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Abstract

The detection of gravitational waves by Advanced LIGO in 2015 marked the start
of a new era in astrophysics. These small ripples in space-time - first predicted
in the early 20th century by Albert Einstein - encode properties of the progenitor
system and provide a powerful new way to probe distant and extreme astrophysical
environments. My dissertation focuses on contributions I have made in facilitating
the multi-messenger detection of electromagnetically bright sources and using
LIGO’s observations (or lack thereof) to constrain models of the dark matter. I
describe the motivation for Advanced LIGO searches for sub-solar mass ultracompact
binaries, as well as two recent searches I carried out with the LIGO-Virgo Scientific
Collaboration. No confident detections were made in these searches, but the null
result allowed us to place the tightest contraint to date on a particular model of
the dark matter. I also discuss my contributions to efforts to detect binary neutron
stars. Although the first BNS detection, GW170817, was a model multi-messenger
discovery, there remains much to be learned about the extreme environment of
the coalescence that can only be resolved by additional, prompt observations. I
describe a subthreshold search for BNS that aims to increase our catalog of joint
discoveries by facilitating searches for temporal or spatial coincidence, as well as
recent attempts to detect BNS prior to merger to enable prompt electromagnetic
followup.
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The impact of passing gravitational waves of + (top) and x (middle)
polarization on a ring of freely falling test particles as time progresses.
The bottom row shows how the strain changes in time, which is the
quantity ground based interferometers aim to measure. . . . . . . .

A simplified schematic of the LIGO interferometers. The detectors
are based on Michelson interferometry and make use of Fabry-Perot
cavities and power recycling mirrors to increase sensitivity. This
figure is reproduced from [1]. . . . . .. ...

The past and expected evolution of the noise spectra in LIGO-
Livingston. LIGO is presently most sensitive from ~ 100 — 300
Hz. Note in particular the expected improvements at frequencies
< 20Hz. These are crucial to realize early warning detection with
this generation of interferometers; see Chapter 7 for more discussion
on future early warning prospects. The PSDs were obtained from the

public LIGO DCC documents G1600151, G1801952, and T2000012.

The template bank used by GstLAL in Advanced LIGO’s third
observing run. Each dot represents a single waveform in the my,
mso plane. The bank is a 4-dimensional object. For computational
considerations, we only search for binaries with aligned component
spins. Any two waveforms represented by coordinates within the
4-volume are at least 97%, and often 99%, similar by construction.
The bounds of the bank are complicated and described in Table 11
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Several of the constraints on monochromatic PBH DM in the mass
range detectable by LIGO. The red shows the range of most likely
MACHO masses [3], while the light blue shows the range of compo-
nent masses found by LIGO. The long and short dashed lines show
the MACHO [4] and EROS2 [5] collaboration constraints on compact
objects for the standard halo. The blue line shows a 99.9% confi-
dence limit derived from mass segregation in Segue I [6] while the
green lines are derived from the survival of a star cluster in Eridanus
IT [7, 8] for velocity dispersions and dark-matter densities at the
galactic center of o = 5,10 km s~! respectively and p = .1Mypc=3.
The shaded regions are excluded by these constraints. Our mass
function is designed to satisfy the constraints set by the blue curve
for M > 1M.. We allow it to break the constraint set by the lower
dotted line (EROS2) while satisfying those set by the MACHO
collaboration since MACHO claimed multiple detections of compact
objects while EROS2 had a single candidate event. . . . . . .. ..

Allowed values of a and M* for the PBH distribution (2.4). Within
the LIGO allowed values of a;, we consider the tightest constraints
on LIGO binaries comprised of PBHs given by [6], which defines
the blue region. The green regions show the Eridanus II constraints
for the dispersions and density referenced in Fig. 2.1. The red region
shows which values of o and M* correspond to a mass function
that peaks inside the 90% confidence region of the MACHO col-
laboration’s detections across several different models at masses of
~ 0.06 — 1.0M,. The purple and orange diamonds indicate two test
points, M* = 0.10,2.25 and o = 2.65, 3.25 on which we evaluate the
PBH mass function to determine the dark matter distribution and
the expected LIGO rate shown in Table 2.1. Finally, the dotted line
shows the value of a expected by LIGO, and we include an addi-
tional test point (turquoise diamond) at M* = .08 M, and o = 2.35
because it is both minimally consistent with the Eri II constraints
and lies closest to LIGO’s most probable value for . . . . . . . ..
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Satisfying constraints in the LIGO region. The blue, green, and
gray lines show the Segue I, Eridanus II, and MACHO constraints
once more. The shaded regions are those excluded by dwarf galaxy
constraints. The purple, turquoise, and orange lines correspond to
the diamonds of the same color in Fig. 2.2 and show the cumulative
fraction of dark matter from the right. The vertical lines separate
three regions of interest: sub-solar (I), BNS and mass gap (II), and
BBH region (III). Of these observational windows, the sub-solar
region would provide the most compelling evidence for PBH given
the lack of alternative theories that could produce binary black holes
at this mass. The sub-solar mass detection rate might be ~ .3 — 1%
of the present LIGO BBH rate providing a definitive test for the
PBH dark matter hypothesis. . . . . . . ... ... ... ... ...

The fractional volume retained for various values of f,., and as a
function of f;,. The dotted, dashed, and solid lines correspond
to upper cut-off frequencies of 2048, 1024, and 512 Hz respectively.
Note that there is very little difference between the various fiax
values; this is because there is more than an order of magnitude
more noise at these frequencies than the ~ 100 Hz region and very
little SNR is accumulated there. All values are measured relative to
the band f € (10Hz, 2048Hz). . . . . . .. .. ... ... .. ...

The distance to an optimally oriented, equal mass binary shown
as a function of the component mass. LIGO remains sensitive to
O(107°M, —1075My,) binaries at extra-galactic distances. This plot
assumes fnin = 10Hz and fi.c = 2048 Hz and therefore represents
an optimistic view of horizon distance and ignores search difficulty.
Nevertheless, this demonstrates that LIGO is capable of detecting
extremely low mass ultracompact binaries at extra-galactic distances;
understanding the scaling of sub-solar mass searches is crucial if
we wish to probe that mass range. Astrophysical galaxies, groups,
and clusters are included as a reference for cosmological distances.
Several objects previously considered as observational candidates
for the abundance of dark matter (Eridanus II, LMC/SMC, Segue
I) are well within LIGO’s range at low masses. Approximate dis-
tances taken from [9-15]. The noise curve used to approximate O1
sensitivity is “Early high/Mid low” from [16]. . . .. ... ... ..
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shading shows how the fitting factor changes with the spin of the
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A.2 A basic Gstreamer graph. Data starts at a source, “src", e.g., a

file on disk or a network socket, and then is passed through a filter
element, “filter 1", which transforms the data, e.g., by performing a
low pass filter. A second data stream starts from “control src¢" and
the output of filter 1 is moderated by a gate controlled by the state
of “control src". The output of the gate is filtered through “filter 2"
and sent to a sink which could be another file on disk or a network
socket. . . ..
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Chapter 1
Introduction

1.1 Gravitational waves and their detection

The theory of general relativity elegantly describes gravity as the coupled rela-
tionship between energy density and spacetime curvature. This relationship is
neatly contained in Einstein’s equations, which relate the curvature of spacetime
encoded by the metric tensor, g,,, with the distribution of energy as described by

the stress-energy tensor, 7),,:

TG
G/‘«V + Agﬂy = FT'U'V (11)
where the Einstein tensor is defined as
1
Gw/ = Rm/ - éRg,ul/- (12)

and R,, and R denote the Ricci curvature tensor and Ricci scalar, respectively.
The curvature of spacetime described by the left hand side of 1.1 controls how
matter moves, while the stress-energy tensor on the right hand side describes how
spacetime deforms in the presence of energy densities. This relationship is complex
and inherently dynamic; as matter moves along paths guided by the spacetime
curvature, the distribution of matter shifts and the curvature of space changes.
Exact solutions to this set of equations are difficult or impossible to find in most
scenarios.

Early on, Einstein realized that approximating g,, as the flat spacetime metric,

Nuv, Plus some small perturbation, h,,,, reduced the field equations to linear, second



order partial differential equations. Under appropriate gauge conditions, these
linearized vacuum field equations reduce to a form that is exactly solvable by
wave-like solutions:

- 1
O = 2%, (1.3)

pv A
Here, [ is the D’Alembertian operator and BW represents the trace reversed metric
perturbation. Solutions to these wave equations are what we call gravitational
waves; small perturbations in spacetime curvature that propagate at the speed of
light.

The perturbative approach taken by linearized gravity ignores the inherently non-
linear nature of general relativity, and though Einstein recognized that this approach
yielded gravitational waves, it was not clear if they were simply a mathematical
artifact of the approximation or a feature of the full theory. Einstein himself
struggled with this!, and the theoretical hurdles in the non-linear regime weren’t
overcome until after his death [33-36].

Nevertheless, far from gravitational-wave sources the full solution reduces to

the linearized solution and in vacuum they become
Oh, =0 (1.4)

These equations admit a plane wave solution that propagates at the speed of light;

for a plane wave traveling in the z direction the solution is

hiy = Re(AWeik”A) (1.5)
where A, is the amplitude
0 0 0 O
AMV _ O h+ h>< 0
0 0 0 O

and T'T" denotes our choice to exploit redundant degrees of freedom and express the

perturbation in a transverse and traceless gauge such that BgVT = hfg . We refer

'His personal correspondence with Max Born showed that at times he believed he proved their
non-existence [32].



Figure 1.1: The impact of passing gravitational waves of + (top) and x (middle)
polarization on a ring of freely falling test particles as time progresses. The bottom
row shows how the strain changes in time, which is the quantity ground based
interferometers aim to measure.

to hy and hy as the two polarizations of the gravitational wave, and they are the
only independent components of the metric perturbation. Although the wave is
traveling in the z direction, the perturbations only act in the perpendicular z and
y directions. For this reason, we call gravitational waves transverse waves. This
propagating perturbation changes the distance between points in an oscillatory
fashion, as shown in Fig 1.1. The + polarized component of the wave describes the
increase (and subsequent decrease) in the distance between points in the x direction
and the decrease (and subsequent increase) in the distance between points in the y
direction. The x polarization describes similar behavior but along axes rotated 45
degrees. The amplitude of the perturbation is called the strain, and it describes
the fractional change in distance caused by passing gravitational waves.

Despite the theoretical advances that proved that fully non-linear general
relativity allowed for the existence of gravitational waves, their detection posed
challenges as well since spacetime is extremely stiff and most processes don’t
appreciably change our local metric. Astrophysics probes some of the most extreme
environments in our universe where violent processes are able to induce non-

stationarities that persist to cosmic distances, but even the strongest gravitational



waves arriving on earth were/are expected to have strains less than O(107%°).

The first evidence for the existence of gravitational waves did not come from
observing the effects of passing waves but from measurements of a distant pulsar.
One of the key predictions of the theoretical work carried out in the 1950s was that
gravitational waves carry energy, implying that systems that emit gravitational
waves are losing energy. The discovery and subsequent observations of PSR
B1913+416 by Russell Hulse and Joseph Taylor confirmed this prediction; in 1982,
they showed that the rate of orbital decay of the pulsar closely matched the rate at
which energy was expected to be lost via gravitational radiation [37]. This discovery
ultimately earned them the Nobel Prize and provided incredibly strong evidence
for the existence of gravitational waves.

The effects of passing gravitational waves were not directly observed until
the detection of GW150914 by the Advanced LIGO interferometers [38|, but not
for lack of effort. Joseph Weber famously constructed Weber bars in the 1960s,
devices that aimed to measure gravitational waves through excitations of vibrational
modes in aluminum. Although he initially claimed to have detected gravitational
waves [39-41], it was quickly realized that the observed event rate was much too
high. By the late 1990s and early 2000s, gravitational wave detectors began to
resemble their modern interferometric form [42,43]. In particular, we highlight the
Initial Laser Interferometer Gravitational Wave Observatory (LIGO) detectors, the
precursor of the modern Advanced LIGO interferometers. Initial LIGO collected
and analyzed data from 2002 to 2010, though no detections were made [44]. In
2010, the interferometers were shut down for a five year period of upgrades to their
Advanced configuration [45]. These changes increased the reach of the detectors by
a factor of ~10.

Modern ground-based gravitational-wave detectors aim to measure perturbations
in spacetime caused by passing gravitational waves and enable inferences about
the distant processes that caused them. At present, the two Advanced LIGO
interferometers remain the most sensitive gravitational-wave detectors. The LIGO
interferometers rely on Michelson interferometry, and are capable of measuring
strains O(1072%). Figure 1.2 contains a simple diagram of the interferometers
at work. Light from a laser is separated by a beam splitter and sent down two
orthogonal, 4km Fabry-Perot cavities. Each end of the cavities contains a freely

falling test mass that reflects incident laser light and increases the effective length
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Figure 1.2: A simplified schematic of the LIGO interferometers. The detectors are
based on Michelson interferometry and make use of Fabry-Perot cavities and power
recycling mirrors to increase sensitivity. This figure is reproduced from [1].

of the arms to over 1000km. The laser light is eventually recombined at the
beam splitter and output to a photodiode. When space is quiet and there are no
gravitational waves passing earth, the recombined beams destructively interfere. If,
however, gravitational waves are incident on the detector, the arms are squeezed and
stretched slightly. This difference in the separation of the test masses manifests itself
as an accumulated phase difference between the light stored in each arm. When the
beams are recombined, they now constructively interfere and the intensity of light
incident on the photodiode increases. The raw photodiode output is converted to
strain data, which can then be analyzed by gravitational wave detection pipelines.

The strain measured by ground-based interferometers depends on how the
detector responds to each gravitational-wave polarization; this is described by the

detector response functions, F'; and F\. In general, the amplitude of the strain



observed by LIGO is
AL

h=Fihy+ F.hy = A (1.6)
where L is the length of one of the interferometer’s arms and AL represents
the change in length. For Advanced LIGO’s 4km long arms, strains of O(1072%)
represent changes in the detector arm length of O(proton radius).

Remarkably, detection has become commonplace in the five years since the
detection of GW150914. Advanced LIGO and Advanced Virgo [46] have announced
39 new gravitational-wave candidates from the first half of their recently concluded
third observing run (O3) [2]; this is a marked increase over the 11 candidates
observed across the first two observing runs. By the end of the decade, the Advanced
LIGO and Advanced Virgo interferometers will reach their design sensitivities and
observe a factor O(10) more events per year of observation [47].

Thanks to the ingenuity of Advanced LIGO-Virgo instrumentalists, we are
rapidly leaving the era of gravitational-wave discovery and entering one of gravitational-
wave facilitated science. In the coming sections, I will describe Advanced LIGO-
Virgo’s (presently) most promising gravitational-wave candidate class and touch
on just a few of the prospects for broader astrophysics and cosmology enabled by

compact binary observations.

1.2 Compact binaries

Broadly speaking, LIGO considers four classes of gravitational-waves: continuous
gravitational waves, stochastic gravitational waves, burst gravitational waves, and
gravitational waves from compact binary coalescences. Current (or in some cases,
future) ground-based gravitational-wave detectors are sensitive to each type though
the techniques used to extract the signals from the data are vastly different. My
thesis has focused exclusively on detecting and interpreting gravitational-waves
from compact binaries.

Binary stars are common in our Universe, though there is some disagreement
on the exact fraction of stars in binaries. Most binary star systems are thought to
form alongside the component stars themselves. Modern observations support that
this likely occurs via fragmentation of their shared protostellar disk [48]. If both

stars have masses above ~ 8 M, then their evolutionary track culminates in the



formation of either a neutron star or a black hole [49]. Thus as binary stars burn
through all of their fuel and die, binary neutron stars (BNS), binary black holes
(BBH), and neutron star - black hole (NSBH) systems take their place. These three
systems are what we typically refer to as compact binaries.

When two compact objects become gravitationally bound, they become trapped
in a slow march towards their inevitable merger. As the objects orbit one another,
they slowly lose energy via gravitational radiation. Their orbital radius contracts
as energy is radiated away, and the orbital frequency increases. This is a runaway
process; as more energy is emitted in the form of gravitational waves, the rate of
emission also increases. This is known as the inspiral phase of the binary. The
rate at which the gravitational wave signal evolves during this stage is set by a

combination of the two component masses known as the chirp mass, M:

== (—63 ) f (1.7)
N (m1 + m2)3/5
M = COLE (1.8)

More massive binaries thus evolve more quickly; while low mass BNS systems can
endure in LIGO’s sensitive band for hundreds or thousands of orbits at present
sensitivites, BBHs are typically only observed for their final few cycles. The inspiral
phase ends as the two compact objects begin to plunge into one another during the
merger phase, which is where the gravitational-wave emission peaks. After the two
objects have coalesced, the remnant compact object settles to its final state during
the ringdown.

In order to reliably identify compact binaries in LIGO data, we require accurate
models of the gravitational-wave emission predicted by general relativity. In general,
the gravitational-wave emission from compact binaries is described by a set of
fifteen parameters: eight intrinsic parameters describe the masses and spins of
the components and seven extrinsic parameters describe the location, orientation,
coalescence phase, and coalescence time of the binary. The intrinsic parameters
determine the underlying dynamics of the system, while the extrinsic parameters
modify the amplitude and phase of the signal incident on the interferometers.

The inspiral phase is well modeled by post-Newtonian and effective-one-body [50]

approximation methods. For low-mass systems, waveform approximants that only



model the inspiral phase are an appropriate choice [51,52|. For high-mass systems
that only spend a few cycles observable in this phase, it is important to model
the later emission as well. The merger phase cannot be modeled analytically, but
advances in numerical relativity [53-55] have painted a more complete picture of
the emission during this phase of binary evolution. Modern waveform approximants
often combine approaches and use hybridized waveforms that match the analytic
and semi-analytic methods with numerical and perturbative methods to model the
inspiral, merger, and ringdown. The waveforms available are increasingly robust
and now incorporate tidal effects, spin precession, and emission from higher order
modes.

Accurate waveforms facilitate inferences of the progenitor’s properties. On a
system by system basis, these measurements can provide clues into how the binary
formed. On an aggregate level, they can enable broader statistical statements on
the populations of neutron stars and black holes that exist in our Universe. As a
graduate student, I have contributed to the census of the stellar remnants in our
Universe through my work with the GstLAL-based inspiral pipeline (henceforth
GstLAL).

Compact binaries provide unique insight into the endpoints of stellar evolution
for binary star systems, but they are also a tantalizing way to probe more unconven-
tional physics. Could LIGO be observing some type of exotic star? Could LIGO’s
black holes be a signature of the dark matter? Are LIGO’s low-mass compact
objects neutron stars or black holes? The path to answer these questions starts

with the identification of candidate compact binaries in LIGO’s data.

1.3 Data analysis

Gravitational-wave detection pipelines aim to identify signals that match the
expected gravitational-wave emission, h(t), in the detector data, d(t). This is
complicated by the fact that LIGO data is subject to a wide array of noise sources
across its sensitive band. The one-sided power spectral density (PSD), S,.(f),

describes how the noise changes in frequency:

(R = S8~ £).7 >0 (1.9
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Figure 1.3: The past and expected evolution of the noise spectra in LIGO-Livingston.
LIGO is presently most sensitive from ~ 100 — 300 Hz. Note in particular the
expected improvements at frequencies < 20Hz. These are crucial to realize early
warning detection with this generation of interferometers; see Chapter 7 for more
discussion on future early warning prospects. The PSDs were obtained from the
public LIGO DCC documents G1600151, G1801952, and T2000012.

where 7(f) is the Fourier transform of the noise time series n(t).

A(f) = /OO n(t)e 2t qt (1.10)

—00

To account for the strong frequency dependence of the detector noise, the data
are whitened before analysis. This is done by first Fourier transforming the data to
the frequency domain, weighting by the power spectra, and Fourier transforming

back to the time domain. Given a measured power spectrum, the whitened data



are then defined as:

Dy L
—o0 v/ Sn([f1)/2

This procedure weights the data such that the frequencies with lower noise are

more heavily weighted. By definition, the whitened data is uncorrelated from

(time) sample to sample and should have mean 0 and variance 1 for Gaussian noise.

Because whitening changes the characteristics of the data, we also have to whiten

any quantities that we wish to correlate with the data. This motivates us to define

the noise-weighted inner product for two time-series a(t) and b(t) to be:

[T alni )
o =2 [ S L2

= / " am)b(r)dr

o0

where a(7) and b(7) denote the PSD whitened time series.

Detection pipelines can use matched-filtering to correlate the expected gravitational-
wave emission for a system with the data to output the signal-to-noise ratio (SNR).
The modeled emission is called the template waveform. For template waveforms,
h(t), normalized such that (h|h) = 1, the SNR time series is

p(t) = (dlh) = /00 il(T)CZ(T +t)dr (1.13)
Of course, the properties of astrophysical binaries are not known in advance. After
setting the desired recoverable parameter space for a search, we construct a discrete
set of gravitational waveforms (varying only the intrinsic parameters) known as
a template bank to cover the continuous parameter space. The discrete nature of
the bank means that astrophysical signals with parameters not exactly matched
by a template will suffer signal loss. Searches typically construct banks such that
the minimum overlap between a template and any signal with parameters covered
by the bank is 97%. This limits the SNR loss to 3%, ensuring that only ~ 10%
of astrophysical signals are missed due to the discrete bank. As an example, the
template bank used for the GstLAL search in Advanced LIGO’s third observing
run (O3) [2] is shown in Fig 6.1.

There are presently four matched-filter pipelines that contribute to Advanced
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Figure 1.4: The template bank used by GstLAL in Advanced LIGO’s third observing
run. Each dot represents a single waveform in the m;, my plane. The bank is a
4-dimensional object. For computational considerations, we only search for binaries
with aligned component spins. Any two waveforms represented by coordinates
within the 4-volume are at least 97%, and often 99%, similar by construction. The
bounds of the bank are complicated and described in Table II of |2].

