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P(¢) and the pre-merger signal
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e Combining GW and
electromagnetic constraints

e Bayes + TOV + MCMC

e Few additional assumptions on
the EOS (e.qg. differentiability)

e [ested for unknown systematic
uncertainties

e [ested variation with maximum
mass



P(¢) and the pre-merger signal

Reference Ri.4 C.I. Source
17 10.5, 13.3] 90% GW
21 9.9, 13.6] 90% GW
22 <13.6  90% GW
23 9.4, 12.8] 90% GW
27 9.8, 13.2]* 90% GW
36]  [[10.36, 12.78] 90% GW
Model “a”|[11.30, 13.95] 95% GW
Model “b”|[10.65, 13.09] 95% GW
28 8.9, 13.2] 90% GW, merger remnant
29 11.4, 13.2] 90% GW, merger remnant
30 10.4, 11.9] 90% GW, merger remnant
[31] [11.98, 12.76] 90% GW, QLMXB
32 10.5, 11.8] 90% GW, QLMXB
33 10.94, 12.72] 90% GWs”, NICER
34, 35] |[10.85, 13.41] 90% GWs, NICER
36]  [[11.91, 13.25] 90% GW, NICER
37 11.3, 13.3] 90% GW, NICER
41 12,13]  90% GWs, NICER
41] | [10.0,11.5] 90% GWs, QLMXB, PRE
Model “c” [[11.21, 12.55] 95% GW, QLMXB, PRE
Model “e” |[11.28, 12.58] 95% GW, QLMXB, PRE, NICER

@ Radius measurement for the primary NS of the merger event
b GWs refer to the joint analysis of GW170817 and GW190425.

Al-Mamun et al., PRL, (2021)

e Combined electromagnetic
and GW-based constraints on
NS structure

¢ \What should we make of the
range of results?

e Some variation from different
data sets
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e Combined electromagnetic
and GW-based constraints on
NS structure

¢ \What should we make of the
range of results?

e Some variation from different
data sets

e Similar analysis: Bayes + TOV
+ MCMC



P(¢) and the pre-merger signal

Reference Ri.4 C.I. Source | |
17] | [10.5, 13.3] 90% GW e Combined electromagnetic
21 9.9, 13.6] 90% GW .
:22: < 13.6 90% GW and GW_based COﬂStralntS on
23 9.4, 12.8] 90% GW
27 9.8, 13.2]* 90% GW NS structure
36]  [[10.36, 12.78] 90% GW
Model “a” |[11.30, 13.95] 95% GW e \What should we make of the
Model “b”|[10.65, 13.09] 95% GW
28] | [8.9,13.2] 90% GW, merger remnant range of results”
29 11.4, 13.2] 90% GW, merger remnant
30 10.4, 11.9] 90% GW, merger remnant T :
a1l  |[11.98 12.76] 90% GW, QLMXB e Some variation from different
33 10.94, 12.72] 90% GWs”, NICER
34, 35] |[10.85, 13.41] 90% GWs, NICER s |
36]  |[11.91, 13.25] 90% GW, NICER e Similar analysis: Bayes + TOV
37 11.3, 13.3] 90% GW, NICER
41 12, 13]  90% GWs, NICER + MCMC
41] | [10.0, 11.5] 90% GWs, QLMXB, PRE
Model “c” [[11.21, 12.55] 95% GW, QLMXB, PRE
Model “e” |[11.28, 12.58] 95% GW, QLMXB, PRE, NICER * Fundamentally, these
2 Radius measurement for the primary NS of the merger event d|fferenCeS reSU|t from

b GWs refer to the joint analysis of GW170817 and GW190425.

different prior distributions
Al-Mamun et al., PRL, (2021)



P(¢) and the pre-merger signal
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e \What is the solution?

e More datal

e GW observations will
eventually determine the
T = 0 pressure-energy

density relation with high
accuracy

e Composition, finite
temperature, transport

properties (neutrinos,
superfluidity)



Thermal Emission from Neutron Stars

o After ~ 10 years, the neutron star is
isothermal = one temperature = T

dT
Cy 7 =L, +Ly

e Assume only neutrons and protons

e Age taken from, e.g., association
with a supernova remnant
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e.g. Beloin et al. (2018, 2019)

e Connected to composition of
dense matter, neutron superfluidity,
and proton superconductivity




