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The equation of state
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Large number of neutron-star equations of state
available in the literature, but which ones are “good”?

They do not provide any theoretical uncertainty
estimates.

They are not constructed based on some
fundamental guiding principle; hence, it is not
clear how to improve them systematically.
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Constraints:

At low densities from nuclear theory and
experiment.

« At very high density from pQCD.

see, e.g., Kurkela, Vuorinen et al.

No robust constraints at intermediate densities
from nuclear physics!



The equation of state @
Many different approaches to calculate %(n, x) but | will
focus on microscopic calculations. We need: @
O Atheory for the strong interactions among nucleons 7 ’
Chiral Effective Field Theory @ @

O A computational method to solve the many-body
Schrédinger equation.

e.g., many-body perturbation theory, @ _____
quantum Monte Carlo, coupled cluster,

self-consistent Green’s function, ...
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Chiral Effective Field Theory

Holt et al., PPNP 73 (2013)
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Weinberg, van Kolck, Kaplan, Savage, Wise,
Epelbaum, Kaiser, Machleidt, Meilkner, Hammer ...




Chiral Effective Field Theory NN il 4N

. : : Q°
Systematic expansion of nuclear forces in momentum LO OF) >< 1 == ==
Q over breakdown scale Ay : (2 LECs)

- Based on symmetries of QCD NLO 0(%22) ) H —_ -

« Pions and nucleons as explicit degrees of freedom (7 LECS) |
|
« Power counting scheme results in systematic | L. |- k%{
. . . I N2LO O Xs) - +] \ -
expansion, enables uncertainty estimates! D/ )
s: \
 Natural hierarchy of nuclear forces S T
« Consistent interactions: Same couplings for two- N3LO 0(@) X*::::* X Hi IH
A* -
nucleon and many-body sector ‘. [>< ., .
(15 LECs) o
« Fitting: NN forces in NN system (NN phase shifts),

. .y . . Weinberg, van Kolck, Kaplan, Savage, Wise,
3N forces in 3N/4N SyStem (Blndmg energies, rad”) Epelbaum, Kaiser, Machleidt, Meildner, Hammer ...
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UG constraint: IT, Lattimer, Ohnishi, Kolomeitsev, APJ (2017)

