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1. INTRODUCTION
   - a few “reminders” on equations of state & LGPT in classical systems, associated critical phenomena,
        realistic nuclear matter EoS & link to multifragmentation, and statistical models in HIC

2. SOME EXPERIMENTAL OBSERVATIONS
   - a historical tour from the earliest experiments suggesting strong links between multifragmentation
      and a liquid-gas phase transition of nuclear matter

3. INDRA RESULTS
   - characterizing the gas phase, now including in-medium effects & link to QCD phase diagram
   - characterizing the phase transition: convex entropy intruder & all that entails
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Or: with

Introduction:
Classical EoS & LGPT

The Equation of State of Ideal Fluids

But real fluids (e.g. H20)
exhibit phase transitions

(liquid, gas)
at different temperatures/

densities/pressures...
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(An) Equation of State for Non-Ideal Fluids

NON-IDEAL FLUID EoS (Van der Waals, 1873)

(long-range)
intermolecular attraction

excluded volume
→ short-range repulsion

Johannes Diderik van der Waals theorised his
EoS as part of his Ph.D thesis. It was the first
theory to explain the existence of liquid and
gas phases of the same substance.

At the time, the ‘molecular hypothesis’ was not
widely believed; it was also thought possible
that different phases could be chemically
different.

It earned him the Nobel prize in 1910.



New ‘rich’ phase structure of EoS :
 - low- & high-density regions separated by forbidden
   (thermodynamically unstable) region → spinodal
 - ‘critical’ temperature marks end of liquid/gas coexistence
 - critical point (pc,ρc,Tc) with special properties...
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Critical phenomena
Many different systems exhibit ‘critical’ phenomena
(LGPT, percolation, Ising/magnetization, …)

Close to a critical point, ‘universal’ features,
independent of the underlying microscopic interactions,
are determined by ‘critical exponents’

Fisher droplet model M.E. Fisher, Physics 3(1967)255

- liquid droplets forming in near-critical fluid
- reduces to power law at critical point

LGPT Percolation

Distance to
critical point

Order
parameter

χ → ∞

isothermal
compressibility

variance of
cluster sizes

Order
parameter → 0

Correlation
length → ∞
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Nuclear Matter

...so unsurprisingly (?) the thermodynamics of nuclear matter
bears a striking resemblance to the Van der Waals EoS

G. Sauer et al., Nucl. Phys. A264(1976)221

Thermal Hartree-Fock calculation
(Skyrme interaction)
Infinite nuclear matter
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Nuclear Matter
G. Sauer et al., Nucl. Phys. A264(1976)221

Thermal Hartree-Fock calculation
(Skyrme interaction)
Infinite nuclear matter
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DensityN. Kaiser, W. Weise, arXiv:2602.09916v2

2-Pion exchange in Chiral
Effective Field Theory
(ChEFT)

Spinodal 
instability

Multi-
fragmentation

G. Bertsch & P.J. Siemens
Phys. Lett. B126(1983)9

...so unsurprisingly (?) the thermodynamics of nuclear matter
bears a striking resemblance to the Van der Waals EoS

Dominant features of the (isoscalar) nucleon-nucleon interaction
are short-range repulsion & long-range attraction...
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Hot nuclei & multifragmentation
Statistical models for multifragmentation of hot nuclei:
statistical ensembles of break-up configurations

Evaporation

E*/A>3 MeV
Multifragmentation

E*/A>>10 MeV
Vaporization

Justification for statistical approach?

