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We present the results from an all-sky search for short-duration gravitational waves in the data
of the first run of the Advanced LIGO detectors between September 2015 and January 2016. The
search algorithms use minimal assumptions on the signal morphology, so they are sensitive to a wide
range of sources emitting gravitational waves. The analyses target transient signals with duration
ranging from milliseconds to seconds over the frequency band of 32 to 4096 Hz. The first observed
gravitational-wave event, GW150914, has been detected with high confidence in this search; the other
known gravitational-wave event, GW151226, falls below the search’s sensitivity. Besides GW150914,
all of the search results are consistent with the expected rate of accidental noise coincidences. Finally,
we estimate rate-density limits for a broad range of non-BBH transient gravitational-wave sources as
a function of their gravitational radiation emission energy and their characteristic frequency. These
rate-density upper-limits are stricter than those previously published by an order-of-magnitude.

I. INTRODUCTION

The first observing period of the Advanced LIGO
detectors [1, 2] has been completed recently with the
most sensitive gravitational-wave (GW) detectors ever
built. The two LIGO observatories in Hanford, WA
and Livingston, LA achieved a major milestone in grav-
itational wave astronomy: the first direct detection of
gravitational waves on September 14, 2015, referred as
GW150914 [3]. Advanced LIGO is the first of a new gen-
eration of instruments, including GEO 600 [4], Advanced
Virgo [2], KAGRA [5] and LIGO-India [6].

This paper reports on a search for short-duration tran-
sient gravitational-wave events, commonly referred to as
GW bursts, during the first observing run (O1) of the
Advanced LIGO detectors, from September 2015 to Jan-
uary 2016. The first 16 days of coincident data have
been already analyzed, resulting in a high-significance
detection statement for the GW150914 event [7]. GW
bursts can be generated by a wide variety of astrophys-
ical sources, such as merging compact binary systems
[8, 9], core-collapse supernovae of massive stars [10], neu-
tron stars collapsing to form black holes, pulsar glitches,
and cosmic string cusps [11]. Some of these sources have
dedicated targeted searches such as optically triggered
core-collapse supernova [12] or GRB triggered searches
[13]. To search broadly for these phenomena, we em-
ploy searches with minimal assumptions regarding the
expected waveform characteristics and the source direc-
tion. The search we report here is more sensitive than
the previous burst searches [14] because of both the in-
creased sensitivity of the Advanced detectors [15] and
improvements in the search algorithms in rejecting tran-
sient non-Gaussian noise artifacts (glitches) [16-19].

The described un-modeled all-sky search for GW
bursts consists of three different algorithms. This pa-
per shows the result of these algorithms, and gives limits
on the rate-density of transient GW events. All of these
algorithms have independently claimed high-significance
detections of GW150914 [7]. The lower-mass GW event,
GW151226 [20], and the LVT151012 candidate [21, 22]
were not detected by these searches.

The paper is organized as follows: in Section II we give
an overview of the O1 data set. In Section III we give a
brief overview of the three search algorithms. The sen-
sitivity of the search is described in Section IV. Finally,

Sections V and VI discuss the search results and their
implications.

II. OBSERVING RUN 1

Our data set extends over 130 calendar days from
September 12, 2015 to January 19, 2016. This first ob-
serving period (called O1) of Advanced LIGO began after
a series of major upgrades to both the Hanford and Liv-
ingston detectors [3].

In the most sensitive frequency band, 100-300 Hz, the
O1 LIGO detectors are 3 to 5 times more sensitive than
the initial LIGO detectors [15]. Future observing runs are
expected to increase sensitivity by an additional factor of
3 [6].

As in the previous LIGO/Virgo searches [23-25], in-
tervals of poor data quality are identified and excluded
from the analysis. To monitor environmental distur-
bances and their influence on the detectors, each observa-
tory is equipped with an array of sensors: seismometers,
accelerometers, microphones, magnetometers, radio re-
ceivers, weather sensors, ac-power line monitors, and a
cosmic-ray detector. Hundreds of thousands of auxiliary
channels within the instrument are also monitored. Char-
acterization of the relationship of the strain data to this
additional information allows many non-GW transients
to be removed with high statistical confidence [7, 26].

