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Structure of nuclei and dense matter in neutron stars

Extreme neutron-rich matter in neutron stars

~ 4000±500 nuclei unknown, extreme neutron-rich

A ~ 1057 baryons

A ~ 100



Structure of nuclei and dense matter in neutron stars

Extreme neutron-rich matter in neutron stars

~ 4000±500 nuclei unknown, extreme neutron-rich

rich physics with nucleons 
as degrees of freedom

microphysics of nuclei
macrophysics of neutron stars

typical momenta Q ~ 200 MeV
         ~ pion mass mπ 

A ~ 1057 baryons

?



NN 3N  4N

(2011)   (2006)

derived in (1994/2002)

Chiral effective field theory for nuclear forces
Systematic expansion in low momenta (Q/Lb)n

based on symmetries of
strong interaction (QCD)
 

long-range interactions governed by
pion exchanges
 

powerful approach for
many-body interactions
 

all 3- and 4-neutron forces
predicted to N3LO
Tews et al., PRL (2013)

enables uncertainty quantification
from higher orders and input data  

Weinberg (1990,91), van Kolck, Kaplan, Savage, Wise, Bernard, Epelbaum, Kaiser, Meißner,…



Great progress in ab initio calculations of nuclei

figure from Hergert (2025)
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systematic interaction expansion + systematic many-body expansion



In-medium similarity renormalization group (IMSRG)
Tsukiyama, Bogner, AS, PRL (2011), Hergert et al., Phys. Rep. (2016), Stroberg et al., PRL (2017)

flow equations to decouple higher-lying particle-hole states (s = 0 → ∞) 
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In-medium similarity renormalization group (IMSRG)
Tsukiyama, Bogner, AS, PRL (2011), Hergert et al., Phys. Rep. (2016), Stroberg et al., PRL (2017)

flow equations to decouple higher-lying particle-hole states (s = 0 → ∞) 

IMSRG
0      0      0

0
 

0
 

0

Systematically improvable:
IMSRG(2) → IMSRG(3)
Heinz et al., PRC (2021), (2025)
He, Stroberg, PRC (2024)



Great progress in ab initio calculations of nuclei

figures from Hergert (2025)
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Recent developments

Correlated mass model for calcium isotopes
Cincar, Li, Plies, Vernik, Heinz, Miyagi, AS, in prep.

Ab initio nuclear masses for r-process nucleosynthesis
across N=82: Kuske, Miyagi, Arcones, AS, arXiv:2509.19131
work on N=126: Lariviere, Vassh, Holt, et al.

Beta decays and electromagnetic moments
Li, Miyagi, AS, arXiv:2509.19131, PRL in press
Miyagi, Cao, Seutin, Bacca, Garcia Ruiz, Hebeler, Holt, AS, PRL (2024)
Lellinger, Vazquez Rodríguez et al.
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Neutron-rich calcium masses
very active exp-theory collaborations

pioneering 51-57Ca masses
Gallant et al., PRL (2012), Wienholtz et al.,
Nature (2013), Michimasa et al., PRL (2019)
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  Experiment
  ISOLTRAP
  SHARAQ
  NN+3N (MBPT)
  IM-SRG + unc.
  KB3G
  GXPF1A

Stroberg, Holt, AS, Simonis, PRL (2021)



Correlated mass model for calcium isotopes
Cincar, Li, Plies, Vernik, Heinz, Miyagi, AS, in prep.
Goal: Build correlated ab-initio-based mass model for S2n of Ca isotopes
 

Start from interaction distributions:
34 non-implausible interactions Hu et al., Nature Phys. (2022)

101 SVD variations for 1.8/2.0 (EM) Plies, Heinz, AS, arXiv:2509.24671



Correlated mass model for calcium isotopes
Cincar, Li, Plies, Vernik, Heinz, Miyagi, AS, in prep.
Goal: Build correlated ab-initio-based mass model for S2n of Ca isotopes
 

Start from interaction distributions: 34 NI, 101 SVD interactions
 

Include other uncertainties from: • Many-body IMSRG(2, 3f2)
• Model space
• Systematic uncertainties
 

• Condition on exp. S2n(50-56Ca)
uses correlations among S2n



Correlated mass model for calcium isotopes
Cincar, Li, Plies, Vernik, Heinz, Miyagi, AS, in prep.
Goal: Build correlated ab-initio-based mass model for S2n of Ca isotopes
 

Start from interaction distributions: 34 NI, 101 SVD interactions
 

Include other uncertainties: Many-body, model space, systematic
 

Leads to mass model with correlated uncertainties conditioned on data

large uncertainties for 61Ca
due to s1/2 or g9/2 uncertainty
 
difficult to predict dripline
in Ca given theo. uncertainties



Recent developments

Correlated mass model for calcium isotopes
Cincar, Li, Plies, Vernik, Heinz, Miyagi, AS, in prep.

