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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



Challenges

Next generation NN+3N interactions up to heavy nuclei: 
status and wish list P. Arthuis, K. Hebeler, T. Plies, I. Svensson, U. Vernik

Uncertainty quantification for medium-mass nuclei
M. Companys, M. Heinz, T. Plies, I. Svensson, A. Tichai, K. Hebeler

Next generation expansions: more efficient ways to
represent nuclear states? A. Tichai, Ö. Legeza, T. Miyagi et al.

Dense matter frontier: next generation astro constraints
and rare isotope connections
F. Alp, Y. Dietz, H. Göttling, J. Keller, L. Mauviard-Haag, M. Mendes, N. Rutherford,
R. Somasundaram, I. Svensson, S. Guillot, K. Hebeler, I. Tews, A. Watts et al.



Great progress in ab initio calculations of nuclei

figures from Hergert (2025)

Z=20

Z=28

Z=40

Z=50

Z=82

N=20
N=28

N=40
N=50

N=82

N=126

8 16 24 32 40 48 56 64 72 80 88 96 104 112 120 128 136 144

8

16

24

32

40

48

56

64

72

80

88

N

Z

2025

2010
2012
2014
2016
2018
2020
2022
2024

systematic interaction expansion + systematic many-body expansion



Great progress in ab initio calculations of nuclei

Z=20

Z=28

Z=40

Z=50

Z=82

N=20
N=28

N=40
N=50

N=82

N=126

8 16 24 32 40 48 56 64 72 80 88 96 104 112 120 128 136 144

8

16

24

32

40

48

56

64

72

80

88

N

Z

2025

2010
2012
2014
2016
2018
2020
2022
2024

systematic interaction expansion + systematic many-body expansion



Great progress in ab initio calculations of nuclei

Z=20

Z=28

Z=40

Z=50

Z=82

N=20
N=28

N=40
N=50

N=82

N=126

8 16 24 32 40 48 56 64 72 80 88 96 104 112 120 128 136 144

8

16

24

32

40

48

56

64

72

80

88

N

Z

2025

2010
2012
2014
2016
2018
2020
2022
2024

systematic interaction expansion + systematic many-body expansion



Great progress in ab initio calculations of nuclei

Z=20

Z=28

Z=40

Z=50

Z=82

N=20
N=28

N=40
N=50

N=82

N=126

8 16 24 32 40 48 56 64 72 80 88 96 104 112 120 128 136 144

8

16

24

32

40

48

56

64

72

80

88

N

Z

2025

2010
2012
2014
2016
2018
2020
2022
2024

systematic interaction expansion + systematic many-body expansion



Great progress in ab initio calculations of nuclei

Z=20

Z=28

Z=40

Z=50

Z=82

N=20
N=28

N=40
N=50

N=82

N=126

8 16 24 32 40 48 56 64 72 80 88 96 104 112 120 128 136 144

8

16

24

32

40

48

56

64

72

80

88

N

Z

2025

2010
2012
2014
2016
2018
2020
2022
2024

systematic interaction expansion + systematic many-body expansion



Challenges

Next generation NN+3N interactions up to heavy nuclei: 
status and wish list P. Arthuis, K. Hebeler, T. Plies, I. Svensson, U. Vernik

Uncertainty quantification for medium-mass nuclei
M. Companys, M. Heinz, T. Plies, I. Svensson, A. Tichai, K. Hebeler

Next generation expansions: more efficient ways to
represent nuclear states? A. Tichai, Ö. Legeza, T. Miyagi et al.

Dense matter frontier: next generation astro constraints
and rare isotope connections
F. Alp, Y. Dietz, H. Göttling, J. Keller, L. Mauviard-Haag, M. Mendes, N. Rutherford,
R. Somasundaram, I. Svensson, S. Guillot, K. Hebeler, I. Tews, A. Watts et al.



