Neutron-rich matter from
chiral EFT, experiments, and observations
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Nuclear masses around N=82 and r-process nucleosynthesis

Kuske, Miyagi, Arcones, AS, arXiv:2509.19131

masses around N=82 (Sn, In, Cd, Ag, Pd)

— Interesting region at exp frontier

VS-IMSRG results with valence space
+ 1nteraction uncertainties

separation energies have smaller
uncertainties due to correlations;

IMSRG(3f2) is within VS1, VS2

incorporate VS-IMSRG masses
with uncertainties (min/central/max)
in baseline AME2020 + FRDM2012
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Nuclear masses around N=82 and r- -process nucleosynthesis

Kuske, Miyagi, Arcones, AS, arXiv:2509.19131
VS-IMSRG masses (min/central/max)

in baseline AME2020 + FRDM2012

explore r-process predictions for

different astrophysics scenarios

Sn[MeV]

' — FRDM2012 |-
[ == VS-IMSRG

e Solarr NSM
) —— FRDM2012
VR —— VS-IMSRG

( ®
L 237,

10-3 A NSM-DISK :
- o n'
107 \ j
‘ -I\\’ Ves 'V‘ J\
@ N r I |'
g MRSN E
S 1073 o |
= :
Q0 &
< TN
]
10-5 ’:
1030 .4
. *
’O.. ) (Y .... .. 4
L4 o o 00” .
® o 0% %' [ ! o
-5 o [
10 o 3 A
Y R FTTTY WS P IS Lo
120 140 160 180 200



Nuclear masses around N=82 and r-process nucleosynthesis
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Nuclear masses around N=82 and r-process nucleosynthesis

Kuske, Miyagi, Arcones, AS, arXiv:2509.19131 T
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in baseline AME2020 + FRDM2012
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explore r-process predictions for
different astrophysics scenarios

largest effects for n-star mergers
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Gamow-Teller beta decays for N=50 nuclei
Zhen Li, Miyagi, AS, arXiv:2509.19131
VS-IMSRG calc for valence space on top of 43Ca core

1.8/2.0 (EM) interaction with 1B + 2B currents,
test sensitivities to IMSRG + model space choices
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Gamow-Teller beta decays for N=50 nuclei
Zhen Li, Miyagi, AS, arXiv:2509.19131
VS-IMSRG calc for valence space on top of 43Ca core

1.8/2.0 (EM) interaction with 1B + 2B

for N=50 nuclei, explore in addition AN?LO interaction
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Gamow-Teller beta decays for N=50 nuclei
Zhen Li, Miyagi, AS, arXiv:2509.19131
VS-IMSRG calc for valence space on top of 43Ca core

1.8/2.0 (EM) interaction with 1B + 2B

for N=50 nuclei, explore in addition AN?LO interaction
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+ contributions from
first-forbidden (FF) transitions

overall good agreement with exp,

without adjustments
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1 by K Habelr,Achen Schwer & A Wats

Extreme matter in neutron stars - Sy & Telescope
Dense matter up to ~3-8 ny (95% CI, 1n heaviest n stars)

governed by strong interactions, up to few ny: n,p,e,u

When (do) degrees of freedom change?

Chiral EFT sets pressure of first few km Hebeler et al., PRL (2010), ApJ (2013)
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EOS for arbitrary proton fraction and temperature
Keller, Hebeler, AS, PRL (2023)

based on chiral NN+3N interactions to N°LO
order-by-order EFT uncertainties + (smaller) many-body uncertainties
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excellent reproduction of free energy data by Gaussian process (GP)
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EOS for arbitrary proton fraction and temperature
Keller, Hebeler, AS, PRL (2023)

GP emulator to calculate pressure (thermodyn. consistent derivatives)
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EOS for neutron star matter in beta equilibrium

Keller, Hebeler, AS, PRL (2023)

use GP emulator to access arbitrary °"

proton fraction,
solve for beta equilibrium

EOS of neutron star matter
at N2LO and N3LO,
no indication of EFT breakdown

N3LO band prefers higher
pressures, improvement over
older calculations
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EFT truncation uncertainties from 2d GP

