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Overview ✦ In-Medium NN-Interactions from Ab-Initio Calculations
✦ Fermi Liquid Theory and Residual Interaction
✦ Quasi-Elastic Response Functions
✦ Neutron Stars

Nuclear 
Structure

In-Medium
NN-interaction 

Astrophysics



int = gNm · Ψ̄NΓµΨNΦµ
m
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From Free Space to Medium

✦ NN Interaction Lagrangian

✦ Self-consistent solution of Bethe-Salpeter equation with Ladder Kernel

Ab-Initio Approach to Density Functional Theory
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From Free Space to Medium

✦ NN Interaction Lagrangian

✦ Self-consistent solution of Bethe-Salpeter equation with Ladder Kernel

✦ Medium modifications
✦ Statistical: Pauli Blocking
✦ Dynamical: Self-Energy

✦ Density dependent vertex renormalization:

Γm(kF ) = zm · gmT =
∑

m

zm(kF )Vm

Ab-Initio Approach to Density Functional Theory
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Density Dependent Vertices from DB Calculations
• Interaction vertices as Lorentz-scalar functionals of the field operators. 
• Fully covariant and thermodynamically consistent  density functional theory.

LEDF

[
Γα

(
Ψ,Ψ

)]
LNN [gα]

ΣEDFΣDBHF
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Density dependence of the Couplings

Lint = ΨΓσ(ρ̂)ΨΦσ −ΨΓω(ρ̂)γµΨAµ
ω

ΨΓδ(ρ̂)τΨΦδ −ΨΓρ(ρ̂)γµτΨAµ
ω

Γ
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DDRH

✦ The Density Dependent Relativistic Hadron Field Theory
✦ Rearrangement self-energies

✦ Thermodynamical consistency

✦ Inclusion of the isovector-scalar interaction leads to 
different effective Masses between protons and neutrons. 

Σ̂µ = Σ̂µ(0) + Σ̂µ(r)

1
3 〈T

ii〉 = ρ2 ∂
∂ρ

(
ε
ρ

)
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DDRH

✦ The Density Dependent Relativistic Hadron Field Theory
✦ Rearrangement self-energies

✦ Thermodynamical consistency

✦ Inclusion of the isovector-scalar interaction leads to 
different effective Masses between protons and neutrons. 

Σ̂µ = Σ̂µ(0) + Σ̂µ(r)

1
3 〈T

ii〉 = ρ2 ∂
∂ρ

(
ε
ρ

)

M∗
b = Mb − ΓσΦσ − τbΓδΦδ

symmetric  
nuc.mat.

neutron
matter
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Equation of State 
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EoS with Strangeness
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EoS with Strangeness
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Dynamical Properties

Nuclear 
Structure

Nuclear Matter

astrophysics
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From Fermi Gas to Fermi Liquid

✦ Achieve a better understanding of dynamical effects in n.m. 
✦ investigate contributions from density dependent couplings
✦  

✦ Extend the approach of Landau's Fermi-liquid theory to 
relativistic density functionals.

✦ Retain the field theoretical structure
✦ derive the interaction functional by second variation with 

respect to the field operators

✦ Quasi-Particle Residual Interaction

np,α

|p|

pF

δn!p,α = n!p,α − n0
!p,α

δE =
∑

k

δE

δnk
δnk +

1
2

∑

k1,k2

δ2E

δnk1δnk2

δnk1δnk2



fk1,k2 =
δ2E[nk]
δnk1δnk2

=
∑

l

flPl(cos θ)
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Simplest Case - Walecka Model
The contribution of the ω and σ meson to F0  

Landau Migdal Parameters 
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Landau Migdal Parameters with DD-Couplings

✦ Retain the full field theoretical structure until to the very end

✦ Variation with respect to the fields

F̂αβ =
δ2E[Φ, Ψ̄Ψ]

δρ̂αδρ̂β
= F̂αβ

0 + F̂ (r)αβ

δΦm = DmΓ̂mδρ̂ + ρ̂DmδΓ̂m
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Landau Migdal Parameters with DD-Couplings
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✦ Expand the interaction amplitudes around the ground state 
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Landau Migdal Parameters with DD-Couplings

✦ Retain the full field theoretical structure until to the very end

✦ Variation with respect to the fields

✦ Evaluate expectation values in the last step of the calculations
✦ Expand the interaction amplitudes around the ground state 

expectation value
✦ Density dependent vertex functionals 

F̂αβ =
δ2E[Φ, Ψ̄Ψ]

