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Where do these clusters form?

in http://essayweb.net/astronomy/blackhole.shtml

NS mergers

scenarios where these clusters are important:
supernovae, NS mergers, (crust of) neutron stars

in https://www.ligo.org/detections/GW170817.php 
Credit: Soares-Santos et al. and DES Collab
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Why are these clusters important?

• They influence supernova properties: the clusters can 
modify the neutrino transport, affecting the cooling of 
the proto-neutron star and/or binary and accreting 
systems. 

•Transport coefficients are determined by the collision 
rates of electrons and/or neutrinos with clusters, which 
depend on the cluster abundances and sizes. 

•In binary mergers, the recombination of free nucleons 
into alpha particles can generate enough energy to 
induce mass outflows.
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Figure 5. The symmetry energy S(⇢) as a function of den-
sity ⇢ for all the EOS. The constraints on the symmetry
energy from IAS Danielewicz & Lee (2014) is also displayed.

Figure 6. NS mass-radius curves for all the twenty-one mod-
els with unified crust. The gray regions indicate the 90%
(light) and 50% (dark) credible intervals (CI) constraints
from the binary components of GW170817. The 1� (68%)
CI for the 2D posterior distribution in the mass-radii do-
main for the millisecond pulsar PSR J0030 + 0451 (cyan
and green) Riley et al. (2019); Miller et al. (2019) as well
as the PSR J0740 + 6620 (pink) Riley et al. (2021); Miller
et al. (2021) from the NICER x-ray data are also shown.
Additionally, we show the constraint obtained from HESS
J1731-347 for 68.3% (95.4%) CIs in dashed dark red (solid
dark red) Doroshenko et al. (2022).

Figure 7. The mass-tidal deformability relationship of neu-
tron stars has been determined by taking into account all
equations of state with a unified crust. The blue band indi-
cates the tidal deformability for a mass ratio of q = 1 or for a
neutron star of 1.36M� that was part of the binary neutron
star event GW170817 Abbott et al. (2018).

90% CI is below 720. We conclude that only six EoS do
not satisfy this constraint (EoS 1, 2, 3, 4, 5 and 21). In
Fig. 8, the dimensionless tidal deformability parameters
of both stars of the binary neutron star merger of the
GW170817 event, ⇤1 and ⇤2, are plotted for all the 21
RMF EoSs, taking into account the observed chirp mass
Mchirp = 1.186 M�, and compared with the data from
the GW170817 event. The orange line (solid for 90%
confidence and dashed for 50% confidence) indicates the
confidence intervals obtained in Abbott et al. (2017b),
while the blue shaded area highlights the marginalized
posterior derived from a parameterized EoS imposing a
maximum mass stipulation of 1.97 M� by the LVC Ab-
bott et al. (2019). Within the blue region, the solid and
dashed lines depict 90% and 50% confidence intervals,
respectively (see Abbott et al. (2019)). Considering the
marginalized posterior at 90% CI only two EoS do not
satisfy the constraints, EoS 1 and 5.
In Table 4, we summarize the NS properties of the 21

EoS, in particular we give the maximum mass Mmax ,
the radius of the maximum mass star Rmax, the radius
for a 1.4 solar mass neutron star R1.4, the radius for
a 2.08 solar mass neutron star R2.08, the dimensionless
tidal deformability for a 1.4 solar mass neutron star ⇤1.4,
the square of the speed of sound c2

s
, the central bary-

onic density ⇢c, the dUrca onset density ⇢dUrca, and the
NS mass where nucleonic dUrca processes open, MdUrca.

Describing neutron stars

Solution: Need Constraints (Experiments, Observations, 
Microscopic calculations)

Many EoS models in literature, like e.g. 
phenomenological models, whose 
parameters are fitted to nuclei properties, 
such as RMF, or Skyrme.


GW170817

PSR J0030+0451

PSR J0740+6620

4

TOV

M(R)
Malik et al, A&A 689 A242 (2024)

HESS J17311-347

EoS, i.e. P(E) for a given 
density and temperature:

check CompOSE: 
https://compose.obspm.fr/



No effect on Mmax, but effect on the radius! 

a) effect of pasta: b) effect of different inner crust EoS

 with L close to core EoS:

The error on the determination of the radius is negligible 
for all masses.
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For 1.4M⊙ stars, the RMF models that passed the experimental and observational 
constrains predict R=13.6 ± 0.3 km, with a crust thickness of ∆R=1.36 ± 0.06km.

Why are these phases important?
• They are present in the NS inner crust, and they do have an effect in the 

NS radius, but not in the NS maximum mass: 



Choosing the EoS(s)

Solution:Choose 1 EoS for each NS layer:


•Outer crust EoS (BPS, HP, or RHS, …)   
•Inner crust EoS  
•Core EoS

M(R) not affected
pasta phases ? unified core EoS ?

homogeneous matter

•Match OC EoS at the neutron 
drip with IC EoS 

•Match IC EoS at crust-core 
transition with Core EoS 

and then

How to build the EoS for different star regions, Ts?Problem:

6
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FIG. 1: Mass versus radius (left) and crust thickness lcr versus
mass (right) for the relativistic mean field model GM1, using
different matching procedures (see text).

crustal vibrations and the maximum quadrupole elliptic-
ity sustainable by the crust [42].
The differences between matchings are much smaller if

the NL3ωρ core EOS is considered, because this model
has nuclear matter saturation properties similar to the
ones of the Sly4 parametrization [14] used in the DH
EOS.

B. Thermodynamic consistency

Two basic methods can be used in order to match
two EOS for the crust and the core: the first based
on the P (n) relation and the second on the P (ρ) function.

The first method consists in treating the baryon num-
ber density as an independent variable. Consider an EOS
for the crust, Pcr(n) and ρcr(n), and another one for the
core, Pco(n) and ρco(n).
Let us assume that the matching region lies between

two densities, n1 and n2 > n1. First let us build the
matched P (n) function. For n < n1, P (n) = Pcr(n) and
for n > n2, P (n) = Pco(n). In the matching region,
one can assume a form (usually linear or logarithmic) for
the function P (n) such that P (n1) = P1 = Pcr(n1) and
P (n2) = P2 = Pco(n2).
Then one needs to build the function ρ(n). For n < n1,

ρ(n) = ρcr(n). Let us define the chemical potential at the
density n1: µ1 = (P1 + ρcr(n1))/n1. By imposing ther-
modynamic consistency the value of chemical potential
µ at a density n in the matching region can be derived
using the P (n) relation:

µ(n) = µ1 +

∫ n

n1

dP (n)

n
. (6)

R1 ∆R1 R1.4 ∆R1.4 lcr1 ∆lcr1 lcr1.4 ∆lcr1.4

GM1

unified 13.71 - 13.76 - 1.62 - 1.09 -

n = 0.01 13.86 1.09 13.86 0.73 1.78 9.88 1.19 9.17

nt 14.12 2.99 13.92 1.16 1.64 1.23 1.10 0.92

n0 13.61 -0.73 13.70 -0.44 2.04 25.93 1.36 24.77

0.5n0 − n0 13.96 1.82 13.92 1.16 2.00 23.46 1.33 22.02

0.1n0 − nt 14.27 4.08 14.12 2.62 2.18 34.57 1.44 32.11

Max. diff. 0.66 - 0.42 - 0.56 - 0.35 -

NL3

unified 14.54 - 14.63 - 1.91 - 1.30 -

n = 0.01 14.78 1.65 14.78 1.03 2.15 12.57 1.45 11.54

nc 14.97 2.96 14.91 1.91 2.35 23.04 1.58 21.54

nt 14.96 2.89 14.90 1.85 2.34 22.51 1.57 20.77

n0 14.00 -3.71 14.26 -2.53 2.02 5.76 1.42 9.23

0.5n0 − n0 14.47 -0.48 14.57 -0.41 2.17 13.61 1.50 15.38

0.1n0 − nt 15.09 3.78 14.97 2.32 2.46 28.80 1.65 26.92

Max. diff. 1.09 - 0.71 - 0.55 - 0.35 -

NL3ωρ

unified 13.42 - 13.75 - 2.02 - 1.43 -

n = 0.01 13.51 0.67 13.81 0.44 2.11 4.46 1.49 4.20

nc 13.5 1.12 13.85 0.73 2.18 7.92 1.53 6.99

nt 13.5 0.60 13.8 0.36 2.1 3.96 1.48 3.50

n0 13.49 0.52 13.8 0.36 2.1 3.96 1.48 3.50

0.5n0 − n0 13.51 0.67 13.81 0.44 2.11 4.46 1.49 4.20

0.1n0 − nt 13.49 0.52 13.8 0.36 2.1 3.96 1.48 3.50

Max. diff. 0.15 - 0.10 - 0.16 - 0.10 -

TABLE I: NS radii R1 and R1.4 (in km) and crust thicknesses
lcr1 and lcr1.4 (in km) for masses of 1.0 and 1.4 M⊙ for differ-
ent matchings between the core and the crust. ∆x (in %) for
a given quantity x corresponds to the relative difference be-
tween the value of x for unified EOS and the one for a given
matching. Three functionals are considered: NL3, NL3ωρ
and GM1.

Finally the matched mass-energy density is

ρ(n) = nµ(n)− P (n). (7)

However this technique generally leads to thermody-
namic inconsistency: the value of chemical potential µ2

at the density n2 obtained from Eq. (6) differs from the
one given by the core EOS: µco(n2) = (P2 + ρco(n2))/n2.
As a consequence ρ(n2) given by Eq. (7) is different from
ρco(n2). In order to get a thermodynamically consistent
EOS for n > n2 one has to add a constant value (a mass-
energy shift):

∆µ = µ(n2)− µco(n2) (8)

to the chemical potential in the core. Then the mass-
energy density ρ(n) for n > n2 is

ρ(n) = ρco(n) + n∆µ. (9)

Fortin et al, PRC 94, 035804 2016



•The SN EoS should incorporate: all relevant clusters, (mean-field) 
interaction between nucleons and clusters, and a suppression 
mechanism of clusters at high densities.


•Different methods: nuclear statistical equilibrium, quantum statistical 
approach, and


•RMF approach: clusters as new degrees of freedom, with effective 
mass dependent on density.


• In-medium effects: cluster interaction with medium described via the 
meson couplings, or effective mass shifts, or both


•Constrains are needed to fix the couplings:

low densities: Virial EoS

high densities: cluster formation has been measured in HIC


Supernova EoS with light clusters
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Non-linear Walecka Model

nucleons
electrons

non-linear mixing coupling

Li =  ̄i [�µiD
µ �M⇤] i

Le =  ̄e [�µ (i@
µ + eAµ)�me] e

L� =
1

2

✓
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µ��m2
s�

2 � 1
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12
��4

◆

L! = �1

4
⌦µ⌫⌦

µ⌫ +
1

2
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vVµV
µ +

1

4!
⇠g4v(VµV

µ)2

L⇢ = �1

4
Bµ⌫ ·Bµ⌫ +

1

2
m2

⇢bµ · bµ

non-linear mixing coupling term: 
responsible for density dependence of 

Esym

mesons: mediation of nuclear force

mesons

2

results with a parametrized TF calculation, where the
surface energy and the nucleon distribution are calcu-
lated differently, and they have reached the conclusion
that the parametrized approximation is a reasonable one.
We also compare our results with a 3D finite tempera-
ture Skyrme-Hartree-Fock calculation [8, 24], where four
different Skyrme interactions have been used, and where
subtle variations in the low and high density transitions
into and out of the pasta phase were found.
The paper is organized as follows. In section II, we

briefly review the formalism used and in section III, the
results are discussed. Finally, in section IV, some con-
clusions are drawn.