The livetime in which the two detectors were individ-
ually locked is about 79 days for H1 and 67 days for L1.
After data quality flags have been applied, the total ana-
lyzable time is about 75 days for H1 and 65 days for L1.
The coincident livetime between H1 and L1 is about 48
days. The 16 days of coincident data that have already
been analyzed in [7] is a subset of this coincident O1 live-
time. Finally, the estimated calibration uncertainty (1o)
below 2 kHz is less than 10% in amplitude and 10 degrees
in phase [27]. The calibration uncertainty above 2 kHz is
less certain, although the limited data obtained at these
frequencies suggests upper bounds of 20% in amplitude
and 10 degrees in phase. These estimates will be further
refined through future measurements and analyses [28].



III. SEARCHES

This search covers the most sensitive frequency band of
the involved detectors, i.e. 32 - 4096 Hz, and it consists
of the same three burst algorithms used to measure the
significance of GW150914 [7]. They consist of two end-
to-end algorithms: coherent Waveburst (cWB) [19, 29]
and omicron-LIB (oLIB) [18]; and a follow-up algorithm
applied to cWB events: BayesWave (BW) [30, 31]. Using
multiple search algorithms has two advantages: it can
provide independent validation of results, and it can also
improve the search sensitivity in regions of parameter
space where a single algorithm outperforms the others.

The three algorithms ran over the 48 days of coincident
data. However, due to internal segmentation’ the cWB
and BW pipelines only actually analyzed 44 days of this
coincident data. The oLIB analysis loss-time is negligible
and thus oLIB analyzed close to the full 48 days.

The three algorithms also ran in low-latency mode dur-
ing O1. This mode approximates the analysis presented
in this paper, but in real-time so as to enable poten-
tial electromagentic follow-up of gravitational-wave can-
didates. In this mode, both ¢cWB and oLIB produced
independent alerts of the GW150914 event and the re-
sult was validated by a BW follow-up [32].

To characterize the statistical rate of transient noise
glitches occurring simultaneously at the two LIGO sites
by chance, this analysis uses the time-shift method: data
from one interferometer are shifted in time with re-
spect to the other interferometer by multiple delays much
larger than the maximum GW travel time between the
interferometers. In this way, we can accumulate a signif-
icant duration of estimated background that we use to
estimate the false-alarm rate (FAR) for each algorithm.

We set a FAR threshold of 1 in 100 years for identifying
a detection candidate, which roughly corresponds to a 3
sigma detection statement for the duration of our obser-
vation. If an event in this search were to have a FAR less
than this threshold, a refined analysis (i.e., more time-
shifts) would be performed to assign the appropriate sig-
nificance in the detection statement for this event.

A. Coherent WaveBurst

Coherent WaveBurst (cWB) has been used in multi-
ple searches for transient GWs [14, 25]. It calculates
a maximum-likelihood-ratio statistic for power excesses
identified in the time-frequency domain. A primary se-
lection cut is applied to the network correlation coeffi-
cient c., which measures the degree of correlation be-
tween the detectors. Events with ¢, < 0.7 are discarded
from the analysis. Events are ranked according to their

I The cWB algorithm requires at least 600 s of continuous data to
perform its analysis.

coherent network signal-to-noise ratio (SNR) 7., which is
related to the matched-filter SNR, favoring GW signals
correlated in both detectors and suppressing uncorrelated
glitches. A detailed explanation of the algorithm and the
definition of these statistics are given in [7].

The ¢WB analysis is divided in two frequency bands,
where the splitting frequency is 1024 Hz. For the low-
frequency band, the data are downsampled to reduce the
computational cost of the analysis.

Low-frequency c¢WB events are divided into three
search classes according to their morphology, as described
in [7]. The C1 class is based on cuts which primarily
select so-called “blip” glitches and non-stationary power-
spectrum lines. The former are non-Gaussian noise tran-
sients of unknown origin consisting of a few cycles around
100 Hz. The C3 class is based on cuts that select events
whose frequency increases with time, i.e. those similar in
morphology to the merger of compact objects. The C2
class is composed of all the remaining events.

The FAR of each identified event is estimated using
the time-slide background distribution of similar class.
Since there are three independent classes, we apply a tri-
als factor of 3 to estimate the final significance. The
high-frequency analysis consists of only a single class.