Statistical Multifragmentation Model (SMM)
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Steam engine
(J. Watt, circa 
1770)

Equilibrium thermodynamics Equilibrium statistical mechanics

Fictitious ensemble of system replicates at different (fixed) times in its evolution
Microstate population constrained by observable properties

Single system, time-averaged observable properties

Introduction:
HIC & LGPTHIC & statistical (even thermodynamical) approaches



Antisymmetrized Molecular Dynamics calculation
(AMD) for Xe+Sn 50 MeV/u collisions (b=0)
(A. Ono et al)
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Fermi energy heavy-ion collisions
Each collision is a highly dynamical,
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to hugely many different final states
(freeze-out)
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Antisymmetrized Molecular Dynamics calculation
(AMD) for Xe+Sn 50 MeV/u collisions (b=0)
(A. Ono et al)

t=0                25                75                125         175 fm/c

Fermi energy heavy-ion collisions

Recording the outcome of many millions of collisions leads to
the measured population of all accessible final states
(not a statistical ensemble per se)

Each collision is a highly dynamical,
far-from-equilibrium, process leading 
to hugely many different final states
(freeze-out)

Only meaningful definition of equilibrium in this context

WARNING: no equivalent “system” evolving in time (non-ergodic)

Statistical models of multifragmentation etc. describe this ensemble
not a hypothetic equilibrated system

The outcomes of carefully-selected similar collisions reweighted 
according to the observable constraints may populate
a statistical ensemble according to equilibrium statistical mechanics

Introduction:
HIC & LGPTHIC & statistical (even thermodynamical) approaches
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Experimental observations

A historic experiment: Purdue/Fermilab 1981

J.E. Finn et al., Phys. Rev. Lett. 49(1982)1321

proton beam 80-350 GeV

Gas jet target: Kr, Xe

Time-of-flight

ΔE-E telescope

Low-threshold inclusive 
Z, A, E measurements

at 34° & 76°

- Power law mass distribution for fragments!
- Just like Fisher droplet model at T=TC!
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TOF: 7≤Z≤10

EOS@BEVALAC

Multifragmentation in spectator decay @ E/A > 100 MeV

Exclusive 
(event-by-event) measurements

M.L. Gilkes et al.,
Phys. Rev. Lett. 73(1994)1590
J.B. Elliott et al.,
Phys. Lett. B381(1996)35

- Critical exponents extracted from
  fits to moments of fragment charge
  distributions à la percolation

- Values are close to liquid-gas...?
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 Zbound ~ Centrality

Universality of spectator
fragmentation

statistical equilibrium

A. Schütthauf et al, Nucl. Phys. A607, 457 (1996)

ALADIN@GSI

“rise and fall”
of

fragment production
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LGPT & HIC:
Experimental observations

J. Pochodzalla et al., Phys. Rev. Lett. 75, 1040 (1995)

ALADIN@GSI

“caloric curve”

(more about this later on...)

SMM

L.G. Moretto et al., Phys. Rev. Lett. 76, 2822 (1996)

Multifragmentation in spectator decay @ E/A > 100 MeV

Exclusive 
(event-by-event) measurements
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Light-hadron induced reactions: “clean” preparation of hot nuclei

V.E. Viola et al., Phys. Rep. 434, 1 (2006)

E*/A ~ 3 MeV
≥3 fragment
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Reduced fragment
emission barriers
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B. Borderie & al. (INDRA),
Eur. Phys. J. A 6(1999)197

F. Gulminelli, D. Durand,
Nucl. Phys. A615(1997)117

INDRA Results:
The gas phase

Vaporization

Evaporation

E*/A>3 MeV
Multifragmentation

E*/A>>10 MeV
Vaporization

Onset of vaporization events with only Z=1,2
seen for central Ar+Ni collisions @52AMeV

Ch.-O. Bacri & al. (INDRA),
Phys. Lett. B353, 27(1995)

Further studies with vaporized Ar projectiles
@95AMeV on composition & nature of gas

Quantum Statistical Model reproduces data
as a weakly-interacting non-ideal gas of 
fermions and bosons in thermal/chemical 
equilibrium, taking into account excitation 
of particle-unstable levels, side-feeding 
from resonance decays, and a species-
dependent excluded volume



Astrophysical importance of low-density nuclear 
matter

 Neutron star crusts (cold)
 Core-collapse supernova (warm)

Clusters in low-density nuclear matter
 CCSN dynamics ([anti]neutrino opacity)
 Cooling of protoneutron stars
 Symmetry energy density-dependence

Determine cluster contributions to EoS (wide 
range density & temperature) ?

