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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



Great progress in ab initio calculations of nuclei

figures from Hergert (2025)
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Great progress in ab initio calculations of nuclei

figures from Hergert (2025)
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Ab initio challenges:
 - Deformation in heavy nuclei
 - Electroweak matrix elements
 - Beyond normal ordering approximation
 - Full uncertainty quantification and correlations
 - Alternative power countings
 - Matching to energy density functionals
 - Advances to reaction theory
 - …



Outline

Chiral EFT interaction uncertainties and challenges
with P. Arthuis, M. Companys, K. Hebeler, A. Tichai, U. Vernik
 
Next generation NN+3N interactions: Wish list
with F. Alp, Y. Dietz, K. Hebeler
 
Ab initio nuclear masses for r-process nucleosynthesis
with J. Kuske, T. Miyagi, A. Arcones
  
Uncertainty quantification and correlated mass model
for calcium isotopes
with M. Cincar, Z. Li, T. Plies, U. Vernik, M. Heinz, T. Miyagi,
I. Svensson, A. Tichai, K. Hebeler



Optimization strategies for NN+3N interactions
 

1.8/2.0 (EM) interaction Hebeler et al., PRC (2011), Simonis et al., PRC (2017)

NN N3LO (SRG evolved) + 3N N2LO fit to 3H energy and 4He radius

 

+ SRG preserves high-quality NN scattering
− mixed N3LO + N2LO, SRG evolution not consistent,…

Chiral NN+3N interactions up to 208Pb



Optimization strategies for NN+3N interactions
 

1.8/2.0 (EM) interaction Hebeler et al., PRC (2011), Simonis et al., PRC (2017)

NN N3LO (SRG evolved) + 3N N2LO fit to 3H energy and 4He radius

3N fit to 3H energy and
16O energy/radius
Arthuis, Hebeler, AS, arXiv:2401.06675

with large cD = 7.5
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Chiral NN+3N interactions up to 208Pb
other NN+3N interactions for global ab initio calcs see Gaute’s talk
 

• Δ-full interactions ΔN2LOGO Jiang et al., PRC (2020)

fit to very low-energy NN scattering and A=3,4,
optimized to nuclear matter/medium-mass nuclei

 

• nonimplausible ΔN2LO interactions Hu et al., Nat. Phys. (2024)

similar strategy plus conservative uncertainty quantification
 

• N3LOTexas mixed NN N3LO + 3N N2LO Hu et al., arXiv:2512.11723

similar fitting strategy, including also higher energy NN scattering
 

• Lattice EFT: NN N3LO + 3N N2LO Elhatisari et al., Nature (2024)

+ 6 additional 3N parameters adjusted to selected nuclei
 

• order-by-order LO…N3LO Hüther et al., PLB (2020)

based on EMN NN with consistent 3N SRG evolved,
but for unevolved interactions 3N fits to 16O not possible with EMN



Quark mass dependent 3N forces
Cirigliano, Dawid, Dekens, Reddy, PRL (2025)

suggested class of N4LO 3N forces
may be as large as N2 or 3LO
see Hartree-Fock calcs for nuclear matter
 

 
explore dominant F2 interaction in medium-mass nuclei
Vernik, Hebeler, AS, arXiv:2512.20454

define F2 in units Fπ
-4, so range above is ±0.2

  
3N fits to 3H energy and 16O energy/radius
(also studied fits to 3H energy and half-life, not as promising for nuclei)



Quark mass dependent 3N forces
Vernik, Hebeler, AS, arXiv:2512.20454

3N fits to 3H energy and 16O energy/radius
possible for unevolved and evolved NN

good reproduction of energies/radii
up to 132Sn at NN+3N N2LO and N3LO
both large cD = 5
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Quark mass dependent 3N forces
Vernik, Hebeler, AS, arXiv:2512.20454

3N fits to 3H energy and 16O energy/radius
possible for unevolved and evolved NN

good reproduction of energies/radii
up to 132Sn at NN+3N N2LO and N3LO
both large cD = 5

however: main effect of F2
is to shift short-range 3N cE
 
F2 itself has very small impact
on energies of nuclei
 
seems more natural to
include F2 with other small
short-range 3N terms at N4LO



Next generation NN+3N interactions: Wish list

• Low resolution enough for converged calculations up to 208Pb

• Order-by-order interactions amenable to UQ,
at least two orders with 3N

• Interactions for different cutoffs/schemes

• Good description of NN scattering and A=3,4 systems

• Pion-full: leading two-body currents are parameter-free,
3-neutron interactions parameter-free up to N3LO



Density distributions in nuclei
Arthuis, Hebeler, AS, arXiv:2401.06675, see also Matthias’ talk

good agreement for density distributions up to 208Pb

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 normal ordering challenges to go beyond A~100



Next generation NN+3N interactions: Wish list

• Low resolution enough for converged calculations up to 208Pb

• Order-by-order interactions amenable to UQ,
at least two orders with 3N

• Interactions for different cutoffs/schemes

• Good description of NN and A=3,4 systems

• Pion-full: leading two-body currents are parameter-free,
3-neutron interactions parameter-free up to N3LO

• Reasonable saturation properties (informed by matter/nuclei),
reasonable saturation density at HF level?



