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“Valid treatment of the correlations and
clusterization in low density matter’

[MeV]

In-medium effects:
Surrounding nuclear medium
modify light cluster properties.
Dissolution of clusters due to
Pauli blocking (density). density . [fm) density . [fm”]

G. Ropke publications Typel, Phys. Rev. C 2010
Implication for core-collapse vany body theory
supernovae dynamics:

modification of Ilgh_t clusters Cluster formation modify the
can affect the neutrinos and EOS at subsaturation density

shock wave propagation
Arcones et al. PRC, 2008
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Texas A&M: equilibrium constant, K.

Using Heavy-lon collisions
corresponding to central events and
selecting mid-rapidity region and
selecting high energetic particles:

It is possible to select events
corresponding to different
thermodynamical characteristics of a

N\ 5

¥ L-S375
A Typel et al. NSE

i .
gas of nucleons and clusters (?H, 3H, Rl
3He and 4He) gr  L-S220 -

Y/ Ropke etal. QSM
H. Shen et al. RMF-TM1
O G.Shen et al. RMF-NL3
G. Shen et al. RMF-FSUGold
-- Schwenk-Horowitz Viral EOS
Voskresenskaya et al. g(RMF)
Hempel and Schatiner-Bielich NSE (Excl. Vol)+RMF

0.01 0.02
p, nuc/fm?®

Data versus Model:
in-medium effects (the properties of
nucleons in clusters do not

Low densities correspond to the properties of free
L. Qin et al. PRL108 (2012) 172701 nucleons).




How to evaluate T and p ?

Equilibrium — Ideal gas For each evolution interval (Coulomb
. S. Das Gupta and A.Z. corrected particle velocity):

Mekjian Phys. Rep. 72

(1981) 131 1- Temperature: from Yields (°H “He)/(*H 3He)

- S.Albergo et al. Nuovo 4.2)+ B2, Doror wieh . M2DM(4,2)
1(1/9/8(1.5¢ ) o el M(3,1)M(3,2)

Cimento 89 (1985) 1

5, 1) A(B(3,2)=B(3,1))/T)

3- Momentum space density Power law:
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Cluster momentum spectrum versus (proton momentum spectrum)?
(neutron spect. = proton spect., Coulomb correction)

VOLUME measurement =» DENSITY

L. Qin et al. PRL108 (2012) 172701



Evolution intervals defined by V.

Vs Surface velocity which is e
particle velocity corrected by _—
Coulomb effects from entral

« central » source.

V¢ Slices: different ensembles
(Tem peratu re density) Chemical composition of Vs slices:

neutrons, protons, ?H, °H, 3He, “He
(high velocity particles).



What is equilibrium constant K.

Law of mass action (Guldberg et Waage)
« Equilibrium, same phase.
aA+BB«—yC+6D
« Constant Kc is relative to
concentrations and stoichiometric
coef.

N &

K¢ = ([C]".[DI®)/([A]*[B]P) o ; ¥
0O Lstso 3
For a gas of protons & neutrons in r"} - ?
equilibrium with clusters, o

H. Shen et al. RMF-TM1
Z 1 A 1 = A (O G.Shen et al. RMF-NL3
1H + ( Z) On ZX G. Shen et al. RMF-FSUGold
--%-- Schwenk-Horowitz Viral EOS

Voskresenskaya et al. g(RMF)
Hempel and Schatiner-Bielich NSE (Excl. Vol)+RMF

p(A, Z)

(A—2Z)
fjln[”f!

