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Abstract

Compact binary mergers involving at least one neutron star could produce electromagnetic counterparts. Prompt
alerts of the detection of gravitational waves (GWs) from these mergers allow for rapid follow-up on the sources and
the potential detection of new physics surrounding their astrophysical processes. The GstLAL pipeline searches for
and analyzes GW signals in low-latency, producing results in near real time. For more efficient EM follow-up, we
focus on the development of early warning (EW) detections, which are alerts sent out prior to merger. We perform
tests of an EW GstLAL pipeline using simulated signals in preparation for the LIGO-Virgo-KAGRA collaboration’s
fourth observing run (O4). We also discuss the prospects for sending out an EW alert and localizing the signal with a
four detector network.

1. Introduction

Following the first detection of gravitational waves (GWs) from a binary neutron star (BNS) merger, GW170817, by
the LIGO Scientific Collaboration in 2017 (Abbott et al. 2017b), we have unlocked a new era of multi-messenger
astronomy. Gamma-ray burst GRB 170817A was jointly observed by the Fermi Gamma-ray Burst Monitor approx-
imately 1.7 seconds after the merger (Abbott et al. 2017a). Electromagnetic (EM) follow-up was also performed by
UV, optical, infra-red, and radio telescopes (Abbott et al. 2017c). Events with EM counterparts could improve our
understanding of high-energy astrophysical events, provide us with new measurements of cosmological parameters,
and help us study the fundamental physics of gravity.

The strongest GW signals are generated by compact binary coalescences (CBCs), such as binary black hole (BBH),
BNS, and neutron star-black hole (NSBH) mergers. EM counterparts can be produced by mergers involving at least
one neutron star, and it is crucial that we provide timely alerts to partner EM facilities for prompt follow-up. The
GstLAL data analysis pipeline searches for and detects GW signals from CBCs using matched-filtering (Sec. 2.1).
GstLAL operates in low-latency, meaning that there is minimal delay between data acquisition and alert generation.
The LIGO-Virgo-KAGRA (LVK) collaboration is expected to begin the fourth observing run (0O4) with a network of
four GW interferometers in May 2023. The detectors are improving their range sensitivity by a factor of ~ 1.5, which
translates to an increase of 1.5% ~ 3 times the number of detections. This will allow for better localization of sources
and greater opportunity for GstLAL to identify events with EM counterparts.

In this work, we focus on the development of the early warning (EW) framework for GstLAL (Sachdev et al. 2020;
Magee et al. 2021). The goal of EW is such that alerts are sent to partner EM facilities before the objects collide and
merge. This would allow us to capture vital information about the physics at the point of merger. We elaborate on the
methods used by GstLAL to search for GW signals and identify candidate events in Sec. 2. In Sec. 3 we review the
results of tests of the EW configuration and conclude with a discussion in Sec. 4.

2. Methods

GstLAL uses matched-filtering to identify GW candidates. Once the pipeline identifies a candidate event, it assigns a
ranking statistic based on candidate properties and instrument sensitivity to estimate significance.

2.1. Matched-filtering Matched-filtering is a method to extract signals from noisy data by cross-correlating
the detector output with a template gravitational waveform signal (Allen et al. 2012). The shape of the waveform
is predicted by general relativity and depends on the parameters of the source. Some parameters are intrinsic to the



binary, such as masses and spins. Extrinsic parameters are those related to the position of the source with respect to the
observer, including distance and inclination angle. In order to account for a variety of binary systems with different
parameters, we create a template bank containing a discrete set of waveforms that spans the intrinsic parameter space
of the search. The goal is to maximize the matched-filter output for the intrinsic parameters using the template bank.
Maximization of the extrinsic parameters is done analytically.

To make the template bank more efficient for matched-filtering, the Low Latency Online Inspiral Detection (LLOID)
method is used (Cannon et al. 2012). This method uses singular value decomposition (SVD) to produce a set of
orthonormal filters that is more computationally efficient to use than the original bank. The templates are binned by
effective spin
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where m,, mo are the component masses and Y1, X2 are the dimensionless component spins aligned with the orbital
angular momentum. Prior to LLOID decomposition, the template bank is split into ‘split-banks’ of templates that
have similar parameters. In order to mitigate boundary effects from SVD, we overlap templates between adjacent
split-banks. We then perform matched-filtering using this reduced set of filters.

The output of matched-filtering is a signal-to-noise ratio (SNR), which is how loud the signal is compared to the noise
present. GstLAL calculates SNR in the time-domain (Messick et al. 2017),
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which is the inner product of the data d with the template h. x;(t) is the real-valued SNR using the ith template,
f denotes frequency, and S,,(f) is the single-sided noise PSD. Data from each detector contains non-astrophysical
noise transients called glitches, which cause GstLAL to record high peaks in the SNR time series, so SNR alone is not
enough to distinguish noise from actual signals. Therefore, the pipeline performs signal consistency tests (Sachdev
et al. 2019) to determine the validity of a peak.

