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Outline of the presentation
1 Theoretical approaches for nuclear many-body problem

Ab-initio vs phenomenological models based on energy density functionals (EDF)
Effective interaction and nuclear matter (NM) Equation of State (EOS)

2 Extended EDF-based models: recent developments and results

✏ Unified description of many-body correlations and clustering phenomena
Phenomenological models with clusters as explicit degrees of freedom (DOF)
Dynamics of dilute nuclear matter with light-clusters and in-medium effects

✏ Bridging phenomenological models with ab-initio approches
Effective field theory (EFT)-inspired EDFs for nuclear matter and nuclei
Bayesian inference of neutron stars within ab-initio-benchmarked meta-model

3 Further developments and outlooks
Consistent description of fragmentation mechanisms in heavy-ion collisions (HICs)
Joint Bayesian analyses combining nuclear structure and HIC studies
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Unified description of clustering and correlations
Dynamics of dilute nuclear matter with light clusters

Theoretical approaches for many-body problem

Ab-initio approaches based on many-body expansion
Realistic or effective field theory (EFT) interactions
⇒ Diagrammatic hierarchy (power counting)

Phenomenological models with effective interaction

Self-consistent mean-field (MF) approximation
Fit of parameters to reproduce various data

Energy Density Functional (EDF)

Bridging EDFs & ab-initio

� No clusters at low-density
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Unified description of clustering and correlations
Dynamics of dilute nuclear matter with light clusters

Clustering phenomena & in-medium (Mott) effect

Phenomenological EDF with clusters DOF
Dilute NM → mixture (nucleons & nuclei)
[S. Typel et al., PRC 81, 015803 (2010)]

Pauli-blocking (Mott) effect ⇒ cluster dissolution
Microscopic in-medium effects
(Effective) binding energy → Beff = B −∆m

∆m(low) from in-medium Schrödinger equation (SE)
[G. Röpke, NPA 867 (2011) 66–80]

Parameterization ∆m(ρ, β,T ,Pc.m.) ⇒ heuristic ∆m(high) beyond Mott density
Bound clusters survive only if |Pc.m.| > PMott (Mott momentum)
Few-body short-range correlations (SRCs) [S. Burrello, S. Typel, EPJA 58, 120 (2022)]
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Clusters as surrogate for SRCs in extended EDFs
Unified mass-shift parameterization for bound d / np SRCs (ρB ≶ ρMott)

∆md (x) =
ax

1 + bx
+ cxη+1 [1 − tanh (x)] + fx tanh (gx), x =
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Modeling HICs with EDF-based transport models
Modeling dynamics of HIC at Ebeam ≈ (30 − 300)AMeV ⇒ EOS

Boltzmann–Uehling–Uhlenbeck (BUU) equation for the distribution function fτ

(∂t +∇pετ · ∇r −∇rετ · ∇p) fτ = I collτ [fn, fp , . . . ], τ = n, p, d , t, h, α

Extended kinetic (transport) approaches ⇒ Light clusters & in-medium effects
Solving in-medium SE ∀ (r, t) point (computationally very demanding)
Phase-space excluded-volume approach

⟨fτ ⟩ν(P) ≡
∫

dp
(2πℏ)3

f tot
τ (p)|ϕ̃ν,P(p)|2 < F cut

A

ϕ̃ν,P ≡ free-space 1-body probability (Gaussian) distribution
f tot
τ ≡ total phase-space occupation of the medium

(including contributions from light clusters)

Cut-off momentum PMott
j ≡ Λj (ρb, β, T)

ρj = gj

∫
|p|>Λj

dp
(2πℏ)3

fj j = cluster

Chemical equilibrium ⇒ mass fractions Xj =
Ajρj
ρB
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Fragment formation mechanisms in HICs

Kinetic approaches for HIC at intermediate energies

No consistent light & heavier fragments production

Spinodal instability ⇒ Mean-field (Vlasov) dynamics
(∂t +∇pετ · ∇r −∇rετ · ∇p) fτ = 0
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Unified description of clustering and correlations
Dynamics of dilute nuclear matter with light clusters

