ABSTRACT

Neutron stars are astrophysical laboratories to study extremely dense matter. The
exact composition of the interior of a neutron star is yet unknown. However, recent
observational and theoretical developments have provided crucial constraints on the
properties of dense matter in neutron stars. In this thesis, we describe how we can use
the astrophysical signals from neutron stars to measure their physical properties. We
can use these measurements to determine the structure and composition of neutron
star. We focus on two phases of the neutron star’s life and the astrophysical signals
associated with it. First, we look at gravitational wave signals from core-collapse
supernovae—the birthplace of neutron stars. We analyze the gravitational-wave sig-
nals obtained from three-dimensional simulations of core-collapse and calculate the
detection prospects of these signals by the proposed next-generation detectors, such
as Cosmic Explorer. We find that Cosmic Explorer can detect a supernova signal in
the Milky Way galaxy. We analyze the first ~ 10 ms of the gravitational-wave signal
from core-collapse, where the signal is non-stochastic and primarily depends on the
core rotation rate and its equation of state. We use data from numerical simulations of
collapsing stars with rapidly rotating cores and develop a mapping between the phys-
ical parameters and the waveform morphology. We analyze the stochastic part of the
signal, which is primarily generated due to the oscillations of the proto-neutron star.
We develop a novel method to generate time-frequency spectrograms and we use them
to measure the frequencies and energy associated with the quadrupolar f—mode os-
cillations of the proto-neutron star. Lastly, we determine the reproducibility of Riley
et al. results, in which the authors analyze the X-ray data from NICER to measure
the mass and radius of PSR J0030+0451 using X-ray pulse profile modeling. We
find that using the data and software artifacts provided, we can not only reproduce
their results but can extend them as well. Measuring the mass and radius of pulsar

constrains its equation of state, and consequently its internal composition.
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interpolation, however increases the number of times the interpolation

tPils- o5 (vertical axis) vs ;" (horizontal axis) parameter plane for the
waveforms in the catalog. The colorbar shows the § corresponding to
each of the waveforms. The two dimensional convex hull of the all the
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this signal is shown on the bottom panel. The f—mode frequencies,
obtained from linear perturbation analysis, start at 200ms and go from
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as red crosses in the bottom panel. The vertical orange line shows the
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the peak in the spectra. . . . . . . . .. .. ... ... ..
The top panel in the figure shows the spectrogram of the 3D simula-
tion s19-3D. The red curve shows the quadratic fit to the fundamental
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of the track. The energy of the mode is measured by summing the en-
ergy of the time-frequency blocks within the white curves. The blue,
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ergy measured from the time domain representation of the signal, its
spectrogram, and for the f—mode from the spectrogram, respectively,
and summed for the individual polarizations h, and h,. The red, pur-
ple, and brown curves show two times the energies for the same for the
effective strain as observed in a interferometer. . . . . . .. .. ...
The figure shows the frequency evolution (left) and power (right) mea-
sured for the f—mode oscillations from the gravitational-wave strains
of the three-dimensional simulations. The frequency increases with
time, owing to the shrinking of the proto-neutron star. We find that
the power in the gravitational-waves associated with the f—mode os-

cillations generally increases as the progenitor mass increases.
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The figure shows the frequency evolution (left) and power (right) mea-
sured for the f—mode oscillations from the gravitational-wave strains
of the two-dimensional simulations with core rotation. The frequency
increases with time, owing to the shrinking of the proto-neutron star.
We find that the power in the gravitational-waves associated with the
f—mode oscillations increases monotonically as the progenitor core ro-
tation rate increases, up till Q = 0.75 rad/sec, and then decreases as
centrifugal forces dominate. . . . . . . . ... oL
The figure shows the frequency evolution (left) and power (right) mea-
sured for the f—mode oscillations from the gravitational-wave strains
of the two-dimensional simulations without core rotation. The fre-
quency increases with time, owing to the shrinking of the proto-neutron
star. We find that the power in the gravitational-waves associated with
the f—mode oscillations generally increases as the progenitor mass in-
CTEASES.  + v v v v e e e e e e
The left panels of the figure show the root-mean-squared error in mea-
surement of frequency evolution of f-mode (oy) for waveforms from
three-dimensional simulations. The right panel shows the error in mea-
surement of energy in the f—mode oscillations (0g). The orange line
shows the median obtained from measurement in 10000 noise instances
of Cosmic Explorer noise, with the fill representing the 90th quantile.
The blue curve represents the results for Einstein Telescope, and the
green curve for Advanced LIGO. . . . . ... ... ... ... ... ..
The left panels of the figure show the root-mean-squared error in mea-
surement of frequency evolution of f-mode (oy) for waveforms from
two-dimensional simulations with core rotation. The right panel shows
the error in measurement of energy in the f—mode oscillations (og).
The orange line shows the median obtained from measurement in 10000
noise instances of Cosmic Explorer noise, with the fill representing the
90th quantile. The blue curve represents the results for Einstein Tele-

scope, and the green curve for Advanced LIGO. . . .. ... ... ..
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The left panels of the figure show the root-mean-squared error in mea-
surement of frequency evolution of f-mode (o) for waveforms from
two-dimensional simulations with zero core rotation. The right panel
shows the error in measurement of energy in the f—mode oscillations
(0g). The orange line shows the median obtained from measurement
in 10000 noise instances of Cosmic Explorer noise, with the fill rep-
resenting the 90th quantile. The blue curve represents the results for

Einstein Telescope, and green curve for Advanced LIGO. . . . . . ..

Ji—mode
VGpe

where p. is the central density of the protoneutron star. The fre-

as a function of time for the three-dimensional simulations,

quencies are obtained from linear perturbation analysis whereas the p,.

values are obtained from the simulation data. We obtain a linear fit

Jiomede — ) 923¢4-0.06 (shown in red) using the data for all the simulations.102

VGpe
We plot the time evolution of p. for the 19 M model in red, as obtained

from the three-dimensional simulation. We obtain p,. for each injection
instance when the source is assumed to be at 10 kpc and the signal is
detected in Cosmic Explorer. We plot the two-dimensional histogram

for the pinj(ty) where inj is the injection instance and ¢, is the time

after bounce. The counts for such histogram is shown on the colorbar.

Schematic showing how the mass and radius of PSR J0030+4-0451 can
be measured using X-ray data observed by NICER. The parts of the
analysis done by Riley et al. using X-PSI are shown as green boxes.
X-PSI uses the data observed by NICER (box 1 and the observed pulse
profile), and the hotspot models that simulate the X-ray emission from
the pulsar (box 2), to perform Bayesian parameter estimation (box 3)
and measure the posterior probabilities for mass and radius of the
target pulsar (box 4). The two examples of hotspot models shown
in the figure are ‘ST+PST’ (Single Temperature + Protruding Single
Temperature) and ‘ST+EST’ (Single Temperature + Eccentric Single

temperature). .. ...
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Schematic showing the software components used in our workflow exe-

cution. We create a Docker image on the login node on the sugwg-condor

cluster which has the replica of the OpenMPI installation present on
any of the compute nodes. This Docker image is then pushed to Docker
Hub cloud storage. CVMFS converts the Docker container into a Sin-
gularity container and makes it available for use on the cluster. We
use the HTCondor job scheduler to deploy the Singularity containers
on the compute nodes, thus fulfilling the parallelization requirements
of the analysis. . . . . . . . ...
Comparison of posterior probability distributions for mass, radius, and
compactness of JO030 obtained by Riley et al. (blue), reproducing the
analysis (orange), and for the analysis with the broader radius priors
(green), using the hotspot model ST4+PST. The corner plot shows the
three parameters’ one and two-dimensional marginal posteriors. The
priors used for the re-analysis are the same as in the original analysis.
Comparison of posterior probability distributions for mass, radius, and
compactness of JO030 obtained by Riley et al. (blue), reproducing the
analysis (orange), and for the analysis with the broader radius priors
(green), using the hotspot model ST+EST. The corner plot shows the
three parameters’ one and two-dimensional marginal posteriors. The

priors used for the re-analysis are the same as in the original analysis.
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Chapter 1
Introduction

Neutron stars are among the densest objects in the universe, second only to black
holes. They offer a unique window into the physics of extreme regimes that are
not well understood yet, and conditions that cannot be reproduced in terrestrial
laboratories. The densities in the core of neutron stars can reach up to ten times the
nuclear saturation density (p = 2.8 x 101g/cm?) [4, 5, 6, 7, 8, 9]. A way to probe the
physics of these extreme conditions is by measuring the properties of neutrons stars
using the astrophysical signals that they generate.

The exact internal composition of a neutron star is not yet known. We know that
they are mostly made of neutrons, because of the inverse beta decay process during
a core-collapse supernova—the birthplace of neutron stars. However, the densities at
the core of the star are extremely high, and we do not have a full understanding of
the kind of matter that could exist in such conditions. The core can be comprised
mostly of neutrons with a fraction of protons, or it could host exotic particles like
hyperons, deconfined quarks, etc [10, 11]. The interactions between these particles
scale up on a larger scale as the relationship between pressure and densities, i.e. the
“cold” equation of state [12]. This relationship describes the behavior of cold, dense
matter, that comprises the old, isolated neutron stars, and neutron stars in binary
systems before they come close to their companions. When the neutron stars are
born, or when they are in a binary system and merge with their companion object,
the conditions are hot and dynamic and one has to take into account the temperature,
in addition to the pressure and density, to describe the “hot” equation of state of dense

matter.



Given a pressure-density relationship, and the Tolman—Oppenheimer—Volkoff rel-
ativistic stellar structure equation [13, 14], one can map out the relationship between
the mass and the radius of the neutron star. The uncertainties in the composition of
the neutron star and the inter-particle forces results in a range of models that describe
the pressure-density-temperature relations, and consequently, a range of mass-radius
relationships.

Since neutron stars are highly compact objects, we have to take into account rela-
tivistic effects when we model them. We can utilize this property of the neutron stars
to measure their physical properties. For example, we can use the gravitational-waves
from neutron stars (from a newly formed proto-neutron star, or from binary neutron
star mergers) to measure its mass and radius. Using observations and theoretical
models, we can constrain the plausible regions in the mass-radius plane. Backtrack-
ing, we can do the same for equations of state represented in the pressure-density
plane, and hence constrain the type of particles residing in the core of a neutron star
[15, 16, 17].

In this thesis, we investigate methods to measure the physical properties of neutron
stars using astrophysical observations. First, we focus on the proto-neutron star phase
of a neutron star during its birth in a core-collapse supernova. In particular, we focus
on gravitational-wave radiation from a supernova, during which the primary source of
the radiation is the proto-neutron star oscillations. Gravitational-waves and neutrinos
are the only possible observational windows to extract the physics from proto-neutron
stars, since the stellar material enveloping them is opaque to electromagnetic waves.
Using such signals, we demonstrate that not only can we measure the properties of
the proto-neutron star, but we can also shed more light on the supernova mechanism.
Secondly, we measure the mass and radius of an old, cold neutron star by analyzing the
X-ray emission from its surface. In this phase, the neutron star has cooled off due to
neutrino emission and has become stable, unlike the proto-neutron star phase where it
was hot and dynamic. We can measure various physical properties of the neutron star
using both kind of measurements. In particular, measurements of mass and radius
of neutron stars can constrain the possible equations of state, and consequently their

structure and inner composition.



1.0.1 Gravitational waves

The Advanced LIGO [18] and Virgo [19] observatories are set to begin their fourth
observing run in the summer of 2023 to detect gravitational waves from mergers
of compact object binaries [20]. These binaries can be comprised of stellar-mass
black holes or neutron stars. During the first three observing runs, the observa-
tories reported a total of 52 confident detections [21, 18, 22, 23, 24, 25], including
the first direct observation of gravitational waves from a binary black hole merger,
GW150914 [26], and a direct detection of gravitational waves from a binary neutron
star merger, GW170817 [27]. The latter event was also observed across the electro-
magnetic spectrum - from gamma-rays to radio [28]. The total catalog of signals
includes those from two binary neutron stars, two neutron star-black hole, and a sig-
nal from a binary system with the light compact object object either the lowest mass
black hole or one of the highest mass neutron star. With all these observations, the
era of gravitational-wave astronomy has just begun, and we will be able to answer a
plethora of long-standing physics questions using it.

Gravitational waves were one of the earliest predictions of the Theory of General
Relativity. If one considers the case where the spectime metric can be approximated
as g = n* 4+ h*, where n* is the flat, Minkowski spacetime metric and A" is a
small perturbation on it, then in the transverse-traceless gauge, Einstein’s equations

become a wave equation for h*”. If a system has time-varying quadrupole moment

I1,,, then it will generate gravitational waves. Specifically, the expression is:
2G -
hwj - m 2 (11)
where D is the distance between the source of gravitational radiation and the observer.

Since the factor 2¢ = 1.6 x 10~* kg~! m~'s? is strikingly small, the factor j%” has

to be tremendously large to obtain measureable values of h. Astrophysical sources,
primarily involving compact objects, provide large values of I v, such that even though
the distances D are also huge, the values of h are measureable. For example, a binary
neutron star system of stars of mass 1.4M and of radius 11 km each will produce
I, ~ 10%kg m?*s~2. Such a source will generate gravitational waves that would be
~ 102! at a distance of 1 Mpc. In order to detect such a signal, one has to be able
to measure extremely small changes in distances when the gravitational-wave passes
by.



Gravitational-wave observatories are kilometer-scale Michelson interferometers with
Fabry-Perot cavities in each of their arms. As a gravitational-wave passes through
the detector, it stretches and squeezes the spacetime, distorting the armlengths of
the interferometer. This results in a phase difference over time in each of the arms.
The detectors measure the signal amplitude in the terms of the strain h, which is a
dimensionless quantity given by AL

h=—, (1.2)

where L is the arm length of of the detectors when there is no gravitational-wave
passing through it, and AL is the change in arm length induced by the signal.

The sensitivity of the detectors is dependent on various noise sources. These in-
clude the seismic noise (which is dominant at low frequencies, < 10 Hz), thermal
noise (contributes majorly at frequencies ~ 10 — 100 Hz), and quantum noise (dom-
inant at frequencies 2 200 Hz) [29]. Advanced LIGO is most sensitive in the band
15— 1000 Hz. From equation 1.2, we can see that larger armlengths would result in
larger AL for the same signal waveform strain amplitude. Hence, Advanced LIGO is
4 km long. Future detectors, such as the Cosmic Explorer [30] in United States and
Einstein Telescope [31] in Europe are planned to have 40km and 10 km armlengths,
respectively. They will be almost an order of magnitude more sensitive than the
current detectors, making the nearby sources much louder, and further away sources
detectable.

1.0.2 Core-collapse supernovae

When the core of a massive star (8My < M < 130M when it becomes a main
sequence star) exceeds its Chandrashekhar mass, it begins to undergo gravitational
collapse [32, 33, 34, 35]. The compression of the core leads the material to nuclear
densities, and the nuclear equation of state stiffens, which results in the core bounce.
This creates a shock wave that propagates outwards and plows through the outer
envelope of the star, causing an explosion and leaving behind a compact remnant
[36]. The core collapse and subsequent bounce can power supernova explosions that
radiate light, neutrinos, and gravitational waves (see e.g. Refs. [37, 38, 39, 40]
and references therein). Electromagnetic waves generated deep within the star get

absorbed by the material around them. We only receive the electromagnetic signals



from the outer edges of the star. The gravitational waves and neutrinos, on the
other hand, are generated within the core and travel unhindered through the stellar
envelope, carrying information about the structure and dynamics of the inner parts
of the star.

The outgoing shock initially stalls, primarily because it loses its energy to disso-
ciate heavy nuclei as it propagates outwards. It also faces the ram pressure of the
infalling material. The primary focus of supernova theorists and simulations for the
past few decades has been to explain how this shock eventually revives and blows
up the star. The currently accepted hypothesis is that a fraction of neutrinos that
are produced in the proto-neutron star get trapped in the gain region—the region just
behind the shock. Turbulence has been shown to be the key to revive the shock. The
trapped neutrinos heat up the gain region to generate enough turbulence to revive
the shock [33, 41].

The neutrino-heating mechanism is consistent with the observations and theoret-
ical predictions of explosion statistics, energies and other observables. The majority
of the gravitational binding energy in a supernova, over 99% (~ 10° ergs), is dis-
charged through neutrinos. To restart the stalled shock, the neutrino-heating mech-
anism needs just a small fraction of this energy to connect with the matter inside the
collapsing star via the weak force.

Core-collapse supernovae are crucial to understand because they are one of the
primary sources of heavy elements in the universe [42]. They also influence the inter-
stellar medium, can emit cosmic rays, and are the source of the cosmic relic neutrino
background [43]. Supernova physics is a complex blend of gravity, hydrodynamical

instabilities, neutrino interactions, radiation dynamics in multi-dimensions.

Gravitational waves from Core-Collapse Supernovae

Galactic core collapse supernovae are one of the potential sources of gravitational
waves that can be detected by the next-generation gravitational-wave detectors [44,
45, 46]. This kind of detection is particularly interesting because the gravitational-
wave signal is accompanied by neutrino signal and possibly by electromagnetic obser-
vations. The range of detection of core collapse supernovae for aLIGO type detectors
is around 10 kpc for optimally oriented sources, while for the third-generation detec-

tors it goes as far as 70 kpc. The estimated event rate for core-collapse supernovae



in a galaxy the size of the Milky Way is 1-3 per century [47, 48, 49, 50]. If the
third-generation detectors detect such an event in the galaxy, the signal-to-noise ra-
tio (SNR) will be high enough to extract very interesting physics (such as the equation
of state, rotation rate, central density, etc. of the protoneutron star) out of the ob-
served data. In Chapter 2 we discuss the detection prospects of gravitational-waves
from supernovae for the next-generation gravitational-wave detectors.

The gravitational-wave signal of core-collapse supernovae comprises of three phases
- the core bounce and the immediate postbounce oscillations of the protoneutron star
(5 — 10 ms), prompt convection phase (10 — 50 ms), and the the neutrino convec-
tion/explosion phase (2 100 ms). Due to the neutrino convection in and above the
protoneutron star, and fallback accretion onto it, the latter phase is stochastic in na-
ture. However, the core bounce and postbounce phases are non stochastic and contain
vital information about the physical parameters such as the angular momentum of
the core and nuclear equation of state. Most of the work in the past three decades
was focused on the bounce and the postbounce phases for a rapidly rotating core of
a massive star [51, 52, 53]. However, our current understanding of stellar evolution
and estimates of rotation rates of pulsars suggest that the cores of massive stars will
be slowly rotating by the end of their lives owing to angular momentum transport
to the stellar envelope and eventually to stellar winds [54, 55]. They will also be
weakly differentially rotating due to angular momentum redistribution because of
strong magnetic torques [56, 57]. Rotation rate of the core is an important quantity
to measure as it provides crucial insight into the rotation rates of the first generation
compact objects formed as an aftermath of the core-collapse. In Chapter 3 we focus
on the first ~ 10 ms of the gravitational-wave signal from core-collapse to measure
the rotation-rate and the equation of state of the protoneutron star.

During the neutrino convection phase, the primary source of gravitational-waves
are the proto-neutron star oscillations. These oscillations are thought to be caused
by the infalling, accreting matter on the proto-neutron star. The stochasticity of the
signal in the time domain renders it very difficult to be modeled in the same vein
as a gravitational-wave signal from compact binary coalescence. However, if we look
at the short-time Fourier transform of the signal, we see a distinct track starting at
~ 200 ms after the core bounce at ~ 500 Hz, and grows to ~ 1000 Hz 500 ms after



the core bounce. Linear perturbation analysis of the simulation data for the proto-
neutron star reveals that this track is associated with the fundamental [ = 2 f—mode
oscillations of the protoneutron star. An f—mode, or fundamental mode oscillation is
a subclass of gravity modes—modes of oscillations in which buoyancy is the restoring
force.

In Chapter 4 we analyze the stochastic phase gravitational-wave signal (t—tpounce 2
0.4 seconds) to measure the frequencies and energies associated with the fundamental
f—mode oscillations of the proto-neutron star. Measurement of these quantities help

in inferring the central densities of the proto-neutron star, and may shed more light

on the supernova mechanism.

1.0.3 Millisecond pulsars and X-ray pulse profile modeling

Pulsars are rotating neutron stars that have period of rotation that ranges from a
few milliseconds to a few seconds. They emit radiation that an observer can see at
regular intervals as the pulsar is rotating [58, 59]. In particular, the neutron star’s
surface has “hotspots” - regions of higher temperature than the ambient temperature
that emit X-rays. These surface emissions provide us a way to to probe the interior
composition of the neutron star. The X-rays emitted from the surface travel through
the exterior spacetime of the neutron star. Since the pulsar is rotating, they also get
rotationally deformed—redshifted when the hotspot is going away from the observer
as the pulsar rotates, whereas blueshifted when the hotspot is appearing again. Given
a mechanism of how this radiation is produced on the surface and the ray propagation
of the radiation through the spacetime, one can model the pulsed signal that can be
detected by a distant observer [60]. One can parameterize this model incorporating
the mass, radius, rotation rate, etc. Using a likelihood function, one can then perform
a Bayesian analysis to determine the model parameters that describe the posterior.
In 2018, NASA’s Neutron star Interior Composition Explorer (NICER) observed
X-rays from a galactic pulsar PSR J0030+0451, which is at a distance of ~ 0.33 kpc
and has a period of rotation of 4.89ms. Riley et al. reported Bayesian parameter
measurements of the mass and the radius, among other parameters, and found that
mass of the pulsar is 1.34751aM, and the radius is 12.717}-13km, where the errors
depict the 68% credible interval. In Chapter 5, we explore the reproducibility of Riley

et. al. [61] analysis, given the data, software, and documentation provided to the



public. We also extend and modify their original analysis to test its robustness to the
priors used in the analysis.