LIGO-Virgo results: GstLAL [56-58], MBTA [59], PyCBC [60-64|, and SPIIR [65].
The remainder of this section is specific to the detection pipeline I contributed
to as a graduate student, GstLAL [56, 58]?. GstLAL groups similar templates
together in bins, . The type of grouping is a configuration option, but is typically

done based on the value of the chirp mass, an effective spin parameter [66—69),

2Appendix A contains a description of the GstLAL library and the contributions it has made
thus far in gravitational-wave astrophysics.

11



template duration, or template bandwidth. To reduce the cost of matched filtering,
templates are decomposed via singular value decomposition (SVD) into a new set of
orthonormal filters that can later be used to reconstruct the response of individual
templates [70,71].

The waveforms are correlated with the data and maximized over the (unknown)
extrinsic parameters to produce a SNR time series. Local maxima in the time series
are denoted as triggers. Typically, detection pipelines implement a threshold on
SNR to reduce the trigger volume. Surviving triggers are analyzed for coincidence
across interferometers (if possible) and then ranked by a detection statistic. Triggers
that pass threshold but do not participate in coincidence are ranked as well.

In purely Gaussian, stationary noise, the SNR is the optimal ranking statistic;
higher values of SNR correspond to higher probabilities that the data in question
contains a signal matching the waveform in question. LIGO data, however, is
subject to a wide array of noise sources across its sensitive band that are neither
stationary nor Gaussian, and the SNR is consequently a poor detection statistic.
These deviations from stationarity are called glitches. Gravitational-wave detection
pipelines employ additional data conditioning methods and construct their own
ranking statistics (of which the SNR of the candidate is just a component) to
mitigate the impact of these transients.

GstLAL employs an automatic gate based on deviations in the whitened data.
As previously mentioned, purely Gaussian data has mean 0, variance 1, and
uncorrelated samples once whitened. Glitches often remain evident in the whitened
data and can leave short time scale correlations. To combat their effect, GstLAL
gates times where the whitened data stream momentarily exceeds a value greater
than some fiducial number of standard deviations from the mean. The data at that
time, as well as the surrounding 0.25 seconds of data on either side, are excised
and replaced with zeros. Unfortunately, loud gravitational wave signals (especially
those from BBHs) can also remain visible in the whitened data. To ensure that
these candidates are not thrown away, a variable gating threshold is set that scales
in chirp mass; this is set to scale from 15 to 100 standard deviations across the
0.8 M, — 45 M, range. Still, the risk remains that an extraordinarily loud signal
might be missed due to this conditioning step.

The majority of non-astrophysical transients in the data are not removed

via gating. To further distinguish signals from the noise, GstLAL employs an
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autocorrelation-based signal consistency check, £2. The &2 value is a powerful
way to measure the goodness of fit of a single template to the data. For a single
template, h;(t), it is defined by:

st
& [ i) = p(O R0l (114
where p;(t), pi(0) and R;(t) are the complex SNR at time ¢, the peak SNR, and the
autocorrelation function, respectively, for template h;. The value is normalized by
the expectation value for this term in purely Gaussian noise.

The window of integration is small (~ ms) and glitches can still appear to
match single template waveforms well over this duration. To help combat this,
I have recently worked to implement an additional chi-squared like statistic that
measures the response of the template bank (or a region of it) to a candidate signal.

The bank chi-squared test for template hg is defined as

= 1
Fﬁ X Z |poc - E(ha|h5>pﬂ|2 (1'15)
a=1

Once again, the normalization is set by the expectation value in Gaussian noise.

In addition to the SNR and &? values® in each detector, GstLAL records
the coalescence phase and coalescence time measured in each detector for every
candidate trigger. Together, these are used to construct the likelihood-ratio ranking
statistic, £. GstLAL’s likelihood ratio is presently defined as,

(1.16)

where D are the horizon distances of operating interferometers, O is the set of inter-
ferometers participating in the candidate, and p, 53, qg, ¢ are the SNR, autocorrelation-
based signal consistency check value, coalescence phase, and coalescence time in
each interferometer. For candidates appearing in two or more interferometers, the
observed differences in amplitudes, coalescence times, and coalescence phases can
be checked for consistency [57].

To estimate the background of the search, GstLAL collects triggers not found

3Full implementation of bank chi-squared test is an area of ongoing research
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in coincidence across interferometers at times when the LIGO-Livingston and
LIGO-Hanford interferometers are operating*. The background is collected on a
bin by bin basis and used to estimate the likelihood that noise produces a trigger
with similar p and £2/p* values.

A L value is assigned to each candidate on a bin by bin basis®. Because real
gravitational waves can ring up multiple templates in a bank, we cluster across all
template groupings to pick out the maximum likelihood template. This is done in
+/—4 second windows.

After all candidates have been assigned likelihoods, the pipeline produces a
significance estimate. The background is sampled on a bin by bin basis to estimate
the likelihood-ratio probability density functions for noise. We marginalize the
PDF for each bin to produce a global estimate of the £ distribution in noise, and
use it as a mapping between £ and false-alarm-rate (FAR). The FAR describes the
rate at which we expect noise to produce a candidate with a likelihood-ratio value
at least as high as the one observed. The FAR acts as a measure of our confidence
in the astrophysical origin of a candidate, and is the quantity used to set detection

thresholds for low-latency and archival analyses in the LVC.

1.4 Astrophysics and cosmology with gravitational

waves

Gravitational waves are an entirely new lens with which to observe our Universe.
They probe environments and processes unaccessible to other methods of observation
and, because of this, they are an invaluable tool for advancing our knowledge of
astrophysics and cosmology.

The LIGO-Virgo Collaboration (LVC) has already observed ~ 70 candidates
signals. Individually, the inferred masses and spins provide clues on how each binary
was born. Collectively, the distribution of masses and spins paints an increasingly

detailed picture of the properties of compact objects in the stellar graveyard. Recent

4Historically, triggers not found in coincidence during coincident time were kept as background.
The large difference in sensitivity between the LIGO interferometers and Virgo necessitated this
stricter definition.

SFor a more detailed discussion on the likelihood ratio and how the numerator and denominator
are factored and evaluated, see [56,58].
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discoveries [72,73] remind us that this picture is incomplete, and force us to reassess
conventional knowledge of stellar evolution [74].

As a member of the LVC, I am expected to contribute over half of my research
efforts to core collaboration activities. Many of my contributions were through the
development and use of the GstLAL-based inspiral pipeline [56,57,75]. I continue to
act as one of the leads for ongoing development efforts of the GstLAL-based inspiral
pipeline, and I most recently led GstLAL analysis efforts for GWTC-2 [2|. Our
analysis was responsible for 11 unique candidates not observed by other detection
pipelines. I was directly responsible for significance and sensitivity statements made
by the LVC [2,30,72].

Searches for compact binaries can inform far more than our understanding of
evolutionary models and compact object populations. One exciting possibility is
gravitational wave contributions to our understanding of the dark sector. Indeed,
Advanced LIGO observations have already led to independent measurements of the
Hubble constant [76, 77|, though these have not yet resolved the SHOES/Planck
discrepancy [78,79]. As a first and second year graduate student, I led the LVC
in searches for sub-solar mass compact objects. We were able to use these results
to inform models of compact object (see Chapters 4 and 5) and particulate [80|
dark matter. What is especially exciting is that these methods have arisen within
just five years of the first detection of gravitational waves. As the field continues to
mature, the potential for additional contributions to our understanding of the dark
sector is immense.

Gravitational waves can also act as a probe of physics in matter containing
systems. Although supernovae likely remain undetectable for the time being,
probable binary neutron star and neutron star - black hole systems have already
been detected. In the case of GW170817, this was accompanied by coincident
observations across the electromagnetic spectrum. Future detectors will one day be
sensitive enough to measure tidal deformability in neutron stars, but until then our
fastest path towards understanding the extreme physics within is multi-messenger
astronomy. GW170817 remains the only multi-messenger discovery made with
gravitational waves, yet it has already revealed so much about the processes that
take place near merger.

My dissertation describes a portion of my efforts to further the physics done with

gravitational waves. Chapters 2, 3, 4, and 5 describe the motivations, methods, and
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results in LIGO-Virgo Collaboration searches for subsolar-mass compact objects.
They discuss possible connections between these objects and the dark matter, and
constrain their abundance. Chapters 6 and 7 discuss a search for subthreshold
binary neutron stars and the development of an early warning system for elec-
tromagnetically bright compact binaries. The works described in each chapter
aim, in their own way, to increase the number of multimessenger discoveries with

gravitational waves.
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Chapter 2

Disentangling the potential dark
matter origin of LIGO’s black
holes

The following chapter is a pre-print of a published article with permission from
(https://dx.doi.org/10.3847,/2041-8213 /aa831c): Ryan Magee and Chad Hanna,
The Astrophysical Journal Letters, 845, LL13 and 2017. Copyright 2017 by the

American Astronomical Society.

2.1 Motivation

GWs are a novel way to observe the dark Universe, and I am particularly interested
in connecting LIGQO’s detections with the dark matter and dark energy. Although
dark matter and dark energy comprise ~ 27% and ~ 68% of our Universe’s energy
density, respectively, the specifics of their nature remain largely unknown. Broadly
speaking, cold dark matter candidates fall into two distinct classes: particulate and
compact object. Searches for particulate dark matter have continued to return null
results [81,82], despite isolated observations that have hinted at detection [83-86].
Similarly, attempts to measure microlensing signatures of compact objects in the
galactic halo revealed a dearth of events and led to tight constraints on compact

object abundance and waning interest in this candidate class by the mid-2000s [17].
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Renewed critiques of microlensing methods [87] and the detection of GW150914
reinvigorated interest in the connection between compact objects and the dark
matter [88] and inspired a flurry of dark matter models that produce black holes at
masses accessible to ground based interferometers.

The cleanest way to distinguish black holes born via stellar evolution from those
formed by other mechanisms is through the mass. The detection of a compact
binary with a component below 1M [89], between 2M. and 5M (the lower
mass gap) [90-93|, or above ~ 50M, (the upper mass gap) [94] would be a strong
indication of new physics since these masses are generally considered unaccessible
to conventional astrophysical channels. There are several candidates in Advanced
LIGO’s third observing run that already imply a 2 —5M, component |72] (as well as
recent electromagnetic candidates [95]), and we know of at least one compact object
in this range - the remnant of GW170817. Similarly, we know of multiple LIGO
BBH merger remnants above ~ 50M. Hierarchical mergers thus contaminate
both mass gaps, meaning that in practice it is nearly impossible to distinguish
first generation mergers with unknown formation channels from second generation
mergers of BNS and BBH remnants.

The subsolar mass space, however, is entirely disjoint from known astrophysical
populations of LIGO sources since compact objects below 1M, are not expected as
an end product of stellar evolution. The detection of a binary with a component
below 1M, would therefore provide a clean signature of alternative formation
mechanisms. As a graduate student I led the LIGO Scientific Collaboration in
two Physical Review Letter publications on searches for subsolar mass compact
objects [28,96,97|. Although no unambiguous detections were made, the null result
allowed us to place the tightest limits to date on a primordial black hole model of
the dark matter.

Chapter 2 contains the work that led us to search for subsolar-mass binaries. It
contains a brief summary of the rise, fall, and renewed interest in compact objects
as a component of the dark matter, and describes a primordial black hole model of
the dark matter that matched Advanced LIGQO’s observations as well as existing
constraints.

Chapter 3 describes studies done in advance of the collaboration’s subsolar-mass
searches to justify design decisions. It also describes how the lack of a detection

can be used to generate a constraint on binary merger rate and on a specific
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primordial black hole model. Chapters 4 and 5 contains the published results of
the two Advanced LIGO-Virgo searches for subsolar-mass objects. Although no
detections were made in either case, they describe increasingly stringent constraints

on primordial black holes below~ 1 M.

2.2 Abstract

The nature of dark matter (DM) remains one of the biggest open questions in physics.
One intriguing dark matter candidate, primordial black holes (PBHs), has faced
renewed interest following LIGO’s detection of gravitational waves from merging
stellar mass black holes. While subsequent work has ruled out the possibility that
dark matter could consist solely of black holes similar to those that LIGO has
detected with masses above 10M,, LIGO’s connection to dark matter remains
unknown. In this work we consider a distribution of primordial black holes that
accounts for all of the dark matter, is consistent with all of LIGO’s observations
arising from primordial black hole binaries, and resolves tension in previous surveys
of microlensing events in the Milky Way halo. The primordial black hole mass
distribution that we consider offers an important prediction-LIGO may detect
black holes smaller than have ever been observed with ~ 1% of the black holes
it detects having a mass less than the mass of our Sun and ~ 10% with masses
in the mass-gap. Approximately one year of operating advanced LIGO at design
sensitivity should be adequate to begin to see a hint of a primordial black hole
mass distribution. Detecting primordial black hole binaries below a solar mass
will be readily distinguishable from other known compact binary systems, thereby
providing an unambiguous observational window for advanced LIGO to pin down

the nature of dark matter.

2.3 Introduction

Advanced LIGO’s first observing run detected gravitational waves from the mergers
of two separate binary black hole systems (BBHs), GW150914 [38] and GW151226
[98]. A third candidate event, LVT151012 [99], was also observed. The second
observing run is currently underway and at least one more merger has been

confirmed, GW170104 [100]. These detections prove the existence of compact
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binary systems with component masses between 7 — 35M, and demonstrate not
only that they merge over a timescale less than the age of the universe, but also that
BBHs are relatively common and LIGO should expect to continue to detect their
coalescences [101]. LIGO’s detections are all consistent with relatively low spin
black holes, and together they are in agreement with a power-law spectrum for the
number density per unit mass of black holes, dN/dM oc M~*, with a 90% credible
interval o = 2.37}-3 [100,102]. LIGO is or will be sensitive to binary black holes
between ~ .01 — 100M, at extra-galactic distances, and while the mass distribution
was calculated assuming a minimum black hole mass of 5M, it remains unknown
over what mass range the presently observed power law will hold.

The notion that LIGO could detect gravitational waves from the merger of two
primordial black holes has existed for nearly two decades [103], though interest
in PBHs has been around for much longer [104]. Until 2004, the LIGO Scientific
Collaboration actively searched for BBHs with component masses below 1M, [105,
106]. The average range to a binary with component masses (0.35,0.35) M, was
approximately 3 Mpc [106], though advanced LIGO should already be able to
improve on that range by a factor of ten [107]. The PBH theory of dark matter
fell out of favor with stronger constraints from microlensing searches placing strict
limits on primordial black holes below a solar mass [3,5,108], though the idea
recently resurfaced with the first model suggesting that all dark matter consisted of
PBH with a nearly monochromatic distribution around ~ 30M, [109,110]. It has
since been pointed out that the monochromatic scenario has two problems. First,
constraints from dwarf galaxy dynamics and radio wave observations imply that not
all of dark matter can be explained by ~ 30M black holes [6,7,111]. Second, the
expected merger rate predicted by this model would be above the inferred merger
rate provided by LIGO [100, 112,113|. These concerns suggest that if LIGO is
probing a population of PBHs with its current detections, PBHs might only make
up a small fraction of the dark matter in the universe. We address both concerns
in this letter.
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2.4 An overview of constraints on primordial black

hole dark matter

For a given PBH distribution, n(M), we can define the cumulative mass density as,

o AL = [ Mn(MaM. (2.1)

My
We can then write the fraction of DM made up of PBHs in some mass range as

p(Mb MQ)

f(Mla MQ) =
PCcDM

(2.2)
where pcpas is the presently observed cold dark matter density and f < 1. Con-
straints on PBH dark matter are typically presented assuming a monochromatic
spectrum, but the consistency of LIGO’s detections with a power law distribution
raises the question: is it possible for an extended PBH distribution compatible
with LIGO’s observations to account for 100% of the dark matter? Contraints
on monochromatic distributions can still provide meaningful limits on extended
spectra such as the one we later consider. The constraint curves (shown in Fig. 2.1
for the LIGO region) bound df /dM, though [8] points out that this is not enough
to guarantee the compliance of a given extended mass function with the constraints.
In general, this is a difficult task and the most rigorous test is to explicitly recalcu-
late every constraint for a given distribution, which several groups have already
examined for various functional forms. The primary constraints that we consider in
this work are already in a cumulative form that limits the fraction of dark matter
that can be composed of primordial black holes above a given mass.

Quasi log-normal forms have been extensively analyzed by [114] and [115],
with the former ruling out this family of mass functions as a source of all DM for
107"My < M < 10° M, while the latter showed that for a narrow window where
1071°M, < M < 1078M,, this remains a possibility. These results all assume some
of the strictest interpretations of the microlensing constraints.

In the LIGO region, microlensing [3-5,108,116,117| and star cluster dynamics
in the Eridanus II 7] and Segue 1 dwarf galaxies [6] place the tightest constraints

on PBH dark matter (Fig. 2.1). If the latter constraints are relaxed, power-law,
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log-normal, and critical collapse mass functions could allow for 100% PBH dark
matter for two small windows surrounding 5 x 10716 M and 2 x 1071 M, as well as
for 25— 100M, though Carr finds that no more than 10% can be accounted for by
these mass functions when the dwarf galaxy constraints are considered [118]. The
first two windows (as well as the one [115] describe) are unreachable by LIGO, and
the ~ 25 — 100M, interval could yield LIGO detection rates inconsistent with the
works of [112] and [113]. Additionally, new constraints by [111] place similar limits
to Eri II and Segue I on PBH DM in the window 25 — 100M, using observations
with independent systematics, making this window less likely to contain all of the
dark matter.

We explore an extended PBH mass function with the following properties. First,
it will be single-peaked. Second, it will have a functional form and predicted rate
consistent with LIGO observations to date. Third, it will not violate the tightest
constraints on primordial black hole binaries in the mass range already observed by
LIGO [6,7] or the microlensing constraints set by [3], but it will violate those set by
the EROS2 collaboration [5]. We note, however, that the microlensing constraints
have recently been called into question since there are several possibilities for
systematic errors that would make them far less constraining in the region of
interest for this work [119]. Finally, our proposed mass function will account for
100% of the dark matter. While we do not explicitly recalculate the constraints for
our test function, we use our results to generate predictions that will be directly
testable by LIGO within the next few years.

2.5 Tension in the microlensing regime

[120] first proposed that massive compact halo objects (MACHOs) could be
detected by searching for evidence of stellar microlensing in the Large Magellanic
Cloud (LMC). Since then, the MACHO, EROS, and OGLE collaborations have all
sought to identify microlensing candidates within the galaxy through multi-year
observations of millions of stars. These collaborations were able to place tight
constraints on the amount of compact object dark matter for 107" M, < M < 10M,
though the limits depend strongly on galactic halo models, as pointed out by [119].
These parameters that these models depend on, however, are subject to change;

current observations suggest slower rotation speeds than were assumed at the time
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Figure 2.1: Several of the constraints on monochromatic PBH DM in the mass range
detectable by LIGO. The red shows the range of most likely MACHO masses [3],
while the light blue shows the range of component masses found by LIGO. The
long and short dashed lines show the MACHO [4] and EROS2 [5] collaboration
constraints on compact objects for the standard halo. The blue line shows a 99.9%
confidence limit derived from mass segregation in Segue I [6] while the green lines are
derived from the survival of a star cluster in Eridanus II |7,8] for velocity dispersions
and dark-matter densities at the galactic center of o = 5,10 km s respectively and
p = .1Mypc—3. The shaded regions are excluded by these constraints. Our mass
function is designed to satisfy the constraints set by the blue curve for M > 1M,
We allow it to break the constraint set by the lower dotted line (EROS2) while
satisfying those set by the MACHO collaboration since MACHO claimed multiple
detections of compact objects while EROS2 had a single candidate event.
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of the microlensing surveys [121,122], stellar velocity dispersion observations no
longer show flat rotation curves [123], and [124] showed that placing limits on the
mass of the Milky Way is strongly dependent on the assumed galaxy model. These
studies show that accepted values of astrophysical parameters have changed and
that these variations can affect predictions for other halo parameters. Any deviation
from the standard model has profound impacts on the dark matter constraints,
which is abundantly clear from the MACHO first year [116] and 5.7 year results
[3], which were unable to rule out a 100% compact object halo at 90% confidence
for certain models. [119] acknowledges that the models that did allow for 100%
MACHO dark matter may not be an accurate depiction of the Milky Way, but
suggests that ruling out MACHO dark matter is premature. [125] also explicitly
explored this model dependency for the tighter EROS2 constraints and tracked
changes resulting from the variation of several parameters, confirming Hawkins’
claim that current constraints are extremely model dependent.

As pointed out by [110], microlensing surveys would also be far less constraining
if PBHs clustered into sub-halos. There may already be evidence for this; the
MACHO collaboration identified several candidate binary microlensing events with
mostly sub-solar lens masses [126,127].

The MACHO collaboration claimed positive detections of compact halo objects
with most likely masses of .15 — .9M, [3], and recent microlensing surveys have
hinted at similar results [128|. If we interpret even one detection as a possible
dark matter candidate, then we need a distribution that spans the MACHO and
LIGO mass ranges. LIGO will be sensitive to binaries in the MACHO range, and
will provide a way of making a definitive detection or establishing constraints with

completely independent systematics from those used to derive current limits on
PBH DM.
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2.6 An extended primordial black hole mass func-
tion

Motivated by the LIGO and MACHO observations, we consider a modified Schecter

function for the PBH mass distribution given by,

n(M) = C (‘%)ae% (2.3)

where the constant C' has units of vol 'mass™!.

This implies that the differential mass fraction can be written as,

df M CM* (M*)“l o
— = n(M = e M, 2.4
dM  pcom (M) pcom \ M 24

which is also a modified Schecter function. We stress that we are not suggesting
any connection to the Press-Schecter formalism with our choice of this functional
form.

We choose this distribution because it has a power-law tail that fits LIGO
observations and exhibits a natural exponential cutoff at mass M*. This allows
us to place the mass function’s peak within the bounds set by the MACHO
collaboration. The only additional free parameter is the overall normalization,
which we constrain by considering normalizations which integrate to the overall
mass density of dark matter so that we might account for all of dark matter with
this population of black holes.