About 1000 years of coincident background data were
accumulated for the cWB analysis. Fig. 1(a) and 1(b)
report the cumulative FAR as a function of 7. for the
low-frequency and high-frequency analyses, respectively,
including the three different classes for the low-frequency
case.

B. Omicron-LIB

Omicron-LIB (oLIB) is a hierarchical search algorithm
that first analyzes the data streams of individual detec-
tors, which we refer to as an incoherent analysis. It then
follows up stretches of data that are potentially correlated
across the detector network, which we refer to as a co-
herent analysis. The incoherent analysis (“Omicron”) [33]
flags stretches of coincident excess power. The coherent
follow-up (“LIB”) [18] models gravitational wave signals
and noise transients with a single sine-Gaussian, and it
produces two different Bayes factors. Each of these Bayes
factors is expressed as the natural logarithm of the ev-
idence ratio of two hypotheses: a GW signal vs Gaus-
sian noise (BSN) and a coherent GW signal vs incoher-
ent noise transients (BCI). The joint likelihood ratio A
of these two Bayes factors is used as a ranking statistic
to assign a significance to each event. See [18] for further
technical details on the implementation of these steps.

For this analysis, oLIB events are divided into two
classes, based on the inferred parameters of the best-
fit sine-Gaussian. The exact parameter ranges of these
search classes are chosen in order to group noise tran-
sients of similar morphology together. Particularly noisy
regions of the parameter space are excluded from the
analysis entirely (e.g., events with median quality factor
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FIG. 1. Search results and backgrounds as a function of the detection statistic for the different searches. The FAR refers to the
rate (after trials factors are applied) at which events more significant than the corresponding detection statistic occur. If the
results of a search deviate from its background, we use the background FAR to characterize the significance of the deviation
being caused by noise alone. Apart from GW150914 (which is not reported in these figures), the search results are consistent

with the expectations of accidental noise coincidences.

@ > 108). Both classes contain only events whose median
frequency fy, as estimated by LIB, lies within the range
of 48 - 1024 Hz. The first, analogous to cWB’s C1 class,
is a “low-Q” class that contains only events whose median
quality factor @, lies within the range 0.1 - 2. The second,
analogous to the union of cWB’s C2 and C3 classes, is
a “high-Q” class that contains only events whose median
Q@ lies within the range 2 - 108. In both classes, event
candidates were also required to have positive Bayes fac-
tors, i.e., BSN > 0 and BCI > 0, meaning the evidence
for the signal model was greater than the evidences for
the noise models. A trials factor of 2 accounts for these

independent search classes.

The oLIB background analysis is performed using 456
years of background data. We select single-detector
events with SNR > 5.0. This is lower than the threshold
of 6.5 adopted in [7] and it is chosen to allow us to make
a significance estimation of low-SNR events. For this rea-
son, we cannot directly compare the two sets of results
reported in [7] and in this study using the likelihood ra-
tios A, but we have to consider the reported FAR. The
results are presented in Fig. 1(c).



C. BayesWave Follow-up

BayesWave (BW) tests if the data in multiple detectors
are best explained by coincident glitches or a signal, and
it is used as a follow-up to events produced by cWB. It
has been shown that BW is able to increase the detection
confidence for GW signals of complex morphology[16].

The BW algorithm uses a variable number of sine-
Gaussian wavelets to reconstruct the data independently
for the signal and glitch models, then computes the natu-
ral logarithm of the Bayes factor between these two mod-
els, InBsy. The number of wavelets used is determined
by using a reversible jump Markov chain Monte Carlo,
with more complex signals requiring more wavelets [17].
The Bayes factor scales as In By ~ N InSNR, where N
is number of wavelets used. This means the detection
statistic depends on waveform complexity in addition to
SNR. Full details of the algorithm can be found in [30].

In this search, BW followed up events produced by
c¢WB in any of the three low-frequency search classes
with a coherent network SNR, of 7. > 9.9 and correlation
coefficient of ¢, > 0.7. There are no additional cuts per-
formed on the data, and all of these events (C14+C24-C3)
are analyzed as a single class. The cumulative FAR as a
function of In B, is shown in Fig. 1(d).