Chemical constants and in-medium effects

INDRA Results:
The gas phase
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  - depend only on (ρ,T)

Analysis method: NIMROD/Texas, Qin et al. PRL(2012)
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α-particles
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Equilibrium constants for different (A,Z):
  - depend only on (ρ,T)

Analysis method: NIMROD/Texas, Qin et al. PRL(2012)

INDRA

NIMROD

α-particles INDRA/NIMROD consistent results
  - INDRA lower temperatures  higher K→ C

INDRA

NIMROD
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Analysis inconsistency: volume/density
       depends on cluster...
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Inconsistency due to use of ideal-gas
prescription for volume (no medium):

Bayesian inclusion of cluster
binding energy shifts (medium) 

Scalar-meson coupling
strength (RMF-FSU)

Conclusions:
 - medium effect less strong (xs=0.92) than
   previously thought (xs=0.85: Qin et al.)
 - clusters can survive at higher densities
 - play a larger role in e.g. neutrino opacity

 - what about heavier clusters?
 - what if we “measured” the density?

INDRA Results:
The gas phase

Chemical constants and in-medium effects
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Recognising phase transitions in macroscopic systems is easy
(put the kettle on!)

Steam engine
(J. Watt, circa 
1770)

Example: macroscopic van der Waals fluid

Maxwell 
construction

Phase 
coexistence

But what if you only had
access to microscopic
water droplets containing
at most a few 100
molecules?

64
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Recognising phase transitions in macroscopic systems is easy
Recognising phase transitions in small systems requires the right 
approach!

Kunz, Berry, Phys. Rev. E49 (1994)1895

Average energy over time of Ar55 cluster near
the solid-liquid transition temperature

Dynamic "coexistence" between different energetic states

Example: microscopic Lennard-Jones clusters
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FiNiTE SYSTEM SiGNALS OF 1st ORDER PHASE TRANSiTiON

Recognising phase transitions in macroscopic systems is easy
Recognising phase transitions in small systems requires the right 
approach!

Kunz, Berry, Phys. Rev. E49 (1994)1895

Average energy over time of Ar55 cluster near
the solid-liquid transition temperature

Dynamic "coexistence" between different energetic states

Example: microscopic Lennard-Jones clusters

Labastie, Whetten PRL65, 1567(1990)

Bimodal
distribution

* thermodynamic limit p.t. is well-known
* finite clusters too small for phases or coexistence
* ‘phase’ precursors are states of different energy, d.o.f. 

66



FiNiTE SYSTEM SiGNALS OF 1st ORDER PHASE TRANSiTiON

Recognising phase transitions in macroscopic systems is easy
Recognising phase transitions in small systems requires the right 
approach!

NON-ADDITIVE
SYSTEMS E1 E2

Ein

t

E

E ≠ E1 + E2

67

* finite (small) systems  large surface effects  non-additivity→ →



FiNiTE SYSTEM SiGNALS OF 1st ORDER PHASE TRANSiTiON

Recognising phase transitions in macroscopic systems is easy
Recognising phase transitions in small systems requires the right 
approach!

NON-ADDITIVE
SYSTEMS E1 E2

Ein

t

E

E ≠ E1 + E2

A
PHASE

ANOTHER
PHASE

M
icr

oc
an

on
ica

l 
en
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py

Energy

s(e
) =

 cs
(e 1) 

+ (
1-c

)s(
e 2
)

Campa & al, PhysRep480, 57(2009)
Campa, Dauxois, Ruffo, PhysRep480, 57(2009)

convex intruder,
precursor of ∞-system P.T.

68

* finite (small) systems  large surface effects  non-additivity→ →
* non-additivity forbids phase mixing, Maxwell construction



FiNiTE SYSTEM SiGNALS OF 1st ORDER PHASE TRANSiTiON

Recognising phase transitions in macroscopic systems is easy
Recognising phase transitions in small systems requires the right 
approach!