Fragment formation mechanisms in HICs

Kinetic approaches for HIC at intermediate energies

No consistent light & heavier fragments production

Spinodal instability ⇒ Mean-field (Vlasov) dynamics
(∂t +∇pετ · ∇r −∇rετ · ∇p) fτ = 0

Question

Does the light clusters formation
(during the compression phase)
affect the spinodal instability
(in the expansion stage)?
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Linearized Vlasov equations for NM+deuterons
Linear response to collision-less Boltzmann ⇒ linearized Vlasov equations for NMd

∂t
(
δfj

)
+∇r(δfj )·∇pεj−∇pfj ·∇r(δεj ) = 0 ⇒ δρj = −χj

∑
l

(
F jl

0 + F̃ jl
λ

)
δρl − δjd

∑
l Φ

dl
λ δρl

Single-particle energy εj ≡
δE

δfj (p)
(from EDF E = K+ U)

εj =
p2

2mj
+ Uj + ε̃λj (ε̃λj ∝ Φdj

λ ∼
∂Λd

∂ρj
)

Momentum-independent Skyrme-like interaction (= for bound and free nucleons)

U =
A

2
ρ2
b

ρ0
+

B

α+ 2
ρα+2
b

ρα+1
0

+
C(ρ)

2
ρ2
3

ρ0
+

D

2
(∇rρb)

2 −
D3

2
(∇rρ3)

2

Density-dependent (Mott) momentum cut-off ⇒ extra-terms in both δρj and εj

ρj = gj

∫
|p|>Λj

dp
(2πℏ)3

fj j = n, p, d → δρj (r, t) = gj

∫
|p|>Λj

dp
(2πℏ)3

δfj−δjd
∑

l=n,p,d

Φdl
λ δρl

Φdl
λ ̸= 0 ⇒ adding in-medium effects for cluster appearance/dissolution in dynamics

Landau procedure
(
F jl

0 ∼
∂Uj

∂ρl
, F̃ jl

λ ∼
∂ε̃λj

∂ρl

)
for δfj ∼

∑
k

δf k
j e i(k·r−ωt)

S. Burrello Refining EDFs for nuclear reactions & neutron stars



Phenomenological EDF models & nuclear matter EOS
Bridging ab-initio approaches & phenomenological EDFs

Unified description of clustering and correlations
Dynamics of dilute nuclear matter with light clusters

Spinodal with light-clusters & Mott effect

Solving linearized Vlasov equations for symmetric NM (SNM) ⇒ ω = ω(k)

δρj = −χj
∑

l

(
F jl

0 + F̃ jl
λ

)
δρl − δjd

∑
l Φ

dl
λ δρl

ω = Im(ω) ⇔ unstable mode (spinodal region)
[R. Wang, S. Burrello, M. Colonna, F. Matera, PRC 110, L031601 (2024)]

ω = 0 (χj = 1) ⇒ border Direction of instability: δρS

δρd
(ρS = ρn + ρp)
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Inferring EOS: nuclear & astrophysical constraints

Modeling EOS for compact stars

Insights on neutron stars (NS) from observations
Understanding nuclear structure and reactions
Joint analyses with HICs

Bayesian inference of most NS macroscopic observables
Leading role of high-density core EOS
Agnostic formulation ⇒ mismatch with microscopics

Description of low-density EOS & NS crust
Simulations of proto-NS cooling processes
Precise determination of NS radii
Understanding the origin of pulsar glitches

× Model dependence in bulk and cluster matter
× Uncertainty in crust-core (CC) transition

⇒ Need for unified modelization of core & crust

[G. F. Burgio, PPNP 120, 103879 (2021)]
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Unified EOS: phenomenological meta-model
Unified crust-core models based on EDFs ⇒ meta-modeling (MM) approach
[J. Margueron et al., PRC 97, 025805 (2018)]

eMM(nB, δ) = t∗FG(nB, δ) + vMM(nB, δ) δ = (nn − np)/nB

Isoscalar (IS) & isovector (IV) expansion around SNM saturation nsat

✓ Truncation for N = 4 (Esat, Ksat, Qsat, Zsat & Esym, Lsym, Ksym, Qsym, Zsym)

vN
MM =

N∑
α=0

1
α!