II. FORMALISM

We consider a system of baryons, with mass M inter-
acting with and through an isoscalar-scalar field φ with
mass ms, an isoscalar-vector field V µ with mass mv and
an isovector-vector field bµ with mass mρ. When de-
scribing npe matter we also include a system of electrons
with mass me. Protons and electrons interact through
the electromagnetic field Aµ. The Lagrangian density
reads:

L =
∑

i=p,n

Li + Le + Lσ + Lω + Lρ + Lγ ,

where the nucleon Lagrangian reads

Li = ψ̄i [γµiD
µ −M∗]ψi, (1)

with

iDµ = i∂µ − gvV
µ −

gρ
2
τ · bµ − e

1 + τ3
2

Aµ, (2)

M∗ = M − gsφ (3)

and the electron Lagrangian is given by

Le = ψ̄e [γµ (i∂
µ + eAµ)−me]ψe. (4)

The isoscalar part is associated with the scalar sigma
(σ) field φ, and the vector omega (ω) field Vµ, whereas
the isospin dependence comes from the isovector-vector
rho (ρ) field biµ (where µ stands for the four dimensional
space-time indices and i the three-dimensional isospin
direction index). The associated Lagrangians are:

Lσ =
1

2

(

∂µφ∂
µφ−m2

sφ
2 −

1

3
κφ3 −

1

12
λφ4

)

Lω = −
1

4
ΩµνΩ

µν +
1

2
m2

vVµV
µ +

1

4!
ξg4v(VµV

µ)2

Lρ = −
1

4
Bµν ·Bµν +

1

2
m2

ρbµ · bµ

Lγ = −
1

4
FµνF

µν

where Ωµν = ∂µVν −∂νVµ, Bµν = ∂µbν −∂νbµ− gρ(bµ×
bν) and Fµν = ∂µAν − ∂νAµ.

The model comprises the following parameters: three
coupling constants gs, gv and gρ of the mesons to the nu-
cleons, the bare nucleon mass M , the electron mass me,
the masses of the mesons, the electromagnetic coupling
constant e =

√

4π/137 and the self-interacting coupling
constants κ, λ and ξ. In this Lagrangian density, τ is the
isospin operator.

We use the FSU parametrization [25], expected to de-
scribe well the crust [9], even if it does not describe a
2 M⊙ neutron star. This parametrization also includes
a nonlinear ωρ coupling term, which affects the density
dependence of the symmetry energy. This term is given
by:

Lωρ = Λvg
2
vg

2
ρbµ · bµ VµV

µ. (5)

The state that minimizes the energy of asymmet-
ric nuclear matter is characterized by the distribution
functions, f0k±, of particles (+) and antiparticles (−)
k = p, n, e, given by:

f0j± =
1

1 + e(ϵ0j∓νj)/T
, j = p, n (6)

with

ϵ0j =
√

p2 +M∗2, νj = µj − gvV
(0)
0 −

gρ
2
τjb

(0)
0 (7)

and

f0e± =
1

1 + e(ϵ0e∓µe)/T
, (8)

with

ϵ0e =
√

p2 +m2
e, (9)

where µk is the chemical potential of particle k = p, n, e.

In the mean field approximation, the thermodynamic
quantities of interest are given in terms of the meson
fields, which are replaced by their constant expectation
values. For homogeneous neutral nuclear matter, the en-
ergy density, the entropy density, the free energy density,
and the pressure are given, respectively, by [26–28]:
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In-medium effects    
•Binding energy of each cluster:

with the nucleon effective mass and

the cluster effective mass.

the scalar cluster-meson coupling

9

binding energy shift

Pauli blocking effect

3

with

iDµ = i∂µ − gvω
µ −

gρ
2
τ j · b

µ (8)

m∗ = m− gsφ0 (9)

For the fields, we have the standard RMF expressions:

Lσ = +
1

2

(

∂µφ∂
µφ−m2

sφ
2 −

1

3
κφ3 −

1

12
λφ4

)

,

Lω = −
1

4
ΩµνΩ

µν +
1

2
m2

vVµV
µ,

Lρ = −
1

4
Bµν ·Bµν +

1

2
m2

ρbµ · bµ,

Lωρ = gωρg
2
ρg

2
vVµV

µ
bν · bν (10)

where Ωµν = ∂µVν − ∂νVµ, and Bµν = ∂µbν − ∂νbµ −
gρ(bµ × bν).

B. Mass shift in the clusters

The total binding energy of a light cluster j is given
by

Bj = Ajm
∗ −M∗

j , j = d, t, h,α , (11)

with M∗
j the effective mass of cluster j, which is deter-

mined by the meson coupling as well as by a binding
energy shift:

M∗
j = Ajm− gsjφ0 −

(

B0
j + δBj

)

, (12)

Within the RMF approach, the nucleons are considered
as independent moving particles, neglecting any correla-
tions. The account of correlations via the introduction
of bound states (clusters) will modify the coupling to the
mesonic fields within the effective Lagrangian as denoted
by the coupling constants gsj and gvj . There is no rea-
son to consider them as the sum of the couplings of the
individual constituents of the cluster, but they have to
be introduced as new empirical parameters which are fit-
ted to results from microscopic theories or to measured
data. We discuss the choice of the coupling constants gsj
in the following Section III, see also Eqs. (21) and (22)
below. In expression (12), B0

j is the binding energy of
the cluster in the vacuum and these constants are fixed
to experimental values. Following the formalism of Ref.
[9, 10], we write for the binding energy shift δBj

δBj =
Zj

ρ0

(

ϵ∗p −mρ∗p
)

+
Nj

ρ0
(ϵ∗n −mρ∗n) , (13)

which is the energetic counterpart of the excluded volume
mechanism in the Thomas-Fermi approximation. Here,
ρ0 is the nuclear saturation density. The energy states
already occupied by the gas are excluded in the calcula-
tion of the cluster binding energy, thus avoiding double
counting of the particles of the gas and the ones of the

clusters. The energy density, ϵ∗j , and the density, ρ∗j , are
given by

ϵ∗j =
1

π2

∫ pFj
(gas)

0
p2ej(p)(fj+(p) + fj−(p))dp (14)

ρ∗j =
1

π2

∫ pFj
(gas)

0
p2(fj+(p) + fj−(p))dp , (15)

for j = p, n, and correspond to the gas energy density and
the gas nucleonic density associated with the gas lowest
energy levels. In the last expressions, fj± are the usual
Fermi distribution functions for the nucleons and respec-
tive anti-particles, pFj

is the Fermi momentum of nucleon

j, given by pFj
= (3π2ρj)1/3, and ej(p) =

√

p2j +m∗2 is

the corresponding single-particle energy of the nucleon j.
We treat the binding energy shifts, δBj , as in Ref. [2]:

we replace the density dependence of these quantities by
a vector meson dependence. This is equivalent, in our
present study, to consider in the shifts δBj the neutron
and proton density replaced by

ρn =
m2

v

2gv
V0 −

m2
ρ

2gρ
b0, ρp =

m2
v

2gv
V0 +

m2
ρ

2gρ
b0.

With the inclusion of this extra term, the equations for
the fields read:

m2
ρ,effb0 =

gρ
2
(ρp − ρn + ρh − ρt) (16)

−
m2

ρ

gρρ0

(

−
∂ϵ∗

∂ρn
+
∂ϵ∗

∂ρp
+

m∂ρ∗

∂ρn
−

m∂ρ∗

∂ρp

)

∑

j

Ajρ
j
s ,

m2
v,effV0 = gv(ρp + ρn) +

∑

j

gvjρj (17)

−
m2

v

2g2vρ0

(

−
∂ϵ∗

∂ρn
−
∂ϵ∗

∂ρp
+

m∂ρ∗

∂ρn
+

m∂ρ∗

∂ρp

)

∑

j

Ajρ
j
s ,

m2
sφ0 +

k

2
φ20 +

λ

6
φ30 = gs (ρ

p
s + ρns ) +

∑

j

gsjρ
j
s , (18)

with ϵ∗ = ϵ∗p + ϵ∗n , ρ
∗ = ρ∗p + ρ∗n , and

m2
ρ,eff = m2

ρ + 2gωρg
2
ρg

2
vV

2
0 (19)

m2
v,eff = m2

v + 2gωρg
2
ρg

2
vb

2
0 +

1

6
ξg4vV

2
0 . (20)

For a given baryonic density, proton fraction and temper-
ature, Eqs. (16) - (18) have to be solved self-consistently.

III. RESULTS

In the following, we look for a possible universal
parametrization for all clusters which only account for
the differences through the atomic number and isospin
projection. In the last section, we test the proposed
parametrizations by comparing the predicted chemical



In-medium effects -     and    

•The Binding energy of each cluster then becomes:
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FIG. 1. (Color online) The mass fractions as a function of the density, when considering di↵erent energy bands for the
tetraneutron, for T = 4 (left) and 10 (right) MeV, and two di↵erent scalar couplings for the clusters, xs = 0.92 (top) and
xs = 0.85 (bottom).

while the vector coupling is given by

gvj = Ajgv. (15)

Aj corresponds to the number of nucleons in cluster
j. The xs factor can vary from 0 to 1. In a previous
work, its value was fixed to xs = 0.85 ± 0.05 from a fit
to the Virial EoS. In later works, the value was found to
be higher, xs = 0.92 ± 0.02, when a fit to experimental
data was considered [11, 12]. In this work, and as we will
see, we will use both couplings to test its e↵ect in the
clusters abundances. The dissolution of the clusters will
be a↵ected by a combination of both the binding energy
shift, �Bj , and this factor xs. Substituting eqs. (12), (9)
and (14) in eq. (11), we obtain

Bj = Ajgs�0 (xsj � 1) +B0

j + �Bj . (16)

For the two extreme cases, we have

Bj = B0

j + �Bj , if xsj = 1 , (17)

Bj = B0

j + �Bj �Ajgs�0 , if xsj = 0 . (18)

This implies that a larger xsj corresponds to a larger
binding energy, and, consequently, the dissolution of the

cluster will occur at larger densities. If xs = 1, the disso-
lution is totally defined by the binding shift �Bj . Notice
that at finite temperature, the clusters dissolve at a den-
sity well above the one for which Bj ⇠ 0. For this reason
the tetraneutron survives even as a resonance. The larger
the temperature the more the fraction of clusters is de-
fined by their mass and isopsin, and not by the binding
energy.
With the same set of couplings determined in the last

section, we calculate the chemical equilibrium constants

Kc[j] =
⇢j

⇢
Nj
n ⇢

Zj
p

(19)

where ⇢j is the number density of cluster j, with neutron
numberNj and proton number Zj , and ⇢p, ⇢n are, respec-
tively, the number densities of free protons and neutrons.
Even though there are no experimental Kc for the

tetraneutron, we will calculate it for the other clusters,
considering calculations where we do and do not include
the 4n. This may give a hint on the abundance of the
clusters, and the presence or not of the tetraneutron.
Let us also refer to the another point that must be

discussed. The tetraneutron, just as the other light clus-
ters, is treated as a point-like particle, and one may ask

•        can vary from 0 to 1 so for the two extreme cases, we have:
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while the vector coupling is given by

gvj = Ajgv. (15)

Aj corresponds to the number of nucleons in cluster
j. The xs factor can vary from 0 to 1. In a previous
work, its value was fixed to xs = 0.85 ± 0.05 from a fit
to the Virial EoS. In later works, the value was found to
be higher, xs = 0.92 ± 0.02, when a fit to experimental
data was considered [11, 12]. In this work, and as we will
see, we will use both couplings to test its e↵ect in the
clusters abundances. The dissolution of the clusters will
be a↵ected by a combination of both the binding energy
shift, �Bj , and this factor xs. Substituting eqs. (12), (9)
and (14) in eq. (11), we obtain

Bj = Ajgs�0 (xsj � 1) +B0

j + �Bj . (16)

For the two extreme cases, we have

Bj = B0

j + �Bj , if xsj = 1 , (17)

Bj = B0

j + �Bj �Ajgs�0 , if xsj = 0 . (18)

This implies that a larger xsj corresponds to a larger
binding energy, and, consequently, the dissolution of the

cluster will occur at larger densities. If xs = 1, the disso-
lution is totally defined by the binding shift �Bj . Notice
that at finite temperature, the clusters dissolve at a den-
sity well above the one for which Bj ⇠ 0. For this reason
the tetraneutron survives even as a resonance. The larger
the temperature the more the fraction of clusters is de-
fined by their mass and isopsin, and not by the binding
energy.
With the same set of couplings determined in the last

section, we calculate the chemical equilibrium constants

Kc[j] =
⇢j

⇢
Nj
n ⇢

Zj
p

(19)

where ⇢j is the number density of cluster j, with neutron
numberNj and proton number Zj , and ⇢p, ⇢n are, respec-
tively, the number densities of free protons and neutrons.
Even though there are no experimental Kc for the

tetraneutron, we will calculate it for the other clusters,
considering calculations where we do and do not include
the 4n. This may give a hint on the abundance of the
clusters, and the presence or not of the tetraneutron.
Let us also refer to the another point that must be

discussed. The tetraneutron, just as the other light clus-
ters, is treated as a point-like particle, and one may ask