In Fig. 2.2 we show the M* and « values that are consistent with LIGO
observations and the dwarf galaxy constraints®, as well as an interpretation of the
MACHO results which allows for a peak in the mass function with objects of masses
between 0.06-1M,2 Among the regions permitted by these constraints we favor
those with the lowest a to be consistent with the present most likely LIGO estimate
of a = 2.3, though we note that all o in Fig. 2.2 are within LIGO’s 90% confidence

interval estimate. From the highest o contour, we examine the two end points

IStrictly speaking, we only mandate consistency up to 100M. Though our distributions
violate these constraints at higher masses, the excess is so small (~ 1%) that uncertainties in the
dark matter density itself would need to be taken into account.

ZWe use the fact that the function defined in (2.4) peaks at M* /(o — 1)
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Figure 2.2: Allowed values of o and M* for the PBH distribution (2.4). Within the
LIGO allowed values of a;, we consider the tightest constraints on LIGO binaries
comprised of PBHs given by [6], which defines the blue region. The green regions
show the Eridanus II constraints for the dispersions and density referenced in
Fig. 2.1. The red region shows which values of & and M* correspond to a mass
function that peaks inside the 90% confidence region of the MACHO collaboration’s
detections across several different models at masses of ~ 0.06 — 1.0M,. The purple
and orange diamonds indicate two test points, M* = 0.10, 2.25 and « = 2.65, 3.25 on
which we evaluate the PBH mass function to determine the dark matter distribution
and the expected LIGO rate shown in Table 2.1. Finally, the dotted line shows the
value of a expected by LIGO, and we include an additional test point (turquoise
diamond) at M* = .08M and o = 2.35 because it is both minimally consistent
with the Eri IT constraints and lies closest to LIGO’s most probable value for a.
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Figure 2.3: Satisfying constraints in the LIGO region. The blue, green, and
gray lines show the Segue I, Eridanus II, and MACHO constraints once more.
The shaded regions are those excluded by dwarf galaxy constraints. The purple,
turquoise, and orange lines correspond to the diamonds of the same color in Fig. 2.2
and show the cumulative fraction of dark matter from the right. The vertical lines
separate three regions of interest: sub-solar (I), BNS and mass gap (II), and BBH
region (III). Of these observational windows, the sub-solar region would provide
the most compelling evidence for PBH given the lack of alternative theories that
could produce binary black holes at this mass. The sub-solar mass detection rate
might be ~ .3 — 1% of the present LIGO BBH rate providing a definitive test for
the PBH dark matter hypothesis.
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M* = .10,2.25M and o = 2.65, 3.25 as well as the point M* = .08, « = 2.35, which
is the lowest value consistent with one version of the Eridanus II constraints. With
these parameters, we consider three observational windows defined in Table 2.1.
Region I includes masses up to .9M, which is the lower limit on measured neutron
star masses [129]. Region II contains binaries that could plausibly be neutron
stars or black holes in the mass gap, and region III defines black holes consistent
with current LIGO observations. The average masses, fraction of dark matter, and
relative rates of detection by LIGO for these windows and values of M* and « are
shown in Table 2.1. The first two models allow for ~ 99% of the dark matter to
be concentrated below 100M,, while the last model accounts for ~ 90%. In both

cases, the remaining dark matter is accounted for by contributions above 100M.

2.7 LIGO primordial black hole merger rates

Region Avg. Mass (M) f Relative rate
I 1,6, 1 775, .12, 53 .01, .01, .003
I 17,19, 1.8 17,.62,.21 .13, .22, .06
111 11,9.3,12.8  .07,.25,.17 1,11

Table 2.1: The average mass, dark matter fraction, and relative rates of detection for
LIGO in three regions of interest: 1[0,.9My), I1 [.9My, 5M), and 11T [5M, 100M).
These are arranged from left to right for the models color coded in Fig. 2.2 and
Fig. 2.3 as the orange (M* = .1, = 2.65), purple (M* = 2.25,a = 3.25), and
turquoise (M* = .08, @ = 2.35) diamonds and lines, respectively. For each model,
the relative rate of detection by LIGO is set to 1 for region III and calculated for
the other regions by (2.5).

The space-time volume that LIGO is sensitive to scales approximately as
M'/6 assuming equal mass binary systems with an average mass below ~ 10M.

Therefore, the relative LIGO detection fraction r can be approximated as

Using the average mass for each region of interest in Fig. 2.3, this suggests relative
rates of O(1%) and O(10%) for the sub-solar and BNS plus mass gap regions, re-

spectively. Our calculations implicitly assume that the binary black hole population
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is identical to the isolated population.

Several groups have already considered the formation of PBH binary systems and
predicted detection rates for LIGO. Though most assume a monochromatic, 300,
mass spectrum, our distribution should yield similar results for the surrounding
mass range, 20 — 40M. These groups have found that LIGO’s observed rates are
consistent with their results only if the fraction of dark matter is small, ~ .002 <
f < .02 [112,113]. Both mass functions consistent with the Segue I constraints
predict a comparable fraction of ~ .01 — .03 for this window, with a total fraction of
~ .02 — .04 above 30M. Performing this same analysis using the looser Eridanus
IT constraints at o = 2.35, however, yields fractions in tension with these estimates
with ~ .03 — .04 for 20M, < M < 40M and ~ .14 above 30M. Thus while
LIGO’s most probable « is marginally consistent with the Eridanus II constraints
for our distribution, it appears to violate theoretical formation and merger rate
calculations. Consequently we favor the M* = .1, a = 2.65 distribution since it has
the lowest value of  that satisfies the Segue I constraints and contains the smallest
fraction at or above 30M.

Directly applying the restrictions set by [113] and [112] yields comparable
results. Mandating that no more than 2% of the DM can exist at and above 30M,
predicts o € [2.7,3.4]; this does not substantially change our rate predictions. If we
instead demand that no more than ~ .002 exist above 30M, our model predicts
a ~ 3.75. This falls outside of the LIGO 90% confidence region for o and introduces
an additional source of tension, suggesting that a distribution of that form would
be extremely unlikely.

At the end of its first observing run, advanced LIGO predicted a BBH merger
rate of 9 — 240 Gpc 'yr~! [102]. This implies that once LIGO has surveyed 40
times the space-time volume of its first observing run there will be a ~ 50% chance
of detecting 100 binary black hole mergers. Advanced LIGO hopes to improve its
reach by a factor of three, leading to 27 times the volume accumulated per unit
time. That suggests that a year long observing run with advanced LIGO at design
sensitivity could detect a sub-solar mass binary black hole and provide smoking
gun evidence for the primordial black hole dark matter hypothesis.

In principle, LIGO should detect a binary within the mass gap prior to the
sub-solar regime which might already hint at the origin of dark matter. Work

done by [130], however, shows that few detection scenarios provide certainty that
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a detected binary existed within the mass-gap. They found that to confidently
identify component masses between 2 — 5M,, hundreds of detections could be
needed. Even then, it may be difficult to conclude that the black holes detected had
primordial origins. A sub-solar detection, however, would unambiguously provide
evidence for black holes created by non-stellar processes. We recommend a binary
search in that mass range to better study primordial black hole dark matter by

systematics indepedent of those used by microlensing surveys.

2.8 Discussion

Though there are many constraints on a primordial black hole model of dark matter,
there is tension in the microlensing region. We find that a modified Schecter
functional form for the differential number density can satisfy constraints above
~ 1M, remain consistent with both the 90% likely region for several MACHO
models and LIGO observations, and explain all of dark matter. This distribution
matches calculations made for the merger rate of binary PBHs at ~ 30M,, and
predicts a sizeable number of LIGO detections for both the subsolar and mass
gap regions. In future work, it may be worth considering the spin distribution of
primordial black hole populations. A recent study by [131]| suggests that PBHs
may be predominately slowly spinning. As more research is done into models of
PBH spin distributions and as LIGO continues to refine its measurements, PBH
spin analysis will become another strong channel for testing this model. LIGO has
the unique opportunity to place its own constraints on PBH DM abundance while
also testing for interesting new physics and we recommend searching for binary
systems below one Solar mass with LIGO in order to provide the most definitive
evidence for the PBH dark matter hypothesis.

2.9 Acknowledgements

We thank Sarah Shandera for useful discussions. We also thank the LIGO Scientific
Collaboration and the VIRGO Collaboration, especially the Compact Binary
Coalescence working groups for their many helpful comments and suggestions. This
research was supported by the National Science Foundation through PHY-1454389.
Funding for this project was provided by the Charles E. Kaufman Foundation of

30



The Pittsburgh Foundation.

31



Chapter 3

Methods for the detection of
gravitational waves from sub-
solar mass ultracompact bi-
naries

The following chapter is a reprinted article with permission from
(https://dx.doi.org/10.1103 /PhysRevD.98.103024): Ryan Magee et. al., Physical
Review D, 98, 103024 and 2018. Copyright 2018 by the American Physical Society.

3.1 Abstract

We describe detection methods for extensions of gravitational wave searches to
sub-solar mass ultracompact binaries. Sub-solar mass searches were previously
carried out during the Initial LIGO era, and Advanced LIGO boasts a detection
volume approximately 1000 times larger than Initial LIGO at design sensitivity. Low
mass compact binary searches present computational challenges, and we suggest a
way to mitigate the increased computational cost while retaining a sensitivity much
greater than previous searches. Sub-solar mass compact objects are of particular
interest because they are not expected to form astrophysically. If detected they

could be evidence of primordial black holes (PBH) or some other yet unknown
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formation mechanism. We consider a particular model of PBH binary formation
that would allow LIGO /Virgo to place constraints on this population within the
context of dark matter, and we demonstrate how to obtain conservative bounds for

the upper limit on the dark matter fraction.

3.2 Introduction

Advanced LIGO [132] and Advanced Virgo’s [133] detections of gravitational waves
from compact binary coalescences (CBC) have ushered in the dawn of gravitational
wave astronomy. To date, there have been 5 detections of binary black hole
mergers [134-137] and 1 detection of a binary neutron star system [9], each of which
has expanded our knowledge of the properties and populations of compact objects in
our universe. Advanced LIGO and Advanced Virgo’s success in detecting traditional
sources of gravitational waves suggest that ground based interferometers could be
powerful new tools in observing the dark universe. We describe considerations for
extensions of traditional compact binary searches to the sub-solar mass regime, and
provide motivation for these searches in the context of dark matter. In particular,
we consider a model where a uniform, monochromatic (equal mass) distribution
of primordial black holes (PBH) make up a fraction of the dark matter. We
examine the model’s robustness and demonstrate how it can place constraints on

the abundance of PBHs for different sub-solar mass populations.

3.3 Analysis Techniques

Advanced LIGO compact binary searches rely on matched filtering to extract
candidate signals from the noise by correlating known gravitational waveforms with
the data. Compact binary searches currently require O(10%) — O(10°) templates to
adequately recover arbitrary signals placed in the parameter spaces considered thus
far (binary systems with a total mass of 2M — 600M,, [138,139]). The addition
of fully precessing waveforms in future observing runs could increase this by yet
another factor of 10, though for now this remains computationally infeasible.

The difficulty of CBC searches scales with both the number and length of the
waveforms used as matched filter templates, which could present a problem for

sub-solar mass searches. Here we focus on the effect of the number of templates in
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the template bank which is expected to scale (roughly) as:

N o i foi” (3.1)
where My, is the minimum mass included in the search and f,,;, denotes the
starting frequency of the template waveforms [140]. Previous Advanced LIGO
searches have searched for binaries with components as light as 1M, [138,141];
extending these searches to lower masses could easily lead to a 10 —100 time increase
in difficulty compared to offline analyses in Advanced LIGQO’s first observing run.
Below we propose increasing fi;, to mitigate the increased computational costs
associated with low mass extensions of compact binary searches, and we calculate

the expected loss in sensitivity that this brings.

3.3.1 Estimates of sensitivity

Second-generation ground-based gravitational wave detectors such as Advanced
LIGO and Advanced Virgo are sensitive over a broad range of frequencies (~
10 — 10000 Hz) but they are most sensitive near 100 Hz [16]. Compact binary
pipelines exploit this sensitivity and typically analyze a subset of the total bandwidth.
In Advanced LIGO’s first observing run, frequencies spanning 10 — 2048 Hz were
analyzed [58]. This is an excellent approximation for standard CBC searches; the
majority of the signal-to-noise ratio (SNR) is accumulated at lower frequencies
and very little sensitivity is lost by cutting the analysis at 2048Hz. This is an
even better approximation for sub-solar mass compact binaries since the frequency

evolution of a binary goes as [142]:
f' o M5/3f11/3 (32)

where

M= (3.3)

(m1 + mz)l/ 5 .
is the chirp mass of the system. Sub-solar mass systems therefore are not only
long lived, but also spend a long time in LIGO’s most sensitive band compared to

heavier binaries. This suggests that it may be possible to analyze an even more
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reduced frequency band than previous searches while retaining a significant amount
of SNR.

Since orbital decay is slow for sub-solar mass ultracompact binaries, inspiral only
waveforms appropriately approximate the signal received on earth. The amplitude

of the waveform can be written as [22]:

‘B(f)‘ = % (%)1/2 (GM)?/S(r f)~7/6 (3.4)

and the average recovered signal to noise ratio is given by:

e ()]
o=\ e 35)

min

where S, (f) denotes the single sided power spectral density, informally referred to
as the “noise curve”. f;, is determined by either the low frequency noise floor or
the starting frequency of the template waveform (whichever is greater) and fiax
is determined by the frequency of the innermost stable circular orbit (fisco) or

the ending frequency of the template waveform (whichever is less) where figco is
defined as:

CS

—_— 3.6
6\/67TGMtotal ( )

Jisco =

For a 1M, — 1M binary, fisco ~ 2200Hz. The frequency monotonically in-

creases for lighter total mass systems; for a sub-solar mass search, f.x is therefore
determined by the bandwidth of the template waveforms.

We can substitute the waveform amplitude into the equation for SNR and

rearrange to find the horizon distance for a given (p) (or equivalently, the SNR

recovered at some fiducial distance):

fmax 7/3
Do X /\/l5/6\/ f f (3.7)
fl’l’lln

which is dependent on the noise curves, the chirp mass of the binary, and the
frequency band of the analysis. This allows us to compare LIGO’s sensitivity for

frequency bands that do not encompass the full sensitive range. We choose the
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f € (10Hz, 2048Hz) band as a point of comparison. The fraction of SNR retained

is then:

f _ D(fmim fmax)
SN D (10 Hz, 2048 Hz)

(3.8)

Note that this fractional reduction is independent of the mass of the binary. This
presents an important trade off in sub-solar mass searches: increasing f.;, drives
the difficulty of a search down, but it also causes the search to lose sensitivity. This
drop in SNR is equivalent to a fractional decrease in LIGO’s average range, which
means that the observed volume (and therefore the expected number of detections
at a given chirp mass) is smaller by a factor of fiyz. Thus even a 3% loss in
SNR would represent a detection volume nearly 10% smaller. The sensitive volume

retained as a function of f;, and f.x is shown in Fig. 3.1.

3.3.2 Sensitive distance

Initial LIGO previously carried out searches for compact binaries with components
as light as 0.2M, [24]. Using the relations outlined above and the fact that current
Advanced LIGO searches extend to 1M, and f;,, = 10 Hz, we can estimate the
reduction in frequency band and sensitivity required to keep the cost of a sub-solar
mass search comparable to current Advanced LIGO searches. Equation 3.1 shows
that we expect similar scalings in both m;, and fu;,. Thus if we decrease the
lower mass bound of previous Advanced LIGO searches by a factor of 5, we need to
increase fmin by a factor of 5 as well to keep the number of templates approximately
constant. We estimate that in order to modify current searches to extend down
to this mass we would need to increase fyin to ~ 50Hz. This amounts to a loss of
10% in SNR and range, and therefore a loss of ~ 30% in volume and detection rate.
The Initial LIGO sub-solar mass searches also made use of a reduced frequency
band. The lowest mass binary considered in those searches remained visible at a
range of ~ 4 Mpc [25]. We estimate that for the same mass and for the frequency
band suggested above, Advanced LIGO has a range of ~ 58 Mpc which corresponds

to a sensitive volume three orders of magnitude greater.
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Figure 3.1: The fractional volume retained for various values of f.. and as a
function of f,;,. The dotted, dashed, and solid lines correspond to upper cut-off
frequencies of 2048, 1024, and 512 Hz respectively. Note that there is very little
difference between the various f.x values; this is because there is more than an
order of magnitude more noise at these frequencies than the ~ 100 Hz region and
very little SNR is accumulated there. All values are measured relative to the band
f € (10 Hz, 2048 Hz).
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Figure 3.2: The distance to an optimally oriented, equal mass binary shown as a
function of the component mass. LIGO remains sensitive to O(107° Mg, — 107> M)
binaries at extra-galactic distances. This plot assumes f;n = 10Hz and f.c =
2048 Hz and therefore represents an optimistic view of horizon distance and ignores
search difficulty. Nevertheless, this demonstrates that LIGO is capable of detecting
extremely low mass ultracompact binaries at extra-galactic distances; understanding
the scaling of sub-solar mass searches is crucial if we wish to probe that mass
range. Astrophysical galaxies, groups, and clusters are included as a reference
for cosmological distances. Several objects previously considered as observational
candidates for the abundance of dark matter (Eridanus II, LMC/SMC, Segue
I) are well within LIGO’s range at low masses. Approximate distances taken
from [9-15]. The noise curve used to approximate O1 sensitivity is “Early high/Mid
low” from [16].
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3.3.3 Approximation of the merger rate for null-results

We can estimate the upper limit on the merger rate in the event of a null-result
using a combination of the methods outlined above. In Equation 3.7 we defined
the horizon distance of the detector. This represents the maximum distance for
which an optimally located and oriented source would be recovered with some (p).
In general, however, detectors will measure a weaker response to a gravitational
wave depending on the location and orientation of the binary. This reduction is
described by the antenna patterns, F, and F, which always take values less than

or equal to 1 and are related to the signal observed on earth through:

Averaging the detector response over both location and orientation of the binary
reduces the the strain recovered (and therefore the distance to a binary with some
fiducial (p)) by a factor of 2.26 [143-145]. This can be used to define the average

range of the detector as

Dmaz

Dav = S as
g 2.26

(3.10)

The average sensitive distance allows us to approximate limits on the coalescence
rate from null results for a general gravitational wave search. The loudest event
statistic formalism [23] states that we can constrain the binary merger rate for a

specific mass bin, 4, to 90% confidence with:

2.3
Rooi = 3.11
90,1 <VT>1 ( )
We can estimate the sensitive volume-time for a particular observing run using the
earlier range approximation.

(VT); = 3nD3,, . T (3.12)

avg,i

where T is the analyzable live-time of the two detectors. This method provides an
excellent approximation of the sensitive 4-volume. The remaining plots in this paper

use this procedure to estimate LIGO rates and LIGO sensitivity in the sub-solar
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mass region.

3.3.4 Non-spinning waveforms

While reducing the frequency band is one way to mitigate the increased com-
putational cost of sub-solar mass searches, non-spinning waveforms also offer an
easy way to reduce the difficulty by potentially 1 — 2 orders of magnitude. There
are some theoretical justifications for non-spinning searches: some models predict
sub-solar mass black holes to be predominately slowly spinning [146], and LIGO’s
previous detections have been consistent with low y.g binaries. Regardless, a
completely non-spinning binary is clearly a non-physical assumption. The efficacy
of using non-spinning waveforms to recover spinning waveforms has been examined
before [62,147,148|. In particular, [147]| examined neutron star systems and found
that non-spinning templates recovered aligned spin binary neutron stars to the
desired level only for —0.2 < yexr S 0.

We performed a similar test on a population of .5M, — .5M binary black
holes. We created a non-spinning template bank covering component masses
m; € (0.3My, 0.7My) using TaylorF2 waveforms [148,149]. We then injected
10000 spinning signals into fake data; each signal had spins that were purely
aligned or anti-aligned with the orbital angular momentum and had dimensionless
spin values of |y;| < 0.5. We then calculated the overlap between our non-spinning
template waveforms and the spinning signals. We find results similar to those
of [147]; at low spin, there is a large overlap between the template waveforms and
the injected, spinning signals. At higher spins, however, the maximum overlap
rapidly falls off, implying that LIGO would miss a significant fraction of the signals
with appreciable spin. In fact, we find that the non-spinning bank used here recovers
signals well provided xeg > —.08 or yeg < .02. As y.g deviates from these values,
the fraction of signals missed grows rapidly. A spinning template bank is therefore
necessary if sub-solar mass ultracompact binaries are either born with appreciable
spin components or accrete enough matter to develop substantial spin. We are
currently examining the effects of spin on the computational cost of sub-solar mass
CBC searches, as well as other possible ways to mitigate the increased difficulty of

a spinning search.
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Figure 3.3: Recovery of spinning signals with a family of non-spinning template
waveforms. Shown in black are lines of constant fitting factor (i.e. the maximum
overlap between template waveforms and the injected signals) with the value
specified by the line type. The shading shows how the fitting factor changes with
the spin of the components in regions between the contours. While systems with
—.084 < Yo < .019 are recovered well, the match between the two waveforms drops
rapidly for x.g outside this range. The SNR is proportional to the fitting factor, so
the loss in SNR grows rapidly with total spin.
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3.4 Potential constraints on primordial black hole

abundance

While there is a large population of compact objects below one solar mass, the
only objects compact enough for detection by LIGO are black holes and neutron
stars. Other compact objects begin to coalesce at too low of an orbital frequency to
produce gravitational waves in the sensitive band of ground-based interferometers.
Neither black holes nor neutron stars are expected to form below one solar mass via
known astrophysical mechanisms, though there are models that propose alternative
ways to form black holes at this mass [150,151]. It is interesting to consider the
possibility that sub-solar mass black holes are formed via primordial processes
and could be a component of the dark matter. In the event of either a detection
or null-result LIGO can provide estimates on the merger rate, so it is therefore
necessary to model the binary formation rate for primordial black holes in order
to connect LIGO with primordial populations. Here we describe the sensitivity of
one particular model to changes in input parameters, as well as the response of
constraints on the dark matter fraction, fpgy = Qppn/{lpm, to changes in merger
rate constraints that could be provided by LIGO. We motivate this model as a way
to provide a conservative limit on fpgy.

