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\deal fluiddynamicsreproduce botlp; spectra anas(p;) of soft
(p: < 2 GeV/c)identified particlegor minimum bias collisions, near

central rapidity
This agreement necessitates a softation of staleand very short

thermalizatiortimes: Tihermalization < 0.6 fm/c.
= strongly interacting Quark-Gluon Plasma
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ldeal fluid dynamics
IN heavy-ion collisions

A few reminders oriluid dynamics

® Fluid dynamicsand heavy ion collisions: theory

o Overall scenario
o General predictions ofieal fluiddynamics

¢ Momentumspectra
s Anisotropic flow

® Fluid dynamicsand heavy ion collisions: theory vs. data

® Reconciling data and theo@
(including predictions foCu—-Cl@RHIC and”b—-PI@LHC)
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Fluid dynamics
physical quantities

® Microscopic parameters

» )\ =mean free path between two collisions
® Uihermal = average velocity of particles
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Fluid dynamics
physical quantities

® Microscopic parameters

» )\ =mean free path between two collisions
® Uihermal = average velocity of particles

#® Macroscopic parameters

o [ =system size
® vguq = fluid velocity

® Micro and macro are connected: kinetic theory

® ¢, =sound velocCity~ vihermal
® 1) = VISCOSIty~ A\ Uthermal
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Fluid dynamics
various types offlow

® Thermodynamic equilibrium? I Knudsen numbekn =

o Kn > 1. Free-streaming limit
® Kn < 1. Thermalization :Fluid (hydro) limit
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Fluid dynamics
various types offlow

A
® Thermodynamic equilibrium? I Knudsen numbekn = —
o Kn > 1. Free-streaming limit
® Kn < 1. Thermalization :Fluid (hydro) limit
Lvguiq

® Viscous or Ideal? 5™ Reynolds numbeRe =
n

® Re > 1: ldeal (non-viscouslow
» [Re < 1: Viscousflow
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Fluid dynamics
various types offlow

A

® Thermodynamic equilibrium? I Knudsen numbeKn = T

o Kn > 1. Free-streaming limit
® Kn < 1. Thermalization :Fluid (hydro) limit

Lvgy;

#® Viscous or Ideal? IH" Reynolds numbeke = fluid
n
» Re > 1. ldeal (non-viscous)ow
o [Re < 1: Viscousflow

v .
® Compressible or Incompressible? IE Mach numbei\/a = fluid

Cs

o Ma < 1. Incompressiblélow
o Ma > 1. Compressible (supersonityw
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Fluid dynamics
various types offlow

Three numbers:

A Lvguiq Vaui
Kn=2,  Re=—tud — pr,— “fud
L M Cs
—> an important relation:
A Vg Vaui
Kn x Re = 24wd [ Auid 5

Ui Cs

Compressible fluidThermalized means ldeal

Viscosity = departure from equilibrium
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General scenario
of a heavy-ion collision

(0) Creation of a denseasof particles
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(1) At some timery, the mean free path is much smaller thaall
dimensions in the system
= thermalization(1p), ideal fluiddynamicsapplies
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General scenario
of a heavy-ion collision

(0) Creation of a denseasof particles

(1) At some timery, the mean free path is much smaller thaall
dimensions in the system

= thermalization(1p), ideal fluiddynamicsapplies
(2) Thefluid expands: density decreasasncreasessysternsize also)

(3) At some time, the mean free path is of the same order asythiem
size:ideal fluiddynamicdgs no longer valid

“(kinetic) freeze-out
Freeze-outsually parameterized in terms of a temperafljrg
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General scenario
of a heavy-ion collision

(0) Creation of a denseasof particles

(1) At some timery, the mean free path is much smaller thaall
dimensions in the system

= thermalization(1p), ideal fluiddynamicsapplies
(2) Thefluid expands: density decreasasncreasessysternsize also)

(3) At some time, the mean free path is of the same order asythiem
size:ideal fluiddynamicdgs no longer valid

“(kinetic) freeze-out
Freeze-outsually parameterized in terms of a temperafljrg

If the mean free path varies smoothly with temperature, istarscy
requiresi;, < 1y
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Heavy-ion observable:
Anisotropic flow

Non-central collision: Initial anisotropyof thesource

(in the transverse plane)

= anisotropicpressure gradients,
larger along theémpact parameteﬁ
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Heavy-ion observable:
Anisotropic flow

Non-central collision: Initial anisotropyof thesource

(in the transverse plane)

= anisotropicpressure gradients,
larger along theémpact parameteﬁ

ﬁp- o, : : .. :
= anisotropicemission ofparticles

# : - anisotropic (collective) flow
X
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Heavy-ion observable:
Anisotropic flow

Non-central collision: Initial anisotropyof thesource

(in the transverse plane)

= anisotropicpressure gradients,
larger along theémpact parameta’?

