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RHIC Au–Au results:
the fashionable view

Ideal fluiddynamicsreproduce bothpt spectraandelliptic flow v2(pt)
of soft (pt . 2 GeV/c)identified particlesfor minimum biascollisions,
nearcentral rapidity.
This agreement necessitates a softequation of state, and very short
thermalizationtimes:τthermalization < 0.6 fm/c.

⇒ strongly interacting Quark-Gluon Plasma
N. BORGHINI – p.2/33
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Ideal fluid dynamics
in heavy-ion collisions

A few reminders onfluid dynamics

Ideal fluid dynamicsin nucleus–nucleus collisions: theory

Overall scenario

General predictions ofideal fluiddynamics

Anisotropic flow

Out-of-equilibriumscenario

Generic predictions

Reconcilingdataand theory (?)

R.S. Bhalerao, J.-P. Blaizot, N.B., J.-Y. Ollitrault, PLB627 (2005) 49
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Fluid dynamics:
various types offlow

Thermodynamic equilibrium?
XXzmean free path

��:system size
Knudsen numberKn =

λ

L

Kn � 1: Free-streaming limit
Kn � 1: Liquid (hydro) limit

Viscous or Ideal?
��:viscosity

η ∼ ελcs

Reynolds numberRe =
εLvfluid

η

Re � 1: Ideal (non-viscous)flow
Re ≤ 1: Viscousflow

Compressible or Incompressible?
��:speed of sound

Mach numberMa =
vfluid

cs

Ma � 1: Incompressibleflow
Ma > 1: Compressible (supersonic)flow

N. BORGHINI – p.4/33
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Fluid dynamics:
various types offlow

Three numbers:

Kn =
λ

L
, Re =

εLvfluid

η
, Ma =

vfluid

cs

⇒ an important relation:

Kn × Re =
ελ vfluid

η
∼ vfluid

cs
= Ma

Compressible flow: “Liquids are Ideal”

Viscosity≡ departure from equilibrium

N. BORGHINI – p.5/33
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Ideal fluid picture
of a heavy-ion collision

k0. Creation of a dense “gas” of particles

k1. At some timeτ0, themean free pathλ is much smaller thanall
dimensionsin the system

⇒ thermalization(T0), ideal fluiddynamicsapplies

k2. Thefluid expands: density decreases,λ increases (system sizealso)

k3. At some time, themean free pathis of the same order as thesystem
size: ideal fluiddynamicsis no longer valid

“ (kinetic) freeze-out”

Freeze-outusually parameterized in terms of a temperatureTf.o.

If λ varies smoothly with temperature, consistency requiresTf.o.� T0

analytical predictions
N. BORGHINI – p.6/33
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Ideal fluid dynamics:
general predictions

Consistentideal fluiddynamicspicture requiresTf.o. � T0

⇔
Ideal-fluidlimit = Tf.o. → 0 limit

one can compute in a model-independent way

thespectrumE
dN

d3p
= C

∫

Σ

exp

(

−pµuµ(x)

Tf.o.

)

pµ dσµ

and itsazimuthal anisotropies(“flow”)

using saddle-point approximationsaround the minimum of
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N.B. & J.-Y. Ollitrault, nucl-th/0506045
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general predictions

Consistentideal fluiddynamicspicture requiresTf.o. � T0

⇔
Ideal-fluidlimit = Tf.o. → 0 limit

one can compute in a model-independent way

thespectrumE
dN

d3p
= C

∫

Σ

exp

(

−pµuµ(x)

Tf.o.

)

pµ dσµ

�	
fluid velocity

��*
particle momentum

and itsazimuthal anisotropies(“flow”)

using saddle-point approximationsaround the minimum of
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Heavy-ion observable:
Anisotropic flow

Non-centralcollision:

y
z

x

Φ
R

φ-

b

Initial anisotropyof thesource

(in the transverse plane)

⇒ anisotropicpressure gradients,

larger along theimpact parameter~b

⇒ anisotropicemission ofparticles:

anisotropic (collective) flow

E
dN

d3p
∝ dN

pt dpt dy

[

1 + 2v1 cos(φ − ΦR) + 2v2 cos 2(φ − ΦR) + ...
]

��� ���
“directed” “ elliptic”

“Flow”: misleading terminology; does NOT implyfluid dynamics!
N. BORGHINI – p.8/33
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Non-central collisions:
parameters

Initial conditions innon-centralcollisions, will be characterized by

a parameter measuring theshapeof theoverlap region:

spatial eccentricityε =

〈

y2 − x2
〉

〈y2 + x2〉

two numbers measuring thesizeof theoverlap region:

