frequency that can be detected
with a given signal-to-noise ratio, considering all spectral indices.>!® The PI curve
naturally takes into account the gain from integrating over different frequency bins.
PI curves are typically released alongside the LIGO-Virgo analysis papers; as of this
writing, the most recent PI curves come from the O3 analysis and are available at
Ref. 311.

We can also perform a more detailed analysis that can be used for inference.
Given a parameterized model for the GWB, Qu/(f;0as) for some parameters 6y,
we can perform Bayesian parameter estimation on isotropic GWBs by using the

Gaussian likelihood:3!2

P(Cry(fi)l0ar) o< exp | Y —% <

k

orr(fx) (23)

. 2
Cri(fi) — QM(fk;9M)>
Using Bayes’ theorem, we construct the posterior by multiplying by a prior for the
parameters in the model 0as, p(0a7|Cr5(f1)) o p(Crs(fi)|0ar)p(0ar). For simple
models with a few parameters one can evaluate the posterior on a grid; for more
complex models one can use sampling algorithms. Note the input here is the frequen-
tist statistic C; J(f) derived from the cross-correlation search, and not the strain
data (as is used in other signal-classes). This hybrid frequentist-Bayesian technique
has been shown to be equivalent to a full Bayesian analysis starting from the strain
data,3'® under a set of mild conditions satisfied by LIGO-Virgo searches.
Examples of models that have been used in LIGO analyses include

e Power-law models. A common choice is to place upper limits on pure power-
law models, Qaw(f) = Qref(f'r—’:f)o‘, which is an approximation to many
astrophysical and cosmological models in the LIGO-Virgo band.

o Astrophysical or cosmological models of Qaw/(f). For example, in O3 the
tension of cosmic strings was constrained considering a GWB produced by
gravitational-wave emission from cusps, kinks, and kink-kink collisions.??4

o Vector- and scalar-polarized GWBs. To perform this search, one relies on
the fact that tensor, vector and scalar polarized GWs interact differently
with a gravitational-wave detector and lead to different overlap reduction
functions.?!* Since general relativity predicts only tensor polarized GWs,
searching for backgrounds with alternative polarizations is a test of GR.

o Apparent GWB from correlated noise. Correlated noise, for instance from
global magnetic fields that are coherent between different interferometers
and couple into the gravitational-wave strain channel, can appear as an ap-
parent GWB. Recently, a Bayesian framework was developed to parameter-
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ize the magnetic coupling and simultaneously fit for an apparent magnetic
background along with a GWB.31°

o Combinations of GWB and other data sets. Additionally, the gravitational-
wave data can be combined with other measurements, for example of in-
dividual compact binaries. This approach has been used to constrain the
merger rate for binary black holes at large redshifts, combining stochastic
and CBC measurements.?87-316

This list is not exhaustive. The cross-correlation spectra C; J(fx) for O3 are publicly

available3!! and can be used for Bayesian inference with any GWB model.

7.3. Upper limits on anisotropic sources

In the absence of evidence for an anisotropic GWB, we can place upper limits on
the GWB as a function of sky-direction and frequency. In broad band radiometer
analyses, for different gravitational-wave signal models H(f), we place upper lim-
its on the GWB as a function of sky direction ©. In a narrow band radiometer
analysis we place upper limits on the gravitational-wave strain from specific astro-
physical targets on the sky such as supernova 1987A, Scorpius X-1 and the Galactic
Center. In the spherical harmonic analysis we place upper limits on the angular
gravitational-wave power [Cy]'/? in different spherical harmonic modes £. This is
similar to the estimators of anisotropy in cosmic microwave background analyses.
The square of angular gravitational-wave power Cy is obtained from the clean map
Py, using the expression:

égz 272 ]?ef 2 i [|PZ |2_(F71)£ ’ } (24)
3Hy ) 1+20 & LW o

where the last term in the above expression prevents a bias in the estimator the
Cy’s.392 In addition to Cy, in the spherical harmonics analysis we also produce upper
limits on the GWB as function of sky direction applicable to extended sources on
the sky. For example, the upper limits on gravitational-wave sky maps and Cy using
LIGO-Virgo O2 run data are available in Ref. 227. The upper limits on Cy from
02 run are more than an order magnitude above the theoretical predictions.3!7>318
However using next generation gravitational-wave detectors with significantly im-
proved sensitivity, we might be able to measure the anisotropies in GWB.

7.4. Other approaches

Other approaches have been suggested that may be more sensitive to certain sources
of the stochastic background. Drasco and Flanagan in 2002 suggested that for in-
termittent GWBs, such as a popcorn-like signal from binary black holes, a search
statistic which builds in a probability for a signal to be present in only a fraction
of the data may detect a GWB signal sooner, at the price of introducing additional
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computational cost.?!? This idea has been explored in subsequent work,320 322 a]-
though not yet applied to real data. Smith and Thrane in 2018 proposed an imple-
mentation of this idea targeting the binary black hole background using a modeled
approach for individual BBHs.323

Correlated noise is a potential issue for all cross-correlation searches. Schu-
324 can generate correlated magnetic fields that can couple into
interferometers.??® In addition to the Bayesian approach explained here, studies

mann resonances

have proposed the use of Wiener filtering (linear subtraction) to remove magnetic
noise.>267328 Another approach is gravitational-wave geodesy.>?° Inspired by the idea
of sky-scrambles in pulsar timing array data analysis,?3° this approach checks for
consistency between the recovered and expected overlap reduction function.

The radiometer can be extended to look for narrowband point sources at all
frequencies and in all sky directions.?%%:397 Finally, searches for dark photon dark
matter can be developed by extending the isotropic search to look for narrowband
signals.33!

In future ground-based detectors, studies have shown that an astrophysical fore-
ground can be subtracted leaving a residual background of ~ 3 x 107!2 at 10 Hz
for a network of 5 third generation detectors.33%333 For alternative approaches to
this problem, see.334:335
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