ﬁp- o, : : .. :
= anisotropicemission ofparticles

i‘ ) . anisotropic (collective) flow
dN dN
F— [1+2v cos(@ — Pr) + 2vacos2(p — Pr) + ...
d*p "~ prdprdy 1 cos(g ) (@ )
“directed “ elliptic”

“Flow”: misleading terminology; does NOT impiuid dynamics
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ldeal fluid dynamics
general predictions

Consistentdeal fluiddynamicspicture required; , < 1j
&
\deal-fluidlimit = T; ;. — 0 limit



ldeal fluid dynamics
general predictions

Consistentdeal fluiddynamicspicture required; , < 1j
&
ldeal-fluidlimit =Tt ,, — 0 limit

5~ one can compute in a model-independent way

N M
& the spectrumEd— = C/ exp(—p u’“‘(x)> p"doy,
>

d3p Tt o.
27
d dN
/ 2¢ Ed3 coS NG
# theanisotropic flow,, = 22 27T =
/ "o AN
o 27 d3p

using saddle-point approximations

N.B. & J.-Y. Ollitrault, nucl -t h/ 0506045
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ldeal fluid dynamics
general predictions

Consistentdeal fluiddynamicspicture required; , < Tj
&
ldeal-fluidhmit = Tt , — 0 limit

5~ one can compute in a model-independent way

~ fluid velocity
dN H
$ the spectrumb—— = C/ exp<—p u“(x)> p"day,
d P 3 It
particle momentunt™ 2vd¢ _dN
/ 5 Ed3 COS NG
# theanisotropic flow,, = 22 ;T =
/ "o AN
o 27 d3p

using saddle-point approximations

N.B. & J.-Y. Ollitrault, nucl -t h/ 0506045
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ldeal fluid dynamics
general predictions

Consistentdeal fluiddynamicspicture required; , < 1j
&
ldeal-fluidlimit =Tt ,, — 0 limit

5~ one can compute in a model-independent way _ . .
fluid velocity

L, K
® the SpECtrumEd—N = C/ exp<_@ uu(x)
>

dgp Tf.o.
particle momentunt 27
do _dN
E COS NG
0 2T d3p

® theanisotropic flowy,, =

2T
/ do Ed?{\f
0 27 d P

using saddle-point approximatioasound the minimum o

N.B. & J.-Y. Ollitrault, nucl -t h/ 0506045
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ldeal fluid dynamics
general predictions

1 1
Fluid velocity profiles: v/ =
7P i@ (a)

Profile in non-central collisions

Yr

os-RHIC

- RG EoS / Uy
0.5 \ . ]

: LH8 EoS '

\/ Uy

Ry(fm) (velocity larger along the direction
Kolb & Heinz, nucl -t h/ 0305084 of impact parametégr
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ldeal fluid dynamics
general predictions

Slow particlegp; /m < u,,..(5)) move together with théuid

There is a point where theuid velocity
u equals theparticle velocity

i
N
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ldeal fluid dynamics
general predictions

Slow particlegp; /m < u,,..(5)) move together with théuid

There is a point where th&uid velocity
u equals theparticle velocity

® Similarspectrdor different hadrons
up to normalization constants:

u, E@:Ch(m)f(%,y,gb)

i I
e
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ldeal fluid dynamics
general predictions

Slow particleqp;/m < ..+ (%)) move together with théuid

T
2

There is a point where theuid velocity
Uy equals theoarticle velocity

® Similarspectrdor different hadrons
up to normalization constants:

@ e

» v, (ﬁ, y) universal!
m

=- massordering ofvs (p, y)
Calculations valid ifl} , < mv? . (= not for pions)

max
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ldeal fluid dynamics
general predictions

Fast particlegp,;/m > u.,..(0)) move faster than thiuid

Particlecomes from where Saddle-point method even more predictiv

thefluid is fastesialong the
direction of itsvelocity:

pe
N
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ldeal fluid dynamics
general predictions

Fast particlegp,;/m > u.,..(0)) move faster than thiuid

Particlecomes from where Saddle-point method even more predictiv
thefluid is fastesialong the

direction of itsvelocity: D 2dN X !
u d Pt dy \/pt — MtUmax
y <ptumax — mtu?nax)
exp
Tf.o.