IV. SENSITIVITY

The detection efficiency of the search is measured by
adding simulated signals into the detectors’ data and
evaluating whether or not they pass the selection cuts
explained in the Section III for the different search al-
gorithms. This search deals with a wide range of GW
sources that are usually not well modeled. However they
can be represented with a variety of morphologies that
were tested here, spanning a wide range of amplitudes
and duration, and with characteristic frequencies within
the sensitive bandwidth of the detectors. We identify two
different waveform sets: a set of generic bursts, and a set
of simulated astrophysical signals coming from the coa-
lescence and merging of binary black holes (BBH). All
of the results in this section refer to a FAR detection
threshold of 1 in 100 years.

A. Generic bursts

This family includes the waveform types described
in [24], all with elliptical polarization: gaussian pulses
(GA), parametrized by their duration parameter 7; sine-
Gaussian wavelets (SG), sinusoids within a Gaussian en-
velope, characterized by the frequency of the sinusoid fj
and a quality factor Q; white-noise bursts (WNB), white
noise bounded in frequency over a bandwidth Af and
with a Gaussian envelope, described by the lower fre-
quency fiow, Af, and the duration 7. Table I lists the
waveforms that have been considered for this work.

The amplitudes of the test signals are chosen to cover
a wide range of values and are expressed in terms of the
root-mean-square strain amplitude at Earth (before ac-
counting for the detection response patterns), denoted
hrss [14].

Morphology cWB [ oLIB [ BW ‘
Gaussian pulses
7 =0.1 ms 34 | N/JA |[N/A
T = 2.5 ms 33 74 |[N/A
sine-Gaussian wavelets
fo =70 Hz, Q = 100 24 | N/A |[N/A
fo =153 Hz, Q = 8.9 1.6 1.7 | 5.4
fo =235 Hz, Q = 100 14 1.9 |[N/A
fo = 554 Hz, Q = 8.9 2.6 2.7 | 3.6
fo =849 Hz, Q = 3 27 3.3 | 5.4
fo = 1615 Hz, Q = 100 5.5 - -
fo =2000 Hz, Q =3 8.7 - -
fo =2477 Hz, Q = 8.9 11 - -
fo =3067 Hz, Q =3 15 - -
‘White-Noise Bursts
fiow = 100 Hz, Af =100 Hz, 7 = 0.1 s|| 2.0 | N/A | 3.0
flow = 250 Hz, Af =100 Hz, 7 = 0.1 s|| 2.2 | N/A| 9.2

TABLE I. The h;ss values, in units of 10722Hzfl/27 at which
50% detection efficiency is achieved at a FAR of 1 in 100 yr
for each of the algorithms, as a function of the injected signal
morphologies. “N/A” denotes that 50% detection efficiency
was not achieved. “-” denotes the waveform was not analyzed
by oLIB and BW because its characteristic frequency is higher
than 1024 Hz.

Table I, shows the h,s value at which 50% of the
injections are detected for each signal morphology and
algorithm. There are some morphology-dependent fea-
tures that affect each of the different algorithms at the
FAR threshold of 1 in 100 years. These features largely
disappear and the different algorithms’ results converge
at detection thesholds of higher FAR. For example, the
detection efficiencies are worse for cWB for low-Q mor-
phologies and high-Q morphologies because these injec-
tions are classified as C1 events. As shown in Fig. 1(a),
the C1 background extends to higher significances than
in the other bins, meaning these high-Q and low-Q events
must have large values of 7. to meet the FAR threshold
of 1 in 100 years. The oLIB detection efficiencies, while
non-negligible across all morphologies, never quite reach
50% for some non-sine-Gaussian morphologies because
the template mismatch residuals grow linearly with hgs.
Finally, the detection efficiencies of BW suffers for high-
Q events since its prior range only extends to @ = 40.
However, almost every morphology can be detected effi-
ciently by at least one of the algorithms.

