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What do NSMs tell us about the nuclear equation of state (EOS)?

corresponding mass-radius relationships
of cold, non-rotating neutron stars

possible nuclear equation of states
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» softer (stiffer) EOS <=> smaller (larger) neutron star

» softer (stiffer) EOS <=> shorter (longer) lifetime of merger remnant



Are NSMs main sites of the “rapid neutron-capture” (r-) process?
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-NSMs are the only confirmed site so far, but are they
main site?

Main condition:

high neutron density = low electron fraction Y.

! .
Y = proton <05 -other suggested sites: core-collapse supernovae,
e magneto-rotational SNe, collapsars, magnetar giants flares
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GW170817/AT2017gfo (on August 17th, 2017)
the first multi-messenger observation of a NS merger
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(“Kilo” because 1000 times

What is a kilonova? brighter than a nova)
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» heating creates photons -> random-walk diffusion

ejecta expand ; ) _ _
through expanding ejecta while density decreases

with time

a—

» emitted light curve encodes information about ejecta
mass

» spectrum carries information about ejecta
composition




Evolution of NS mergers
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Evolution of NS mergers

~

inspiral

merger

merger
remnant

nucleosynthesis

Q{ilonova

typical

O timescales
1 é ~100 Myrs

v
\
~10 ms

prompt
collapse

delayed

collapse

< ~0.1-100s

(hyper-) massive
neutron star

NS

black hole -
torus system

~ secs - days

a

delayed collapse

prompt collapse

log plg/em®



Connecting remnant lifetime with the EOS
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» threshold mass M,; ., separates prompt-collapse from delayed-collapse cases
» My ... depends only on EOS

» constraint on My .. -> constraint on EOS



Previous EOS constraint based on KN brightness
(Bauswein, O], Janka, & Stergioulas 2017, Ap]L, 850, L34 )



Lower limit on NS remnant lifetime
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» high brightness of AT2017gfo strongly disfavors prompt collapse



Implication of 75 > 0
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From threshold mass to NS properties

(Bauswein+21)
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» exploit empirical relations (e.g. Bauswein+17,19,21, Kolsch+23):

Mthres(Qa M nax, R) = c1Mpax+caR+c3 +C45q3MmaX+C55q3R



Implication of 7z > 0
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New EOS constraint based on KN spectrum

(Sneppen, O], Bauswein, Damgaard, Watson, Shingles, Collins, Sim, Xiong,
Martinez-Pinedo, Soultanis, & Vijayan, arxiv:2411.03427)



Previous limits on the remnant lifetime 7z in GW1708177?
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» if gamma-ray burst was produced by BH (Rezzolla+18):
gy S 1.75
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» tighter upper limit calls for detailed kilonova
modeling of the remnant
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Kilonova modeling pipeline

r hydrodynamic modeling \

of merger + dynamical ejecta
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Kilonova modeling pipeline

( hydrodynamic modeling \
of merger + dynamical ejecta

e 3D smoothed-particle hydro
with conformal flatness
condition

\- ILEAS neutrino scheme J

ﬁleavy element nucleosynthesih
e extraction of ~5000 outflow

tracers per model to sample
local hydrodynamic history
until 100 s

. post processed by two nuclear

networks (GSI & ULB)

D \

( hydrodynamic modeling
of remnant + post-merger e]ecta

e initial conditions mapped from
merger simulations

e 2D axisym. special relativistic
with TOV potential

e energy-dependent M1 neutrino
transport

e newly developed scheme to
parametrize viscosity in the NS

( kilonova radiative transfer \
e 2D axisymmetric radiative

transfer using approximate M1
scheme

e alternatively use ARTIS Monte-
Carlo code (with Belfast)

e adopt local time-dependent
results from nucleosynthesis

\ indep. of the surrounding disk )

\calculations J
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Short-lived vs. long-lived NS remnant
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Short-lived vs. long-lived NS remnant

ejecta mass histogram ejecta nucleosynthesis yields
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How much helium was produced in AT2017gfo?

He mass fraction
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Helium production in NS merger models
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Implications of 75;; > 0 and 75y < 20 ms
AM
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Reasonable choice for AM?
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» very challenging to determine rzy(Mpp) because of numerics, physical
ingredients, stochasticity, ...

» gy < 20ms suggests AM ~ 0.2 M,
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Implications for NS properties e
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Implications for NS properties

excluded by low X

» narrow window of
allowed values

» sensitive to mass ratio q
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Summary

» EOS tightly related to NS remnant lifetime 7z
» so far poor upper limit on 7z in GW170817
» new upper limit on 7y based on absence of helium feature in kilonova spectrum of GW170817

» limit on X(He) -> limit on 7y -> limit on My, -> constraints on NS parameters R, c and M.,

hres

» powerful new possibility to constrain EOS!

» yet, still potentially significant uncertainties: need to improve He radiative modeling, hydro

modeling, gy — M, relation