Chiral EFT and neutron stars

— T ; 457 T T
20 == FSUgold / — [ == FSUgold
NL3 / 40F == NL3
-—-- DD2 | --- DD2
~~~~~~~~~~~ 15220 . 33 e 15220
151 ——- SFHo / - [ ——- SFHo
e SFHx Pty 30 - SFHx
= Chiral EFT *T: ------- Eug
=} 2 Chiral EFT
10 - '
= T 20
K 53]
15
* 10
5
Neutron matter
ol L L | | | | | |

S 9 :
0.00 0.04 0.08 0.12 0.16 000 005 010 015 020 025  0.30

n [fm_ﬂ n fnf;;]

« Chiral EFT interactions limited in range of applicability due to breakdown of the
theory, rapid increase of theoretical uncertainty.

+ Extend results to neutron-star densities using general approach without strong
model assumptions (e.g., polytropes, speed-of-sound extension, meta-EOS,
<) nonparametric inference)!



Neutron-star EOS

Generate thousands of EOSs that:
« Are causal (cg2 < 1) and stable
(cg = 0 inside NS).

* Are consistent with low-density
results from chiral effective field
theory.

« Support observed 1.9 solar-mass
neutron stars.

Current nuclear-physics
uncertainties remain sizable!

Extract information from NS
observations.
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NS (multi-messenger) observations

First neutron-star merger Ehe New York Eimes
observed on Aug 17, 2017 :

LIGO Detects Fierce Collision of
Neutron Stars for the First Time
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NS (multi-messenger) observations

First neutron-sta
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Multi-step analysis of NS observations

Consistently combine constraints from low-energy nuclear theory, gravitational-wave
observations and electromagnetic observations using Bayesian methods.

(A) Starting point: (B) Maximum-mass constraints: (C) NICER constraints:

Discreet EOS samples constrained by Add information from pulsar mass Add information from pulsar

EFT results at low densities measurements and GW170817 JO030+0451 mass-radius
remnant classification measurement

Ryy = 11375 T km 31 Riq = 11517 3lkm 31 Ry = 12.07}5%km
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Multi-step analysis of NS observations

Consistently combine constraints from low-energy nuclear theory, gravitational-wave
observations and electromagnetic observations using Bayesian methods.

(D) GW constraints: (E) Kilonova constraints: (F) GW constraints:
Parameter Estimation of data from Add information extracted from Add information from GW190425
GW170817 modeling the observed lightcurves of (IMRPhenomPv2_NRTidalv2)
(IMRPhenomPv2_NRTidalv2) associated kilonova AT2017gfo

31 Riy=1167"fgkm 3] Ryy = 11.677%km 3| Riy = 117505k

x 1071
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Probability Density Probability Density

New NICER results for PSR J0740+6620 (2.1 M)

|NICER-only

Rpredict
Riley et al. 2021

Miller et al. 2021

Riley et al. 2021
Miller et al. 2021

12 13
Radius [km]
Quantity NMMA NMMA + Combined
Miller & Riley et al. 2021
Ri4 11,7570 8%km [11.5970 %3 km (11.9470 ISkm)
Minax 2181513 Mg | 2.1515 15 Mg (2.18F515M)
BREr 0.27 + 0.01 0.29 4 0.01 (0.23 £ 0.01)
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Connections to PREX-II

Nucleon density in neutron-rich nuclei

Neutrons
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*  PREX-Il measured neutron-skin thickness of 208Pb,

constraining EOS but with large uncertainties:

Ry, = 0.283 + 0.071 fm
L =106 + 37 MeV

Adhikhari et al., PRL (2021)
"0 Reed et al., PRL (2021)
= Roca-Maza et al., PRC (2015)
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Essick, IT, Landry, and Schwenk, arXiv:2107.05528




Connections to PREX-II

Nucleon density in neutron-rich nuclei

Neutrons
Short-ranged
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* Astrophysics data agrees with both nuclear
theory and PREX, but posterior maximum of
agnostic nonparametric analysis

* No significant tension between PREX and
EFT calculations.

Nonparametric Astro Posterior
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Nonparametric
Astro+PREX-II

Connections to PREX-II

Posterior
Nucleon density in neutron-rich nuclei L
102k Posterior
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e Large L would require interesting
behavior in the speed of sound

2/

* Radius prediction for typical X
neutron star does not change if
PREX-Il is included, correlation of
L and R weak
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Including results from heavy-ion collisions

. . . . . 25 1 T T T I 1 1 T T I T 1 1 T l T T T 1
Including experimental data from heavy-ion collision K Hebeler et al., ApJ (2013)
experiments: E Tews et al., PRL (2013)
- Lynn et al.,PRL (2016)
. 20 s
- ASY-EOS and FOPI experiments at GSI from T [ e “i"gf;LB@g;;’())
.. . L sanas i t al., =
197 Au+197Au collisions, constraints between 1-2 n,, I e C((201 0))
- Constraints at higher densities from Danielewicz etal. < [ .- vuiary gas (¢ = 0.376)
P. Danielewicz, R. Lacey, and W. G. Lynch, Science LE - = ASY-EOS + FOPI q
298, 1592 (2002), nucl-th/0208016. S r -
A. Le Févre, Y. Leifels, W. Reisdorf, J. Aichelin, = B .
and C. Hartnack, Nucl. Phys. A 945, 112 (2016), 2" B .
arXiv:1501.05246 [nucl-ex]. .10 m
P. Russotto et al, Phys. Rev. C 94, 034608 (2016), I -
arXiv:1608.04332 [nucl-ex]. E>5 - i
(] B -
Experiments prefer stiff EOS between 1-2 ng,; & [ :
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Including results from heavy-ion collisions

EXpe rl men tS p refe r St|ﬁ E O S (A) Chiral effective field theory: (B) Multi-messenger astrophysics:
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Including results from heavy-ion collisions

Experiments prefer stiff EOS
between 1-2 ng,;

Excellent agreement with
astrophysical observations.

Impact on neutron-star radii for
low-mass stars.

Possibility to bridge EOS
between density ranges where
theory and observations
provide answers.

(A) Chiral effective field theory:
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Summary

» Neutron stars represent ideal laboratories for nuclear physics
and help to improve our understanding of nuclear interactions!

» Uncertainty in neutron-star EOS can be reduced by
* Nuclear-physics constraints at low densities.
* Multimessenger observations of NS and NS mergers.

» Multimessenger constraints and nuclear theory find
Ri4=11.8 + 0.8 km (90% confidence),
Ho =66 +4 km Mpcts?

» GW observations favor softer, EM observations (kilonova and
NICER) favor stiffer EOS, but have large uncertainties, also Z£0.08) " Planck CAIB® " NI
systematic (depend on information from simulations with
limited number of EQS, more EOS need to be explored).

» Even if can obtain EOS, we need to understand it (exotic
matter?).
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