Gottling, Hoff, Hebeler, AS, arXiv:2512.19593  ——————— —
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Subnuclear phase diagram of neutron star matter

~ 5% proton fraction in denser neutron matter

below ~ 0.5 n, possible pasta phases: clusters/structures of high density
surrounded by neutron (and proton?) gas: neutron (and proton?) drip
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Chiral EFT calculations establish proton drip:
robust for any reasonable EOS, proton drip aids pasta formation



Consistent inner-crust EOS

Gottling, Hoff, Hebeler, AS, arXiv:2512.19593

construct inner-crust EOS consistent with uniform asymmetric matter
calculations with EFT uncertainties at N3LO

based on compressible liquid drop model
with surface tension and Coulomb effects (adjusted to exp. masses)
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Constraints from neutron skins and related probes

neutron skin =R —R,
probes neutron matter pressure,
large pressure ~ larger skin

different experiments sensitive
to neutron skin, probes matter
below ny, where chiral EFT
uncertainties are smaller

— neutron skins tightly predicted

in chiral EFT calculations
Arthius et al., arXiv:2401.06675,
Novario et al., PRL (2023)
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Impact on neutron stars Hebeler, Lattimer, Pethick, AS, PRL (2010), ApJ (2013)
constrain high-density EOS by causality, require to support 2 M, star
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GW170817: Measurements of neutron star radii and equation of state

m (M)

Neutron star radius information
from gravitational waves

The LIGO Scientific Collaboration and The Virgo Collaboration

\

10

R (km)
tidal deformability ~ R>

sensitive to
compactness
M/R

Weak gravity

and pulse-profile modeling

Brightness
{ |

Brightness
/ X
{ %
RSO
CCSKs
b K

Brightness

(

Brightness

o 2SS
M=
| i
IS
X
&2

Strong gravity

5
A
(TSR S se
fifsssssinm
nl\l:,...’,\sqc 1
RS CRNTH
A2
PSSR

Brightness
‘\\
< .é“\
QER5ZRS
¥ i’?:’: :‘
"’:‘ 5 ]
‘\ t’00 % ’
St ot
Brightness

>
(X
<

I 203030%:
lfee¥e0e®e%%
RS
NG KEELY
BRSNS
T 2

%
i
iy

Time

Brightness

[
\ S
Brightness

Time

0 02 04 06 08 1
[

Brightness



LIGO/Virgo and NICER results

chiral EFT up to 1.5n, + general high-density extensions + causality

including information from GW170817 and 4 stars studied by NICER
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Raaijmakers et al., ApJL (2020), (2021), Rutherford, Mendes, Svensson et al., ApJL (2024)
Mauviard-Haag et al., ApJ (2025)

posterior dist. ~12 km very similar for PP/CS high-density extensions



Constraints at intermediate densities
chiral EFT up to 1.5n, + general EOS extrapolations + causality

including information from GW170817 and 4 stars studied by NICER

observations constrain - oo
pressure at intermediate ;| Rutherford et al. (2024)
. . Rutherford et al. (2024) PP (S
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Rutherford, Mendes, Svensson et al., ApJL (2024)
Mauviard-Haag et al., ApJ (2025)

will be very constraining with more observations



Summary

Chiral EFT + powerful many-body methods
— rehiable predictions for neutron-rich nuclei for r-process

EOS up to ~1-2 n, with controlled uncertainties
<« high-density constraints from multlmessenger astrophysws

Thanks to: astro/EOS:

A. Arcones, F. Alp, M. Cincar, }&
Y. Dietz, S. Dokur, C. Drischler, "
M. Drissi, H. Gottling, S. Guillot, J. Lattlmer K. Hebeler, L. Hoff
J. Keller, J. Kuske, L. Mauviard, M. Mendes, C. Pethick,

N. Rutherford, R. Somasundaram, I. Svensson, I. Tews, A. Watts

ab 1nitio: P. Arthuis, S. Bogner, C. Brase, M. Companys, M. Drissi,
K. Hebeler, H. Hergert, M. Heinz, J.D. Holt, L. Jokiniemi, Z. Li,
T. Miyagi, T. Plies, A. Porro, R. Stroberg, U. Vernik, A. Tichai




