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Abstract: Gravitational waves provide a unique way to study the universe. From the initial direct detection of coalescing black holes in 2015, to the
ground-breaking multimessenger observations of coalescing neutron stars in 2017, and continuing with the now routine detection of merging stellar
remnants, gravitational wave astronomy has quickly matured into a key aspect of modern physics. After& nbsp;briefly discussing what we've begun
to learn from the new gravitational-wave transient catalog published by the LIGO, Virgo, and KAGRA collaborations (GWTC-2), | will discuss
novel tests of fundamental physics GWs enable. In particular, | will focus on our current understanding of matter effects during the inspiral of
compact binaries and matter at supranuclear densities, including possible phase transitions, through tests of neutron star structure. Detailed
knowledge of dynamical interactions between coalescing stars, observations of extreme relativistic astrophysical systems, terrestrial experiments,
and nuclear theory provide complementary views of fundamental physics. | will show how combining aspects from all these will improve our
understanding of dense matter through the example of how we can determine whether newly observed objects are neutron stars or black holes.

& nbsp;
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GWTC-2 References LIGO-Virgo-Kagra webinars start tomorrow! (Nov 5 at 10am ET)

register here:
https://us02web.zoom.us/webinar/register/WN_ATI9 _eBQQfuRiGHjPuXAhw

6 Abbott, et al., GWTC-2: Compact Binary Coalescences Observed by LIGO and Virgo During the First )
Half of the Third Observing Run. arXiv:2010.14527 (2020).

R. Abbott et al., Population Properties of Compact Objects from the Second LIGO-Virgo

\ Gravitational-Wave Transient Catalog. arXiv:2010.14533 (2020). )

R. Abbott et al., Tests of General Relativity with Binary Black Holes from the second LIGO-Virgo
Gravitational-Wave Transient Catalog. arXiv:2010.14529 (2020).

R. Abbott et al., Search for Gravitational Waves Associated with Gamma-Ray Bursts Detected by Fermi and Swift
During the LIGO-Virgo Run O3a. arXi®:2010.14500 (2020).

GWTC-2 Data Release (Gravitational Wave Open Science Center): https://www.gw-openscience.org/GWTC-2/

A. Buikema, et al., Sensitivity and Performance of the Advanced LIGO Detectors in the Third Observing Run.
Phys. Rev. D 102, 062003 (2020).
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O3 LIGO Interferometers
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GWTC-2 Events

e 26 found in low-latency

13 reported for the first time
1.0

39 new candidates (False Alarm Rate < 2/yr)
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GWTC-2 Rates and Populations
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4 models with varying complexity, and we mostly learn about the high-mass end of the distributions.
e There is robust evidence for a “Pair Instability Supernova” feature near 40 M_, .
e High-mass events, like GW190521, fit well within these models (not necessarily an “outlier”).
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GWTC-2 Rates and Populations
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In the context of GW190814
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Nonparametric Equation of State Inference
getting the EoS right

P. Landry and R. Essick, Nonparametric Inference of the Neutron Star Equation of State from gravitational Wave
Observations, PRD 99, 084049 (2019)

R. Essick, P. Landry, and D. E. Holz, Nonparametric Inference of Neutron Star Composition, Equation of State,
and Maximum Mass with GW170817, PRD 101, 063007 (2020)

P. Landry, R. Essick, and K. Chatziioannou, Nonparametric Constraints on Neutron Star Matter with Existing and
Upcoming Gravitational Wave and Pulsar Observations, PRD 101, 123007 (2020)

R. Essick, |. Tews, P. Landry, S. Reddy, D. E. Holz, Direct Astrophysical tests of Chiral Effective Field
Theory at Supranuclear Densities, arXiv:2004.07744 (2020)
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What do we observe?

EoS

nuclear
microphysics
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What do we observe?

Massive pulsars

J0740+6620 Cromartie+(2019)
EoS

nuclear
microphysics

pulsar observations
radial velocity
Shapiro delay

1
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What do we observe?

Massive pulsars
J0740+6620 Cromartie+(2019)

EoS

nuclear
microphysics

X-ray pulse timing (NICER)
J0030+0451 Miller+(2019)

X-ray timing
Pulse profile modeling

12

Pirsa: 20110041

Page 15/33




What do we observe?