We discuss the conclusions drawn from these studies in Chapter 6.



Chapter 2

Detection prospects of
gravitational-waves from

Core-collapse supernovae

2.1 Introduction

The Advanced LIGO [62] and VIRGO [63] gravitational-wave detectors observed sig-
nals from the coalescence of over ten binary black holes (BBH) and one binary neu-
tron star merger (BNS) [64, 65, 66, 67, 68, 69] by the end of their second science
run. Core-collapse supernovae (CCSNe) are a potential astrophysical source of gravi-
tational waves that could be detected by interferometric detectors. The gravitational
waves are generated deep in the star, at the collapsing core, and are emitted un-
touched by the outer envelopes. They contain vital information about the interior of
the star and about the core-collapse process, which is not present in the electromag-
netic counterpart of the emitted radiation. We can infer various physical parameters
such as the nuclear equation of state, rotation rate, pulsation frequencies, etc. from
the gravitational wave signal of a CCSNe once it has been detected [70, 71, 72]. How-
ever, gravitational waves from CCSNe are yet to be observed [73, 74]. The inferred
sensitivity of the aLIGO-VIRGO network to detect CCSNe ranges from a few kilo-
parsecs (kpc) to a few megaparsecs (Mpc) [75]. The range of a few megaparsecs in
[75] corresponds to extreme emission models which assume properties of stars which

are unlikely to occur in astrophysical scenarios. The smaller sensitive range of a few



kiloparsecs to CCSNe along with low CCSNe rates within galaxies leads to a low
gravitational-wave detection probability from CCSNe [76, 77, 78, 79, 80].

The gravitational radiation from CCSNe depends on a complex interplay of general
relativity, magneto-hydrodynamics, nuclear, and particle physics. The burst signal,
therefore, does not have a simple model, and we have to use numerical simulations
to understand its structure. Numerical simulations also help in understanding the
frequency content of the gravitational wave signal which is crucial in determining the
parameters to tune future detectors towards supernovae.

The three-dimensional (3D) simulations of core-collapse supernovae reveal that
their gravitational-wave signatures are broadband with frequencies ranging from a few
hertz to a few thousand hertz. The time-changing quadrupole moment of the emitted
neutrinos occupies the few Hertz to ten Hertz range, while the higher frequencies
are associated with the prompt convection and rotational bounce phase, the proto-
neutron-star (PNS) ringing phase, and turbulent motions. [81] and [82] demonstrated
that the excitation of the fundamental g- and f-modes of the PNS can be a dominant
component and that much of the gravitational wave energy emitted is associated with
such PNS oscillations [83, 84]. The frequency ramp with time after the bounce of the
latter is a characteristic signature of CCSNe and will reveal the inner dynamics of
the residual PNS core and supernova phenomenon once detected. There now exist
in the literature numerous 3D CCSNe models that map out the gravitational-wave
signatures expected from CCSNe [85, 86, 87, 88, 80, 89]. For this study, we focus on
the extensive suite of 3D waveforms found in [80].

In our work, we optimize the design prospects of a third-generation Cosmic-
Explorer-like detector to detect gravitational wave signals from CCSNe and discuss
the astrophysical consequences. We focus on the prospects for detection of non-
rotating or slowly rotating stars since they are likely to be astrophysically more likely
[90]. We first review the detection ranges for the second-generation detectors. A
significant amount of power is emitted by CCSNe within the gravitational-wave fre-
quency range 500 Hz to 1500 Hz. Therefore, in order to improve the sensitivity of
gravitational wave detectors to CCSNe, we need to tune the detector parameters to
increase the sensitivity in this bandwidth. With the present models of likely grav-
itational wave emission from CCSNe [80], we find that the detectable range with a

supernovae-optimized Cosmic-Explorer-like third generation detector is still only up

10



to a hundred kiloparsecs. The detector range is therefore limited to CCSNe that
occur within our galaxy. The corresponding event rate is approximately two per
century [91, 92, 93, 94, 95]. However, the supernovae-optimized detector would im-
prove the signal-to-noise ratio (SNR) for the galactic sources by approximately 25%
as compared to the Cosmic-Explorer. For completeness, we also discuss the strain
requirements in a detector to achieve CCSNe event rates of the order of one per year.
To this end, we address the fundamental sources of noise that limit our sensitivity to

achieve this desired strain.
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2.2 Gravitational waves from CCSNe

Fig. 1 shows the spectrograms of the waveforms obtained from the simulation for the
19M, progenitor. The left column shows the spectrogram of the waveform from the
3D simulation, while the right column shows the spectrogram of the waveform from
the 2D simulation. The red vertical dashed line in the right column represents the
simulation time of the 3D waveform. For simulations of the same ZAMS mass, both
the 2D waveforms and the 3D waveforms show similar behavior in the time-frequency
plane. We can see the prompt convection signal for the first ~ 10 milliseconds after
the core bounce, followed by the characteristic g/f-mode ring up of the proto-neutron
star (PNS) increasing in frequency [104]. For the 2D waveforms, the frequency ranges
from ~ 20 Hz to ~ 2000 Hz. The g/f-mode signal of the PNS starts around 200
milliseconds after the core bounce at a frequency of ~ 500 Hz, and 1 sec after the
core bounce reaches ~ 1500 Hz. For the waveforms obtained from the 3D simulations,
the frequency ranges up to ~ 1000 Hz. This is because the 3D simulations end earlier

(0.4 — 1.0 sec after core bounce).
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Figure 1: Spectrograms of gravitational-wave waveforms from 3D (left column) and
2D (right column) simulations of 19M, progenitor. The number on the top left corner
each plot with white background is the distance for which these GW signals have an
optimal SNR of 8. For the 2D simulations, we recalculate this distance (shown on
red background) by truncating the waveform at the end-time of the corresponding

3D simulation. The red vertical dashed line shows the truncation time.
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We calculate the optimal distance (or the detection distance for optimally-oriented

sources) for each of these waveforms, as defined below [105]:

)
oy = Z = = [2 /fhigh df—ﬁ(f)i’*<f)] 2 (2.1)
| S Sn(f)
where Sj,(f) is the power spectral density (PSD) of the detector, p* = 8 is the
signal-to-noise ratio for an optimal matched filter (optimal SNR) and the limits over
the integral are defined by fiow and fpign. We note that for unmodeled searched
like CCSNe, matched filter searches is not applicable. Instead, Coherent WaveBurst
searches (CWB) or incoherent transient searches (Omicron) are implemented to search
for CCSNe in aLIGO-VIRGO strain data [106, 107, 108, 109]. There is mismatch
which leads to loss of SNR when one moves from modeled match-filter searches to
unmodeled transient wavelet burst searches [110]. The use of optimal SNR in the
paper presents an optimistic scenario without any of these losses. We set the lower
frequency cutoff, fi, = 10 Hz and use aLIGOZeroDetHighPower [l111] as PSD for
aLLIGO to compute the optimal distances for all the waveforms, which are shown in
Table 2. For aLLIGO, the average distances for waveforms from 3D simulations are
~ 8 kpc, while the average distances for corresponding 2D numerical simulations are
~ 35.5 kpc. The 3D simulations have shorter times with respect to the 2D simulations,
so we truncate the 2D simulations at the same corresponding times to compare the
optimal distances. In doing so, the average optimal distance for the waveforms from
the 2D simulations is ~ 30 kpc. We find that the 2D waveforms are, on an average,
~ 4 times louder than the 3D waveforms. Therefore, we will only use the waveforms
from 3D simulations to tune the third generation detectors for CCSNe and calculate
ranges.

Table 2 also shows the optimal signal-to-noise (SNR) ¢ of the waveforms in two
frequency bandwidths : 10Hz - 450Hz and 450Hz - 2000Hz. These o values have been
calculated using a flat PSD (see section §2.5), so that we can infer the distribution of
the frequency content of the waveforms without being biased by the noise curves of
any detector. We can verify from the spectrograms that almost all of the frequency
content is below 2000 Hz. We find that the ratio of o2 in the range 10Hz - 450Hz to
that in range 450Hz - 2000Hz is ~ 0.2 for 3D simulations while for 2D simulations it

is ~ 0.1. This implies that ~ 80% of the content of the waveforms is in the frequency
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range 450Hz - 2000Hz. This is crucial since in Secs §2.3 and §2.4, we tune the detector
parameters to increase the sensitivity in this frequency range.

In section §2.3, we define a phenomenological CCSNe waveform which is derived
from the 3D numerical waveforms. We maximize the range of the phenomenological
supernovae waveform (see Fig. 2) with a third-generation Cosmic-Explorer-like de-
tector. We use GWINC to estimate the noise floor for different detector parameters
[112]. The maximized range achieved can then be translated into the corresponding
event rate of CCSNe, as summarized in table 1 (assuming a 100% detector duty-cycle).

We use the waveforms from [80] to compare the ranges of different waveforms
of CCSNe using the Einstein Telescope (ET), the Cosmic Explorer (CE) and the
Supernovae-Optimized detector (SN-Opt). In section 2.5, we invert the problem to
calculate the strain requirements of a hypothetical detector to achieve an event rate
of the order of one in two years or in the terms of distances — has a range of the order
of 10 Mpc for gravitational-wave signals from CCSNe. Lastly, we consider in section
§2.5 detector configurations beyond the third-generation detectors (Hypothetical) and

find the ranges for different numerical waveforms of CCSNe.

2.3 Defining a Representative Supernovae Gravitational-Wave

Waveform

To maximize the detectable range for CCSNe in a given detector configuration, we
need a reference CCSNe waveform that captures the broad features of supernovae
waveform. The reference waveform must have the strain amplitude and spectral
features similar to any supernovae waveform. We use the waveforms from the 3D
simulations of core-collapse [113, 80] to generate a phenomenological model that cap-
tures the broad range of features of core-collapse supernovae waveform. We generate
the phenomenological waveform to average out the power emission features from dif-
ferent numerical waveforms so that features in any one of the waveforms do not affect
the results of the study. Thereby, the phenomenological waveform provides a model-
independent approach.

We construct the phenomenological waveform by a sum of sine-Gaussian bursts. A
sine-Gaussian can be defined with three parameters, the central frequency f,, the qual-

ity factor or the sharpness of the peak () and the amplitude scale h,. The frequency
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domain representation of a sine-Gaussian can be expressed with these parameters as

5(F) = 4}&_? _ - f)2Q2

The different frequencies are used to model different spectral features of the core-

(2.2)

collapse waveform. We choose central frequencies f! for sine-Gaussian using the
numerical waveforms from 3D simulations of core-collapse. We choose, by hand, five
distinct central frequencies f! which correspond to peak emission in the numerical
waveforms. We limit ourselves to five distinct values of frequencies in order to avoid
over-fitting the sine-Gaussian phenomenological waveform to the numerical wave-
forms. We note that the supernovae waveforms have emission at higher frequencies
but they are much lower in amplitude. Therefore, for the purposes of optimization,
we limit ourselves to an upper limit of 2kHz in the phenomenological waveform.

To build the phenomenological waveform, we divide the frequency domain into
four bins ranging from — 10 Hz to 250 Hz, 250 Hz to 500 Hz, 500 Hz to 1 kHz and
1 kHz to 2 kHz. For each of the chosen central frequencies f!, the quality factor Q'
and the amplitude h! are chosen so as to minimize the error in the normalized power
in the four different bins of frequencies above. The error in the normalized power in

each bin is then added in quadrature for different waveforms and is given by

N
Ae = ﬁ > (Model { — NRfo)2 (2.3)

This approach gives us a simple but robust gravitational waveform, free from the
parameter degeneracies but capturing the features of gravitational wave radiation
from CCSNe. We will use this to perform optimization and maximize the range for
this waveform and thus for CCSNe. The errors in the different frequency bins ranging
from 10Hz to 250Hz, 250Hz to 500Hz, 500Hz to 1kHz and 1kHz to 2kHz is 3%, 9%, 2%
and 19% respectively. The higher error in the last frequency bin is by the construction
of the phenomenological waveform and is added to incorporate the features persistent
in the 2D waveforms which show higher emissions in this frequency range discussed
in section §2.2. Fig. 2 shows the phenomenological waveform constructed. We
incorporate this waveform as a reference supernovae signal within GWINC [112]. The

ranges, horizon, and reach for the phenomenological waveform can then be calculated

by solving for distance D which would rescale the waveform in equation 2.2 as 1/D.
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Figure 2: The figure shows the phenomenological waveform used as a representative
for gravitational wave emission from CCSNe. The waveform is constructed by using
five sine-Gaussian bursts with different central frequencies f, = 95, 175, 525, 950
and 1500 Hz. The quality factor and the amplitude at each central frequency are
then derived by minimizing the normalized power emitted in four different bins of
frequency from 10 Hz to 250 Hz, 250 Hz to 500 Hz, 500 Hz to 1000 Hz and 1000 Hz to
2000 Hz. The overall amplitude of the phenomenological waveform is not calculated
by the fit and can be rescaled. We are interested in the broad features in frequency in

different waveforms which is effectively captured in the phenomenological waveform.

In each of the subsequent sections, we go back to each of the numerical waveforms
and recompute the ranges achieved with all the different detector designs considered

in our study.

2.4 Optimizing SN detectability for 3G detectors

We use the phenomenological gravitational-wave waveform for CCSNe to explore de-
tector configurations that optimize the Cosmic Explorer detector’s sensitivity to CC-
SNe. To avoid overemphasis on any particular frequency chosen in the phenomeno-
logical waveform, we down weight narrow-band configurations during the process of

optimization. We also avoid narrow-band designs so that the optimized detector’s
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sensitivity to BNS is greater then 1 Gpc. We will explore the narrow-band configu-

rations with a different approach discussed in section §2.4.3

2.4.1 Broadband configuration tuned for Supernovae

Quantum noise is the predominant source of noise which limits the performance of the
gravitational-wave detector. Radiation pressure noise limits the detector sensitivity
at low frequencies and shot noise limits sensitivity at high frequencies [62, 63, 114].
In our study, we use the design parameters of Cosmic Explorer [115] as the starting
point. For the purposes of optimization, we choose the Cosmic Explorer rather than
the Einstein Telescope as the former has a better noise performance at frequencies
which are relevant to CCSNe. We optimize over the length of the signal recycling
cavity (Lg..) and the transmissivity of the signal recycling mirror (Ts,,,) to maximize
the CCSNe detection range. The quantum resonant sidebands can be tuned with
these parameters and we exploit this behavior for supernovae tuning similar to the
approach used by Buonanno et al. [116] and Martynov et al. [117].

We also study, the effect of the length of the arm cavity (Lg,.,) on supernovae
sensitivity. We use Markov Chain Monte Carlo sampling [118] and particle swarm
optimization [119] to search the parameter space and maximize the range for the phe-
nomenological waveform for a broadband detector. During the process of maximizing
the range, we down-weight the narrow-band configurations with two constraints for
sample points. First, the reflectivity of the signal recycling cavity Ts.,, > 0.01. Sec-
ond, the given detector configuration must have a optimal distance for binary neutron
stars systems (m; = mg = 1.4 My and s1, = s9, = 0) to be greater than 1 Gpc. By
doing so, we ensure that the detector’s sensitivity is not lost for compact binaries.

The strain sensitivity improves as the square root of the arm length of the detector
as long as the gravitational-wave frequency (2) is much less than the free spectral
range (frgr) of the Fabry-Perot cavity. The strain sensitivity of the detector does
not always improve by scaling the detector as other fundamental sources of noise also
change by scaling the length of the detector [120]. As the gravitational wave spectrum
of supernovae has some power in a few kilohertz range, we allow the arm length to
vary independently similar to the analysis by [121, 117]. Our simulations indicated
the optimal length to be close to 40 km, the upper bound value allowed for the length

parameter. As a result, we set the length of the arm cavity to 40 km. For a 40 km
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arm length, the frgr is 3750 Hz. The sensitivity of the detector is limited by the
frsgr, any further increase in the length of the arms will reduce the frgg, resulting in
the loss in sensitivity to CCSNe, where the gravitational wave spectrum persists up
to a few kilohertz.

The optimal supernovae zero-detuned detector’s noise budget is shown in Fig. 3.
We find a longer signal recycling with a length of 180 m compared to 55m for Cosmic
Explorer along with a transmissivity of the signal recycling cavity changed to 0.015
improved the detector’s sensitivity by improving the quantum noise floor at higher
frequencies. The loss in sensitivity around 3 kHz is due to the FSR of the arm cavity.
The dip at 4 kHz corresponds to the pole of the signal recycling cavity.

We also consider the effects of detuning the signal recycling cavity. We find
detuning the signal recycling cavity with active compensation with the squeezing
phase can be used to actively tune the third generation detectors in narrow bins of
frequency without losing 15 dB of squeezing. It has been proposed that detuning the
ground-based detectors can be useful in testing the general theory of relativity [3]
with a joint operation with LISA [122]. We will consider the applicability of these
configurations to see if they provide any improvements for CCSNe in section §2.4.2.

The optimization over the length of the signal recycling cavity and the transitivity
of the signal recycling mirror to maximize the supernovae range with the phenomeno-
logical waveform in Fig. 2 leads to an improvement of approximately 30% in the
range of CCSNe as compared to the Cosmic Explorer design. However, extending
the range from a 70 kpc to 95 kpc does not add any galaxies in our local universe.
The optimized supernovae detector does not increase the detection rate as compared
to the Cosmic Explorer. For the sources at a fixed distance, this corresponds to
approximately 25% improvement in SNR.

The Fig. 4 compares the broadband configuration of a zero detuned 40 km de-
tector optimized for CCSNe signals with the design of the Cosmic Explorer, both
configurations have a 15dB squeezing. We improve on the sensitivity in the frequency
range from 450 Hz to 1550 Hz at the cost of a loss in sensitivity from 10 Hz to 450 Hz.
This results in a 15% loss in range for BNS. However, it still provides higher sensi-
tivity for the post-merger signals based on the predicted frequencies of interest for
post-merger oscillations [66, 16, 123, 124]. The table 3 summarizes the parameters

and their corresponding ranges towards different gravitational-wave sources. One
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advantage offered by the supernovae optimized configuration is robustness. With-
out any squeezing, the supernovae optimized detector has a range extending to the
LMC, whereas the range of the phenomenological SN waveform with Cosmic Explorer
without squeezing is 32 kpc.

Next, we use the noise curves of aLIGO, Cosmic Explorer, Einstein Telescope
and Supernovae optimized detector configurations to compute the ranges for the 3D
waveforms As stated earlier, the 3D waveforms are representative of astrophysically
abundant stars which are not rapidly rotating and the corresponding gravitational
wave strain emitted is small. Figure 5 summarizes the ranges of different waveforms
based on their ZAMS mass. We see that the sensitivity of the third-generation of
gravitational-wave detectors to CCSNe is limited to sources within our galaxy. From
the event rates of CCSNe summarized in table 1, we find the corresponding event
rate of observation of gravitational waves from CCSNe (assuming a 100 % detector

duty-cycle) is approximately one in fifty years.

2.4.2 Detuning a large signal recycling cavity for narrow-band configura-

tions

A significant GW signal from CCSNe lies in the frequency band from 500 Hz to
1500 Hz. The power emitted at different frequencies may vary depending on the
astrophysical features of the star - mass, rotation speed, equation of state, etc [125,
126, 113, 80, 127, 128, 85].

In this section, we do not change the detector parameters’ such as the transitivity
or the length of the signal recycling cavity. This is because these parameters cannot
be changed once the detector design is laid out. However, one can detune the signal
recycling cavity to maximize sensitivity in a narrow band of frequencies [129, 130].
This response from detuning the signal recycling cavity arises from the two sidebands
resonances in quantum noise [116, 114]. We consider the detuning of the signal
recycling cavity at different frequencies.

We maintain the frequency dependent squeezing of 15 dB. We achieve 15 dB
squeezing in a detuned signal recycling cavity without losing the injected squeezing
by actively changing the squeezing angle in accordance with the amount of detuning.
Thus, detuning the signal recycling cavity along with actively changing the squeezing

angle can be used to switch from a broadband zero-detuned detector to a narrow band
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detector with greater sensitivity for some frequencies determined by the magnitude
of detuning. We perform another tier of optimization in which we actively vary the
amount of detuning and the squeezing angle. We limit the amount of detuning in the
range from —m /5 to /5 and the squeezing phase is tuned in between —m to m. To
optimize the detector response at frequencies of 40 Hz, 100 Hz, 400 Hz and 1200 Hz,
we inject a sine-Gaussian at each frequency and then maximize the range for this
injected signal by varying only the detuning and squeezing angle for the supernovae
optimized detector.

