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Motivation

How do we find the first order phase transition?

Assume a QGP is formed in relativistic HIC at the SPS, RHIC, LHC

Locate the Onset of
deconfinement?

Is it a phase transition or
crossover?

If it is a phase transition

Do we have the models that can tell
us what to look for?
E.g. fluid-dynamics, and models for
the EoS?
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The Maxwell Construction

Problem

Most model calculations, including a ’phase transition’, are based on a
Maxwell constructed EoS!

 Unstable
 

 

 Density [ 0]

HQ EoS     T = 100 MeV

”In thermodynamic equilibrium, a
necessary condition for stability is
that pressure P does not increase with
volume V ... The Maxwell construction
is a way of correcting this deficiency.”
http://www.wikipedia.com

In a dynamical scenario, locally the
system is not necessarily stable.

Dynamical Phase separation occurs
(spinodal decomposition).
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Dynamical Phase Separation

”Spinodal decomposition is essentially a mechanism for the rapid unmixing
of a mixture of liquids or solids from one thermodynamic phase, to form
two coexisting phases.”

I takes place for example when one quenches a mixture of two substances
rapidly below the demixing temperature. Then, the two substances
separate locally, giving rise to the complicated structures which can be
seen on the leftmost picture.
http://pmc.polytechnique.fr/mp/Research.html
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Constructing an Effective EoS

There are two possibilities

A model that has two phases:
we can construct the EoS directly
from the thermodynamic potential

PQM model

A constituent quark model where
the quarks couple to the chiral field
and the Polyakov Loop (approximate
order parameter of deconfinement)

One model for each phase:
we need to do the matching of the
two phases by hand.

A Hadron Quark construction

Use a hadronic SU(2)f model for
the low density phase and a
MIT-bag model for the deconfined
phase.

Advantages

Unambigous construction. Naturally
can give a crossover. Has ’thermal’
deconfinement

Well defined asymthotic phases.
Correct description of the nuclear
ground state.
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Constructing an Effective EoS

Obtain the free energy density fT (ρ) = εT (ρ)− TsT (ρ) by a spline
between a Gas of int. nucleons+pions and a QGP.

∂2ρfT (ρ) > 0: (Meta-)Stable
∂2ρfT (ρ) < 0: Unstable

Fluid evolution: T 6= const.
but S/A = const.

c2s
∣∣
T
< 0: Isothermal spinodal

c2s
∣∣
S/A

< 0: Isentropic spinodal

 Unstable

 

 

 Density [ 0]

HQ EoS     T = 100 MeV

Alternatively: Do a Maxwell construction.

J. Randrup, Phys. Rev. C 82, 034902 (2010).
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Constructing an Effective EoS

The PQM model

Couples constituent quarks to mesonic fields and the Polyakov loop.

The thermodynamic potential

Ω = −T
V

lnZ = U + Uσ + Ωqq

The meson fields

Uσ = 1
4λ(σ2−ν2)2−cσ−U0+gωλ

2
ωω

2

 Unstable

 

 

Pr
es

su
re

 [M
eV

/fm
3 ]

Density [ 0]

U = −1
2a(T )ΦΦ∗ + b(T ) ln[1− 6ΦΦ∗ + 4(Φ3 + Φ∗3)− 3(ΦΦ∗)2]

B. J. Schaefer, J. M. Pawlowski, and J. Wambach, Phys. Rev. D 76, 074023 (2007).
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Properties of the Phase transition

Compare the Pseudo Critical Pressure for the different models
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Nuclear L-G x 50

PQM and HQ EoS show
qualitatively different bahaviour!

PQM very similiar to nuclear
Liquid Gas transition (Stable
quark matter).
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Properties of the Phase transition

Compare the Pseudo Critical Pressure for the different models
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PQM very similiar to nuclear
Liquid Gas transition (Stable
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Similar observation in different
study.

M. Hempel, V. Dexheimer, S. Schramm and I. Iosilevskiy, Phys. Rev. C 88, 014906

(2013)
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Properties of the Phase transition

Compare the Pseudo Critical Pressure with lattice QCD
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]
G. Endrodi, Z. Fodor, S. D. Katz, and
K. K. Szabo, JHEP 1104, 001 (2011).

Pressure defined along the
transition line from a lattice
study.