We consider a model of (initially) uniformly distributed, monochromatic black
holes formed in the early universe. A pair of nearest neighbor black holes will start
to decouple from the background cosmological expansion and form a binary when
the mean energy density in a volume encompassing the two exceeds the background
energy density. A third, closest black hole to the binary injects angular momentum
in the system by applying tidal forces, which ensures that the two black holes will
orbit rather than collide head-on. The resulting expression for the merger rate of
primordial black hole binaries in the local universe is given by:

dP

event rate = npgg — ) (3.13)
dt |,_y,
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where dP is given by:
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with @ = 3/170 (GMpgr)~2, G the gravitational constant, z., the redshift at
matter-radiation equality, and Mpgy the mass of each individual black hole in
this population. « and § are constants of O(1) that depend on the dynamics
of binary formation and are typically set to 1. This model has been extensively
studied [152-156].

This model provides a direct connection between LIGO and PBHs via an
expected merger rate which is solely a function of the age of the universe, ty,
given some Mgy and fpgy. The merger rate is not analytically invertible, but
if gravitational wave observations provide a constraint on the merger rate for
black holes of a particular mass, then it can be numerically solved to obtain an
upper limit on fpgy for that mass bin. Similar procedures have been considered
before [154,156].

It is important to consider the robustness of this model and the relative strictness
of the constraints it provides. First, consider the effects of varying a and f.
Numerical simulations suggest that realistic values are « = 0.4, 5 = 0.8 [152].
Though not immediately evident from the above equation, smaller values of o and
[ lead to larger expected rates and therefore more stringent estimates of the upper
limit of fpgy. The dependence of the expected rate on o and (3 is shown explicitly

in Figure 5.1. As a and (8 dip below 1, the expected merger rate increases. It
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is a simple extension to approximate how the constraints on fppy are affected by
variations of a and . We can use the procedure outlined in 3.3.3 to approximate
the upper limit on the merger rate, which we then invert to find limits on fpgy.
We present bounds under this approximation for « = 5 =1 and a« =04, 5 = 0.8
in Figure 3.5a. This figure shows a general feature of the model: as either o or
is decreased, the constraint on fppy for a given upper bound on the merger rate
becomes tighter. Thus a = = 1 provides a more conservative limit on fppy.

Of course, allowing «, § to increase beyond 1 yields looser constraints. At the
time that two PBHs become gravitationally bound to one another, o describes the
ratio between the semi-major axis of the binary and the initial physical separation
of the two PBHs at the moment they become bound. It is therefore unphysical
to expect a > 1. 3 helps to determine the minimum ellipticity of the binary; for
£ > 1, the ellipticity becomes imaginary. a = = 1 therefore provides the most
conservative rate estimate for this model.

Another important consideration is the sensitivity of this model to errors in
observational measurements of the merger rate. We can propagate errors in rates
measurements through to the dark matter fraction. From our upper limit on the
merger rate estimate, we find that fppy ~ .28 at 0.2M and fppy ~ .04 at 1.0M,.
If we allow for a 50% error in the merger rate estimate that this procedure provides
we still find f € (.17,.37) and f € (.03,.06) for the respective mass bins, thus
demonstrating that the constraints are relatively insensitive to even large errors in
the upper bound on the merger rate.

There are several other assumptions made in this model that we do not attempt
to quantify, but instead provide a brief qualitative argument on their effects. First,
we have assumed that primordial black holes are uniformly distributed in space. In
reality, we expect PBHs to cluster to some extent which would change the expected
event rate for PBH binary mergers. Clustering would tend to increase the amount
of binary coalescences, however, so the expected event rate would rise and therefore
the maximum permissible fraction, fppy, would decrease. Therefore a spatially
uniform distribution of PBHs provides a conservative bound on fpgy. We also
ignore the binary’s evolution between formation and coalescence, as well as the
possibility of late-universe binary formation. For a discussion of these effects, which
appear to be sub-dominant (though they also drive the expected rate up), see [157].

A potentially larger effect comes from the assumption of a purely monochromatic
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Figure 3.4: Merger rate dependence on o and f3 for a fixed dark matter fraction
(f = 0.5) and primordial black hole mass (Mpy = 1.0M), shown in units of
Gpcyr~. The expected merger rate strictly increases as either a or 3 are
changed from 1.0. Similar behavior is observed independent of the black hole mass
or dark matter fraction. This implies that the constraints on the dark matter
fraction that are typically published assuming o = § = 1 are conservative for this

model.
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Figure 3.5: 3.5a Limits on the fraction of dark matter composed of primordial black
holes in a monochromatic distribution. Shown in purple, yellow, blue, and green
are reproductions of the constraints found in [17-20], respectively. Unlike in [21],
the LIGO limits presented here are based on horizon distance estimates using the
power spectra and the loudest event statistic [22,23]. This method is described in
the text. Potential LIGO results shown in red emphasize the small effect o and
£ have on the constraints. The bottom line shows the limit for « = 0.4, g = 0.8,
while the upper line shows a = 8 = 1. 3.5b A possible outlook to the future. Shown
here are constraints derived from the same formalism (and assuming continued null
results). We follow the procedure mentioned in the text to approximate the rates
constraints. Here we assume year long runs operating at 40% efficiency for the
02 and design contributions. LIGO will be able to place percent level limits on
the fraction of dark matter in PBHs after a year of operating at design sensitivity.
The noise curves used for this plot come from the data release associated with [16],
specifically the “Early high/Mid low” column for O1, “Mid high/Late low” for 02,
and “Design” for design.

distribution of black holes. Though the framework for this formation model has

been extended to the unequal mass case in [152], we have not considered those

effects here. Finally, we also ignore the effects of spin on binary formation.
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3.5 Future prospects and discussion

As Advanced LIGO approaches design sensitivity, its horizon distance should
increase by a factor of 2 — 3 [47]. This, coupled with the more observation, means
that LIGO could conceivably have a (cumulative) sensitive (V1) O(10) times larger
than was observed in [21|. Figure 3.5b shows projections for how continued
null results could contribute to constraints on fpgy for this mass range. Ground
based interferometers have the unique ability to strengthen bounds in the sub-solar
mass regime by systematics independent of previous microlensing observations
[17,18,158]. This is especially important in light of recent criticisms [87] and studies
of the model dependencies of these surveys [159].

There are many areas in which sub-solar mass searches can improve on the
suggestions outlined here. The most obvious are extensions to lower masses and
spinning binaries, each of which presents its own challenges. Lower masses require
denser template banks and they persist in LIGO’s sensitive band longer. One
possible solution could be to alter the width of the frequency band considered
for different mass bins, thus stitching together a suitable template bank. Spin
is more difficult to incorporate; early tests seem to imply at least a factor of 10
more templates would be required for fully spinning binaries. Examining smaller
component spins, such as x; < 0.3, could remain computationally feasible and
help to mitigate the rapid fall off in sensitivity that non-spinning banks currently
experience for moderate to high spin systems. We are actively pursuing extensions
in these areas.

More careful PBH population modeling is also a necessity. In particular, a
careful consideration of extended PBH distributions will offer more accurate and
general merger rate predictions. Not only will this allow for more precise constraints,
but it will also be useful in examining the feasibility of detecting preferred PBH
distributions peaked in this mass range. While this paper has demonstrated that
the model considered typically provides a conservative estimate of the bounds on

fpBH, a more general formalism will allow testing of different inflationary models.
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Chapter 4

Search for sub-solar mass ul-
tracompact binaries in Advanced
LIGQO’s first observing run

The following chapter is a reprinted article with permission from
(https://dx.doi.org/10.1103 /PhysRevLett.121.231103): The LIGO-Virgo Collabora-
tion and Sarah Shandera, Physical Review Letters, 121, 231103 and 2018. Copyright
2018 by the American Physical Society.

We present the first Advanced LIGO and Advanced Virgo search for ultracompact
binary systems with component masses between 0.2 M, — 1.0 M, using data
taken between September 12, 2015 and January 19, 2016. We find no viable
gravitational wave candidates. Our null result constrains the coalescence rate of
monochromatic (delta function) distributions of non-spinning (0.2 Mg, 0.2 M)
ultracompact binaries to be less than 1.0 x 106 Gpc™3yr~! and the coalescence rate
of a similar distribution of (1.0 Mg, 1.0 M) ultracompact binaries to be less than
1.9 x 10* Gpc?yr~! (at 90% confidence). Neither black holes nor neutron stars are
expected to form below ~ 1M through conventional stellar evolution, though it
has been proposed that similarly low mass black holes could be formed primordially
through density fluctuations in the early universe and contribute to the dark matter
density. The interpretation of our constraints in the primordial black hole dark
matter paradigm is highly model dependent, however, under a particular primordial

black hole binary formation scenario we constrain monochromatic primordial black
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hole populations of 0.2 My to be less than 33% of the total dark matter density
and monochromatic populations of 1.0 Mg to be less than 5% of the dark matter
density. The latter strengthens the presently placed bounds from micro-lensing
surveys of MAssive Compact Halo Objects (MACHOs) provided by the MACHO
and EROS collaborations.

4.1 Introduction

The era of gravitational wave astronomy began with the observation of the binary
black hole merger GW150914 [160]. Since then, four additional binary black hole
mergers [134-137] and one binary neutron star merger |9] have been announced
as of November 2017. Thus far, Advanced LIGO and Advanced Virgo searches
have targeted binary systems with total masses from 2-600 M, [138,139], but
the LIGO and Virgo detectors are also sensitive to ultracompact binaries with
components below 1 My, if the compactness (mass to radius ratio) is close to that
of a black hole. White dwarf binaries, while often formed with components below
one solar mass, are not sufficiently compact to be a LIGO/Virgo gravitational
wave source. Neutron stars or black holes are sufficiently compact as would be
other exotic compact objects. Previous gravitational wave searches for sub-solar
mass ultracompact binaries used data from initial LIGO observations from Feb 14,
2003 — March 24, 2005 [24,25]. Advanced LIGO [45] presently surveys a volume of
space approximately 1000 times larger than the previous search for sub-solar mass
ultracompact objects therefore improving the chances of detecting such a binary
1000-fold.

In conventional stellar evolution models, the lightest ultracompact objects
are formed when stellar remnants exceed ~ 1.4M;, the Chandrasekhar mass
limit [161,162]. Beyond the Chandrasekhar mass limit, electron degeneracy pressure
can no longer prevent the gravitational collapse of a white dwarf. The lightest
remnants that exceed the Chandrasekhar mass limit form neutron stars [163].
When even the neutron degeneracy pressure cannot prevent collapse, heavier stellar
remnants will collapse to black holes. Some equations of state predict that neutron
stars remain stable down to ~ 0.1M [164]; there is no widely accepted model
for forming neutron stars below ~ 1M, though a recent measurement does not
exclude the possibility of 0.92M, neutron star [165]. This result may be due to the
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low inclination of the system. The lowest precisely measured neutron star mass
is 1.174Mg, [166]. Observationally, black holes appear to have a minimum mass
of ~ 5M with a gap between the heaviest observed neutron star (~ 2M) and
black hole masses [91,92,167,168]. Detecting ultracompact objects below one solar
mass could challenge our ideas about stellar evolution or possibly hint at new,
unconventional formation scenarios.

Beyond conventional stellar evolution, one of the most prolific black hole for-
mation models posits that primordial black holes (PBHs) could have formed in
the early universe through the collapse of highly over-dense regions [104,169-172].
It has been suggested that PBHs could constitute a fraction of the missing dark
matter [169,172|, though this scenario has been constrained [8]. LIGO’s detections
have revived interest in black hole formation mechanisms and, in particular, the
formation of primordial black holes (PBHs) [88,154,173|. Though there are propos-
als on how to distinguish a primordial black hole distribution from an astrophysical
one [174-179], disentangling them is challenging when the populations overlap in
mass. Hence, detection of sub-solar mass ultracompact objects would provide the
cleanest signature for determining primordial formation. Still, recent proposals for
non-baryonic dark matter models can produce sub-solar mass black holes either
by allowing a lower Chandrasekhar mass in the dark sector [150], or by triggering
neutron stars to collapse into ~ 1M, black holes [151].

This letter describes a gravitational wave search for ultracompact binary systems
with component masses between 0.2 M, and 1.0 M using data from Advanced
LIGO’s first observing run . No viable gravitational wave candidates were identified.
We briefly describe the data analyzed and the anticipated sensitivity to sub-solar
mass ultracompact objects, as well as the search that was conducted, which led to
the null result. We then describe how the null result constrains the merger rate
of sub-solar mass binaries in the nearby universe. We consider the merger rate
constraints in the context of binary merger rate estimates most recently given by
Sasaki et al [154] thereby constraining the fraction of dark matter density made up
of PBHs between 0.2 M and 1.0 M. Finally, we conclude with a discussion of

future work.

ol



4.2 Search

We report on data analyzed from Advanced LIGO’s first observing run, taken from
September 12, 2015 — January 19, 2016 at the LIGO Hanford and LIGO Livingston
detectors. After taking into account data quality cuts [180] and detector downtime,
we analyzed a total of 48.16 days of Hanford-Livingston coincident data. The data
selection process was identical to that used in previous searches [181].

During Advanced LIGO’s first observing run, each LIGO instrument was sensi-
tive to sub-solar mass ultracompact binaries at extra-galactic distances. Figure 4.1
shows the maximum distance to which an equal-mass compact binary merger with
given component masses would be visible at a signal-to-noise ratio of 8 in either
LIGO Hanford or LIGO Livingston.

The search was conducted using standard gravitational wave analysis soft-
ware [58,148,149,182-184|. Our search consisted of a matched-filter stage that
filtered a discrete bank of templates against the LIGO data. The peak SNR for each
template for each second was identified and recorded as a trigger. Subsequently, a
chi-squared test was performed that checked the consistency of the trigger with a
signal [58]. The triggers from each LIGO detector and gravitational wave template
were combined and searched for coincidences within 20 ms. Candidates that pass
coincidence were assigned a likelihood ratio, £, that accounts for the relative proba-
bility that the candidates are signal versus noise as a function of SNR, chi-squared,
and time delay and phase offset between detectors. Larger values of £ were deemed
to be more signal-like. The rate at which noise produced candidates with a given
value of £ was computed via a Monte Carlo integral of the noise derived from
non-coincident triggers, which we define as the false alarm rate of candidate signals.

Our discrete bank of 500332 template waveforms [185] conformed to the grav-
itational wave emission expected from general relativity [51,52]. We use the 3.5
post-Newtonian order TaylorF2 waveform to model the inspiral portion of the bi-
nary evolution, which is constructed under the stationary phase approximation [52].
The TaylorF2 waveform has been used in previous low-mass Advanced LIGO and
Advanced Virgo searches. The bank covered component masses in the detector
frame between 0.19 — 2.0 M, with 97% fidelity. While we restrict our analysis of
the search results to the sub-solar region, we have allowed for the possibility of high

mass ratio systems. Our template bank assumed that each binary component has
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Figure 4.1: Distance to which an optimally oriented and aligned equal-mass
ultracompact binary merger would produce at least SNR 8 in each of the LIGO
Livingston and LIGO Hanford detectors as a function of component mass, based
on the median sensitivity obtained from our analyzed data.

negligible spin. Relaxing that assumption is a direction for future work, but is a
computationally challenging problem requiring resources well beyond those used for
this and previous LIGO analyses. We integrated the template waveforms between
45-1024 Hz, with the longest waveform lasting about 470 seconds. Advanced LIGO
is sensitive down to ~ 15 Hz, but integrating from that frequency would have been
too computationally burdensome. Our choice to integrate from 45 Hz to 1024 Hz
recovered 93.0% of the total possible SNR that integration over the full band would
have provided. Additional details are described in [185].
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No viable gravitational wave candidates were found. Our loudest gravitational
wave candidate was consistent with noise and had a false alarm rate of 6.19 per

year.

4.3 Constraint on binary merger rate

We constrained the binary merger rate in this mass region by considering nine
monochromatic mass distributions with equal component masses and negligible
spin. We constructed sets of simulated signals with component masses m; €
{0.2,0.3,..., 1.0} M, distributed uniformly in distance and uniformly on the sky. We
injected 374 480 simulated signals into the LIGO data and conducted a gravitational
wave search with the same parameters as described in section 4.2. We then calculated
our detection efficiency as a function of distance, €;(r). This allowed us to compute

the volume-time, (V'T'), that was accessible for our search via,
(VT); =T / 4r2e;(r)dr, (4.1)

where T is 48.16 days. We then used the loudest event statistic formalism [23]
to compute an upper limit on the binary merger rate in each mass bin to 90%

confidence,

Rooi = - 4.2

90,1 <VT>1 ( )

We report the upper limits on the binary merger rate in Fig. 5.1. Several factors
in our analysis could lead to uncertainty in Rgq at the 25% level, including LIGO
calibration errors and Monte Carlo errors. However, these errors are far smaller
than potential systematic errors in the models we will be considering in the next

section, so we do not attempt to further quantify them in this work.
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Figure 4.2: Constraints on the merger rate of equal-mass ultracompact binaries at
the 9 masses considered. The gray region represents an exclusion at 90% confidence
on the binary merger rate in units of Gpc™ yr~!. These limits are found using
the loudest event statistic formalism, as described in section III and [23]. The
bounds presented here are ~ 3 orders of magnitude stricter than those found in
initial LIGO’s search for sub-solar mass ultracompact objects [24,25].

4.4 Constraint on primordial black holes as dark

matter

For an assumed model of PBH binary formation, the constraint on the binary
merger rate places bounds on the total fraction of dark matter made of primordial

black holes, f. These bounds are derived from the expected event rate for a uniform
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distribution of monochromatic PBHs with mass m; as considered above. The limits
on f are sensitive to the model of binary formation. Motivated by previous LIGO
searches [24] we follow a method originally proposed by [152,153| and recently used
to constrain ~ 30M, PBH mergers by [154].

We assume an initial, early-universe, monochromatic distribution of PBHs. As
the universe expands, the energy density of a pair of black holes not too widely
separated becomes larger than the background energy density. The pair decouples
from the cosmic expansion and can be prevented from prompt merger by the local
tidal field, determined primarily by a third black hole nearest the pair. The initial
separation of the pair and the relative location of the primary perturber determine
the parameters of the initial binary. From those, the coalescence time can be
determined. Assuming a spatially uniform initial distribution of black holes, the

distribution of coalescence times for those black holes that form binaries is

(
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where t. is a function of the mass of the PBHs and the fraction of the dark matter

they comprise:
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This expression is evaluated at the time today, ¢y, then multiplied by ngy, the

current average number density of PBHs, to get the model event rate [154]:

dP

Rmodel =MNBH —

— (4.5)

t=to

Given the measured event rate, R ;, and a particular mass, the above expression
can be inverted to find a constraint on the fraction of dark matter in PBHs at
that mass. The results of this calculation using the measured upper limits on
the merger rate are shown in Fig. 5.2. A discussion on how some assumptions

of this model may affect the constraints on f shown in Fig. 5.2, are discussed
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in [185]. The non-detection of a stochastic background in the first observing
run of Advanced LIGO [186] also implies an upper limit on the merger rate and
therefore the PBH abundance. In particular, it is shown that the non-detection of
a stochastic background yields constraints that are about a factor of two weaker
than the targeted search [156,187-189].

These results are sensitive to the model of binary formation as well as the mass
distribution of PBHs. The effects of initial clustering of PBHs is a current area
of research, though it appears that for the expected narrow mass distributions of
PBHs this effect is small in the mass range we consider [190-192]. While the results
presented here to not take into account other effects on the binary parameters [157],

they provide a conservative estimate of the bounds.

4.5 Conclusion

We presented the first Advanced LIGO and Advanced Virgo search for ultracom-
pact binary mergers with components below 1 M. No viable gravitational wave
candidates were found. Therefore, we were able to constrain the binary merger
rate for monochromatic mass functions spanning from 0.2 — 1.0 M. Using a
well-studied model from the literature [152-154], we constrained the abundance of
primordial black holes as a fraction of the total dark matter for each of our nine
monochromatic mass functions considered.

This work was only the first step in constraints by LIGO on new physics
involving sub-solar mass ultracompact objects. The constraints presented in Fig.
5.1 (and consequently those that arise from the model of binary formation we
consider shown in Fig. 5.2) may not apply if the ultracompact binary components
have non-negligible spin since the waveforms used for signal recovery were generated
only for non-spinning binaries. Future work may either quantify the extent to which
the present search could detect spinning components, or expand the template bank
to include systems with spin. Third, we should consider more general distributions
of primordial black hole masses; extended mass functions allow for the possibility
of unequal mass binaries, and the effect of this imbalance on the predicted merger
rate has not been quantified. We also stress that our present results do not rule
out an extended mass function that peaks below 0.2 M and extends all the way

to LIGO’s currently detected systems at or above 30 My. Each model would
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Figure 4.3: Constraints on the fraction of dark matter composed of primordial
black holes for monochromatic distributions (f = Qppp/Qpym). Shown in black
are the results for the nine mass bins considered in this search. For this model
of primordial black hole formation, LIGO finds constraints tighter than those of
the MACHO collaboration [18] for all mass bins considered and tighter than
the EROS collaboration [17] for m; € (0.7,1.0)My. The limits presented here
also improve upon other constraints at this mass [26]. The curves shown in this
figure are digitizations of the original results from [17-20]. We use the Planck
“TT,TE,EE+lowP+lensing+ext” cosmology [27].
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have to be explicitly checked by producing an expected binary merger rate density
that could be integrated against Advanced LIGO and Advanced Virgo search
results. Extensions to more general distributions have already been considered in
the literature [193].