We find that detuning the signal can improve the sensitivity of the detector in
narrow bins of frequency below 400 Hz. We do not achieve improvements in sensitiv-
ity at higher frequencies therefore, we do not improve the range for different models
by detuning the detector. There are no improvements in the optimal SNR values
for a source at a fixed distance. In summary, detuning the signal recycling cavity
is not useful for improving the Cosmic-Explorer-like detector’s sensitivity to CCSNe.
Instead, detuning the signal recycling cavity at higher frequency degrades the sensi-
tivity of the broadband supernovae-optimized detector. The corresponding results of

detuning the signal recycling cavity are summarized in Fig. 6.

2.4.3 Narrow-band Configurations tuned for Supernovae

The parameters of the broadband supernovae-optimized detector were computed in
section §2.4.1 with two constraints. We will in this section relax those constraints
and consider narrow-band detector configurations to maximize the range for CCSNe.
The phenomenological waveform we developed cannot be used for narrow-band op-
timization as the fit was performed to match the power of the 3D waveforms over a
broad frequency bandwidth. Therefore, we find narrow-band configurations using a
different technique.

The length of the signal recycling cavity can be changed to tune the resonant
frequency of arising from the coupling of the signal recycling cavity with the arms of
the interferometer [131, 116]. The bandwidth of the resonance at a frequency w, is

given by
CTsrm

4Lsrc

where T, is the transmissivity of the signal recycling mirror and Ly, is the length

B—

(2.4)
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of the signal recycling cavity. We choose the length of the signal recycling cavity at
150m, 300m and 750m are such that the resonant frequency w, is at 1000 Hz, 750 Hz
and 500 Hz respectively. The equation 2.4 is then inverted for bandwidth ranging
from 250 Hz to 1600 Hz and the corresponding values of the transmissivity of the
signal recycling mirror are calculated.

We find that a narrow-bandwidth of 250 Hz significantly affects the sensitivity
of the detector towards CCSNe. This is expected as we have stated earlier that the
frequency spectrum of gravitational wave emission from CCSNe is broadband. The
range of improvements achieved by narrow-band detectors at 500 Hz, 750 Hz and
1000 Hz with a bandwidth of 250 Hz are also varying from waveform to waveform and
therefore is not model independent 7. When the bandwidth is increased to 1600 Hz
the range improves for the 750 Hz narrow-band detector for some of the waveforms as
shown in Fig. 7. The Lg,. = 300m and T,,, = 0.0064 give this narrow-band detector
configuration. The mean improvement in optimal SNR with the 750 Hz narrow-band
and 1600 Hz bandwidth detector is approximately 10 % with respect to the supernovae
optimized broadband detector. However, we caution that the improvement from
narrow banding is not the same across all the 3D numerical waveforms. Moreover, this
comes at the cost of significant loss of sensitivity below 400 Hz and above 1100 Hz. The
range for BNS drops to 3 Gpc (z=0.9) compared to 3.7 Gpc (z=1.1) for supernovae-
optimized Cosmic Explorer and 4.3 Gpc (z=1.4) with respect to the Cosmic Explorer.

2.5 Challenges in building a CCSNe Detector to achieve Higher

Event rates

In section §2.4.1, we find an optimized third-generation broadband gravitational wave
detector for a CCSNe signal has the range only to a few hundred kilo-parsec for the
3D numerical waveforms of CCSNe.

We now address the question of what are the strain requirements for a gravitational-
wave detector to be able to detect CCSNe with an event rate of 0.5 per year. From
the table 1, we see that this “Hypothetical CCSNe detector” must have a range of
O(10 Mpc) for CCSNe to achieve an event rate of 0.5 per year. Moreover, for a
single detector, we need a signal to noise ratio (SNR) of 8 to define the detection of a

signal against the background. Using the two constraints above we can calculate the
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minimum strain sensitivity required to achieve an event rate of 0.5 per year for the
waveforms from 3D numerical simulations. The optimal distance for the numerical
waveforms can be calculated by equation 2.1. The limits over the integral are defined
by fiow and frign. To find the strain requirements for the different waveforms we
assume a flat PSD over a broadband range of frequency ranging from f,, and fhign.
We consider two scenarios which are summarized in the figures 8. First, we vary the
upper limit of the frequency integrated — fr;4, with the lower limit of integration is
held constant at 10 Hz. The second scenario where the upper limit of integration is
constant at 2 kHz and we vary the lower frequency limit f,,,. We find the minimum
strain sensitivity required for the gravitational-wave detector to detect the CCSNe
with an event rate of 0.5 per year is 3 x 10727 Hz /2 over a frequency range of 100 Hz
to 1500 Hz.

Thus, we need a detector with sensitivity approximately a hundred times better
than the Cosmic Explorer design to detect CCSNe with an event rate of 0.5 per
year. In the next section §2.5, we will summarize the noise limitations of the third
generation detectors and consider design parameters for gravitational-wave detectors
beyond the scope of the third-generation to determine the technological hurdles to
overcome in order to ever observe gravitational signals from CCSNe more frequently.

It is evident from Fig. 3 that the sensitivity is limited by the quantum noise
in the broad range of frequencies. The standard quantum noise limit is dependent
primarily on the length of the arm cavities, the test masses and the power of the
input laser [132]. The length of the arm cavities cannot be increased any further as
the frgr would significantly affect the performance of the detector at the frequencies
of interest. As a result, we set the length of the Hypothetical detectors to 40 kms.
Increasing the power of the input laser is the one possibility to reduce quantum noise.
We assume an input laser power of 500W. At high frequencies, the quantum noise in
the detector manifests itself as shot noise and is limited by photon number arriving
at the photo-detector. To see the best we can achieve, we set the photo-detection
efficiency of the photo-detector in Hypothetical to 1 (from 0.96 for CE design). For
the same reason, we also set the optical and squeezing injection losses in the detector
to zero.

The coating thermal noise and the residual gas noise are the next limiting factor

in the system. We reduce the substrate absorption by an order of magnitude from
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CE design. Lastly, as the frequency range of interest is from 100Hz we can sacrifice
the sensitivity at lower frequencies. Thus, we can reduce the masses of the mirrors
as we are interested in improving the shot noise characteristics of the detector, at
the cost of higher radiation pressure noise. In this setup we optimize over the length
of the signal recycling cavity L., the transmissivity of the signal recycling mirror
Tsrm, the transmissivity of the input test mass Tj;,, and the scale mass parameter to
change the masses of the mirror. The optimization over these parameters is aimed at
maximizing the range for the representative supernovae waveform, we will reference
this optimized detector as Hypothetical-1.

The quantum noise limit in a dual-recycled Fabry-Perot interferometer also de-
pends on the gain of the power recycling cavity [116, 114]. We will in another inde-
pendent optimization also tune the transmissivity of the power recycling mirror T),,
along with the above parameters. We define this supernovae-optimized detector as
Hypothetical-2. The table 3 summarizes the optimal parameters of different detectors.
Fig. 9 shows the noise budget of the Supernovae optimized Hypothetical detectors.
We see that the residual is the limiting source of the noise. Removing the residual
gas noise improves the noise floor of the detector by a factor of two in the wide range
of frequencies of interest, see Fig. 9. After removing the residual gas noise, we are
limited in sensitivity by quantum noise over the broad range of frequencies.

The strain sensitivity achieved after removing the residual gas noise is 5x 1072°Hz
The improvements in photo-detection efficiency, the input laser power, substrate coat-
ings and minimization of optical losses are not sufficient to achieve a strain sensitivity
of the order of 3 x 10727 Hz~'/? required to detect CCSNe with an event rate of one
in two years (see section §2.5).

Lastly, we revisit the numerical waveforms of core-collapse supernovae to see the
ranges achieved by the Hypothetical supernovae-optimized detector designs. We find
for the 3D waveforms from numerical simulations have a mean distance of 800 kpc,
see Fig. 10. Thus, with beyond the third generation detector designs, we would be
able to observe core-collapse supernovae from Andromeda. The corresponding event
rate is of the order of one in twenty years. The event rate calculation assumes a 100%
duty cycle of the detector. The observation rate of gravitational waves from CCSNe
is low even for gravitational-wave detectors beyond the scope of the third-generation

detectors.

—-1/2
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Figure 3: The figure summarizes the noise budget of the supernovae-optimized de-
tector for a gravitational-wave signal with a 45 degrees tilt with respect to the arm
cavities [1]. Over the broad range of frequencies of interest, 500 Hz to 1500 Hz, the
sensitivity is limited by quantum noise. The dip in sensitivity at 4 kHz corresponds

to the pole of the signal recycling cavity.
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Figure 4: The figure summarizes the sky-averaged and orientation-averaged power
spectral density of Cosmic Explorer and supernovae-tuned detector [2]. We see that
the Cosmic Explorer has a better noise floor from 10 Hz to 450 Hz. The supernovae-
tuned detector has improved sensitivity over the range from 450 Hz to 1600 Hz.
The numerical waveforms of CCSNe suggest that a significant amount of power is
emitted in this range. The optimization for CCSNe improves the range from 70 kpc
to 95 kpc for CCSNe. However, this range improvement does not add any new
galaxies. Therefore, the event rate does not change with the improved sensitivity and

we are limited to sources within our galaxy.
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Figure 5: The figure summarizes the distance of the 3D waveforms for different sec-
ond and third-generation gravitational wave detectors. We see for second-generation
advanced LIGO detector that the optimal distances for the 3D numerical waveforms
are limited to 10kpc. The optimal distance is so small enough that we are not sen-
sitive to all the galactic supernovae. All the third-generation detectors have optimal
distance such that each detector is sensitive enough to detect gravitational waves
from galactic CCSNe. However, as evident from the plot above, for a source at a
fixed distance, the ET will have the lower SNR as compared to Cosmic Explorer.
The supernovae-optimized detector provides approximately a 25% improvement in

the SNR as compared to Cosmic Explorer.
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Figure 6: We explore the possibility of detuning the signal recycling cavity to improve
the sensitivity towards CCSNe. We find that detuning can be used to improve sen-
sitivity in narrow bins of frequency below 400 Hz. This could, therefore, be used to
study the ring-down modes of binary black-holes systems in collaboration with eLISA

[3]. However, for improvements to the range of CCSNe, this technique isn’t useful.
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Figure 7: The figure summarizes the optimal distance of the different 3D waveforms
for narrow-band detectors at frequencies 500 Hz, 750 Hz and 1000 Hz. The hollow
circles denote the narrow-band detectors with a bandwidth of 250 Hz while the filled
circles denote the bandwidth of 1600 Hz. The optimal distances from the broad-
band supernovae-optimized detector are represented as stars. We see tighter narrow-
banding with a bandwidth of 250 Hz degrades the performance of the detector. The
wider bandwidth of 1600 Hz around the 750 Hz narrow-band detector improves the

optimal distances for most of the numerical waveforms.
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Figure 8: Considering toy detector with a flat PSD of 3x10~%" Hz~'/2 in range 10 Hz
to fruign (above) and fi,, to 2 kHz (below), the figure summarizes the range with
the corresponding sensitivity and numerical waveform CCSNe corresponding to their
ZAMS mass. We see a broadband detector with a strain sensitivity of 3x 10727 Hz~1/2

from 200 Hz to 1.5 kHz is desired to achieve the ranges that would correspond to an

3D waveforms: Integating from 10 Hz to fyign

3D waveforms: Integating from fz,,, to 2kHz

observed event rate of one per year for gravitational-waves from CCSNe.
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Figure 9: The figure above summarizes the noise budgets for the Hypothetical detector
configurations. We see from the figure on the top that the detector’s sensitivity is
limited by residual gas noise. Therefore, we reduce the residual gas pressure by
a factor of ten from CE design. The plot in the middle and bottom plots show
optimization results without changing the transmittance of the power recycling cavity
and with active changes in the transmittance of the power recycling cavity. Thereby,
changing the gain of the power recycling cavity and the finesse of the detector. We
will refer to the two detector configurations as Hypothetical-1 and Hypothetical-2

respectively.
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Figure 10: The plot shows with extreme technological upgrades to the third-
generation detectors discussed in section §2.5, we optimal distances for the CCSNe
is limited to 1Mpc. The event rate for the observation of gravitational waves from

CCSNe is still low but improves to one in twenty years.
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2.6 Conclusion

We have shown that it is possible to tune a Cosmic Explorer detector to increase the
range to CCSNe by approximately 25%. This range improvement does not translate
to an increase in detection rate due to the inhomogeneity of the local universe. There-
fore, even optimized third-generation gravitational-wave detectors will be limited to
CCSNe sources within our galaxy and the Magellanic Clouds. Assuming the detec-
tors have a duty-cycle of 100% the corresponding event rate of CCSNe is one in fifty
years. Incorporating the detector downtime and duty-cycle would further decrease
the event rate of observed gravitational-wave signals from CCSNe.

However, if such an event were to occur, the broadband supernovae-optimized
detector would improve the SNR by of sources by 25%. This improvement would
facilitate help understand the properties of the progenitor star in the rare event
of CCSNe observation. The supernovae-optimized detector has a slightly reduced
sensitivity to the inspiral of neutron stars, but the high-frequency improvements would
benefit the study of post-merger signatures and the late-time behavior of the inspiral.

We find that a gravitational-wave detector would require a strain sensitivity of the
order of 3x10727 Hz~'/2, over a frequency range from 100 Hz to 1500 Hz in order to
guarantee a high rate of CCSNe detection. At this strain sensitivity, as per the current
estimates of the BNS background, the stochastic background from BNS mergers would
contribute as the fundamental sources of noise [133]. This along with technological
challenges discussed in section §2.5 poses significant hurdles in achieving an event
rate of one per year for the observation of gravitational-waves from CCSNe based
on the present models and knowledge of gravitational-wave emission from CCSNe.
The technological requirements for these upgrades are beyond the requirements for
the third-generation detector. With drastic improvements of an input laser power of
500 W and a photo-detection efficiency of 1, an order of magnitude improvement in the
residual gas noise and coating noise from the Cosmic Explorer design, and assuming
minimal optical losses in Hypothetical detectors. We find that after optimizing these
detector configurations to maximize for the supernovae range the range extends to
Andromeda for some of the CCSNe numerical waveforms. The event rate achieved

with such a hypothetical detector is one in twenty years.
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Chapter 3

Measuring rotation rate and
equation of state of the

protoneutron star

3.1 Introduction

When the core of a massive star exceeds its Chandrasekhar mass, it begins to undergo
gravitational collapse [134, 33, 34, 35]. The core-collapse and subsequent bounce can
power a supernovae explosion that radiates light, neutrinos, and gravitational waves
(see e.g. Refs. [37, 38, 39, 40] and references therein). Gravitational waves generated
during the supernovae travel unhindered through the stellar envelope, carrying infor-
mation about the structure and dynamics of the collapsing star. Advanced LIGO will
be able to detect core-collapse supernovae out to 50 kpc if the cores are rapidly rotat-
ing and the explosion is magnetorotationally driven, and to 5 kpc if the explosion is
neutrino driven [44, 45]. Cosmic Explorer, a proposed third-generation detector will
be able to observe neutrino driven explosion signals out to a few hundred kiloparsecs
[46], and the magnetorotationally driven explosion signals out to 2 Mpc. The esti-
mated event rate for core-collapse supernovae in the Milky Way is 1-3 per century
[47, 48, 49, 50]. While the probability of observing a signal within the reach of these
detectors is low, if the information about the supernova can be extracted from the
gravitational waves, it would shed new light on the physical processes of core-collapse.

Significant advances have been made over the last two decades in the simulation
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of core-collapse supernovae (see e.g. Refs. [135, 136] and references therein). Abdika-
malov et al. [52] performed 132 simulations in which they studied the dependence of
the gravitational-wave signal at the core bounce and postbounce on the rotational
properties of the progenitor core. They quantify rotation of the core by the ratio of
the rotational kinetic energy and the gravitational potential energy § = T'/|W| and
find that the gravitational-wave strain amplitude at the bounce primarily depends
on (3, while the degree of differential rotation only becomes relevant for cores with
B 2 0.08. They use two equations of state (LS220 and HShen) and explore the dif-
ference between the waveforms associated with the two equations of state. Richers
et al. [51] used the progenitor star identical to Ref. [52] in their simulations. They
investigated the dependence of the gravitational-wave signal on the nuclear equation
of state. They performed a total of 1764 simulations exploring 18 equations of state
and 98 rotation profiles (varying § and differential rotation). They confirm that the
gravitational-wave signal at the bounce is most sensitive to 3, while the postbounce
oscillations depends on the equation of state, which manifests itself through the char-
acteristic frequency of the oscillations, fyeak-

Abdikamalov et al. attempted to determine if gravitational-wave observations
could be used to extract physical information about the core rotation. They con-
structed a template bank of waveforms spanning the range of rotation rates in their
simulations, projected signals against this bank, and found that a signal observed
at 10 kpc by Advanced LIGO could be used to constrain 5 to within 20% when
B 2 0.05. Heng introduced the idea of using principal component analysis to model
a set of supernovae waveforms, rather than using the waveforms themselves as a tem-
plate bank [137]. Previous studies have used principal component analysis to infer
the core-collapse explosion mechanism [138, 139, 140, 141].

Edwards et al. [142] used a principal component basis of the Abdikamalov et al.
waveform catalog and Bayesian parameter estimation [143] to determine if the core
rotation [ could be extracted from the observation of a signal. Using a linear model,
they fit the posterior means of the principal component coefficients to the known
values of the physical parameter. Then they sample from the posterior predictive
t-distribution to make probabilistic statements about [ estimation. They test their
method on signals observed in Advanced LIGO with a signal-to-noise ratio of 20

and are able to recover signals with § = 0.02 with § = 0.05 & 0.03, improving the
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accuracy of measurement to S = 0.05 + 0.04 for signals with 5 = 0.05, with average
90% credible interval widths of 0.06.

In this paper, we use the waveform catalog of Richers et al. to determine how accu-
rately Advanced LIGO and the proposed third-generation detector Cosmic Explorer
could extract information about the nuclear equation of state and the progenitor
core rotation rate from observations of core-collapse supernovae. Since the progen-
itor cores of supernovae are expected to be rotating relatively slowly (core rotation
periods 2 30 s) [56, 55, 57], we focus on the waveforms in the Richers et al. set with
0 < < 0.07. We use a total of 659 waveforms spanning 13 nuclear equations of state.
We use principal component analysis to construct a model that captures the features
of the Richers et al. catalog and construct a map between the parameters measured
by the principal component model and the physical parameters of the waveform fyeax
and 3. We use Monte Carlo methods to perform Bayesian parameter estimation to
measure the posterior probability distribution of the principal component model pa-
rameters and the constructed map to transform these into the posterior probability
distributions of the physical parameters.

We find that for sources with § > 0.02 at a distance of 8 kpc, 5 can be estimated
with a 90% credible interval of 0.004 for Advanced LIGO, and 0.0008 for Cosmic
Explorer detectors. The precision of measurement for signal sources at 48.5 kpc
observed in Cosmic Explorer deteriorates to 90% credible interval of 0.003. We can
constrain fyeax for sources within the Milky Way galaxy to with 90% credible interval
of 5 Hz for detections in the third-generation detectors, if the £ for the signal is more
than 0.02, thus allowing us to constrain the nuclear equation of state.

This paper is organized as follows: In Sec. 3.2 we describe the the construction
of a principal component basis set using the Richers et al. waveforms from which we
withhold a random sample of 10% to test our method. In Sec. 3.3 we describe the
construction of the map between the parameters of the principal component model
and the physical waveform. In Sec. 3.4 we describe our Bayesian parameter estimation
methods, and in Sec. 3.5 we present the results of the methods using simulated signals
in Advanced LIGO and Cosmic Explorer. In Sec 3.6 we summarize our findings and

discuss directions for future work.

39



3.2 Principal Component Analysis

Principal component analysis extracts the dominant features from a set of waveforms
as linearly independent principal components [137]. In this study, we use singular
value decomposition to compute the principal components. A set of discretely and
evenly sampled-in-time waveforms can be written as the columns of a matrix D which

can be written as

D=UxVT, (3.1)

where the matrices U and V contain the orthonormal eigenvectors of DDT and DT D,
respectively, and the diagonal matrix Y contains the eigenvalues of DD?. The or-
thonormal vectors in the matrix U are the principal components, and are sorted in
decreasing order of the size of the square root of the eigenvalues. Hence, the first
principal component describes the most dominant feature in the set of waveforms. If
we have N waveforms in the catalog D, then U contains N principal components.
By constructing a principal component decomposition of the catalog, we attempt to
construct a set of basis vectors that captures the features of signals that lie in the
space spanned by the waveform catalog, without requiring modelling every possible
core-collapse in the catalog space. The principal component analysis provides us with

a semianalytic model for core-collapse waveforms, given by
N
H =~ ZajUj, (3.2)
j=1

where the «; are the coefficients of the signal H expressed in terms of the basis
vectors U;. We can use Bayesian parameter estimation to construct posterior proba-
bility densities on the model parameters «; and hence the gravitational-wave signal
H. However, there are two challenges to directly implementing this approach. First,
the number of waveforms used to construct the principal component analysis N must
be large enough to accurately explore the features in the catalog (typically of order
10%-10% waveforms), but this N may be significantly larger than the number of basis
vectors needed to capture the essential features of the waveforms. Second, the mea-
sured «; are parameters of the basis vectors and are not directly related to physical
parameters of the waveforms. As suggested in previous works, we address these chal-

lenges in two ways. Since the principal component analysis tells us which basis vectors
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capture the dominant features of the catalog, we can construct an approximation to

each waveform h as a linear combination of a subset of the principal components

k
h=>Y U (3.3)
j=1

where k& < N. Here, we use two approaches to choose the value of k; we study the
overlap between the original waveforms in the catalog and approximations to these
waveforms using a subset of basis vectors. If the overlap is unity, then the approximate
decomposition exactly reproduces the original waveforms. We use the overlap method
to make an initial choice of the number of basis vectors k£ and then perform parameter
estimation to confirm that the choice is sufficient; that is statistical error dominates
over the systematic error that arises from choosing £ < N. Finally, we determine
which of the «; are needed to extract the physical parameters 8 and fpeax and use
the catalog to construct the maps f(a;) and fpeax ().

