Constraining the Dense Matter Equation of State
with Neutron Star Mergers

Carolyn Raithel
Institute for Advanced Study
Princeton Center for Theoretical Science
Princeton Gravity Initiative

] grav&g
|

: ASU Theoretical Physics Colloquium
é "W@ % lune 30’ 2021 IAS INSTITUTE FOR

ADVANCED STUDY



The neutron star interior
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Experimental probes of dense matter

Cooling NS-NS mergers
proto- AWVl

neutron stars
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Neutron Stars

Raithel, Ozel Symmetric Neutron Excess = Pure neutron
& Psalt;s (20’19) nuclear matter Ny + Uz matter




Anatomy of a neutron star merger

1. What havmg%ﬁg?arned SO
far from observed merger(s)?
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Neutron star mergers detected to date

|2d Selected for a Viewpoint in Physics
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PRL 119, 161101 (2017) PHYSICAL REVIEW LETTERS 20 OCTOBER 3017 The first (and still
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GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral

THE ASTROPHYSICAL JOURNAL LETTERS, 892:L3 (24pp), 2020 March 20 https:/ /doi.org/10.3847 /2041-8213 /ab75f5
@ 2020. The Author(s). Published by the American Astronomical Society.
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GW190425: Observation of a Compact Binary Coalescence with Total Mass ~ 3.4M,

THE ASTROPHYSICAL JOURNAL LETTERS, 896:144 (20pp), 2020 June 20 https:/ /doi.org/10.3847 /2041-8213 /ab960f

© 2020. The American Astronomical Society.

OPEN ACCESS
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GW190814: Gravitational Waves from the Coalescence of a 23 Solar Mass Black Hole
with a 2.6 Solar Mass Compact Object

THE ASTROPHYSICAL JOURNAL LETTERS, 915:L5 (24pp), 2021 July 1 https://doi.org/10.3847 /2041-8213 /ac082e
@ 2021. The Author(s). Published by the American Astronomical Society.
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Observation of Gravitational Waves from Two Neutron Star-Black Hole Coalescences

most informative!)
binary NS merger

Binary NS merger, but
weak constraints on
tidal deformability

Low-mass object possibly a
NS (highly debated!)
No constraints on
tidal deformability

New! First confirmed
NS-BH mergers!



Neutron star tidal deformability

Quadrupolar response to the tidal -
_ . _ Larger radius Malle i
potential of a binary companion | l Smalliradnus
M567;]
1037 -
A 4= 58
R =9.0 km -

—

)
v
<
1

P (dyn/cm?)
2

1033 _

1032 i

1015
p (g/em?)



Drh (Mpc)

Measuring the tidal deformability

Tidal deformability acts to accelerate the inspiral

x10~%

of —— A=0 —— A=300 A = 600

Chatziioannou (2020)



Tidal deformability from GW170817
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New one-to-one mapping between A and the NS radius
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Very weak dependence on
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Neutron star radii from GW and X-ray measurements
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Neutron star radii from GW and X-ray measurements

New data also coming from NICER
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1. What have we learned so
far from observed merger(s)?

2. & 3. What new physics can
we |learn from future events?
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Asteroseismology with the post-merger GW power spectrum

—22.5

Spectral peaks are caused by
oscillations of the post-merger
remnant

—23.0

These oscillations depend on
the structure of the remnant
(and hence the EOS!)
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(See also, e.g.,: Bauswein and Janka 2012, Bauswein and Stergiouslas 2015.)



Asteroseismology with the post-merger GW power spectrum
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Part 2: Finite-temperature effects

To what extent does the post-merger phase depend on the cold
EOS, and to what extent on finite-temperature effects?




Option 1: Realistic EOS tables, with 3D table of P(n, T, Y,)

Mass-radius curves
for the cold (T=0)
slice of commonly-
used EQOS tables

Image credit:
website of Matthias Hempel
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Modeling the finite-temperature EOS

Downsides:

e Sparse sampling of
parameter space

 Computationally
expensive

* No clean way to
separate thermal
and cold physics



Modeling the finite-temperature EOS

Option 2: analytic decomposition, assuming P = Peoig + Pin
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New framework for calculating the EOS at arbitrary temperatures
and proton fractions

Goals of the model:

* Maintain flexibility and computational efficiency of hybrid approach
* Improve thermal treatment

* Allow for proton fraction to vary

E(n,Y,, T) = Eea(n, Yps) + Eg(n) [(1 = 2Y,)" — (1 = 2Y,)°] + B (n, T)

+ Cross term ...



Degenerate thermal pressure from Fermi Liquid Theory
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M* (MeV)

M*-approximation of the degenerate thermal pressure
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Exploring the parameters of the M*-framework with
NS-NS merger simulations

e 1.4 Mg+ 1.4 Mg neutron star “ =10 MeV
merger simulations £
ok < Ny =p
e Cold EOS: ENG  F o I
(Ri4=12km, 2.24 M., E -
> I
* 4 simulations each with a different é il
set of M*-parameters, to bracket & F no=0.08 fm™3, a=0.6
range of uncertainty i Aor=40,08 i = 1.3
i no=022fm3,a=0.6
* Simulations evolved with lllinois wo2g s o == No=0.22 fml_i',ff“: 13.
dynamical spacetime + GRMHD 0~ 10% 100 10" 10
code (see e.g., Duez+2005, Etienne+ n (fm™3)
2015)

Raithel, Paschalidis, Ozel (arXiv:2104.07226)



Simulation of 1.4 My + 1.4 M binary neutron star merger

with M*-approximation
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Thermal profiles with different M*-parameters
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Thermal profile shortly after merger
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Inspirals are

identical Differences in post-merger signal
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Part 3: Using the M™-framework to study new parts
of the (cold) EOS parameter space



Lattimer & Lim 2013

The nuclear symmetry energy

Energy Many

experimental and
theoretical
constraints

Pure neutron ...
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Recent exciting
developments from
PREX: the Lead

(2°8Pb) Radius
Experiment

L =106+ 37 MeV

Adhikari et al. (2021),
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Can we probe the nuclear symmetry energy
with post-merger GWSs?
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Late-time temperature and density profiles of the post-merger remnant

= 40 MeV I =100 MeV L — 120McV

Most & Raithel (in prep)
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Post-merger GW power spectra
Most & Raithel (in prep)
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*R=11 km, L=40 MeV
binary collapses after 15 ms

No dependence on L for small stars, but significant trend (500 Hz shift!) for 12 km stars
Suggests that real dependence is on hidden parameter, which correlates with both Land R ,




Dependence of post-merger GW spectrum on the high-density EOS
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Do ejecta properties depend on the slope of the symmetry energy?

Ejecta mass

Electron fraction

logyy dMe;/ (dcos 6 dp M)

R~11km , L =100MeV

log,y dM.;/ (dcosdy M)

More dynamical ejecta produced
for EOSs with large L

Spatial distribution of ejecta and
composition both have weak

dependence on L Most & Raithel (in prep)




Summary & future directions

* Wealth of new information expected from , but interpreting these
signals requires detailed numerical simulations that use a wide range of EQSs with realistic
microphysics

M*-framework provides a robust treatment of thermal physics in merger simulations, and

can added to any cold EQS (raithel, zel, Psaltis 2019)

* M*-parameters can affect remnant structure and post-merger oscillations, providing
possible new probe of finite-temperature part of EOS (Raithel, Paschalidis, Ozel, 2021, arXiv:2104.07226)

M*-framework can also be used to systematically explore differences in the cold part of the
EOS — such as the nuclear symmetry energy — while keeping the thermal physics constant

between models (Most & Raithel, in prep.)