If the SNR passes a preset threshold, GstLAL produces a trigger. Triggers are defined by the recorded SNR, the
results of the signal consistency test, the masses and spins of the template used, and the phase and time of coalescence.
Triggers found to be coincident in multiple detectors are elevated to the status of an event, while triggers that are not
coincident are considered to be just noise.

BNS systems have long inspirals and will spend approximately 10-15 minutes in the band of the GW detectors at design
sensitivity (Sachdev et al. 2020). Unlike BBH signals, which are much shorter in duration, BNS signals are ideal for
EW detection. In principle, GstLAL can use matched-filtering to accumulate enough SNR to identify a forthcoming
event and produce an alert up to about a minute prior to merger. We test the performance of matched-filtering using
our bank of template waveforms described in Sec. 3, which we have constructed for an EW configuration.

2.2. Ranking Statistics We discard candidates with an SNR below 4 to reduce the volume of triggers, but those
that survive are then assigned a likelihood ratio (LR) (Cannon et al. 2015; Sachdev et al. 2019, 2020; Hanna et al.
2020; Messick et al. 2017). Since detector noise is non-Gaussian and not stationary, SNR is not an optimal detection



statistic, and we instead use the LR to rank candidates from least likely to most likely to be a signal. The LR is defined
as the ratio of probability of certain observables given the signal hypothesis versus the noise hypothesis (Hanna et al.
2020),
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where DﬁH is a vector of horizon distances for each observatory, O is the set of detectors that observed the event in
coincidence, p'is a vector of SNRs in each detector, f_é is a vector representing the signal consistency test in each
detector, and 5 and t are the phases and times measured in each detector. Components of the LR are dependent on the
sensitivity of the instrument at the time of detection.

The false alarm rate (FAR), or number of false alarms per unit time, is calculated using the logarithm of the LR
(Messick et al. 2017),
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where L£* is the LR threshold, T is the experiment length, and C'(InL* | noise) is the complementary cumulative
distribution,

C(InL* | noise) = / dInL P(InL | noise). (6)
InL*

Eq. 5 describes how often a candidate with InL > InL* is expected to be produced from noise. For example, a FAR
of 1/(30 days) means that we would expect noise to produce a LR as high as the event’s once every 30 days. FAR
is used to rank events by their significance, with a lower FAR characterizing a more significant event. In the current
GstLAL framework, candidate events that pass a given FAR threshold are identified within ~ 12 seconds of the GW
signal arriving at Earth, with ~ 25 seconds of total alert latency (Magee et al. 2021).

3. Results

The pipeline can operate in two different modes: offline and online. In offline mode, we perform analyses with the full
data set. Offline mode is used to tune the pipeline and obtain more refined information about the data quality. In online
mode, we replay the data collection to simulate real-time data analysis. This allows us to test the pipeline’s ability to
send out alerts prior to merger.

We present the results of offline runs using GstLAL in an EW configuration. Our goal is to maximize the sensitivity
of the search. We generate one month of stationary Gaussian data recolored to Advanced LIGO and Advanced Virgo
design sensitivities and inject simulated BNS signals in order to compute the sensitivity of our search. We construct
a template bank consisting of non-spinning BNS waveforms with masses (1 — 2.4)M,. Finally, we run the pipeline
end-to-end to study how well our template bank performs in recovering injections with their expected parameters.

We begin matched-filtering at 10 Hz but conclude filtering at various max final frequencies, with each one correspond-
ing to various times before merger. The search is conducted for 29 Hz, 32 Hz, 38 Hz, 49 Hz, 56 Hz, and 1024 Hz
cut-off frequencies to analyze injection recovery at ~ 58 s, 44 s, 28 s, 14 s, 10 s, and 0 s before merger respectively.
We consider our injections ‘found’ if, at the time of injection, a coincident event is found with the correct template
parameters and a FAR < 1/(30 days) (FAR < 10~7 Hz) and ‘missed’ otherwise.

For each of the six offline runs, we first consider the ‘closed box’ results. In a closed box analysis, we blind ourselves



to real signals to make sure the pipeline is working correctly. Thus, we expect that the pipeline is recovering only
noise. We look at the recovered signals after ‘opening’ the box.

The closed box result is prepared by looking at time-shifted coincidences between two or more detectors. The pipeline
only treats coincident events as candidates, so non-coincident triggers should closely follow the background model.
Fig. 1 shows the money plots of two separate 29 Hz runs with different configurations. Our initial configuration
consisted of an overlap of 30 and 2 split-banks, while our ‘tuned’ run has an overlap of 50 and 5 split-banks. Recall
that the overlap is the number of overlapping templates between adjacent split-banks. The number of split-banks here
indicates how many split-banks are grouped together in one SVD bin.

The plots of Fig. 1 demonstrate that, in the absence of real GW signals, the distribution is consistent with noise. The
bottom plot, or the tuned version, follows the noise distribution more closely, so we proceed with this configuration
for our future analyses. The closer we follow the noise distribution, the more confident we are that the pipeline is not
making any false detections. Recall that a lower FAR (higher inverse FAR) is desirable for a real detection, which
would fall outside of the noise distribution on a money plot.

