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Sun-like Star

Massive Star ~ Reg
(more than 8 to 10 times the mass of our Sun) S u pe rg iant
Protostars

g

Red Giant Star-Forming ™

: ‘ ‘ . Neutron Star / Supernova
"ﬂ | .
Planetary Nebula . o : :
White Dwarf Black Hole )



1| OUTER CRUST

NUCLEI
ELECTRONS

2| INNER CRUST

NUCLEI
ELECT IBONS
SUPERFLUID NEUTRONS

3| CORE

SUPERFLUID NEUTRONS
‘ SUPERCONDUCTING PROTONS
HYPERONS? '
: DECONFINED QUARKS?
‘ COLOR SUPERCONDUCTOR?
il , \/Vatts et al. (2016) Rev. Mod. Phys., 88, 021001



Direct Collapse

Hypermassive NS
Collapse

Supramassive NS
Collapse

Stable NS
Adapted from Sarin & Lasky (2021) GR&G, 53, 6, 59
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EM: Kilonovae/GRB

Kilonovae and Short Gamma Ray Bursts tell us a lot about the messy post-merger physics!
But it’s difficult to extract info about the neutron star progenitors themselves.
However, they can provide some (qualitative) information on merger remnants, potentially probing
the even higher density cores of HMNSs/SMNSs.



EM: Kilonovae/GRB

Direct Collapse

Hypermassive NS
Collapse

Supramassive NS
Collapse

Stable NS
Adapted from Sarin & Lasky (2021) GR&G, 53, 6, 59



Qualitative
Interpretation
To Determine

Type

EM signature

none for BH-BH

— | UWAOLyy — Wl

stable NS

(i)

(i)
GW signature

prompt-collapse

EM: Kilonovae/GRB

W="Tu 2

BH-BH,

no\aS
£ NAS thres
Ce O - S':f':J[ff;

. \nfere? 3
u & + 3
z I R
= = 5 & 0 F 3
S =z = I 3 2 <
= 5 - T - :
- I oww = =2 X B p
] A T -
— 5 ep O =) a I

= 2 S o =

s : B 5

B = NS-BH

Miem(Mc)

E
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(i) (iv) (v) (vi) (vii) (viii) (ix) chirp mass

Huge uncertainties
due to systematics In

numerical simulations
and choice of EOS

Perhaps more solid
once you have
many events of

qualitatively different

types

Margalit & Metzger (2019) ApdL, 880, L15



EM: Kilonovae/GRB

Bauswein (2019) Ann. of Phys., 411, 167958



EM: Kilonovae/GRB

<« remnant lifetime / stability K 1% 3% 18% 47% 32% < 1%
stable NS SMNS HMNS prompt-collapse stable NS HMNS
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' 5 5 5 SIS prompt-collapse
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Huge systematics for individual events/interpretations! Margalit & Metzger (2019) ApJL, 880, L15
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GW (post merger)

——  Simulations Prior 90% upper limit Posterior 90% upper limit
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

| rm'/ m" ALV "\“’{'7 |

o N "!\ | | | i
10~ 7 '

1500 2000 2500 3000 3500 1000
Frequency (Hz)

Post Merger Ringing of SMNS/HMNS. Not detectable with this generation - but likely with 3G

LVC (2019) PRX, 9, 011001
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The lowest order at which
the EOS contributes to the
the GW waveform is through

the “tidal deformability” A

(Quadrupolar polarizability?)

GWs (Inspiral)

Image Credit: Megan Janeski
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GWs (Inspiral)
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Courtesy of J. Read, adapted from Read (2023) CQG, 40 135002



GWs (Inspiral)
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LVC (2018), PRL, 121, 161101



GWs (Inspiral)

10° 0 99% Nuclear Prior
_ APR, mmax — 2.19M@

---- PCP(BSk24), Mmax = 2.28Mo |
—.— GPPVA(NL3WP), Mmax = 2.75Mq l

..... RG(Sly2), Mmax = 2.05Mg
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<<
107 :
i
101t '
\o
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0— ! | 1 | and
10 1.0 1.5 2.0 2.5

m (M) lacovelli et al. (2023) PRD, 108, 122006
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GWs (Inspiral)
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Assuming the star is
nucleonic constraints
can be placed on the
isovector/isoscalar
parameters
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GWs (Inspiral) | Asteroseismology!

Modes probe the structure where their eigenfunctions are concentrated
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GWs (Inspiral)
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Fundamental modes (same EOS info as /)
(hon-resonant during inspiral)

Pratten, Schmidt, & Hinderer (2020) Nature Comm., 11, 2553
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Asteroseismology!
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Multi-messenger

Precursors (RSFs)
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Density weighted average shear speed
¢+ (10° cm/s)
N W & U1 O 34 00 O

Multi-messenger

Precursors (RSFs)
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Neill, Newton, & DT (2021), MNRAS 504, 1, 1129
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Multi-messenger

Causality

Precursors (RSFs)
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Multi-messenger

Precursors (RSFs)

The first label, and a RSF from a 2.005 My + 1.408 My merger

1 The first label, and RSFs from 2.005 Mg + 1.408 Mg,
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ﬁ_ A stable EQOS, 2.1 = M ax < 2.5 My and various nuclear data
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Qualitative Types, Thresholds

Multi-messenger
Precursors (RSFs)
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Probing nucleonic physics
In the same region as nuclear
experiments and chiral EFT
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