“reduced” radius
1

R̄
=

√

1

〈x2〉 +
1

〈y2〉
(anisotropic flowcaused by pressuregradients)

transverse area of the collision zoneS = 2π
√

〈x2〉 〈y2〉

N. BORGHINI – p.9/33
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Anisotropic flow:
predictions of hydro

Characteristic build-up time ofv2 is R̄/cs
@Ispeed of sound��typical system size

v2/ε constant across differentcentralities
@I system eccentricity

b b

v2 roughly independent of thesystem size(Au–Au vs.Cu–Cu)

v2 increases with increasingspeed of soundcs

Mass-ordering of thev2(pT ) of differentparticles

(the heavier theparticle, the smaller itsv2 at a givenmomentum)

Relationship between differentharmonics:
v4

(v2)2
=

1

2

N. BORGHINI – p.10/33
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Dependence ofv2 on
centrality

The natural time scale forv2 is R̄/cs: massless particles

�
��

v2 scaled
by initial

eccentricity
〈y2−x2〉
〈x2+y2〉

c2
s = 1

3

0.5 1 1.5 2 2.5 3

cs  t
����������

R

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

v2
�������

Ε Impact parameter dependence

b=2
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Dependence ofv2 on
centrality

The natural time scale forv2 is R̄/cs: massless particles
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Dependence ofv2 on
centrality

The natural time scale forv2 is R̄/cs: massless particles
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Dependence ofv2 on
centrality

The natural time scale forv2 is R̄/cs: massless particles
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Dependence ofv2 on
centrality

The natural time scale forv2 is R̄/cs: massless particles
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Dependence ofv2 on
centrality

The natural time scale forv2 is R̄/cs: massless particles
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Dependence ofv2

on thespeed of sound
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Ε Variation withcs

cs=0.1
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Dependence ofv2

on thespeed of sound
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Dependence ofv2

on thespeed of sound
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Dependence ofv2

on thespeed of sound
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Dependence ofv2

on thespeed of sound
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Dependence ofv2

on thespeed of sound

0.5 1 1.5 2 2.5 3

cs  t
����������

R

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

v2
�������

Ε Variation withcs

cs=0.1
cs=0.2
cs=0.3
cs=0.4
cs=0.5
cs=1��!!!3

one can increasev2 by increasingcs
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Mass-ordering of the v2(pT )

“Slow particles” (pt/m < umax(
π
2
)) move together with thefluid

u

u

x

y

There is a point where thefluid velocity
equals theparticle velocity

-saddle-point approximation!

Integrand in themomentumspectrum

is Gaussian, with width(pµuµ)
1/2

min
=

√
m

Similar spectra fordifferent hadrons:

E
dN

d3p
= ch(m) f

(pt

m
, y, φ

)

vn

(pt

m
, y

)

universal!

⇒ mass-ordering ofv2(pt, y)

N. BORGHINI – p.13/33
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RHIC anisotropic flow data
and ideal-fluid dynamics

v2(pt) atmidrapidity, minimum biasAu–Au collisions:
STAR Collaboration, PRC72 (2005) 014904
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Séminaire de Physique des Particules, LPT Orsay, December 15, 2005

RHIC anisotropic flow data
and ideal-fluid dynamics

(Pseudo)rapiditydependence ofv2

STAR Collaboration,
PRC72 (2005) 014904
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RHIC anisotropic flow data
and ideal-fluid dynamics

Transverse momentumdependence of
v4

(v2)2

STAR Collaboration, Phys. Rev. C72 (2005) 014904
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What if collisions cannot ensure
equilibrium ?

Out-of-equilibrium scenario

N. BORGHINI – p.17/33
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Anisotropic flow:
out-of-equilibrium scenario

An exact computation of the dependence ofv2, v4 on the number of
collisions per particleKn−1 requires some cascade model. . .

�



�
	

- R̄
λ

. . . but we can guess the general tendency!
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Séminaire de Physique des Particules, LPT Orsay, December 15, 2005

Anisotropic flow:
out-of-equilibrium scenario

An exact computation of the dependence ofv2, v4 on the number of
collisions per particleKn−1 requires some cascade model. . .

�



�
	

- R̄
λ

. . . but we can guess the general tendency!

in the absence of rescatterings (Kn−1 = 0), noflow develops

−1Kn1

2v
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. . . but we can guess the general tendency!

in the absence of rescatterings (Kn−1 = 0), noflow develops

the more collisions, the larger theanisotropic flow
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Anisotropic flow:
out-of-equilibrium scenario

An exact computation of the dependence ofv2, v4 on the number of
collisions per particleKn−1 requires some cascade model. . .
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- R̄
λ

. . . but we can guess the general tendency!

in the absence of rescatterings (Kn−1 = 0), noflow develops

the more collisions, the larger theanisotropic flow

for a given number of collisions, thesystemthermalizes: further
collisions no longer increasev2

−1Kn1

fully thermalized (hydro)

incomplete thermalization

2v
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Séminaire de Physique des Particules, LPT Orsay, December 15, 2005

Anisotropic flow:
out-of-equilibrium scenario

An exact computation of the dependence ofv2, v4 on the number of
collisions per particleKn−1 requires some cascade model. . .
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- R̄
λ

. . . but we can guess the general tendency!

in the absence of rescatterings (Kn−1 = 0), noflow develops

the more collisions, the larger theanisotropic flow

for a given number of collisions, thesystemthermalizes: further
collisions no longer increasev2
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HHY
should be quantified!

