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Neutron stars: a novel window into strongly interacting matter and the nuclear 
force
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Moments of inertia (PSR J0737-3039A)
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Neutron stars: constraints from nuclear theory and experiment
Chiral effective field theory:

1. Nuclear forces fitted to few-body systems (2H, 3H, 3He)
2. Nuclear forces fitted to nuclear many-body systems
3. Generically leads to soft equation of state between 1-2 normal nuclear densities

Hebeler et al., PRL (2013)

Nuclear experiments on neutron-rich nuclei
1. Neutron skin thickness
2. Electric dipole polarizability
3. Charge radii of mirror nuclei

→ neutron star 
matter

5/2/22 FRIB ribbon cutting



1. Natural Separation of Scales

Pion mass 

Heavy mesons (ρ, ω)

Nucleon momenta

Energy

~800 MeV

~270 MeV
~140 MeV

2. Goldstone bosons (pions) 
weakly-coupled at low momenta

Nuclear forces from chiral EFT

Systematic expansion (q/Λ)0

(q/Λ)2

(q/Λ)3

(q/Λ)4

π

N

Fit to NN scattering, 
deuteron, 3H, 3He 
properties

Enables uncertainty quantification

Chiral effective field theory (EFT) for nuclear forces



 (2003) Entem & Machleidt: 4th-order NN force, PRC (2003)
 (2013) Ekström, Baardsen, Forssén,…: optimized NN force at 3rd-order, PRL (2013)
 (2014) Gezerlis, Tews, Epelbaum, …: Local NN force at 3rd-order for QMC, PRC (2014)
 (2015) Epelbaum, Krebs, and Meissner: improved NN force at 4th-order, EPJA (2015)
 (2015) Epelbaum, Krebs, and Meissner: NN forces at 5th-order, PRL (2015)
 (2015) Ekström, Jansen, Wendt,…: NN force at 3rd-order fitted to medium-mass nuclei, PRC (2015)
 (2015) Piarulli, Girlanda,…: Minimally nonlocal NN force at 4th-order with 𝛥𝛥 isobars, PRC (2015)
 (2017) Entem, Machleidt, Nosyk: NN force at 5th-order, PRC (2017)
 (2018) Reinert, Krebs, Epelbaum: Semi-local NN force at 5th-order, EPJA (2018)
 (2018) Ekström, Hagen, Morris,…: NN force at 3rd-order with 𝛥𝛥 isobars, PRC (2018)

Plus: 2NF & 3NF with Bayesian uncertainties in LECs and EFT truncation errors [e.g., P. Reinert et al., 
EPJA (2018); S. Wesolowski et al., JPG (2019); C. Drischler et al., PRL (2020); Volkotrub et al., JPG (2020); …]

Steady progress and refinements in chiral nuclear forces

Much progress, but work still needs to be done for a comprehensive account of all sources of 
uncertainty



Gezerlis et al., PRL (2013)
Quantum Monte Carlo benchmark Fine resolution 

scale

4th-order MBPT diagrams up to N3LO in ChEFT [Drischler, Hebeler & Schwenk (2019)]

Plus: EOS at finite temperature, arbitrary isospin asymmetry, response functions, single-particle potentials,…

Microscopic modeling: many-body perturbation theory 
(MBPT)

Coarse resolution 
scale



Holt, Kawaguchi & Kaiser, 
Front. Phys. (2020)

Spinodal
instability

Uncertainties in symmetric nuclear matter equation of state

Saturation point is a fine-tuned quantity

[Drischler, Holt & 
Wellenhofer, 
ARNPS (2021)]



Holt & Kaiser, PRC (2017)

+

+

Holt & Kaiser, PRC (2017)

NLO

N2LO

N3LO

Uncertainties in pure neutron matter equation of state

Sources of 
uncertainty: Convergence in many-

body perturbation theory

Scale dependence Convergence in chiral expansion 
largest uncertainty

N3LO



 Bayes’ Theorem:

Likelihood of data given a 
probability distribution for 

Beliefs about parameters     
before measurements

 Strategy:
① Find useful parametrization for the equation of state
② Obtain priors from chiral EFT predictions
③ Use laboratory measurements of finite nuclei (saturation binding 

energy and density, incompressibility, symmetry energy,…) to 
obtain likelihood functions and posteriors

Posterior

 Construct some EOS model with parameters     :

Combined EOS constraints from theory and experiment

Symmetric nuclear matter



Prior and posterior EOS distributions

EOS prior distributions
from nuclear theory

Lim and Holt, PRL (2018)

Order in the chiral expansion

Scale dependence of nuclear force

Quantum many-body method

EOS posterior distributions
including experiments

Pure neutron 
matter

Symmetric 
nuclear matter

Nuclear binding energies

Experimental constraints on isospin-
asymmetry energy



Microscopic modeling: many-body perturbation theory 
(MBPT)

Drischler, Holt & Wellenhofer,  ARNPS (2021)



Abbott et al., PRL (2018)

Lim and Holt, PRL (2018)

Derived mass-radius relation

Tews, Margueron & Reddy, PRC (2018)

GW170817

Choice of transition density
has strong effect on EOS 
inference

Smooth high-density 
extrapolation



[Drischler, Holt & 
Wellenhofer,  
ARNPS (2021)]

Fig. credit: Y. Lim

Propagated uncertainties

Radius

Tidal 
deformability

Moment of 
inertia

S. K. Greif et al., 
ApJ (2020)



208Pb neutron skin thickness from experiment and theory

B. R. Reed et al., PRL (2021)

B. Hu et al., (2021)



Combined theory, experiment, and observational constraints

Prior Posterior

PREX-II

GW170817 NICER I

NICER II

Prior Posterior

PREX-II

GW170817 NICER I

NICER II

Smooth high-density 
extrapolation

Maximally-stiff high-
density extrapolation

Transition density 
varied from 2 – 4n0



Posteriors for 𝑅𝑅1.4



Posteriors for 𝑅𝑅2.0



Posteriors for Λ1.4



Posteriors for 𝐼𝐼1.338



Posteriors for 𝑅𝑅1.4

Adapted from Breschi+ (2021)

Adapted from Silva+ (2021)



Neutron star radii from NICER and tidal deformabilities from LIGO/Virgo

Lim, Bhattacharya, Holt & Pati, PRCL (2021)



Neutron star radii from NICER and tidal deformabilities from LIGO/Virgo

Lim, Bhattacharya, Holt & Pati, PRCL (2021)



Neutron star radii from NICER and tidal deformabilities from LIGO/Virgo

Lim, Bhattacharya, Holt & Pati, arXiv:2007.06526

Tews et al., ApJL (2021)

Lim, Bhattacharya, Holt & Pati, PRCL (2021)



Complementary theoretical models with accurate nuclear physics inputs needed to guide and 
interpret observations

New era of major observational campaigns to study the properties of neutron stars

Summary and future directions

All constraints from nuclear theory, nuclear experiment, and neutron star observations consistent without 
the need to adopt exotic high-density degrees of freedom

Comprehensive uncertainty analysis of chiral nuclear forces including variations in the resolution 
scale, 2N & 3N LECs, and EFT truncation errors
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