Ab initio nuclear masses for r-process nucleosynthesis
across N=82: Kuske, Miyagi, Arcones, AS, arXiv:2509.19131
work on N=126: Lariviere, Vassh, Holt, et al.

Beta decays and electromagnetic moments
Li, Miyagi, AS, arXiv:2509.19131, PRL in press
Miyagi, Cao, Seutin, Bacca, Garcia Ruiz, Hebeler, Holt, AS, PRL (2024)
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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
+ interaction 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



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



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

largest effects for n-star mergers
(NSM and NSM-DISK)

ab initio masses strengthen waiting
point of 2nd peak, leading to slower
nucleosynthesis flow, and important
impact on 3rd peak

future: use correlated ab-initio-based
mass model conditioned on data



Recent developments

Correlated mass model for calcium isotopes
Cincar, Li, Plies, Vernik, Heinz, Miyagi, AS, in prep.

Ab initio nuclear masses for r-process nucleosynthesis
across N=82: Kuske, Miyagi, Arcones, AS, arXiv:2509.19131
work on N=126: Lariviere, Vassh, Holt, et al.

Beta decays and electromagnetic moments
Li, Miyagi, AS, arXiv:2509.19131, PRL in press
Miyagi, Cao, Seutin, Bacca, Garcia Ruiz, Hebeler, Holt, AS, PRL (2024)
Lellinger, Vazquez Rodríguez et al.



Chiral EFT for coupling to electroweak interactions

NN 3N  4N
axial-vector currents (beta decays)
one-body currents at Q0 and Q2

+ two-body currents at Q3

same couplings in forces and currents(2011)   (2006)

derived in (1994/2002)

leptons coupling
to nucleon



Chiral EFT for coupling to electroweak interactions

|MGT|2

important contributions from consistent two-body currents (2BCs)
 

Gamow-Teller beta decay of 100Sn Magnetic moments of nuclei
Gysbers et al., Nature Phys. (2019)  Pastore et al. (2012-)
     

 
 
two-body currents key for
quenching puzzle of beta decays   + improve magnetic moments

Miyagi et al., PRL (2024)
Acharya et al., PRL (2024)

axial-vector 
2BCs 

vector
2BCs 



Gamow-Teller beta decays for N=50 nuclei
Zhen Li, Miyagi, AS, arXiv:2509.19131, PRL in press
VS-IMSRG calculations for valence space on top of 48Ca core
1.8/2.0 (EM) interaction with 1B + 2B currents,
test sensitivities to IMSRG + model space choices

     very good agreement with exp
     with 2B currents included,
     weak sensitivities to theo. choices
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Gamow-Teller beta decays for N=50 nuclei
Zhen Li, Miyagi, AS, arXiv:2509.19131, PRL in press
VS-IMSRG calculations for valence space on top of 48Ca core
1.8/2.0 (EM) interaction with 1B + 2B
 

for N=50 nuclei, explore in addition ΔN2LOGO interaction
 

     overall good agreement with exp,
     without adjustments
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Gamow-Teller beta decays for N=50 nuclei
Zhen Li, Miyagi, AS, arXiv:2509.19131, PRL in press
VS-IMSRG calculations for valence space on top of 48Ca core
1.8/2.0 (EM) interaction with 1B + 2B
 

for N=50 nuclei, explore in addition ΔN2LOGO interaction
 

     overall good agreement with exp,
     without adjustments

  + contributions from
        first-forbidden (FF) transitions
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Recent developments

Correlated mass model for calcium isotopes
Cincar, Li, Plies, Vernik, Heinz, Miyagi, AS, in prep.

Ab initio nuclear masses for r-process nucleosynthesis
across N=82: Kuske, Miyagi, Arcones, AS, arXiv:2509.19131
work on N=126: Lariviere, Vassh, Holt, et al.

Beta decays and electromagnetic moments
Li, Miyagi, AS, arXiv:2509.19131, PRL in press
Miyagi, Cao, Seutin, Bacca, Garcia Ruiz, Hebeler, Holt, AS, PRL (2024)
Lellinger, Vazquez Rodríguez et al.

Thanks to great group
and collaborators!





Nuclear interactions with good saturation properties
several NN+3N interactions give accurate energies and radii up to 208Pb
see, e.g., Jiang et al., PRC (2020),
Arthuis, Hebeler, AS, arXiv:2401.06675

 
for these interactions
reasonable radii and densities
at Hartree-Fock level
compare with nuclear matter results
Alp, Dietz, Hebeler, AS, PRC (2025)

1.8/2.0 (EM)      1.8/2.0 (EM7.5)      1.8/2.0 (sim7.5)           ΔN2LOGO



Ab initio calculations of deformed nuclei
Sun et al., PRX (2025)
can explore shapes at the Hartree-Fock level

         deformed coupled-cluster theory to include
         correlations on top of Hartree-Fock shape

 

Need to overcome 3N challenges to go beyond A~100