/ p.-dependent slopes of; spectra
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ldeal fluid dynamics
general predictions

Fast particlegp,;/m > u.,..(0)) move faster than thiuid

Particlecomes from where Saddle-point method even more predictiv
thefluid is fastesialong the

direction of itsvelocity: D 2dN X !
u d Pt dy \/pt — MtUmax
y (ptumax — mtu?nax)
exp
Tf.o.

/ p.-dependent slopes af; spectra
umax
K U2 (pt) X (pt — mtvmax)
uX TfO
\/ = massordering ofvsy (p;)
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ldeal fluid dynamics
general predictions

Fast particlegp,;/m > u.,..(0)) move faster than thiuid

Particlecomes from where Saddle-point method even more predictiv
thefluid is fastesialong the

direction of itsvelocity: D 2dN X !
u d Pt dy \/pt — MtUmax
y (ptumax — mtu?nax)
exp
Tf.o.

/ p.-dependent slopes af; spectra
umax
K U2 (pt) X (pt — mtvmax)
uX TfO
\/ = massordering ofvsy (p;)

(%) (pt)2
2

® vy(p) =
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RHIC data:
a personal choice [1/5]

vo(py) at midrapidity, minimum bias collisions:

CERN Heavy lon Forum, July 5, 2005
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RHIC data:
a personal choice [2/5]

p: Spectra ewme o+ Magali Estienne
atm|drap|d|ty e 100 + maoo | Private communication
VS. pi/m . oo oo -
Pt o K/55 + K/4.88 |
e px1 * px2.05
o px1 7 px2.2
o Ax2.8 —
O NAx2.5
e = x28 _
O = x27.5
®
. -
G&, -
%
0 - *&l", o ob o e
| | | | |
0.5 1 1.5 2 2.5 3
All particles (except pions) Wlﬂg < 1.2 flow with the samevelocity!
\_slow —> = Umax
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RHIC data:
a personal choice [3/5]

0.15

0.1

0.05

act parametejs

I i [
(b) anti-proton

Hydro Model

\ ‘ \
(d) anti-proton

Hydro Model
a = 0.02 frm s

&
Aok
N __O_ -O--(_)-O-_(ﬁ-
| | L | L

220

|
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Transverse momentum p, (GeV/c)

1

R Collaborationnucl - ex/ 0409033
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RHIC data:
a personal choice [3/5]

vo(p¢) for variouscentralities(impact paramete)s

STAR Co IIaboratlonnucI - e></ 0409033

\ ‘ \ b

(b) ant| proton

0.15 - — *
01 - Hydro Model N
0.05 - — .

i ot - ’5‘%"'6"0"6'

| ‘
(d) antl-proton

data abov abO\Fe

|deal fluid \

hydroylelds 0.05
maximumuy”

Hydro Model

0

Transverse momentum p, (GeV/c)
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RHIC data:

(Pseudo)rapiditgependence afs,

v, (%)

STAR Collaboration,
nucl - ex/ 0409033

1 E % STAR

C ® PHOBOS

PR PR R P PP TE R—
0 4 2 0 2 2

vo(Nydro) flatter than data

CERN Heavy lon Forum, July 5, 2005

Hirano & Tsuda,
Phys. Rev. G6 (2002) 054905

0.08

STAR PCE
PHOBOS —— CE

0.06
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RHIC data:
a personal choice [5/5]

U4

UQ)2
STAR Collaborationnucl - ex/ 0409033

Transverse momentudependence

ideal fluid
prediction
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ldeal fluid dynamics

vs. RHIC

& v5(p) hydro < data ’
& v5(y) hydro # data
[ e hydro < data

data

> IS theideal fluidassumption valid?