. Gravitational Waves
Massive pulsars GW170817 Abbott+(2019)

J0740+6620 Cromartie+(2019)

to binary

EoS
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companion
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J0030+0451 Miller+(2019)
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Looking for signatures of matter from mass distribution of compact objects
observing the overall mass distribution

M. Fishbach, R. Essick, and D. E. Holz, Does Matftter Mhtter? Using the Mass Distribution to Distinguish Neutron

Stars and Black Holes, ApJ Lett. 899, 1 (2020)
— only uses results from GWTC-1 (O1 and O2)

21
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Overall mass distribution
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Overall mass distribution (only GWTC-1)
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Overall mass distribution (only GWTC-1)
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Overall mass distribution (GWTC-2)

Observed distributions show
more features than predicted
distributions, particularly at low
densities!
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Connecting it all together
Determining whether an object could be a NS

R. Essick and P. Landry, Discriminating between Neutron Stars and Black Holes with Imperfect Knowledge of the

Maximum Neutron Star Mass, arXiv:2007.01372 (2020)

R. Abbott et al, GW190814: Gravitational Waves from the Coalescence of a 23 Solar Mass Black Hole with a 2.6

Solar Mass Compact Object, Apd Lett 896, 2 (2020)

26
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Connecting it all together

Determining whether an object could be a NS
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Uncertainty in the single-event parameters
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GWTCR-IZJ\bb tt, et al., GWTC-2: C t Bi Coal Ob d by LIGO and Virgo Duri K EHE Virgo-Kagra el A
: oft, et al., -2: Compact Binary Coalescences Observed by and Virgo During
the First Half of the Third Observing Run. arXiv:2010.14527 (2020). tomorrow! (Nov 5 at 10am ET)
R. Abbott et al., Population Properties of Compact Objects from the Second LIGO-Virgo register here:
Gravitational-Wave Transient Catalog. arXiv:2010.14533 (2020). https://us02web.zoom.us/webinar/register/
R. Abbott et al., Tests of General Relativity with Binary Black Holes from the second LIGO-Virgo WN_ATI9_eBQQfuRiGHjPuXAhw
Gravitational-Wave Transient Catalog. arXiv:2010.14529 (2020). g - - J
R. Abbott et al., Search for Gravitational Waves Associated wigh Gamma-Ray Bursts Detected by
Fermi and Swift During the LIGO-Virgo Run O3a. arXiv:2010.14500 (2020).

GWTC-2 Data Release (Gravitational Wave Open Science Center): https://www.gw-openscience.org/GWTC-2/
A. Buikema, et al., Sensitivity and Performance of the Advanced LIGO Detectors in the Third Observing Run. Phys. Rev. D 102, 062003 (2020).

Nonparametric EoS inference
P. Landry and R. Essick, Nonparametric Inference of the Neutron Star Equation of State from gravitational Wave Observations, PRD 99, 084049 (2019)

R. Essick, P. Landry, and D. E. Holz, Nonparametric Inference of Neutron Star Composition, Equation of State, and Maximum Mass with GW170817,

PRD 101, 063007 (2020)
P. Landry, R. Essick, and K. Chatziioannou, Nonparametric Constraints on Neutron Star Matter with Existing and Upcoming Gravitational Wave and

Pulsar Observations, PRD 101, 123007 (2020)
R. Essick, |. Tews, P. Landry, S. Reddy, D. E. Holz, Direct Astrophysical tests of Chiral Effective Field Theory at Supranuclear Densities,

arXiv:2004.07744 (2020)

Looking for signatures of matter from mass distribution of compact objects
M. Fishbach, R. Essick, and D. E. Holz, Does Matter Matter? Using the Mass Distribution to Distinguish Neutron Stars and Black Holes, ApJ Lett. 899, 1

(2020)

Connecting it all together
R. Essick and P. Landry, Discriminating between Neutron Stars and Black Holes with Imperfect Knowledge of the Maximum Neutron Star Mass,

arXiv:2007.01372 (2020)
R. Abbott et al, GW190814: Gravitational Waves from the Coalescence of a 23 Solar Mass Black Hole with a 2.6 Solar Mass Compact Object, Apd Lett

896, 2 (2020)
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