δρ̂αδρ̂β
= F̂αβ

0 + F̂ (r)αβ

δΦm = DmΓ̂mδρ̂ + ρ̂DmδΓ̂m
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Landau Migdal Parameters

Symmetric nuclear matter
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Landau Migdal Parameters
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Symmetry Energy
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Nuclear Response
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Nuclear Response

✦ Calculation of the response functions using RRPA

✦ Π=ΠD+ΠF
✦ ΠD : ph + part of NN excitations
✦ ΠF : vacuum polarization

✦ In Medium Correlations
✦ QP interaction
✦ Meson mixing

ΠAB = Π0
AB + Π0

ACVCDΠDB

Π0
A,B =

1
i

∫
d4p

(2π)4
Tr [ΓAG0(p + q)ΓBG0(p)]
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Nuclear Response

✦ Calculation of the response functions using RRPA

✦ Π=ΠD+ΠF
✦ ΠD : ph + part of NN excitations
✦ ΠF : vacuum polarization

✦ In Medium Correlations
✦ QP interaction
✦ Meson mixing

✦ Beyond RPA: 
✦ Calculation with dressed vertices from ab-initio calculations

ΠAB = Π0
AB + Π0

ACVCDΠDB

Π0
A,B =

1
i

∫
d4p

(2π)4
Tr [ΓAG0(p + q)ΓBG0(p)]
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Response Functions

ωmax ≈ q2

2M∗
N

Γ ≈ |q|kF /M∗
N

|q|=700 MeV

dynamic (correlations)static (self energies)

Medium Effects

|q|=700 MeV



d2σ

dωdΩ
= σM

[(
Q2

q2

)
RL(q, ω) +

(
Q2

2q2
+ tan2 θ

2

)
RT (q,ω)

]
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Comaring to Quaielastic Electron Scattering

✦ Local Density Approximation
✦ Self-consistent relativistic Thomas Fermi calculations 

used for the density distribution
✦ Include Nucleon Form Factors
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Results

|q|=410 MeV40Ca
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Results

|q|=550 MeV40Ca
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Results

48Ca

|q|=550 MeV
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Strange Nuclear Matter

nuclear dynamics

Nuclear Matter

Neutron Stars



N + N ↔ N + H + K

µ = bµN − qµe

∑

B

ρB · bB = const.

∑

i

ρi · qi = 0
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Structure and Layers

✦ Natural astrophysical laboratories to study 
the behavior of the EoS at high density. 

✦ Long-lived systems in β equilibrium

n↔ p + e− + ν̄e

Equilibrium conditions:

9-
12

 k
m

0.
8-

2 k
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hyperons
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Baryon number conservation:

Charge conservation:
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Particle Ratios
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EoS in beta equilibrium

Hyperons

energy density ε [MeV fm-3]

dP (r)
dr

= −G

r2

(P (r) + ε(r))(M(r) + 4πr3P (r))
1− 2GM(r)

r

dM(r)
dr

= 4πr2ε(r)

Tolmann-Oppenheimer-Volkoff  Equation
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EoS in beta equilibrium

Hyperons

energy density ε [MeV fm-3]

dP (r)
dr

= −G

r2

(P (r) + ε(r))(M(r) + 4πr3P (r))
1− 2GM(r)

r

dM(r)
dr

= 4πr2ε(r)

Tolmann-Oppenheimer-Volkoff  Equation

ΓαY = RαY · ΓαN

RωΛ = 0.48± 0.3

RσΛ =
2
3

RσΛ = 0.49

Hyperon Couplings

SU(3)f:

Microscopic Calculations:
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Solving the TOV Equation

RMF
+pions

DDRH
+Hyperons
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Conclusion
✦ From Free Space to In-Medium NN-interaction

✦ Effective density dependent NN-couplings from ab-initio calculations 
✦ Rearrangement contributions

✦ NN Residual Interaction
✦ Isospin dependent QP-interaction
✦ Consequences for the symmetry energy

✦ Response Functions
✦ RRPA and beyond
✦ Quasi-elastic electron scattering on nuclei sheds more light on the in-

medium effects of the NN-interaction
✦ Differences between microscopic and phenomenological calculation

✦ Neutron Stars
✦ β-equilibrium
✦ Calculation of the M/R relation with hyperons

nuclear 
dynamics

nuclear 
matter

astrophysics

EoSRRPA

QE-Scattering Neutron Stars
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