To construct the basis set, we use the axisymmetric general-relativistic hydrody-
namic simulations from Richers et al. that span 18 different equations of state and
98 rotation profiles [51]. They use a 12M;, nonrotating progenitor (model s12WHO07
from [144]) in the CoCoNuT code [145, 146] once for each of the 18 equations of state.
Richers et al. imposed a rotation profile on the progenitor according to the cylindrical

rotation law [147]: B
Q) = Q [1 + (%)2] , (3.4)

where A (measured in km) depicts the measure of degree of differential rotation,
is the maximum initial rotation rate, and r is the distance from the rotational axis
in km.

We exclude the prompt convection part of the waveforms when building the prin-
cipal component basis set. This part of the signal is highly stochastic in nature
making it challenging to model with principal component analysis. However, the
prompt convection phase is retained in the waveforms that are used as signals to test
our method. Richers et al. suggest that information on the progenitor core rotation
and the equation of state can be extracted from the core bounce and the postbounce
oscillations of the protoneutron star. We therefore use the criteria proposed by Rich-
ers et al. to truncate the waveform 6 ms after the third zero-crossing of the strain

waveform after the bounce. We resample the waveforms to 16 384 Hz and ensure that
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the length of all waveforms is 1 s by zero padding them with the core bounce aligned
at t = 0.5 s for all the waveforms. In our analysis, we only use the plus polarization
of the waveforms.

The general morphology of the waveforms can be seen in Fig. 11. Prior to the
core bounce, the strain increases slowly. It decreases rapidly through the bounce to a
local minimum. The depth of the local minimum increases with the rotation rate of
the inner core at the time of the bounce. This phase is followed by the postbounce
ringdown oscillations of the newly formed protoneutron star, which lasts ~ 6 ms.
The characteristic frequency of these oscillations depends on the equation of state of
the inner core. The top panel of Fig. 11 shows the waveforms for SFHx equation of
state and the rotation rates of the inner core between 8 = 0.02 and 0.06. We can see
that the depth of the first local minimum immediately after the core bounce increases
with the rotation rate. However, the postbounce oscillations have almost the same
frequency irrespective of the rotation rate. The bottom panel shows us the waveforms
for Q = 2.50 rad/sec and the precollapse differential rotation rate A = 467 km for
various equations of state listed in Table 4. We can note that the depth of the first
local minimum is nearly the same for waveforms with different equation of state since
the rotation rate is the same while the postbounce oscillation frequency is different
for different equations of state.

In order to focus on slowly rotating progenitor cores, we restrict the catalog to the
set of simulations with # < 0.07. We also exclude simulations whose equation of state
is ruled out by observations of GW170817 [27, 148, 149], giving us 659 waveforms
in total. We select 60 waveforms at random from this set and reserve them for
testing our methods; these test signals are not included in the construction of either
the principal component decomposition or the map between principal component
parameters and physical parameters. We construct a principal component basis set
from the remaining 599 waveforms. We do not consider the affects of the pre-collapse
differential core rotation since Refs. [52] and [51] show that the waveforms for slowly
rotating cores are only very weakly dependent on the differential rotation profile.
Therefore we consider parameterization of the catalog only by [, regardless of the
differential rotation. Figure 12 shows the values of 8 and fpeax of the simulations used
to construct the principal component analysis and map (crosses) and and the signals

reserved to test our method (dots).
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Figure 13 shows the reconstruction of each of the 599 waveforms using the prin-
cipal component basis set. The horizontal axis represents the number of principal
components k used to generate the waveform by Eq. 3.3 and the vertical axis rep-
resents the overlap between the original catalog waveform H and the approximate

reconstructed waveform h for each value of k, where the overlap between is defined

as [150]: o
(H|) :4R/0 %dx, (3.5)

where H(f) and h(f) are the Fourier transforms of the waveforms and S, (f) is
the power spectral density of the Cosmic Explorer (CE1) detector noise. This figure
shows that by using the first 50 of the 599 principal components, we are able to recon-
struct the all 599 original waveforms with more than 90% overlap. However, we find
that using 50 basis vectors in the Bayesian parameter estimation is computationally
expensive and note that if only 15 basis vectors are used, 96% of the waveforms are
reconstructed with an overlap greater than 90%. In Fig. 12 the catalog waveforms for
which 15 basis vectors are sufficient to reconstruct the overlap to > 90% are shown
with blue crosses and the catalog waveforms that fail this criteria are shown with
green crosses. We see that all the waveforms that require more than fifteen principal
components to reproduce the waveform with at least 90% overlap lie in the region of
slowest core rotation §. These are the waveforms for which it is most challenging to

extract  and fpeax [01]. However, we still include these waveforms in our analysis.

Previous studies have used principal component analysis to construct a gravitational-

waveform model for rotating core-collapse supernovae that is used for Bayesian recon-
struction of the signal observed in the detector. Réver et al. [143] also used overlaps
between the original waveforms and the waveforms generated through a subset of
principal component basis to determine the number of basis vectors to be used in
their waveform model. They used 128 waveform simulations from Dimmelmeier et al.
[53] to construct their basis set and used 10 basis vectors. Edwards et al. [142] used
a constrained optimization approach to select the number of basis vectors in their
study. They used 132 waveforms in the Abdikamalov et al. catalog [52] to construct

their basis set and used the first 14 of the basis vectors in their model.
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3.3 Mapping to physical parameters

Having constructed a principal component model and determined that fifteen basis
vectors are adequate to capture the essential features of the catalog space, we con-
struct a map between the unphysical parameters of our model «; and the physical
parameters of interest 3 and f,eax. The ratio of the rotational kinetic energy to the
gravitational potential energy of the inner core [3, is a robust way of quantifying the
rotation rate of the inner core [52, 51]. [ is a time dependent quantity that evolves
during the core-collapse event. In our work we quantify the rotation rate of the core
of the progenitor with S at the time of the core bounce.

Fig. 14 shows the values of the coefficients of the first four principal components
a; (1 =1,2,3,4) as a function of the rotation rate 3 for the waveforms in the catalog.
We see that a; is the parameter most strongly correlated with 3, exhibiting a roughly
linear dependence across the catalog space. The increase in the spread of points in a;
as (3 increases is caused by waveforms with similar values of 5 but different equations
of state; the change in equation of state weakly affects the map between the two
parameters. The correlation between the other three model parameters and S is not
as obvious. We use the data shown in Fig. 14 to construct a map S(ay, ..., ), where
kE <8.

To construct the map using just the first model parameter 5(a;), we use the least
square fit for a straight line, obtaining the slope 0.0326 and the intercept 0.0007.
If we want to incorporate more than one model parameters to construct the map,
we use interpolation to find 5(A) for an arbitrary point A = («y,...,q,) with 2 <
n < 8 using the known values of 8 and (a4, ..., a,). This interpolation is performed
using the linear method of scipy.interpolate.griddata which finds the convex
hull of A, which consists of the nearest n + 1 neighbours of A that contain A:
Aq,..., A, 1, for which the 3 values are known. A can be written as a weighted

average of A1,..., Apiq:
n+1

A=) A (3.6)
=1

where v; > 0 and > ~; = 1. The map for an arbitrary point is then generated using
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the linear interpolation with the ;s as the weights in the interpolation:

n+1

B(A) ~ Z VB (Aj) . (3.7)

The interpolation fails if A does not lie within a convex hull of points with known
values of . Finding the convex hull of A becomes increasingly computationally ex-
pensive as the number of model parameters (and hence, the number of dimensions)
used in the interpolation increases. To determine how many model parameters should
be used in the map to construct a robust and sufficiently accurate map, we perform
the following test. We first note that since our waveform catalog is large, the omis-
sion of one waveform from the construction of the principal component basis does
not significantly change the principal component decomposition. Given this, we can
exclude a waveform from the principal component analysis, construct the interpola-
tion function using the remaining waveforms, and use this interpolating function to
estimate the known value of 3 for the waveform excluded from our algorithm. We
repeat this procedure for each of the waveforms in the catalog used to construct the
principal component basis and the interpolation function. Note that we do not use
the 10% of the catalog reserved for astrophysical testing here, as we reserve those
waveforms for use until our method is fully tuned.

The outcome of this test is shown in Fig. 15. The horizontal axis shows the number
of model parameters used to construct the map f(ay, ..., ax) for £ < 8. The median
error in reconstructing 8 from each of these maps for the waveforms in the catalog is
plotted on the vertical axis. The failure rate of interpolation corresponding to each
map is also shown. We see that as the number of model parameters used to construct
the map increases, the interpolation error decreases. Maps that use interpolation
with two or more model parameters have significantly less error as compared to the
map [(ay) constructed using the least square fit. Hence we do not use the map (o)
in our analysis. However, with increasing number of model parameters, the failure
rate for interpolation also increases. The interpolation fails for more than 80% of the
cases when we use eight model parameters. The failure rate of the map constructed
by using nine model parameters or more is even higher and we do not consider that in
our analysis. We also note that the error in reconstruction of 5 using the interpolation
increases as [ increases. This can be attributed to the fact that that the volume of

parameter space sampled is sparser as [ increases.
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We use the maps f(ay,...,ax) with £ < 8 to translate the posteriors obtained
for the model parameters from the Bayesian inference of simulated signals to the
posteriors on . We constrain the samples to be in the convex hull of the first
two model parameters, as shown in Fig. 16 in order to successfully interpolate using
the first three parameters. We first use the map constructed by using eight model
parameters, which would result in some samples in the posteriors getting rejected
because of the failure in interpolation. We then use the map formed by seven model
parameters for the samples for which the interpolation failed previously, and repeat
the procedure with maps constructed using fewer model parameters for the samples
for which interpolation fails. Eventually, all the remaining samples are successfully
interpolated by using the map [B(«1, s, a3). Constraining the samples within the
convex hull using four parameters or higher is computationally expensive. A much
more robust map can be constructed by using machine learning and by populating
the parameter space with more simulations. We leave the construction and testing of
that map for future work.

The postbounce oscillation frequency fpeax is the [ = 2 f—mode peak frequency of
the protoneutron star after the core bounce [151, 152]. Richers et al. observed that
for simulations with 0.02 < 8 < 0.06, fpeax for a given nuclear equation of state is
independent of the value of 5 (see Fig. 12), with the softer equations of state having
a higher postbounce oscillation frequency. We use this relation between fyeax and
the equation of state, shown in Table 4, to infer the equation of state dependence on
fpeak- To measure fpeax, in our analysis, we the method of Richers et al. We first
isolate the postbounce oscillation from the earlier bounce and the later convection
phases of the waveform by taking the Fourier transform of the waveform up to the end
of the bounce phase t,, (taken to be the third zero crossing after the core bounce)
and, separately, the Fourier transform of the waveform up to t,. + 6 ms, in order
to include a few cycles of the postbounce oscillations and isolate them from the
convective phase. The Fourier transform of the waveform up to the bounce phase
is subtracted from the Fourier transform that includes postbounce oscillations and
the largest spectral feature within the window 600 - 1075 Hz is fpeax. As found by
Richers et al., for slowly rotating cores with 8 < 0.02 this method to extract fpeax
is unreliable since the protoneutron star oscillations are only weakly excited. For

B > 0.06, centrifugal forces start affecting the postbounce oscillations and the fpeax

46



47

Equation Jpeak Jpeak
of State Mean value Standard deviation
i 7]
SFHo 772.1 5.6
SFHx 768.9 6.2
LS180 728.4 6.4
HSIUF 724.2 8.4
L5220 723.7 6.4
GShenFSU2.1 723.2 11.1
GShenFSU1.7 721.1 10.3
LS375 709.1 8.1
HSTMA 704.1 5.7
HSFSG 702.1 7.9
HSDD2 701.6 8.3
BHBLP 699.7 8.6
BHBL 699.7 8.2

Table 4: The mean and standard deviation of the fye.x values of the waveforms used
to form the principal component basis belonging to a particular equation of state with
0.02 < B <0.06.



value depends on differential rotation in addition to the equation of state.

In our analysis, we measure f,e.x 0f a signal observed in a detector by applying the
method of Richers et al. to the waveform reconstructed by our Bayesian parameter
estimation. For each sample in our posterior probability distribution, we construct
the approximate signal given by Eq. 3.3 using all 15 measured principal component
parameters. We then determine the postbounce oscillation frequency using the the
approximate posterior waveform. Evaluating f,eax for all the samples gives a posterior
probability distribution for fpeak. Comparing the posterior with Table 4 enables us
to rule out the equations of state inconsistent with the signal waveform. In this
way gravitational waves from core-collapse provide us a different regime than binary

neutron star mergers to study the nuclear equation of state.

3.4 Parameter Estimation

By combining the methods described above with Bayesian parameter estimation [153,
154] we can estimate the posterior probability distributions for the physical parame-
ters of astrophysical signals. Our Bayesian parameter estimation samples the proba-
bility of the modeled parameter values given a model and set of detectors’ data using
Markov Chain Monte Carlo methods. We calculate the posterior probability den-
sity function, p(d|d(t), H), for the set of parameters ¥ for the gravitational-waveform

-

model, H, given the gravitational-wave data from the detectors d(t)

p(@d(e), i) = 2L

, (3.8)

where p(1§|H ) is the prior—the assumed knowledge of the distributions for the pa-
rameters describing the signal, before considering the data. p(af(t)]g, H) is the

—

likelihood—the probability of obtaining the data d(t) given the model H with param-

eters . We use the Gaussian likelihood in this analysis, which is given by [155]:

=1

p(d(8)[3, 1) = exp [—% <m<f>|m<f>>]

N —

= exp [— Z (di(f) = 3(f. )di(f) = 3(/, 19))] (3.9)
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where N is the number of detectors (in our case, N = 1), and d;(f) and 7;(f) are the
Fourier transforms of the data and the noise in the detector. We sample the posterior
probability distribution using stochastic sampling methods. Our choice of sampler
in PyCBC Inference [156] is guided by the fact that the default parallel tempered
MCMC sampler emcee pt [157, 158, 159] can experience problems converging for
signals with signal-to-noise ratios greater than 100. To address this, we use the
dynamic nested sampling package Dynesty [160, 161, 162] which provides posterior
probability distributions for all the signals explored here. For signals with very high
signal-to-noise ratio, the detector noise becomes negligible and so it is possible to
obtain a point estimate of the signal parameters by directly computing the inner
product between the signal and the basis vectors. By performing this spot-check for
the high signal-to-noise ratio signals, we find that these point estimates agree with
the posteriors obtained by the Dynesty sampler.

In our analysis, we assume that any gravitational-wave signal from a core-collapse
supernova will be accompanied by a neutrino signal detected by neutrino observato-
ries such as IceCube [163], Super-Kamiokande [164] or DUNE [165]. The neutrino
observations can estimate the time of the core bounce to within 3—4 ms [166, 38, 167].
Our analysis only considers the core bounce and the next 5—7 ms, and we use assume
that information from the neutrino observations can provide a narrow prior of 8 ms
for the time of the bounce. We also assume that the distance and sky location to the
source are known and we do not include them in the parameter estimation.

We use PyCBC Inference [156] to obtain posteriors for the coefficients of the first
fifteen principal components of the waveform catalog. We use uniform priors for all
the fifteen coefficients as shown in Table 5, in addition to the constraint that the
samples are restricted with the convex hull formed by the point cloud of the first
three model parameters for the waveforms in the catalog. Using the map discussed
in section 3.3 and the methods to extract fpeak values, we translate the posteriors on

the coefficients to posteriors on 8 and fpeak-

3.5 Results

We test our method using the 60 signal waveforms reserved from above. Each wave-

form, consisting of the core-collapse, postbounce oscillation, and prompt convection
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Parameter Lower bound on prior Upper bound on prior

aq 0.0 10.5
Qo -5.0 3.55
o -2.0 2.0
ay -1.5 2.0
as -1.0 1.75
% -0.85 1.05
Qr -0.75 1.5
as -0.75 0.75
Qg -0.75 0.75
a1 -0.75 0.75
Q11 -0.75 0.75
(3D -0.75 0.75
a3 -0.75 0.75
Q14 -0.75 0.75
Q15 -0.75 0.75
thounce (GPS time) 1126259469.517 1126259469.525

Table 5: Upper and lower bounds on the uniform priors used for the model parameters
a; and tpounce in Bayesian parameter estimation. The values for a; were chosen based
on the range of values obtained from the construction of principal component basis
set. tpounce Nas a uniform prior width of 8ms. All signals are aligned such that the
bounce is at tgps = 1126259469.5 + 0.02125 where 0.02125 is the light travel time
between the center of the Earth and the detectors. Note that an additional constraint
on the priors is to restrict the samples with the convex hull formed by the first three

model parameters of the waveforms in the catalog (see Sec. 3.3).



phases, is used to create a simulated observation by adding it to Gaussian noise col-
ored to the strain sensitivity of the Advanced LIGO detectors and the third-generation
detectors: Cosmic Explorer 1 (CE1), and Cosmic Explorer 2 (CE2). Cosmic Explorer
is the proposed third generation detector which is planned to begin observing in 2030s
[168]. The first stage of the observatory, Cosmic Explorer 1, is the scaling up of the
Advanced LIGO technologies to an interferometer with 40 km arm length. The sec-
ond stage of the observatory, Cosmic Explorer 2, will be an upgrade on the core optics
of Cosmic Explorer 1 by using cryogenic technologies and new mirror substrates. The
predicted noise power spectral densities of the three detectors used in this study are
shown in Fig. 17. We place the sources at distances corresponding to the center of the
Milky Way galaxy (8 kpc), far edge of the Milky Way from the Earth (23 kpc), the
Large Magellanic Cloud (48.5 kpc), and out to 242 kpc to capture the dwarf satellite
galaxies of the Milky Way in the local group. In addition, we place the sources at
the distances of 40.5 kpc and at 115 kpc. The sources are assumed to be optimally
oriented for the detector. The signal-to-noise ratio of the signal waveforms and its
variation with [ is plotted in Fig. 18. We do not perform the analysis if the sim-
ulated signal has a signal-to-noise ratio less than 8 (shown as purple points in the
figure). We note that more sensitive interferometers are able to detect more number
of signals with low 5. Advanced LIGO is not able to detect any sources at 115 kpc or
beyond. It is also unable to detect the sources with 5 < 0.02 at 40.5 kpc and beyond.
The signal-to-noise ratios and detection ranges in our study are consistent with those
obtained for comparable signals in previous core-collapse supernovae search studies
[45, 44].

We summarize our results in Tables 6, 7. We measure the median values and the
90% credible intervals from the posteriors obtained from MCMC for 8 and fpeax. The
width of 90% credible intervals show how precisely we can measure the parameters.
90% credible interval of fpeax is useful to determine the equations of state consistent
with the signal, using Table 4. The mean of the median values provides an estimate
of the accuracy of the measurement of the parameters. We present our results by

classifying the signals in two sets: 8 < 0.02, and § > 0.02.
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Figure 11: Gravitational wave strain assuming the distance to the progenitor of 10 kpc
as function of time for bounce and postbounce oscillation phases of a core-collapse
process. The waveforms are zero buffered to make them 1 second long, and the time
of bounce is aligned at 0.5 seconds for all the waveforms. The top panel shows the
waveforms for the SFHx equation of state with varying rotation rates between g = 0.02
and 8 = 0.06. The strain amplitude at the bounce increases with increasing 3, while
the postbounce oscillation frequency remains almost the same for all the waveforms
corresponding to a given equation of state. Bottom panel shows the waveforms for
2 = 2.50 rad/sec and A = 467 km for the equations of state listed in Table 4. The
bounce amplitude remains almost the same for the waveforms with the same core
rotation rate, while the postbounce oscillation frequency varies for different equations

of state.
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Figure 12: Frequency of postbounce oscillations is plotted on the vertical axis against
[ of the waveforms on the horizontal axis. The crosses represent the waveforms that
are used to build the principal component basis. This also includes the green crosses,
showing the waveforms that are affected the most by only considering 15 principal
components and not more. The simulations that use the SFHx equation of state are
shown in brown crosses. The fyeax value for a given equation of state is independent
of B for 0.02 < 8 < 0.06. The dashed lines represent the average fpeax values of the
waveforms of a given equation of state in this range, also given in Tab. 4.The orange

dots represent the parameter values of the waveforms that are used as astrophysical

signals in this study.