Early Cooling Results

e Proton fraction large, allowing stars _
with masses > 1.4 — 1.7 Mg to j Ry peak,p AkFﬂ
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cool quickly via beta decay 00~ ’ |

Beloin et al. (2019)
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Early Cooling Results

e Proton fraction large, allowing stars

with masses > 1.4 — 1.7 Mg to A kkF peak,p 2 AkFJH
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Post-merger Signal

e Analyzing the post-merger signal will require numerical simulations of
BNS mergers
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e My claim: The current nuclear physics input is not sufficient to
accurately describe the post-merger remnant nor to properly quantify
the uncertainties...



Post-merger Signal

e Analyzing the post-merger signal will require numerical simulations of
BNS mergers

e My claim: The current nuclear physics input is not sufficient to
accurately describe the post-merger remnant nor to properly quantify
the uncertainties...

e but we're making progress on both fronts



Quilting an EOS for supernovae and mergers

200

Three-dimensional space,
(HB, Ye ~ np/nB, T)
Canonically, most EOS tables
use extrapolation, our method
avolids this

Isospin-symmetric matter near
saturation Laboratory nuclei:
NUCLEI collaboration
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Neutron-rich matter near np (fm™) np (fm™)
saturation Nuclear theory, e.g. Du et al. (2019, 2022)
Gandolfi et al. (2012) e Dense neutron-rich matter

Nearly non-degenerate matter Neutron star observations

Nucleon scattering phase shifts, e Hot matter near saturation

iz ot ai. (2000) Nuclear theory, e.g. Holt et al. (2017)



EOS as a Probability Distribution

Probability distribution for EOSs

Probability density peaks at lower
values because of influence of NS
radius observations

Nine sample EOS tables available
now!

Current work on propagating
neutrino opacities so that they are
consistent with the underlying EOS

Currently working on core-collapse
simulations with these new EOSs
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Nuclear Physics of Multi-Messenger Mergers

e Understanding neutron star mergers will require a coordinated effort between many

communities

@ NSF Observational Facilities:
High Densities : ] Advanced LIGO, Cosmic

and QCD Simulations for Explorer, LSST, etc.

Nuclear

Astrophysics
Experimental
Nuclear

Observables

Multi-Messenger
Finite Modeling the
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Astrophysics of
Parameter Neutron Stars
Measurement ‘
Matter End-to-end
observables
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Effective Field » S
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Theory
Dpacltles. mergers — ——————— Post-merger

Remnants

Mucleosynthesis
Muclear Caunterparts
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Collaboration K lonovae

e Nuclear structure theory, low-energy nuclear theory, high-energy nuclear theory, nuclear
experiment, astrophysics theory, astronomical observations, gravitational wave observations

e Fellows: Peter Hammond, Zidu Lin, Konstantin Maslov, Rahul Somasundaram, and Lami
Suleiman




Zidu Lin
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e Systematic method for quantitative test of oscillatory neutrino signals resulting from the
hadron-quark phase transition in failing core-collapse supernovae

Lin et al. (2022)



Konstantin Maslov

. Previous work: neutron NS EoS inexended RMF models
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Rahul Somasundaram

Impact of phase transitions for masses and radii Constraints on the equation of state
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Lami Suleiman

Influence of non-unified equations of state on NS

modeling A revision of piecewise polytropic fits with
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Summary

e | everaging neutron star observations to learn about QCD and the nucleon-nucleon
interaction

e Constraints on mass-radius curve and EOS

e Understand the approximate size and the physical origin of the uncertainties in our
posteriors

e Nuclear astrophysics needs multi-messenger astronomy

e NS cooling data will provide new constraints on the composition of dense matter
e (Generating new nuclear physics input for merger simulations — new tables!

e Propagating uncertainties through EOS and neutrino uncertainties

e NP3M - A new collaboration to address this science at the interface of nuclear physics ana
neutron star mergers

Very exciting future! FRIB, P/CREX, GWs, NIC

R, Strobe-X, IXPE, and morel




