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This research project trained students who, together, received 9 Master®s degrees and 7 doctoral

degrees in physics, and who have gone on to careers as professors, and industrial and research
scientists. We have created tools that enable new research into fundamental physics.

We upgraded and improved the efficiency of the GstLAL gravitational-wave
detection system and applied 1t to the analysis of data from LIGO and Virgo detectors in 03 and 04.
This work contributed to over 90 peer reviewed publications in the field of observational
gravitational-wave astronomy. We also investigated the capabilities of future gravitational-wave
detectors with respect to experiments in fundamental and nuclear physics.

Gravitational-wave Astronomy

gravitational wave black hole neutron star time series analysis statistical inference
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Just as the movement of electric charges and cur-
rents can create electromagnetic waves (including
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phenomenon was a prediction of general relativity Mpc Mpc Mpc Mpc

(GR), and was first observed using kilometre-scale |LIGO 0o [ 03

laser interferometer detectors in 2015. GWs are ex- 2530 65.85 65-115

ceptionally difficult to detect, and we lack the abil- . Mpc Mpc Mpc

ity to generate such waves artificially with sufficient Virgo oz os

amplitude to allow our current detectors to observe 25;)400 4&;;*0 ;A‘:i
them, therefore the only way to study them at this KAGRA

time is to rely on extremely energetic natural phe- 1 l l l l l l 1 1
nomena to provide them for us. The most frequent 2015 2016 2017 2018 2019 2020 2021 2022 2023
sources of detectable GWs are the collisions of pairs

of black holes. Figure 1: The planned observing runs of the aLIGO,

As an illustration of what can be learned by ob-  AdV and KAGRA detectors, adapted from Abbot, B.
serving GWs, on August 17, 2017, the GstLAL de- P., et al., doi:10.1007/s41114-020-00026-9. Distances
tection system discovered the first GW signal from a  are binary neutron star “ranges”. The box indicates
neutron star collision in coincidence with a gamma-  the period of time and detector network whose data is
ray burst (GRB), and was able to alert the astro- to be used for the research proposed here.
nomical community rapidly enough for the collision
to be observed by a broad range of electromagnetic telescopes, creating the new era of multi-messenger GW
astronomy (Abbot, B. P., et al., d0i:10.3847/2041-8213/aa91c9). From the GstLAL detection of the neutron
star collision, and the subsequent electromagnetic observations:

e We measured the speed of propagation of gravity, improving previous constraints by 10 orders of
magnitude.

o We confirmed that (at least some) gamma-ray bursts are neutron star collisions.

e We determined the time delay between GW emission and photon emission from a neutron star collision
to be 2 s, ruling out several models of possible post-merger environments.

e We made an independent determination of the Hubble parameter describing the expansion of the
Universe, finding it to be consistent with previous measurements.

e We confirmed that neutron star collisions are the source of much of the heavy elements in the Universe.
e We ruled out one non-GR polarization state for gravity.

Laser interferometer GW observatories collect data in “observing runs”, numbered sequentially, with
detector upgrades occurring between. At the time of the submission of this proposal, the “O3” LIGO-Virgo
observing run was expected between late 2018 or early 2019 and early 2020, during the period covered by
this proposal. O4 was anticipated from early 2021 onward, the remaining period covered by this proposal.
See Figure 1. Japan’s KAGRA detector was under construction, and expected to become operational for
the first time in 2020 with low but useful sensitivity.

2 WO HM

Our objective was to use observations of GWs detected with LIGO and Virgo during O3 and O4 to investigate
the following key questions:


https://doi.org/10.1007/s41114-020-00026-9
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The

3.1

3.2

3.3

What is the origin of the black holes detected by GW antennas?

Are there light stellar-mass black holes, or is there a gap between neutron stars and the masses of the
lightest black holes? What does this tell us about stellar evolution?

Do sub-solar mass black holes exist? If so in what abundance? What does their existence imply about
the history of the Universe?

Do cosmic strings exist? If so in what abundance?