Nuclear landscape based on a chiral NN+3N interaction
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Stroberg, Holt, AS, Simonis, PRL (2021)
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 Final predictions include
 systematic uncertainty
 from residuals to known
 masses

 incl. syst. uncertainties:
 dripline at 61Ca or beyond
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Neutron-rich calcium masses
active exp-theory collaborations for rare isotopes

pioneering 51-57Ca masses
Gallant et al., PRL (2012), Wienholtz et al.,
Nature (2013), Michimasa et al., PRL (2019)
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52Ca-48Ca radius puzzle

Challenging to reproduce large
charge radius increase from 48Ca to 52Ca
with ab initio calculations

Challenge: Uncertainties greatly reduced
in differential, correlated quantities



Possible solutions to the 52Ca-48Ca radius puzzle?
Due to 3N variations?
Companys Franzke, Tichai, Hebeler, AS,
arXiv:2510.08362
 

broad variations of
c3, c4, cD, cE also
highly correlated,
do not solve puzzle

Due to quark mass dependent
3N forces?
Vernik, Hebeler, AS, arXiv:2512.20454

Other NN interactions
have so far not solved
puzzle either…



Possible solutions to the 52Ca-48Ca radius puzzle?
Due to many-body uncertainties? Heinz et al., PRC (2025)
 

many-body truncations
highly correlated, so
change IMSRG(2→3)
is very small for
radius increase

Remaining many-body possibilities:
- collective many-body correlations beyond IMSRG(3)
- approximations related to reference state
- normal ordering approximation
- …
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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
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Uncertainty estimates for SRG-evolved interactions
Plies, Heinz, AS, arXiv:2509.24671, see Matthias’ talk

use singular value decomposition (SVD)
as operator basis see Tichai et al., PLB (2021)

consider largest 5 singular values/operators
  

effectively 3 generate phase shift variation



Uncertainty estimates for SRG-evolved interactions
Plies, Heinz, AS, arXiv:2509.24671, see Matthias’ talk

generate range of low-resolution NN interactions from random draws
among 3 singular values with likelihood given by EFT uncertainties



Uncertainty estimates for SRG-evolved interactions
Plies, Heinz, AS, arXiv:2509.24671, see Matthias’ talk

generate range of low-resolution NN interactions from random draws
among 3 singular values with likelihood given by EFT uncertainties

comparison to nonimplausible ΔN2LO interactions Ekström, Forssen et al.



Uncertainty estimates for SRG-evolved interactions
Plies, Heinz, AS, arXiv:2509.24671, see Matthias’ talk

generate range of low-resolution NN+3N interactions
NN: S and P waves, higher partial waves unvaried
 

3N uncertainties from 3H energy and half-life
following Wesolowski, Svensson et al., PRC (2021)



Uncertainty estimates for SRG-evolved interactions
Plies, Heinz, AS, arXiv:2509.24671, see Matthias’ talk

generate range of low-resolution NN+3N interactions
NN: S and P waves, higher partial waves unvaried
 

3N uncertainties from 3H energy and half-life
following Wesolowski, Svensson et al., PRC (2021)
 

resulting posterior distributions for 48Ca energy and neutron skin
Note: no explicit statistical model for truncation uncertainties included



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:
(assume ind. normally distr.)

• 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 from:
(assume ind. normally distr.)

• Many-body IMSRG(2, 3f2)
• Model space
• Systematic uncertainties
 

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

takes into account
mass correlations as
subshells are filled



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



Many-body truncation uncertainties
Svensson, Tichai, Hebeler, AS, PRC (2025)

idea: use BUQEYE error model
for MBPT expansion
 

        + …

 

Bayesian inference of ratio R
and variance of      from 3 nuclei
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Many-body truncation uncertainties
Svensson, Tichai, Hebeler, AS, PRC (2025)

idea: use BUQEYE error model
for MBPT expansion
 

        + …

 

Bayesian inference of ratio R
and variance of      from 3 nuclei
 
posterior distributions at different orders
 

good agreement with IMSRG(2)
 

enables many-body uncertainty
estimates beyond expert assessment
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Next generation NN+3N interactions: Wish list

• Low resolution enough for converged calculations up to 208Pb

• Order-by-order interactions amenable to UQ,
at least two orders with 3N

• Interactions for different cutoffs/schemes

• Good description of NN and A=3,4 systems

• Pion-full: leading two-body currents are parameter-free,
3-neutron interactions parameter-free up to N3LO

• Reasonable saturation properties (informed by matter/nuclei),
reasonable saturation density at HF level?