3

10-4

10-3

10-2

10-1

100

10-4 10-3 10-2 10-1

B(4n)=[-2.95:-1.79] MeV- solid
B(4n)=[-5.52:0.78] MeV- crosses

xs=0.92

T=4MeV, yp=0.1

Y
i

ρ (fm-3)

4n
3H

3He
2H

4He
6He

p
n

10-4

10-3

10-2

10-1

100

10-4 10-3 10-2 10-1

xs=0.85

Y
i

ρ (fm-3)

10-4

10-3

10-2

10-1

100

10-4 10-3 10-2 10-1

B(4n)=[-2.95:-1.79] MeV- solid

B(4n)=[-5.52:0.78] MeV- crosses

xs=0.92

T=10MeV, yp=0.1

Y
i

ρ (fm-3)

10-4

10-3

10-2

10-1

100

10-4 10-3 10-2 10-1

xs=0.85

Y
i

ρ (fm-3)

4n
3H

3He
2H

4He
6He

p
n

FIG. 1. (Color online) The mass fractions as a function of the density, when considering di↵erent energy bands for the
tetraneutron, for T = 4 (left) and 10 (right) MeV, and two di↵erent scalar couplings for the clusters, xs = 0.92 (top) and
xs = 0.85 (bottom).

while the vector coupling is given by

gvj = Ajgv. (15)

Aj corresponds to the number of nucleons in cluster
j. The xs factor can vary from 0 to 1. In a previous
work, its value was fixed to xs = 0.85 ± 0.05 from a fit
to the Virial EoS. In later works, the value was found to
be higher, xs = 0.92 ± 0.02, when a fit to experimental
data was considered [11, 12]. In this work, and as we will
see, we will use both couplings to test its e↵ect in the
clusters abundances. The dissolution of the clusters will
be a↵ected by a combination of both the binding energy
shift, �Bj , and this factor xs. Substituting eqs. (12), (9)
and (14) in eq. (11), we obtain

Bj = Ajgs�0 (xsj � 1) +B0

j + �Bj . (16)

For the two extreme cases, we have

Bj = B0

j + �Bj , if xsj = 1 , (17)

Bj = B0

j + �Bj �Ajgs�0 , if xsj = 0 . (18)

This implies that a larger xsj corresponds to a larger
binding energy, and, consequently, the dissolution of the

cluster will occur at larger densities. If xs = 1, the disso-
lution is totally defined by the binding shift �Bj . Notice
that at finite temperature, the clusters dissolve at a den-
sity well above the one for which Bj ⇠ 0. For this reason
the tetraneutron survives even as a resonance. The larger
the temperature the more the fraction of clusters is de-
fined by their mass and isopsin, and not by the binding
energy.
With the same set of couplings determined in the last

section, we calculate the chemical equilibrium constants

Kc[j] =
⇢j

⇢
Nj
n ⇢

Zj
p

(19)

where ⇢j is the number density of cluster j, with neutron
numberNj and proton number Zj , and ⇢p, ⇢n are, respec-
tively, the number densities of free protons and neutrons.
Even though there are no experimental Kc for the

tetraneutron, we will calculate it for the other clusters,
considering calculations where we do and do not include
the 4n. This may give a hint on the abundance of the
clusters, and the presence or not of the tetraneutron.
Let us also refer to the another point that must be

discussed. The tetraneutron, just as the other light clus-
ters, is treated as a point-like particle, and one may ask

•This implies that a larger       corresponds to a larger     , and that

the cluster dissolution density will occur at larger densities.
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while the vector coupling is given by

gvj = Ajgv. (15)

Aj corresponds to the number of nucleons in cluster
j. The xs factor can vary from 0 to 1. In a previous
work, its value was fixed to xs = 0.85 ± 0.05 from a fit
to the Virial EoS. In later works, the value was found to
be higher, xs = 0.92 ± 0.02, when a fit to experimental
data was considered [11, 12]. In this work, and as we will
see, we will use both couplings to test its e↵ect in the
clusters abundances. The dissolution of the clusters will
be a↵ected by a combination of both the binding energy
shift, �Bj , and this factor xs. Substituting eqs. (12), (9)
and (14) in eq. (11), we obtain

Bj = Ajgs�0 (xsj � 1) +B0

j + �Bj . (16)

For the two extreme cases, we have

Bj = B0

j + �Bj , if xsj = 1 , (17)

Bj = B0

j + �Bj �Ajgs�0 , if xsj = 0 . (18)

This implies that a larger xsj corresponds to a larger
binding energy, and, consequently, the dissolution of the

cluster will occur at larger densities. If xs = 1, the disso-
lution is totally defined by the binding shift �Bj . Notice
that at finite temperature, the clusters dissolve at a den-
sity well above the one for which Bj ⇠ 0. For this reason
the tetraneutron survives even as a resonance. The larger
the temperature the more the fraction of clusters is de-
fined by their mass and isopsin, and not by the binding
energy.
With the same set of couplings determined in the last

section, we calculate the chemical equilibrium constants

Kc[j] =
⇢j

⇢
Nj
n ⇢

Zj
p

(19)

where ⇢j is the number density of cluster j, with neutron
numberNj and proton number Zj , and ⇢p, ⇢n are, respec-
tively, the number densities of free protons and neutrons.
Even though there are no experimental Kc for the

tetraneutron, we will calculate it for the other clusters,
considering calculations where we do and do not include
the 4n. This may give a hint on the abundance of the
clusters, and the presence or not of the tetraneutron.
Let us also refer to the another point that must be

discussed. The tetraneutron, just as the other light clus-
ters, is treated as a point-like particle, and one may ask
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while the vector coupling is given by

gvj = Ajgv. (15)

Aj corresponds to the number of nucleons in cluster
j. The xs factor can vary from 0 to 1. In a previous
work, its value was fixed to xs = 0.85 ± 0.05 from a fit
to the Virial EoS. In later works, the value was found to
be higher, xs = 0.92 ± 0.02, when a fit to experimental
data was considered [11, 12]. In this work, and as we will
see, we will use both couplings to test its e↵ect in the
clusters abundances. The dissolution of the clusters will
be a↵ected by a combination of both the binding energy
shift, �Bj , and this factor xs. Substituting eqs. (12), (9)
and (14) in eq. (11), we obtain

Bj = Ajgs�0 (xsj � 1) +B0

j + �Bj . (16)

For the two extreme cases, we have

Bj = B0

j + �Bj , if xsj = 1 , (17)

Bj = B0

j + �Bj �Ajgs�0 , if xsj = 0 . (18)

This implies that a larger xsj corresponds to a larger
binding energy, and, consequently, the dissolution of the

cluster will occur at larger densities. If xs = 1, the disso-
lution is totally defined by the binding shift �Bj . Notice
that at finite temperature, the clusters dissolve at a den-
sity well above the one for which Bj ⇠ 0. For this reason
the tetraneutron survives even as a resonance. The larger
the temperature the more the fraction of clusters is de-
fined by their mass and isopsin, and not by the binding
energy.
With the same set of couplings determined in the last

section, we calculate the chemical equilibrium constants

Kc[j] =
⇢j

⇢
Nj
n ⇢

Zj
p

(19)

where ⇢j is the number density of cluster j, with neutron
numberNj and proton number Zj , and ⇢p, ⇢n are, respec-
tively, the number densities of free protons and neutrons.
Even though there are no experimental Kc for the

tetraneutron, we will calculate it for the other clusters,
considering calculations where we do and do not include
the 4n. This may give a hint on the abundance of the
clusters, and the presence or not of the tetraneutron.
Let us also refer to the another point that must be

discussed. The tetraneutron, just as the other light clus-
ters, is treated as a point-like particle, and one may ask
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while the vector coupling is given by

gvj = Ajgv. (15)

Aj corresponds to the number of nucleons in cluster
j. The xs factor can vary from 0 to 1. In a previous
work, its value was fixed to xs = 0.85 ± 0.05 from a fit
to the Virial EoS. In later works, the value was found to
be higher, xs = 0.92 ± 0.02, when a fit to experimental
data was considered [11, 12]. In this work, and as we will
see, we will use both couplings to test its e↵ect in the
clusters abundances. The dissolution of the clusters will
be a↵ected by a combination of both the binding energy
shift, �Bj , and this factor xs. Substituting eqs. (12), (9)
and (14) in eq. (11), we obtain

Bj = Ajgs�0 (xsj � 1) +B0

j + �Bj . (16)

For the two extreme cases, we have

Bj = B0

j + �Bj , if xsj = 1 , (17)

Bj = B0

j + �Bj �Ajgs�0 , if xsj = 0 . (18)

This implies that a larger xsj corresponds to a larger
binding energy, and, consequently, the dissolution of the

cluster will occur at larger densities. If xs = 1, the disso-
lution is totally defined by the binding shift �Bj . Notice
that at finite temperature, the clusters dissolve at a den-
sity well above the one for which Bj ⇠ 0. For this reason
the tetraneutron survives even as a resonance. The larger
the temperature the more the fraction of clusters is de-
fined by their mass and isopsin, and not by the binding
energy.
With the same set of couplings determined in the last

section, we calculate the chemical equilibrium constants

Kc[j] =
⇢j

⇢
Nj
n ⇢

Zj
p

(19)

where ⇢j is the number density of cluster j, with neutron
numberNj and proton number Zj , and ⇢p, ⇢n are, respec-
tively, the number densities of free protons and neutrons.
Even though there are no experimental Kc for the

tetraneutron, we will calculate it for the other clusters,
considering calculations where we do and do not include
the 4n. This may give a hint on the abundance of the
clusters, and the presence or not of the tetraneutron.
Let us also refer to the another point that must be

discussed. The tetraneutron, just as the other light clus-
ters, is treated as a point-like particle, and one may ask

3

with

iDµ = i∂µ − gvω
µ −

gρ
2
τ j · b

µ (8)

m∗ = m− gsφ0 (9)

For the fields, we have the standard RMF expressions:

Lσ = +
1

2

(

∂µφ∂
µφ−m2

sφ
2 −

1

3
κφ3 −

1

12
λφ4

)

,

Lω = −
1

4
ΩµνΩ

µν +
1

2
m2

vVµV
µ,

Lρ = −
1

4
Bµν ·Bµν +

1

2
m2

ρbµ · bµ,

Lωρ = gωρg
2
ρg

2
vVµV

µ
bν · bν (10)

where Ωµν = ∂µVν − ∂νVµ, and Bµν = ∂µbν − ∂νbµ −
gρ(bµ × bν).

B. Mass shift in the clusters

The total binding energy of a light cluster j is given
by

Bj = Ajm
∗ −M∗

j , j = d, t, h,α , (11)

with M∗
j the effective mass of cluster j, which is deter-

mined by the meson coupling as well as by a binding
energy shift:

M∗
j = Ajm− gsjφ0 −

(

B0
j + δBj

)

, (12)

Within the RMF approach, the nucleons are considered
as independent moving particles, neglecting any correla-
tions. The account of correlations via the introduction
of bound states (clusters) will modify the coupling to the
mesonic fields within the effective Lagrangian as denoted
by the coupling constants gsj and gvj . There is no rea-
son to consider them as the sum of the couplings of the
individual constituents of the cluster, but they have to
be introduced as new empirical parameters which are fit-
ted to results from microscopic theories or to measured
data. We discuss the choice of the coupling constants gsj
in the following Section III, see also Eqs. (21) and (22)
below. In expression (12), B0

j is the binding energy of
the cluster in the vacuum and these constants are fixed
to experimental values. Following the formalism of Ref.
[9, 10], we write for the binding energy shift δBj

δBj =
Zj

ρ0

(

ϵ∗p −mρ∗p
)

+
Nj

ρ0
(ϵ∗n −mρ∗n) , (13)

which is the energetic counterpart of the excluded volume
mechanism in the Thomas-Fermi approximation. Here,
ρ0 is the nuclear saturation density. The energy states
already occupied by the gas are excluded in the calcula-
tion of the cluster binding energy, thus avoiding double
counting of the particles of the gas and the ones of the

clusters. The energy density, ϵ∗j , and the density, ρ∗j , are
given by

ϵ∗j =
1

π2

∫ pFj
(gas)

0
p2ej(p)(fj+(p) + fj−(p))dp (14)

ρ∗j =
1

π2

∫ pFj
(gas)

0
p2(fj+(p) + fj−(p))dp , (15)

for j = p, n, and correspond to the gas energy density and
the gas nucleonic density associated with the gas lowest
energy levels. In the last expressions, fj± are the usual
Fermi distribution functions for the nucleons and respec-
tive anti-particles, pFj

is the Fermi momentum of nucleon

j, given by pFj
= (3π2ρj)1/3, and ej(p) =

√

p2j +m∗2 is

the corresponding single-particle energy of the nucleon j.
We treat the binding energy shifts, δBj , as in Ref. [2]:

we replace the density dependence of these quantities by
a vector meson dependence. This is equivalent, in our
present study, to consider in the shifts δBj the neutron
and proton density replaced by

ρn =
m2

v

2gv
V0 −

m2
ρ

2gρ
b0, ρp =

m2
v

2gv
V0 +

m2
ρ

2gρ
b0.

