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dynamicsreproduce both; spectraandelliptic flow vs(p;)

of soft (p; < 2 GeV/c)identified particlegor minimum biascollisions,
nearcentral rapidity

This agreement necessitates a soft cand very short
tImes: Tihermalization < 0.6 fm/c.

= strongly interacting Quark-Gluon
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ldeal fluid dynamics

® A few reminders oriluid dynamics

® |deal fluiddynamicsn nucleus—nucleus collisions: theory

o Overall scenario

» General predictions ofleal fluiddynamics
s Anisotropic flow

® Out-of-equilibriumscenario
» Generic predictions
» Reconcilingdataand theory (?)

R.S. Bhalerao, J.-P. Blaizot, N.B., J.-Y. Ollitrault, PEB7 (2005) 494
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Fluid dynamics
various types offlow

mean free patkA
® Thermodynamic equilibrium? IE Knudsen numbekn = —
o system size—"
o Kn > 1. Free-streaming limit
o Kn < 1. Liguid (hydro) limit
e Lugy;
® Viscous or Ideal? IH" Reynolds numbeke = fluid
viscosity—"""/
» Re > 1: Ideal (non-viscousiiow 1~ EAC,
® [Re < 1: Viscousflow
VAuid

® Compressible or Incompressible? I Mach numbeVa =

speed of sound s
o Ma < 1. Incompressiblélow

o Ma > 1. Compressible (supersonitpw
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Fluid dynamics
various types offlow

Three numbers:

A €Lvﬁ ' VAui
Kn — iy Re — u1d7 Ma — uid
L 7 Cs
—> an important relation:
EA VA Vi
Kn X Re = wd o M
B 77 CS

In a heavy-ion collision, thereated matteexpands into the vacuum
—> compressible flow

“Liguids areldeal’ < viscosity= departure from equilibrium
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picture
of a heavy-ion collision

(0) Creation of a densesa? of particles

(1) At some timery, themean free path is much smaller thaall
dimensionsgn the system

= (To), dynamicsapplies

' (2)The expands: density decreasgsncreasesgystem sizalso)

(3) At some time, thenean free patis of the same order as tilsgstem
Size dynamicdgs no longer valid

“(kinetic) freeze-oit
Freeze-outusually parameterized in terms of a temperafijrg

If )\ varies smoothly with temperature, consistency requiies< 1y
I analytical predictions
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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

N
9 thespectrumEd— = C/ exp| —
d’p d

® and itsazimuthal anisotropieg flow”)

using saddle-point approximatioasound the minimum

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

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

I~ one can compute in a model-independent way _ . .
- fluid velocity
dN H
9 thespectrumEdT =C / exp (—@ (@)
P )Y
particle momenturt”
® and itsazimuthal anisotropie@ flow”)

using saddle-point approximatioasound the minimum

N.B. & J.-Y. Ollitrault, nucl-th/0506045
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Heavy-ion observable:
Anisotropic flow

Non-centrakollision: Initial anisotropyof thesource

(in the transverse plane)

= anisotropicpressure gradients,
larger along theémpact parametd?

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

anisotropic (collective) flow

/
/
; /
p /
£
4
/
/
/
/
/
/
/
/
/
/
/
f/ X
>

dN dN
B 142 — Bp) + 202 c082(¢h — p) + ...
RE x A + 2v1 cos(p — Pr) + 2uacos2(p — PR) +
“directed “ elliptic”

“Flow”: misleading terminology; does NOT impiyuid dynamics
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Non-central collisions:
parameters

Initial conditions innon-centracollisions, will be characterized by

® a parameter measuring tekapeof the overlap region

0 =)

» spatial eccentricity = (7 + 22

® two numbers measuring tisezeof the overlap region

1 1 1
# ‘reduced’radius= = ;| — + —
R \/ (22) " {y?)

(anisotropic floncaused by pressugFadients

# transverse area of the collision zofie= 27T\/<:1:2> (y?)
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Anisotropic flow:
predictions of hydro

Characteristic build-up time af; is /¢
typical system siz&’ \speed of sound

® 1, /e constant across differenéntralities
system eccentricity

- -—

® 5 roughly independent of theystem siz€/Au—Au vs. Cu—Cl)
® 15 Increases with increasirngpeed of sound,

#® Massordering of thevy (p7) of differentparticles
(the heavier the@article the smaller its)», at a givenmomentunj
Uy 1

® Relationship between differenirmonics = —
(v2)? 2
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Dependence ot on
centrality

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

e

vo Scaled 5

Impact parameter dependence

massless particles
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centrality

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

Dependence ot on

massless particles

2 1
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by initial

<y2_5'72> 0_5:,

L (@) f
= 0.4
0.3

0.2

0.1
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The natural time scale for, is R/c.:

®
ﬂ) 5 Impact parameter dependence
v, scaled j 5

eccentricity.6

Dependence ot on
centrality

massless particles
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Dependence ot on
centrality

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

2 1
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/ Impact parameter dependence

massless particles
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vy Scaled 7

by initial 5
eccentricityp.6 |
<y2_$2> 0 5:,
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The natural time scale for, is R/c.:
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Dependence ot on
centrality

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

2 1
o Kt
ﬂ) Impact parameter dependence
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Dependence ot
on the speed of sound

Variation withcg
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Dependence ot
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Variation withcg
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Dependence ot
on the speed of sound

Variation withcg
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Dependence ot
on the speed of sound

Variation withcg
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Dependence ot
on the speed of sound

0 86 Variation withcg
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Mass-ordering of the v, (pr)

“Slow particles (p;/m < umax) Move together with thé

e
N

RNM Meeting, Frankfurt, February 22, 2006

There is a point where theuid velocity

equals theparticle velocity

IS~ Integrand in thenomentumspectrum
Is Gaussian, with widtl(npﬂuﬂ);{5l =\/m

—saddle-point approximation!

® Similar spectra fodifferent hadrons

Ei))—]\; = "(m) f(%,y,qb)

® v, (ﬁ, y) universal!
m

= mass-ordering of(p;, 1)

N. BORGHINI —p.13/32



RHIC anisotropic flow data
and ideal-fluid dynamics

vo(pe) atmidrapidity, minimum biasAu—Au collisions:
STAR Collaboration, PR@2 (2005) 014904
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RHIC anisotropic flow data
and ideal-fluid dynamics

(Pseudo)rapiditgependence af,

STAR Collaboration,

PRC72 (2005) 014904 Hirano & Tsuda

PRCe66 (2002) 054905
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vo(Nydro) flatter thandata
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RHIC anisotropic flow data
and ideal-fluid dynamics

U4

Ug)2
STAR Collaboration, Phys. Rev. 22 (2005) 014904
2
2Tk
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1.2F
1F
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0.2F

Transverse momentudependence

ideal fluid
prediction
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What if collisions cannot ensure
equilibrium ?

Out-of-equilibrium scenario

..................



Anisotropic flow:
out-of-equilibrium scenario

An exact computation of the dependencegfv, on the number of
collisions per particl@ requires some cascade model. ..

... but we can guess the general tendency! - %
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Anisotropic flow:
out-of-equilibrium scenario

An exact computation of the dependencegfv, on the number of
collisions per particl@ requires some cascade model. ..

... but we can guess the general tendency! .

o >|=

® inthe absence of rescatterings (! = 0), noflow develops
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Anisotropic flow:
out-of-equilibrium scenario

An exact computation of the dependencegfv, on the number of
collisions per particl@ requires some cascade model. ..

... but we can guess the general tendency! - %

® inthe absence of rescatterings (! = 0), noflow develops

® the more collisions, the larger tla@isotropic flow

Ancomplete thermalization

1 Knt
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Anisotropic flow:
out-of-equilibrium scenario

An exact computation of the dependencegfv, on the number of

collisions per particl@ requires some cascade model...

... but we can guess the general tendency! g

A
® inthe absence of rescatterings (! = 0), noflow develops

| ® the more collisions, the larger tlamisotropic flow

® for a given number of collisions, the thermalizes: further
collisions no longer increase

A)mplete thermalization

1 Knt
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Anisotropic flow:
out-of-equilibrium scenario

An exact computation of the dependencegfv, on the number of

collisions per particl@ requires some cascade model...

... but we can guess the general tendency! g

A
® inthe absence of rescatterings (! = 0), noflow develops

| ® the more collisions, the larger tlamisotropic flow

® for a(given number of collisions, the thermalizes: further
collisions no longer increase should be quantified!

A)mplete thermalization

1 Knt
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Anisotropic flow:

v,, proportional to the number of collisionsn !

Vo fully thermalized (hydro)
y

Aomplete thermalization

1 Knt

e

1 Kn?
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Anisotropic flow:
out-of-equilibrium scenario

V4 1
X
(v2)2 — Kn—!

v,, proportional to the number of collisionsn—' =

Vo fully thermalized (hydro)
/ va
Aomplete thermalization V5 K
1 Knt 1/2----==
Va 1 Kn™
1 Knt
. e . 1
IIE" in theout—of-eqwI|br|umscenar|ov—‘l > —
(v2)% 2
STAR (PRC72 (2005) 01490):& PHENIX (QM'05) find —— ~ 1-1.5

(v2)?
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Out-of-equilibrium scenario:
a control parameter

The natural time (resp. length) scale foris R/c. (resp.R)
= mean number of collisionger particle to build up»:

R
Kn~t~2Z
" \

In the out-of-equilibriumscenarioy, depends odn !, hence on

® thesystem sizeék
I~ breakdown of thescaleinvariance of

R.S. Bhalerao, J.-P. Blaizot, N.B., J.-Y. Ollitrault, PEB7 (2005) 49|
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Out-of-equilibrium scenario:
a control parameter

The natural time (resp. length) scale foris R/c. (resp.R)
= mean number of collisionger particle to build up»:

Kn~! ~ % = Ran(ﬁ>

o interaction cross section(7) particle density

In the out-of-equilibriumscenarioy, depends odn !, hence on

® thesystem sizeék
I~ breakdown of thescaleinvariance of

R.S. Bhalerao, J.-P. Blaizot, N.B., J.-Y. Ollitrault, PEB7 (2005) 49|

RNM Meeting, Frankfurt, February 22, 2006 N. BORGHINI - p.20/32



Out-of-equilibrium scenario:
a control parameter

The natural time (resp. length) scale foris R/c. (resp.R)
= mean number of collisionger particle to build up»:
R - R odN
Knt~~—=R — |~ ——
" A Jn( ) c S dy
o interaction cross section(7) particle densityS transverse surface

In the out-of-equilibriumscenarioy, depends orn !, hence on

® thesystem sizeR
I~ breakdown of thescaleinvariance of

) 1 dN
# the“control parameter= —
S dy

R.S. Bhalerao, J.-P. Blaizot, N.B., J.-Y. Ollitrault, PEB7 (2005) 49|
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Out-of-equilibrium scenario:
a control parameter

sz
c S dy

5~ the variation Qut-of-equilibriumscenario) or independence ¢
paradigm) ofu, with Kn~' can be checked using its

Number of collisionger particle to build up»: Kn ' ~

centralitydependence (using the universality.gf )
beam-energy dependence
system-siz&lependence- importance of lighter

rapidity dependence

© o o 0 0o

transverse momentudependence
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RHIC anisotropic flow data
and incomplete equilibration

Centralityand beam-energy dependence:

w
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(1/S) dN, /dy

NA49 Collaboration, PR@s (2003) 034903
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RHIC anisotropic flow data
and incomplete equilibration

Centralityand beam-energy dependence:

w
~~

> 0.25F

0.2}

0.15}

0.1}

0.05

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

NA49 Collaboration, PR@s (2003) 034903

Scaling lawseems to work for RHIGlata(+ matching with SPS)
vo(Kn~t) increases steadily (no hint at in thedatg
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RHIC anisotropic flow data
and incomplete equilibration

(Pseudo)rapiditgependence af,

Steve Manly (PHOBOS Coll.) PHOBOS Collaboration
QM’'05 PRL91 (2003) 052303
g 4 . ;,.l, """" 0-6% central  —
- : g * ‘-' ~ } :.ooo{: .o
D.M;— “1"' Qg 3 } }.'::. : igg 23 -
- ST omE
- '+ :5 I "F-P.b |
e 196 Gev +‘+*L'+ ° L A |
ool ¥ 62.4GeV ' R
- = 130 GeV J - s, 1
- .200Ge8¥ | Ll T L
e S R R R R R -4 2 0 2
; N = MN-Ybeam
dN

D5 vy (n) andd— approximately proportional <« Vg ox Kn~1
Y
Hirano, PRGs5 (2002) 011901
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ldeal liguid dynamics

VS.
out-of-equilibrium scenario



Anisotropic flow and
at RHIC

® On the theoretical side. ..

» bottom-up approaches cannot accommodate short
times (?)

# new mechanisms are emerging, but their outcome is uncleal

® \What do thedatatell us?
Conflicting interpretations of Au—Ameasuremenks

o early Jwhich allows one to use
& va2(p:), Spectra

» Iincomplete thermalizatigrwhich manifests itself by the
breakdown of several scaling laws/of

& U9 (y)’ U2 (Ebeam)1 ?}4/(?}2)2
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Anisotropic flow and
at RHIC

® On the theoretical side. ..
» bottom-up approaches cannot accommodate short

\

/Mass-ordering IS not unique to/dral
also foundiransport approaches

e QGSM(Phys. Lett. Bs631 (2005) 109
. ROMD/UrQMD (nucl-th/0602009)  jsyrements

o early Jwhich allows one touse
pE=(v2(p: ) Spectra

» Incomplete thermalizatigrwhich manifests itself by the
breakdown of several scaling laws/of

& U9 (y)’ U2 (Ebeam)1 U4/(U2)2

t their outcome is uncleal
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Rescuing

ideal fluid dynamics

The use ofhydrodynamicat RHIC may have been too simplistic. ..

