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Dissipative regimes in heavy-ion transport models :
in a nutshell, in practice, in progress
P. Napolitani IJCLab, Orsay

•main approximations & schemes •hints & tools •under construction
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HIC for the nuclear EOS and stars
HIC probe the nuclear interaction, the
nuclear EoS and give inputs to the
phenomenology of compact stars
(neutron stars, supernovae, mergers).

However, the link NM-lab-stars is indirect :

• even violent astrophysical scenarios are
slow compared to the nucl.interaction
relaxation time, while HIC timescales
reflect out-of-equilibrium processes
→ large-ampltude ρ fluctuations,

bulk instabilities.
⇒nucl.interaction leads to clusterisation

below ρsaturation and in unstable
conditions (negative incompressibility).
•HIC are open systems→ surface and

related instabilities to treat in addition.
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need of microscopic approaches

Nuclear dynamics, rather than focusing on
specific ending states, tracks the onset of
resonances, threshold phenomena, the
fragment/cluster-formation process as a
function of the properties of the medium,
i.e. pressure, baryonic density, energy
density, neutron excess.
→ suitable to explore NM-lab-stars link !

In practice, use HIC trasport models :
•no equilibrium assumption, still they

can describe equilibration processes
• able to associate n,p drifts to distinct

EOS-related mechanisms,
(e.g. symmetry energy versus
isospin transport coefficients)
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transport approaches for dissipative HIC with rare beams

FRIB energy-range challenge for
transport models [Sorensen PPNP 2024] :
• even the most catastrophic processes,

i.e. fragments and clusters formation,
must be linked to the EOS properties
⇒ thorough description of instabilities ;
•describe mean-field behaviour

together with (beyond-mean-field)
‘measurable’ correlation observables,
i.e chronology, femtoscopy correl.func.,
particle-particle velocity correl.
⇒understand and possibly dismiss

common approximations related to
the quantum n-body representation
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20 years ago (Texas A&M, WCI 2005), many ‘transporters’ in one shot
An early transport-model-comparison review→ Ono Randrup EPJA30 2006
More recently (TMEP project)→ Wolter Colonna et al. Prog.Part.Nuc.Phy. 2022

Typical viewpoint : mean-field vs molecular-dynamics fight !
Instead, two alternative viewpoints to proceed :
(1) applying successive approximations to a full n-body theory, or
(2) applying successive extensions (correlations) beyond one-body ...
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Viewpoint 1. Scheme of successive approximations, simple version

list from Wolter PPNP2022
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Viewpoint 1. Scheme of successive approximations, extended
Usual approximations :

single Slater
⇒deterministic

decoherence→ locality

Wigner transform
⇒quantum operators
→phase-space

simple-basis decomposition
(Gaussians)

non-orthogonal system
⇒ overlaps

freezing packet variances
⇒dismissing
non-local effects

quasiparticle lowest limit
⇒ e.g. BUU→QMD
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Viewpoint 2. successive extensions beyond one-body
• Splitting of a nuclear complex into fragments requires
large-amplitude dynamics, beyond pure MF equations

BBGKY (Born Bogoliubov Green Kirkwood Yvon) hyerarchy

for a 2-body interaction Vij :
iℏ ∂ρ1

∂t = [k1, ρ1] + Tr2[V12, ρ12]

iℏ ∂ρ12

∂t = [k1 + k2 + V12, ρ12] + Tr3[V13 + V23, ρ123] kinetic equations
high coupling

regimes

. . . . . .
iℏ ∂ρ1...k

∂t =
∑k

i=1[ki +
∑k

j<iVij, ρ1...k] +
∑k+1

i=1 Trk+1[Vik+1, ρ1...k+1]
. . . . . .
(ρ1...k=many-body dens. matrix, ki=Kin.E operator, Trij=partial trace)

beyond 2ndorder
− − − − −−−−→

bifurcations,
non-linear regimes,
chaos,
instabilities
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From (S)TDHF to BLOB
•Correlations beyond kinetic eq. approximately recovered

by handling several mean fields
→ generated from the action of a fluctuating seed on the one-body density
For one MF trajectory n in τBL :

Stochastic-TDHF scheme
averagecoll.term

iℏ
∂ρ(n)

1

∂t
≈ [k(n)

1 +V(n)
1 , ρ

(n)
1 ]+

︷︸︸︷
Ī(n)
coll+ δI

(n)
coll︸︷︷︸

fluctuatingcoll.term
←−after τBL,

it yields ρ(n)
1 →{ρ

(nλ)
1 ;λ=1, ...subλ}

[ Reinhard,Suraud AnnPhys 216 (1992) ; AnnPhys 355 (2015)
Lacombe,Reinhard,Suraud,Dinh AnnPhys 373 (2016) ]

−→

W
ig

ne
r

tr
.

Boltzmann-Langevin
f (n) : distribution functions
→Fermi stat.at equilibrium

∂f (n)

∂t
= {h(n), f (n)

} + I(n)
UU + δI

(n)
UU︸︷︷︸

←
−Markovian contrib. :

⟨δI(n)
UU(r,p, t)δI(n)

UU(r′,p′, t′)⟩=
= gain+loss = 2D(r,p; r′,p′, t′)δ(t−t′)

[ Ayik,Grégoire PLB212(1988) ; NPA513(1990)
Colonna,Chomaz,Randrup NPA567(1994) ]

•Diffusion coeff.D from Langevin term→
→ intermittent fluctuation revival and bifurcations

in the spirit of the Brownian motion τ
BLt

0 t
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BLOB collision term

←
−

Boltzmann-Langevin One Body [ Napolitani,Colonna PLB726 2013 ; PRC96 2017 ]

∂f (n)

∂t
− {h(n), f (n)