0.01 0.02
p, nuc/fm?®

K.(A Z) =

Equilibrium constant in terms of
Mass Fractions and Volume

The equilibrium constant is a
universal characteristics




What is wrong from our viewpoint

Equilibrium - Ideal gas

In-medium effects

1- Temperature: from Yields (°H “He)/(*H 3He)

— B(3,1

)J[rl' with R, , =

2- Neutrons: from Yields (3H/°He)

_ M(@3,1) L(B(32)=B(3,1))/T)
—4- Data : "

[0 L-s180
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3- Momentum space density Power law:

BM(A, Z) (25 + 1) BAD/T 73 \ A=l (d-‘itu(jl. 1) ) A

/\ Typeletal. NSE
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-+ Schwenk-Horowitz Viral EOS 0

Voskresenskaya et al. g(RMF)
Hempel and Schattner-Blelich NSE (Excl. Vol)}+RMF Cluster momentum spectrum versus (proton momentum spectrum)?

0.01 0.02 (neutron spect. = proton spect., Coulomb correction)

p, nuc/fm®

L. Qin et al. PRL108 (2012) 172701

VOLUME measurement =» DENSITY




What is wrong from our viewpoint

In-medium effects

+ Data
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d*M(A, Z)

Equilibrium - Ideal gas

— ]_1)‘\— \

np ;;_)4_1 ([ ‘ "]

[_)H + J_, cB(A.Z)/T h3 \ A-1 ((/;J[{l l] ) A

d3p A ) d>p
Cluster momentum spectrum versus (proton momentum spectrum)?
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New analysis with:

- Another set of data
Relativistic Meam-Field Model
because the only way to highlight
in-medium effects is to use a
model.



INDRA data

-20

-195

-10

136X eProjectile

STUDY of a Gas
composed of light clusters
formed
In central collisions

INDRA@GANIL
136,124Xe+124.1125n 32 A MeV




INDRA data:

V¢ surface velocity which is T,
particle velocity corrected by _—
Coulomb effects from centa

« central » source.

V¢ Slices: different ensembles | - |
Chemical composition of V; slices:

(Tem perature, denSity). neutrons, protons, 2H, 3H, 3He, “He, 6He
(high velocity particles).
H, ?H, 3H, 3He, “He, ®He Vsurf spectra Isotopic Temperature
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Relativistic Mean-Field with clusters

RMF formalism

With nucleons and light clusters as independent quasi-particles

In-medium effets of light clusters are taken into account.

The interactions are mediated by the exchange of virtual mesons: the
Isoscalar-scalar oc-meson, the isoscalar-vector @-meson, the isovector-vector

p-meson.

Lagrangian:
Z £T?1 —|_ u.T,U 1 g g

n,p and clusters mesons interaction
m=a.,w,p 2. Meson fields
3. Mixed meson term (o and p mesons)

Cluster « | » relative to Nucleon couplings:

* A iscluster Mass

+ X, the coupling ratio, measures the in-medium
modification of the cluster properties.

0<X.<1 meams in-medium effects.

X.(density, Temperature) is calibrated on experimental data.

H. Pais et al. PRC97, 045805 (2018) — H. Pais et al. PRC99, 055806 (2019)



Result of the analysis

INDRA (points) versus RMF (grey)

X;=0.92+0.02 —3

®He

0.03 0.05 0.07

-3,
pto (fm™)  (color=proton fraction)

H. Pais et al. J. Phys. G 47 (2020) 105204
H. Pais et al. PRL 125 (2020) 012701



But the Mass Fractions are not well
reproduced

INDRA (points) versus RMF (color areas)

(< evolution T and p) (€ evolution T and p)

136xe +124Sn

Vsure (CM/NS) Vsure (CM/NS)

Big disagreement for ?H, disagreement for “He, 3H

T. Custodio, A. Rebillard-Soulié et al. submitted (2024)



Back to experimental data

We used measured mass fractions and RMF predictions

For each evolution (T,p) bin (V4 and each system (1?4136Xe+124112Gn),
independent Bayesian inferences on the measured mass fractions were
carried out.

Independent posterior distributions of the model parameters 6 = (T, p, X,) were
obtained.