23



Iy
=}

Overlap:
<original wf | reconstructed waveform>
o o o o
> J P ©

o
U

o
IS

= mean overlap

0 10 20 30 40 50
Number of basis vectors used to reconstruct the waveform

Figure 13: The plot shows how well can a given number of principal components
(plotted on the horizontal axis) reconstruct the original waveform. We quantify this
by computing the overlap between the original waveform and the reconstructed wave-
form, and show it on the vertical axis. Each of the waveforms is represented by a
grey line, and the mean overlap of all the waveforms as a function of number of basis

vectors used for construction is represented by the red line.
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Figure 14: The coefficients of the first four principal components as a function of 3.
The coefficient of the first principle component, oy (shown in blue) is most strongly
correlated with (3, exhibiting a roughly linear relation. The correlation between the
other three coefficients and [ can be seen to be weaker. The values of the coefficients
spread as (8 increases because of different equations of state used in simulation of the

waveforms.
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Figure 15: For each waveform in the catalog, a principal component basis set is
constructed using all remaining waveforms. Using this basis set, 5(a, ..., ax) maps
are constructed using interpolation with the first k£ = 2, ..., 8 model parameters, and
[ of the excluded waveform is estimated using these maps. Least square fit for a
straight line is used while using just the first model parameter to construct the map
B(c). The median error in reconstructing S through various maps and the respective
failure rate in interpolation are plotted on the vertical axes. Using more number of
model parameters reduces the error in interpolation, however increases the number

of times the interpolation fails.
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Figure 17: Predicted noise power spectral densities for Advanced LIGO, Cosmic Ex-
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Figure 18: The vertical axis shows the signal-to-noise ratios of waveforms used as
astrophysical signals. The horizontal axis shows the g of the core progenitor at
bounce. These sources are assumed to be at distances of 8.1 kpc, 23 kpc, 40.5 kpc,
48.5 kpe, 115 kpe, and 242 kpc and the signals are observed in the Cosmic Explorer 1
(CE1), Cosmic Explorer 2 (CE2), and Advanced LIGO (aLIGO) gravitational wave
detectors. We ignore the waveforms with signal-to-noise ratios below 8 (shown as

purple dots) and do not perform parameter estimation on them.
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The mean width of the 90% credible interval for 3 for signals sources at the center
of the Milky Way with g = 0.04 is 0.004 when observed in Advanced LIGO, improving
to a width of 0.0008 if observed in Cosmic Explorer detectors. For sources at 48.5
kpc it increases to 0.02 for Advanced LIGO detections and 0.003 for Cosmic Explorer
detections. We note that the width of the 90% credible intervals increases as the
source distance increases. In addition to that, as the value of £ of the injected signal
increases the 90% credible interval width also increase, even though the signal-to-
noise ratio also increases. As discussed in Sec. 3.3, this is because the coefficients
for known values of [ used to construct the map become sparse for higher values of
£ and the interpolation suffers. On an average, the 90% credible interval width for
signals observed in Cosmic Explorer 1 is 1.5 times that of the signals observed in
Cosmic Explorer 2. Fig. 19 shows the 90% credible interval width of the posteriors
of  as a function of the injected value of 5 for all the signals. For the sources at
a given distance observed in a particular detector, the 90% credible interval does
not vary significantly across the range of injected values of S. For some signals
with 8 < 0.02, the signal-to-noise ratio is less than 8, and hence we do not perform
parameter estimation on them.

For signals sources at a distance of 23 kpc with § < 0.02 observed in Cosmic
Explorer 1, we estimate 8 with an error of 21%. This increases to 24% for Cosmic
Explorer 2. For signal sources at 23 kpc with 5 > 0.02, we can estimate [ with
6% error for Cosmic Explorer detectors. The error increases as the source distance
increases. Fig. 20 shows the «; and «s posteriors obtained for the signal with g =
0.0299 at a distance of 23 kpc observed in Cosmic Explorer 1 (blue) and Cosmic
Explorer 2 (orange). Since the signal is observed with higher signal-to-noise ratio in
Cosmic Explorer 2 than in Cosmic Explorer 1, the posteriors obtained for the former
are smaller in area. However, the point with «; and ay values corresponding to the
signal (shown as the red star) is within the 90% credible region of both posteriors.
When these posteriors are translated to the posteriors of 3, using the map discussed
in Sec. 3.3, the difference between the median value of 5 obtained and the [ of the
injected signal is higher for Cosmic Explorer 2 than that for Cosmic Explorer 1. Such
error is introduced for several signals and leads to lower overall error for Cosmic
Explorer 1 than its upgraded counterpart. For Advanced LIGO, § is measured with

an error of 9%.
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Figure 19: The 90% credible interval width of the posteriors obtained for 8 as a
function of the  of the injected signal waveform. We note that the signals observed
in Cosmic Explorer 1 (blue) and Cosmic Explorer 2 (orange) are measured an order of
magnitude more precisely than the signals in Advanced LIGO (shown in green). On
an average, the 90% credible interval width for signals observed in Cosmic Explorer

1 is 1.5 times that of the signals observed in Cosmic Explorer 2.

For signals with 8 > 0.02 observed in the third generation detectors, we can
measure fpeax With an mean error of upto 3%. The average 90% credible intervals
obtained for f,eax for such signals within the galaxy is 5 Hz. Estimating fpeax with
such precision restricts the possible equations of state consistent with the fpeax values,
specially for signals with 0.02 < 5 < 0.06. We obtain an average 90% credible
intervals for f,eax of 7 Hz for signals at the center of Milky way observed in Advanced
LIGO noise, with a systematic error of 4%. For sources that are further away, the
average 90% credible interval are more that 35 Hz. The systematic error is larger
that the range spanned by the mean f,c.x values of various equations of state listed
in Table 4 and we conclude that third-generation gravitational-wave detectors are
required to extract nuclear physics from core-collapse supernovae. The method to
extract fpeax for any waveform with a corresponding 8 < 0.02 is unreliable, and
hence we get large systematic errors and 90% credible intervals for such signals. We

include these results for completeness.
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Figure 20: The a; and «y posteriors obtained for the signal with 8 = 0.0299 at
23 kpc observed in Cosmic Explorer 1 (shown in blue) and Cosmic Explorer 2 (shown
in orange). The (ay, o) point corresponding to the injected signal (shown as the red
star) is within the 90% contour region of both posteriors. The 90% contour region for
the posterior of signal observed in Cosmic Explorer 2 is smaller than that of Cosmic
Explorerl because the signal has higher signal-to-noise ratio in the former. However,
when these posteriors are transformed into the posteriors of 3, the error in median

values of 3 is larger for Cosmic Explorer 2 than Cosmic Explorer 1.

3.6 Conclusion

Practical implementation of Bayesian inference relies on the existence of parame-
terised gravitational-waveform models that are inexpensive to compute. Such mod-
els, with parametrization for the core rotation rate and the postbounce oscillation
frequency, do not exist for complete core-collapse supernovae waveforms due to the
complexity of the physics involved. In this paper, we address this problem for the
first two phases of core-collapse signals, namely the core bounce and the postbounce
oscillations. We use principal component analysis to create a parameterised model
that extracts the most common features of the bounce signal onto the principal com-
ponents. We construct a map between the physical parameters and the model pa-
rameters (principal components and their coefficients). We use Bayesian inference to

measure the coefficients of the first fifteen principal components for a signal observed
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in gravitational-wave detectors, and use the inverse of the aforementioned map to
obtain posteriors of the physical parameters. In particular, we obtain posterior prob-
ability distributions for the ratio of rotational kinetic energy to the potential energy
of the core at bounce () and the peak frequency of the post bounce oscillations of
the protoneutron star (fpeax)-

[ depicts the rotation rate of the inner core of the star at the core bounce. We find
the relationship between the model parameters and by interpolating known values
of B from the hyper-volume formed by the model parameters. fheax encodes useful
information about the nuclear equation of state, and tells us about the behaviour of
hot, dense nuclear matter in the core of the star. We can successfully measure fpeax
for waveforms with 5 > 0.02, however the method to extract it fails for waveforms of
extremely slowly rotating cores.

For signals with § > 0.02 at a distance of 8 kpc detected in Advanced LIGO,
B can be estimated with a 90% credible interval of 0.004 for Advanced LIGO, and
0.0008 for Cosmic Explorer detectors. The width of the 90% credible interval for 3
increases to 0.002 (0.003) for sources at 23 kpc (48.5 kpc). On an average, the 90%
credible interval for g for signals observed in Cosmic Explorer 1 is 1.5 times larger
than that for signals observed in Cosmic Explorer 2. We can also estimate fpeax to
within ~ 6 Hz for signals sources upto the distance of 48.5 kpc with 5 > 0.02 observed
in the third-generation detectors. Using the posteriors on fpeax, we can successfully
rule out the nuclear equations of state that are inconsistent with the signal. The
error in measuring fyeax for the signals observed in Advanced LIGO is 4% with an
average 90% credible interval width of 6 Hz for sources at the center of the Milky Way.
For sources that are further away, the 90% credible interval width increases to more
than 20 Hz. We conclude that third-generation detectors are required to constrain
the nuclear equation of state from gravitational-wave observations of core-collapse
supernovae.

Previous studies have used principal component analysis in Bayesian reconstruc-
tion of the signal observed in the detectors [143, 169] or to infer the core-collapse
explosion mechanism [138, 139, 140, 141]. Edwards et al [142] used principal compo-
nent analysis to measure 3 for signals observed in Advanced LIGO with signal-to-noise
ratio 20, and obtained the 90% confidence interval width of 0.06. We demonstrate
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a method that uses principal component analysis in Bayesian estimation of physi-
cal parameters 3 and fpeax, and to find the dependence of gravitational-waveform
morphology on these physical parameters. For a signal comparable to the ones in
Edwards et al. study, our method yields a confidence interval of 0.02, which is three
times smaller than that found by Edwards et al.

A more robust map between the model parameters and § can be constructed my
populating the model parameter space and using machine learning. We leave the
construction of this map and analysis of signals observed in Einstein telescope for

future work.
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Chapter 4

Measuring the properties of
f—mode oscillations of a
protoneutron star by third
generation gravitational-wave

detectors

4.1 Introduction

The core of a massive star (M > 8M,,) collapses due to gravity upon achieving the ef-
fective Chandrasekhar mass of a massive-star progenitor [134, 37, 40]. The inner part
of the core collapses to nuclear densities to form a proto-neutron star. A shockwave
is created at the boundary of the protoneutron star and propagates outwards. The
shock is initially stopped in its progress outward as a fraction of the kinetic energy of
the shock is used to dissociate the heavy nuclei. A fraction of neutrinos produced in
the proto-neutron star are trapped behind the shock. This heats up the the shocked
region and enhances the turbulent convection, which revives the stalled shock [33].
The joint observation of the photons, neutrinos, and gravitational waves emitted dur-
ing this process can help reveal the mechanism by which the shock is revived and a
neutron star is born.

Core-collapse supernovae are possible sources of gravitational-waves that could
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be detected by the proposed third-generation interferometric detectors, such as the
Cosmic Explorer [168, 30] and the Einstein Telescope. These observatories will be
able to detect a supernova within 100 kpc, which includes the Milky Way galaxy and
its satellites [46]. The estimated rate of supernovae for a galaxy the size of Milky
Way is 1-3 per century [91, 48, 97].

A number of studies have characterized the gravitational wave signal from the
collapse and explosion of the core of a massive star [170, 171, 172, 151, 173, 174, 139,
86, 175, 176]. After decades of improvement in the numerical techniques, we are now
much better able to account for the complex hydrodynamics in multi-dimensions, the
neutrino interactions, and the hydrodynamical instabilities [177, 136, 178, 179, 39].

This rich and complex physics gives rise to a complex gravitational-wave signal,
which in the time domain represents the stochastic nature of matter movements within
the star. There is a sharp negative peak in the signal at the time of core bounce,
and its amplitude depends on the rotation rate of the core of the progenitor. This
is followed by the post-bounce oscillations of the core, that extend for 6-10 ms after
the bounce, with an amplitude that depends interestingly on the rotation rate of the
core of the progenitor star and its equation of state [51]. The end of post-bounce
oscillations mark the onset of “prompt convection” due to the dynamical imposition
of a negative entropy gradient as the shock stalls. Starting from ~150 ms after
the core bounce, there is a strong, stochastic signal. Moreover, an asymmetrical
explosion is accompanied by a growing offset in the mean strain from zero due to
“memory” [180, 181, 182)].

Even though the signal is highly stochastic in the time domain, the time-frequency
spectrogram of the gravitational-wave signal reveals that most of the power lies in a
narrow track in the time-frequency plane. Linear perturbation analysis of the proto-
neutron star shows that this frequency corresponds to the quadrupolar f—mode of
the proto-neutron star [175, 176], which start approximately 100 — 400 ms after the
core bounce. These oscillations are excited by the downflows of matter accreted onto
the proto-neutron star [172, 175].

Previously, Ref. [183] measured the frequencies associated with the g-mode os-
cillations of the proto-neutron star using the time-frequency spectrograms of the
gravitational-wave strains obtained from simulations. Using the frequency measure-

ment and universal relations, they obtain measurement of the ratio Mpyg/Ryng of
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the proto-neutron star, where Mpyg is the mass and Rpyg is the radius of the proto-
neutron star. Ref. [184] develop a phenomenological model of the gravitational-wave
signal associated with the dominant mode and use the spectrogram of the strain to
measure f-mode frequency evolution and energy. They use Bayesian parameter esti-
mation to measure their model parameters and then obtain frequencies and energies
associated with the mode from the posteriors. More recently, Ref. [185] extended
the work of Ref. [183] of measuring the f/g mode frequencies of the proto-neutron
stars using the strains of 3D and 2D simulations. They use a network of current, and
future, detectors to perform a coherent analysis of the detected signal.

Here, we develop a model-independent method to measure the f—mode frequen-
cies and the energy emitted in gravitational radiation of the proto-neutron star oscil-
lations by analysing the spectrograms of the gravitational-wave strains obtained from
state-of-the art three-dimensional core-collapse supernovae simulations. We develop a
novel method of generating time-frequency spectrograms that can be used to reliably
measure power in a given track on the spectrogram. We inject the strain obtained
through the simulations into several instances of simulated detector noise to measure
the frequencies and energies. We vary the distance of the source to test this method
for signals with various signal-to-noise ratios. We find that, from simulated obser-
vations using the third-generation gravitational-wave detectors, while we can detect
the signal out to distances of ~ 100 kpc, we can measure the frequencies and the
energies associated with the f—mode oscillations to within 20% error from sources
within ~ 10 kpc distance.

Section 4.2 describes the numerical simulations used in this work, and describes
the linear perturbation analysis used to determine the f—mode oscillation frequencies.
In Section 4.3 we describe our method to construct the short-time Fourier transform
and the spectrogram of the gravitational-wave signal obtained from the simulations.
In Section 4.4, we describe our main results from the analysis. We summarize our

findings in Section 4.5.
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4.2 Simulations

In our analysis we used the data obtained from two- and three-dimensional core-
collapse supernovae simulations performed with the neutrino-radiation hydrodynam-
ics code FORNAX [186, 187, 188]. The progenitors used in the simulations were
calculated by Refs. [189] and [190]. Further details of the simulations can be found
in Refs. [175, 136, 176].

We tabulate the models we consider in our works in Tables 8,9,10. We show
the mass of the progenitor, the equation of state of the proto-neutron star used
in the simulations, and the core-rotation rate in columns 3, 4, and 5 of the table.
We also indicate whether the the shock is revived and the star explodes within the
time of the simulation. For the three-dimensional simulation models, We use a wide
range of progenitors with the ZAMS (Zero-Age Main Sequence) mass ranging from
9M,—60Ms. We use SFHo equation of state, and all but the 13M, 14M, and 15M
explode within the time of the simulation. For the two-dimensional simulations with
core rotation at the time of core bounce, we use a 15M, progenitor. We have a total
of 14 models with rotation rates ranging from 0.0 rad/sec —6.14 rad/sec. We also
include 9 two-dimensional simulations with zero core rotation.

The last three columns show the optimal distances for every simulation, for Ad-
vanced LIGO [191], Einstein Telescope [31], and Cosmic Explorer[30]. Optimal dis-
tance of a source, for a given detector is defined as the distance at which the signal-
to-noise ratio of the optimally-oriented source is equal to eight. It is calculated as,

B 1 Jhigh M
dopt - [2 /flow df Sn(f) ] ) (41>

P opt

where pope = 8 is the signal-to-noise ratio of an optimal detection, h(f) is the strain
signal in the Fourier domain, and S,(f) is the power spectral density of the detector
noise. For Advanced LIGO, we use the aLIGOZeroDetHighPower [111] power spectral
density, with fi,w = 10 Hz. The average of the optimal distances of the waveforms
from three-dimensional simulations for Advanced LIGO is 8 kpc. Hence, we can detect
a signal coming from the center of the galaxy if it is loud enough. The next generation
detectors, Einstein Telescope and Cosmic Explorer, can detect signals coming from
the Milky Way galaxy and its satellite galaxies. Their detection range is large enough

to cover the entire Milky way but not large enough to reach the nearest galaxy,
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Andromeda, which is at 770 kpc. The gravitational-wave signals from core-collapse
supernovae observed by the third-generation detectors will have large signal-to-noise

ratio.
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4.2.1 Linear Perturbation Analysis

In this section, we outline the method of the linear perturbation analysis of the angle-
averaged data of the proto-neutron star profile (i.e. integrated over the solid angle
). The proto-neutron star is to be modeled with the energy-momentum tensor of a
perfect fluid.

T, = pHu'u" + Pg,,, (4.2)

where p denotes the rest-mass density, P the pressure, u* the fluid 4-velocity and H :=
(1+€+ P/p) the specific enthalpy, € the specific internal energy. Under the assumption
of spherical symmetry !, the space-time metric g, in isotropic coordinates, using the
(3 4+ 1) foliation, can be written as [192, 167, 177, e.g] ,

ds® = g datds” = —a’dt* + ' f;;da'da? (4.3)

where « is the lapse function and the metric for spatial slices is approximated to be
conformally related to the flat metric ¢;; with a conformal factor ¢, set to 1 in all
simulations of Tables 8,9,10.

We now perform perturbation analysis on top of this conformally-flat background
by linearizing the equations of general relativistic hydrodynamics. In general, the
three components of the Lagrangian fluid displacement field, &(r,t) = &7 + feé +
f% representing the perturbation, can be resolved in terms of three scalar functions
by virtue of the Helmholtz decomposition theorem. If one assumes that the radial
component of the fluid vorticity equation vanishes at all points of the star, that is,
(V x &), =0, then one can show that the three components of £ can now instead be
resolved in terms of only two scalar functions. We now decompose these two scalar
functions into purely radial functions (7,.(r), 7. (r)) supplemented with the spherical

harmonics Y}, and mode frequency o as

fr = 777~Ylm€ 7 5

1 .
¢ = ﬁLﬁaeyzme_wt, (4.4)
1
&=m (rsing)? Op¥ime ™"

!The asymmetries are small enough and hence the angle-averaged background can well be ap-

proximated as spherically symmetric.
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Here, any time dependence of the background state is assumed to be very small
compared to the eigen value (i.e. the time derivative of any quantity f, df/0t <<
f/o). If o is real, the system is neutrally stable (i.e. the modes are oscillatory in
nature). As the background metric is assumed to be conformally flat, the perturbation
of the metric is accomplished by perturbing the lapse function. Decomposing the

perturbation to the lapse function in purely radial and spherical harmonics yields
Sa = 66(r)Y e " (4.5)

We define f, = 8,(6a/a); together with dov it represents the perturbation in the grav-
ity sector. The timescale associated with neutrino heating and nuclear dissociation
is typically >> 1/0, hence the perturbations to the fluid properties to be adiabatic
in nature, implying, P P

a_pladiabatic =Hc; = ;Fly (4.6)
cs the relativistic sound speed in the fluid, and I'; the adiabatic index. Now the
equations of general-relativistic hydrodynamics together with the 00 component of

the Einstein equation can be linearized to obtain the following system of equations:

(6> =L)n. — —0a = 0, (4.7)

2 10.P 04 +w4
r T, P v |

oy + [— + +6 22

N? . 1 1 A2

5 G o’
p dtp drp*h LI+ 1)] .
rJo 4 (o rP A - 6 = U, 4.
Orfo + ﬂ{ap Prla }7] PquUM+[PP1a N a =0, (4.9
and
0,04 = foa — Géér. (4.10)

In Equations 4.7-4.10, we have collected the combination pha~21* as ¢, G is the
radial component of gravitational acceleration G = —d,Ina, NV is the relativistic

Brunt-Viisila frequency,

s QO i@rp_%
N* = 0 (Fl Iz i (4.11)
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and L is the relativistic Lamb shift,

2
o, af Ll(l+1)
L :—w4cs—r2 (4.12)

The system of equations 4.7-4.10 can be solved by incorporating appropriate boundary
conditions: at the outer boundary, set at the radial coordinate where the density
p = 10%/em™3 we consider the Lagrangian pressure to vanish and at the inner
boundary (i.e. r = 0 ) use the regularity condition of [193]. Mathematically, this

reads, at the outer boundary,
H -
qo’n, — '0—604 +0.Pn. =0 (4.13)
a

and at the inner boundary,

l _
Ur:—TMOCTl !
T

77r’r:0 = 77J.|r:0 =0

By discretizing the derivatives by means of trapezoidal rules, we can start integrating
the set of equations 4.7-4.10 by inverting the 4 x 4 coefficient matrix at every step to
solve for (1,71, fa,0c) and then using the bisection method to uniquely determine
the solutions by satisfying the outer boundary condition Eq. 4.13. The eigenvalue
corresponding to the unique solution thus obtained gives the frequency of oscillation
as 0/2m. The lowest frequency oscillation mode is the fundamental oscillation mode
(f-mode), with zero radial nodes. We find the f-mode starts few hundred ms after
the core bounce for the simulations in Tables 8,9,10 which confirms similar findings
in [175]. The f mode thus obtained is then laid on the spectrogram and is found to
contribute significantly to the strength of the GW signal after ~ 400 ms. As noted in

[175], the higher-order g- or p-modes are not found to be excited in these simulations.