With the inclusion of this extra term, the equations for
the fields read:

m2
ρ,effb0 =

gρ
2
(ρp − ρn + ρh − ρt) (16)

−
m2

ρ

gρρ0

(

−
∂ϵ∗

∂ρn
+
∂ϵ∗

∂ρp
+

m∂ρ∗

∂ρn
−

m∂ρ∗

∂ρp

)

∑

j

Ajρ
j
s ,

m2
v,effV0 = gv(ρp + ρn) +

∑

j

gvjρj (17)

−
m2

v

2g2vρ0

(

−
∂ϵ∗

∂ρn
−
∂ϵ∗

∂ρp
+

m∂ρ∗

∂ρn
+

m∂ρ∗

∂ρp

)

∑

j

Ajρ
j
s ,

m2
sφ0 +

k

2
φ20 +

λ

6
φ30 = gs (ρ

p
s + ρns ) +

∑

j

gsjρ
j
s , (18)

with ϵ∗ = ϵ∗p + ϵ∗n , ρ
∗ = ρ∗p + ρ∗n , and

m2
ρ,eff = m2

ρ + 2gωρg
2
ρg

2
vV

2
0 (19)

m2
v,eff = m2

v + 2gωρg
2
ρg

2
vb

2
0 +

1

6
ξg4vV

2
0 . (20)

For a given baryonic density, proton fraction and temper-
ature, Eqs. (16) - (18) have to be solved self-consistently.

III. RESULTS

In the following, we look for a possible universal
parametrization for all clusters which only account for
the differences through the atomic number and isospin
projection. In the last section, we test the proposed
parametrizations by comparing the predicted chemical
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• Red points: RMF 
model calculated 
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exp data with  
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Bj = B0
j + �Bj � Ajgs�(1� xs) (1)

Bj = B0
j + �Bj , xs = 1 , (2)

Bj = B0
j + �Bj � Ajgs� , xs = 0 (3)

0  xs  1xs = 0.85± 0.05 (4)
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Equilibrium constants and data from INDRA   

• In an analysis where we considered in-medium 
effects:


• We obtain a higher x_s as compared to the 
previous fit of Qin et al data: 


• The higher the x_s, the bigger the binding 
energies (and the smaller effect of the 
medium), and the higher the dissolution  
densities of the clusters. 12

4

In Ref. [17], a novel approach for the inclusion of in-
medium effects in the equation of state for warm stellar
matter with light clusters was introduced. This model
includes a phenomenological modification in the scalar
cluster-meson coupling, and includes an extra term in the
effective mass of the clusters, which acts as an exclusion-
volume effect. The scalar coupling acting on nucleons
bound in a cluster of mass A is defined as gs(A) = xsAgs,
with gs the scalar coupling of homogeneous matter, and
xs a free parameter. A constraint on this parameter was
obtained in the low-density regime from the Virial EoS,
but a precise determination of xs needs an adjustment at
densities close to the Mott density corresponding to the
dissolution of clusters in the medium. The parameter
xs measures how much the medium affects the binding
of the cluster. The smaller the xs, the stronger the in-
medium effect, and the smaller the dissolution density of
the cluster.
The chemical equilibrium constants obtained with this

model were compared with the NIMROD results [12] ob-
tained assuming an ideal gas expression for the determi-
nation of the nuclear density [17, 21], and a satisfactory
agreement was obtained for all clusters but the deuteron
using xs = 0.85± 0.05.
The prediction of this model is shown, for the ther-

modynamic conditions explored by the Xe+Sn systems,
in the bottom panel of Fig. 1. We can see that the cal-
culation can reproduce the INDRA data, only if these
latter are analyzed using the same hypotheses as in [12]
(lower set of points). This suggests that the two sets
are compatible, which points towards the validity of the
statistical equilibrium hypothesis for both of them. How-
ever, it is also clear that the estimation xs = 0.85± 0.05
overestimates the in-medium effects, once the consistent
inclusion of the CAZ is accounted for.
To estimate the effect of the correction, and, at the

same time, determine the value of the in-medium param-
eter xs in a consistent way, we have compared the model
of Refs. [17, 21] with this new analysis.
In order to make this comparison, we fix the tempera-

ture in each (ρB, yp) point by imposing that the isotopic
thermometer THHe evaluated in the theoretical model,
correctly reproduces the measured THHe value. A small
difference between the input temperature of the theory,
and the one estimated in the same calculation via the
double ratios, is obtained, which does not exceed 10%
at the highest temperature. Indeed, the Albergo ther-
mometer [20] used to estimate the temperature is only
valid under the assumption that the in-medium correc-
tions to Eq. (2), cancel in double isobar ratios, which is,
in principle, not the case, if the correction does not scale
linearly with the particle numbers. The resulting chem-
ical constants are compared to the experimental ones in
Fig. 2. As we can observe, the deuteron chemical con-
stant behavior is now reproduced, and the chemical con-
stants of 3He and 3H are almost superposed. Very similar
results are obtained for the other two experimental en-
trance channels (not shown).
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FIG. 2. (Color online) System 136Xe+124Sn: The equilib-
rium constants as a function of the density. The full lines
join the 1− σ uncertainty intervals. The grey bands are the
equilibrium constants from a calculation [21] where we con-
sider homogeneous matter with five light clusters, calculated
at the average value of (T , ρexp, ypgexp), and considering clus-
ter couplings in the range of xsi = 0.92±0.02. The color code
represents the global proton fraction.

In Refs. [17, 21], we used xs = 0.85 in order to repro-
duce the results of Qin et al. [12]. With this improved
analysis, a higher value xs > 0.85 is needed, correspond-
ing to smaller corrections and a larger dissolution density.
An optimal value can be extracted as xs = 0.92 ± 0.02.
This value seems to reproduce reasonably well the whole
set of experimental constants, and we have checked that
it is still within the Virial EoS limits. This can be un-
derstood from the fact that the virial limit only concerns
very low densities, where the predictions with the two
different values of xs are very close (see Fig. 1).
The effect of the different estimation for the scalar cou-

pling can be better appreciated from Table I, which re-
ports the predictions of the model for the (ρB, T, yp) tra-
jectory estimated in Ref. [12], for which a large set of
models and model assumptions was tested in Ref. [16].
We can see that, if we impose the consistent analysis of
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• Experimental data includes 4He, 3He, 3H, 2H, and 6He.

• 3 experimental systems: 136Xe+124Sn, 124Xe+124Sn, and 124Xe+112Sn 
at 32MeV/nucleon.

PRL 125, 012701 (2020); 
J.Phys.G 47, 105204 (2020)

R. Bougault et al, for the INDRA collab, 
J. Phys. G 47, 025103 (2020)



Analysing mass fractions from INDRA data   

• More recently, a new analysis has been 
performed, without any a-priori 
assumptions on T and n_B, and 
considering data from 4 colliding systems.


• We obtained a x_s dependent on the 
temperature.

13

T. Custódio et al, arXiv: 2407.02307
3

Results and discussion: In the following, the results
shown in Fig. 2 are discussed. For all Xe+Sn systems,
the extracted temperatures distributions are relatively
wide, however, the average values are very close to the
simplified ideal gas assumption [39] used in previous anal-
yses [23, 24, 27], see Fig. 6 Supplemental Material. Still,
the temperature clearly increases as vsurf increases, and a
temperature evolution can be inferred from the data like
in the previous analyses.

The same does not occur for the baryonic density: al-
though a small density dependence can be identified with
a slight decrease of the density when vsurf increases, the
results are also compatible with a single density, ≥0.015
fm≠3, due to the wide distributions in the density do-
main. We identify this density as the chemical freeze-out
density at the surface of the emitting source, below which
the particles do not feel anymore the nuclear interaction
at each step of the cooling process.

This result is at variance with previous analyses [23,
24, 26, 27] where di�erent prescriptions for the expected
density were used, but the assumption of an e�ective den-
sity increasing with vsurf was always used. The direct
extraction of the unknown e�ective density from the ex-
perimental data set via the Bayesian analysis is at the
origin of the excellent reproduction of the experimental
data in Fig. 1. It might be interesting to observe that
the freeze-out picture was already advanced to interpret
INDRA vaporization data [40], where multiplicities were
very well reproduced with the explicit hypothesis that
whatever the e�ective temperature, fragmentation data
bear information on a single density, tentatively identi-
fied with the condition of chemical freeze-out.

Taking these results into account, we will interpret the
Bayesian results as follows: a) The selected INDRA data
only gives information on a single value of the baryonic
density, which we will take to be ¥ 0.015 fm≠3. We will
assume that the ratio xs does not vary with the baryonic
density within the limited range explored by the data; b)
The data test temperatures in the range ≥ 6 MeV to ≥ 10
MeV. There is a temperature dependence of the coupling
xs corresponding to a weakening of the interaction with
temperature, i.e. smaller values of xs correspond to the
larger values of temperature.

In Fig. 3 the calibrated values for the xs are plotted as
a function of the temperature, for all vsurf values and col-
liding systems. The decreasing trend of xs as a function
of the temperature is clearly seen for all the four systems.
Using the lmfit tools [41], we performed a quadratic fit-
ting of xs with respect to temperature T . The optimal
quadratic model, xs = aT 2 +bT +c, was chosen from sev-
eral possibilities based on fit indices such as ‰2, Akaike
Information Criterion (AIC) and Bayesian Information
Criterion (BIC) [42, 43]. Notably, the BIC includes a
penalty for models with more parameters. We consider
the data of the four colliding systems together, see Table
I for the fit parameters along with 1‡ and 2‡ uncertainty.

Figure 3: Posterior distributions of the e�ective cluster
coupling parameter xs as a function of the temperature
T . Each colour corresponds to a specific vsurf bin as in
Fig. 2) and the four distributions per colour correspond
to the four independent inferences performed on the dif-
ferent colliding systems. A quadratic fit xs = aT 2+bT +c
of the global data is represented in black, the median
(black solid line) together with the 1,2,3-‡ uncertainty
regions (the parameters of the fit are shown in Table I).

The decreasing trend of xs as a function of T is well
described by this fit within 3-‡ confidence interval.

Table I: Parameter estimates a, b, c with 1, 2‡ uncertain-
ties for the model xs = aT 2+bT +c, as depicted in Figure
3, where T is measured in MeV.

Parameter Unit Median 1‡ 2‡

a MeV≠2 ≠0.00203 ±0.00003 ±0.00006

b MeV≠1 0.01477 ±0.00047 ±0.00093

c 0.90560 ±0.0018 ±0.00355

In order to analyse how the temperature dependence of
xs influences the light cluster abundances, in Fig. 4 we
compare the total cluster abundances predicted by the
RMF FSU model when considering this temperature de-
pendence (red band), and when taking a constant value
xs = 0.92 ± 0.02 as in Refs.[26, 27] (blue band). A to-
tal proton fraction of 0.45 was considered as an exam-
ple within the range of values explored in the four sys-
tems [24]. Below T . 8 MeV the two bands overlap,
but above this temperature the abundances predicted by
the present study are systematically lower than the pre-
dictions of [26, 27]. This di�erence is larger than 20%
for T ≥ 10 MeV. Since the ‡-meson is responsible for
the attractive strong force, a smaller xs corresponds to a

4

Figure 4: Model (FSU) prediction of the total cluster
mass fraction as a function of temperature T with pro-
ton fraction yq = 0.45 and baryonic density fl = 0.015
fm≠3 considering for the ‡-cluster coupling ratio xs the
function xs(T ) (solid red) introduced in the present work
and a uniform xs = 0.92 ± 0.02 band from Refs.[26, 27]
(dashed blue).

weaker cluster-‡ coupling, resulting in less bound clusters
and, consequently, smaller abundances.