Chiral NN+3N interactions up to 208Pb
only limited families of NN+3N interactions for global ab initio calcs
 

• magic interaction 1.8/2.0 (EM) Hebeler et al., PRC (2011)

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

• fit to 3H energy and 16O energy/radius
Arthuis et al., 2401.06675, see Pierre Arthuis’ talk
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Chiral NN+3N interactions up to 208Pb
only limited families of NN+3N interactions for global ab initio calcs
 

• Δ-full interactions ΔN2LOGO (394 MeV) 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 via history matching

Hu et al., Nat. Phys. (2024) great for uncertainty quantification

• N3LOTexas Hagen et al., see TRIUMF workshop

similar fitting strategy, including also higher energy NN scattering



Chiral NN+3N interactions up to 208Pb
only limited families of NN+3N interactions for global ab initio calcs
 

• Lattice EFT N3LO Elhatisari et al., Nature (2024)

NN N3LO + 3N N2LO at fixed lattice spacing
+6 additional 3N parameters adjusted to selected nuclei



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 Pierre Arthuis’ 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, arXiv:2504.18259

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



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,
reasonable saturation density at HF level?
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Uncertainty estimates for SRG-evolved interactions
with Tom Plies and Matthias Heinz

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
with Tom Plies and Matthias Heinz

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
with Tom Plies and Matthias Heinz

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
with Tom Plies and Matthias Heinz

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
with Tom Plies and Matthias Heinz

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



Many-body truncation uncertainties
Svensson, Tichai, Hebeler, AS, arXiv:2507.09079

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, arXiv:2507.09079

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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Valence-space density matrix renormalization group
Tichai et al., PLB (2023)

use valence-space IMSRG to decouple valence-space Hamiltonian

slow/poor convergence with
typical particle-hole truncations
in shell model (CI)
 
DMRG optimization of
matrix product states
efficiently samples correlations,
good convergence in
~100 smaller dimensions 

Can we use ideas from quantum information
to more efficiently represent nuclear states?
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Valence-space density matrix renormalization group
Tichai et al., PLB (2024)

dependence on orbital ordering
 
all orderings with physics insights
better than random ordering
 
energetic/shell model ordering
not optimal
 
improved convergence when
including pairing correlations,
BCS n+/p- has orbitals with high j
(larger entropy) in center of chain

quasi-optimal ordering places orbitals
with high entropy around chain center
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from Watts et al., RMP (2016)

Extreme matter in neutron stars
Cold dense matter up to ~ 5-8 n0 (in heaviest neutron stars)
 

governed by strong interactions, up to few n0: n,p,e,μ
 

When/do degrees of freedom change?
 

Chiral EFT sets pressure of first few km Hebeler et al., PRL (2010), ApJ (2013)



Chiral EFT calculations of neutron matter
good agreement up to saturation density
including NN, 3N, 4N interactions up to N3LO

comparison from Huth et al., PRC (2021)
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LIGO/Virgo and NICER results
chiral EFT up to 1.5n0 + general EOS extrapolations + causality
 

including information from GW170817 and 4 stars studied by NICER

 
Raaijmakers et al., ApJL (2020), (2021), Rutherford, Mendes, Svensson et al., ApJL (2024)
Mauviard-Haag et al., arXiv:2506.14883
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Constraints at intermediate densities
chiral EFT up to 1.5n0 + general EOS extrapolations + causality
 

including information from GW170817 and 4 stars studied by NICER
 
observations constrain
pressure at intermediate
densities
 

posteriors at 3-4n0
→ astro prefers
higher pressures

important to explore
prior sensitivities

 
What can we expect from more observations?
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Inferring 3N couplings from next generation observations
Somasundaram, Svensson et al., arXiv:2410.00247

prior: assume 100% uncertainty in c1 and c3
 

build PMM emulator for neutron matter

infer 3N couplings from astro data
 

present observations not very
constraining
 

~20 future events will lead to
interesting constraints for c3
 
More work on connections
between RIB measurements
and astro impact is crucial
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