The first two areas of future work are computational challenges. Lowering
the minimum mass and including spin effects in the waveform models could easily
increase the computational cost of searching for sub-solar mass ultracompact objects
by an order of magnitude each, which would be beyond the capabilities of present
LIGO data grid resources.

Advanced LIGO and Advanced Virgo have not reached their final design sensi-
tivities. The distance to which Advanced LIGO will be sensitive to the mergers of
ultracompact binaries in this mass range should increase by a factor of three over
the next several years [47]|. Furthermore, at least a factor of ten more data will be
available than what was analyzed in this work. These two facts combined imply
that the merger rate constraint should improve by g 2 orders of magnitude in the

coming years.
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Chapter 5

Search for sub-solar mass ul-
tracompact binaries in Advanced
LIGO’'s second observing run

The following chapter is a reprinted article with permission from
(https://dx.doi.org/10.1103 /PhysRevLett.123.161102): The LIGO-Virgo Collabora-
tion and Sarah Shandera, Physical Review Letters, 123, 161102 and 2019. Copyright
2019 by the American Physical Society.

We present a search for sub-solar mass ultracompact objects in data obtained
during Advanced LIGO’s second observing run. In contrast to a previous search
of Advanced LIGO data from the first observing run, this search includes the
effects of component spin on the gravitational waveform. We identify no viable
gravitational wave candidates consistent with sub-solar mass ultracompact binaries
with at least one component between 0.2 — 1.0 M. We use the null result to
constrain the binary merger rate of (0.2 My, 0.2 M) binaries to be less than
3.7 x 10° Gpc 2yr~! and the binary merger rate of (1.0 M, 1.0 M) binaries to
be less than 5.2 x 10° Gpc®yr~!. Sub-solar mass ultracompact objects are not
expected to form via known stellar evolution channels, though it has been suggested
that primordial density fluctuations or particle dark matter with cooling mechanisms
and /or nuclear interactions could form black holes with sub-solar masses. Assuming
a particular primordial black hole formation model, we constrain a population of

merging 0.2 M, black holes to account for less than 16% of the dark matter density
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and a population of merging 1.0 M, black holes to account for less than 2% of
the dark matter density. We discuss how constraints on the merger rate and dark
matter fraction may be extended to arbitrary black hole population models that

predict sub-solar mass binaries.

5.1 Introduction

Gravitational wave and multi-messenger astronomy progressed remarkably in Ad-
vanced LIGO [45] and Advanced Virgo’s [46] second observing run, which included
the first observation of gravitational waves from a binary neutron star merger [9]
and seven of the ten observed binary black hole mergers [135-137,194|. These
detections, as well as the candidates presented in the gravitational wave transient
catalog (GWTC-1) [194], have led to a better understanding of the populations of
compact binaries detectable by ground based interferometers [195]. These obser-
vations, however, represent just a portion of the parameter space that Advanced
LIGO and Advanced Virgo currently search |75,196] and are sensitive to [97]. We
report on an extension of the searched parameter space in data obtained during
02 to compact binaries with component masses < 1 M. To distinguish between
other astrophysical compact objects (e.g. white dwarfs) that are not compact
enough to form binaries that merge within LIGO’s sensitive frequency band, we
label our target population as ultracompact. This is the second search for sub-solar
mass ultracompact objects in Advanced LIGO data and the fourth since initial
LIGO [24,25,28|, as well as the first search to incorporate spin effects in the
modeling of the gravitational wave emission.

There is no widely accepted mechanism for the formation of ultracompact
objects with masses well below a solar mass within the standard model of particle
physics and the standard ACDM model of cosmology. Neutron stars are expected
to have masses greater than the minimum Chandrasekhar mass [162] minus the
gravitational binding energy. Calculations by [197] and more recently [89] found
the minimum mass of a neutron star to be 1.15 M and 1.17 M, respectively.
These predictions closely agree with the lowest currently measured neutron star
mass of 1.17 M, [166]. Similarly, black holes formed via established astrophysical
collapse mechanisms are not expected to have masses below the maximum mass of

a non-rotating neutron star, which recent pulsar timing observations [198] suggest
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is ~ 2 M. We note that there is one model that predicts that rapidly rotating
collapsing cores could fission and produce a neutron star binary [199,200], though
this is not a favored astrophysical mechanism for the production of binary systems.

A detection of a sub-solar mass object in a merger would therefore be a clear
signal of new physics. Indeed, there are several proposals that link sub-solar mass
compact objects to proposals for the nature of dark matter, which makes up nearly
85% of the matter in the Universe. One possibility is that black holes with masses
accessible to ground based interferometers could have formed deep in the radiation
era from the prompt collapse of large primordial over-densities on the scale of
the early time Hubble volume [103,201]. The size and abundance of any such
primordial black holes depends on the spectrum of primordial perturbations and
on the equation of state of the early universe [202-205|. An alternative inflationary
mechanism proposes that vacuum bubbles nucleated during inflation may result in
black holes (with masses that can be around a solar mass) after inflation ends [206].

A different class of possibilities, explored more recently, is motivated by ideas
for the particle nature of dark matter. For example, dark matter may have a
sufficiently complex particle spectrum to support cooling mechanisms that allow
dense regions to collapse into black holes at late times, in processes analogous
to known astrophysical processes [150]. Alternatively, dark matter may have
interactions with nuclear matter that allow it to collect inside of neutron stars and
trigger their collapse to black holes [151,207-212|. The details of when dark matter
can collapse a neutron star to form a black hole or other exotic compact object
are still under investigation [213], but the postulated black holes will have masses
comparable to the progenitor neutron star mass, or perhaps smaller if some matter
can be expelled by rapid rotation of the star during collapse.

A detection of a sub-solar mass black hole would have far-reaching implications.
In the primordial black hole scenario, the mass and abundance of the black holes
would constrain a combination of the spectrum of initial density perturbations
on very small scales and the equation of state of the Universe at a time when
the typical mass inside a Hubble volume was of the order of the black hole mass.
For particle dark matter scenarios, the abundance of sub-solar mass black holes
would provide a direct estimate of the cooling rate for dark matter. The black hole
mass would constrain the masses of cosmologically abundant dark matter particles

through, for example, the Chandrasekhar relation for fermions [150] or analogous
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relations for non-interacting bosons [214,215]. In the case that all black holes are
observed to be near but not below the mass of neutron stars, the abundance of
such objects would constrain the dark matter-nucleon interaction strength, as well
as the dark matter self-interaction strength and mass(es) [151].

This letter reports the results of a search for gravitational waves from sub-solar
mass ultracompact binaries using data from Advanced LIGO’s second observing run.
No significant candidates consistent with a sub-solar mass binary were identified.
The null result places the tightest constraints to date on the merger rate and
abundance of sub-solar mass ultracompact binaries. We describe an extension
of our merger rate constraints to arbitrary populations and models under the
assumption that the horizon distance controls the sensitivity of the search. We
once more consider the merger rate constraints in the context of merging primordial
black hole populations contributing to the dark matter [28]. We describe how to
extend the dark matter fraction parameterization to other models by separating
LIGO observables from model dependent quantities. Finally, we conclude with a

discussion of the implications of this search.

5.2 Search

We analyze data obtained from November 30, 2016 to August 25, 2017 during
Advanced LIGO’s second observing run (O2).! Noise artifacts are linearly subtracted
from the data; this includes strong sinusoidal features in both detectors due to
injected calibration frequencies and the AC power grid, as well as laser beam jitter
in the LIGO-Hanford detector data [216]. 117.53 days of coincident data remain
after the application of data quality cuts [180,181,217-219]. The Advanced Virgo
interferometer completed commissioning and joined Advanced LIGO in August
2017 for 15 days of triple coincident observation [194]|, however, we only report
on the analysis of data obtained by the LIGO Hanford and LIGO Livingston
interferometers.

The search was conducted using publicly available gravitational-wave analysis
software [56, 58, 148,149, 182-184]. The initial stage of the search performed a

!'Data from Advanced LIGO’s second observing run is available from the Gravitational
Wave Open Science Center with and without noise sources linearly subtracted: https://wuw.
gw-openscience.org
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matched-filter analysis using a discrete bank of template waveforms generated
using the TaylorF2 frequency-domain, post-Newtonian inspiral approximant. This
waveform was chosen since negligible power is deposited in the merger and ringdown
portion of the waveform for low-mass systems [220]. The template bank used for this
search was designed to recover binaries with component masses of 0.19—2.0 M, and
total masses of 0.4 — 4.0 My, in the detector frame with 97% fidelity, as in [28]|. The
search presented here, however, additionally includes spin effects in the modeling of
the gravitational waveform. The bank is constructed to recover gravitational waves
originating from binaries with component spins purely aligned or anti-aligned with
the orbital angular momentum, and with dimensionless spin magnitudes of 0.1 or
less. The inclusion of spin effects required denser placement of the waveforms in
the template bank; the resulting bank had 992461 templates, which is nearly twice
as large as the non-spinning bank used in [28].

In order to reduce the computational burden, matched filtering was only per-
formed for a subset of Advanced LIGO’s full sensitive band [97]. The choice to only
analyze the 45-1024 Hz band led to a detector averaged signal-to-noise ratio (SNR)
loss of 8% when compared to the full ~ 10 —2048Hz frequency band. This estimated
SNR loss is a property of Advanced LIGO’s noise curves and is independent of the
templates used in the search; the discrete nature of the template bank causes an
additional < 3% loss in SNR.

Gravitational-wave candidates that were found coincident in both the Hanford
and Livingston detectors were ranked using the logarithm of the likelihood-ratio
, L |56,58,182]|. For a candidate with a likelihood-ratio of L£L*, we assign a false-
alarm-rate of

N
FAR(log L") = ?P (log £ > log L*|noise) , (5.1)

where N is the number of observed candidates, T' is the total live time of the exper-
iment, and P (log £ > log £*|noise) describes the probability that noise produces a
candidate with a ranking statistic at least as high as the candidate’s.

The search recovered the previously detected signal GW170817 [9], which was
observed along with an electromagnetic counterpart [221]. This signal is consistent
with a binary neutron star. No other viable gravitational wave candidates were
identified. The next loudest candidate was identified by a template waveform with
a chirp mass of 0.23 M and a SNR of 9.5. The candidate was consistent with noise
and assigned a FAR of 3.25 per year.
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5.3 Constraint on binary merger rate

As in [28], we consider nine populations of equal mass, non-spinning binaries that
are delta-function distributed in mass, i.e. m; € {0.2,0.3,...,1.0}. We injected
913 931 fake signals into our data; the injections were randomly oriented and spaced
uniformly in distance and isotropically across the sky. The recovered signals provide
an estimate of the pipeline’s detection efficiency as a function of source distance
for each equal mass population. This in turn allows us to estimate the sensitive
volume-time accumulated for each mass bin. We once more use the loudest event
statistic formalism [23] to estimate the upper limit on the binary merger rate to

90% confidence,
23

VT,

(5.2)

These upper limits are shown for equal mass binaries and as a function of chirp mass
in Fig. 5.1. Although our template bank includes systems with total mass up to
4 M, we only place bounds on the merger rate of systems where both components
are < 1 M. We estimate that detector calibration uncertainties [194,222,223] and
Monte Carlo errors lead to an uncertainty in our rate constraint of no more than
20%.

Advanced LIGO and Virgo’s horizon distance scales as:

- 5/6 Smax f—7/3
Dhorlzon X M df (53)

Sfmin Sn(f)

where S,,(f) is the noise spectra of the detector and fyi, and fi.x are 45 Hz and
1024 Hz, respectively.? For a null result, we therefore expect R(M) oc M~15/6
provided the horizon distance controls the sensitivity of the search. The observed
power law dependence of the rate constraint on the chirp mass is within ~ 4% of
the expected M~1%/¢ dependence; this is well within the error bound on the rate
upper limit and is strong evidence that the chirp mass is the primary parameter
that dictates the sensitivity of the search. Therefore our upper limits from equal

mass systems also apply to unequal mass systems within the range of mass ratios we

2The waveform model used to generate our template bank, TaylorF2, truncates the waveform
at an upper frequency fisco, which corresponds to radiation from the innermost stable circular
orbit of a black hole binary with mass Mta. This frequency is above fi,ax for all non-spinning
waveforms in our template bank and so does not impact Dyorizon-
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Figure 5.1: The constraint on the merger rate density for equal mass binaries as a
function of total mass (top) and chirp mass (bottom). The two sets of lines show
the constraints for the O1 search [28] and the O2 search presented here. The null
result from O2 places bounds that are ~ 3 times tighter than the O1 results. The
majority of this improvement is due to the increased coincident observing time
in Advanced LIGO’s second observing run (~ 118 days vs. ~ 48 days), though
the improved sensitivity of the detectors led to an observed physical volume up to
~ 50% larger than in O1 for sub-solar mass ultracompact binaries.

have searched over. For verification, we performed a small injection campaign over
five days of coincident data with injected component masses distributed between
0.19 M, and 2.0 M, with at least one component < 1.0 M. The search sensitivity
remained a function of the chirp mass; this implies that the rate constraints found

from the equal mass injection sets can therefore be applied to systems with arbitrary
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mass ratios provided that both component masses lie within 0.20 M and 1.0 M
where our injection sets were performed.
The Advanced LIGO and Virgo rate upper limit can be expanded as:
Mo
R(My, My) = R(M) x (M) dM (5.4)
My
where R is the rate density as a function of chirp mass and (M) denotes the
black hole population distribution in chirp mass. We ignore the effects of redshift
due to the small detector range for sub-solar mass binaries. Setting (M) = 6(M)
then reveals the form of the LIGO constraining rate density, R(M), which is shown
in Figure 5.1. For a given model, (M), R(Mi, Ms) provides the LIGO rate
constraint on that model for chirp masses between M; and M. The resulting rate
constraints allow direct comparison of sub-solar mass ultracompact object models
with LIGO observations.

5.4 General constraints on sub-solar mass black

hole dark matter

We convert our limits on the merger rate of sub-solar mass ultracompact objects
into a constraint on the abundance of primordial black holes using our fiducial
formation model [154] first developed in [103,152] and used previously in LIGO
analyses [24,28]. We consider a population of equal mass primordial black holes that
is created deep in the radiation era. We model the binary formation via three-body
interactions, though others have considered the full field of tidal interactions [157].
By equating the model’s predicted merger rate with the merger rate upper limit
provided by Advanced LIGO and Virgo, we can numerically solve for the upper
limit on the PBH abundance. These constraints are shown in Figure 5.2.3

This interpretation is highly model dependent; the mass distribution, binary
fraction, and binary formation mechanisms all have a large effect on the expected

present day merger rate and consequently the bounds on the primordial black hole

3The normalization of the PBH distribution used in our fiducial model [154] differs by a factor
of 2 from the normalization in [103]. As such, our fiducial model (used here and in [28]) predicts
a more conservative PBH merger rate and leads to less constraining limits on fpgy than would
be attained using the model of [103].
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Figure 5.2: Constraints on the fraction of dark matter comprised of delta-function
distributions of primordial black holes (fppa = ppau/ppM). Shown here are (pink)
Advanced LIGO constraints from the O1 (dashed) and O2 ultracompact binary
search presented here (solid), (orange) microlensing constraints provided by the
OGLE (solid), EROS (dashed) [17], and MACHO (dotted) collaborations [18§],
(cyan) dynamical constraints from observations of Segue I (solid) [19] and Eridanus
IT (dashed) [20] dwarf galaxies, and (blue) supernova lensing constraints from the
Joint Light-curve Analysis (solid) and Union 2.1 (dashed) datasets [26]. There is
an inherent population model dependency in each of these constraints. Advanced
LIGO and Advanced Virgo results carry an additional dependence on the binary
fraction of the black hole population. Advanced LIGO and Advanced Virgo results
use the Planck “T'T,TE,EE+lowP-+lensing+ext” cosmology [27].

69



composition of the dark matter. The Advanced LIGO and Virgo observables can

be separated from the model dependent terms:

Plim 1 7z(]w'tot) Tobs Mtot 1

fco = X =
fobs

PCDM * o (5:5)
where T, is the duration of the observation (in the analysis presented here, 117.53
days). Here we use foo to refer to the dark matter fraction in ultracompact objects
instead of fppy to emphasize that this is generally applicable to other compact
object models that could contribute to the dark matter [150], and not just PBHs.
The first term, pyim/pcpm, represents the upper limit on the fraction of the dark
matter contained in presently merging sub-solar mass ultracompact binaries. In
the second term, f,s describes the fraction of sub-solar mass ultracompact objects
that are observable by Advanced LIGO and Virgo for a particular model. This is
set by the binary fraction and the probability density of binaries merging at present
day. Note that the merger rate density must be converted from a function of chirp
mass to total mass; this can be done by mapping to total mass for each mass ratio
on an equal chirp mass curve.

Equation (5.5) applies to any dark matter model that predicts the formation of
dark compact objects. The abundance of those dark compact objects can then be

expressed as a fraction of the dark matter density.

5.5 Conclusion

We have presented the second Advanced LIGO and Advanced Virgo search for
sub-solar mass ultracompact objects. No unambiguous sub-solar mass gravitational
wave candidates were identified. The null result allows us to place tight constraints
on the abundance of sub-solar mass ultracompact binaries.

This work represents an expansion of previous initial and Advanced LIGO and
Advanced Virgo sub-solar mass searches. First, we have broadened the searched
parameter space to increase sensitivity to systems with non-negligible component
spins. Second, we have presented a method to extend our constraints on the binary
merger rate to arbitrarily distributed populations that contain sub-solar mass
ultracompact objects. Combined with the existing rate limits, this may already

be enough to begin constraining collapsed particulate dark matter models [150] or
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the cross section of nuclear interactions [151,207-211]. Finally, we have provided a
method to separate Advanced LIGO and Advanced Virgo observables from model
dependent terms in our interpretation of the limits on primordial black hole dark
matter.

Ground based interferometer searches for sub-solar mass ultracompact objects
will continue to inform cosmological and particle physics scenarios. Advanced LIGO
and Advanced Virgo have begun a year long observing run in early 2019, with
improved sensitivities [47]. Advanced Virgo will have more coincident time with the
Advanced LIGO detectors over its next observing run, which will improve network

sensitivity and aid in further constraining the above scenarios.
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Chapter 6

Sub-threshold binary neutron
star search in advanced LIGO's
first observing run

The following chapter is a pre-print of a published article with permission from
(https://dx.doi.org/10.3847/2041-8213 /ab20cf): Ryan Magee et al., The Astro-
physical Journal Letters, 878, LL17 and 2019. Copyright 2019 by the American

Astronomical Society.

6.1 Motivation

Multi-messenger astrophysics (MMA) informed by GW observations is the future
of time domain astronomy. The coincident detection of messengers across distinct
astrophysical channels provides a breadth of information inaccessible to independent
observations. Candidate GWs especially benefit from coincidence with electromag-
netic radiation, which informs the distance, location, orientation, and material
composition of the source. GW170817 is a shining realization of how MMA can
maximize the scientific output of GW discoveries. The coincident detection of
GWs and prompt gamma ray emission placed new constraints on the speed of
gravity [224], and subsequent optical measurements localized the host galaxy and

provided an independent measurement of the Hubble constant [76]. Despite the
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successes surrounding GW170817, it is intriguing to wonder what remains to be
discovered in the ~11 hours between gamma ray observations and those at other
wavelengths [225] since the prompt emission encodes the initial conditions of the
outflow and the remnant object. Early optical and ultraviolet observations are
necessary to further inform our understanding of r-process nucleosynthesis [226|
and shock-heated ejecta [227]. Prompt X-ray emission would reveal the final state
of the system and uncover whether the remnant undergoes prompt collapse to
a black hole or forms a supramassive neutron star [228-230|. This is especially
important since GW analyses may remain unable to infer the remnant’s state until
the next generation of detectors comes online [231].

Other Advanced LIGO sources are also expected to produce electromagnetic
radiation observable by current telescopes. If the neutron star in a NSBH binary
can be tidally disrupted by the black hole, then a disk can form and later undergo
nuclear reactions to produce electromagnetic transients. The disk formation is
closely tied to the neutron star equation of state, black hole spin, and mass ratio of
the system since the neutron star must not plunge directly into the black hole, and
electromagnetic observations could inform our current understanding of how the
remnant baryon mass affects the spectrum [232]. Additionally, although BBHs do
not contain free matter, it is possible that the environment radiates near merger
and produces a short gamma ray burst [233] or optical transients [234]. A gamma
ray burst near the time of GW150914 inspired several searches for coincident
radiation, [235-237|.

One way to add to our catalog of multi-messenger discoveries is by comparing
subthreshold candidates across various astrophysical messengers. Temporal and /or
spatial coincidence would elevate the joint significance of the combined event. To
encourage searches for quiet multi-messenger events, I led a sub-threshold search for
binary neutron star systems. This work is detailed in the remainder of Chapter 6.

There are clearly tremendous scientific benefits associated with capturing prompt
electromagnetic emission from GW sources, and developing technology to better
inform observers is crucial. Much of the existing electromagnetic infrastructure
is aging and time on the next generation of observatories, such as the Vera C.
Rubin Observatory, will be highly sought after. Advanced LIGO must provide as
much useful and reliable information as possible in order to command follow-up

time and warrant the efforts of the electromagnetic community. I have worked to
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facilitate MMA through the development of early warning detection capabilities for
BNS systems. My contributions to early warning detection efforts are described in
Chapter 7.

6.2 Abstract

We present a search for gravitational waves from double neutron star binaries
inspirals in Advanced LIGQO’s first observing run. The search considers a narrow
range of binary chirp masses motivated by the population of known double neutron
star binaries in the nearby universe. This search differs from previously published
results by providing the most sensitive published survey of neutron stars in Advanced
LIGQO’s first observing run within this narrow mass range and including times when
only one of the two LIGO detectors was in operation in the analysis. The search
was sensitive to binary neutron star inspirals to an average distance of ~ 85 Mpc
over 93.2 days. We do not identify any unambiguous gravitational wave signals
in our sample of 103 sub-threshold candidates with false-alarm-rates of less than
one per day. However, given the expected binary neutron star merger rate of
R =~ 100 — 4000 Gpc > yr!, we expect O(1) gravitational wave events within our
candidate list. This suggests the possibility that one or more of these candidates is
in fact a binary neutron star merger. Although the contamination fraction in our
candidate list is ~ 99%, it might be possible to correlate these events with other
messengers to identify a potential multi-messenger signal. We provide an online
candidate list with the times and sky locations for all events in order to enable

multi-messenger searches.