Wales, Berry, PRL73, 2875(1994)
Borderie & Frankland, Prog. Part. Nuc. Phys. 105(2019)82
adapted from Wales & Berry, PRL73, 2875(1994)
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FiNiTE SYSTEM SiGNALS OF 1st ORDER PHASE TRANSiTiON

Recognising phase transitions in macroscopic systems is easy
Recognising phase transitions in small systems requires the right 
approach!

Wales, Berry, PRL73, 2875(1994)

BACK-BENDING
CALORIC CURVE

D.H.E. Gross, PhysRep279, 119(1997)

Na 
clusters

Borderie & Frankland, Prog. Part. Nuc. Phys. 105(2019)82
adapted from Wales & Berry, PRL73, 2875(1994)

BIMODALITY
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FiNiTE SYSTEM SiGNALS OF 1st ORDER PHASE TRANSiTiON

Recognising phase transitions in macroscopic systems is easy
Recognising phase transitions in small systems requires the right 
approach!

* finite (small) systems  large surface effects  non-additivity→ →
* non-additivity forbids phase mixing, Maxwell construction
* convex intruder in microcanonical entropy origin of 1st order phase transition signals

Wales, Berry, PRL73, 2875(1994)
Borderie & Frankland, Prog. Part. Nuc. Phys. 105(2019)82
adapted from Wales & Berry, PRL73, 2875(1994)

BACK-BENDING
CALORIC CURVE

D.H.E. Gross, PhysRep279, 119(1997)

Na 
clusters

Chomaz, Duflot, Gulminelli , PRL85, 3587(2000)

NEGATIVE
HEAT

CAPACITY

SPINODAL
INSTABILITY

BIMODALITY
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BiMODALiTY iN NUCLEAR MULTiFRAGMENTATiON DATA

Lattice Gas Model calculation
Chomaz, Gulminelli in Nucl. Phys. A779(2006)267

For the liquid-gas transition both the energy and
the mass/charge of the largest "cluster" are bimodal
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BiMODALiTY iN NUCLEAR MULTiFRAGMENTATiON DATA

Lattice Gas Model calculation
Chomaz, Gulminelli in Nucl. Phys. A779(2006)267

For the liquid-gas transition both the energy and
the mass/charge of the largest "cluster" are bimodal

INDRA-ALADIN 
(GSI)
Xe+Sn 80AMeV

Multifragmentation of Xe
quasi-projectile 
spectators

Least
dissipativ

e

Most
dissipativ

e

M. Pichon, B. Tamain et al. (INDRA-ALADIN)
Nucl. Phys. A779(2006)267

First studies: asymmetry of 2 largest fragments of each 
event, events sorted according to dissipation/centrality
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BiMODALiTY iN NUCLEAR MULTiFRAGMENTATiON DATA

Lattice Gas Model calculation
Chomaz, Gulminelli in Nucl. Phys. A779(2006)267

For the liquid-gas transition both the energy and
the mass/charge of the largest "cluster" are bimodal MULTICS/

MINIBALL
(MSU)
Au+Au 35AMeV

F. Gulminelli
NPA791(2007)165

INDRA (GSI)
Au+Au 
80AMeV

Multifragmentation of Au
quasi-projectile 
spectators

Multifragmentation of Au
quasi-projectile 
spectators
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CALORiC CURVES J. Pochodzalla et al.
Phys. Rev. Lettt. 75(1995)1040

Bondorf, Donangelo, Schulz & 
Sneppen
Phys. Lett. B162(1985)30

J.B. Natowitz, R. Wada, K. Hagel, et al.
Phys. Rev. C65(2002)034618

Y.G. Ma et al.
Phys. Lettt. B390(1997)41

INDRA
Ar+Ni 95AMeV

ALADIN

Texas A&M
+ others

Statistical Multifragmentation Model (SMM) calculations

Evidence for the boiling of hot nuclei?
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CALORiC CURVES
constant
pressure

Chomaz, Duflot, Gulminelli,
Phys. Rev. Lett. 85(2000)3587

Microcanonical lattice-gas calculations 
with fixed mean volumes

Ambiguous signals

constant
average
volume

Pressure

The shape of the observed caloric curve
depends how the EoS is sampled
i.e. how not only temperature but also
how volume depends on excitation energy

This is in principle impossible to
control experimentally

77



CONSTRAiNED CALORiC CURVES
A posteriori control of experimental conditions
Simulations were used to reconstruct freeze-out properties 
(configuration of excited primary fragments and light particles) 
for quasi-fused sources in Xe+Sn central collisions 32-50 
MeV/u (INDRA).