(v2)? J
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[ e hydro < data

data

> what is wrong withdeal fluid scenario?

(v2)? J



ldeal fluid dynamics
vs. RHIC data

& v5(p) hydro < data )
& v5(y) hydro # data

[ U42 hydro < data
(v2) J

> what i1s wrong withdeal fluidscenario?

(0) Creation of a denseasof particles

(1) At some timery (~ 0.6 fm/c in hydro model}, the mean free path
A IS much smaller thaall dimensions in the system

= thermalization;deal fluiddynamicsapplies
(2) Thefluid expands: density decreasgsncreasessystersize also)

(3) At some time, the mean free path is of the same order as/ttiem
size:ideal fluiddynamicdgs no longer valid
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ldeal fluid dynamics
vs. RHIC data

& v5(p) hydro < data )
& v5(y) hydro # data

[ U42 hydro < data
(v2) J

> what i1s wrong withdeal fluidscenario?

(0) Creation of a denseasof particles

(1) At some timery (~ 0.6 fm/c in hydro model}, the mean free path
A IS much smaller thaall dimensions in the system

= thermalization;deal fluiddynamicsapplies
IS this really true?

What are the length scales in tagstemat timer?
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Heavy 1on collisions:
length scales

At time 1y, two possible choices for theystensize L which entersi'n
® | = c7y longitudinal size (strong Lorentz contraction!)
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Heavy 1on collisions:
length scales

At time 1y, two possible choices for theystensize L which entersi'n
® | = c7y longitudinal size (strong Lorentz contraction!)

_ - .1
® [ = Rtransverse sizeH “reduced” radlus,E = \/— + —)
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Heavy 1on collisions:
length scales

At time 1y, two possible choices for theystensize L which entersi'n
® | = c7y longitudinal size (strong Lorentz contraction!)

_ . .1 1 1
® [ = Rtransverse sizel{ “reduced” radius;= = \/—2 + —)
R oy 0y

At short times;y < 1 fml/c, there are several possibilities:

1. A < crg: early thermalizatior{preferred by most?)
2.\~ CT0

3. cTog <€ X < R: only “transverse’thermalization
4.\~ R

5.\ > R: “initial state” dominates

Anisotropic flowcannot resolve 1-3
RHIC datafavor 4
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Dependence ot on
centrality

The natural time scale for, is R/c.:

/1@* bzz

vy Scaled |

by initial os

excentricity |
2 .2 I

gjz +§2§ 06 kR

Impact parameter dependence

0.4 [ **

02| &

massless particles

2 1
CS_§

ok ******************
ok

| CS t
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Dependence ot on
centrality

The natural time scale for, is R/c.:

massless particles

(32 = 1
Impact parameter dependence S 3
1 | % b=2
vy Scaled | = b=t
by initial os '
excentricity |
<y2_$2> I W***ﬂﬁ“m““”{
| < 2 2 0.6+ *{*
| x —|—y > I **‘,l'
1 ’p\'*
0.4 * ,”
L
®
0.2 7 **
a [
A - o Gt
0.5 1 1.5 2 3 R
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Dependence ot on
centrality

The natural time scale far, is R/c.: massless particles

2 1
C —_— =
Impact parameter dependence S 3
1f * b=2

vo Scaled | = b=
by initial 0g * °°
excentricity |

I *W“
2_ 2 ,

Ezyﬂ +y2§ oo ﬂw

0.4 ,/'.

02| *

e
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The natural time scale for, is R/c.:

Dependence ot on
centrality

massless particles
2 1

CcC. =
Impact parameter dependence S 3

*
vo Scaled | = b=
by initial 0g * °°
excentricity | * *° ot
(y2—a?) M
L @) -+
0.4 ,f
| <
0.2:
0.5 1 1.5 2 2.5 3 R

CERN Heavy lon Forum, July 5, 2005
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Dependence ot on
centrality

The natural time scale far, is R/c.: massless particles

2 1
C —_— =
Impact parameter dependence S 3
o b=2

vo Scaled | = b=
by initial 0g * °°
excentricity [ * >°

, b-10 BT, W LR S
(y°—x2) w
0.6 - X g

(2+y?) =
0.4 .lx,r.'p.
02
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Dependence ot on
centrality

