Thermodynamics of relativistic gases
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Simple Estimates of ne and I

1. high temperature regime:

(a) simplification for hich temperatures:
hadron world composed of pions with radius ra 0.6 fm.
Then n. = 0.64/[(47/3)r3] = 0.58 /fm?,
(b) thermodynamics of relativistic gases: density of a plon gas ny = %Tg
(¢c)nr =ne — T =230 MeV.
2. hiegh baryvon density regime, T= 0:

3. simplification for high barvon densities:
hadron world composed of nucleons with radius ra 0.6 1.
Then n,. = 0.64/[(47/3)r3 = 0.58/fm> ~ 3.6 n,,

Here, ng = 0.16/ fin? is the density in the center of a nucleus.
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QCD thermodynamics

A

R. Gavai, J. Cleymans, Phys. Rep. 130 (1986) 217; D. Rischke, Progress Part. Nucl. Phys. 52 ( 2004) 197

orand-canonical partition hunetion

Z(T,V,u) = [DEDY DAY exp [ (L+pN)| (4)
QCD Lagrange density i
L= tj (iﬁ.f"uD T m) P — 1 F:iw F;ﬁ, & L‘gaugv : {5)"

i 1s the 4N N y-dimensional spinor of quark fields, 1) = 17y is the Dirac conjugate spinor, 4* are the Dirac
matrices and m is the quark mass matrix. The covariant derivative is D, = 9, — igAj, T, with the strong

coupling constant g, the gluon fields A#. and the generators T, of the local [SU(N,).| symmetry.



thermodynamic quantities

From the grand partition function, one can derive all thermodynamic quantities:

e pressure.
adn=z T

T.4i) =T _
p(T, ) v 7

In the thermodynamic limit, In Z is an extensive quantity (~ V') and the dependence of the pressure on 1

InzZ (V —o0). (6)

drops out

e cneroy density
T2 0nzZ

E[Ta,ﬂ]:? 9T + pun . (7)
e particle density
TodlnZ ‘
()= T g
n(L, i) V ou (8)
e cntropy density
1 9(T'In2)
s(T, u) = —=—— g
L =537 (9)

Note: second law (or Maxwell's relations) connects these via:

e=—p+ 8T+ un (10)



phase transitions

the structure of phase transitions is related to the derivatives of the pressure with respect to T and p for a
given point (7', p¢) in the phase diagram of the independent thermodynamic variables temperature and chemical

potential.

For a phase transition of first order, the first derivatives

d 0,
s=o0 , n==2 | (11)
or|, Apt | '
are discontinuous while the pressure p is continuous at the point (T, 1t). Here, s is the entropy density and n

the (net) quark number density.

For a phase transition of second order, the second derivatives are discontinuous, while p and its first derivatives
are continuous.
Phase transitions of arbitrary order are defined correspondingly. For a crossover transition the thermodynamic

properties change rapidly within a narrow range of values T' and u, but the pressure and all its derivatives
remain continuous.



heavy ion collisions and hydrodynamics

for T > 200 MeV in 2-flavor QGP n,,,, > 4/fm> and with typical perturbative

cross sections A < 0.8 fm
rescattering between particles formed in primary collisions may lead to
local thermal equilibrium rapidly
treat system as particle fluid using language and tools of hydrodynamics

0, TWW=0 9,j =0 with energy-mom tensor THV and 4-current of cons. charge j
u w

for ideal fluid: TWW=(e+p)u u “pg and = nuM

€: energy density p: pressure uM: flow 4 velocity
generally all fields functions of x

generally only EoS and initial condition needed to calculate evolution
EoS: p=p(e,ny, ..., n,) connection pressure — densities
initial cond.: in 1deal fluid expansion isentropic, final state multiplicity gives

initial entropy, pick volume — system completely determin
==
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