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Introduction

Are dense hadronic matters alike?
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The origin of the idea

Starting points

Application of statistical physics to
elementary particles is usually
referred to Enrico Fermi (1950)

although it was Heinz Koppe who
proposed (1948) this idea to
production processes
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The origin of the idea

Limiting temperature

Rolf Hagedorn was the first who
systematically analyzed high
energy phenomena using all tools
of statistical physics. He
introduced the concept of the
limiting temperature ∼ 140MeV
based on the statistical bootstrap
model.

That was the origin of multiphase
structure of hadronic matter.
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The origin of the idea

Theoretical description of particle production

Pn(i → f ) =∫
d4p′1 . . . d

4p′nδ(p′1 + · · ·+ p′n − Pi )
n∏

j=1

δ(p′
2
j −m2

j )|〈p′1, . . . p′n|S|i〉|2

The dynamical part
〈p′1, . . . p′n|S|i〉

The kinematical part

δ(p′1 + · · ·+ p′n − Pi )
n∏

j=1

δ(p′
2
j −m2

j )
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The origin of the idea

Place for statistical physics

More particles (degrees of freedom) in the process: kinematics tends to
dominate the behavior of the system

measurable quantities are much less detailed than 〈p′1, . . . p′n|S|i〉
with the integration over a large region of the phase space the
dynamical details are averaged and only a few parameters remains

restricted knowledge of 〈p′1, . . . p′n|S|i〉 is not needed

Pn = S̄nRn

Rn =

∫
d4p′1 . . . d

4p′nδ(p′1 + · · ·+ p′n − Pi )
n∏

j=1

δ(p′
2
j −m2

j )

Arguments work if the thermodynamic equilibrium is reached
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Further development

HIC collision – graphics

the freeze-out surface

Ludwik Turko (IFT, Wroc law) Thermodynamics inside 20/09/2008 8 / 18



Further development

HIC collision – graphics

the freeze-out surface

Ludwik Turko (IFT, Wroc law) Thermodynamics inside 20/09/2008 8 / 18



Hadronic matter

The aim of statistical models

To derive the equilibrium properties of a macroscopic system from the
measured yields of the constituent particles

but

Not to describe how a system approaches equilibrium.

The chemical freeze-out

The stage where hadrons have been created and
the net numbers of stable particles of each type
no longer change in further evolution of the sys-
tem.
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Hadronic matter Closer to reality

Statistical model calculations – in principle

ε =
1

2π2

∑
j=1

(2Sj + 1)

∞∫
0

dp p2Ej

exp
{

Ej−µj

T

}
+ λj

,

nb =
1

2π2

∑
j=1

(2Sj + 1)bj

∞∫
0

dp p2

exp
{

Ej−µj

T

}
+ λj

,

ns =
1

2π2

∑
j=1

(2Sj + 1)sj

∞∫
0

dp p2

exp
{

Ej−µj

T

}
+ λj

,

where
µj = bjµb + sjµs
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Hadronic matter Closer to reality

Almost reality

The time-space evolution of the system after collision is given by kinetic
equations

(pµ∂
µ + F

(j)
µ ∂µ(p))fj(x , p) =Cj(x , p)

interaction with other particles

phase space distribution function

long distance forces

Fewer degrees of freedom: small number of particles or low temperature:
dynamics more and more important
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Hadronic matter Closer to reality

Fireball parameters

The mean free path

λj =
1∑

k

σjkρk

Between scattering time

τ
(j)
scatt =

λj

〈vj〉
∼ 1∑

k

〈vjkσjk〉

Escape time

τ
(j)
esc =

R

〈vj〉
∼ R

c

Expansion time

τexp =
1

∂µuµ(x)

Freeze-out condition

τ
(j)
scatt & min(τ (j)

esc , τexp)

gives

freeze-out hypersurface Σ
(j)
f (x)
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Hadronic matter It works

although there are discussions is this ”the real“ thermodynamical
temperature

1

T
=
∂S
∂U

or ”a fake“ temperature due to the phase space dominance effect.

Puzzle

Multiproduction at high energy e+e− and pp is also well described within
statistical model.

We cannot solve pre-equilibrium HIC dynamics, we have no good
description of hadronization processes. . . Nevertheless, the thermal
statistical models work quite well.
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Stellar matter

Differences

Principle difference between statistical model in HIC and in statistical
model in the interior of neutron stars:

High density in HIC does not lead to gravitational effects.

High density in the interior of neutron star and the large mass force
us to take into account gravitational effects.
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Stellar matter Where thermodynamics?

Hydrostatic equilibrium

The neutron star matter is in its lowest energy state V thermodynamic
equilibrium with respect to all reaction channels.
Hydrostatic equilibrium is decoupled from thermal evolution

Hydrostatic equilibrium

dm

dr
= 4πρr2

dP

dr
= −Gmρ

r2
[. . . General Relativity Corrections . . . ]

P = P(ρ, . . . ) (EoS)

Thermal evolution

dS

dt
= Q
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Stellar matter Where thermodynamics?

The thermodynamic equilibrium in
any layer but

Different compositions

Different equations of state

The thermodynamic equilibrium of
neutron star

Grand canonical ensembles in
layers

Minima of thermodynamic
potentials of layers

Parametric EoS’s

Phase equilibria conditions

Phase stratification due to the
gravity
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Stellar matter Where thermodynamics?

Dense hadronic stellar matter is much more difficult to handle than the
dense hadronic matter from the HIC

Example

Level density for nuclei

Nj =
1

2π2

∑
j=1

gj(T )

∞∫
0

dp p2 exp

{
−

Ej − µj

T

}

with

gj(T ) = g
(0)
j (T ) +

c1

A
5/3
j

∞∫
0

dE e−E/T e2
√

ajE

where

aj =
Aj

8

1− c2

A
1/3
j
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Conclusions

Conclusions

Statistical models in HIC: success story

Statistical models in stars: still many unknowns

Challenge for theoreticians
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