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Homogeneous nuclear matter

● theoretical testbed for 

benchmarking nuclear forces

• saturation point (n0, av)

• incompressibility (K)

• symmetry energy (Sv) and its 

slope (L) at saturation density

● many-body perturbation theory,
but also in QMC, CC, SCGF, …

for a recent review see:

Hebeler et al., Annu. Rev. Nucl. Part. Sci. 65, 457

saturation
Bethe–Weizsäcker formula
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Neutron-matter EOS Hebeler et al., Annu. Rev. Nucl. Part. Sci. 65, 457

Leading 3N forces

Hierachy of chiral forces

Remarkable agreement between
many-body frameworks and different
Hamiltonians
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Mass–radius relation Hebeler et al., Astrophys. J. 773, 11

~n0

for QMC, see: Gandolfi et al., Phys. Rev. C 85, 032801

TOV eqs.

~ρΓ ~ρΓ ~ρΓ

» Improvements needed:
• calculate asym. matter directly 

• higher orders in the chiral
and perturbative expansion

mass–radius relation

+ Mmax ≥ 1.97 Msun

+ causality
+ …

Neutron matter extrapolated to β equilibrium

EFT
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Mass–radius relation Hebeler et al., Astrophys. J. 773, 11

TOV eqs.

mass–radius relation

+ Mmax ≥ 1.97 Msun

+ causality
+ …

R1.4M� = 9.7� 13.9 km
<latexit sha1_base64="6rvjxIEGZp6/zl6xFevSMPf3Rqg="></latexit><latexit sha1_base64="JVlllqC6tohTX01aRB0YtVrqGlY="></latexit><latexit sha1_base64="JVlllqC6tohTX01aRB0YtVrqGlY="></latexit><latexit sha1_base64="Q2rmIWLH0md0R+KaLgJjiNbbT9Q=">AAACF3icbVBNS8NAEN34bf2KevSyWAQPGhIVqgeh6MWLUMXWQlPCZrvVpZts2J2IJeRfePGvePGgiFe9+W/c1Bz8ejDweG+GmXlhIrgG1/2wxsYnJqemZ2Yrc/MLi0v28kpLy1RR1qRSSNUOiWaCx6wJHARrJ4qRKBTsMhwcF/7lDVOay/gChgnrRuQq5n1OCRgpsJ3zIPOcPexvnQaZL3sS8hwf4gOnhrext+scGAf7wG4hG0R5JbCrruOOgP8SryRVVKIR2O9+T9I0YjFQQbTueG4C3Ywo4FSwvOKnmiWEDsgV6xgak4jpbjb6K8cbRunhvlSmYsAj9ftERiKth1FoOiMC1/q3V4j/eZ0U+vvdjMdJCiymX4v6qcAgcRES7nHFKIihIYQqbm7F9JooQsFEWYTg/X75L2ntOJ7reGdutX5UxjGD1tA62kQeqqE6OkEN1EQU3aEH9ISerXvr0XqxXr9ax6xyZhX9gPX2CSATnCM=</latexit>

M > 2.4M�
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Applications of Chiral Forces to 
Nuclear Matter and Neutron Stars

June 1, 2018  |  CIPANP 2018: Palm Springs  |  Christian Drischler  |  6
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[NASA]

NICER 
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3N forces beyond Hartree-Fock? CD, Hebeler, Schwenk, Phys. Rev. C 93, 054314

Effective NN potentials
by summing one particle over the 
occupied states of the Fermi sea

» dominant 3N contributions

so far: only N2LO 3N and P = 0

Improved method
• applicable to all nuclear forces
• N3LO 3N forces due to recent 

partial-wave decomposition

Holt et al., PRC 81, 024002
Hebeler et al., PRC 82, 014314

Hebeler et al., PRC 91, 044001

»
some more applications:

Wellenhofer et al., PRC 92, 015801
Holt et al., PPNP 73, 35

Hebeler et al., ARNPS 65, 457
...