4.3 Spectrogram Analysis

In this section, we describe the construction of the spectrogram of the gravitational-
wave strain signal. We use the spectrogram to measure the properties of the funda-
mental quadrupolar f—mode oscillations of the protoneutron star. In particular, we

are interested in measuring the frequency of the oscillations and the energy emitted
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in the gravitational-wave radiation. The analysis described here is for the fiducial
case when the detector noise is not present. In the later sections we will discuss the
effect of detector noise in the extraction of the features from the spectrogram and
compare it with the output from the analysis described here.

Following [194, 195, 196, 86], the gravitational-wave strain h;fT for a for a source
at a distance D can be written as

rr _ 2G day
Y cAD dt’

(4.14)

where g¢;; is the time derivative of the mass quadrupole tensor Q;; = [ d*zp(w;x; —
%rzéij). The strain amplitudes of the two polarizations, h, and hy, can be obtained
in the slow-motion limit from the linear combinations of the second time derivatives
of the components of the transverse traceless mass quadrupole tensor Q;;. The po-

larization strains as observed along the line of sight (6, ¢) are given by

G [(dge  dges
h, = — 4.1
HNY)) ( a dt )’ (4.15)
2G dQQ¢)
=—|——]. 4.1
hx =D ( dt (4.16)

Here, the time derivatives of the mass quadrupole in spherical coordinates, in terms

of those in Cartesian coordinates, are given by

Q00 = (Quz COS> @ + @,y SN @ + 24, sin ¢ cos @) cos” &
+ @2, sin?* 0 — 2(q,. cos ¢ + q,. sin @) sinf cos @, (4.17)

Qo0 = Guesin®¢ 4+ gueos®d  — g singcosed, (4.18)

dog = (qu'c:c - ny) cos 0 sin ¢ cos o+
Gy €08 0(cos® ¢ — sin® @)
+ @z>sin@sin g — ¢, sinf cos . (4.19)

The total energy emitted in gravitational waves is given by [196]

Eaw = —/ Z {ddg”} (4.20)
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which, in terms of gravitational-wave strain is given by
AD? dh., dhy \”
Eqw = Q
o 16wG/ dt/ ! [( ) +( dt )
AD? [t dh.,. dhy \?
dt
G, [(dt)+<dt) :

where the second approximation holds true if the strains are assumed to be nearly

(4.21)

Q

independent of line of observation and the integral over the solid angle gives a factor
of 4w. The variation in the amplitudes of the strain for different points of observation
are 10—15% [197]. For two-dimensional simulations without progenitor core rotation,
the approximation does not hold, and we use equations 3-6 in Morozova et al [175]
to compute the energy from gravitational-wave strain A .

Ground-based interferometers will detect a linear combination of the strain polar-
izations,

s(t) = sen(t) + n(t), (4.22)
where n is the noise in the detector, and effective strain from the astrophysical source
is given by,

Set = Frhy + Fuhy. (4.23)
Here, F; and F\ are the antenna pattern functions of an interferometric detector,
and they depend on the sky location (Right ascension, Declination) of the source at a

given time, and its polarization angle with respect to the detector arms. The energy

estimation from an observation is then given by

AD? 1 dsez \ 2
Eow..x = 4.24
GW eff 4G /0 dt ( dt ) 3 ( )

which would be ~ 0.5 times the energy calculated using both the polarizations indi-

vidually (i.e. from Equation 4.21).
To compute the energy spectra of the gravitational wave signal we use the spec-

trogram of the signal

(4.25)

¢
S
3
=
"ol
a@
2,
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where h is the short-time Fourier transform, defined as

o

h(f) :/ h(t)H(t — m)e” 2™t qt, (4.26)

o0

and H(t — 7;) is the Hann window with offset time 7;, indexed by [. A window
function is applied to each segment to ensure that we don’t get Gibb’s junk when
we take the Fourier transform of the segment. Equation 4.25 gives the energy per
unit Hertz for a time-frequency block centered at time 7, and frequency f. Thus, a
spectrogram is the transformation of the short-time Fourier transform to represent
the power content in a time-frequency block.

In practice, gravitational-wave strain h is a discrete function of time, obtained
either from simulations, or via observations made by a gravitational-wave detector.
In order to take the Fourier transform of the time-domain strain data, h; = h(t;), it
must be evenly sampled at time intervals of At = t;;, —¢; seconds, Vj. The sampling
rate, or sampling frequency is given by f; = 1/At. The data from the simulations is
unevenly sampled since the size of each time step in the simulations is governed by
the micro- and macro-physics at the time.

We re-sample the data at sampling rates ranging from 16,384 Hz to 2,097,152
Hz in powers of two and interpolate using one of the two interpolation schemes: lin-
ear interpolation and cubic spline interpolation. We then compute the energy using
discretized versions of equations 4.15, 4.16 and 4.21, where now h(t) = h(t;). We
compute the third order time derivative of the the quadruple moment from the sec-
ond order derivative using the central difference method. Fig. 21 shows the energies
on the left ordinate for the model s19-3D computed via the two interpolation meth-
ods at various sampling rates. We see that the energy values converge with increasing
sampling rate. The dashed curves show the difference between the energy values ob-
tained between two consecutive sampling rates (shown on the right ordinate). This
plot gives us a range of energy estimations for data sampled at different frequencies.
We choose to use the Cubic spline interpolation and a sampling rate of 16,384 Hz
(or equivalently, sampling interval of At = 6.1035 x 10™° seconds) since its is compu-
tationally less expensive and is a more realistic choice with regards to the sampling
rate used by current and proposed gravitational-wave detectors.

In the next subsection we describe the construction of the short-time Fourier
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transform of the discretely-sampled signal, and measurement of the frequencies asso-
ciated with the f—mode from the time-frequency representation. For this purpose,
we use 50% overlap of Hann-windowed time-segments, since this configuration does
not affect the amplitude of the signal. In the subsection that follows, we discuss the
construction of spectrogram that can be used to measure the energy associated with
the f—mode oscillations. For this, we use 66.65% overlap between two consecutive
Hann-windowed segments since this configuration provides equal weights across all

the point in the signal for power calculation.

4.3.1 f—mode frequency measurement

In order to compute the short-time Fourier transform of the data, we need to divide
the data into segments of equal length, say of Ty, = Ny At seconds, and multiply
each of these segments with a window function before we take its Fourier transform.
There are a variety of windows available for this purpose [198]. In this study, we
use the Hann window. We need to ensure that each data point of the waveform is
equally weighted when we consider the sums of the windowed waveform segments.
This presents a problem at the ends of the waveform, since Hann window starts from
(or tapers to) zero. The solution is to first taper both ends of the waveform to zero,
and then zero-pad the entire waveform on both ends by multiples of Ny points.
Zero-padding the waveform does not change the total power content in the signal
since we are only adding zeros to the ends of the data. We use the window size of
Ty = 40 ms. For tapering, we use the 1024 data points at both ends of the waveform
and apply a half cosine window. We zero-pad both ends of the tapered waveform by
Ny, = 655 points. For constructing the short-time Fourier transform of the signal,
we use 50% overlap between two consecutive time segments that get multiplied by
the Hann window.

The top panel of Fig. 22 shows the gravitational-wave strain data of the plus
polarization as a function of time after core bounce for the simulation s19-3D in
blue. This three-dimensional simulation uses a progenitor with ZAMS mass of 19M,.
The equation of state used in the simulation is SFHo. The top panel shows evenly-
sampled data in blue, and the data with both ends tapered for construction of the
short-time Fourier transform is shown in orange. The bottom panel shows the short-

time Fourier transform of the strain. The horizontal axis shows the time after bounce,
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the vertical axis shows the frequency. The color bar shows the modulus of the Fourier
amplitude. We see the prompt convection signal after ~ 50 ms after the core bounce.
The prompt convection phase is followed by the ~ 50 ms long quiescent phase. After
this, the dominant part of the signal starts with frequency growing from ~ 500 Hz
to ~ 1000 Hz 0.6 sec after core bounce. This signal is caused by matter accreting on
the proto-neutron star and exciting its modes, including the f—mode. The f—mode
frequencies obtained by the linear perturbation analysis are shown as red crosses in
the bottom panel.

We measure the frequency evolution of the dominant track in the short time
Fourier transform. To measure the frequencies, we use the following procedure. We
start by analyzing the spectrogram data after ¢, seconds. The vertical orange line
in Fig. 22 shows the time t;, = 200 ms after the core bounce. From the linear
perturbation analysis we know that the f—mode starts around this time. We define a
plausible range of the f—mode frequencies shown by the two orange quadratic curves
in Fig. 23. The quadratic parameters for the lower frequency bound are a = —700,b =
1800, ¢ = 10 and for the upper frequency bound are a = —600, b = 2500, ¢ = 400 used
in the formula f(t) = at® + bt + c. For each time segment after t,, we find the
highest value of the energy spectrum within the frequency range constrained by the
two orange curves. We model the frequency evolution of the f—mode as the quadratic
function, and use a robust least-squares fit of the maxima in the STFT for each time
slice using the soft-11 loss function to get the parameters {a, b, c} of the quadratic

function.

4.3.2 Energy measurement

We are interested in computing the power in each of the time-frequency blocks in
the spectrogram associated with the f—mode frequencies. To ensure that we can
do this correctly, we first compare the power in the entire signal evaluated using
the Equation 4.21 (using the time-domain representation of the signal) and via the
spectrogram (adding up power in all the time-frequency blocks). However, when we
construct the spectrogram, multiplying a data segment with a window function alters
the amplitude, and hence, the power, of the signal. To mitigate this problem, we
make two consecutive segments of the data overlap by a fixed amount of T» seconds.

We also want to ensure that the relative weighing is the same for all the data points
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across different segments. The relative weighing of the data for power calculation is
obtained by summing the square of the window values at each data point. That is,
for the point j, the weighing will be given by Y, H*(jAt —7;). We want this quantity
to be constant across the the entire signal. For the first half of the first window, and
the second half of the last window, the relative weighing does not matter since we are
zero-padding the ends of the waveform.

Trethewey (2002) [199] show that one cannot simultaneously obtain equal weighing
of all data points, and compute the correct power. For Hann windows, one obtains
the correct value of average power of the entire signal if consecutive segments overlap
by 62.5%. However, in this case, there is variation in the relative weighing of the data
points, resulting in amplification of power in certain data segments, whereas reduction
in others. This would mean large errors in power estimates within individual time
segments, specially if the data are stochastic in nature, like the gravitational-wave
strain from a supernova. If two consecutive segments overlap by 66.65%, all the points
are equally weighed, but the power calculation is amplified by a factor of 1.125, across
all segments. However, we can compute the power with 66.65% overlap, and scale it
down by the relevant factor to obtain the correct value of power.

Assuming 66.65% overlap between segments, the time-difference between the start
of two consecutive segments is Ty = Ty —Tp seconds, such that 100x T /Ty = 66.65.
We multiply each segment by a Hann window H(t; — 7;), where 7; is the time offset
of the center of the segment from the start of the signal. The length of the Hann
window is equal to the length of the segment. We take the discrete Fourier transform
of each segment of the windowed data h;H(t; — 7;) using scipy.fftpack.fft, given
by

Ny —1

Jom = Y hyH(t; — 7)™ RN, (4.27)
=0

The discrete form of Equations 4.25, 4.26 is given by

AEGW D263

A—f(fk,Tj) ~ W(wak)QAtﬂgMF, (4.28)

where we have a factor of 2 instead of 4 in the denominator to account for the power

in the negative frequencies. To normalize the effect of the window function, we use
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the window normalizatoin factor from Heinzel et al (2002) [198],

o= > HA(t). (4.29)

Using this normalization, Equation 4.28 becomes

AFEgw D% Nw
A—f<fk>7'j> 5 21 i) AL |Gy 1, | {?2 ' (4.30)
The total Energy can then be written as
AE T
ZZ GW (froT))AS {T—H}
W
(4.31)
Nw'T
_ZZ At2|yk71| Af|: WTH] )
SoTw

where the quantity [%] is introduced to account for the fact that two consecutive

segments overlap by Ty seconds. The factor [T—H} corrects for this double-counting

Tw
and represents the correct fraction of the energy in the time segment. in the final
equation, the factor []gWTTH} for 66.65% overlap is equal to 1.125, the same factor

from Trethewey (2000) [199].

Now, we can verify if the energy values obtained from the spectrogram (Equation
4.31) agree with those obtained using the Equation 4.21. We find that the energy
values agree within the error range due to interpolation.

Once we have verified that the energies obtained from the time-frequency data
agree with those obtained by the time domain data, we can compute the energy
associated with a given time-frequency track. In particular, we can compute the
energy associated with the f—mode oscillation of the protoneutron star.

The top panel in Fig. 23 shows the frequency evolution of the f—mode obtained
from the spectrogram. For each time-segment, we assume the width of the f—mode
track to be 6Af (3Af above the spectral peak associated with the f—mode fre-
quencies, and 3Af below it). This width is represented as the two white curves
encompassing the peak frequency curve shown in red. We can add up the energy
values for all the time-frequency blocks within the width obtained. Doing this for all
the time segments after t = ty will give us the time evolution of the energy associated
with the f—mode.
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The bottom panel of Fig. 23 shows the cumulative energy as a function of time for
the simulation s19-3D. The blue curve shows the cumulative energies obtained from
the time-domain data (Equation 4.21) and the orange curve shows the cumulative
energies obtained by adding up energy values for all time-frequency blocks in the
spectrogram. We can see that both match very well. The green curve shows the
cumulative energy of the f—mode as a function of time measured by adding the
energy values in time-frequency blocks only corresponding to the f—mode (i.e. within
the two white curves in top panel of Fig. 23). The energy obtained in the f—mode is
~ 20 — 40% of the energy from the entire signal. We also compute the energy values
obtained from the effective strain observed by a detector and its spectrogram (i.e.
from Equation 4.24). We show these energies (multiplied by a factor of 2) in purple
and red color in the bottom panel.

We test this method for toy signals of the form h(t) = A(t)sin(27 ft), as well
as the solutions for the differential equations for driven simple-harmonic oscillator
(for details on this model see Ref. [200]). We find that we get ~ 20% error in the
measurement of the power from the spectrogram as compared to the measurement
directly from the time domain signal. The error is higher when stochasticity of the

amplitude increases.

4.4 Results

In this section, we describe the results of using the above method for measuring the
properties of the f—mode for gravitational-wave strains from various simulations.
The left panel of Fig. 24 shows the frequency evolution of the f—mode measured
from short-time Fourier transform for the three-dimensional simulations. Since the
simulations are for a short duration, we start the measurement of the f—mode fre-
quencies (and consequently, the energy) from 200 ms after the core bounce. However,
this procedure makes the frequency measurement noisy for the time interval 200 —400
ms after the core bounce since f—mode oscillations are not the most energetic con-
tributors to the gravitational-wave signal. The peak of the Fourier transform may not
lie on the frequencies associated with the f—mode. One can see that the frequencies
at 200 ms lie in the range between 500 Hz - 600 Hz. 600 ms after the core bounce,

the frequencies can increase up to 1100 Hz - 1250 Hz. Again, there is no monotonous
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dependence of the frequencies with the progenitor mass.

The right panel of Fig. 24 shows the energy in the f—mode track obtained from the
spectrogram of the gravitational-wave signal, divided by the time when the f—mode
oscillations are active (i.e. 200 ms to end of simulations). Typically, the higher mass
progenitors produce a stronger gravitational-wave signal, and hence the power in the
f—mode oscillation track is higher for higher progenitor mass. If we look at Fig. 2
of Ref [136], which describes the time evolution of the shock radius of the same pro-
genitors that we use in this study, we find that delayed explosion time also correlates
with increased energy emission in the gravitational wave signal. For example, the
power measured in f—mode for simulations with progenitor masses 10, 19, and 25M
is higher in comparison to other simulations, and the shock expansion associated
with the explosion is also delayed. For the progenitors with no explosion during the
simulation time, we measure low power in the f—mode from the gravitational-wave
signal.

Fig. 25 shows the frequency evolution on the left panel and the power in f—mode
oscillations from the gravitational-wave signal as a function of the core rotation rate
on the right panel for simulations with non-zero core rotation. We find that both
the frequency evolution and the power of the f—mode oscillations depend on the
core rotation rate. Mild core rotation (0 - 0.75 rad/sec) increases the quadrupole
moment and hence the power in gravitational-wave radiation. Increasing the core
rotation rate increases the centrifugal support on the accreting matter that excites
the proto-neutron star oscillations, resulting in reduced power in the oscillations.
The frequencies are also affected and we can see two distinct groups of the frequency
tracks. For the core rotation rates of 0 — 0.5 rad/sec, where the centrifugal forces are
not affecting the f—mode oscillations, we see we see similar time dependence for the
frequencies as for the simulations with no core rotation — they rise from ~ 850 — 900
Hz at 400 ms after the core bounce to &~ 1700 Hz at 1 second after the core bounce. As
the core rotation rate increases, the frequencies decrease, as is seen in the simulations
with 0.75 rad/sec and 1.0 rad/sec core rotation rates. Further, for the higher rotation
rates (greater than 1.0 rad/sec), the centrifugal forces are large and the frequencies
decrease - starting from ~ 600 — 800 Hz at 400 ms after the core bounce to ~ 1200
Hz at 1 second after the core bounce.

The left panel of Fig. 26 shows the interpolated f—mode frequency evolution
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measured from the short-time Fourier transforms of the simulations listed in the figure.
These are two-dimensional simulations with progenitors having zero core rotation rate
at the core bounce. We assume that the f—mode starts at ~ 400 ms after the core
bounce. There is no monotonic trend with respect to the mass of the progenitor star
for the frequency evolution of the f—mode oscillations. There is also no monotonic
dependence on the equation of state used in the simulation. The stiffest equation of
state, DD2, used for the simulation M10-DD2 produces the smallest frequencies (for
times ~ 600 ms after the core bounce). Whereas, the softest equation of state, SFHo,
used for simulation M10-SFHo, produces frequencies lower than a relatively stiffer
equation of state LS220. This has been already discussed in Morozova et al. [175],
where the authors obtained the frequency evolution from linear perturbation analysis
of the proto-neutron star. Here we verify the frequency evolution by measuring the
frequencies from the short-time Fourier transform. The right panel of Figure 26 shows
the power in the f—mode track obtained from the spectrogram of the gravitational-
wave signal. Again we see that the higher mass progenitors typically have higher
power in the f—mode oscillation track. The results of energy measurement for all the

waveforms are summarized in Tables 11, 12.

We also repeat the analysis on the spectrogram of signals embedded in simulated
detector noise. We assume the source distances to range from 1 kpc to 60 kpc. For
each distance, we inject the signal in 10000 instances of detector noise. To generate the
simulated noise instances, we use the designed power spectral density for Advanced
LIGO and the proposed third generation detectors, Cosmic Explorer and Einstein
Telescope.

We assume that the time of core bounce will be measured by the neutrino detectors
such as ICECUBE[201], Super-Kamiokande [164], and DUNE [165] to within 4 ms
[167, 166, 38]. We measure the f—mode frequencies 200 ms after the time of core
bounce. We also assume that the distance to the progenitor is known a priori, so
that when we measure the energy in the f—mode via the spectrogram, we can scale it
(by the square of the distance) to obtain the energy in gravitational-waves associated
with the f—mode.