Marginalised posterior obtained by
Integrating on T, p and X

INDRA (points) vs RMF (color area)

pi (0l{waz}) = FLg ({waz}ilf)

Z

where pgyis a flat prior and L is a gaussain
||keh00d ’ \, 136xe+1125n (M 136Xe+1245n

Calibration using Mass Fractions
Marginalised posteriors versus INDRA data
(2 o uncertainties)

Vsurr (CM/NS) Vsurf (CM/NS)

T. Custodio, A. Rebillard-Soulié et al. submitted (2024)



Bayesian inference results: T and p

Mean values
(points: Bayesian, lines Ideal Gas)

Conclusions:
deal Ref[1]  New Analysis  Temperature using ldeal Gas
— SerisnE eriisn formula is ok (in-medium
e xavsr SEee effects disappear as a result of
A= the subtraction of binding

energies)

R4 9 (9 (1 9 B3
13(4.2 (2.1 (3.2 ! v/

* Density is almost constant
(0.015 fm-3) contrary to
previous analysis (ldeal

gas).

Vsurf (CM/NS)

T. Custodio, A. Rebillard-Soulié et al. submitted (2024)



Bayesian inference results: x.

T. Custodio, A. Rebillard-Soulié et al. submitted (2024)



Bayesian inference results: x.

The line is a quadratic
fitwith 1, 2,3 o
uncertainty regions.

T. Custodio, A. Rebillard-Soulié et al. submitted (2024)



Conclusions

« The INDRA data give information on a single value of the baryonic
density (0.015 fm-3).

« The INDRA data are then compatible with the « freeze-out » picture with
selected ensembles corresponding to different temperatures.

« The cluster-o-meson coupling is temperature dependent: weaker when
the temperature increases in agreement with microscopic quantum
statistical calculations.

A new experiment has been performed (INDRA/FAZIA)
to validate our conclusions with
new data corresponding to
guasi-projectile vaporization using
Ar+Ni 74 A MeV collisions.

The results will be available soon.
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| would like to dedicate my talk to René
Roy (Professor at Laval University,
Queébec, Canada),
who passed away in May 2024.
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Attempt to resolve the contradiction

a,A® + u;l“-‘]

Correction factor for the Volume formulae (4 parameters). KSR AEES {— )
HHe\‘* —

(€ evolution T and p)
Pprior ;
Fpost

P(C=0) =—

Vguri=4.1 cm/ns

2000 2000 4000 5
Vi (fm”) Vy (fm?) Vi (€mins)

Four parameters: Bayesian analysis whose goal is to obtain identical
Volumes for the isotopes. Analysis converges.

H. Pais et al. J. Phys. G 47 (2020) 105204
H. Pais et al. PRL 125 (2020) 012701



Astrophysics: supernova modelisation

P et Phase space covered in

6 7 8 9 10 11 12

W 5
15 Mgy progenitor Core-Collapse Supervova
'@ | simulations

2
107

Color: electron fraction
From Symmetric matter (0.5) red
To Neutron matter (0) blue

TEMPERATURE (MeV)

1st second
post-bounce evolution |

sl el PR EPENPTRY PEPPPOR BT |

10° 10° 107 10° 10° 10* 102 102 10”

T. Fischer et al. Astro. Phys. Journal 194:39 (2011)

Baryon DENSITY (fm-3)

Questions for nuclear physics: what is the chemical composition at these
densities and temperatures & measure in medium effects.



Or'iginal Ve,OCity SPeCtr'a at cluster creation time
1- Coulomb correction

Integral 1.953 . i » 136Xe+124Sn
wn B a 136Xe+1128n
o 124Xe+124Sn

A 124Xe+112Sn

e 136Xe+124Sn
4 136Xe+112Sn
o 124Xe+124Sn
& 124Xe+1125n

The velocity is a clock:
each velocity bin
represents the state of
the evolving source at
a given time.