The natural time scale far, Is R/ Cs massless particles

2 1
C —_— =
Impact parameter dependence S 3
o b=2

*
v, Scaled | = b=4
by initial g * ™ o
excentricity | * PEILE RN W P
2 2 I B a x
<y —Z > 06. © b=12 O xay
o (zZPy?) T
04 :
| e
, '
0.2+ >
0.5 1 1.5 2 2.5 3 R

vo Knows nothing about early times!
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Anisotropic flow:
a control parameter

The natural time scale for is B/c. v,
= number of collisiongo build upws: -

1 R (R) c.odN Kpartially thermalized

IO - S (L RO
Kn A on Cs c S dy 1 R/A = 1Kn

o interaction cross section ) particle densityS transverse surface

SystemNOT thermalizeds vy < 1/Kn
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Anisotropic flow:
a control parameter

The natural time scale for is B/c. v,
= number of collisiongo build upws: -

1 R (R) c.odN Kpartially thermalized

IO - S (L RO
Kn A on Cs c S dy 1 R/A = 1Kn

o interaction cross section ) particle densityS transverse surface

SystemNOT thermalizeds vy < 1/Kn

1 dN
I — —— control parametefor v
S dy

CERN Heavy lon Forum, July 5, 2005 N. BORGHINI - p.21/30



Anisotropic flow:
a control parameter

The natural time scale for is B/c. v,
= number of collisiongo build upws: -

1 R _ (R) c.odN Kpartially thermalized
~ — = Ron ~ '

Kn A c.)] ¢S dy 1 R/A = 1Kn

Cs
o interaction cross section ) particle densityS transverse surface

SystemNOT thermalized< vy < 1/Kn

1 dN
s = control parametefior v-: to vary K n, one can study
Y

#® centralitydependence (using the universality.ef ¢)
® beam-energy dependence
o
o

systermsize dependence> importance of lightesystemk
rapidity dependence
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Control parameter:
centrality dependence

- . .1 _ ? N
Thenumber of collisiongo build upwvs Is o = Ran(ﬁ> x g dN
n

Cs
In Au—Au collisions at RHIC:

b| R(m) | N n(ﬁ) (fm=3)
0| 2.07 | 1050 5.4
2| 2.02 975 5.4
41 1.89 790 5.5
6| 1.68 562 5.3
8| 1.45 344 4.9
10| 1.22 167 3.8
”(CE) hence), varies little forb = 0—8 fm, while R varies by 30%
. 1 dN
IS~ centralitydependence ot o — ——-dependence

€ S dy N. BORGHINI —p.22/30



Anisotropic flow:
iIncomplete thermalization

Centralityand beam-energy dependence:

w
~
N _""I""_I'_'"I""I""I""I""_
> 0.25 HYDRO limits .
0.2 {' -
[ %-%* ’
B * i
0.15 - & x -
5 %%f ]
0.1 — o ® — 4 E,/A=11.8A GeV, E877 ]
| K . I? —m— E_/A-40A GeV, NA49 ]
% 0.05 [ . —@— E,,/A=158A GeV, NA49 _:
| B [}' f —f=— \5,=130 GeV, STAR
i —h— \[5,y=200 GeV, STAR Prelim. ]
0 e o by by

0 5 10 15 20 25 30 35
(1/S) dN_, /dy

NA49 Collaboration, Phys. Rev. €3 (2003) 034903
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Anisotropic flow:
iIncomplete thermalization

w
~
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NA49 Collaboration, Phys. Rev. €3 (2003) 034903

Scaling lawseems to work for RHIGIata(+ matching with SPS)
Dataalone do not point to aaturatiorof vy
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Anisotropic flow:
predictions for Cu—Cu

The matching between central SPS and peripheral RHIC stg)tped
we can even comparg/stemawith different densities, i.e., differeit

IS~ we can comparéu—Auatb = 8 fm with Cu—Cuatb = 5.5 fm
(similar centrality)

® |If hydroholds,vs should scale like:
vo(Cu) = 0.69 vo(Au)

1dN .
® |f thermalizations mcomplete— should scale Ilk%d— .e.
€ Y

v2(Cu) = 0.34 vo(Au)
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RHIC data:
iIncomplete thermalization