INDRA Collaboration (S. Piantelli et al.)
Nucl. Phys. A809(2008)111
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A posteriori control of experimental conditions
Simulations were used to reconstruct freeze-out properties 
(configuration of excited primary fragments and light particles) 
for quasi-fused sources in Xe+Sn central collisions 32-50 
MeV/u (INDRA).

The use of a limiting temperature for fragments (vanishing 
level density at high E*) was mandatory (velocity widths):

INDRA Collaboration (S. Piantelli et al.)
Nucl. Phys. A809(2008)111

S.E. Koonin, J. Randrup
Nucl. Phys. A474(1987)173
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CONSTRAiNED CALORiC CURVES
A posteriori control of experimental conditions
Simulations were used to reconstruct freeze-out properties 
(configuration of excited primary fragments and light particles) 
for quasi-fused sources in Xe+Sn central collisions 32-50 
MeV/u (INDRA).

The use of a limiting temperature for fragments (vanishing 
level density at high E*) was mandatory (velocity widths):

Then, using exact microcanonical expressions for pressure, 
temperature depending only on total multiplicity MC and total 
kinetic energy K at freeze-out:

INDRA Collaboration (S. Piantelli et al.)
Nucl. Phys. A809(2008)111

S.E. Koonin, J. Randrup
Nucl. Phys. A474(1987)173

Al. H. Raduta, Ad. R. Raduta
Nucl. Phys. A703(2002)876

        

KINETIC
TEMPERATURE

S
Tkin

FRAGMENT
TEMPERATURE

S
Tf

B. Borderie et al.,
Phys. Lett. B723(2013)140

constant
pressure

constant
average
volume
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NEGATiVE HEAT CAPACiTiES

M. D'Agostino, R. Bougault et 
al.
Nucl. Phys. A699, 795(2002)

Chomaz, Gulminelli
Nucl. Phys. A647, 153 (1999)

N. Le Neindre et al,
Nucl. Phys. A795, 47(2007)

Xe+Sn 
central

Quasiprojectil
e
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NEGATiVE HEAT CAPACiTiES

M. D'Agostino, R. Bougault et 
al.
Nucl. Phys. A699, 795(2002)

Chomaz, Gulminelli
Nucl. Phys. A647, 153 (1999)

N. Le Neindre et al,
Nucl. Phys. A795, 47(2007)

Xe+Sn 
central

Quasiprojectil
e

SPINODAL INSTABILITIES

Circumstancial evidence: bulk
effect in multifragmentation

M.F. Rivet et al.
Phys. Lett. B430(1998)217

Smoking gun: abnormal 
production of equal-size 

fragments

B. Borderie et al.
Phys. Lett. B782(2018)291
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             Fragment mass

A-t, 
t~2.6

p(80-350GeV)+Xe

J.E. Finn et al. PRL49, 1321(1982)

Much early evidence and studies concentrated on the similarity
between multifragmentation and (macroscopic) critical phenomena...

Gilkes & al PRL73, 1590(1994)
Elliott & al PLB381, 35(1996)

POWER-LAW
MASS

YIELDS
EXTRACTION OF

CRITICAL
EXPONENTS

Au(1AGeV)+C (EOS)

WHY DO YOU HAVE TO BE SO CRITICAL ALL THE TIME?
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WHY DO YOU HAVE TO BE SO CRITICAL ALL THE TIME?

FISHER DROPLET
MODEL

Cluster size
distribution for
condensation in
near-critical fluid

Elliott & al PRC67, 024609(2003)

Fisher, Physics 3, 41(1967)

Y
ie

ld
/

F
is

he
r

"FISHER
SCALING"

EOS 
data - fragment yields follow Fisher

law for all T<TC

Much early evidence and studies concentrated on the similarity
between multifragmentation and (macroscopic) critical phenomena...
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WHY DO YOU HAVE TO BE SO CRITICAL ALL THE TIME?

