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> proper time: 7 = t2 — z2 Introduction
> space-time rapidity ns: t = 7 cosh(ns) z = 7 sinh(s)
=1, = 3InH2

> fluid rapidity Y: v, = tanh(Y)

y time

hadronic gas
| , described

mixed phase by hydrodynamics

QGP
pre-equilibrium stage

z




Why hydrodynamics?

» inviscid hydrodynamics describe experimental data

» Kn < 1with Kn=\/R
A = mean free path; R = characteristic dimension of
system

» one (strong) assumption: d,p and 9, T small
= local thermodynamic equilibrium
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Equations of hydrodynamics

: i
0 _ 1 oyl = v

» 4-veloci B
elocity u™: u T -

» Baryon number conservation: 9,n* = 0, (nu*) =0

» energy-momentum tensor: TH” = (e + p)utu” — pgh”
with T9 energy density, 7% momentum density,
T'0 energy flux and T¥ momentum flux.

In rest frame:

oo o n
o otT O
oOT O O
o O O

» conservation of energy and momentum: 9, TH =0
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Summary (Hydrodynamic Basics)

» We have five equations: 9, T =0 and 0, (nu*) =0
» 6 Variables: €(x), p(x), ng(x), u(x)

» = equation of state needed
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Equations of thermodynamics

» differential of internal energy :
dU = —pdV + TdS + pdN
» V, S and N extensive variables: U= —pV + TS + uN
» Gibbs-Duhem: Vdp = SdT + Ndu
» need intensive quantities e = U/V,s=S/V,n=N/V:
e=—p+ Ts+pun
dp =sdT + ndp
= de = Tds + udn

Relativistic
hydrodynamics for
heavy-ion physics

Martin Kroesen

Thermodynamics




Relativistic

VeIOC|ty Of SOU nd hydrodynamics for

heavy-ion physics

Martin Kroesen

Oe
» with a small disturbance de and dp, so that Thermodynamics
€ = €9+ de and p = pg + Ip delivers:

1
» velocity of sound ¢; is defined by: ¢; = (@) ?

0:(0€) + (é0 + po)V - ¥ = 0

ov
— op=0
(eo+po)at + Vép
» using definition of cs as dp = cs2d€:

82 (5¢)
ot?

— ¢’ A(de) =0
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> let p = 0 _
Thermodynamics
> e=go > T4 [ Fermions e = g3 T47]
> p = %
> n= T3g8 [ Fermions n = g5 T37<E ; ]
- 40 number of degrees of freedom
g=237[ud]; g=47.5[ud,s]
» With €+p: Ts: S:M:Z}n
» Estimation of ¢s: ¢2 = % = %




Hydrodynamical expansion

Relativistic
hydrodynamics for
heavy-ion physics

rtin Kroesen

Hydrodynamical
expansion




Relativistic

Bjorken Model I: Simplified model for massless bt

heavy-ion physics

pa rthIGS Martin Kroesen
» Expansion only in z-direction u* = %(t707 0,z)
> €(1,y) = (1), p(7,5) = p(7), ( y) = B(7)
a TMV == O S|mp||f|es to d - tp %; Hydrodynamical

expansion

Wl

= e(ﬂze(m)-(}o)—

=|s(7) = s(m0)—

> 8#5“:0:%:—3

» hence: s- T=¢€e+p=
T \_

=| T(7) = T(m0)(=)
70

» Estimation of the lifetime of the QGP:

T
Te — Tp = TO((?°)3 —1)
Cc

Wi Wl




Bjorken Model Il [ more general with mass |

>» TrT>0=€¢>3p
With 26 = — <t (1)=3 > {0 > (1)1

T
70 = ¢€(70) T0
> ZI(VT,y) = n(7) leads to constant rapidity density
G, = const

» initial condition e(1p)1o =7

dN/dy
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Estimation of the energy density
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» dE = dN < mr -cosh(y) > o[ %

_ <mt>dN _ <m7> dN dy
YOTTA &z T A

Martin Kroesen
_ d z - 1
Ly = atann(2) = 1]

dy — <mr>dN
dy dz|,—o =~ Amp dy

1 I 1} o eHXY;af:St:g:amim
It
)
fp— ¢ ™ . —
o o *°
i .
L .' : J

1& z=0/(dZ

> | €070 = —

A dy




Estimation of the energy density

v

A~ WR,%b ~ 140fm?

AV |y—or 2450 % 92 from (Pb+Pb0,/syy = 2.76TeV)

oo ~ (11.7 £ 0.43) &Y

fm'

for an initial time of 79 &~ 1fm this leads to eg ~ 10

from eg = gg—; Ty we get initial temperature
To = 280MeV and with T, =~ 170MeV the livetime
Te —To R 3.6%m

GeV
fm3
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Phys.Rev. C?'] (2005 ) 034908, nucl- exf0409[115
T

| 200 GeV +
° 130 GeV

- 019.6 GeV .{.
4 R

 PHENIX # #

.,.#

_¢. . B
# 5 s ¢ g, from lattice QCD |

Hydrodynamical
expansion

l\)
S
e

— €gjorken (GEV / fM3)

PR T S T [N SR SR SR T [N S S SN S S S T
0 700 200 300
N,

part
fort=1fmlc




Relativistic

LongltUdlnal acceleratlon hydrodynamics for

heavy-ion physics

Martin Kroesen
» more general distribution of s(7, x, y,ns)
» acceleration x,y,z-direction

» Assumption:

Hydrodynamical
expansion

s(x,y7m5) ~ exp(— 5 (7 + (L7 +(1L?)
X y n

» from Euler-equation we get:

o, 1 @__Czaln(s)
ot  e+pdz  ° 0Oz
c2ln =
» Y(r) =1+ —2)ns
n

» 0, — oo leads to the Bjorkencondition
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p Ove _ 1 0p _ _ 20In(s)
ot~ et+pOx s Ox
2 x " Hydrodynamical
> VvV, = C:5 expansion
X S O’)%
_ 2y
> Vy = Cg ?t
y
» oy < 0, non-central collision
» 9B =1+ 2v,c05(29), v = elliptic flow
2_ 2
> Vo~ E= 7y

2 2
oy+ox




Summary
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» radial flow

u=/uul + wpu?; m=m?— p?
d | dN —uo+ume/pe
T

dm; '8 27 p.dp:dp:




Summary
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Summary

> hydrodynamics describe experimental data

» simplifications enable one to solve hydrodynamic
equations

> we can estimate the order of magnitude of ¢, p and T
as a function of time
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