Another way to interpret the search sensitivities is to
map them into the minimum amount of energy that needs
to be emitted through GWs for at least half of the sources
to be detected within a given search volume. Assuming
a fixed amount of energy is radiated isotropically away
from the source in GWs of a fixed frequency fy, this
distance rg can be converted into a value of hys via the
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FIG. 2. GW emission energy, in solar masses, at 50% detec-
tion efficiency for standard-candle sources emitting at 10 kpc
for the non-GA waveforms listed in Table I. These results can
be scaled to any reference distance 7 using Faw o 7.

relationship [14]:

7T263
Eaw = Trgfghfss (1)

Here, we use the h.¢ from Table I, the central frequency
of each morphology, and a fixed fiducial radius to calcu-
late this energy via Eq. 1. Figure 2 shows this energy as
a function of characteristic frequency assuming a galac-
tic source at a distance of 10 kpc?. When taking into
account the results of all three algorithms, this emission
energy is not strongly dependent on the type of wave-
form (with exceptions on an algorithm-by-algorithm ba-
sis, as described above). Fig. 2 can easily be converted
to other distances by applying the scaling relation sug-
gested by Eq. 1. Previous studies [14] have published sim-
ilar emission-energy-versus-frequency plots at a detection
threshold of 1 in 8 years. We note that the current re-
sults, when evaluated at this higher-FAR, threshold, are
roughly an order-of-magnitude more sensitive than these
previous results, due mainly to the improvement in de-
tector sensitivites.

B. Binary black holes mergers

We also consider a set of astrophysical waveforms using
models of merging of binary black hole systems. Specif-

2 Eq. 1 holds under the assumption that the source emits gravi-
tational waves monochromatically. For most of our injections,
this conditional is well-approximated by the central frequency of
the injection. However, because Gaussians have a central fre-
quency of 0 Hz, they are only detectable due to their broadband
nature. Thus, Eq. 1 does not give physically meaningful results
for Gaussian injections, and we neglect them in Fig. 2.
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ically, we choose the SEOBNRv2 model as implemented
in the LAL software library [34, 35]. The waveforms are
generated with an initial frequency of 15 Hz. The simu-
lated binary systems are isotropically located in the sky
and isotropically oriented. The total redshifted mass of
the system in the detector frame? is distributed uniformly
between 10 and 150 Mg, a range that encompasses the
total masses of both GW150914 and GW151226 [22]. The
black hole spins are aligned with the binary angular mo-
mentum, and the magnitude of the dimensionless spin
vector, aj 2, is uniformly distributed between 0 and 0.99.
We neglect any cosmological corrections, such as normal-
izing our spatial distibution to be constant in co-moving
volume. We generate three different injection sets, each
one with a mass ratio ¢ = mo/m; chosen from the set
{0.25,0.5,1.0} (where m; is by definition the more mas-
sive object).

In Fig. 3 we compare the sensitive luminosity radius
[36] as a function of the total redshifted mass in the de-
tector frame. While systems inside this distance may be
missed and systems outside of it may be detected de-
pending on their sky position and orientation, this sen-
sitive radius provides a “rule-of-thumb” determination
on whether or not this burst search will detect a sys-
tem’s GW transients. We can see that for systems like
GW150914 (~ 70Mg [37]) and GW151226 (~ 20M
[22]), the search ranges at the FAR of 1/100 years are
approximately 500-700 Mpc and 100-200 Mpc, respec-
tively. These ranges demonstrates why this search de-
tects GW150914 (~ 400 Mpc [37]) but not GW151226
(~ 400 Mpc [22]). Even though the two sources are at a
similar luminosity distance, this burst search is less effi-
cient at detecting low-mass BBH systems. This behavior
is true for two reasons: lower-mass systems emit less en-
ergy into GWs than higher-mass systems, and this energy
is distributed over a longer duration of time. These two
features make it more difficult for non-templated algo-
rithms to extract the GW signal from the detector noise
as compared to searches based on templates.

V. RESULTS

The most significant event and only detection estab-
lished in this search is GW150914 [3], which is indepen-
dently confirmed by all three algorithms. Specifically, it
is found by ¢cWB in the C3 class of the low-frequency
analysis with an estimated FAR of less than 1 in 350
years, by oLIB in the “high-Q” class with an estimated
FAR of less than 1 in 230 years, and by BayesWave with
an estimated FAR of less than 1 in 1000 years.* These

3 Given the luminosity distance of the system, one can assume a
cosmology and calculate its redshift z. The system’s total mass
in the source frame can then be obtained by dividing the total
redshifted mass in the detector frame by (1 + z).

4 Because GW150914 was louder than any of the background
events in this search, we can only provide the relatively un-precise
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FIG. 3. A comparison of the sensitive luminosity radii [7] in Mpc, as a function of the total redshifted masses in the detector

frame, among the three algorithms.