Much early evidence and studies concentrated on the similarity
between multifragmentation and (macroscopic) critical phenomena…

But on closer inspection, inconsistencies appear…

Le Neindre & al, NPA795, 47(2007)

INDRA data: fragment yields follow Fisher
law... even (especially) above the critical temperature ???

"FISHER
INCONSISTENCY"

INDRA

(quasiprojectiles)

(central)
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WHY DO YOU HAVE TO BE SO CRITICAL ALL THE TIME?

Much early evidence and studies concentrated on the similarity
between multifragmentation and (macroscopic) critical phenomena…

But on closer inspection, inconsistencies appear...

Le Neindre & al, NPA795, 47(2007)

"FISHER
INCONSISTENCY"

INDRA data: fragment yields follow Fisher
law... even (especially) above the critical temperature ???

(quasiprojectiles)

(central)

INDRA
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THE ORDER IS NOT WHAT IT SEEMS...

Gulminelli, Chomaz, Phys. Rev. Lett. 82(1999)1402

Lattice Gas Model
calculations
showing line of points
where mass distributions
appear “critical”
inside coexistence zone

Phase transitions which are 1st order in the thermodynamic limit
can exhibit all the critical behaviour and scalings of continuous/2nd order
transitions when they manifest in a finite system

This can be understood intuitively:
 - in infinite systems, critical behaviour occurs when the correlation
    length becomes comparable to the system size, i.e. infinite
 - in finite systems, correlations only need be comparable to the
    system size for them to become “pseudocritical”
 + due to non-additivity, phases cannot coexist. These are “1st order
    phase transitions without coexistence”. Which sounds a lot like a
    continuous phase transition.
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UNIVERSAL FLUCTUATIONS AND AN OLD QUESTION

Therefore  we can use approaches developed for continuous phase transitions
(as long we are careful with the interpretations) without any contradiction
with the 1st order nature of the nuclear liquid-gas phase transition!

BA
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UNIVERSAL FLUCTUATIONS AND AN OLD QUESTION

Therefore  we can use approaches developed for continuous phase transitions
(as long we are careful with the interpretations) without any contradiction
with the 1st order nature of the nuclear liquid-gas phase transition!

A B

“An observable m whose probability distributions can be scaled according to 
A and for whom the exponent Δ in the fluctuation scaling law B changes
as a function of energy or temperature is behaving as the order parameter
of a pseudocritical phase transition”
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UNIVERSAL FLUCTUATIONS AND AN OLD QUESTION

Therefore  we can use approaches developed for continuous phase transitions
(as long we are careful with the interpretations) without any contradiction
with the 1st order nature of the nuclear liquid-gas phase transition!

Central collisions of
58Ni+58Ni E/A=52-90 MeV
[INDRA 2nd campaign, 1994]

Central collisions of
129Xe+xSn E/A=39-100 MeV
[INDRA 1st & 4th (GSI) campaigns]

Zma

x

A B
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of a pseudocritical phase transition”



UNIVERSAL FLUCTUATIONS AND AN OLD QUESTION

Therefore  we can use approaches developed for continuous phase transitions
(as long we are careful with the interpretations) without any contradiction
with the 1st order nature of the nuclear liquid-gas phase transition!

Central collisions of
58Ni+58Ni E/A=52-90 MeV
[INDRA 2nd campaign, 1994]

Central collisions of
129Xe+xSn E/A=39-100 MeV
[INDRA 1st & 4th (GSI) campaigns]

Zma

x
~1Δ

~Δ ½ Botet et al.
PRL86(2001)

Frankland et al.
(INDRA/ALADIN)
PRC71(2005)

Gruyer et al.
(INDRA collab.)
PRL110(2013)

Central collisions of 129Xe+119Sn
[INDRA 1st & 5th campaigns, 1993, 2001]

A B

Zmax
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“An observable m whose probability distributions can be scaled according to 
A and for whom the exponent Δ in the fluctuation scaling law B changes
as a function of energy or temperature is behaving as the order parameter
of a pseudocritical phase transition”



UNIVERSAL FLUCTUATIONS AND AN OLD QUESTION

Therefore  we can use approaches developed for continuous phase transitions
(as long we are careful with the interpretations) without any contradiction
with the 1st order nature of the nuclear liquid-gas phase transition!

