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Motivation for studying
dense matter



▪ The state of matter at high densities remains a
mystery (quark-gluon plasma, hyperons, color
superconductivity, …)

▪ QCD is perturbative but above ~40nsat !!
▪ No theory, only models apply in the regime of low-

T and large densities.
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The status of QCD dense matter
Adam Mann, 2020

A. Yu. Kotov, 2019

▪ The remnant of massive dead stars
▪ Densest matter in the universe: 6-8

times saturation density !
▪ Excellent laboratory to study dense

matter
▪ Their core remains a mystery



Why relativistic models ?
Many models for nuclear matter exist, with chiral effective theory being one of them: a perturbative expansion in 
( Τ𝑞 Λ) with a hierarchy of leading orders
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Advantages

• A control of the 
uncertainty as a function
of Τ𝑞 Λ , allowing to set 
the limitation of the EFT

Limitations

• Breaks down at ~ 1-2nsat, 
whereas we need to 
describe nuclear matter 
at higher densities

Needs a complementary 
approach to describe higher 

densities (piecewise 
polytropes, sound-speed 
model, meta-model, etc)

At high density, we need a relativistic approach since the sound speed in NS cores is expected to be larger than 10% of 
the light speed, as confirmed by analyses of recent radio as well as X-ray observations from NICER of massive NSs.

Advantages

• Built-in relativistic structure 
(spin, spin-orbit potential…) + 
can go beyond 2nsat

Limitations

• No simple way to decide 
where the model breaks 
down, or to quantify the 
uncertainties.

We thus employ Bayesian 
statistics to explore the relation 

between observables 
uncertainties and the one in the 

model predictions
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Aspects of the Strong 
Interactions

Motivation for studying dense matter



1) Chiral symmetry

▪ At the limit of zero quark masses (u,d), QCD has a chiral symmetry (non-interacting
quarks with opposite parity are indistinguishable and do not couple to each other)

▪ Had the chiral symmetry been realised in nature, we would have observed for each
meson, a partner meson with the SAME mass but opposite parity => the symmetry
is broken
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The radial component of the chiral field corresponds
to the σ meson of Walecka, first identified by
Chanfray, Ericson, Guichon (PRC 63 (2001)), and the
phase component corresponds to the massless
Goldstone boson, the pion

But since the quarks have a small mass, the symmetry
is also explicitly broken and the pion acquires a small
mass!



2) Confinement

• It is well established that in QCD, only colour neutral objects can be observed

• Nucleons, being made of quarks and gluons, are polarised by external fields

• In Guichon’s work (Guichon, Phys. Lett. B 200 (1988)), the quarks wave functions get
modified by the scalar field => the nucleon mass depends on the surrounding scalar
field:

• We parametrize the nucleon mass as [1,2]:
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Nucleon
polarisation

The response parameters gs and 
𝜅NS might be given by an 
underlying confining model 
(for example NJL + confining
potential)

[1] Chanfray and Ericson, EPJA (2005)
[2] Chanfray and Ericson, PRC75 (2007)
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The Chiral confining
model

Motivation for studying dense matter

Aspects of the Strong Interactions

1. Chamseddine, Margueron, Chanfray, et al. Relativistic Hartree–Fock chiral Lagrangians with confinement, nucleon finite size and 
short-range effects.    EPJA59 (2024)

2. Chamseddine, Margueron, Hansen, Chanfray, Hartree-Fock Lagrangians with a Nambu-Jona–Lasino scalar potential.    EPJA60 (2024)
3. Chanfray, EPJA  (2024),
4. Chanfray, Ericson, Martini, Universe 9.7 (2023)
5. Massot, Chanfray, PRC78 (2008)
6. Chanfray and Ericson, PRC75 (2007)
7. Chanfray and Ericson, EPJA (2005)



LQCD and confining models
𝜅NS, or the dimensionless constant 𝐶𝑁𝑆= (𝜅NS 𝐹𝜋

2/2MN), is expected by realistic
confining potentials to always be smaller than one : MIT bag model, Simple
models[1], QCD connected chiral confining model[2]

▪ It is possible to link gs and 𝜅NS to LQCD which expresses the nucleon mass as:

▪ When using the Linear Sigma Model (LσM) for the chiral potential, we get [3]:
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𝑎2 =
𝐹𝜋𝑔𝑠

𝑚𝑠
2 𝑎𝑛𝑑 𝑎4 = −

𝐹𝜋𝑔𝑠

2𝑚𝑠
4 (3 − 2

𝑀𝑁

𝑔𝑠𝐹𝜋
𝐶𝑁𝑆)

[1] Chanfray and Ericson, PRC83 (2011)
[2] Chanfray, Ericson, Martini, Universe 9.7 (2023)
[3] Chanfray and Ericson, PRC75 (2007)