Conclusions: 136,124Xe+124,112Sn central collisions
at 32MeV/nucleon detected with the INDRA appara-
tus [28], and sorted in bins of the average Coulomb cor-
rected radial velocity vsurf, have been studied with an
agnostic Bayesian analysis without a-priori hypotheses
on the e�ective temperature and density explored by the
di�erent data samples. A Bayesian inference was per-
formed within a RMF description of clusterized matter in
order to determine the a-priori density and temperature
dependent e�ective cluster couplings. We limit ourselves
to nuclear species for which the samples correspond to
chemical equilibrium and finite size e�ects can be ne-
glected. The validity of the statistical treatment of the
samples was a-posteriori verified by the fact that (i) ex-
cellent quality fits were obtained for all cluster species
whose abundances verify chemical equilibrium [29], (ii)
compatible distributions were obtained for the e�ective
coupling ratio xs(fl, T ) using the four di�erent entrance
channels.

The data showed a clear temperature dependence for
xs, but the density resolution was not su�cient to ex-
tract a possible density dependence (see also Fig. 5
of Supplemental material). The temperature depen-
dence was parametrized in terms of a quadratic function.
The average density extracted from the data analysis,
≥ 0.015 fm≠3 was interpreted as a freeze-out density.

It is important to identify the two main di�erences con-

sidered in the present data analysis with respect to pre-
vious ones: (i) instead of calibrating the nuclear model
using the equilibrium constants, which are ratios of the
measured multiplicities that erase a large part of the
entrance channel dependence and the associated infor-
mation, in the present study the in-medium corrections
are calibrated directly using the measured particle abun-
dances; this additionnally allows an a-posteriori verifi-
cation of the equilibrium hypothesis by comparing the
di�erent entrance channels; (ii) in the previous analy-
ses, the e�ective temperature and baryon densities as-
sociated to the data samples were estimated from the
data within the hypothesis of a grand-canonical ideal gas
of classical clusters[23, 24]. Possible e�ects of the in-
medium corrections and quantum e�ects in the parame-
ter estimation were already considered in [27], but only
through a parametrized analytical correction to the ideal
gas. In the present analysis, these hypotheses are relaxed
and each estimation is performed within an independent
Bayesian inference. In this way, the only residual hy-
potheses concern the nuclear model in itself. For this
study, we have used an RMF quasi-particle approach em-
ploying the FSU Lagrangian, but it will be important to
extend the Bayesian analysis also to the parameters of
the nucleonic model in the future.

Compared to previous results, the present study pre-
dicts a weaker attractive interaction at higher temper-
atures and, as a consequence, a faster dissolution of
the clusters with temperature. These conclusions are
in agreement with microscopic quantum statistical cal-
culations [19]. Our results have clear implications for
environments such as a supernova core collapse or a bi-
nary neutron star merger, where the presence of clusters
a�ects the transport properties. In the future, it would
be very interesting to be able to test di�erent HI reac-
tion mechanisms and entrance channels such as possibly
exploring a wider range of temperatures and densities.

ACKNOWLEDGEMENTS

This work was partially supported by the IN2P3
Master Project NewMAC, the ANR project ‘Gravi-
tational waves from hot neutron stars and properties
of ultra-dense matter’ (GW-HNS, ANR-22-CE31-
0001-01), national funds from FCT (Fundação para
a Ciência e a Tecnologia, I.P, Portugal) under
projects UIDB/04564/2020 and UIDP/04564/2020,
with DOI identifiers 10.54499/UIDB/04564/2020
and 10.54499/UIDP/04564/2020, respectively, and
the project 2022.06460.PTDC with the associated
DOI identifier 10.54499/2022.06460.PTDC. T.C.
acknowledges the grant PRT/BD/154193/2022
(FCT, Portugal). H.P. acknowledges the grant
2022.03966.CEECIND (FCT, Portugal) with DOI iden-
tifier 10.54499/2022.03966.CEECIND/CP1714/CT0004.

• This smaller x_s that is 
obtained with increasing T 
means less bound clusters, 
resulting in cluster dissolution 
at lower temperatures.



Inclusion of 4n   

• Here, we consider 4n energy given by two bands:


14

• Experiment at RIKEN with SAMURAI detector, using high-energy beam of 
8He on p target: 


• Duer et al reported production of a resonant state of four neutrons with 
energy:                                              and width of


• Considerably higher value in E (and lower width) than previous result, 
Kisamori et al. 2016.
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ABSTRACT

Context. Recently, a resonant state of four neutrons (tetraneutron) with an energy of E4n = 2.37 ± 0.38(stat) ± 0.44(sys) MeV and a
width of � = 1.75 ± 0.22(stat) ± 0.30(sys) MeV was reported.
Aims. In this work, we analyze the e↵ect of including such an exotic state on the yields of other light clusters; these clusters not only
form in astrophysical sites, such as core-collapse supernovae and neutron star (NS) mergers, but also in heavy-ion collisions.
Methods. To this aim, we used a relativistic mean-field (RMF) formalism, where we consider in-medium e↵ects in a two-fold way
– that is, via the couplings of the clusters to the mesons, and via a binding energy shift – to compute the low-density equation of state
(EoS) for nuclear matter at finite temperature and fixed proton fraction. We consider five light clusters – namely deuterons, tritons,
helions, ↵-particles, and 6He – immersed in a gas of protons and neutrons, and we calculate their abundances and chemical equilibrium
constants with and without the tetraneutron. We also analyze how the associated energy of the tetraneutron would influence such
results.
Results. We find that the low-temperature, neutron-rich systems are the ones most a↵ected by the presence of the tetraneutron, making
NSs excellent environments for their formation. Moreover, its presence in strongly asymmetric matter may increase the proton and
↵-particle fractions considerably. This may have an influence on the dissolution of the accretion disk of the merger of two NSs.

Key words. stars: neutron – equation of state – dense matter – nuclear reactions, nucleosynthesis, abundances

1. Introduction

For decades, experimentalists have been trying to find a reso-
nant or bound state constituted by four neutrons. Following an
experiment at RIKEN with the SAMURAI spectrometer, using
a high-energy beam of 8He on a proton target, Duer et al. (2022)
reported the production of a resonant state of four neutrons with
an energy of E4n = 2.37±0.38(stat)±0.44(sys) MeV and a width
of � = 1.75 ± 0.22(stat) ± 0.30(sys) MeV. This value for the
energy is substantially higher (and the width lower) than found
in a previous experiment (Kisamori et al. 2016), where a high-
energy radioactive 8He beam was used to hit a liquid 4He tar-
get, producing a resonant tetraneutron state, with an energy of
E4n = 0.8±1.4 MeV, with � = 2.6 MeV as an upper limit; though
the uncertainty reported was quite large. The first report of a pos-
sible bound state was presented in 2002 by Marqués et al. (2002)
based on a reaction 14Be!10Be+4n. Later, Marqués et al. (2005)
reported a resonant state with an energy of ⇠2 MeV the former,
which is closer to the findings of Duer et al. (2022).

Neutron stars (NSs) and other astrophysical phenomena,
such as core-collapse supernovae and NS mergers, are systems
where this exotic tetraneutron state may be present naturally;
see Ivanytskyi et al. (2019). These latter systems are charac-
terized by finite temperatures, which can reach 50–100 MeV
(Oertel et al. 2017) and do not attain �-equilibrium, as in NSs,
and fixed proton fractions must be considered. These systems
also appear to foster ideal conditions for the formation of light
clusters, such as ↵-particles, tritons, deuterons, or 3He, which
may in turn a↵ect the cooling of these objects, as the neutrino

mean-free path may be changed (Arcones et al. 2008). This may
then have an impact on the transport properties and dynamics
of these astrophysical systems. Moreover, in the merger of two
NSs, these clusters may also have an influence on the dissolution
of the accretion disk. This is because up to 25% of its total mass
can disintegrate, not only due to cluster formation but also to
neutrinos and other energy losses, such as viscous dissipation or
energy transport (see Rosswog 2015 and references therein). The
fraction of the ejected material (Bauswein et al. 2013) that deter-
mines the features of their associated Kilonovae light curves
(Pérez García et al. 2022; Prada et al. 2020) may also be a↵ected
by cluster formation.

These clusters are not only formed in protoNSs or NS merg-
ers, but are also produced in heavy-ion collisions (HICs) on
Earth. In 2012, Qin et al. (2012) reported a finite-temperature
constraint on cluster yields from an analysis of the produc-
tion of four light clusters at the NIMROD detector. Later, the
INDRA detector was able to measure the yields of five light
clusters (Bougault et al. 2020), and an analysis was performed in
which the systems in question were not treated under an ideal-
gas assumption (Pais et al. 2020a,b).

From a theoretical point of view, there are several
formalisms one might consider to describe the subsaturation
equation of state (EoS) with light clusters: for example, the
single-nucleus approximation, as in the Lattimer and Swesty
EoS (Lattimer & Swesty 1991), the nuclear statistical equilib-
rium models, such as those of Raduta & Gulminelli (2010),
Hempel & Scha↵ner-Bielich (2010), which consider all possi-
ble nuclear clusters in equilibrium, or even a quantum statistical
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Context. Recently, a resonant state of four neutrons (tetraneutron) with an energy of E4n = 2.37 ± 0.38(stat) ± 0.44(sys) MeV and a
width of � = 1.75 ± 0.22(stat) ± 0.30(sys) MeV was reported.
Aims. In this work, we analyze the e↵ect of including such an exotic state on the yields of other light clusters; these clusters not only
form in astrophysical sites, such as core-collapse supernovae and neutron star (NS) mergers, but also in heavy-ion collisions.
Methods. To this aim, we used a relativistic mean-field (RMF) formalism, where we consider in-medium e↵ects in a two-fold way
– that is, via the couplings of the clusters to the mesons, and via a binding energy shift – to compute the low-density equation of state
(EoS) for nuclear matter at finite temperature and fixed proton fraction. We consider five light clusters – namely deuterons, tritons,
helions, ↵-particles, and 6He – immersed in a gas of protons and neutrons, and we calculate their abundances and chemical equilibrium
constants with and without the tetraneutron. We also analyze how the associated energy of the tetraneutron would influence such
results.
Results. We find that the low-temperature, neutron-rich systems are the ones most a↵ected by the presence of the tetraneutron, making
NSs excellent environments for their formation. Moreover, its presence in strongly asymmetric matter may increase the proton and
↵-particle fractions considerably. This may have an influence on the dissolution of the accretion disk of the merger of two NSs.
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1. Introduction

For decades, experimentalists have been trying to find a reso-
nant or bound state constituted by four neutrons. Following an
experiment at RIKEN with the SAMURAI spectrometer, using
a high-energy beam of 8He on a proton target, Duer et al. (2022)
reported the production of a resonant state of four neutrons with
an energy of E4n = 2.37±0.38(stat)±0.44(sys) MeV and a width
of � = 1.75 ± 0.22(stat) ± 0.30(sys) MeV. This value for the
energy is substantially higher (and the width lower) than found
in a previous experiment (Kisamori et al. 2016), where a high-
energy radioactive 8He beam was used to hit a liquid 4He tar-
get, producing a resonant tetraneutron state, with an energy of
E4n = 0.8±1.4 MeV, with � = 2.6 MeV as an upper limit; though
the uncertainty reported was quite large. The first report of a pos-
sible bound state was presented in 2002 by Marqués et al. (2002)
based on a reaction 14Be!10Be+4n. Later, Marqués et al. (2005)
reported a resonant state with an energy of ⇠2 MeV the former,
which is closer to the findings of Duer et al. (2022).