(
v IS
α + v IV

α δ2
)
xα, x =

nB − nsat

3nsat

� Span over EDFs existing in literature

� Probe of novel nB-dependencies

� Pure neutron matter (PNM) at low-nB
∼ unitary Fermi gas (FG) ⇒ Lee-Yang

eB

tFG
= 1+

10
9π

(akF )+
4

21π2 (11−2 ln 2)(akF )2+...

⇒ microscopic ab-initio calculations
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EFT-inspired EDFs for nuclear matter & nuclei

EFT-inspired EDFs: YGLO [C.J. Yang, M. Grasso, D. Lacroix, PRC 94, 031301 (2016)]

eY(nB, δ) = tFG(nB, δ)+vY(nB, δ) vY(nB, δ) =
1
nB

[
VY

SNM +
(
VY

PNM − VY
SNM

)
δ2

]
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VY
i = Yi[nB]n

2
B + Din

8/3
B + Fin

α+2
B

Yi[nB] =
Bi

1 − Rin
1/3
B + Cin

2/3
B

Bi =
2πℏ2

m

νi − 1
νi

ai

Ri =
6

35π

(
6π2

νi

)1/3

(11 − 2 ln 2) ai

(νi = 2, 4 for PNM, SNM)

Newly devised parameterization⇒YGLO (MU)
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Ab-initio-benchmarked meta-model: Y-MM
Y-MM ⇒ smooth interpolation of MM with YGLO (MU) at low-density

Smooth-step transition function ηMM
χ :

[
nχ
B, n

MM
B

]
→ [0, 1]

eB(nB, δ) = eY(nB, δ)
(
1 − ηMM

χ

)
+ eMM(nB, δ)η

MM
χ

[S. Burrello, F. Gulminelli, M. Antonelli, M. Colonna, A. Fantina, Phys. Rev. C 112, 035802 (2025)]
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nB < nχ
B = 0.02 fm−3 only Monte-Carlo (or Brueckner) calculations exist
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B ≤ nB < nMM

B uncertainties on 3-body forces of χEFT

nB ≥ nMM
B empirical MM, with nMM

B ≤ nsat variable final endpoint
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Bayesian analysis: (informed) prior & posterior
Bayes’ principle: by filtering prior ⇒ posterior probability density functions (PDF)

ppost(X) = C wEFT(X)wIP(X) e−χ2(X)/2 pprior(X)

[S. Burrello, F. Gulminelli, M. Antonelli, M. Colonna, A. Fantina, Phys. Rev. C 112, 035802 (2025)]

Prior: flat distributions f (Xk ) in empirical [Xmin
k ,Xmax

k ]

pprior(X) =

2(N+2)∏
k=1

f (Xmin
k ,Xmax

k ;Xk )

Filters always active ⇒ “Informed” prior (IP)
Likelihood (exp) filter ⇒ χ2 fit of nuclear masses

EOS stability
(

∂PB
∂nB

≥ 0
)

Sound speed 0 < cs < c

Mmax ≳ 1.97M⊙

Toggled wEFT strict band filtera in [nχ
B, 0.20] fm−3

⇒ Probe its effectiveness on (Y-)MM

a[S. Huth et al., Nature 606, 276 (2022)] with ±5% margin

Xk Xmin
k Xmax

k

nsat [fm−3] 0.15 0.17
Esat [MeV] -17 -15
Ksat [MeV] 190 270
Qsat [MeV] -1000 1000
Zsat [MeV] -3000 3000
Esym [MeV] 26 38
Lsym [MeV] 10 80
Ksym [MeV] -400 200
Qsym [MeV] -2000 2000
Zsym [MeV] -5000 5000
m∗

sat/m 0.6 0.8
∆m∗

sat/m 0.0 0.2
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Isovector empirical parameters: Esym and Lsym

IP filters weakly constraint Esym & Lsym

EFT filter crucial to constraint Esym ≈ 30 MeV

Y-MM reduces dispersion & shifts PDF to stiffer EOS
(Lsym ≈ 51 MeV)
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Crust-core transition density nCC and pressure PCC
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Crustal fraction of the moment of inertia Icrust/I