For closer sources, the signal is strong and the noise does not affect the f—mode
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Label Bow (107" Moc)
Time Fractional | f—mode

Domain Spectrogram Error energy
s9-3D | 0.0014 0.0015 7% 0.0002
s10-3D | 0.073 0.084 15 % 0.016
s11-3D | 0.03 0.03 6 % 0.005
s12-3D | 0.05 0.05 1% 0.012
s13-3D | 0.012 0.011 9 % 0.002
s14-3D | 0.028 0.031 10 % 0.003
s15-3D | 0.026 0.029 8 % 0.006
s17-3D | 0.12 0.13 14 % 0.03
s18-3D | 0.13 0.15 10 % 0.03
s19-3D | 0.33 0.38 16 % 0.081
s20-3D 0.18 0.21 16 % 0.27
s25-3D | 0.13 0.16 21 % 0.07
s60-3D | 0.024 0.027 13 % 0.008

Table 11: In this table we show the energy in the gravitational-wave signal computed
from the time-domain representation of the signal (equation 4.21), and from the
spectrogram (equation 4.25) for three-dimensional simulations. We show the error in
measurement of the energy from the spectrogram of the signal. In the last column,

we show the energy measured from the spectrogram in the track associated with the

f—mode oscillations.
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Ecw (1078 My c?)
Label Time Fractional | f—mode
Domain Spectrogram Error energy

0.0strain 1.2 1.5 22 % 0.81
0.05strain | 0.92 1.08 18 % 0.41
0.1strain 0.97 1.15 19 % 0.49
0.2strain 1.43 1.63 14 % 0.82
0.25strain | 1.09 1.34 22 % 0.71
0.3strain 1.47 1.77 20 % 1.09
0.4strain 2.28 2.92 28 % 1.60
0.5strain 3.75 4.38 17 % 2.38
0.75strain 5.63 6.47 15 % 2.82
1.0strain 7.9 8.7 9.4 % 2.54
2.0strain 5.7 6.3 10 % 0.44
pi.strain 7.44 8.13 9.3 % 0.01
4.0strain 5.07 4.07 20 % Se-4
5.0strain 241 2.56 6 % De-9
2pistrain 0.96 3.3 242 % 9e-8
M10-LS220 0.21 0.24 13 % 0.07

M10-DD2 0.16 0.17 11 % 0.04
M10-SFHo 1.57 1.86 19 % 0.43
M13-SFHo 0.93 1.09 17 % 0.47
M19-SFHo 5.27 6.80 29 % 2.12
gw-s11-2D 1.54 1.89 22 % 0.65
gw-s19-2D 1.47 1.74 18 % 0.69
gw-s25-2D 4.52 5.46 20 % 1.44
gw-s60-2D 4.14 5.48 32 % 2.49

Table 12: Same as Table 11 but for two-dimensional simulations.
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frequency measurement. As the source distance increases, the f—mode peaks are
picked more randomly. This is because the gravitational-wave strain amplitude from
the signal is dominated by the detector noise. Consequently, the least-square fit is
also affected.

In Figs. 27,28,29, we show the results of our analysis for the f—mode frequency and
energy measurement when the signal is embedded in detector noise. For each case,
we generate a short-time Fourier transform and measure the f—mode frequencies.
We then interpolate the measured frequencies, and compare them with those for the
case when the signal was not embedded in simulated detector noise. We do this by

computing the root-mean-squared error in the frequencies, given by

Ny
1
op =] — S A2 (4.32)
Ny 2 !
Here, A?c = (fwithnoise — Jnoiseless)® and Ny is the number of time columns of the

f—mode. After measuring the f—mode frequencies, we use them to measure the
energy in the corresponding track on the spectrogram. Since this track now has
the gravitational-wave signal from a core-collapse as well as the detector noise, the
measurement will yield the energy in the sum of the two. This way, we can place
an upper bound on the energy in gravitational-wave radiation associated with the
f—mode.

In Figs. 27,28,29, on the left panels, we show error in frequency measurement
(0f) on the vertical axis and distance to the source on the horizontal axis. The blue
curve shows the median of the inner product obtained from 10000 injections into
simulated Cosmic Explorer noise, whereas the green curve shows the same for the
Einstein Telescope. The fill represents the 90th quantile measurements of oy. We see
that as distance increases, o also increases. we can measure the f—mode frequencies
to within 10% error for sources within the Milky Way galaxy.

The right panel shows the relative error in measurement of the energy in the
f—mode from the spectrogram based on the frequencies measured from the short-

time Fourier transform,

Effmode\noiseless - Effmode|with noise

(4.33)

Op =
Ef—mode|n0iseless

We find that we overestimate the energy by up to ~ 20% for higher mass exploding
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models with source distances within the Milky Way galaxy.

In Fig. 30 we show the time evolution of the ratio ff*T/%fe for the three-dimensional
simulations, where p. is the central density of the protoneutron star. We find that
the ratio linearly increases with time, and obtain the fit y = 0.23¢ 4 0.06 using linear
regression, where t is the time after bounce. The fit is shown in red in Fig. 30. Using
this fit, and the frequency evolution from the spectrogram of the strain measured in a
detector, we can measure p.(t). In Fig. 31 the central density p.(t) of the 19 M, star
obtained from simulation is shown in red. We also measure p. for the 10000 injections
of the signal associated with the model s19 — 3D in Cosmic Explorer, assuming the
source distance to be 10 kpc. Given the linear fit for ff*T\/%‘je and quadratic fits for
f(t), pe(t) is a ~ t* function of time after bounce. We obtain p. values for various
times and for various injection instances. The two-dimensional histogram for p,. is
shown in grey-scale, with the colormap normalized to the logarithm of counts in each
pe —t bin. We can see from the plot that we can measure the central density of the

core of the star using the frequency evolution measured from the spectrogram.

4.5 Conclusion

Here, we have developed a model-independent method to measure the frequencies and
energies associated with the quadrupolar oscillations of a proto-neutron star. We use
gravitational-wave signals from two- and three-dimensional core-collapse simulations.

We construct the short-time Fourier transform of these signals to extract the
f—mode frequencies. We then construct a spectrogram of the signal in a way that
provides equal weights in power to all the data points of the signal.

We first test the energy measurement from the spectrogram of the signal by com-
paring it to the energy computed using the time-domain data. We find that the
total energy measured using the spectrogram is within 20% of the energy measured
using the time domain data. We then use the frequency evolution of the f—mode
measured via the short-time Fourier transform to extract the energy from the time-
frequency blocks associated with the f—mode oscillations using the spectrogram. We
find that the f—mode energies can be as high as 40% of the total energy emitted in

gravitational radiation during a core-collapse.
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We find that the energy associated with the f—mode oscillations typically in-
creases with the progenitor mass. The energy also depends on the delayed explosion
times and the success of explosion. Simulations having higher shock stall times before
the onset of explosion emit more gravitational-wave radiation since the oscillations
are excited for a longer time. Additionally, the energy of the f—mode also increases
monotonically with the rotation rate of the core, up to a certain value of core rotation
rate. Centrifugal forces dominate for faster core rotations, and cease the activation
of the oscillations of the proto-neutron star.

To understand how the detector noise will affect this analysis, we inject the
gravitational-wave signals into simulated Cosmic Explorer and Einstein telescope
noise and then extract the f—mode frequencies and measure the energies. We vary
the distance to the source, but limit it to within the Milky Way galaxy. We find
that for waveforms from three-dimensional simulations, we can measure the f—mode
frequencies for sources up to 20 kpc within an RMS error of 5 Hz, and the f—mode
energies within 20% fractional error, when the gravitational-wave signal is assumed to
be detected by a third-generation observatory. For waveforms from two-dimensional
simulations with core rotation, we can measure the frequencies for sources up to 20
kpc to within 2 Hz RMS error and energies to within 10% fractional error.

Measurement of the frequencies and energies of the f—mode oscillations can pro-
vide us more information about the mechanism of the supernova explosion. We can
also infer the central density of the proto-neutron star and the turbulence energy

within the system.

92



1.60

=
)
ol

=
U1
o

1.45

Energy [10~8Myc?]

1.40

1.35

[r T T Fr [T rr [ Frr [ rrpr[nrrrprroad
\\\- - - — o - - - =

0.200
0.175
0.150

0.125

Cubic Spline Interpolation

Linear Interpolation 0.100

Difference

0.075

0.050

0.025

T e o e e s e

IIIIIIIIIIIIIIIIIIIIIIJIIIIIIIIIIIIIIIIIIIII

0.000

|
10°

10

Sampling rate [HZz]

Figure 21: The figure shows the energy (in 107®Myc?) obtained for the simulation

s19-3D as a function of the sampling rate used to resample the data from the sim-

ulations. The solid blue curve represent the case when Cubic interpolation is used

whereas the orange curve shows the case when Linear interpolation is used. The cor-

responding dashed curves show the difference between energy values obtained for a

particular sampling frequency and the one lower. We can see that the values converge

as the sampling frequency is increased.
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Figure 22: The figure shows the strain (top) and its spectrogram (bottom) of the 3D
simulation s19-3D. The strain data has been uniformly sampled at 16,384 Hz. The
ends have been tapered to zero by applying half cosine windows to the first and last
1024 points of the data. Then, the data are zero-padded by 0.04 seconds on either
end. The spectrogram of this signal is shown on the bottom panel. The f—mode
frequencies, obtained from linear perturbation analysis, start at 200ms and go from
500 Hz to 1000 Hz at 0.6 seconds after the core bounce, and are shown as red crosses
in the bottom panel. The vertical orange line shows the time t; = 200 ms after
the core bounce. The two orange parabolic curves define the frequency range within

which the algorithm looks for the peak in the spectra.
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Figure 23: The top panel in the figure shows the spectrogram of the 3D simulation
$19-3D. The red curve shows the quadratic fit to the fundamental f—mode frequencies
measured by picking the frequencies corresponding to the peak in spectra and the two
white curves represent the width of the track. The energy of the mode is measured
by summing the energy of the time-frequency blocks within the white curves. The
blue, orange, and green curves in the bottom panel show the cumulative energy
measured from the time domain representation of the signal, its spectrogram, and
for the f—mode from the spectrogram, respectively, and summed for the individual
polarizations hy and hy. The red, purple, and brown curves show two times the

energies for the same for the effective strain as observed in a interferometer.
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Figure 24: The figure shows the frequency evolution (left) and power (right) mea-
sured for the f—mode oscillations from the gravitational-wave strains of the three-
dimensional simulations. The frequency increases with time, owing to the shrinking of
the proto-neutron star. We find that the power in the gravitational-waves associated

with the f—mode oscillations generally increases as the progenitor mass increases.
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Figure 25: The figure shows the frequency evolution (left) and power (right) mea-

sured for the f—mode oscillations from the gravitational-wave strains of the two-

dimensional simulations with core rotation. The frequency increases with time, owing

to the shrinking of the proto-neutron star. We find that the power in the gravitational-

waves associated with the f—mode oscillations increases monotonically as the pro-

genitor core rotation rate increases, up till 2 = 0.75 rad/sec, and then decreases as

centrifugal forces dominate.
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Figure 26: The figure shows the frequency evolution (left) and power (right) mea-
sured for the f—mode oscillations from the gravitational-wave strains of the two-
dimensional simulations without core rotation. The frequency increases with time,
owing to the shrinking of the proto-neutron star. We find that the power in the
gravitational-waves associated with the f—mode oscillations generally increases as

the progenitor mass increases.
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Figure 27: The left panels of the figure show the root-mean-squared error in mea-
surement of frequency evolution of f-mode (o) for waveforms from three-dimensional
simulations. The right panel shows the error in measurement of energy in the f—mode
oscillations (o0g). The orange line shows the median obtained from measurement in
10000 noise instances of Cosmic Explorer noise, with the fill representing the 90th

quantile. The blue curve represents the results for Einstein Telescope, and the green
curve for Advanced LIGO.
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Chapter 5

Reproducing the Results for
NICER Observation of

PSR J00304-0451

5.1 Introduction

Reproducibility of research—the ability to arrive at a consistent result given the same
raw data and original analysis method—is a critical element of scientific discovery.
Reproducibility provides the necessary level of trust in the published results and en-
ables researchers to build upon that work. Since more scientific studies are using
computation as a tool, reproducibility challenges arise from the computational point
of view—- especially the availability of data, software, the needed execution environ-
ment, and tools, as well as documentation used in the original analysis.

NICER is a payload onboard the International Space Station and the X-ray Timing
Instrument (XTT) is dedicated to observing X-rays from galactic pulsars [202]. Based
on NASA’s open science and open data policy, the data observed by NICER is released
to the public to advance scientific research. One of NICER’s aims is to measure the
masses and radii of neutron stars. These measurements constrain the neutron-star
equation of state, the relation between the pressure and density of the neutron star.
Measuring this equation of state requires a computationally-intensive analysis of the
NICER data. To fully understand and leverage the results of the equation of state

analyses, the astrophysics community needs to be able to reproduce and modify the
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original results so that they can: (i) check the robustness of the original result; (ii)
build new analyses using the original result, or (iii) extend the original analysis to
address new and different questions.

To measure the equation of state using PSR J00304-0451, Riley et al. developed
the analysis software X-PST ! (X-Ray Pulse Simulation and Inference) [203]. X-PST
includes a Bayesian analysis framework to measure the pulsar’s mass and equatorial
radius (hence infer the equation of state) using the observed NICER data. We explore
whether the analysis of the pulsar PSR J003040451 by Riley et al. [61] can be
reproduced and modified to test the robustness of the result.

Miller et al. [204] has the same NICER observations of PSR J0030+0451 to
produce an independent analysis using different software, models, and methods to
measure the mass and radius of the pulsar. They arrived at measurements of mass
and radius of PSR J0030+0451 that were slightly different from, but consistent with,
the results of Riley et al. This is an example of replicability of research: using the
same data but different methods to arrive at a consistent result. The conclusion can
be drawn that the results are replicable; an analysis of the data leads to a consistent
mass and radius result for the pulsar. However, it does not verify that an external
entity could use the existing software stack created by Riley et al. to achieve the
same result, nor does it demonstrate that another group could modify or extend this
analysis.

Unlike our previous work on reproducing the detection of GW150914 by LIGO
[205], none of the authors of this reproducibility effort were involved in the original
analysis. This work is entirely based on the papers, data, software, and documentation
provided to the public by the authors of the original study by Riley et al. First, we
reproduce the results in Figure 19 of Riley et al., which shows the measurement of
the mass and the radius of the target pulsar obtained from the analysis. We note the
lessons learned and challenges we faced during the reproducibility process, as was done
in our previous works where we reproduced the images of the M87 black hole published
by the EHT collaboration [206, 207] and reproduced the detection of GW150914 [205].
We discuss the challenges encountered while acquiring the input data, installing and
using the software (including setting up the required dependencies and environment),

writing configuration files, job submission scripts, and post-processing the job output.

https://github.com/xpsi-group/xpsi.git
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Ultimately, we were successfully able to reproduce the measurements done in the
original analysis.

Going beyond our previous work, after reproducing the original analysis, we
demonstrate that Riley et al. provides sufficient information to allow a third party
to modify the analysis in the new work. We use this functionality to test the robust-
ness of the methods to the prior probability distributions chosen for the Bayesian
analysis. Specifically, we expand the previous space on the pulsar radius from 16 km
to 25 km and change the sampler configuration for the Bayesian analysis. We find
that changing the upper limit of the prior does not change the posterior distribution
statistically significantly, demonstrating the result’s robustness to the choice of radius
prior. We increase the number of sampler points used to sample the posterior prob-
ability space from 1000 to 4000 and find that the posterior probability distribution
does not change, demonstrating the robustness of the analysis. As part of our work,
we repackage X-PSI and its software dependencies into a Docker container. This aids
in the portability of the data and the software and streamlines the reproduction of
the original analysis. The container is fully documented and contains the scripts for
the entire workflow used in our reanalysis, and is available at Docker Hub?.

This article is organized as follows. First, we describe the original analysis and
provide background information on measuring the mass and radius of neutron stars
from X-ray data. Then, we describe our effort to reproduce the analysis and note
the computational challenges. Finally, we summarize the lessons we learned when
reproducing the Riley et al. analysis and provide guidelines for improvement of the

reproducibility of such computationally intensive analyses.

5.2 Analysis Of PSR J0030+0451

Figure 32 shows a schematic overview of the analysis by Riley et al. including the
observation of the X-rays by NICER, modeling of the X-ray emission from the pulsar
surface, and estimation of the mass and radius of the pulsar using the observational
data and the models. The parts of analysis performed by Riley et al. using X-PSI
are shown as green boxes.

The mass and radius of the neutron star are imprinted on the X-rays emitted

2https://hub.docker.com/r/chaitanyaafle/nicer
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by hot spots on the neutron star’s surface through the relativistic effect of their
propagation through the spacetime curvature induced by the star. The X-ray pulse
profile detected by a distant observer encodes the neutron star’s compactness, the
ratio of the star’s mass to its radius. NICER measures X-ray counts as a function of
time for a target pulsar, as illustrated in a box (1) of Figure 32. Since the photon
count profile of the signal is identical for each rotation of the pulsar, the signal can
be phase-folded into a single pulse profile, which gives photon count as a function
of the phase of the rotation of the pulsar, as shown in Figure 32 on the top right.
Creating a phase-folded data set is a pre-processing step performed by the NICER
instrument team and creates a derived data set used by subsequent analyses. This
data set, released using Zenodo, is the starting point for the Riley et al. analyses.

To measure the mass and radius of the star, a model H is created that describes
the X-ray emission from the hotspots and uses relativistic ray-tracing of the emitted
radiation to predict the pulse profile observed by a distant observer. The parameters
of this model are represented by 0 and include the mass and radius of the neutron
star, the parameters describing the geometry of the hotspots, the distance to the
pulsar, the inclination angle of the axis of rotation to the line of view. In box (2) of
Figure 32, we show the geometry of the hotspots assumed for two models that we use
for reproducing the results from the original analysis.

For a given model H, Bayes’ theorem is used to infer the posterior probability
distribution of the model parameters given a realization of the observed data (box
(3) in Figure 32) according to

p(dldte, iy = LW 0L, (5.1)

Here p(ﬁ |H) is the probability density of the parameters based on theory, assumptions,
or previous observations (the prior); p(d(¢)|J, H) is the joint probability distribution
as a function of parameters given fixed data (the likelihood); and p(d(¢)|H) is the
marginalized likelihood, also called evidence.

The goal of Riley et al. is to produce posterior probability measurements of the
mass, radius, and other model parameters for a given pulse-profile model and a set
of NICER observations of the pulsar J00304+-0451. Box (4) in Figure 32 shows an

example schematic of a two-dimensional marginalized posterior of mass and radius.
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Each parameter’s marginalized posterior probability distribution is obtained using
the MULTINEST [208] implementation of the nested sampling algorithm.

Riley et al. explored several hotspot geometry models to determine which model
was most favored. However, we only consider the two of the most likely used models
from their analysis and focus on the posterior probabilities for the parameters of
these models. To keep the scope of our work reasonable, we neglect models with
lower evidence values or higher complexity.

The hotspot geometry used in the most favoured model of Riley et al. involves
two hot regions on the pulsar’s surface. The first hotspot is a hot circular disk,
whereas the higher temperature in the second hot region lies in the arc-shaped re-
gion. This model is named ‘ST+PST’ (Single Temperature + Protruding Single
Temperature), shown in Figure 32. Using this model, Riley et al. found that the
mass of the pulsar PSR J0030+0451 is M = 1.34751s My, and the equatorial radius
is Req = 12.71%]']3 km. The bounds mentioned here are the 16% and 84% quantiles
from the posterior distribution obtained. The compactness M/R., is measured to
be 0.16709;. In comparison, Miller et al. [204] measured the mass and radius to
be M = 1.44701% Mg and R, = 13.027}35 km. The second Riley et al. model
we investigate is ‘ST+EST’ (Single Temperature + Eccentric Single temperature),
which differs from ST+PST in that the second hot region is an eccentric annular
ring. The model ST+EST gives larger radius and mass (Re, = 13.89%] 35 km and
M = 1.4601% Mg, respectively).

5.3 Computational Considerations

The X-PSI code used by Riley et al. is an open-source code written primarily in
Python 2.7, with additional Cython support. As noted in our previous work, Python
code presents challenges in reproducibility due to its need for libraries that may not
be installed (or may be installed at a different version) on the platform where the
code is executed to reproduce an analysis. To address this, Riley et al. provided a
Python 2.7 Conda environment to install the code and its dependencies. Although
this does not isolate the code in the same was as containerization, it facilitates the

installation of X-PSI and necessary libraries at the correct version.

108



The documentation provided by Riley et al. indicated that they used v0.1 of X-
PSI to infer the properties of PSR J00304-0451; this tagged code was made available
on GitHub and was straightforward to obtain and install. Riley et al. also released
a Zenodo repository® that contains the phase-folded X-ray data from NICER used
as input to the analysis, the configuration files for X-PSI v0.1, the submit scripts
for the job, the output files of the job, and the files containing the posterior samples
for each analysis. This thorough release of data and configuration files makes it
possible to reproduce the original analysis, given sufficient computational resources.
The repository comes with a README. txt that briefly describes each file and its use.
For our analysis, we use the configuration files from the repository, changing the paths
to the input data and output files wherever necessary.

