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Introduction

Are dense hadronic matters alike?
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The origin of the idea

Starting points

Die Mesonenansheute beim Beschufl von leichten App|ication Of Statistical phySiCS to

Kernen mit «-Teilchen

elementary particles is usually
referred to Enrico Fermi (1950)

Von Heinz Koppe

Max-Planck-TInstitut fily Plysik, Gottingen

(. Naturlorschy, 30, 251—252 [1M8]; eingeg. am 21, Joni 1048)

Mittels des nenen Derkeley-Betairons ist es mig- 1 1
lich gewesen, durch De il von leichten Kernen although It was Helnz Koppe Who
{insbesondere C) mit e-Teilehen von etwa 380 MeV ( ) P
Mesonen zu erzeugen. I folgenden goll eine einfache proposed 1948 thls Idea to

Methode angegeben werden, nach der sich ilie dabei 2

47 m‘\l’m-teiﬁleg_‘&ushcutc abschilz BRI PrOdUCtlon processes
BEeim Stol eines Kernes mit der Massenzahl My wd

ler kinetischen Energie £ auf einen rulenden Kern

mit der Masse My entstehl zuniichst ein Zwischenkern

mit der Masse M = M+ M., dem die An

Tie Ausbeute an Mesonen ist dann gegeben durch
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sur Verfllgung steht, Nach einer bekannien Berielung? Unter dem Integral kann man I% als langsam ver-
1at der Zwischenkern damn die Temperatur snderlieh durch Ty ersetzen und auferdem die Wurzel
3 ’ ac twickeln. Es ergibt sich
T =38V F. (@) nach f entwicke £
. — M T,
Jabel wird unter T das Produkt aus & und der ab i =0,081T,Me el m
soluten Temperatur verstanden. GL {2) liefert 1" in
deV, wenn man I in MeV einsetzl. Mit den oben angegebenen Werten liefert das Stofi-

ausheuten » = 1,7-10-%
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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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of Strong Interactions at High Energies.

K. Haigsnors
CERN - eneva

(ricevuto il 12 Marza 1965
osrexTs, — 1. Iatroductiva. — 2. The pastition funetion. -

saslency conditien. 1. Statement of the peoblom.
il solatinns, 5. Tho slatinn i tie

3. The sell-
Exchusion of

athoe parsmoters, The moss spectram, — 5. Cenclusion npen mmom
apeculations,

1, — Introduciion.

Tecently, the statistical model of Fermi (1) has been applied to Targe-angle
elastie {+3) and el 14 seattering with & Tathoer unexpeetod supeck.
Romglily, the resnlt ean be stared ag follows: if one calealates with the (non-
fnvariant) el the probal P, for all chaanels j of the reastion
Ptp s chan hen sne finds n. energies from 2 to 8 GeV the
numerical for

a (Z‘;)_ exp[—3.30(8 —21] I8 in GeV]

P

Ludwik Turko (IFT, Wroctaw)

Thermodynamics inside

20,/09/2008



The origin of the idea

Theoretical description of particle production

Po(i — ) =

/d4p1...d4p§,5(P1+“'+P2 H‘S(p m )P PhISIE

The dynamical part
(PLs- - PlSIi)
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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 (pi, ... p}|S|i)

@ with the integration over a large region of the phase space the
dynamical details are averaged and only a few parameters remains

o restricted knowledge of (pi,...p,|S|i) is not needed

PnZEan

n

2
Ro— /d“pi o dpnd(py -+ — P [ [ 000 — m))
j=1
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Arguments work if the thermodynamic equilibrium is reached
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Further development

HIC collision — graphics

N1/

the freeze-out surface

VAN
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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

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

where
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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

long distance forces

(pud* + FP0"(p)) (x, p) =Gi(x, p)
\
interaction with other particles

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

1
Nj= ———— Expansion time
’ Zo'jkpk e
k

Texp = 8# u“(x)

Freeze-out condition

%)

ee(lald
7-scatt Z mm(Tesca 7-exp)

gives

freeze-out hypersurface ZECJ) (x)
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Hadronic matter It works

2
2 0y
| | Plp R Tz T win KIK Kir Bl KW i Ah* Zh° 12/7( [ — STAR + PHENIX @ 130 GeV.
VB e e T > 100 most central
e i KA
r b 10 \"i’_'r; = A
L ° P N 1 7\# “!(
= 1 Sk g N
i % STAR L = 3
1 E PHENIX B ws * 0.1
F O PHOBOS ki - £
E A BRAHMS & e LN 0.01
r £ 0.01 |(KreRoY2 (x0.1 ) r N
| [s.=130 Gev g A N
= + S oo N 001 0
m-j * = 05 1 185 2253 35 005 i 15 2 25 3 35
E T=176 MeV, i, = 41 MeV Rl p . [GeV]

‘Braun-Munzinger et al., PLB 518 (2001) 41 D. Magestro (updated July 22, 2002)

although there are discussions is this "the real” thermodynamical
temperature
1 0S8
T oU
or "a fake" temperature due to the phase space dominance effect.

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

Neutron Star Strange Quark Star

neuTRONS

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 = thermodynamic
equilibrium with respect to all reaction channels.

Hydrostatic equilibrium is decoupled from thermal evolution

Hydrostatic equilibrium

dm 4 pr?
dr e
dP
= — Gmp [... General Relativity Corrections ...]
dr 7
P = P(p,...) (EoS)

Thermal evolution
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The thermodynamic equilibrium in
any layer but
o Different compositions

o Different equations of state

superluid neutron

gupereonducting pro,

Electrons

Density

(alem®) Radius (hm)
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The thermodynamic equilibrium in
any layer but
o Different compositions

o Different equations of state

The thermodynamic equilibrium of

e e
armal “neutrons

neutron star

superluid neutron

R @ Grand canonical ensembles in
Density Electrons | ayers

(alem®) Radius (hm)

Minima of thermodynamic
potentials of layers

Parametric EoS's

Phase equilibria conditions

Phase stratification due to the
gravity

v
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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

1 i 2 Ej —nj
szzngz_;gj(T)/dPP eXP{—T
= 0

with -

0 (o] _ -

gj(T)=g,-( )(T)+A5/3/dEe E/T g2v3E
J 0

where

2 — A; ()

Y — — 17/3

Aj
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Conclusions

Conclusions

o Statistical models in HIC: success story

o Statistical models in stars: still many unknowns

Challenge for theoreticians
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