Parameterisation
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4 free parameters :
𝑚𝑠, 𝑔𝑠, 𝑔𝜔 , 𝐶

Tensor interaction coupling 𝜅𝜌:

▪ 𝜅𝜌 = 6.6 suggested by scattering data

▪ 𝜅𝜌 = 3.7 suggested by the Vector 

Dominance Model (VDM)
▪ 𝜅𝜌 = 0 as a reference case
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Chamseddine, M. et al  EPJA59 (2024)
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Finite nuclei

Motivation for relativistic models

Aspects of the Strong Interactions

The Chiral Confining model



• DIRHBS code (Computer Physics Communications Volume 185, 
Issue 6, June 2014, Pages 1808-1821 ) T. Nikšić et al

• Pairing is included (separable the Gogny force D1S)

• Hartree level only (direct terms)
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Spherical nuclei



• DIRHBS code (Computer Physics Communications Volume 185, 
Issue 6, June 2014, Pages 1808-1821 ) T. Nikšić et al

• Pairing is included (separable the Gogny force D1S)

• Hartree level only (direct terms)
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Spherical nuclei



Single Particle Energies
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Conclusions and outlooks

Motivation for relativistic models

Aspects of the Strong Interactions

The Chiral Confining model

Finite nuclei



Conclusion
▪ We managed to propose a model with properties from QCD anchored at the fundamental level

▪ The model presents reasonable predictions for nuclear structure (binding energies, charge 
radii,…) at the RMF level, however the spin-orbit potential is too weak which leads to uncorrect
predicitons for SPE

▪ At the Hartree level, the pion does not contribute, nor does the tensor interaction of the rho 
meson, important contributors to the spin-orbit
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Outlooks
▪ Exploring high densities by connecting the model to a quark phase via some phase transitions

▪ Including Fock terms, and see whether it can solve the single particle energies problem by boosting 
the spin-orbit potential
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THANK YOU ! 
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Extra slides



NS observables
▪ We solve the hydrostatic equations 

in GR for spherical and nonrotating 
stars (TOV equations).

▪ One-to-one correspondence 
between EoS and M-R curve

▪ We can extract tidal 
deformabilities from gravitational 
waves (LIGO/VIRGO) or 
compactness from X-ray 
measurements (e.g NICER)
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Contact term problem and SRCs

The pion term and rho tensor have a derivative coupling which
induces a UV divergence:

V(q) =   
𝑞2

𝑞2+𝑚2 = 1 −
𝑚2

𝑞2+𝑚2
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Contact term (hard core)
➔ can be suppressed by SRC

Normal Yukawa
potential

(attractive)



▪ The model being an effective one, doesn’t have a good resolution at
short ranges ( 𝑞~𝑀𝑁), where we expect it to start to break

▪ Short range effects should be treated by hand, but maintaining as
much as possible a connection with underlying microscopic
descriptions

▪ We use form factors (FF) for nucleon finite size, and the Jastrow
function approach for SRC to simulate the G-matrix: the mesons’
propagators are convoluted with a correlation function forbidding
the presence of 2 nucleons at the same point
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Improvement of the chiral confining model



Improvement of the chiral confining model

▪ FF + Jastrow ansatz
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𝑉𝐴 = 1 −
𝑚2

𝑞2 +𝑚2

can be treated in different ways:

▪ «Orsay» prescription:

▪ Form factors

𝑉𝐵 = −
𝑚2

𝑞2 +𝑚2

𝑉𝐶 = 𝑉𝐴𝐹
2 𝑞 = 𝑉𝐴(𝑞)

Λ2

Λ2 + 𝑞2

2

𝑉𝐷 = 𝑉𝐶 𝑞 − 𝑉𝐶 𝑞2 → 𝑞2 + 𝑞𝑐
2

In this case, the repulsive short range component of the pion 

disappears and is attractive, which is not really physical.

Chamseddine, M. et al  EPJA59 (2024)



Landau and Dirac effective masses
• From the Dirac equation we extract a

Schrödinger equivalent potential 𝑉𝑒𝑞

• The group velocity 𝑣𝑔 is defined as the
physical velocity of the wave packet
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With

Chamseddine, M. et al  EPJA59 (2024)
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Pairing
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• Since the calculations involving the finite-range Gogny

force in the pairing channel require considerable 

computational effort, a separable form of the Gogny force 

has been introduced for RHB calculations in spherical and 

deformed nuclei

• The force is separable in momentum space, and is com-

pletely determined by two parameters that are adjusted to 

reproduce the pairing gap of the Gogny force in symmetric 

nuclear matter

• The two parameters G and a have been adjusted to 

reproduce the density dependence of the gap at the Fermi 

surface, calculated with a Gogny force (D1S 

parameterization)
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