} = I(n)
UU + δI

(n)
UU = g

∫
dpb

h3

∫
W(AB↔CD) F(AB→CD) dΩ

transition rate occupancy
W(AB↔CD) = |vA−vB|

dσ
dΩ ; F(AB→CD) =

[
(1−fA)(1−fB)fCfD − fAfB(1−fC)(1−fD)

]
A,B,C,D : extended equal-isospin phase-space portions of size=nucleon
imposed by the variance f (1 − f ) in h3 cells at equilibrium

At each ∆t :
• one-body phase-space scanned
• redefinition of packets Ai,Bi
•Ntest-scaled probability W × F
accounts for initial/final states
⇒ stochastic kick
•modulation in shape of packets
⇒ strict Pauli

→ correct Fermi statistics
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Clusters and fragments emerging in open systems, instabilities
•most probable spinodal fragment size corresponds to the leading k
in NM, i.e. O to Ne, while heavier elements arise from recombination
due to mean-field resilience in isotropic systems.

•Open systems introduce a surface, ruled by the same interaction
term imposing UV cutoff for k, deformations and instabilities of
Plateau-Rayleigh type, depending on surface tension, local density
and temperature
•Clusters in BLOB are treated like the formation of any other heavier
fragment : they emerge naturally from potential ripples and are not
related to cluster-production cross sections.
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Example : BL description of surface and volume instabilities
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Example : BL description of combined drifts and sources of isospin-signals

• Stretched/expanded parts of the system experience density gradients
⇒ they are favored sites for isospin transport
⇒ isovector signals (equilibration, neck...)
⇒ study the form of S [Montoya et al. PRL73 (1994),
Baran et al. PRep410 (2005), Lionti et al. PLB625 (2005), DiToro et al. EPJA30 (2006),
B.A.Li et al. PRep464 (2008), Baran et al. PRC85 (2012), Hudan et al. PRC86 (2012),
De Filippo et al. PRC86 (2012), Brown et al. PRC87 (2013), Jedele et al. PRL118 (2017),
RodriguezManso et al. PRC95 (2017), A.B. McIntosh, S.J. Yennello PPNP108 (2019), A. Pagano et al., EPJA56 (2020)...

jn − jp ∝

migration︷     ︸︸     ︷
∂S(ρ)
∂ρ

I∇ρ+

diffusion︷ ︸︸ ︷
S(ρ)∇I

• If the ultimate fate is the disassembly of the system in a
phase-transition-like process, the isospin content of the fragments is
additionally affected by the phase separation (distillation).

Chomaz,Colonna,Randrup Phys.Rep.389 (2004) ; Müller,Serot PRC52 (1995)
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Example : BL description of sources of isospin-signals, densities
•we can associate both neck and sideways areas to iv-transport hotspots
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Microscopic tracking of cluster-/fragment-precursor properties
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BLOB ready-to-use modes

•dissipative heavy-ion collisions with fragment production, 10 to 400
AMeV P.Napolitani,M.Colonna PLB726 (2013) 382

•proton-nucleus (spallation) up to 1AGeV P.Napolitani,M.Colonna PRC92 (2015) 034607

•nuclear matter and very-large systems P.Napolitani,M.Colonna PRC96 (2017)

•properties of cluster- and fragment- precursors (before separation)

• light-charged particles and clusters from density fluctuations and
related density observables Napolitani Colonna PLB797 134833 (2019)

• improved handling for decay (no freeze-out approximation)
Napolitani Sainte-Marie Colonna PRC100 054614 (2019)

• tracking of isospin currents Colonna Baran Napolitani

• allows for several Skyrme interactions, including SAMI interactions
(including MDI)
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A new framework to dismiss some approximations, work in progress

A new framework
should be able to :
•Track wave-function
evolution (width, shape)
•Preserve nucleonic
correlations (avoiding
splitting of a WF
among two nuclei)
•Describe a large range
of energy regimes,
starting from low energy
• Improve stability

This is the sector to focus on :
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A new scheme to handle orthogonal wave-function dynamics

• fully orthogonal
scheme : one
Gaussian per
nucleon used as a
weighting function
to build a hierarchy
of Hermite modes
• obtain AMD / FMD
(with variational
widths) by
restricting to the
weighting function
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Test. Collisional dynamics in Ca40+Ca40
Knowing that,
•One-body density is not sufficient to build up N-N corr.
•No decoherence approximation was done
1) Mean-free path from collapsing at random two wave functions on their
one-body density distribution→ collision probability
2) centroids boosted like in a semiclassical approach, rotated, translated
3) Pauli : not from phase space occupancy but from the probability of
finding an orthogonal solution for the scattered states⇒new variances
and new level scheme

Blue : one external neutron
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Testing transport and cluster formation in OWFD
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Conclusions

FRIB energy-range challenge requires :

• thorough description of instabilities, fragment formation, clustering,
and their link to the EOS,

• to dismiss common approximations of the quantum n-body represen-
tation.

Among many other models...
BLOB is available and validated for several applications,
while OWFD is in progress.
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Hermite parameterization

φ = gn(⃗x) ·
∑

I
CI

norm HI

(
x−xn√
(2χn,x)

,
y−yn
√

(2χn,y)
, z−zn√

(2χn,z)

)
• I is a level superindex, e.g. Nmax = 6
→number of levels :

∑Nmax
k

(k+1)(k+2)
2

→|I| = 84

• built on the weighting function
gn(⃗x) = gx

n(x)gy
n(y)gz

n(z)

gx
n(x) =

(
1

2πχn

)1/4
e−ξn

(x−xi)
2

2 +ikn(x−xi)

with ξn =
1

2χn
− 2iγn

•γn =
σn

2χn
links the variational widths

• this set is orthogonal

•A collision term would act on the level
weights and numbers

very gentle situation
(without collisions)