Neutron stars (NSs) and other astrophysical phenomena,
such as core-collapse supernovae and NS mergers, are systems
where this exotic tetraneutron state may be present naturally;
see Ivanytskyi et al. (2019). These latter systems are charac-
terized by finite temperatures, which can reach 50–100 MeV
(Oertel et al. 2017) and do not attain �-equilibrium, as in NSs,
and fixed proton fractions must be considered. These systems
also appear to foster ideal conditions for the formation of light
clusters, such as ↵-particles, tritons, deuterons, or 3He, which
may in turn a↵ect the cooling of these objects, as the neutrino

mean-free path may be changed (Arcones et al. 2008). This may
then have an impact on the transport properties and dynamics
of these astrophysical systems. Moreover, in the merger of two
NSs, these clusters may also have an influence on the dissolution
of the accretion disk. This is because up to 25% of its total mass
can disintegrate, not only due to cluster formation but also to
neutrinos and other energy losses, such as viscous dissipation or
energy transport (see Rosswog 2015 and references therein). The
fraction of the ejected material (Bauswein et al. 2013) that deter-
mines the features of their associated Kilonovae light curves
(Pérez García et al. 2022; Prada et al. 2020) may also be a↵ected
by cluster formation.

These clusters are not only formed in protoNSs or NS merg-
ers, but are also produced in heavy-ion collisions (HICs) on
Earth. In 2012, Qin et al. (2012) reported a finite-temperature
constraint on cluster yields from an analysis of the produc-
tion of four light clusters at the NIMROD detector. Later, the
INDRA detector was able to measure the yields of five light
clusters (Bougault et al. 2020), and an analysis was performed in
which the systems in question were not treated under an ideal-
gas assumption (Pais et al. 2020a,b).

From a theoretical point of view, there are several
formalisms one might consider to describe the subsaturation
equation of state (EoS) with light clusters: for example, the
single-nucleus approximation, as in the Lattimer and Swesty
EoS (Lattimer & Swesty 1991), the nuclear statistical equilib-
rium models, such as those of Raduta & Gulminelli (2010),
Hempel & Scha↵ner-Bielich (2010), which consider all possi-
ble nuclear clusters in equilibrium, or even a quantum statistical
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Fig. 3. Ratio of the mass fractions of the clusters and of the gas (top panels) with (Yi(w)) and without (Yi(wo)) the tetraneutron, for a fixed proton
fraction of yp = 0.3 (left), and yp = 0.1 (right), in a calculation where we consider a fixed binding energy for the 4n, taken as B0(4n) = �2.37 MeV.
In the bottom panels, the chemical equilibrium constants, Kc[i], in a calculation with (w) and without (wo) the tetraneutron, are shown in the same
conditions as the top panels. In all panels, the temperature is fixed to 10 MeV, the FSU EoS is considered, and the scalar cluster–meson coupling
is taken as xs = 0.85 (solid) and xs = 0.92 (dashed). We highlight the di↵erent y-axis scales.

3. Results

In this section, we show the mass fractions of the clusters and
discuss how they are a↵ected by temperature and isospin asym-
metry of the medium. We define them as

Yi = Ai
⇢i

⇢B
. (20)

In particular, we discuss how the fraction of the classical
clusters are a↵ected by the presence of the tetraneutron. For the
couplings xs j, we take the values 0.85 and 0.92 as determined in
Pais et al. (2018) and Pais et al. (2020a), respectively, fitting our
model to two di↵erent sets of experimental data (Qin et al. 2012;
Bougault et al. 2020). The value xs j = 0.85 was found from a
fit to the Virial EoS (Pais et al. 2018). Later, when fitting other
experimental data from the INDRA collaboration, we found that
the calibration would need a larger coupling, which means larger
binding energies, and therefore a larger dissolution density. This
value was found to be xs j = 0.92 (Pais et al. 2020a).

3.1. The energy of the tetraneutron

Here we show the di↵erent abundances obtained when consider-
ing di↵erent energies for the tetraneutron.

We consider its energy to be given by two bands, with the
following extremes:

B0
4n = �2.37 ±

p
0.382 + 0.442 = [�2.95 : �1.79], (21)

B0
4n = �2.37 ± 1.8� = [�5.52 : 0.78], (22)

both defined in MeV. The width � is equal to 1.75 MeV. Equa-
tion (21) considers both the systematic and statistical errors in
the energy value, and does not take into account the width of the
resonance, whereas Eq. (22) considers �, multiplied by a factor,
obtained if the width distribution is Cauchy-type. The derivation
of this factor is given in Appendix A. We note that the tetraneu-
tron properties are yet uncertain and have varied from previous
calculations (Ivanytskyi et al. 2019).

Taking these binding energies and uncertainties, we calculate
and discuss how the 4n and light cluster abundances vary with
density. In Fig. 1, the mass fractions of the clusters d, t, h, ↵,
6He, and 4n are plotted for a proton fraction typical of a NS,
yp = 0.1, and two representative temperatures, 4 and 10 MeV.
We also consider two values of the coupling of the clusters to the
�-meson, as explained above. In Fig. 1, for the 4n, we take the
binding energy defined by the range given in Eq. (21), which is
shown by the solid bands. The crossed bands are obtained by tak-
ing the range defined by Eq. (22) instead. These define slightly
wider regions, but the same overall behavior is obtained.
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Inclusion of 4n - effect of binding energy   

• The crossed bands give slightly wider regions but the same overall behaviour is 
obtained as for the solid bands.


• The difference in the abundances of the other clusters with respect to B(4n) is 
not significant.


• This difference is only non-negligible at the maximum of Y(4n).
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Fig. 3. Ratio of the mass fractions of the clusters and of the gas (top panels) with (Yi(w)) and without (Yi(wo)) the tetraneutron, for a fixed proton
fraction of yp = 0.3 (left), and yp = 0.1 (right), in a calculation where we consider a fixed binding energy for the 4n, taken as B0(4n) = �2.37 MeV.
In the bottom panels, the chemical equilibrium constants, Kc[i], in a calculation with (w) and without (wo) the tetraneutron, are shown in the same
conditions as the top panels. In all panels, the temperature is fixed to 10 MeV, the FSU EoS is considered, and the scalar cluster–meson coupling
is taken as xs = 0.85 (solid) and xs = 0.92 (dashed). We highlight the di↵erent y-axis scales.

3. Results

In this section, we show the mass fractions of the clusters and
discuss how they are a↵ected by temperature and isospin asym-
metry of the medium. We define them as

Yi = Ai
⇢i

⇢B
. (20)

In particular, we discuss how the fraction of the classical
clusters are a↵ected by the presence of the tetraneutron. For the
couplings xs j, we take the values 0.85 and 0.92 as determined in
Pais et al. (2018) and Pais et al. (2020a), respectively, fitting our
model to two di↵erent sets of experimental data (Qin et al. 2012;
Bougault et al. 2020). The value xs j = 0.85 was found from a
fit to the Virial EoS (Pais et al. 2018). Later, when fitting other
experimental data from the INDRA collaboration, we found that
the calibration would need a larger coupling, which means larger
binding energies, and therefore a larger dissolution density. This
value was found to be xs j = 0.92 (Pais et al. 2020a).

3.1. The energy of the tetraneutron

Here we show the di↵erent abundances obtained when consider-
ing di↵erent energies for the tetraneutron.

We consider its energy to be given by two bands, with the
following extremes:

B0
4n = �2.37 ±

p
0.382 + 0.442 = [�2.95 : �1.79], (21)

B0
4n = �2.37 ± 1.8� = [�5.52 : 0.78], (22)

both defined in MeV. The width � is equal to 1.75 MeV. Equa-
tion (21) considers both the systematic and statistical errors in
the energy value, and does not take into account the width of the
resonance, whereas Eq. (22) considers �, multiplied by a factor,
obtained if the width distribution is Cauchy-type. The derivation
of this factor is given in Appendix A. We note that the tetraneu-
tron properties are yet uncertain and have varied from previous
calculations (Ivanytskyi et al. 2019).

Taking these binding energies and uncertainties, we calculate
and discuss how the 4n and light cluster abundances vary with
density. In Fig. 1, the mass fractions of the clusters d, t, h, ↵,
6He, and 4n are plotted for a proton fraction typical of a NS,
yp = 0.1, and two representative temperatures, 4 and 10 MeV.
We also consider two values of the coupling of the clusters to the
�-meson, as explained above. In Fig. 1, for the 4n, we take the
binding energy defined by the range given in Eq. (21), which is
shown by the solid bands. The crossed bands are obtained by tak-
ing the range defined by Eq. (22) instead. These define slightly
wider regions, but the same overall behavior is obtained.
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Fig. 1. Mass fractions as a function of density when considering di↵erent energy bands for the tetraneutron, for T = 4 (left) and 10 (right) MeV,
and two di↵erent scalar couplings for the clusters, xs = 0.92 (top) and xs = 0.85 (bottom).

For the nucleonic gas, j = n, p, we have

L j =  ̄
h
�µiDµ � m⇤

i
 , (7)

with

iDµ = i@µ � gv!µ �
g⇢
2
⌧ j · bµ (8)

m⇤ = m � gs�0. (9)

For the fields, we have the standard RMF expressions:
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µb⌫ · b⌫, (10)

where ⌦µ⌫ = @µV⌫ � @⌫Vµ and Bµ⌫ = @µb⌫ � @⌫bµ � g⇢(bµ ⇥ b⌫).
The total binding energy of a light cluster j is given by

Bj = Ajm⇤ � M⇤j , j = d, t, h,↵,6 He, 4n, (11)

with M⇤j the e↵ective mass of cluster j, which is determined by
the meson coupling as well as by a binding energy shift:

M⇤j = Ajm � gs j�0 �
⇣
B0

j + �Bj
⌘
. (12)

In expression (12), B0
j is the binding energy of the cluster

j= 2H, 3H, 3He, 4He,6He in the vacuum, and these constants are
fixed to experimental values. For the tetraneutron, we take the
values of Duer et al. (2022). We take the binding energy of the
tetraneutron, B0

4n, as negative, as it is considered a resonant state
in Duer et al. (2022), while the other five light clusters, being
bound states, have positive binding energies.

The binding energy shift �Bj is given by (Pais et al. 2018)

�Bj =
Zj

⇢0

⇣
✏⇤p � m⇢⇤p

⌘
+

Nj

⇢0

�
✏⇤n � m⇢⇤n

�
. (13)

This term acts as the energetic counterpart of the excluded vol-
ume mechanism in the Thomas-Fermi approximation. ⇢0 is the
nuclear saturation density, Nj and Zj are the neutron and proton
numbers, and ✏⇤j and ⇢⇤j are the energy density and density of the
lowest energy levels of the gas, respectively. This means that the
energy states occupied by the gas are removed from the calcu-
lation of the cluster binding energy, which circumvents double-
counting of the particles of gas and those of the clusters.

Regarding the scalar and vector cluster–meson couplings,
we follow the prescription introduced in Pais et al. (2018). The
scalar coupling is given by

gs j = xs jA jgs, (14)

while the vector coupling is given by

gv j = Ajgv. (15)

Here, Aj corresponds to the number of nucleons in cluster j.
The xs factor can vary from 0 to 1. In a previous work, its value
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Fig. 1. Mass fractions as a function of density when considering di↵erent energy bands for the tetraneutron, for T = 4 (left) and 10 (right) MeV,
and two di↵erent scalar couplings for the clusters, xs = 0.92 (top) and xs = 0.85 (bottom).
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where ⌦µ⌫ = @µV⌫ � @⌫Vµ and Bµ⌫ = @µb⌫ � @⌫bµ � g⇢(bµ ⇥ b⌫).
The total binding energy of a light cluster j is given by

Bj = Ajm⇤ � M⇤j , j = d, t, h,↵,6 He, 4n, (11)

with M⇤j the e↵ective mass of cluster j, which is determined by
the meson coupling as well as by a binding energy shift:

M⇤j = Ajm � gs j�0 �
⇣
B0

j + �Bj
⌘
. (12)

In expression (12), B0
j is the binding energy of the cluster

j= 2H, 3H, 3He, 4He,6He in the vacuum, and these constants are
fixed to experimental values. For the tetraneutron, we take the
values of Duer et al. (2022). We take the binding energy of the
tetraneutron, B0

4n, as negative, as it is considered a resonant state
in Duer et al. (2022), while the other five light clusters, being
bound states, have positive binding energies.

The binding energy shift �Bj is given by (Pais et al. 2018)

�Bj =
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⇢0
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✏⇤p � m⇢⇤p
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+
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⇢0

�
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. (13)

This term acts as the energetic counterpart of the excluded vol-
ume mechanism in the Thomas-Fermi approximation. ⇢0 is the
nuclear saturation density, Nj and Zj are the neutron and proton
numbers, and ✏⇤j and ⇢⇤j are the energy density and density of the
lowest energy levels of the gas, respectively. This means that the
energy states occupied by the gas are removed from the calcu-
lation of the cluster binding energy, which circumvents double-
counting of the particles of gas and those of the clusters.