The radii are binned according to mass ratio q (from left to right ¢ = 1,0.5,0.25) and

effective spin xes, defined in [7]. The three ranges of spin refer to aligned (0.33 < Xefs < 1), non-spinning (—0.33 < xers < 0.33),

anti-aligned (—1 < xers < —0.33).

results are less precise but consistent with [3].

All other events generated by the analyses are consis-
tent with the accidental noise coincidence rates. To be
specific, there are no other events found above the SNR
thresholds in either the “low-Q” class of oLIB or the en-
tire BayesWave analysis bin. The rate of other events in
the oLIB “high-Q” bin are consistent with the accidental
noise coincidence rates within 1 sigma. The event in the
c¢WB analysis with the second-lowest FAR belongs to the
high frequency search, with a false-alarm probability of
about 0.2.

These results set constraints on the population of tran-
sient GW sources within the volume of the Universe that
the detectors were sensitive to during O1. Again, all of
the results in this section refer to a FAR detection thresh-
old of 1 in 100 years.

We estimate the limits on the rate density of generic
non-BBH-like GW-burst sources in Fig. 4 by removing
the known BBH detections GW150914 and GW151226
from our analysis. We emphasize that although we re-
move the resolved BBH detections from our analysis,
these upper-limits may be contaminated by any unre-
solved BBH signals still present in the data. We use the
sine-Gaussian injection set as a representative morphol-
ogy, and present our cWB rate-density estimates as a
function of their characteristic frequencies. The bands
represent the 90% confidence intervals on rate density
[14], calculated using the Feldman-Cousins formalism for
0 background events [38]. The frequency-dependent vari-
ation among the upper-limits is due to the sine-Gaussians
falling into different cWB search classes as a result of

upper-limits on FAR listed above.
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FIG. 4. The 90% confidence intervals of rate density given by
the cWB pipeline for the sine-Gaussian waveforms listed in
Table I. This plot assumes zero detections, zero background,
and that 1 Mgc? of energy is emitted in gravitational waves.
These results can be scaled to any emission energy Fgw using
rate density o< EGW The arrow markers signify that the
confidence intervals extend to zero.

their specific value of Q). For a given value of @, the
results follow a smoother frequency dependence. These
results are not directly comparable with those from pre-
vious runs [14] because of the different FAR detection
thresholds. However, we note that at the previously-used
FAR detection threshold of 1 in 8 years, our search lowers
these upper-limits by about an order of magnitude across
all frequencies. The sensitivity improvements of the de-



tectors and pipelines allow us to make these stricter rate
statements even though we analyzed less livetime com-
pared to [14] (less than 50 days compared to 1.7 yr).
Fig. 4 assumes 1 My c? of gravitational wave energy has
been emitted from the source, but this can be scaled to
any emission energy Egw b;/ using Eq. 1. Note that the

PR L aq 5
rate density scales as o< Eg, .

VI. DISCUSSION

This paper reports the results for the search for short
duration GW in the first Advanced LIGO observing run,
with minimal assumptions on the signal waveform, direc-
tion or arrival time. The two LIGO detectors, Livingston
and Hanford, were operating from mid-September 2015
to mid-January 2016, with a greater sensitivity to GWs
than any previous LIGO-Virgo run. This search has been
performed considering two end-to-end algorithms and a
follow-up algorithm.

The only detection established in this search is the
GW150914 event, a binary system consisting of two black
holes merging to form a single one [3]. The other known
black hole detection [20] falls below the sensitivity of this
search, and all other events in the search result are con-
sistent with accidental noise coincidences between the de-
tectors.

We report the minimum GW emission energy needed
to detect at least half of the transient events emitted
within some fiducial distance. These energies depend
primarily on the signal frequency and are approximately
constant over the different models of GW emission mor-
phology. We also estimate rate-density limits on non-
BBH transient sources as a function of their frequency
and their gravitational wave emission energy.

The interferometric detectors LIGO and Virgo are cur-
rently being upgraded for the next scientific run. LIGO
should improve its sensitivity over the next few years,
Virgo should soon come online, and the implementation
of KAGRA and LIGO India is also in progress. All of
these improvements will allow this type of un-modeled
search to achieve a better sensitivity in the future [6].
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