50

0
0 3 6 912 3 6 9 12 3 6 9 12

AMD-V model Veur (6M/NS)

<Emission time> (fm/c)

J. Wang et al. PRC72 (2005) 024603



INDRA versus Texas A&M: K. (‘He)

e 136Xe+124Sn
4 136Xe+1128n
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Equilibrium constant values are different
but
the thermodynamical paths are different

R. Bougault et al. J. Phys. G 47 (2020) 025103



INDRA versus Texas A&M: K. (‘He)

e 136Xe+124Sn
a4 136Xe+1128Sn
o 124Xe+124Sn
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The only way to compare the two sets of data Is
to use a model.
Moreover, the only way to highlight in-medium
effects Is also to use a model (the data cannot
speak for itself).




Relativistic Meam-Field versus DATA

INDRA & RMF Texas A&M & RMF

Ideal gas . Ideal gas

INDRA 01 | YP9=041

Id

Xg=0.8 —s—

XS=0 oS e—

Xs=0.9 ‘ | | 5 . °c

10% 10° 10% 10° 10° 10" 10° 10° 10"°10" 10° 10* 10° 10° 10" 10® 10° 10" 10"
KC(x (fmg) KCQ (fm9)

1) Clear deviations from Ideal gas: in medium effects are
present

2) Some deviations data/RMF calculations at very low
densities

3) Indra Xs=0.9 while Texas A&M Xs=0.85



What is wrong for our point of view

For both experiments, the value of the volume depends on the isotope

Texas A&M INDRA
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The value used is the average for A>2.



Attempt to resolve the contradiction

Correction factor for the Ideal Gas Volume formulae:

(A-Z)/(A-1)
_nlF H”F

Caz

BHZ ] ( 'ri'[-\i } ” |:]“ F ) II,.-"'I:.-L'I—]_}

X CXP |7 A

Cluster momentum spectrum divided by (proton momentum spectrum)”

Previously, C,,=1 (ldeal Gas). Now C,, will depends on (A,Z):

« The correction factor Caz is a modification of the cluster binding energies
due to the presence of the medium and is set so that V. (°He)= V (*He)=

V;(®He)=V((®H)=V;(°H) (which is not the case for Texas A&M)
C., has very general four parameters expression depending on Mass and | = (2Z-A)/2.

H. Pais et al. J. Phys. G 47 (2020) 105204
H. Pais et al. PRL 125 (2020) 012701



Back to experimental data

We used measured mass fractions and RMF predictions

For each system (124136Xe+124.1125n) independent Bayesian inferences on the
measured mass fractions were carried out with T and p parametrisations as a
function of Vs (the sorting variable):

% (Vsurf) = a1 Vsurf2 + a2 Vsurf + a3
« T (Vsurf) = bl Vsurf2 + b2 Vsurf + b3
Independent posterior distributions of the

B

parameter.s 0 = (a,, a,, a3, by, by, bg, XJ) . B
were obtained. 0.3 P Ao

- 3H ex|
2k e ex

INDRA (points) vs RMF (color area)

B2 ree

3 31 RMF
"B 3He RMF
- 4He RMF

mass fraction

(X is the coupling ratio of RMF which measures the
in-medium modification of the cluster properties).

Calibration using Mass Fractions
Marginalised posteriors versus INDRA data
(2 o uncertainties)

A. Rebillard-Soulié PhD Thesis (2024)



Bayesian inference results: T and p

—s— Modified ideal gas
—m— Free p&T

- —e— Modified ideal gas

| —=— Free p&T .
g Bayesian *

? g F]

i f # IdeaJ;

« ldeal Gas » }
1 i

Bayesian

T I R L
6 6.5
Vs (CMNS)

Conclusions:
« Temperature using Ideal Gas formula is ok (in-medium effects disappear as
a result of the subtraction of binding energies) V23,2

Density is almost constant (0.015 fm-3) contrary to previous analysis
(« ldeal gas »).

A. Rebillard-Soulié PhD Thesis (2024)



Bayesian inference results: X,

Xs <1 means in-medium effects

0.3 e + 245
_ VEye + 112gp

0.25 2y 4 24gp
- 124}{& + HES“

We have not fixed a temperature dependency for Xs in this analysis
therefore this is a mean value.

A. Rebillard-Soulié PhD Thesis (2024)



