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Helium as an Indicator of the Neutron-Star Merger Remnant Lifetime
and its Potential for Equation of State Constraints

PART 2: Implications on helium limit on lifetime and EOS
(PART 1: talk by Rasmus Damgaard on Friday)
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Are NSMs main sites of the “rapid neutron-capture” (r-) process?
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- other suggested sites: core-collapse supernovae,
magneto-rotational SNe, collapsars

- NSMs are only confirmed site so far

- NSMs probed with multi-messenger astronomy:

Kilonovae, gravitational waves, GRBs
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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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(plots by A. Bauswein)

» softer (stiffer) EOS <=> smaller (larger) neutron star



Kilonova modeling pipeline
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Challenge of post-merger evolution
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(simulation by V. Vijayan, SPH,CFC-GR,ILEAS)
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Setup of our “end-to-end” models

f hydrodynamic modeling \ ﬁleavy element nucleosynthesiﬁ
of merger + dynamical ejecta e extraction of ~5000 outflow
« 3D smoothed-particle hydro tracers per model .to s.ample
with conformal flatness local hydrodynamic history

. post processed by two nuclear
networks (GSI & ULB)

D \

\- ILEAS neutrino scheme J

( hydrodynamic modeling ( kilonova radiative transfer \

of remnant + post-merger e]ecta e 2D axisymmetric radiative

e initial conditions mapped from transfer using approximate M1
merger simulations scheme

e 2D axisym. special relativistic e using local time-dependent
with TOV potential results from nucleosynthesis

e energy-dependent M1 neutrino K calculations J
transport

e newly developed scheme to
parametrize viscosity in the NS

g\ indep. of the surrounding disk /' (details in Just et al,, ApJL 951, 1L12,2023) mm==1x
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Phases of matter ejection
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Phases of matter ejection
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Phases of matter ejection
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Phases of matter ejection
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Phases of matter ejection
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Phases of matter ejection
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log density [g/cm?3]

Final ejecta distribution (zz ~ 120ms model)
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What was the lifetime 75 of the
NS remnant in GW170817?

(compilation by Siegel '19)
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Helium abundance from observed spectrum of AT2017gfo

He mass fraction
6 |
s
» observed spectrum (at 4.4 days) appears o
inconsistent with significant helium = n
mass fractions n
2
» resulting constraint X(He) < 0.05 :o 5
o
» see talk by Rasmus on Friday for = 21
more details! Yy
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Nucleosynthesis conditions for helium production
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» nucleosynthetic production of helium requires
high electron fraction Y, and/or high entropy s
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Helium production mainly in neutrino-driven winds
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Final (homologous) distribution of helium
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Helium production in NS merger models
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Connecting remnant lifetime with the EOS:
The 7z — M, relationship

TBH 4
delayed
collapse prompt
collapse
0 :
M =M +M
M o tot 1 2
» threshold mass M, ... separates prompt-collapse

from delayed-collapse cases
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Connecting remnant lifetime with the EOS:
The 7z — M, relationship

TBH A

Mtot
» different EOSs have different gy (M) and

different M,

hres
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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: numerics, physical
ingredients, stochasticity, ...

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

» exploit empirical relations (e.g. Bauswein+19,

Kolsch+23):
—_— q=1

excluded by low Xpy,

Mthres(Qa M ax, R) = c1Mmax+ca2R+c3 +C46q3Mmax+C56q3R

» strong upper limit on NS radius for given
maximum TOV mass

» lower limits from bright KN (delayed collapse)

and causality (¢, g < €)

» radius: 10.7 S R g[km] < 12.3

» maximum mass: M, < 2.3 M,

» uncertainties due to poorly constraint mass
ratio
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Implications for NS properties

» Mass-radius relationship for various
EOS models

» large number of EOS models excluded
(red lines)

» in particular EOS models with
simultaneously large R; c and M.,
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Implications for NS properties

— ¢g=1

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

» neutrino-driven winds appear to enrich NSM ejecta with significant amounts of
helium

» observational limit on X(He) can be used to constrain NS lifetime
» use empirical relations for threshold mass to translate to NS properties

» promising new possibility to constrain nuclear EOS!

» Further implications:

» GRB170817 probably not from a magnetar

» secondary component of GW190814 with M, ~ 2.5 — 2.67M was a BH
(not NS!)

» Caveats:

» He radiative modeling, He production modeling, 7z — M, relation



Thank you for your attention!
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Backup slides
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Short vs. long lived NS remnant
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Constraints for other NS properties

— g=1
excluded by low X excluded by low Xy, q=0.85
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AM = 0.2 Mo,

excluded by low Xy,
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