Regarding the scalar and vector cluster–meson couplings,
we follow the prescription introduced in Pais et al. (2018). The
scalar coupling is given by

gs j = xs jA jgs, (14)

while the vector coupling is given by

gv j = Ajgv. (15)

Here, Aj corresponds to the number of nucleons in cluster j.
The xs factor can vary from 0 to 1. In a previous work, its value
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Inclusion of 4n - effect of temperature   

• The Y(4n) is the largest among the clusters;

• The largest the temperature, the smaller the effect of the binding energy:

• At T=4 MeV, 6He and 4He have larger abundances as the B plays a bigger role.

• At T=10 MeV, it is the neutron content and the magnitude of the mass that 
define the abundances: at 0.02 fm-3, 4n are still the most abundant due to n 
content; then we have 3H (next cluster in mass with largest n content) and 2H 
(the lightest cluster).
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Fig. 3. Ratio of the mass fractions of the clusters and of the gas (top panels) with (Yi(w)) and without (Yi(wo)) the tetraneutron, for a fixed proton
fraction of yp = 0.3 (left), and yp = 0.1 (right), in a calculation where we consider a fixed binding energy for the 4n, taken as B0(4n) = �2.37 MeV.
In the bottom panels, the chemical equilibrium constants, Kc[i], in a calculation with (w) and without (wo) the tetraneutron, are shown in the same
conditions as the top panels. In all panels, the temperature is fixed to 10 MeV, the FSU EoS is considered, and the scalar cluster–meson coupling
is taken as xs = 0.85 (solid) and xs = 0.92 (dashed). We highlight the di↵erent y-axis scales.

3. Results

In this section, we show the mass fractions of the clusters and
discuss how they are a↵ected by temperature and isospin asym-
metry of the medium. We define them as

Yi = Ai
⇢i

⇢B
. (20)

In particular, we discuss how the fraction of the classical
clusters are a↵ected by the presence of the tetraneutron. For the
couplings xs j, we take the values 0.85 and 0.92 as determined in
Pais et al. (2018) and Pais et al. (2020a), respectively, fitting our
model to two di↵erent sets of experimental data (Qin et al. 2012;
Bougault et al. 2020). The value xs j = 0.85 was found from a
fit to the Virial EoS (Pais et al. 2018). Later, when fitting other
experimental data from the INDRA collaboration, we found that
the calibration would need a larger coupling, which means larger
binding energies, and therefore a larger dissolution density. This
value was found to be xs j = 0.92 (Pais et al. 2020a).

3.1. The energy of the tetraneutron

Here we show the di↵erent abundances obtained when consider-
ing di↵erent energies for the tetraneutron.

We consider its energy to be given by two bands, with the
following extremes:

B0
4n = �2.37 ±

p
0.382 + 0.442 = [�2.95 : �1.79], (21)

B0
4n = �2.37 ± 1.8� = [�5.52 : 0.78], (22)

both defined in MeV. The width � is equal to 1.75 MeV. Equa-
tion (21) considers both the systematic and statistical errors in
the energy value, and does not take into account the width of the
resonance, whereas Eq. (22) considers �, multiplied by a factor,
obtained if the width distribution is Cauchy-type. The derivation
of this factor is given in Appendix A. We note that the tetraneu-
tron properties are yet uncertain and have varied from previous
calculations (Ivanytskyi et al. 2019).

Taking these binding energies and uncertainties, we calculate
and discuss how the 4n and light cluster abundances vary with
density. In Fig. 1, the mass fractions of the clusters d, t, h, ↵,
6He, and 4n are plotted for a proton fraction typical of a NS,
yp = 0.1, and two representative temperatures, 4 and 10 MeV.
We also consider two values of the coupling of the clusters to the
�-meson, as explained above. In Fig. 1, for the 4n, we take the
binding energy defined by the range given in Eq. (21), which is
shown by the solid bands. The crossed bands are obtained by tak-
ing the range defined by Eq. (22) instead. These define slightly
wider regions, but the same overall behavior is obtained.
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Fig. 1. Mass fractions as a function of density when considering di↵erent energy bands for the tetraneutron, for T = 4 (left) and 10 (right) MeV,
and two di↵erent scalar couplings for the clusters, xs = 0.92 (top) and xs = 0.85 (bottom).
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where ⌦µ⌫ = @µV⌫ � @⌫Vµ and Bµ⌫ = @µb⌫ � @⌫bµ � g⇢(bµ ⇥ b⌫).
The total binding energy of a light cluster j is given by

Bj = Ajm⇤ � M⇤j , j = d, t, h,↵,6 He, 4n, (11)

with M⇤j the e↵ective mass of cluster j, which is determined by
the meson coupling as well as by a binding energy shift:

M⇤j = Ajm � gs j�0 �
⇣
B0

j + �Bj
⌘
. (12)

In expression (12), B0
j is the binding energy of the cluster

j= 2H, 3H, 3He, 4He,6He in the vacuum, and these constants are
fixed to experimental values. For the tetraneutron, we take the
values of Duer et al. (2022). We take the binding energy of the
tetraneutron, B0

4n, as negative, as it is considered a resonant state
in Duer et al. (2022), while the other five light clusters, being
bound states, have positive binding energies.

The binding energy shift �Bj is given by (Pais et al. 2018)

�Bj =
Zj

⇢0

⇣
✏⇤p � m⇢⇤p

⌘
+

Nj

⇢0

�
✏⇤n � m⇢⇤n

�
. (13)

This term acts as the energetic counterpart of the excluded vol-
ume mechanism in the Thomas-Fermi approximation. ⇢0 is the
nuclear saturation density, Nj and Zj are the neutron and proton
numbers, and ✏⇤j and ⇢⇤j are the energy density and density of the
lowest energy levels of the gas, respectively. This means that the
energy states occupied by the gas are removed from the calcu-
lation of the cluster binding energy, which circumvents double-
counting of the particles of gas and those of the clusters.

Regarding the scalar and vector cluster–meson couplings,
we follow the prescription introduced in Pais et al. (2018). The
scalar coupling is given by

gs j = xs jA jgs, (14)

while the vector coupling is given by

gv j = Ajgv. (15)

Here, Aj corresponds to the number of nucleons in cluster j.
The xs factor can vary from 0 to 1. In a previous work, its value
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Fig. 1. Mass fractions as a function of density when considering di↵erent energy bands for the tetraneutron, for T = 4 (left) and 10 (right) MeV,
and two di↵erent scalar couplings for the clusters, xs = 0.92 (top) and xs = 0.85 (bottom).
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In expression (12), B0
j is the binding energy of the cluster

j= 2H, 3H, 3He, 4He,6He in the vacuum, and these constants are
fixed to experimental values. For the tetraneutron, we take the
values of Duer et al. (2022). We take the binding energy of the
tetraneutron, B0

4n, as negative, as it is considered a resonant state
in Duer et al. (2022), while the other five light clusters, being
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This term acts as the energetic counterpart of the excluded vol-
ume mechanism in the Thomas-Fermi approximation. ⇢0 is the
nuclear saturation density, Nj and Zj are the neutron and proton
numbers, and ✏⇤j and ⇢⇤j are the energy density and density of the
lowest energy levels of the gas, respectively. This means that the
energy states occupied by the gas are removed from the calcu-
lation of the cluster binding energy, which circumvents double-
counting of the particles of gas and those of the clusters.

Regarding the scalar and vector cluster–meson couplings,
we follow the prescription introduced in Pais et al. (2018). The
scalar coupling is given by

gs j = xs jA jgs, (14)

while the vector coupling is given by

gv j = Ajgv. (15)

Here, Aj corresponds to the number of nucleons in cluster j.
The xs factor can vary from 0 to 1. In a previous work, its value
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Inclusion of 4n - effect of including 4n on Yi  

• All clusters dissolve below 0.1 fm-3;

• The fraction maxima goes from ~0.01 at T=4MeV to ~0.03fm-3 at T=20MeV;

• The p-rich and symmetric clusters increase abundance with 4n; the n-rich 
decrease as n are being consumed by 4n. 


• The higher the T, the weaker this effect is. At T=20MeV, p-rich are not as 
abundant, and 4He even decreases.


• The scalar cluster-meson coupling gives strong effect! -> Calibrating EoS very 
important!
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Fig. 2. Ratio of the mass fractions of the clusters and of the gas (top panels) with (Yi(w)) and without (Yi(wo)) the tetraneutron, for a fixed proton
fraction of yp = 0.3 (left) and yp = 0.1 (right), in a calculation where we consider a fixed binding energy for the 4n, taken as B0(4n) = �2.37 MeV.
In the bottom panels, the chemical equilibrium constants, Kc[i], in a calculation with (w) and without (wo) the tetraneutron, are shown in the same
conditions as the top panels. In all panels, the temperature is fixed to 4 MeV, the FSU EoS is considered, and the scalar cluster–meson coupling is
taken as xs = 0.85 (solid) and xs = 0.92 (dashed).

was fixed to xs = 0.85± 0.05 from a fit to the Virial EoS. In later
works, the value was found to be higher, xs = 0.92 ± 0.02, when
a fit to experimental data was considered (Pais et al. 2020a,b).
In the following, we use both couplings to test its e↵ect on the
clusters abundances. The dissolution of the clusters is a↵ected
by a combination of both the binding energy shift, �Bj, and this
factor xs. Substituting Eqs. (12), (9), and (14) into Eq. (11), we
obtain

Bj = Ajgs�0
⇣
xs j � 1

⌘
+ B0

j + �Bj. (16)

For the two extreme cases, we have

Bj = B0
j + �Bj, if xs j = 1, (17)

Bj = B0
j + �Bj � Ajgs�0, if xs j = 0. (18)

This implies that a larger xs j corresponds to a larger binding
energy, and consequently the dissolution of the cluster occurs
at larger densities. If xs j = 1, the dissolution is totally defined
by the binding shift �Bj. We note that at finite temperature, the
clusters dissolve at a density well above that for which Bj ⇠ 0.
For this reason, the tetraneutron survives even as a resonance.
The larger the temperature, the more the fraction of clusters is
defined by their mass and isospin, and not by the binding energy.

With the same set of couplings determined in the previous
section, we calculate the chemical equilibrium constants:

Kc[ j] =
⇢ j

⇢
Nj
n ⇢

Z j
p

, (19)

where ⇢ j is the number density of cluster j, and ⇢p and
⇢n are the number densities of free protons and neutrons,
respectively.

Even though there are no experimental Kc for the tetraneu-
tron, we calculate it for the other clusters, considering calcula-
tions where we do and do not include the 4n. This may provide
clues as to the abundance of the clusters, and the presence or not
of the tetraneutron.

Let us also refer to another point that must be discussed.
The tetraneutron, as in the other light clusters in this work, is
treated as a point-like particle, and one may ask whether or not
an exclusion volume should be included in order that the model
does not break down as the temperature increases. In this model,
the role of the exclusion volume – included, for instance, in
Lattimer & Swesty (1991) or in Shen et al. (1998) – is under-
taken by the !-meson, as clearly discussed in Typel et al. (2010)
and Avancini et al. (2010). We do not therefore consider any
explicit exclusion volume term.
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Fig. 4. Ratio of the mass fractions of the clusters and of the gas (top panels) with (Yi(w)) and without (Yi(wo)) the tetraneutron, for a fixed proton
fraction of yp = 0.3 (left), and yp = 0.1 (right), in a calculation where we consider a fixed binding energy for the 4n, taken as B0(4n) = �2.37 MeV.
In the bottom panels, the chemical equilibrium constants, Kc[i], in a calculation with (w) and without (wo) the tetraneutron, are shown in the same
conditions as the top panels. In all panels, the temperature is fixed to 20 MeV, the FSU EoS is considered, and the scalar cluster–meson coupling
is taken as xs = 0.85 (solid) and xs = 0.92 (dashed).