(Pseudo)rapiditgependence afs,
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5~ can be explained bywcomplete thermalization
Hirano, Phys. Rev. G5 (2002) 011901
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RHIC data:
iIncomplete thermalization
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RHIC data:
iIncomplete thermalization

U4

(v2)?
5~ increase can be explained byomplete thermalizationaturally:

\deal fluiddynamicspredicts

1
=5 RHIC data are above(1.2)

. .1 v
v, proportional to the number of coIhsmn}s;r = . 5 X Kn
n (v2)
V2
Vg
~— partially thermalized 7% \
1 R/A = 1/Kn e S

Va 1 R/

e

1 R/A = 1/Kn
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Dependence ot
on the speed of sound

How can data overshoot thed©al fluid imit”?



Dependence ot
on the speed of sound

How can data overshoot thed©al fluid imit”?

Variation withcg

1 [ % c=0.05
08+
0.6+

0.4+

0.2 |




Dependence ot
on the speed of sound

How can data overshoot thed©al fluid imit”?

Variation withcg
1

[ % c=0.05
m c=0.1

0.8 -
0.6 ¢
04+

0.2 -




Dependence ot
on the speed of sound

How can data overshoot thed©al fluid imit”?

Variation withcg
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Dependence ot
on the speed of sound

How can data overshoot thed©al fluid imit”?

V2

€ Variation withcg
cs=0.05

c=0.1

cs=0.15

cs=0.2

1 -

e » EH ¥

0.8 -

0.6 ¢

0.5 1 1.5 2 25 3 R

Forc. 2 0.2, relativistic effects enter the game, (now depends on.)
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Dependence ot
on the speed of sound

How can data overshoot thed©al fluid imit”?

V2

€ Variation withcg
cs=0.05

c=0.1

cs=0.15

cs=0.2

¢s=0.3

1 -

X & > H ¥
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0.6 ¢

Forc. 2 0.2, relativistic effects enter the game, (now depends on.)
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Dependence ot
on the speed of sound

How can data overshoot thed©al fluid imit”?

V2
€ Variation withcg
Lok cs=0.05
m c=0.1
08 | 4 c=0.15
| & Cg

Forc. 2 0.2, relativistic effects enter the game, (now depends on.)
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Dependence ot
on the speed of sound

How can data overshoot thed©al fluid imit”?

V2

€ Variation withcg
1 -

e » B ¥

& él?m
o
[E

0.8 -

Forc. 2 0.2, relativistic effects enter the game, (now depends on.)

IZ~ one can increase by increasing:.!
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Reconciling data and theory

In hydrodynamical fiisthespeed of sounts constrained by, spectra,
which require aoft equation of state
— with ahard eguation of stajthe energy peparticleis too high

All relies on theassumptiorthat the energy per particle is related to th
density, i.e., thathemical equilibriums maintained

® chemical equilibriums more fragile tharkinetic equilibrium

® the only experimental indication ahemical equilibriums in the
particle ratios (cf. howeverte™...)

If there is nochemical equilibriumenergy per particle and density are
Independent variables, as in ordinary thermodynamics

5~ there is no constraint on thejuation of statfrom p; spectra:
one can consider a larger
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Incomplete thermalization
at RHIC

ldeal fluid dynamicsmodel-independent results
= slow vs. fast particles

. . . . . R
® A reminder: the natural time scale fanisotropic flowms —

Cs
» no knowledge about early times

» anisotropic floncannot conclude ormermalization

dN

. 1 . .
® Size ofvy controlled bygd—, but no hint at saturation in the date
Y

Incompleteiransverse equilibratiorA ~ R

IE" anisotropic flonis a tool to measura!

® 1, overshoots théydrodynamicaprediction... because the latter
IS over-constrained by a non-existetmemical equilibrium

® Predictions folCu—Cucollisions at RHIC
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Predictions for LHC

Measuringanisotropic flonat LHC, you will find

s 2 larger than at RHIC (getting closer tocrmalizatiol)
€

largersignal larger statisticg® easier measureme@

U4
o
i (v2)2
Well... that definitely means a smallggnal ..

. . 1
smaller than at RHIC (closer to the=al fIU|dvaIue§)

. 1 N
® Smaller systems yield complementary value&o(%—,
. o S dy
allowing checksi(iermalizatioror not?)
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