Pressure calculated as expansion
around µB = 0 using baryon
number susceptibilities.

Susceptibilities are known only
to 4th order.

Different observables show
different curvatures: Lattice
calculations cannot distinguish
between the two scenarios at
hand
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Solving Fluid-Dynamics

The equations for relativistic fluid-dynamics are solved numerically on a
grid of cell size ∆x = 0.2 fm:

∂µT
µν = 0 and ∂µN

µ = 0

Tµν is the relativistic energy momentum tensor and Nµ the baryon
four-current. To close this system of equations one needs the equation of
state, of the form p = p(ε, n), as an additional input.

The Gradient Term

A proper description of spinodal decomposition requires that finite-range
effects be incorporated.

p(r) = p0(ε(r), ρ(r))− a2 εs
ρ2s
ρ(r)∇2ρ(r)

The gradient term will cause a diffuse interface to develop when matter of
two coexisting phases are brought into physical contact.
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Droplet Formation

0.0 0.50 1.0 1.5 2.0 2.5

t = 0.0 fm (a)

(b)

2 fm

b [ ]

t = 160.0 fm

Initialize a symmtric system according to a
Woods-Saxon distribution

ε(r) = εI [1 + e(r−c)/w]−1

+ fluctuations

The PQM model produces almost stable
dropletts of quark matter. Physical???

The dropletts formed in the HQ EoS
disappear quickly!
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Moments of the Baryon Density

Define Orders of the net baryon density distribution:

〈ρN 〉 ≡ 1

A

∫
ρ(r)Nρ(r) d3r

1 10 100 200
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10-2

10-1

100

2x100

HQ EoS
 Unstable
 Maxwell

PQM EoS
 Unstable
 Maxwell

 

 

<
(t)

5 >/
<

(t=
0)

5 >

Time [fm/c]

HQ EoS: Local density
enhancements seen in the bump
of the density power.

PQM: Almost stable droplets
decay very slowly when
embedded in a very dilute gas.

The density enhancements
become much larger than was
the case for the HQ EoS.

Note oscillatory behaviour.
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Nuclear Clusters

Nuclei from Coalescence

EA
dNA

d3PA
∝ FA

([
E
dn

d3p

]
p=PA/A

)A

One might naively expect that
the composite production should
be enhanced.
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Nuclear Clusters

Nuclei from Thermal Production

NA =

∫
d3p d3r fA(r, p) , (1)

One might naively expect that
the composite production should
be enhanced.

However, as the local baryon
density is being enhanced also
the local excitation energy per
baryon is increased almost
compensating the increase.
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Angular Correlations

Strong irregularities in the angular distribution

Will they lead to large higher moments of the spacial angular distribution
of the baryon number?

In position space these can be
computed directly from the fluid
dynamical simulations.

Large enhancement in spacial
corelations in the PQM EoS.
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ρi ρj cos(n(φposi − φposj ))
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Angular Correlations

Strong irregularities in the angular distribution

Will they lead to large higher moments of the angular momentum
distribution of the baryon number?

In momentum space these can be
computed from the fluid dynamical
simulations by sampling the
Cooper-Frye equation with the local
values of four velocity uν ,
temperature T , and chemical
potential µ.

NO large enhancement in
momentum space correlations.
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Summary

We have obtained a transport model that is suitable for simulating
nuclear collisions in the presence of a first-order phase transition.

We have found that the associated instabilities may cause significant
amplification of initial density irregularities.

The present study demonstrates that the specific choice of EoS does
affect the character of the density evolution.

More work on understanding QCD thermodynamics at large density is
required.

So far we are still trying to identify observables sensitive on the
enhanced fluctuations.

(Average) Radial flow, nuclei production and angular correlations
show no large signal of the unstable dynamics of the phase transition.

Candidate: dynamical strangeness and/or Isospin separation.
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Growth Rates in Numerical Fluid-Dynamics

Calculation in a box with periodic boundaries

The amplitude of a density undulation should grow exponentially within
the unstable region

A(t) = At=0(e
γkt + e−γkt)
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Numerical viscosity cuts off
large wave number growth

The gradient term modifies the
growth rates:

γ2k = |vs|2k2 − a2(εs/h)(ρ/ρs)
2k4

Depending on a certain wave
numbers are favored
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