P

towards consistent 
N3LO calculations
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Equation of state CD, Hebeler, Schwenk, Phys. Rev. C 93, 054314

11 proton fractions
x = 0.0, 0.05, ..., 0.5 

up to second order

Neutron Matter Symmetric Matter

Uncertainty bands:
• 7 potentials: evolved N3LO NN + bare N2LO 3N
• different combinations of λ/Λ3N
• cD, cE fit only to few-body data
• free and Hartree-Fock spectrum

…

…

Hebeler et al., PRC 83, 031301
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Guiding finite nuclei Simonis et al., Phys. Rev. C 96, 014303

ground-state energies

charge radii

“Hebeler et al.” interactions
• N3LO NN (SRG) + N2LO 3N forces
• cD, cE only fit to few-body data

λ / Λ3N = 1.8 / 2.0 (EM) exhibits
good agreement with experiment

Hebeler et al., PRC 83, 031301
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Symmetry energy and slope parameter

quadratic expansion

tight constraints

in agreement with quadratic expansion

quadratic expansion is reliable; but 
nonanalytical quartic term: 

Kaiser, PRC 91, 065201
Wellenhofer et al., PRC 93, 055802 [J. M. Lattimer]

Lattimer, Lim, Astrophys. J. 771, 51
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Radius estimates for neutron stars Hagen et al., Nat. Phys. 12, 186

P~R4

empirical relation by Lattimer & Prakash 

pressure of neutron-star matter

Pressure constrained by ab initio 
CC results for 48Ca radii and measurement

» pin down L is important
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Constraints from 48Ca calculations Hagen et al., Nat. Phys. 12, 186

see also Birkhan et al., PRL 118, 252501
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New mass–radius constraints Most, Weih, Rezzolla, Schaffner-Bielich, arXiv:1803.00549

R1.4M� = 12.00� 13.45 km
<latexit sha1_base64="zaakQnHGvg3s9Vp2hQnhS1QEf+k="></latexit><latexit sha1_base64="iFg2cLe92tENnnlrJaoyOXG/vKM="></latexit><latexit sha1_base64="iFg2cLe92tENnnlrJaoyOXG/vKM="></latexit><latexit sha1_base64="PzVIl6byqtfWH1dJp7rzHjCL5q4=">AAACGnicbVDLSsNAFJ34rPVVdelmsAguNGR8oBuh4MaNUMW2QlPCZDrVoZNMmLkRS8h3uPFX3LhQxJ248W+ctF34OnDhcM693HtPmEhhwPM+nYnJqemZ2dJceX5hcWm5srLaNCrVjDeYkkpfhdRwKWLeAAGSXyWa0yiUvBX2Twq/dcu1ESq+hEHCOxG9jkVPMApWCirkIsiIu4/97bMg81VXQZ7jY0x2Xc/DO5jsufsH1sQ+8DvI+lFeDipVz5oF8F9CxqSKxqgHlXe/q1ga8RiYpMa0iZdAJ6MaBJM8L/up4QllfXrN25bGNOKmkw1fy/GmVbq4p7StGPBQ/T6R0ciYQRTazojCjfntFeJ/XjuF3lEnE3GSAo/ZaFEvlRgULnLCXaE5AzmwhDIt7K2Y3VBNGdg0ixDI75f/kuauSzyXnHvVWm0cRwmtow20hQg6RDV0iuqogRi6R4/oGb04D86T8+q8jVonnPHMGvoB5+MLeE+cwg==</latexit>

Neutron matter at full N3LO

…
Neutron-star radii

CD, Carbone, Hebeler, Schwenk, PRC 94, 054307 see also Annala et al., PRL 120, 172703

NN+3N contributions at 3rd order
and 4N Hartree-Fock energies

Agreement with our constraints
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Outlook

Study asymmetric matter at full N3LO

Explore finite temperatures

Improve EFT uncertainty quantification

Tabulate the equation of state

1

2

3

4
Bayesian inference, uncertainty propagation, …

study thermal properties, single-particle energies, …

extract astrophysical quantities, mass-radius relations, …

make EOS accessible in astrophysical simulations, …

Thank you
for your attention!

Collaborators:

K. Hebeler

K. McElvain

A. Schwenk

C. Wellenhofer