Key role for interpreting glitch activity

Slow-rotation approximation
(

Ω2R3

GM
≪ 1

)
Icrust

I decreases while increasing M

⇒ enhanced role of crust in lighter NS

Y-MM distributions shifted upward
⇒ lower Icrust

I values are ruled out

Negligible crustal entrainment ⇒ Icrust
I > GVela ≈ 1.6% (wide range of M/M⊙)
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Neutron star EOS: MM vs Y-MM

Y-MM reduces MM crust-uncertainties
(ρB ≲ 5 · 1013 g/cm3)

Distinct behavior in outer layers
(ρB ≲ 5 · 1012 g/cm3)

Overlapping at supra-saturation
(ρB > 3 · 1014 g/cm3)

Widening of blue bands at saturation
(ρB ≃ 2 · 1014 g/cm3)

Model Post [%]

MM 0.31

Y-MM (nMM
B =0.10 fm−3) 0.36

Y-MM (nMM
B =0.12 fm−3) 0.74

Y-MM (nMM
B =0.14 fm−3) 1.33

Y-MM (nMM
B = nsat) 2.38

S. Burrello Refining EDFs for nuclear reactions & neutron stars



Phenomenological EDF models & nuclear matter EOS
Bridging ab-initio approaches & phenomenological EDFs

EFT-inspired EDFs for nuclear matter & nuclei
Bayesian inference of NS EOS & crustal observables

Outline of the presentation
1 Theoretical approaches for nuclear many-body problem

Ab-initio vs phenomenological models based on energy density functionals (EDF)
Effective interaction and nuclear matter (NM) Equation of State (EOS)

2 Extended EDF-based models: recent developments and results

✏ Unified description of many-body correlations and clustering phenomena
Phenomenological models with clusters as explicit degrees of freedom (DOF)
Dynamics of dilute nuclear matter with light-clusters and in-medium effects

✏ Bridging phenomenological models with ab-initio approches
Effective field theory (EFT)-inspired EDFs for nuclear matter and nuclei
Bayesian inference of neutron stars within ab-initio-benchmarked meta-model

3 Further developments and outlooks
Consistent description of fragmentation mechanisms in heavy-ion collisions (HICs)
Joint Bayesian analyses combining nuclear structure and HIC studies

4 Summary
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Final remarks and conclusions

Main topic

Extending EDFs including clusters as explicit DOF and Mott effect

Bridging phenomenological models with microscopic ab-initio approches

Main results

Validation of phase-space excluded-volume approach against in-medium SE

Role of clusters on SNM spinodal instability and fragmentation dynamics

Low-density refinement through benchmark on ab-initio PNM calculations

Bayesian inference of crustal observables with reduced uncertainties

Further developments and outlooks

Implementation of light clusters & Mott effect in transport simulations

Joint analyses with also nuclear structure & HICs for tighter bounds on EOS

S. Burrello Refining EDFs for nuclear reactions & neutron stars



Phenomenological EDF models & nuclear matter EOS
Bridging ab-initio approaches & phenomenological EDFs

EFT-inspired EDFs for nuclear matter & nuclei
Bayesian inference of NS EOS & crustal observables

Final remarks and conclusions

Main topic

Extending EDFs including clusters as explicit DOF and Mott effect

Bridging phenomenological models with microscopic ab-initio approches

Main results

Validation of phase-space excluded-volume approach against in-medium SE

Role of clusters on SNM spinodal instability and fragmentation dynamics

Low-density refinement through benchmark on ab-initio PNM calculations

Bayesian inference of crustal observables with reduced uncertainties

Further developments and outlooks

Implementation of light clusters & Mott effect in transport simulations

Joint analyses with also nuclear structure & HICs for tighter bounds on EOS

THANK YOU FOR YOUR ATTENTION!
S. Burrello Refining EDFs for nuclear reactions & neutron stars


	Phenomenological EDF models & nuclear matter EOS
	Unified description of clustering and correlations
	Dynamics of dilute nuclear matter with light clusters

	Bridging ab-initio approaches & phenomenological EDFs
	EFT-inspired EDFs for nuclear matter & nuclei
	Bayesian inference of NS EOS & crustal observables