6.3 Introduction

Advanced LIGO [45] conducted its first observing run (O1) from September 12,
2015 to January 19, 2016. Previous analyses of the 51.5 days of coincident LIGO
Hanford and LIGO Livingston data led to three detections of binary black hole
mergers [31, 134,138,160, 194]. No binary neutron star (BNS) or neutron-star,
black-hole (NSBH) systems were observed [141] in O1. We revisit this data with a
gravitational wave search targeted at binary neutron star masses and provide a list

of candidate events. Searches that catalog low signal-to-noise ratio (SNR) events
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probe significantly deeper into the cosmos. At low SNR it can be difficult to claim
an unambiguous detection, but the multi-messenger nature of BNS systems [221]
can be leveraged to identify authentic gravitational wave events. Comparisons of
catalogs provide a discovery space for a host of multi-messenger signals [238,239].
Temporal and/or spatial coincidences between candidates in distinct astrophysical
channels could strongly support a multi-messenger discovery. Another potential
application of this candidate list is to investigate fast radio bursts (FRB). Some FRB
origin theories are based on BNS merger and thought to be associated with GWs
as well [240-242]. FRBs are detected with accuracies of milliseconds, potentially
allowing very tight coincidence windows in correlation studies between this catalog
and arrival times of FRBs. This paper will take the lead in this future gravitational
wave follow-up search.

Most LIGO analyses have required two detectors to identify candidate gravita-
tional wave events [243|. In Advanced LIGO’s first observing run, this requirement
excluded nearly half of the available data! from analysis [138|. Previous compact
binary coalescence (CBC) searches using prototype LIGO [43] and TAMA300 [42]
data analyzed single detector time. In O1, the PyCBC pipeline [63, 196, 244|
cataloged single detector triggers primarily for detector characterization purposes,
and the search for gravitational waves associated with gamma-ray bursts [245] also
analyzed times with one operating interferometer. In Advanced LIGO’s second
observing run, GW170817 was first identified as a LIGO Hanford trigger by the
GstLAL online pipeline with an estimated false-alarm-rate of ~ 1 / 9000 years [246].
PyCBC Live also produced single detector online triggers in O2 [247]. We include
single interferometer data in our search, and we assign significances to O1 single
detector candidates for the first time, although we note that others have previously
suggested methods to rank these candidates [58,248,249].

1-OGC [31] recently provided a catalog of gravitational wave candidates in O1
data obtained via the Gravitational Wave Open Science Center (GWOSC)? [250].
The search presented here differs in several major ways. First, we target binary
neutron star systems exclusively by applying a mass model to increase sensitivity
to those systems [251,252]. Second, we use a denser grid of template waveforms

to minimize signal loss caused by the discrete nature of the template bank [253].

'Data that passes Category 1 data quality checks. These DQ cuts eliminate ~ 6% of coincident
time.
Zhttps://www.gw-openscience.org/
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Third, we include an additional 44.5 days of single detector time in our analysis
to increase the analyzed time and improve the sensitivity of the search. Fourth,
we include additional coincident data that was not analyzed in 1-OGC. Finally,
we include all candidates with false-alarm-rates less than one per day in our list
and we provide BAYESTAR [254] sky localization estimates for each candidate to

encourage multi-messenger followup surveys.

6.4 Search Description

We used the GstLAL-based inspiral pipeline to conduct a matched-filter analysis [56,
58,183,184,255-257] of data provided by GWOSC and spanning September 12, 2015
to January 19, 2016. GWOSC data is only available for times that pass Category
1 data quality checks [180], leaving 48.6 days of coincident data and 44.5 days of
single detector data. We exclude times known to have hardware injections from
our analysis and apply no additional data quality cuts. Additional information on

the data quality and hardware injections is available via GWOSC.

6.4.1 Template bank

Matched-filter based analyses correlate the data with a discrete bank of template
waveforms [149, 258, 259 that model the gravitational wave emission of compact
binaries [260-262|. The template bank used for this search was designed to maximize
sensitivity to BNS mergers with component masses and spins motivated by double
neutron star binary observations [9,263,264|. For astrophysical reasons, we consider
component spins that are purely aligned or anti-aligned with the orbital angular
momentum, and we limit the dimensionless spin magnitude to be < 0.05 [265]. We
model the component masses of our target population with a Gaussian distribution
where m = 1.33M, 0 = 0.05M, [263]. We consider three standard deviations
in mass and transform coordinates from component mass to chirp mass, M =
(m1my)®/°/(my+msy)/?, as the chirp mass is the primary parameter that affects the
gravitational wave signal [266]. We broaden the resulting chirp mass distribution
to allow for statistical errors in our measurements and we increase the mean of the
distribution to account for redshift. This results in a bank that covers detector
frame chirp masses of M € (1.04M, 1.36M,).
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Figure 6.1: The template bank used for this search as depicted in component
masses, my, Mo, where my; > msy. The colors represent the logarithm of probability
that a signal is recovered by a template t; (with parameters 5), for this search, we
have chosen a BNS population model with a mean mass of m = 1.33M and a
standard deviation of ¢ = 0.05M. The population model considers three standard
deviations in chirp mass. Although this population model neglects effects due to
redshift, redshift effects are considered when we estimate the sensitivity of the

search.

The final bank of 65634 template waveforms was constructed with the TaylorF2
approximant and a minimum match of .99, which ensures that signals with arbitrary
parameters have a 99% match with at least one template in the bank. This high
precision limits the loss of signals due to using a discrete template bank to ~ 3%;
previous searches in O1 data have used template banks that allowed signal loss up
to < 10% [31,196,267].
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6.4.2 Estimating significance of events

We use a likelihood-ratio statistic, £, to rank candidate events by their SNR, an
autocorrelation based signal consistency check, the sensitivity of each detector
at the time of the candidate, and the time and phase delays between different
gravitational wave observatories [56-58,248,251,268,269|. In addition we include
an astrophysical prior, which provides the probability that a signal from a BNS
source population is recovered by a particular template in the bank [252|. The
template bank and the prior probabilities associated with each template are shown
in Fig. 6.1.

Candidate events are assigned a false-alarm-rate that describes how often a
candidate with a likelihood-ratio statistic at least as high as its own is expected to
occur; the false-alarm-rate thus acts as a measure of how often the noise can be
expected to produce a candidate with similar properties. The first gravitational
wave detections had an extremely low false-alarm-rate (less than 1 / 100,000 years).
Here we are interested in digging considerably deeper into the noise probing events
with false-alarm-rates as high as 1 / day.

To estimate the false-alarm-rate for candidate events, we use triggers not found
in temporal coincidence between the interferometers when both LIGO detectors
were operating to estimate the background of noise-like events [58,251,270]. Single
detector events also have their background estimated from the set of non-coincident
triggers found when both LIGO detectors were operating, which amounts to 48.6
days of data. We estimate our background from the 48.6 days of coincident data.
When a single detector candidate has a higher likelihood ratio than any candidate
in the background, we bound its false-alarm-rate to 1 / 48.6 days.

6.4.3 Estimating the sensitivity of the search

The search sensitivity was estimated via Monte Carlo methods. We first gener-
ated a set of BNS signals arising from systems with parameters consistent with
local populations — we chose a Gaussian distribution for component masses with
Mupean = 1.33M), 0,,, = 0.05M, and an isotropic distribution for spin. The injected
population was modeled to a redshift of z = 0.2, and probed a space-time volume
of 0.77 Gpc® yr. We rejected 17 738 506 simulated signals which had SNRs below 3

to reduce the number of compute cycles. The remaining 112073 fake signals were
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injected into the data and subsequently searched for by the detection pipeline. At
a given false-alarm-rate threshold, we estimate the overall sensitivity of the search

via:

(VT = {V T 2 (6.1
total sims
where Nyecoverea Varies with the false-alarm-rate threshold. This search is approxi-
mately 30% more sensitive at the 1 / 100 year threshold than the previous BNS
search presented at the end of Advanced LIGO’s first observing run [141]. The
inclusion of single detector time in our analysis leads to a ~ 33% improvement in
our estimated (VT) at the 1 / day level.

6.5 Results

We find no unambiguous gravitational wave events, but we identify 103 candidates
with false-alarm-rates less than one per day. We provide the time, SNR, and
false-alarm-rate of each candidate in Table 6.1, as well as the probability that the
candidate is astrophysical in origin (p,). We compute p, using FGMC methods [248,
271]. When the p, assigned to single detector candidates via FGMC exceeds
the estimated single detector p, bound in [249|, we substitute the lower bound.
The associated source parameters and sky localization estimates obtained via
BAYESTAR [254] are provided on the LIGO Document Control Center at https:
//dcc.ligo.org/public/0158/P1900030/001/index . .html.

Date FAR (yr~') SNR Pa

2015-09-14T18:35:13.66" 145.45 859 3.75x 1073
2015-09-18T06:38:39.21 261.92 8.04 218x1073
2015-09-18T22:47:27.391 193.46 852 292x1073
2015-09-19T00:05:01.08 326.71 763 1.78 x 1073
2015-09-21T10:10:02.927 7.52 8.10 6.95x 1072
2015-09-22T'11:26:08.35 312.67 8.61 1.86x 1073
2015-09-23T13:47:35.79 165.39 8.56 3.38 x 1073
2015-09-24T00:53:02.68 19.68 8.45 2.29 x 1072
2015-09-24T05:57:35.24 107.32 871 4.88x 1073
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2015-09-25T01:24:33.74
2015-09-25T21:15:15.92
2015-09-26T23:51:25.50
2015-09-27T14:28:55.77
2015-09-29T01:46:01.42°
2015-09-29T12:25:33.33
2015-10-01T00:21:02.89
2015-10-01T05:32:40.37
2015-10-02T01:49:03.99
2015-10-02T04:01:03.45
2015-10-04T22:32:11.757
2015-10-05T07:12:04.91
2015-10-05T22:29:34.31
2015-10-09T23:08:05.70
2015-10-12T02:40:22.39
2015-10-12T14:26:43.18
2015-10-13T14:29:57.73%
2015-10-14T05:29:42.91F
2015-10-18T19:03:46.857
2015-10-19T17:37:05.25
2015-10-24T09:01:50.34%
2015-10-24T09:03:52.00
2015-10-24T19:53:05.66
2015-10-28T12:24:31.67
2015-10-28T17:03:45.19°
2015-10-28T17:05:21.17°
2015-10-29T08:27:29.92
2015-10-29T11:48:01.64
2015-10-29T12:05:48.00
2015-10-29T19:18:33.06
2015-10-30T00:08:56.47
2015-10-30T04:08:58.11
2015-10-31T10:27:43.77
2015-10-31T11:30:36.72

56.59
38.39
56.05
243.80
251.32
358.03
293.57
15.49
118.27
190.83
30.52
104.11
139.59
292.60
142.27
322.93
37.36
149.36
7.52
124.01
94.09
7.52
360.26
7.52
16.08
0.78
345.02
58.64
363.99
193.47
358.38
240.56
320.37
329.59
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9.15
8.58
8.39
8.60
8.50
8.64
8.70
8.94
9.21
8.99
8.17
8.46
8.24
8.19
8.42
8.3
9.02
8.75
8.05
8.78
10.56
9.69
8.57
9.06
8.82
10.63
9.04
8.78
8.24
8.26
8.55
8.44
8.05
8.35

8.73 x 1073
1.25 x 1072
8.81 x 1073
2.32 x 1073
2.26 x 1073
1.62 x 1073
1.97 x 1073
2.83 x 1072
4.49 x 1073
2.96 x 1073
1.53 x 1072
5.02 x 1073
3.88 x 1073
1.98 x 1073
3.82 x 1073
1.80 x 1073
1.28 x 1072
3.68 x 1073
0.181
4.30 x 1073
5.53 x 1073
7.96 x 1072
1.61 x 1073
0.181
2.74 x 1072
0.289
1.68 x 103
8.45 x 1073
1.59 x 1073
2.92 x 1073
1.62 x 1073
2.35 x 1073
1.81 x 1073
1.76 x 1073



2015-10-31T22:01:00.91%
2015-11-01T11:13:23.94F
2015-11-04T13:37:23.671
2015-11-04T15:16:09.12°
2015-11-05T06:20:44.61
2015-11-06T07:44:18.43
2015-11-06T10:07:13.791
2015-11-06T11:05:19.24
2015-11-06T22:32:34.11
2015-11-10T00:32:55.281
2015-11-12T20:56:57.33
2015-11-15T20:03:17.46
2015-11-15T23:04:35.21
2015-11-16T10:59:11.86

2015-11-17T06:34:02.077

2015-11-20T21:07:08.387
2015-11-21T22:26:44.55
2015-11-26T13:34:13.65
2015-11-28T08:29:19.80
2015-11-28T14:05:27.32
2015-11-29T03:39:34.71
2015-12-02T10:45:49.81
2015-12-02T15:17:48.11
2015-12-02T17:38:00.95"
2015-12-03T20:18:18.94
2015-12-04T01:53:39.14
2015-12-04T21:14:59.74
2015-12-05T10:16:47.45
2015-12-06T06:50:38.17%
2015-12-08T09:27:47.71
2015-12-08T13:22:36.24
2015-12-09T07:25:24.68
2015-12-14T18:15:44.85
2015-12-14T19:32:20.42

331.06
12.17
103.50
69.89
312.42
95.56
172.79
211.28
190.79
313.96
287.61
26.66
359.97
189.42
7.52
15.60
104.06
6.09
229.16
128.85
250.42
201.50
308.63
363.08
110.58
225.02
8.89
284.26
77.45
344.81
47.36
141.65
145.53
145.58
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7.97
8.65
8.43
9.12
8.56
8.42
8.5
9.18
8.33
8.86
8.63
8.3
8.42
8.24
8.84
8.95
8.65
8.68
8.16
8.55
9.27
9.24
9.28
8.14
8.37
9.09
9.04
8.59
7.72
8.27
8.76
7.85
8.43
8.72

1.76 x 1073
3.50 x 1072
5.05 x 1073
7.23 x 1073
1.86 x 1073
5.45 x 1073
3.25 x 1073
2.67 x 1073
2.96 x 1073
1.85 x 1073
2.01 x 1073
1.73 x 1072
1.61 x 1073
2.98 x 1073
0.181
2.81 x 1072
5.02 x 1073
6.23 x 1072
2.46 x 1073
4.16 x 1073
2.27 x 1073
2.80 x 1073
1.88 x 1073
1.60 x 1073
4.76 x 1073
2.50 x 1073
4.57 x 1072
2.03 x 1073
6.64 x 1073
1.68 x 103
1.03 x 1072
3.84 x 1073
3.75 x 1073
3.75 x 1073



2015-12-15T06:04:29.41 20.34 849 223 x 1072

2015-12-15T10:53:01.22 154.61 8.78 3.58 x 1073
2015-12-18T00:56:19.12 83.80 819 6.19x 1073
2015-12-18T09:59:11.16 147.23 871 3.72x1073
2015-12-20T05:33:58.81 300.99 7.86 1.92 x 1073
2015-12-22T10:08:48.42 234.05 9.22 241 x 1073
2015-12-23T00:07:10.93 18.95 8.99 2.36 x 1072
2015-12-23T12:23:35.72 60.11 10.25 8.26 x 1073
2015-12-23T13:50:49.48 178.46 8.00 3.16 x 1073
2015-12-23T16:13:55.82 290.02 8.98 1.99 x 1073
2015-12-24T23:05:56.58 47.49 10.08 1.03 x 1072
2015-12-24T23:06:28.51 146.99 9.55 3.72 x 1073
2015-12-24T23:06:57.04 70.65 9.42 7.16 x 1073
2015-12-25T02:16:31.87 320.05 849 1.82x 1073

2015-12-28T21:04:05.907 160.93 857 3.46 x 1073
2015-12-29T11:50:15.097 234.41 823 241 x1073
2015-12-31T11:20:54.32H 180.00 8.82 3.13x 1073

2016-01-02T02:47:29.35 356.13 751 1.63 x 1073
2016-01-02T02:54:39.60 239.65 811 2.36x1073
2016-01-03T02:29:54.787 237.44 8.56 2.38 x 1073
2016-01-03T17:23:13.26 208.47 891 2.70 x 1073
2016-01-08T09:21:19.61 136.59 8.89 3.95x 1073
2016-01-08T10:09:33.907 218.62 8.52 258 x 1073
2016-01-12T05:19:01.34 107.14 834 4.89x1073
2016-01-15T08:37:05.94 328.35 819 1.77 x 1073

2016-01-19T05:40:13.041 228.18 8.85 247 x 1073

Table 6.1: Binary neutron star triggers from Advanced LIGO’s first observing
run with a false-alarm-rate (FAR) less than one per day. We provide the time
of coalesence, false-alarm-rate, SNR, and astrophysical probability (p,) for each
candidate. Events marked by H, L were found as single-detector triggers in LIGO-
Hanford or LIGO-Livingston, respectively. Events marked by a 1 occurred within
0.01 seconds of a trigger in 1-OGC [31]. We expect O(1) of these candidates to be
gravitational waves.

Although we cannot identify any one candidate from our list as astrophysical, we
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can estimate the number of true signals buried in the list from our search sensitivity
and the expected binary neutron star merger rate. At a false-alarm-rate threshold of
1 / day, we estimate (VT') = 6.7 x 10° Mpc® yr. The LIGO Scientific Collaboration
recently estimated the local merger rate of binary neutron star systems to be
R ~ 100 — 4000 Gpc~? yr~! at 90% confidence [194]; we adopt a nominal value of
1000 Gpc? yr~'. We therefore expect that (VT) x R = 0.671%5 of the candidates
presented here are gravitational wave signals from binary neutron star coalescences.
We stress that although the number of expected events depends on uncertainties in
both (VT) and R, the expected number remains at most O(1).

A single signal in our candidate list would imply a contamination fraction of 99%.
We provide the coalescence times in Table 6.1 and approximate sky localizations
online to encourage multi-messenger searches that have the ability to illuminate

true signals buried in the candidate list.

6.6 Discussion

We have presented a search for gravitational waves from BNS mergers. Although
no gravitational wave signal was clearly identified in either single or double interfer-
ometer time, we have provided a list of candidate events with false-alarm-rates less
than one per day. The parameters for this search overlap with those of gravitational
wave catalogs GWTC-1 [194] and 1-OGC [31]. No shared events are found between
this candidate list and GWTC-1. While the GstLAL pipeline identified a low-mass
marginal candidate, 151012A, in GWTC-1, the detector frame chirp mass is not
covered by the bank used here. We note that five single detector candidates meet
the selection criteria for inclusion in GWTC-1 [194].

For 1-OGC, we define overlapping candidates as those that share coalescence
times to a precision of two decimal places as differences between the pipelines
and the template banks can account for small differences in the measured time of
arrival. We find 15 BNS candidates in common with 1-OGC. This is not unexpected;
1-OGC has a trigger rate of ~ 270 per day in the overlapping region of the searched
parameter space. They do not assign any of the overlapping candidates a false-
alarm-rate of less than one per day. The variation in estimated false-alarm-rates
can arise from differences in the pipelines, template banks, and mass models used

in the searches.
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In the hopes of enabling multi-messenger, sub-threshold follow-up, we have also
provided the coalescence times and sky localizations of the 103 candidates with
false-alarm-rates less than 1 / day. The analysis of single detector time yielded
15 of the 103 candidates presented in our list, and nearly half of the analyzed
data was obtained during times at which only one detector was operating; this
highlights the importance of continuing to analyze single interferometer time in

future gravitational wave searches.
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Chapter 7
First demonstration of early
warning gravitational wave alerts

The following chapter is a pre-print of an article with permission from co-authors:
(https://arxiv.org/abs/2102.04555): Ryan Magee et al.

7.1 Abstract

Gravitational-wave observations became commonplace in Advanced LIGO-Virgo’s
recently concluded third observing run. 56 non-retracted candidates were identified
and publicly announced in near real time. Gravitational waves from binary neutron
star mergers, however, remain of special interest since they can be precursors to high-
energy astrophysical phenomena like vy-ray bursts and kilonovae. While late-time
electromagnetic emissions provide important information about the astrophysical
processes within, the prompt emission along with gravitational waves uniquely
reveals the extreme matter and gravity during - and in the seconds following - merger.
Rapid communication of source location and properties from the gravitational-wave
data is crucial to facilitate multi-messenger follow-up of such sources. This is
especially enabled if the partner facilities are forewarned via an early-warning
(pre-merger) alert. Here we describe the commissioning and performance of such
a low-latency infrastructure within LIGO-Virgo. We present results from an end-
to-end mock data challenge that detects binary neutron star mergers and alerts

partner facilities before merger. We set expectations for these alerts in future
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observing runs.

7.2 Introduction

The field of gravitational-wave astronomy has exploded in the years following the
first direct observation of gravitational waves (GWs) from a binary black hole (BBH)
merger [160]. Since then, LIGO-Virgo have published 49 candidate events, many of
which were identified in low-latency!; these include 2 BNS and 2 neutron star-black
hole (NSBH) candidates [2|. The detection of GWs from compact binaries, especially
from BBHs, has become routine. GWs from BNS and NSBH mergers, however,
remain rare. BNS and NSBH mergers are of special interest due to the possibility
of counterpart electromagnetic (EM) signals. For BNS mergers in particular, it
has long been hypothesized that the central engine (post-merger) can launch short
gamma-ray bursts (SGRBs) [272,273], kilonovae [274,275], and radio waves and
X-rays post merger [276,277|. In the special case of the presence of a magnetized
NS, it can also lead to GRB precursors before the merger [278].

