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Multimessenger observations

NICER data for 3 neutron stars, gravitational wave constraints from LIGO/VIRGO

Modified from LIGO/NICER
(https://www.ligo.org/science/Publication-GWHEN-IceCube/index.php)
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Constraining equation of state and neutron star mass-radius

Astrophysical observations can constrain the EOS
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From Watts et al, 2019 (Science China Physics, Mechanics & Astronomy)
ArXiv: [1812.04021]
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New YEFT calculations

Better understanding of matter interactions at low densities, expanding
calculations to N2LO/N3LO
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From Huth et al, 2021 (PRC)
ArXiv: [2009.08885]
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Outline

@ Methodology
@ New xEFT constraints
@ Prior distributions
@ Bayesian framework
@ Astrophysical data sets

@ Constraints on M-R and EOS
@ "Baseline" scenario
@ "New 1-3" scenarios
@ Implications for dense matter EOS
@ Implications for NS maximum mass

© Summary
Based on Rutherford, MM, Svensson et al, 2024 (submitted APJL)
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New yEFT bands

N2LO or N3LO extended up to 1.1 or 1.5 ng, P = Kn"
BPS EOS at lower densities
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Piecewise polytrope extension

3 independent polytropes, varying I'1, ', '3, p12 and po3, constrained by causality

Figure: From Hebeler et al, 2013 (ApJ) [ArXiv: 1303.4662]
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Speed of sound parametrization

Constrained by FLT, 0 < ¢2 < ¢2, limp>504, ¢2 — 1/3 from below

1.0 7 T 3
———- 2 parameter space f
\
0.8k c? example EOS g
: 1
BB CEFT band !
g ]
o 0.6F pQCD hm'lt :
< FLT i
5 |
0.4F !
......................................................................................... R
I
0.2F ! .
// 1
’, . :_
0257 NES Ik 16
10 10 10

e (g/cm?)
Figure: From Greif et al, 2019 (MNRAS) [ArXiv: 1812.08188]
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Priors for equations of state

Contours for 68% and 95% confidence intervals
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Priors M x R for xEFT bands up to 1.1 ng

Overall consistent

Radii around 11-13 km

New bands slightly favour larger radii

Different shapes for PP and CS, but similar maximum masses
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Priors M x R for xEFT bands up to 1.5 ng

Contours more constrained, CS favours larger Moy
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Bayesian framework

Following previous works (Raaijmakers et al, 2020; 2019), posterior
distributions of all EOS parameters (6) and central energy density (¢):
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with mass measurements of J0740 and J0437 included through NICER
M-R likelihoods
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New astrophysical datasets

"Baseline" scenario includes previous NICER data
"New 1, 2, 3" include J0437 and different background analysis for J0740/J0030
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Outline

© Constraints on M-R and EOS
@ "Baseline" scenario
@ "New 1-3" scenarios
@ Implications for dense matter EOS
@ Implications for NS maximum mass
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Impact of priors on "Baseline" run ,,

Baseline
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Comparison of PP x CS model, N3LO to 1.5 nq
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Including source J0437 2] Mo
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Including constraints to J0030
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New 2
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Alternative contour to J0030
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Posterior bimodality for all YEFT bands
Softer or stiffer EOS equally probable
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Bimodality driven by data contours
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More clearly seen in scatter plots
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Corresponding P-¢ posteriors

Posteriors well constrained
Stiffening at intermediate densities
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Posteriors tightly constrained

Bimodality particularly around 2 ng for YEFT bands up to 1.5 ng

PP and CS consistent
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Ry 4 and R, not necessarily correlated

AR < 0(> 0) indicates EOS softens (stiffens) at high densities
(Drischler et al 2021, (PRC) ArXiv:[2009.06441])
CS favours AR < 0
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NS maximum mass strongly dependent on J0740-like

measurements
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Summary

Posteriors overall consistent for N2LO, N3LO, PP, CS, up to 1.1 ng or
1.5 ng; N3LO and 1.5 ng more constrained

New NICER data significantly constraints the posteriors, especially
maximum mass

95% Cl 1.4 M, (2.0 My): PP 12.28+050 km (12.337970 km)
CS 12.017358 km (11.5519-04 km)

For new 2 dataset, bimodality suggests soft or stiff EOS equally
favoured
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