Another useful result to consider from our offline runs is the search sensitivity range. Fig. 2 shows the sensitivity
ranges for the 29 Hz run and the 56 Hz run. The ranges indicate the distance at which we are sensitive to for detecting
these BNS signals based on their FAR threshold. We see that we are sensitive to farther ranges at a higher frequency
cut-off, but at the cost of having less time before merger to provide an EW alert. These plots help us to choose a
configuration that is best for the desired search.

4. Discussion

Once GstLAL identifies an event, rapid sky localization is executed by BAYESTAR (Singer & Price 2016), a fast
Bayesian algorithm that can reconstruct positions of GW transients using the output provided by matched-filtering.
GstLAL uses matched-filtering to generate the SNR time series of all signals that pass the FAR threshold and then
provides these to BAYESTAR. In the low-latency framework, BAYESTAR can estimate the event’s sky position within
seconds (Magee et al. 2021). Since the earliest we could provide an EW alert would be 60 s before merger, we need
fast and accurate sky localization. BAYESTAR was optimized to support EW localizations, taking about 0.5 s per
event for EW triggers and 1.1 s per event for non-EW triggers (Magee et al. 2021). Sky localization improves the
closer to merger the binary is, but we are able to provide estimates earlier. Well-localized CBCs which we are able to
provide EW alerts for will be those that are closer to us, enabling for better EM follow-up.

GstLAL is able to identify candidate events in low-latency with their significance and provide point estimates for
binary parameters. More thorough parameter estimation is performed later (Veitch et al. 2015; Ashton et al. 2019;
Rose et al. 2022) on a timescale of hours to days after detection. In order to test the pipeline’s sensitivity to different
regions of the binary parameter space, different sets of injections must be used in our offline runs. Here we demonstrate
results for a BNS template bank, but we plan to expand our bank to include NSBH waveforms. We will also execute
searches in online mode to simulate real-time data analysis in preparation for O4. With our offline runs, we have so
far been able to tune the pipeline and determine optimal configurations for our desired searches.

The LVK’s third observing run (O3) had a detection range for BNS mergers of up to 133 Mpc (Abbott et al. 2021).
The projected sensitivity range for O4 is up to 190 Mpc. Given the detection rates in O3, the LVK expects to make
~ 10 BNS and ~ 5 NSBH detections in O4. We have demonstrated here that with this configuration, GstLAL is capable
of identifying BNS systems out to 100 Mpc approximately 60 s before merger and out to 210 Mpc approximately
10 s before merger at the desired FAR threshold of ~ 10~7 Hz. Thus, this work aids in the possibility of making an
EW detection in O4.

With zero latency, we expect ~ 2 BNS events to be observable 60 s before coalescence with a network of 4 detectors
(Magee et al. 2021). There is an increase in latency due to the time needed to process and transfer the data after
acquisition at the detectors, which is ~ 12 s (Messick et al. 2017). Current efforts are focused on reducing this latency
prior to O4.



Event Count vs. Inverse False-Alarm Rate Threshold (Closed Box)

10° 5
= Observed (time shifted)
10° ---- Expected, (N)
10 4 AL
+2,/(N)
E 10? +31/(N)
202
5 ]
£ 10"
g ]
Z 100
107" 4
10_3 ] T LA | Ty LA | N | LA | ML | T """'I\~? MR | T
107 10° 10* 10° 10 107 10° 107 10"
Inverse False-Alarm Rate (s)
0f Event Count vs. Inverse False-Alarm Rate Threshold (Closed Box)
10° 5
= Observed (time shifted)
10° ---- Expected, (N)
10° 4 e AL
+2,/(N)
n
*qg'; 10° ig\/W
> ]
£a)
- 10°
° ]
210"
= ]
= 10
10_1 3 \\\\\
].0_2 E \N\sx\
1073 =

107 10 10* 10° 106 107 108 10° 10"
Inverse False-Alarm Rate (s)

Figure 1: Money plots for two separate offline 29 Hz runs. The top plot represents the initial configuration with an overlap of 30
and 2 split-banks. The bottom plot is a tuned version with an overlap of 50 and 5 split-banks. The black line is the observed number
of events, or the triggers that passed the SNR threshold, and the shaded regions are the noise distributions (V). Since the plot is
truncated before we make the first real detection at the inverse FAR threshold of ~ 107 s, we expect the black line to always fall
within the noise. We see that the tuned version follows the noise distribution more closely.
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Figure 2: Range sensitivity plots for the 29 Hz (top) and 56 Hz (bottom) offline runs using one month of stationary Gaussian data
recolored to Advanced LIGO and Advanced Virgo design sensitivities injected with simulated BNS signals. The threshold for
found injections is FAR < 10™7 Hz. The pipeline is sensitive to BNS signals at these distances (in Mpc) with these FARs for chirp

masses between (0.5 — 2.0)Mg.
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