‘ i

(a) pion®

0.15 - b (fm)
..... 9.6
R

_____ 24

0.05 -

\ ‘ \
(b) anti-proton

Hydro Model

vo(py¢) for variouscentralitiesSTAR Collaboration, PR@2 (2005) 014904

o
-

0.15 -

0.05 |-

\ ‘ \
(d) anti-proton

Hydro Model

o =0.02 fm KA

K
Ak

¢

. __O_ _‘(;_6_0__¢-

-¢--?-+--;
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Rescuing

ideal fluid dynamics

The use ofhydrodynamicat RHIC may have been too simplistic. .
vo(py) for varlouscentralltlesSTAR Collaboration, PR@2 (2005) 014904
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Rescuing TN
dynamics &«

In sthe IS constrained by; spectra,
which require a
— with a [the energy peparticleis too high

All relies on theassumptiorthat the energy pegrarticleis related to the
density, i.e., thathemical equilibriums maintained

® chemical equilibriums more fragile than
® the only experimental indication ahemical equilibriums in the
particleabundance ratios (cf. howevere™...)

If there i1s nochemical equilibriumenergy peparticleand density are
Independent variables, as in ordinary thermodynamics

5~ there is no constraint on the from p; spectra
one can consider a larger to increase, in central collisions
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Rescuing
ideal fluid dynamics

T. Hirano, U. Heinz, D. Kharzeeyv, R. Lacey, Y. Nanagl-th/0511046
0.-1= (a) 3-15% b=4.0fm E

' 1l —_ T, =100MeV

o Assumegqglckly equilibrated 882_ _____ T 00MEY -
perfect liquid o3 « PHOBOS -

® Vary theinitial conditionsof its L T 3--1-%

nydroevolution 0.1
» quasi-Gaussian irepidity 0.06
s CGC

® = uy(n)is not reproduced oL

n
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Rescuing

Assumea quickly equilibrateg

perfect liquid

Vary theinitial conditionsof its

nydroevolution

# quasi-Gaussian irapidity

s CGC
= wv2(n) IS not reproduced

Invoke(“hadronic dissipation)”

to explain the discrepancy
betweenydroanddata

modeled by hadronic casca

RNM Meeting, Frankfurt, February 22, 2006
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ideal fluid dynamics

T. Hirano, U. Heinz, D. Kharzeeyv, R. Lacey, Y. Nanagl-th/0511046
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Rescuing
ideal fluid dynamics

0. _ E
(@) 3-15% b=4.0fm * hydro+cascade
0.08 — T4 =100MeV: 1

..... T, =169MeV

dec

= PHOBOS

Assumea quickly equilibrateg
perfect liquid S

® \Vary theinitial conditionsof its
nydroevolution

# quasi-Gaussian irapidity
s CGC

® = uy(n)is not reproduced 0

N
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" q |
T e
.
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o 2
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# Invoke(“hadronic dissipation”
to explain the discrepancy =
betweenydroanddata

modeled by hadronic casca 5 4 3 2 10 1 2 3 4 5
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Hints of

INn RHIC data

A wealth ofexperimental measuremerms anisotropic flowis already
available from RHIC, andhuch morewill come.

But thesedatastill await a consistermfuantitative interpretation:

a model which aims at describing should simultaneously explain!
(not to mention fancier effects: Mach cone). ..

Assuming thathermalization is incompletat the time wherlow
develops gives a gualitative explanation of several fegtobserved in
the data(which do not come out naturally ing@ picture).

Hopefully, this qualitative agreement may turn into a quatve one,
yielding information on the TVIScosity, othertransport
coefficients
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Extra slides



Incomplete equilibration:
predictions for flow

® The matching between central SPS and peripheral RHIC stgyge

that we can even compasre with different densities, i.e.,
differento (andc.)

5~ compare atb = 8 fm with atb = 5.5fm
(similar centrality)

o If holds, v, should scale like: v5(Cu) = 0.69 vy (Au)

1 dN
o If thermalization is mcompletev— X ——— x Kn ", l.e.

S dy
v2(Cu) = 0.34 vo(Au)

o further from equilibriumthan = > 1.2

V4
(v2)?
® First results presented at QM’05 are too preliminary. ..
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Cu—Cu collisions at RHIC:
anisotropic flow

- 20%-60%
— o V,{2} CuCu .
- « v,{4} CuCu
g o V,{CuCu-pp}
= i
:_ -—(::-—-'_::L'_'r
S T
| | = Lo
| 15— P
E o o g I
10 X2 e
: '—”EE{_ %
S—
-ﬁfﬁ ’}‘ STAR Preliminary
I I 1 | 1 | |. 1 | |. L 1 | | | L 1 1 | | 1 L 1 l
% ! . - - p?(Ge'WCP

Measurements with different methods give very differentalues
(not a surprise...)

Wait and see!
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