Although the improvement in Advanced LIGO-Virgo’s sensitivity was paralleled
by analogous advancements in the field of time-domain astronomy, the first ob-
served BNS merger, GW170817 [9], remains the only realization of multi-messenger
astronomy (MMA) with GWs. The coincident observation of GWs followed by
an SGRB, GRB 170817A, and the kilonova AT 2017gfo, [221]| bore evidence to
the several-decade-old hypothesis that compact object mergers were progenitors of
these exotic transients. The joint observations also contributed greatly to our un-
derstanding of fundamental physics [224,279] and astrophysical processes associated
with extreme environments [226,280]. Despite the plethora of late-time observations
made starting ~ 8 hours after coalescence [221], observations of the prompt spectra
were precluded by non-stationarities in the LIGO Livingston interferometer and
delays in Virgo data transfer. The alert and sky localization were distributed to
partner observatories ~ 40 minutes [281] and ~ 5 hours [282], respectively, after the
signal arrived at the detectors; by this time, the source had set below the horizon
for northern hemisphere telescopes. The circumstances surrounding this delay were
unusual, but it is crucial for LIGO-Virgo to distribute alerts as quickly as possible

to maximize the chance of additional multi-messenger observations.

'Some of the 56 have not yet appeared in a LIGO-Virgo publication.
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The serendipitous discovery of GRB 170717A by Fermi and INTEGRAL show
the importance of catching the prompt EM emission to our understanding of
merging compact binaries. EM observatories have begun to develop capacity to
perform targeted observations in response to preliminary Gamma-ray Coordinates
Network (GCN) notices produced by pre-merger detections. For example, the
Murchison Wide-Field Array (MWA) radio telescope has a large field of view ideally
suited to searching for precursor and prompt radio emission from GW sources and
an established observing plan to respond to pre-merger detections [283]. Swift-
BAT has recently also demonstrated the potential to respond autonomously to
extremely low-latency triggers in the future, with the introduction of an on-board
sub-threshold trigger recovery algorithm (GUANO, [284]). By the beginning of
Advanced LIGO-Virgo’s fourth observing run (O4), it is expected that established
missions and observatories will be joined by next generation facilities like the
Rubin Observatory [285]. This greatly improves the chances of performing targeted
followup observations of prompt, or even precursor [286,287|, emission from compact
binary mergers provided that pre-merger alerts can be issued.

LIGO-Virgo has since streamlined the alert process (see Fig. 7.3). Advanced
LIGO’s and Advanced Virgo’s third observing run (O3) saw the dawn of au-
tonomously distributed Preliminary GCN Notices [288]?, which allowed LIGO-Virgo
to notify the world of candidate signals within 7.07% minutes® of observation. To
further enable EM-GW observations, we can leverage the long-lived nature of BNSs
in the sensitive band of advanced ground-based GW detectors to make pre-merger
detections [182,289]. This was recently demonstrated by [290] and [291]. The early
detection and communication of GWs from BNSs aims to facilitate EM follow-up
efforts by further reducing the latency of alerts and improving prospects of capturing
the initial spectra.

In this letter we describe the commissioning and performance of the low-latency
sub-system within Advanced LIGO-Virgo that is able to provide pre-merger alerts
for electromagnetically bright compact binaries. We begin by describing the end-
to-end low-latency workflow in Section 7.3, from the time of data acquisition to
the dissemination of public alerts. We then assess the performance of a subset of

this infrastructure in a mock data challenge described in Section 7.4, with special

2 https://gen.gsfc.nasa.gov/
3The 95% reported here is severely impacted by several high latency events that evaded
automated procedures.
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emphasis placed on pre-merger alerts. We demonstrate that Preliminary GCN
Notices can be distributed with true negative latencies: partner observatories
receive sky localizations and source information before the binary has completed
its merger. We report on the improved latencies at each step of the workflow,
and set expectations for pre-merger alerts in O4 and next generation detectors in
Section 7.5.

7.3 Analysis

The low-latency workflow begins with data acquisition at each interferometer.
The digital signal from the output photodiode is initially calibrated by a pipeline
that runs on the set of computers that directly control the interferometer. The
calibrated data, while produced with near-zero latency, are not yet accurate enough
for use by low-latency gravitational-wave searches. The data are broadcast to a
set of computers where a GStreamer-based pipeline corrects the strain data to
achieve the required level of accuracy [292]. This pipeline writes the calibrated
strain data to a proprietary LIGO frame data format and then transfers them
to computing sites. There, the calibrated data are ingested by the complete set
of low-latency full bandwidth GW pipelines: ¢WB [293-297|, GstLAL [56-58],
MBTAOnline [59], PyCBC Live [298,299|, and SPIIR [65,300-303|. For the first
time, we also incorporate two matched-filter based pipelines focused on pre-merger
detection into our workflow: GstLAL [182,290] and SPIIR [304]. All detection
pipelines analyze the data for GWs and assign significances to candidate triggers.
Candidates that are assigned false alarm rates (FARs) less than one per hour?
are uploaded to the GRAvitational-wave Candidate Event DataBase (GraceDB) °
alongside data required downstream in the alert process.

After candidates are uploaded, the task manager GWCelery © interacts with low-
latency searches and GraceDB to orchestrate a number of parallel and interconnected
processes which, in the event of a discovery, culminates in the dissemination of
GCN Notices. GWCelery provided the semi-automated infrastructure for public

alerts in O3, as well as for the mock data challenge reported here. The major

4No trials factor is applied to the candidate upload threshold.
Shttps://gracedb.ligo.org/
Shttps://gucelery.readthedocs.io/
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subsystems include:

e The listener for LVAlert, which is a publish-subscribe system used by GraceDB

to push machine-readable notifications about its state.

e The Superevent Manager, which clusters and merges related candidates into

superevents.”
e The client functionality to interact with GraceDB.®

e The GCN listener that listens for notices from external facilities to spot

coincidences with GW candidates.

e The External Trigger Manager, which correlates gravitational-wave events

with GRB, neutrino, and supernova events.

e The GCN broker that disseminates GW candidate information for external

consumption.
e The Orchestrator, which executes the per-(super)event annotation workflow.

After candidate events are uploaded by detection pipelines, they are localized
via BAYESTAR [305], given a probability of having an electromagnetic counter-
part [306], and assigned a source-category based astrophysical probability under the
assumption that astrophysical and terrestrial triggers occur as independent Poisson
processes [307]. Events are checked for temporal and, when possible, spatial coinci-
dences with gamma-ray bursts or neutrino bursts using the RAVEN pipeline [308|.
A joint significance is calculated to decide whether the joint candidate should be
published.

BAYESTAR was optimized in order to support early warning localizations which
led to a median run time of 0.5s per event for early warning triggers and 1.1s per
event for full bandwidth triggers. The latter is a 4.2x speedup compared to usual O3
performance. The significant changes included rearrangement of loops to improve
memory access patterns and make better use of x86 64 vector instructions, changes
to the input data handling to distinguish properly between the merger time and

the cutoff time of early warning templates, and the redesign of the reconstruction

"https://emfollow.docs.ligo.org/userguide/analysis/superevents.html
8 https://gracedb-sdk.readthedocs.io
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Figure 7.1: This upper half of the figure illustrates the complete pipeline and
interaction of the various (sub)systems, mentioned in Sec. 7.3, responsible for
disseminating early warning alerts. The waveform evolution with time is shown
in the bottom half along with the dependence of the sky-localization area on the
cutoff time of the early-warning templates and the accumulated S/N during the
binary inspiral. The waveforms, time to merger, S/N, and localizations in this
figure are qualitative.

filter that is used to sample the SNR time series for likelihood evaluation to use a
lower sample rate. °

To mitigate the effect of noise transients, basic data quality checks are also
performed for every candidate uploaded to GraceDB. In particular, specific state

vectors are checked to ensure that candidate events occur during times when the

9The early warning templates are Nyquist critically sampled which could lead to ringing
artifacts.
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relevant detectors are in observing mode and to verify that there are no coincident
hardware injections.

A qualitative overview of entire pipeline and the various (sub)systems mentioned
above is illustrated in Fig. 7.1. A heuristic waveform evolution and the effect of
different early-warning template cutoff times on the accumulated S/N and the

sky-localization is also shown.

7.4 Results
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Figure 7.2: Latencies associated with early warning uploads from the GstLAL (top)
and SPIIR (bottom) pipelines. Design differences between the pipelines lead to
distinct distributions for the time before merger at which a candidate is identified.
The left panels indicate that ~ 85% and ~ 35% of the uploaded GstLAL and SPIIR
candidates, respectively, are localized prior to merger. The right panels demonstrate
that despite differences in latencies associated with event identification, the scatter
of the remaining processes is remarkably similar.
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To demonstrate the robustness of the alert infrastructure, we describe the results
of a mock data challenge carried out between 11 June 2020 1700 UTC and 19 June
2020 1700 UTC. Data previously collected during O3 were replayed as a mock
low-latency analysis. We note that since the challenge relied on previously collected
data, it was impossible to test the full low-latency workflow; notably, data transfer
and calibration latencies are not included (~ 5 seconds). The test therefore begins
with the detection pipelines, but otherwise follows a workflow identical to Advanced
LIGO-Virgo observing runs.

The FAR threshold set for issuing early warning test notices was chosen to be 1
per day. Full bandwidth triggers used the same FAR threshold set throughout O3 for
public alerts (1 per 2 months)!®. At fixed FAR, the astrophysical probability [307]
associated with pre-merger analyses is lower than for full bandwidth analyses. Due
to this fact, combined with our chosen higher FAR threshold for early-warning
alerts, we issued retraction circulars for early warning candidates that were not
also identified by the full bandwidth analyses. There were no retraction criteria set
for full bandwidth triggers.

During the mock data challenge, eight candidates were published via the test
GCN. 3 candidates were identified by only the full bandwidth analyses and were
distributed via notice and circular [309-311|. The remaining 5 public candidates
were identified only by the early warning pipelines and were distributed via GCN
notices to subscribers of test alerts. None of these 5 candidates were observed in
the full bandwidth analyses; they were therefore subsequently retracted [312-316].
Out of the 5 retracted triggers, 4 came from the GstLAL early warning pipeline,
while 1 was issued by the SPIIR early warning pipeline. An authentication issue
prevented the SPIIR pipeline from issuing additional events past the FAR threshold.
A summary of the 5 early warning alerts is given in Table 1.

Although only 5 pre-merger candidates passed the early warning public alert
threshold, GstLAL and SPIIR uploaded 82 and 141 early warning candidate events,
respectively, to GraceDB. We use the metadata associated with these uploads to
produce Fig. 7.2. From the events crossing threshold we see that the maximum
delivery time from event upload is 15s, independent of pipeline. This enables ~ 85%
and ~ 35% of the GstLAL and SPIIR candidates, respectively, to be localized

10A trials factor is applied on top of this threshold to account for the two early warning and
four full bandwidth matched filter pipelines
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Figure 7.3: A history of end-to-end latencies across public alerts in the first three
observing runs and the mock data challenge presented here [29].

before merger.

7.5 Looking ahead

Early warning alerts using real data have not yet been released by the LIGO-
Virgo collaboration. Despite the steady improvement of the alert infrastructure
(Figure 7.3), there remain several areas for improvement in the processing of data
and production of alerts if the collaboration decides to pursue pre-merger triggers.
As previously mentioned, low-latency data calibration is currently a two step process;
the near-zero-latency pipeline is corrected by a secondary GStreamer-based pipeline.
Work is underway to reduce this to a single calibration step to reduce latency by
O(seconds). The calibrated data are transferred from the detector sites to the
computing clusters in ~ 4 seconds, and afterward at the cluster level using Kafka,'!
with an additional ~ 0.1 seconds. Another one second of latency 2 is attributed to
the choice to distribute data via frame files. A number of improvements are under

development to reduce this latency budget.

Uhttps://kafka.apache.org/
12Four seconds for Virgo data.
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Reductions to the noise budget at frequencies < 30 Hz will improve the possibility
of detection pipelines identifying signals long before merger. We estimate that if
the noise floor below 30 Hz remains unchanged from O3, the recovered S/N one
minute and 30 seconds before merger will be ~ 50% and ~ 20% less, respectively,
than if the detectors reach the previously projected O4 sensitivity. The effect is
less severe for early warning times just before merger, but low frequency noise is a

major barrier to advance alerts.
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Figure 7.4: (7.4a) Projected O4 early warning detection rate assuming 0 second
(blue) and 25 second (red) end-to-end latencies from the GW alert system. The
worst case scenario assumes 5 seconds for calibration and data transfer, 5 seconds
for pipeline analysis, and 15 seconds for event upload and GCN creation. The
rate of expected detections was estimated from a simulated data set assuming a
100% detector duty cycle for the 4-detector HLVK network. The uncertainty bands
reflect the (5%, 95%) confidence region for the BNS rate. Signals with network
S/Ns greater than 12 are considered recovered. (7.4b) The expected localization
distribution for BNS detections at six approximate early warning times. No latencies
are included in this figure. The inclusion of an end-to-end latency does not shift
the histogram itself; the labeled times before merger would all systematically shift
instead. Both plots use the BNS rates estimated in [30].

Figures 7.2 and 7.3 demonstrate that the GW alert system is capable of providing

GW alerts before merger, but they do not consider the prospects for detection from
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an astrophysical source population. We generate a population of simulated BNS
signals, henceforth referred to as injections, using the TaylorF2 [260,261,317,318|
waveform model. Both source-frame component masses are drawn from a Gaussian
distribution between 1.0 My < mq,mg < 2.0 M with mean mass of 1.33 M, and
standard deviation of 0.09 M, modeled after observations of galactic BNSs [319]'3.
The neutron stars in the population are non-spinning, motivated by the low spins of
BNSs expected to merge within a Hubble time [320,321]. The signals are distributed
uniformly in comoving volume up to a redshift of z = 0.2. We consider a network of
four GW detectors: LIGO-Hanford, LIGO-Livingston, Virgo, and KAGRA at their
projected O4 sensitivities.!* We simulate the results of an early warning matched-
filtering pipeline by considering 6 different discrete frequency cut-offs: 29 Hz, 32 Hz,
38 Hz, 49 Hz, 56 Hz, and 1024 Hz to analyze signal recovery at (approximately) 58s,
44, 285, 145, 10s, and 0s before merger, motivated by [290]. We calculate the
network S/N of each injection at each frequency cut-off and consider the events
that pass an S/N cut-off of 12.0 as ‘detected’. We then calculate the sky posteriors
for each of the detected signals by using BAYESTAR [305]. We use the most recent
BNS local merger rate from [30] of 3201510 Gpc™?yr~! to estimate the number of
events detected per year in the detector network. In Figure 7.4a we see that our
optimistic scenario predicts 577 GCN will be received 1 second before merger per
year, while our pessimistic scenario predicts O(1) GCN will be received 1 second
before merger per year considering the higher end of the BNS rate. Figure 7.4b
predicts that ~ 9 events will be detected per year, out of which ~ 20% (~ 1.3%)
will be detected 10s (60s) before merger. Further, ~ 3% of the detectable events
(~ 1 BNS every 3—4 years) will be detected 10 seconds prior to merger and have
a localization less than 100 deg® at O4 sensitivities. This highlights the need for
continued latency improvements in advance of O4 to maximize the potential of
capturing prompt emission.

In the design sensitivity era with three detectors, [290] have shown that about
half of the total detectable BNSs will be found 10s before merger, and about 2%
will be identified before merger and localized to within 100 deg?®. [290] used the

GstLAL pipeline in an early warning configuration to assign FARs to simulated

IBNote that if GW190425 is a BNS, then galactic measurements are not representative of
neutron star masses.
4 https://dcc.1ligo.org/LIGO-T2000012/public
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BNS signals to estimate these rates.!®> We extend this to include KAGRA in the
detector network, but we estimate rates based on a fiducial S/N cut-off of 12. We
find that our zero-latency scenario improves to ~ 2 BNS observable one minute
before coalescence. Assuming 25 seconds of pipeline latency, ~ 1 BNS will be
localized and disseminated one minute before merger every 2 years. The localization
prospects similarly improve. At design sensitivity, ~ 3 BNS every year will be
detected 10 seconds prior to merger and have localizations < 100deg?®, ~ 2 signals
per year will be detected 15 seconds prior to merger with similar localization. The
detection rates estimated by [291] are comparable to ours, considering their use
of a larger BNS rate density (~ 3 times ours) and a less strict criterion for the
detectability of a signal (network S/N > 10).

The next generation of ground based interferometers will offer unparalleled
early warning capabilities. Using a similar S/N detection threshold (but further
mandating that at least two interferometers measure S/Ns above 5.5), [322] found
that the Einstein Telescope can alert observers up to 20 hours in advance for 58%
of detectable BNS at 200 Mpc and 100% at 40 Mpc. The majority of these signals
will be well localized. A similar study by [323] with a S/N detection threshold of 15
found that the Einstein Telescope will provide early notice for O(10?) BNS mergers

next decade.
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Superevent Date (UTC) FAR Latency GCNs
Event Superevent Skymap Notice\

MS200615h  2020-06-15 00:35:40 2.02e-06 | -2.9 -1.9 0.1 7.1 | 27951
MS200618aq 2020-06-18 05:47:05 1.78e-07 | -53.1 -52.1 -50.1 -35.1 | 27990
MS200618bq 2020-06-18 11:00:59 3.50e-06 | -16.9 -21.9 -11.9 -2.9 | 27987
MS200618bx 2020-06-18 12:17:08 3.76e-06 | -63.3 -62.3 -59.3 -51.3 | 27988
MS200619bf 2020-06-19 10:24:43 1.91e-06 | -41.0 -40.0 -35.0 -27.0 | 27989

Table 1: A summary of the 5 early warning alert information and latencies from
the mock data challenge described in Sec. 7.4. Among the 5, MS200619bf was
reported by the SPIIR pipeline, while the others were reported from GstLAL. The
latencies are broken down in steps of the event being uploaded into GraceDB, the
superevent being created, the skymap being available for the preferred event, and
the notice being acknowledged by GCN.

LIGO Laboratory. MK, QC, FP, LW, AP, AS, VO acknowledge the funding from
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Discovery OzGrav under grant CE170100004.
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Appendix A

GstLAL: A software framework
for gravitational wave discov-
ery

The GstLAL library, derived from Gstreamer and the LIGO Algorithm Library,
supports a stream-based approach to gravitational-wave data processing. Although
GstLAL was primarily designed to search for gravitational-wave signatures of
merging black holes and neutron stars, it has also contributed to other gravitational-
wave searches, data calibration, and detector-characterization efforts. GstLAL has
played an integral role in all of the LIGO-Virgo collaboration detections, and its
low-latency configuration has enabled rapid electromagnetic follow-up for dozens of

compact binary candidates.

A.1 Motivation and significance

Gravitational waves were originally predicted by Einstein in 1916 [324] as a conse-
quence of general relativity, which describes gravity as the warping of space and
time caused by mass and energy [325]. Two extremely massive objects orbiting
one another e.g., black holes or neutron stars, warp space dynamically and send
ripples across the universe that can be observed here on Earth. As they pass by,
gravitational waves stretch and squeeze the space around Earth by less than the
width of an atom compared to the Earth’s diameter. Due to their tiny effect on

scientific instruments, gravitational waves were not observed until 100 years after
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their initial prediction. Technological advances in laser interferometry led to the
discovery of gravitational waves from a merging binary black hole in 2015 [160].
This watershed moment was made possible by the Advanced Laser Interferometer
Gravitational-wave Observatory (LIGO) [45] and the scientists of the LIGO and

Virgo Collaborations.
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Figure A.1: Gravitational wave infographic. Gravitational wave data is time series,
audio frequency data that is noise dominated. GstLAL identifies signals consistent
with the predictions of general relativity as measured by multiple gravitational
wave detectors and assesses the probability that these signals come from merging
neutron stars and/or black holes in near real-time.
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Advanced LIGO and Advanced Virgo [45,46] are the currently operating world-
wide network of kilometer-scale laser interferometric gravitational wave observatories
which have measured gravitational wave signals. These detectors provide a new
way to observe our Universe and enable a vast amount of new science. LIGO’s ob-
servations have already deepened our understanding of the populations of compact
objects such as neutron stars and black holes [194,195|, and they have also offered
new tests of fundamental physics [76,279,326,327|. The strong gravity regime
probed by compact binary mergers is a laboratory for novel tests of general relativity,
and a joint observation of gravitational waves along with electromagnetic waves [221|
has taught us how matter behaves in the most extreme conditions [226,328].

The science made possible by LIGO and Virgo is reliant on measuring miniscule
changes in the arm lengths of the interferometers known as strain. The perturbations
caused by incident gravitational waves manifest themselves as variations in the
intensity of laser light output. Detector calibration aims to accurately map the
intensity of the output to differential changes in the arm length through real-time
signal-processing. The calibrated strain data contains the encoded properties of the
astrophysical systems that produce gravitational waves. The analysis of this data
is complicated by the presence of a vast array of transient noise sources. Detector
characterization aims to quantify departures from stationary noise to identify times
where instrumental issues are so severe that the data should not be analyzed or
there may be a coupling between environmental sensors (such as seismometers) and
the gravitational wave strain data. Once data is calibrated and assessed for quality,
it is analyzed by a host of detection algorithms to identify potential gravitational
wave signals. In many cases the signals are invisible to the naked-eye in raw data
and discovering them requires sophisticated techniques that may involve checking
millions of models against each segment of data. All three of these activities
require substantial cyberinfrastructure. The GstLAL software framework [183]
was initially designed to support low-latency compact binary searches to facilitate
multi-messenger astronomy, but since its conception it has grown to be a key
component of the software used to produce accurately calibrated strain data [223],
and recently it has contributed to detector characterization efforts [329,330]. The
GstLAL framework is now contributing key cyberinfrastructure to all three of these
key aspects of gravitational wave data analysis. This paper will describe how the

GstLAL software is used in gravitational-wave searches [56,58|, provide examples,
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and describe the history and impact of GstLAL on gravitational wave discovery.