Is there a population of compact object mergers in the early universe detectable today as an astro-
physical GW background?

What are neutron stars composed of?
In there a previously undiscovered population of weak gamma-ray bursts close to Earth?

Can we see evidence that GR needs modification, or do our observations continue to support the
correctness of the theory?
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specific actions we undertook to investigate the questions above were as follows.

GstLAL Detection System Operation and Upgrades

Ensured 24/7 operation of the GstLAL low-latency search for black hole and neutron star collisions
during LIGO and Virgo observing runs.

Ensured transmission of alerts of compact object collisions including to the J-GEM and MAXI Collab-
orations in Japan, and others internationally enabling electromagnetic follow-up.

Incorporated a high-speed approximate parameter estimation system into the GstLAL system to de-
crease the latency for source location estimates required for electromagnetic follow-up.

Developed the ability to measure the sensitivity of the detection system without the need for compu-

tationally costly software simulations.

Tests of Fundamental Physics

Investigated the influence of axions in our galaxy’s halo on GWs arriving from distant sources, for the
purpose of determining the detectability of this phenomenon with GW observations.

Tested the theory of GR by checking for evidence of non-GR polarization states; checking for evidence
of scalar perturbation modes in neutron star collisions.

Investigated the influence of the interior structure of neutron stars on the GWs emitted during their
collisions, and determined whether or not the presence of a quark-hadron phase transition in the interior
can be detected with todays detectors or with future, planned, detectors.

Searches for Exotic Gravitational-Wave Sources

Searched LIGO and Virgo data for cosmic strings.

Searched LIGO data for Cherenkov burst-like GWs generated by super-luminal sources.



3.4 Multi-Messenger Astrophysics

e Developed a technique for identifying after-glows of neutron star collisions in the daily intensity maps

generated by the CHIME survey telescope.

RIS AR S

The work conducted for this research project contributed to a large number of LSC-Virgo-KAGRA search
result publications. While many results were produced during this research project, a few highlghts of our

group’s work in particular are selected here.

4.1 High Speed Source Localization

We successfully developed an ulta high-speed source
location estimation algorithm for GWs from com-
pact object mergers. The algorithm has been added
to the GstLAL detection system, and produces sky
location posterior PDFs in milliseconds in the spher-
ical harmonic basis, and in an angular pixel basis in
under 100 ms with a single CPU core, compared to
0(100s) with O(100) CPU cores for the traditional
algorithm. The additional speed is critical in early-
warning applications, where the objective is to iden-
tify potential GW signals from the first portions of
the waveform and alert electromagnetic astronomi-
cal facilities about the potential signal and its loca-
tion on the sky before the compact objects collide.

4.2 V xt Estimation

One of the most computationally challenging prob-
lems in GW astronomy is determining the sensitiv-
ity of a detection system to the GWs from an as-
trophysical population of compact object collisions.
We quote this as the equivalent volume of space and
duration of time for which the class of source has
been observed, i.e. V x t. This sensitivity must be
quantified for the purpose of correcting for selection

90% area: 26 deg
60

New method BAYESTAR

Figure 2: Comparison of performance of new high-
speed method to the BAYESTAR algorithm for a
typical (simulated) signal. From Tsutsui, T., et al.,
doi:10.1103/PhysRevD.103.043011.

bias effects when interpreting the signals that have been observed. The traditional technique for measuring
V x t involves reanalyzing archival data while adding large numbers of randomly generated simulated signals
and checking to see which of the simulations are recovered. Up to 1/3 of the computing resources used for
GW astrophysics are devoted to this task, which is subtantially more than is used to perform the actual
astrophysical searches, or perform the parameter estimation analyses used to infer the properties of each

detected signal.

As reported in the doctoral dissertation of Mr. Hiroaki Ohta, we successfully developed an algorithm
using semi-analytic Monte Carlo techniques to estimate the detection system sensitivity without the need
for the traditional simulation analyses, nearly completely eliminating the cost of V' x ¢ estimation. This will
reduce the future cost of computing equipment, and enable a wider range of phenomena to be studied.
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