The X-PSI analysis is computationally expensive. For example, obtaining marginal-
ized posteriors for the ST+PST Bayesian analysis took 42,453 wall clock hours (see
Table 2. from Riley et al.). The analysis involves O(10%) likelihood evaluations each
taking O(1) second of evaluation time. The likelihood calculation involves simulating
hotspots on the star’s surface, ray tracing the radiation to include relativistic effects,
and creating an instance of the X-ray pulse that a distant observer would detect,
making likelihood evaluation the most expensive step. While running X-PSI on a
single compute node was straightforward, the likelihood evaluations must be executed
on multiple compute nodes in parallel to complete the analysis within a reasonable
time. To execute the analysis in parallel across multiple compute nodes, X-PST uses
the Message Passing Interface (MPI) library.

To distribute the software and input data on each compute node, we used the
CERN Virtual Machine File System (CVMFS). This shared filesystem makes scientific
software easily available and accessible on HPC clusters. The software stack for
interprocess communication uses the mpidpy library [209] to create Python bindings
to MPI libraries written in C++ and installed as dynamic shared libraries. The object
code in these libraries executes the inter-process communication using system calls.
Our main reproducibility challenge was to produce a containerized version of X-PST
that could execute the analysis using MPI across multiple (possibly heterogeneous)
compute nodes.

Following our previous experience, we created a Docker image containing the

3https://doi.org/10.5281/zenodo.5506838
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complete X-PSI software stack for execution as a stand-alone image. Using a base
Debian Miniconda image?, we installed X-PSI and the required dependencies in it
using the files provided by Riley et al.. While the Docker container streamlines the
installation of X-PSI and its dependencies, it presents a problem of running the
analysis in parallel on multiple compute nodes as code running each docker container
running on a compute cluster needs to communicate with the other containers. While
this is possible, it is challenging without administrative control of the host machines.

Singularity provides a controlled, containerized environment with the advantage
that codes running in the image can access the network capabilities of the host. Unlike
Docker’s full virtual machine containerization, Singularity creates images that overlay
on the host machine. Therefore, if the host’s operating system is configured to allow
interprocess communication for MPI (as is common in cluster environments), it can
be used by code running in the Singularity image. For this to work, the Singularity
image must contain the exact version of the mpidpy and the MPI-shared libraries as
the host machine. To address this challenge, we used scripts by the Open Science
Grid team that convert Docker containers into Singularity images.

We use HT'Condor as the job scheduler and the Syracuse University Gravitational-
wave Group (SUGWG) cluster for our analysis. This is a heterogeneous combina-
tion of Intel® Xeon®) Gold 6248R @3.00GHz, E5-2660v2 @2.20GHz, E5-2698v3
@2.30GHz, X5650 @2.67GHz, X5550 @2.67GHz, E5-2620 0 @2.00GHz, and AMD
EPYC 7702P, EPYC 7543 processors). The cluster uses a CentOS operating system
configured to allow codes to use OpenMPI [210] implementation of MPI.

Since the Docker container (and hence the derived Singularity image) used to host
X-PSI has a Debian operating system, we made a copy of the OpenMPI shared li-
braries that are installed on the SUGWG compute nodes, deployed it in the container,
and configured the runtime linker so that the Python interpreter inside the container
could access these libraries. This ensures that the OpenMPI within the container has
identical paths and configurations to the host compute nodes. The analysis can then
be launched using the HTCondor job scheduler. HTCondor uses mpirun to execute
X-PSI from inside the Singularity container across multiple compute nodes. Figure

33 shows the schematic depicting the software setup.

4https://hub.docker.com/r/continuumio/miniconda
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5.4 Reproducing the J0O030 Result

We reproduce the original analyses using the ST+PST and ST+EST models using the
above software setup. Additionally, we submit jobs using the ST+PST and ST+EST
models with broader radius priors than the original analyses. Table 13 shows the job
statistics and summary of results obtained for the analysis in Riley et al. and for
our work. We also show the information provided in the Zenodo release by Riley et
al.. The results from the data in the Zenodo repository and those in the publication
are different because Riley et al. post-processed the posterior samples (present in
the Zenodo repository) to re-evaluate the evidence. We do not repeat this post-
processing step since we do not have access to a working post-processing script used
by the original study’s authors.

Figure 34 shows the posteriors for the model ST+PST from the Zenodo repository
(results used by Riley et al.) in blue, from the reproducibility analysis in orange,
and for the analysis with the broader radius priors in green. Figure 35 shows when
the model ST+EST was used. The figures show one and two-dimensional marginal
posteriors for the mass M (in solar masses), the equatorial radius R,, (in km), and
the compactness M/ R,, (in solar mass/km) of the pulsar. The original and reanalysis
analysis involved 19 parameters (for ST+PST and ST+EST models). For brevity, we
show the posteriors for only three parameters, mass, radius, and compactness.

We find that we can reproduce the results from the original analyses. We get the
exact measurement for the three quantities of interest with the same 68 percentile
confidence interval. The minor differences in the posteriors are statistical, and one
expects this order of fluctuation after each repetition of the analysis. Since Markov
Chain Monte Carlo sampling is random, one cannot obtain identical reproduction
of the positions of the sample points. The samples exploring the posterior space
accumulate around the region with high probability. There would be some fluctuation
at the periphery of this distribution, which is reflected in the deviations in the 99%
contour lines, where the sampler population density is sparse. The inner 68% and
95% contour lines in the posterior from the reanalysis show much less deviation from
the posterior of the original analysis.

Moreover, the value for evidence we get for the reanalysis is close to the value

reported in the original paper. Again, there would be statistical fluctuation over
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repetition, and one would not expect the evidence to be precisely the same. The
values obtained are within the margin of fluctuation one would expect from run to
run.

Post-processing and plotting the output of the Bayesian analysis proved to be an
obstacle to the reproducibility of the original results. Although the Zenodo reposi-
tory had all the configuration files and submitted scripts to start the analysis, the
post-processing and plotting scripts were absent. These scripts are necessary to pro-
duce a figure that is identical to the figure that was published. The documentation
of X-PSI describes the post-processing module of the software. However, the docu-
mentation describes v0.5 of X-PSI, which is backward incompatible with v0.1 used
in the original analysis. We found that the post-processing module of X-PSI failed
to process the output files from MULTINEST. Instead, we used the post-processing
modules and scripts from PyCBC Inference [156]-a Python toolkit for Bayesian anal-
ysis of gravitational-wave signals—to plot all the posteriors. We converted the .dat
files produced by the MULTINEST sampler into PyCBC-readable .hdf files and used
the pycbc_plot_posterior script on these files. This emphasizes the importance of
releasing the set of all the executables used in the original analysis, including the
post-processing and the plotting scripts.

In addition to reproducing the original analyses, we also explore the effects of using
broader prior bounds for the radius. The original analysis put the upper bound at 16
km for the neutron star’s radius. We change it to 25 km and found that the posteriors
are unaffected. This test is useful for the model ST+EST, where the posteriors are
cut off at the upper bound of the prior. We aim to check if the posteriors were affected
if the prior base was increased. Since the posteriors do not change significantly, we
conclude that the data observed by the NICER instrument is informative and that
our choice of priors does not heavily influence the Bayesian analysis. The posteriors
for the analyses with broader radius priors for models ST4+PST and STH+EST are
shown in green in Figures 34 and 35, respectively.

For the model ST+PST, we also perform an analysis with an increased number
of live points used by the sampler to sample the posterior probability distribution.
The original analysis used 1000 live points, and we increased it to 4000 live points
to check the robustness of the result to the sampler configuration. The posteriors do

not significantly change when the number of live points for the sampler increases.
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5.5 Lessons Learned

We compiled a list of challenges we encountered while reproducing the analysis and
noted the lessons learned. We discuss the guidelines to make computational analysis,
such as that done by Riley et al., reproducible. Table 14 lists whether the data,
software, and documentation components were available, incomplete, or unavailable

before our reproducibility study.
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Figure 32: Schematic showing how the mass and radius of PSR J0030+0451 can be
measured using X-ray data observed by NICER. The parts of the analysis done by
Riley et al. using X-PSI are shown as green boxes. X-PSI uses the data observed
by NICER (box 1 and the observed pulse profile), and the hotspot models that sim-
ulate the X-ray emission from the pulsar (box 2), to perform Bayesian parameter
estimation (box 3) and measure the posterior probabilities for mass and radius of the
target pulsar (box 4). The two examples of hotspot models shown in the figure are
‘ST4+PST’ (Single Temperature 4+ Protruding Single Temperature) and ‘ST+EST’

(Single Temperature + Eccentric Single temperature).
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Figure 33: Schematic showing the software components used in our workflow execu-
tion. We create a Docker image on the login node on the sugwg-condor cluster which
has the replica of the OpenMPI installation present on any of the compute nodes.
This Docker image is then pushed to Docker Hub cloud storage. CVMFS converts
the Docker container into a Singularity container and makes it available for use on
the cluster. We use the HTCondor job scheduler to deploy the Singularity containers

on the compute nodes, thus fulfilling the parallelization requirements of the analysis.
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Broader .
Results in  Zenodo Reproducibility 4000 live
Model . . radius .
Riley et al. release analysis . points
priors

InZ -36368.28 -36366.65  -36365.52  -36365.24  -36364.39

Mass [M)] 1.34101% 1.347045 1347515 1367016 1.35101¢

Eq. Radius [km] 12717113 12703 12872 12972 129773

Z evaluations 78,343,018 78,343,018 157,814,515 139,593,698 589,513,174

Replacements 57,972 57,972 56,896 56,596 225,856
ST+PST

Posterior Samples 20,177 12,242 11,896 11,749 46,488

CPU hours 42,453 42,453 48,384 55,296 179,712

Number of cores 960 960 288 384 288

InZ -36367.81 -36366.17  -36366.14  -36366.16 -

Mass [M)] 1.4617017 1467017 1467077 147801 -

Eq. Radius [km] 13.89+114 13.9011 13.8712 1471 -

Z evaluations 88,965,106 88,965,106 89,850,127 143,920,078 -
STH+EST Replacements 53,149 53,149 53,098 52,358 -

Posterior Samples 20,177 12,242 10,944 10,828 -

CPU hours 61,210 61,210 48,384 55,296 -

Number of cores 960 960 288 480 -

Table 13: Summary of job statistics for the original analysis published by Riley et

al.

in the Zenodo repository, and the reanalyses. We show the key results in the
first section of the models ST+PST and STH+EST for the Bayesian evidence (In Z)

obtained from the analysis, and the measurement of mass and the equatorial radius

of the target pulsar. The results in Riley et al. are obtained after post-processing the

data they obtained from the job. The latter has been publicly released in the Zenodo

repository, so the computational details (CPU hours, number of cores) for these two

columns will be the same. In contrast, the evidence values and measurements of mass

and radius will differ.
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Figure 34: Comparison of posterior probability distributions for mass, radius, and
compactness of J0030 obtained by Riley et al. (blue), reproducing the analysis
(orange), and for the analysis with the broader radius priors (green), using the
hotspot model ST+PST. The corner plot shows the three parameters’ one and two-
dimensional marginal posteriors. The priors used for the re-analysis are the same as

in the original analysis.
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Figure 35: Comparison of posterior probability distributions for mass, radius, and
compactness of J0030 obtained by Riley et al. (blue), reproducing the analysis
(orange), and for the analysis with the broader radius priors (green), using the
hotspot model STH+EST. The corner plot shows the three parameters’ one and two-
dimensional marginal posteriors. The priors used for the re-analysis are the same as

in the original analysis.
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Input Data Availability. The raw data for the NICER observation of PSR J0030+451

was not made available by Riley et al. through their Zenodo repository. However,
processed data was included in the Zenodo release and had accompanying documen-
tation.

Software Availability. Riley et al. use X-PSI v0.1 to analyze PSR J0030+451
data. The code is open source and publicly available on GitHub.

Software Documentation. X-PSI comes with extensive, publicly-accessible
documentation. Since the framework of the code is modular, the documentation goes
over each module in depth, explaining the physics associated with it and providing
examples. However, the code and its documentation have evolved significantly since
they were used for the original analysis. The documentation during our reproducibil-
ity effort relates to X-PSI v0.5, whereas the original analysis used X-PSI v0.1.

Software Installation and Dependencies. The instructions for installation of
X-PSI include information about all the software dependencies. They also provide
.yml files that can be used to create a virtual environment with the basic dependencies
resolved. The installation manual has clear instructions for installing the sampler and
the parallelization software.

Configuration files. The Zenodo repository has all the configuration files used
by X-PSI to generate the hotspot models. The availability of the configuration files
was crucial to successfully reproducing the results. The configuration files shared in
the Zenodo repository streamline the setup of the jobs. Combined with the documen-
tation, modifying the original analysis and changing the sampler configuration and
the prior bounds for radius was easy.

Computational Resources The original analysis of Riley et al. used the Dutch
national SURFsara supercomputer Cartesius. As is common in attempts to reproduce
analyses, we did not have access to these computational resources or the original
environment used by Riley et al. To execute X-PSI on the large-scale resources
available to us, we had to adapt the X-PSI deployment to fit a different scheduler
and create an overlay container that could run on this cluster. By demonstrating
that this is possible, we show that it is possible to overcome access the barrier to
reproducibility presented by access to computing resources.

Post-processing Scripts. The unavailability of the post-processing scripts to

analyze the output data from the analysis and plot the posteriors made it unfeasible



for us to generate the same plot as the one present in the publication of the original
results. We had to use PyCBC software to plot the posterior distributions. Post-
processing scripts are a crucial part of the software workflow in reproducibility. The
scripts to process the raw data are also absent.

Output Data Availability. The Zenodo repository included the posterior out-
put files for all the analysis jobs performed by the original study’s authors. The
output files included all the files generated by the sampler MULTINEST, including the
posterior file and the history of all the sample points throughout the analysis. It also
includes the output of the jobs — including the job scheduler logs and error messages

generated by X-PSI during the analysis.

5.6 Conclusions

Conducting reproducible research is an essential step towards open science. In this
article, we described the procedure and challenges involved in reproducing the mea-
surement of mass and radius of the pulsar PSR J0030+451 from the X-ray data
observed by NICER.

Given the release of the Zenodo repository containing the data and the configu-
ration scripts used for the original analysis, we were able to reproduce the analysis
by Riley et al. to measure the mass and the radius of PSR J00304-451. The post-
processing scripts plot the posteriors using the output file produced by X-PSI is
absent. We could not use the code and its documentation to plot the posteriors as
shown in the original publication. Instead, after converting the output file to an
.hdf file, we used the post-processing module of PyCBC to plot the posteriors. This
highlights the importance of releasing the entire set of scripts, from data processing
to post-processing of the analysis output, to be released in a containerized format to
reproduce the analysis.

Apart from reproducing the measurement, we changed the prior probabilities of
the radius from the original analysis, increasing the upper bound from 16 km to 25 km.
Despite the broader range of possible radii from the prior, we get the exact posterior
distribution as the original analysis. We also increased the number of points used
by the sampler from 1000 to 4000 and found no significant change in the posterior
probability distribution.
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Our work also shows that that is possible to reproduce analyses that require
large-scale computational resources without access to the original hardware. This is
significant, as access to resources is often a major barrier to reproducibility. Scientists
wishing to reproduce findings might not have allocations on the original resources, or
the original resource may have been decommissioned. Using the Singularity overlay
container shows that executing MPI code across a heterogeneous cluster that uses a
different operating system than the original hardware is possible.

To aid future researchers who want to reproduce the analysis of PSR J0030+451
data, the Docker container created for our analysis is publicly available®. The specific
tag of the container used for the reproducibility analyses is ‘8d3b23d‘. The Dockerfile
is also available publicly on the GitHub repository accompanying this article . We
provide the post-processing script and the PyCBC installation required to produce

the posterior corner plots.

Shttps://hub.docker.com/r/chaitanyaafle/nicer
Shttps://github.com/sugwg/nicer-reproducibility-J0030
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Chapter 6
Conclusions

Neutron stars provide a unique opportunity for us to understand the behavior of dense
matter. In order to extract fundamental physics from these laboratories, we need to
observe and analyze the astrophysical signals from them. In this thesis, we discussed
methods to analyze gravitational-wave signals from core-collapse supernovae—the
birthplace of neutron stars, and X-rays from the surface of galactic pulsars. First, we
discussed how to optimize Cosmic Explorer, the next-generation gravitational-wave
detector, to maximize its range to detect core-collapse supernovae. Based on three-
dimensional simulations for core-collapse and the corresponding gravitational-wave
waveform emitted, the detection range for these waveforms is limited to within our
galaxy even in the era of third-generation detectors. The event rate is two super-
novae per century for the Milky Way. We find from the waveforms that, to detect
core-collapse supernovae with an event rate of one per year, the gravitational-wave
detectors need a strain sensitivity of 3x10~%7 Hz~'/2 in a frequency range from 100 Hz
to 1500 Hz. We also explore detector configurations technologically beyond the scope
of third-generation detectors. We find with these improvements, the event rate for
gravitational-wave observations from supernovae is still low, but is improved to one
in twenty years. However, if detected by Cosmic Explorer in conjunction with the
electromagnetic and neutrino signals, the gravitational-wave signal from a supernova
will be spectacular and will be able to answer a host of fundamental physics questions.

We have investigated the ability of gravitational-wave observatories to extract the
properties of the collapsing progenitor from the gravitational waves radiated. We use

simulations of supernovae that explore a variety of progenitor core rotation rates and
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nuclear equations of state and examine the ability of current and future observatories
to determine these properties using gravitational-wave parameter estimation. We use
principal component analysis of the simulation catalog to determine the dominant
features of the waveforms and create a map between the measured properties of the
waveform and the physical properties of the progenitor star. We use Bayesian param-
eter inference and the parameter map to calculate posterior probabilities for the phys-
ical properties given a gravitational-wave observation. We demonstrate our method
on a random sample of the waveform catalog that was excluded from construction
of the principal component analysis and estimate the ratio of the progenitor’s core
rotational kinetic energy to potential energy (/) and the post bounce oscillation fre-
quency. For a supernova at the distance of the galactic center (8.1 kpc) with 5 = 0.02
our method can estimate 8 with a 90% credible interval of 0.004 for Advanced LIGO,
improving to 0.0008 for Cosmic Explorer, the proposed third-generation detector. We
demonstrate that if the core is rotating sufficiently rapidly for a signal source within
the Milky Way observed by Cosmic Explorer, our method can also extract the post
bounce oscillation frequency of the protoneutron star to a precision of within 5 Hz
(90% credible interval) allowing us to constrain the nuclear equation of state. For
a supernova at the distance of the Magellanic Clouds (48.5 kpc) Cosmic Explorer’s
ability to measure these parameters decreases slightly to 0.003 for rotation and 11 Hz
for the postbounce oscillation frequency (90% credible interval). Sources in Magel-
lanic Clouds with § < 0.02 will be too distant for Advanced LIGO to measure these
properties.

We have analyzed the gravitational-wave strain signals from two- and three-
dimensional simulations of core-collapse supernovae generated using the code FORNAX,
including a subset of the two-dimensional simulations having non-zero core rotation
at the core bounce. A dominant source of time changing quadrupole moment is the
[ = 2 fundamental mode (f— mode) oscillation of the proto-neutron star. From
the time-frequency spectrogram of the gravitational-wave strain we see that, start-
ing ~ 400 ms after the core bounce, most of the power lies within a narrow track
that represents the frequency evolution of the f—mode oscillations. The f—mode
frequencies obtained from linear perturbation analysis of the angle-averaged profile
of the protoneutron star corroborate what we observe in the spectrograms of the

gravitational-wave signal. We explore the measurability of the f—mode frequency
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evolution of protoneutron star for a supernova signal observed in the third-generation
gravitational-wave detectors. Measurement of the frequency evolution can reveal in-
formation about the masses, radii, and densities of the proto-neutron stars. We find
that if the third generation detectors observe a supernova within 10 kpc, we can mea-
sure these frequencies to within ~90% accuracy. We can also measure the energy
emitted in the fundamental f—mode using the spectrogram data of the strain signal.
We find that the energy in the f—mode can be measured to within 20% error for
signals observed by Cosmic Explorer using simulations with successful explosion, as-
suming source distances within 10 kpc. In the future, we plan to jointly analyze the
gravitational-wave signal with the neutrino signal from supernovae, since the primary
instigators for both is the accreting matter on the proto-neutron star. Similar analy-
sis of the time-frequency spectrograms can also be done for the postmerger signal of
a binary neutron star merger.

We reproduced the results of Riley et al., in which they reported Bayesian parame-
ter measurements of the mass and the star’s radius using pulse-profile modeling of the
X-ray data of the pulsar PSR J0030+0451 observed by NASA’s Neutron Star Interior
Composition Explorer (NICER) mission. We reproduce their result using the open-
source software X-PSI and publicly available data within expected statistical errors.
We note the challenges we faced in reproducing the results and demonstrate that the
analysis can be reproduced and reused in future works by changing the prior distri-
bution for the radius and the sampler configuration. We find no significant change
in the measurement of the mass and radius, demonstrating that the original result
is robust to these changes. Finally, we provide a containerized working environment
that facilitates third-party reproduction of the measurements of mass and radius of
PSR J00304-0451 using the NICER observations. This is the first step in creating a
joint electromagnetic—gravitational-wave analysis pipeline. In the future, we plan to
combine the X-ray data for PSR J0030+0451, PSR J07404-6620, and GW170817 to

provide joint, multi-messenger constraints on the neutron star equation of state.
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