Central collisions of
58Ni+58Ni E/A=52-90 MeV
[INDRA 2nd campaign, 1994]

Central collisions of
129Xe+xSn E/A=39-100 MeV
[INDRA 1st & 4th (GSI) campaigns]

Zma

x
~1Δ

~Δ ½ Botet et al.
PRL86(2001)

Frankland et al.
(INDRA/ALADIN)
PRC71(2005)

Gruyer et al.
(INDRA collab.)
PRL110(2013)

Central collisions of 129Xe+119Sn
[INDRA 1st & 5th campaigns, 1993, 2001]

A B

Zma

x

Multiplicity
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“An observable m whose probability distributions can be scaled according to 
A and for whom the exponent Δ in the fluctuation scaling law B changes
as a function of energy or temperature is behaving as the order parameter
of a pseudocritical phase transition”



CRITICAL
CLUSTERIZATION

MODELS

Aggregation
processes

Fragmentation
processes

UNIVERSAL FLUCTUATIONS AND AN OLD QUESTION
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Fragmentation
processes

UNIVERSAL FLUCTUATIONS AND AN OLD QUESTION

Example:
Condensation of vapour

Example:
Shattering of 
glass
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CRITICAL
CLUSTERIZATION

MODELS

Aggregation
processes

Fragmentation
processes

UNIVERSAL FLUCTUATIONS AND AN OLD QUESTION

Example:
Condensation of vapour

Example:
Shattering of 
glass

Order parameter:
Number of clusters

Order parameter:
Largest cluster size
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B Multiplicity

~1Δ

~Δ ½Zmax

CRITICAL
CLUSTERIZATION

MODELS

Aggregation
processes

Fragmentation
processes

UNIVERSAL FLUCTUATIONS AND AN OLD QUESTION

Example:
Condensation of vapour

Example:
Shattering of 
glass

Order parameter:
Number of clusters

Order parameter:
Largest cluster size
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LIQUID-GAS PHASE TRANSITIONS IN NUCLEAR MATTER
A (hopefully) pedagogical introduction and overview of experimental achievements in the field

John FRANKLAND

1. EoS & Liquid-gas phase transition
   - non-ideal fluids (e.g. Van der Waals) exhibit LGPT with low/high-density phases,
     coexistence, spinodal instability and critical point
   - nuclear matter calculations (HF+Skyrme, & many more) exhibit very similar phenomenology
   - clear link between multifragmentation/vaporization and NM EoS

2. Historic experimental observations
   - power-law mass distribution suggests critical phenomenon
   - critical exponents shown close to LGPT universality class (but ambiguous)
   - caloric curve apparently compatible with 1st order PT (plateau → coexistence) (but ambiguous)
   - multifragmentation onset E*~3 MeV/u
   - quasi-simultaneous break-up at low density (ρ~ρ0/3)

3. INDRA results
   - characterization of gas phase:
     - weakly-interacting (non-ideal) gas fermions/bosons
     - density-dependence of chemical constants indicate weak in-medium effect on clusters
     - LGPT in QCD phase diagram: continuity between hadronization and nuclear clustering in HIC
   - characterization of the phase transition:
     - in finite systems LGPT → convex intruder in ‘system’ entropy/event population
     - coherent signals of negative heat capacity, bimodality, spinodal decomposition were observed
     - ambiguity of “caloric curves” removed by a posteriori control of phase space trajectory
     - finite size → pseudocritical behaviour
     - universal fluctuations → Zmax order parameter → multifragmentation = aggregation/coalescence/condensation