A.2 Software description

Gravitational wave strain data quantifies how the distance between two points will
change as a gravitational wave passes. The current gravitational wave observatories
are sensitive to changes in strain and measure the stretching and squeezing of
space as a function of time. The Advanced LIGO [45] and Advanced Virgo [46]
gravitational wave detectors are most sensitive to strain frequencies between 10Hz-
10kHz, which is remarkably close to the frequency range of the human ear [331]. For
this reason, there is a close connection between the analysis of gravitational wave
data and the analysis of audio data. Indeed, techniques such as low pass filtering,
high pass filtering, channel mixing, and gating apply equally well to both audio
processing and gravitational wave data processing, which provides the motivation
for basing GstLAL on Gstreamer [257].

Gstreamer [257] is an open-source, cross-platform multimedia processing frame-
work designed to execute audio and video processing graphs organized into three
basic elements: sources, filters and sinks, which are provided by dynamically loaded
plugins. A valid Gstreamer graph, called a pipeline, connects elements together
ensuring that the capabilities of each element are satisfied. The data are passed
along in buffers that store both the memory location of the raw data as well as
rich metadata. Pipelines can be used to construct complex workflows and scale to
thousands of elements. GstLAL combines standard Gstreamer signal processing
elements with custom elements to analyze LIGO strain data.

The GstLAL software began development in 2008 through the exploration of
novel techniques for filtering gravitational wave data [70]. It derives its name from
“Gstreamer wrappings of the LIGO Algorithm Library! (LAL)". GstLAL began to
take on its modern form by 2009 and has been since actively developed as open
source software. GstLAL currently resides in the LIGO Scientific Collaboration
hosted GitLab instance at https://git.ligo.org/lscsoft/gstlal [183].

GstLAL is primarily a mix of Python and C with contributions from 75 authors
distributed across North America, Europe, Asia and Australia. The master branch
currently has over 13,000 commits and 250,000 lines of code. GstLAL is released

https://git.ligo.org/lscsoft/lalsuite
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Figure A.2: A basic Gstreamer graph. Data starts at a source, “src", e.g., a file
on disk or a network socket, and then is passed through a filter element, “filter 1",
which transforms the data, e.g., by performing a low pass filter. A second data
stream starts from “control src" and the output of filter 1 is moderated by a gate
controlled by the state of “control src". The output of the gate is filtered through
“filter 2" and sent to a sink which could be another file on disk or a network socket.

under the GPLv2 license with 44 distinct releases since 2011 [332]. In 2012, code
solely used for gravitational wave searches for compact binaries was split off into
its own package: GstLAL-Inspiral. GstLAL-Inspiral has had 45 distinct releases
since then. In 2014, code used for gravitational wave burst detection was split into
its own package, GstLAL-Burst, with nine distinct releases. And finally, in 2014
code used primarily for LIGO strain data calibration was split into its own package,
GstLAL-Calibration, with 60 releases. In addition to tar-ball releases, RedHat
and Debian compatible packages were produced for the LIGO Data Grid reference
platforms [333].

At present, Docker containers with the full GstLAL/LALSuite software stack are
built and distributed using the LIGO Container Registry [334]. The containers are
built on top of the CentOS-based Scientific Linux 7, which currently serves as the
reference operating system on the LIGO Data Grid. Binary executables are linked
against Intel’s high-performance Math Kernel Library (MKL), and compiled to
leverage Advanced Vector Extensions. Optimized versions of the GstLAL software
stack tuned at the compiler-level to best leverage the native features of the local
computing environment are often custom-built by users. Previous studies have
demonstrated a 2 2 times increase in overall code throughput as a result of software
tuning. GstLAL is also available through CondaForge [335].
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A.2.1 Software Architecture

Prior to 2015, gravitational waves had not been directly observed [160]. Although
analysis techniques had been studied for decades [60,143|, the character of grav-
itational wave data evolved with the interferometers detectors during the initial
operation of LIGO and Virgo from 2002-2010 [25,336-340]. Therefore, we aimed
to make the GstLAL software modular and easy to adapt to the challenges of
Advanced LIGO and Virgo data.

The joint observation of gravitational waves and electromagnetic signals, known
as multi-messenger astronomy, was a significant goal for Advanced LIGO and
Advanced Virgo. In this scenario, gravitational-wave observations were expected to
be followed up by observations with telescopes across the electromagnetic spectrum
hoping to catch a short-lived transient light source. Discovering gravitational waves
quickly is critical because electromagnetic counterparts may quickly fade. GstLAL
was designed to offer analysts an extremely short time-to-solution to help ensure
that electromagnetic counterparts could be observed quickly.

The key design principles of GstLAL are:

Plugin-based: Libraries within GstLAL provide Gstreamer plugins to perform
gravitational wave specific signal processing tasks. These are mixed together
with stock Gstreamer plugins to produce gravitational wave analysis pipelines.
Plugins provide elements, which are the building blocks of signal processing
workflows. These elements can be ordered in multiple ways with minimal
coding effort which allows for quick exploratory work and development of

new methods.

Streaming: The goal of Gstreamer is to provide ultra low latency signal processing
suitable for audio and video playback and editing. GstLAL pipelines typically

work with streaming data buffers < 1 s in duration.

Event-driven: GstLAL analysis pipelines are designed to run continuously as
data is collected. Each application runs an event loop which controls both
application level operations as well as settings within a given plugin. This
allows for the control of program behavior to be altered while the application

is running. Dynamic program control is facilitated through embedding the
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microservices framework Bottle [341]. Simple http APIs push information to

the program, retrieve information or alter the program’s behavior.

Scalable: The GstLAL framework is designed both to scale to dozens of cores on
a single computer using the multi-threading provided by Gstreamer and to
scale to thousands of cores across a compute cluster leveraging HT Condor
directed acyclic graph (DAG) scheduling [342].

The GstLAL project is currently comprised of five distinct packages. 1)
gstlal, 2) gstlal-ugly, 3) gstlal-inspiral, 4) gstlal-calibration and 5)
gstlal-burst, all of which are described below.

A.2.2 gstlal package

The gstlal package curates a set of core plugins, functions and applications that
are used by nearly every analysis workflow developed within GstLAL. The gstlal
package is a dependency for all of the remaining packages which are described in
subsequent sections. The gstlal package provides Gstreamer elements for Finite-
Impulse-Response filtering (lal_firbank), N — M-channel matrix operations
(lal_matrixmixer), data whitening (lal_whiten), and data gating (lal_gate).
The gstlal package also provides basic python APIs for building Gstreamer
pipelines in the module pipeparts, basic data access routines in the module

datasource, and a base class for event handling in the module simplehandler.

A.2.3 gstlal-ugly package

The gstlal-ugly package is an incubator package for software that is in devel-
opment. Eventually all gstlal-ugly software is migrated to one of the other

packages.

A.2.4 gstlal-inspiral package

The primary purpose of the gstlal-inspiral package is to house the GstLAL-
based search for compact binaries [56, 58], which centers around the application
gstlal_inspiral. The GstLAL-based compact binary pipeline was created to
make near real-time gravitational-wave detections and aimed to one day detect

electromagnetically bright systems before coalescence [182,290].
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The GstLAL-based compact binary search is a matched-filter search that in-
corporates efficient time-domain filtering [70,71,182,343-347] of a set of template
waveforms that match the gravitational wave signals of merging black holes and
neutron stars [267]. LIGO and Virgo detectors are prone to bursts of nonstationary
noise called glitches [348] and determining the difference between gravitational
waves and glitches is well suited for many classification algorithms. GstLAL Inspiral
implements a classification scheme that is a hybrid of hypothesis testing techniques
with some elements coming from machine learning approaches. The classifier is an
approximate likelihood ratio comprised of many terms which began as a custom
implementation of Naive Bayes classification [349| applied to gravitational wave
searches [350]. It was realized early in the project that two things were apparent.
First, it wasn’t practical to treat the classifier as entirely data driven relying purely
on training sets. Training sets to adequately classify the full parameter space were
too expensive to produce. Second, correlations between some parameters had to
be tracked in order to classify well. The first point was addressed by developing
semi-analytic models to describe parts of the data [57] and the second point was
addressed by factoring the multi-dimensional likelihood ratios into groups of lower
dimensional, but not one dimensional, distributions [251,351].

The GstLAL-based compact binary search has two modes. The first is a near-
real-time, “low-latency" mode that discovers and reports compact binaries within
tens of seconds of the signal arriving at Earth. The second is an “offline" mode that
efficiently processes data in batch jobs where time-to-solution is not as important
as computational efficiency and reproducibility. Although both modes share = 95%
of the same code, their behavior and design are very different in order to address
the differing concerns of real-time vs. batch processing.

The low-latency mode is a collection of typically ©O(1000) microservices that
communicate (modestly) with one another asynchronously through http using
python Bottle, through an Apache Kafka queue, and through a shared file system.
Each one of these microservices processes a portion of the nearly 2 million models
used in the current low-latency compact binary search. The low-latency workflow
is designed to be fault tolerant. If a job dies, another is restarted to take its place.
Since information is exchanged asynchronously and there is no guarantee of job
success, the behavior in this mode is non-deterministic. In contrast, the offline

mode has a fully deterministic execution which can be reproduced to floating point
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precision. The determinism is imposed by organizing each job in a directed acyclic

graph (DAG) using HTCondor.

A.2.5 gstlal-burst package

The GstLAL-based burst package is a collection of utilities intended to search for
gravitational-wave sources other than compact binaries as well as non-astrophysical
noise transients. One of the recent developments is a pipeline searching for cosmic
strings, which are hypothetical objects considered to have formed in the early
universe. The pipeline uses time-domain stream-based signal processing algorithms,
along with a classification scheme using parameters specific to the search. The
algorithms used are mostly in common with the gstlal-inspiral package, but
simplified due to the smaller number of templates required for matched filtering.
In addition, gstlal-burst provides utilities to identify and extract features from
non-Gaussian noise transients in near real-time (O(5s)) via the Stream-based Noise
Acquisition and eXtraction, or SNAX toolkit. The SNAX toolkit also leverages
time-domain signal processing, but instead utilizes a sine-Gaussian basis to identify
the presence of and extract features from many types of non-Gaussian noise in
strain and auxiliary data. Its main data product is multivariate time-series data
containing the extracted features, including SNR and phase information as well as

the waveform parameters of interest.

A.2.6 gstlal-calibration package

The gstlal-calibration package houses the unique software used for calibration of
the LIGO strain data. Software in the gstlal-calibration package produces the
only official LIGO strain data product used in all subsequent analysis. Calibration of
LIGO strain data involves standard signal processing and digital filtering techniques
in order to derive the differential arm motion observed in the LIGO detectors from
the detector’s digital readouts [223,352,353|. Many of the signal processing and
digital filtering plugins used by the calibration pipeline gstlal_compute_strain
are housed in the gstlal or gstlal-ugly packages. A few plugins unique to the
calibration process as well as calibration-specific python APIs are housed in the
gstlal-calibration package.

Much like the GstLAL-based compact binary pipeline, the LIGO calibration
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pipeline is built to operate in two modes: a “low-latency" mode and an “offline"
mode. The low-latency LIGO calibration pipeline operates on hardware located
physically at the two LIGO detector sites, LIGO Hanford in Hanford, WA and
LIGO Livingston in Livingston, LA. This pipeline produces calibrated LIGO data
and a bit-wise state-vector that indicates the fidelity of the calibrated data within
O(5s) for each detector at the respective detector sites. The low-latency calibration
process involves using a combination of digital filtering performed in the LIGO front-
end computers, which are directly connected to the LIGO detectors and employ
the CDS Real-time Code Generator (RCG) core software [354], and further digital
filtering and processing performed by the GstLAL calibration software running on
non-front-end hardware located at the LIGO detector sites. This two-step process
takes advantage of the access the front-end computing system has to the installed
detector filters and models and the advanced stream-based filtering techniques
housed in the GstLAL software packages [223].

There is often a need to re-calibrate the strain data after the initial low-latency
data calibration in order to improve calibration accuracy based on more sophisticated
modeling or to remove systematic errors present in the low-latency calibrated strain
data [223,355,356|. The re-calibration of LIGO data is performed using the offline
mode of the gstlal_compute_strain pipeline. In this mode, the entire calibration
process is performed by software housed in the GstLAL software packages. The
offline calibrated data is processed in batch jobs using HTCondor in order to
optimize computational efficiency and is completely reproducible to floating-point
precision. All analyses derived from LIGO strain data use the calibrated data
produced either by the low-latency GstLAL calibration pipeline or the offline
GstLAL calibration pipeline.

A.3 lllustrative Examples

A.3.1 Example Gstreamer pipeline with GstLAL

The following example was run on a newly instantiated CentOS 7 64 bit virtual

machine with miniconda [357] installed by doing;:
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2> wget https://repo.anaconda.com/miniconda/Miniconda3-latest-Linux-
x86_64.sh

3 bash Miniconda3-latest-Linux-x86_64.sh

. conda create -n myenv python=2.7

5 conda activate myenv

¢ conda install -c conda-forge gstlal-inspiral=1.7.3

To verify that it works, try:

2 $ gst-inspect-1.0 gstlalinspiral | head -n4

3 Plugin Details:

! Name gstlalinspiral

5 Description Various bits of the LIGO Algorithm
Library wrapped in gstreamer elements

6 Filename <your miniconda path>/lib/gstreamer

-1.0/1libgstgstlalinspiral.so

Next we will try a very simple Gstreamer pipeline that uses two GstLAL elements:
lal_peak and lal_nxydump, along with additional Gstreamer elements to construct
a pipeline that generates 10 Hz Gaussian, white noise, finds the peak sample every
second and streams the result to the terminal screen as ASCII text. It is possible
to construct simple pipelines such as this without any code using the Gstreamer
tool gst-launch [358|:

$ gst-launch-1.0 audiotestsrc wave=9 ! capsfilter caps=audio/x-raw

N

,rate=10 ! lal_peak n=10 ! lal_nxydump ! filesink location=/dev
/stdout

The first element, audiotestsrc is a Gstreamer element that can provide many
test signals. The wave=9 property sets it to be unit variance white noise. The
second element, capsfilter specifies that we want the format of the output to be
floating point audio data with a sample rate of 10 Hz. Next, 1al_peak is the first
GstLAL element. In this example it is configured to find the largest absolute value
of the signal every 10 sample points. lal_nxydump is the second GstLAL element
which converts the time-series data to two column ASCII text. Finally, filesink
dumps the ASCII output to standard out. You should see the following output

(with variations caused by the fact that the data is random):
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V]

$ gst-launch-1.0 audiotestsrc wave=9 ! capsfilter caps=audio/x-raw
,rate=10 ! lal_peak n=10 ! lal_nxydump ! filesink location=/dev
/stdout | head -n 15

Setting pipeline to PAUSED

Pipeline is PREROLLING

Pipeline is PREROLLED

Setting pipeline to PLAYING

New clock: GstSystemClock

.000000000 0

.100000000

.200000000

.300000000

.400000000

.500000000

.600000000

.700000000

.800000000

.900000000

.95523328

O O O O O O © O o o
O O O O O © O o o

you can see that the maximum sample point was chosen in the 10 sample interval
on line 13. Other values are set to 0.

gst-launch is useful tool for quickly testing a simple pipeline, or debugging,
however it is not suitable for writing large applications with many elements or
situations where program control is exposed dynamically to the user. For building
applications, GstLAL relies on the Python bindings for Gstreamer and adds a
substantial amount of gravitational wave specific application code written in python.
An example of the pipeline above written in the style of GstLAL applications is

below.

# boiler plate Gstreamer imports
import gi

gi.require_version(’Gst’, ’1.0°)

from gi.repository import GObject, Gst
GObject.threads_init ()

Gst.init (None)

# Gstlal imports
from gstlal import datasource
from gstlal import pipeparts

from gstlal import simplehandler
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13
14 # initialize an event loop, a pipeline and an event handler

15 mainloop = GObject.MainLoop ()

16 pipeline = Gst.Pipeline("softwarex_demo")

17 handler = simplehandler.Handler (mainloop, pipeline)

18

19 src = pipeparts.mkaudiotestsrc(pipeline, wave = 9)

20 src = pipeparts.mkcapsfilter(pipeline, src, caps = "audio/x-raw,
rate=10")

21 src = pipeparts.mkpeak(pipeline, src, n = 10)

22 src = pipeparts.mknxydumpsink (pipeline, src, "/dev/stdout")

2« if pipeline.set_state(Gst.State.PLAYING) == Gst.StateChangeReturn.
FAILURE:

25 raise RuntimeError ("pipeline failed to enter PLAYING state
")
26 mainloop.run ()
We have found that, using python to procedurally build Gstreamer graphs, we can
construct enormous pipelines containing tens of thousands of distinct elements. A
prime example of this is our workhorse signal processing pipeline used for discovering

compact binary mergers as described in the next section.

A.3.2 Compact binary searches

Makefile.softwarex_test provides an example of the general workflow involved
in offline gravitational wave analyses, which primarily rely on the gstlal and
gstlal-inspiral packages. The miniconda installation of GstLAL will run this
example in ~30 minutes on a single machine. Production level compact binary
searches analyzing data from the three advanced interferometers, on the other
hand, take ~1 week when distributed over O(1000) core computing clusters with
optimized software builds. The test Makefile is entirely self-contained; the target
and dependency relationships and brief comments within describe the workflow.
Although the structure presented in this test is linear in nature, full scale searches
for compact binaries are heavily parallelized to take advantage of DAG scheduling.
The requisite commands to run this test analysis are shown below.

> mkdir workflow-test && cd workflow-test
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3 export LAL_PATH=${CONDA_PREFIX} GSTLAL_FIR_WHITEN=0 TMPDIR=/tmp

wget https://dcc.ligo.org/public/0168/P2000195/004/Makefile.
softwarex_test

make -f Makefile.softwarex_test

A.4 Impact

GstLAL has played an integral role in the history of gravitational wave detections,
and has participated in gravitational wave searches since S5 [359]. Although GstLAL
was designed specifically for near-real-time applications, the low-latency pipeline
was prevented from searching for binary black holes at the start of Advanced LIGO’s
first observing run (O1). The pipeline was only allowed to use a template bank
sensitive to electromagnetically binary neutron stars and neutron star - black hole
binaries. The software was fully capable of detecting binary black holes in near-real-
time. The LIGO collaboration desired blind binary black hole (BBH) analyses, and
since BBH systems are not expected to produce electromagnetic radiation there
was no perceived need to detect them in near-real-time. The restriction on the
allowed template bank rendered GstLAL unable to detect GW150914 in low-latency,
though it was one of two matched filter pipelines used to analyze archival data and
validate the event [160]. GW150914 was initially detected in low-latency by the
weakly-modeled burst pipeline CWB [297], which demonstrated that there could
be no truly blind analysis while low-latency burst pipelines produced alerts. As a
result, in late 2015 the GstLAL pipeline was approved to include BBHs with total
mass < 1000, in its low-latency configuration. GstLAL quickly demonstrated its
ability to recover BBHs in low-latency; it became the first matched-filter pipeline
using waveforms based on general relativity to make a near real-time detection of a
compact binary with the discovery of GW151226 [134].

Development work between Advanced LIGO’s first and second observing runs
focused on enabling single detector discoveries and incorporating data from Virgo
in the analysis. These efforts were rewarded by August 2017 as GstLAL became
the first three-detector matched-filter search in the Advanced LIGO era and, more
notably, the first (and to date, the only) gravitational-wave detection pipeline
to observe a binary neutron star merger in low-latency [360, 361]. Although

both Advanced LIGO interferometers and the Advanced Virgo interferometer
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were operating at the time of GW170817, it was initially observed in a single
interferometer. This marked the first single detector observation of a gravitational
wave, and the autonomous identification of the candidate enabled rapid offline
follow-up of the candidate within the LIGO-Virgo collaboration.

Advanced LIGO’s third observing run (O3) marked the beginning of open public
alerts (OPA) [288]. For the first time, candidates with false-alarm-rates below 1 per
month? were made public at the time of discovery. Although the first public alert
was distributed in error by the collaboration [362], the identification of binary black
hole candidate S90408an [363] marked the successful start of the era of automated
public alerts. At first only candidates appearing in two or more detectors were
approved for automated release, but GW170817 had already demonstrated the
importance of single detector searches. Indeed, two weeks into the third observing
run GstLAL was the only pipeline to detect GW190425 in near-real-time [360, 364],
further highlighting the necessity of single detector searches.

Two months into the observing run, GstLAL became the only pipeline approved
to release single detector candidates as OPAs. This was a high risk, high reward
endeavor. Matched filter searches have traditionally been able to suppress the back-
ground by demanding coincidence across interferometers; single detector candidates
do not benefit from this effect and can therefore be more susceptible to short term
noise transients. Unfortunately, this resulted in several retractions throughout O3
as the GstLAL team worked on ways to mitigate the effects of noise transients in
single detectors. By the end of the second half of the observing run, pipeline tuning
had reduced the rate of retractions.

GstLAL has contributed to all gravitational-wave discoveries published by the
LIGO Scientific Collaboration [9,134-137,160,194,364], but it has also contributed
to searches for as yet undetected sources. Sub-solar mass and intermediate mass
black holes both pose problems for conventional models of stellar evolution, and
GstLAL has directly contributed to searches of both [28,96,365,366]. Although
these searches have not yet yielded any detections, the null results have been able
to place strict limits on the abundance of such objects and have also provided the

tightest limit to date on a primordial black hole model of the dark matter.

2after applying a trials factor to account for the number of concurrently running searches.
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A.5 Conclusions

The GstLAL library has significantly impacted the progress of gravitational-wave
astrophysics, not only via compact binary searches, but also through contributions
to detector calibration and characterization efforts. The low-latency GstLAL
based inspiral pipeline was instrumental in the first multi-messenger discovery
with gravitational waves, and strives to lead the march towards more remarkable

observations with ground-based interferometers.
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