For this small proton fraction, it is striking that at the max-
imum of the clusters, the mass fraction of the 4n cluster is the
largest among the clusters and can be as large as that of free neu-
trons if xs j = 0.92, and just slightly smaller for xs j = 0.85. On
the other hand, 4n is the first cluster to dissolve. At T = 10 MeV,
the 4n is still the most abundant cluster but the impact on the free
nucleons is not as strong as for T = 4 MeV. For a temperature of
10 MeV, it is the neutron content and the magnitude of the mass
that define the cluster abundances (and not the binding energy):
4n are still the most abundant at ⇢ ⇠ 0.02 fm�3 due to the neu-
tron content, followed by the t and the d; the former because it is
the next cluster in mass with the largest neutron content and the
latter because it is the lightest cluster.

We see that the abundance of the tetraneutron increases for
the low-T and high-xs j case. We also observe that by even con-
sidering two di↵erent ranges for the energy of the 4n, the dif-
ference in the abundances of the other clusters is not significant.
This di↵erence is only non-negligible at the maximum of the 4n
abundance; that is, both at the onset and dissolution, the di↵er-
ence is completely negligible.

This implies that such a binding energy of the tetraneutron
will not make a significant di↵erence in the systems consid-
ered, that is, in conditions typical of core-collapse supernovae
or heavy-ion collisions, where these clusters are also measured.

The impact of 4n clusters would be higher in more neutron-rich
systems.

In order to better quantify the e↵ect of the inclusion of the
4n clusters, in the following section we concentrate our discus-
sion on the ratios of quantities calculated with and without the
tetraneutron.

3.2. Effect of including 4n

In this subsection, we compare the e↵ect of including 4n in
the matter by defining particle fractions and equilibrium con-
stant ratios between the quantities obtained with and without the
inclusion of 4n particles. In Figs. 2–4, we plot the ratio of the
mass fractions of the five light clusters and of the gas, and of the
chemical equilibrium constants of the five light clusters, in a cal-
culation with and without the tetraneutron against the baryonic
density, using the FSU model, fixed temperatures of 4, 10, and
20 MeV, and two proton fractions, yp = 0.1, and 0.3. The scalar
cluster–meson coupling is chosen as xs j = 0.85 and 0.92. The
energy of the tetraneutron is chosen as B0

4n = �2.37 MeV, which
is the average value of Duer et al. (2022), taken as a negative
value in order to consider it as a resonant state, as opposed to
a bound state as in the other clusters considered, whose binding
energy value in the vacuum is taken to be positive. We observe
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Fig. 4. Ratio of the mass fractions of the clusters and of the gas (top panels) with (Yi(w)) and without (Yi(wo)) the tetraneutron, for a fixed proton
fraction of yp = 0.3 (left), and yp = 0.1 (right), in a calculation where we consider a fixed binding energy for the 4n, taken as B0(4n) = �2.37 MeV.
In the bottom panels, the chemical equilibrium constants, Kc[i], in a calculation with (w) and without (wo) the tetraneutron, are shown in the same
conditions as the top panels. In all panels, the temperature is fixed to 20 MeV, the FSU EoS is considered, and the scalar cluster–meson coupling
is taken as xs = 0.85 (solid) and xs = 0.92 (dashed).

For this small proton fraction, it is striking that at the max-
imum of the clusters, the mass fraction of the 4n cluster is the
largest among the clusters and can be as large as that of free neu-
trons if xs j = 0.92, and just slightly smaller for xs j = 0.85. On
the other hand, 4n is the first cluster to dissolve. At T = 10 MeV,
the 4n is still the most abundant cluster but the impact on the free
nucleons is not as strong as for T = 4 MeV. For a temperature of
10 MeV, it is the neutron content and the magnitude of the mass
that define the cluster abundances (and not the binding energy):
4n are still the most abundant at ⇢ ⇠ 0.02 fm�3 due to the neu-
tron content, followed by the t and the d; the former because it is
the next cluster in mass with the largest neutron content and the
latter because it is the lightest cluster.

We see that the abundance of the tetraneutron increases for
the low-T and high-xs j case. We also observe that by even con-
sidering two di↵erent ranges for the energy of the 4n, the dif-
ference in the abundances of the other clusters is not significant.
This di↵erence is only non-negligible at the maximum of the 4n
abundance; that is, both at the onset and dissolution, the di↵er-
ence is completely negligible.

This implies that such a binding energy of the tetraneutron
will not make a significant di↵erence in the systems consid-
ered, that is, in conditions typical of core-collapse supernovae
or heavy-ion collisions, where these clusters are also measured.

The impact of 4n clusters would be higher in more neutron-rich
systems.

In order to better quantify the e↵ect of the inclusion of the
4n clusters, in the following section we concentrate our discus-
sion on the ratios of quantities calculated with and without the
tetraneutron.

3.2. Effect of including 4n

In this subsection, we compare the e↵ect of including 4n in
the matter by defining particle fractions and equilibrium con-
stant ratios between the quantities obtained with and without the
inclusion of 4n particles. In Figs. 2–4, we plot the ratio of the
mass fractions of the five light clusters and of the gas, and of the
chemical equilibrium constants of the five light clusters, in a cal-
culation with and without the tetraneutron against the baryonic
density, using the FSU model, fixed temperatures of 4, 10, and
20 MeV, and two proton fractions, yp = 0.1, and 0.3. The scalar
cluster–meson coupling is chosen as xs j = 0.85 and 0.92. The
energy of the tetraneutron is chosen as B0

4n = �2.37 MeV, which
is the average value of Duer et al. (2022), taken as a negative
value in order to consider it as a resonant state, as opposed to
a bound state as in the other clusters considered, whose binding
energy value in the vacuum is taken to be positive. We observe
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Fig. 4. Ratio of the mass fractions of the clusters and of the gas (top panels) with (Yi(w)) and without (Yi(wo)) the tetraneutron, for a fixed proton
fraction of yp = 0.3 (left), and yp = 0.1 (right), in a calculation where we consider a fixed binding energy for the 4n, taken as B0(4n) = �2.37 MeV.
In the bottom panels, the chemical equilibrium constants, Kc[i], in a calculation with (w) and without (wo) the tetraneutron, are shown in the same
conditions as the top panels. In all panels, the temperature is fixed to 20 MeV, the FSU EoS is considered, and the scalar cluster–meson coupling
is taken as xs = 0.85 (solid) and xs = 0.92 (dashed).

For this small proton fraction, it is striking that at the max-
imum of the clusters, the mass fraction of the 4n cluster is the
largest among the clusters and can be as large as that of free neu-
trons if xs j = 0.92, and just slightly smaller for xs j = 0.85. On
the other hand, 4n is the first cluster to dissolve. At T = 10 MeV,
the 4n is still the most abundant cluster but the impact on the free
nucleons is not as strong as for T = 4 MeV. For a temperature of
10 MeV, it is the neutron content and the magnitude of the mass
that define the cluster abundances (and not the binding energy):
4n are still the most abundant at ⇢ ⇠ 0.02 fm�3 due to the neu-
tron content, followed by the t and the d; the former because it is
the next cluster in mass with the largest neutron content and the
latter because it is the lightest cluster.

We see that the abundance of the tetraneutron increases for
the low-T and high-xs j case. We also observe that by even con-
sidering two di↵erent ranges for the energy of the 4n, the dif-
ference in the abundances of the other clusters is not significant.
This di↵erence is only non-negligible at the maximum of the 4n
abundance; that is, both at the onset and dissolution, the di↵er-
ence is completely negligible.

This implies that such a binding energy of the tetraneutron
will not make a significant di↵erence in the systems consid-
ered, that is, in conditions typical of core-collapse supernovae
or heavy-ion collisions, where these clusters are also measured.

The impact of 4n clusters would be higher in more neutron-rich
systems.

In order to better quantify the e↵ect of the inclusion of the
4n clusters, in the following section we concentrate our discus-
sion on the ratios of quantities calculated with and without the
tetraneutron.

3.2. Effect of including 4n

In this subsection, we compare the e↵ect of including 4n in
the matter by defining particle fractions and equilibrium con-
stant ratios between the quantities obtained with and without the
inclusion of 4n particles. In Figs. 2–4, we plot the ratio of the
mass fractions of the five light clusters and of the gas, and of the
chemical equilibrium constants of the five light clusters, in a cal-
culation with and without the tetraneutron against the baryonic
density, using the FSU model, fixed temperatures of 4, 10, and
20 MeV, and two proton fractions, yp = 0.1, and 0.3. The scalar
cluster–meson coupling is chosen as xs j = 0.85 and 0.92. The
energy of the tetraneutron is chosen as B0

4n = �2.37 MeV, which
is the average value of Duer et al. (2022), taken as a negative
value in order to consider it as a resonant state, as opposed to
a bound state as in the other clusters considered, whose binding
energy value in the vacuum is taken to be positive. We observe
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Fig. 2. Ratio of the mass fractions of the clusters and of the gas (top panels) with (Yi(w)) and without (Yi(wo)) the tetraneutron, for a fixed proton
fraction of yp = 0.3 (left) and yp = 0.1 (right), in a calculation where we consider a fixed binding energy for the 4n, taken as B0(4n) = �2.37 MeV.
In the bottom panels, the chemical equilibrium constants, Kc[i], in a calculation with (w) and without (wo) the tetraneutron, are shown in the same
conditions as the top panels. In all panels, the temperature is fixed to 4 MeV, the FSU EoS is considered, and the scalar cluster–meson coupling is
taken as xs = 0.85 (solid) and xs = 0.92 (dashed).

was fixed to xs = 0.85± 0.05 from a fit to the Virial EoS. In later
works, the value was found to be higher, xs = 0.92 ± 0.02, when
a fit to experimental data was considered (Pais et al. 2020a,b).
In the following, we use both couplings to test its e↵ect on the
clusters abundances. The dissolution of the clusters is a↵ected
by a combination of both the binding energy shift, �Bj, and this
factor xs. Substituting Eqs. (12), (9), and (14) into Eq. (11), we
obtain

Bj = Ajgs�0
⇣
xs j � 1

⌘
+ B0

j + �Bj. (16)

For the two extreme cases, we have

Bj = B0
j + �Bj, if xs j = 1, (17)

Bj = B0
j + �Bj � Ajgs�0, if xs j = 0. (18)

This implies that a larger xs j corresponds to a larger binding
energy, and consequently the dissolution of the cluster occurs
at larger densities. If xs j = 1, the dissolution is totally defined
by the binding shift �Bj. We note that at finite temperature, the
clusters dissolve at a density well above that for which Bj ⇠ 0.
For this reason, the tetraneutron survives even as a resonance.
The larger the temperature, the more the fraction of clusters is
defined by their mass and isospin, and not by the binding energy.

With the same set of couplings determined in the previous
section, we calculate the chemical equilibrium constants:

Kc[ j] =
⇢ j

⇢
Nj
n ⇢

Z j
p

, (19)

where ⇢ j is the number density of cluster j, and ⇢p and
⇢n are the number densities of free protons and neutrons,
respectively.

Even though there are no experimental Kc for the tetraneu-
tron, we calculate it for the other clusters, considering calcula-
tions where we do and do not include the 4n. This may provide
clues as to the abundance of the clusters, and the presence or not
of the tetraneutron.

Let us also refer to another point that must be discussed.
The tetraneutron, as in the other light clusters in this work, is
treated as a point-like particle, and one may ask whether or not
an exclusion volume should be included in order that the model
does not break down as the temperature increases. In this model,
the role of the exclusion volume – included, for instance, in
Lattimer & Swesty (1991) or in Shen et al. (1998) – is under-
taken by the !-meson, as clearly discussed in Typel et al. (2010)
and Avancini et al. (2010). We do not therefore consider any
explicit exclusion volume term.
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Some conclusions

• Our model reproduces both the virial limit and Kc from HIC data (NIMROD 
and INDRA) with success.


• INDRA data was reanalysed based on a new method, with in-medium 
effects.


• Fitting our theoretical RMF model to the new data: a larger scalar coupling 
(more attractive interaction) is obtained than the one found NOT including 
in-medium effects in the data analysis.


• This implies bigger binding energies => larger melting densities => MORE 
clusters in CCSN matter!!  


•More recently, a weaker attractive interaction at higher T was found and, 
as a consequence, a dissolution of the clusters at lower T is obtained. 


• The effect of 4n is stronger in very n-rich matter and for very low T. 


• 4n increases the abundances of free protons and 4He, while decreasing the 
abundance of free neutrons —> transport properties can be affected.

Thank you!


