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Motivation

Core-collapse supernovae (CCSNe) and binary neutron star (BNS) mergers are key

astrophysical phenomena that probe the finite-temperature properties of dense

nuclear matter.

Nucleon self-energies determine key

in-medium properties of nucleons:

Nucleon effective mass: m∗

Mean-field splitting:

∆U = Un − Up

These quantities determine:

Hot nuclear matter equation of

state (EoS)

Thermal pressure in neutron star

matter [Fig. (1a)]

Neutrino opacities and transport

properties [Fig. (1b)]

Which directly affect observables in

CCSNe and BNS mergers:

Gravitational-wave signals

CCSN explosion dynamics

Neutrino emission spectra

conditions for r-process

nucleosynthesis Yasin et. al. (2020), Shin et. al. (2024)

Chiral Effective Field Theory

Low-energy effective field theory of QCD (residual strong force)

Describes nucleon-nucleon interactions through pion exchange (long-range)

and contact interactions (short-range)

Systematic expansion in low-momentum scale (Q = p/Λb) enables uncertainty

quantification and naturally incorporates 3-nucleon forces

Low-energy constants appearing at each order fit to NN scattering (eg. phase

shifts) and 3N bound states (eg. binding energy of 3H and 3He)

Drischler, Holt, Wellenhofer (2021)

Nucleon Self-Energy

The nucleon Green’s function Gτ in an interacting Fermi gas is modified by inter-

actions with the nuclear medium according to the Dyson equation

Gτ (k, ω) = G0(k, ω) + G0(k, ω) Στ (k, ω) G(k, ω) (1)

For a perturbative two-nucleon interaction*, the self-energy Στ can be calculated

as the sum of one-particle irreducible skeleton diagrams

Στ (k, ω) = + + (2)

The contributions up to second-order in the NN interaction are:

Σ(1)
τ (k; µ, T ) =

∑
1

〈k h1; s s1; τ τ1|V NN |k h1; s s1; τ τ1〉 n1 (3)

Σ(2a)
τ (k, ω; µ, T ) =

1
2
∑
123

∣∣〈p1 p2; s1 s2; τ1 τ2|V NN |k h3; s s3; τ τ3〉
∣∣2

ω + ε3 − ε1 − ε2 + iη

n̄1n̄2n3 (2π)3 δ3(p1 + p2 − h3 − k)

(4)

Σ(2b)
τ (k, ω; µ, T ) =

1
2
∑
123

∣∣〈h1 h2; s1 s2; τ1 τ2|V NN |k p3; s s3; τ τ3〉
∣∣2

ω + ε3 − ε1 − ε2 − iη

n1 n2 n̄3 (2π)3 δ3(h1 + h2 − p3 − k)

(5)

The effect of three-nucleon interactions at N2LO are incorporated through the use

of an in-medium effective potential, determined by integrating out one nucleon

line, summing over occupied states in the Fermi sea.

In the non-relativistic, interacting Fermi gas, the single-particle energies are modi-

fied according to the self-consistent quasi-particle relation

ετ (k) = k2

2m
+ Re Στ (k, ετ (k)) 	 n =

∑
1

1
1 + exp ((ε1 − µ)/T )

(6)

The effective mass and mean-field potential are then defined by the dispersion

relation at the Fermi surface

m∗ =
[

1
k

dε

dk

]−1

k=kf

, U = Re Στ (kf , ετ (kf )) (7)

Results: Pure Neutron Matter

Results

Effective mass and mean-field potential results in pure neutron matter and sym-

metric nuclear matter show strong temperature dependence and increased attraction

at second order.

Nucleon mean-free path in symmetric nuclear matter agrees with results from

heavy-ion experiment at intermediate energies (20-100 MeV/A).

Lopez et. al. (2015)

Nuclear matter Equation of State calculated from self-consistent chemical poten-

tials competes with other many-body approaches.

Conclusion

Nucleon self-energy from chiral EFT NN and 3N interactions show significant

MBPT convergence beyond mean-field level.

Results of temperature-dependent self-energy show strong temperature

dependence in effective mass and nuclear EoS

Future plans: Beta-equilibrium nuclear matter, limitations of quasi-particle

approximation, neutrino opacity with collective excitations.
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