−1Kn1

fully thermalized (hydro)

incomplete thermalization

2v
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Anisotropic flow:
out-of-equilibrium scenario

vn proportional to the number of collisionsKn−1

Kn

1/2Kn

Kn

−1

−1

−1

1

1

1

fully thermalized (hydro)

incomplete thermalization
2

v4

v2

v2

v4
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Séminaire de Physique des Particules, LPT Orsay, December 15, 2005

Anisotropic flow:
out-of-equilibrium scenario

vn proportional to the number of collisionsKn−1 ⇒ v4

(v2)2
∝ 1

Kn−1

Kn

1/2Kn

Kn

−1

−1

−1

1

1

1

fully thermalized (hydro)

incomplete thermalization
2

v4

v2

v2

v4

in theout-of-equilibriumscenario
v4

(v2)2
>

1

2

STAR (PRC72 (2005) 014904) & PHENIX (QM’05) find
v4

(v2)2
≈ 1–1.5
N. BORGHINI – p.19/33
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Out-of-equilibrium scenario:
a control parameter

The natural time (resp. length) scale forv2 is R̄/cs (resp.R̄)

⇒ mean number of collisionsper particle to build upv2:

Kn−1 ' R̄

λ

In theout-of-equilibriumscenario,v2 depends onKn−1, hence on

thesystem sizēR
breakdown of thescale-invariance ofhydrodynamics

R.S. Bhalerao, J.-P. Blaizot, N.B., J.-Y. Ollitrault, PLB627 (2005) 49
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Out-of-equilibrium scenario:
a control parameter

The natural time (resp. length) scale forv2 is R̄/cs (resp.R̄)

⇒ mean number of collisionsper particle to build upv2:

Kn−1 ' R̄

λ
= R̄ σ n

(

R̄

cs

)

σ interaction cross section, n(τ) particle density

In theout-of-equilibriumscenario,v2 depends onKn−1, hence on

thesystem sizēR
breakdown of thescale-invariance ofhydrodynamics
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Out-of-equilibrium scenario:
a control parameter

The natural time (resp. length) scale forv2 is R̄/cs (resp.R̄)

⇒ mean number of collisionsper particle to build upv2:

Kn−1 ' R̄

λ
= R̄ σ n

(

R̄

cs

)

' cs

c

σ

S

dN

dy
σ interaction cross section, n(τ) particle density,S transverse surface

In theout-of-equilibriumscenario,v2 depends onKn−1, hence on

thesystem sizēR
breakdown of thescale-invariance ofhydrodynamics

the“control parameter”
1

S

dN

dy

R.S. Bhalerao, J.-P. Blaizot, N.B., J.-Y. Ollitrault, PLB627 (2005) 49
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Out-of-equilibrium scenario:
a control parameter

Number of collisionsper particle to build upv2: Kn−1 ' cs

c

σ

S

dN

dy

the variation (out-of-equilibriumscenario) or independence (ideal
liquid paradigm) ofv2 with Kn−1 can be checked using its

centralitydependence (using the universality ofv2/ε)

beam-energy dependence

system-sizedependence→ importance of lightersystems

rapiditydependence

transverse momentumdependence
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Out-of-equilibrium scenario:
a control parameter

Number of collisionsper particle to build upv2: Kn−1 ' cs

c

σ

S

dN

dy

the variation (out-of-equilibriumscenario) or independence (ideal
liquid paradigm) ofv2 with Kn−1 can be checked using its

centralitydependence (using the universality ofv2/ε)

beam-energy dependence

system-sizedependence→ importance of lightersystems

rapiditydependence

transverse momentumdependence
�



�
	�

��- As pt increases,σ decreases, and so doesKn−1

⇒ equilibriumis less and less likely
“Breakdown ofhydroatpt & 2 GeV” Teaney, PRC68 (2003) 034913
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RHIC anisotropic flow data
and incomplete equilibration

Centralityand beam-energy dependence:
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RHIC anisotropic flow data
and incomplete equilibration

Centralityand beam-energy dependence:
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Scaling lawseems to work for RHICdata(+ matching with SPS)
v2(Kn−1) increases steadily (no hint athydro saturationin thedata)
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RHIC anisotropic flow data
and incomplete equilibration

(Pseudo)rapiditydependence ofv2

Steve Manly (PHOBOS Coll.)
QM’05

PHOBOS Collaboration
PRL 91 (2003) 052303
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Incomplete equilibration:
predictions for Cu–Cu flow

The matching between central SPS and peripheral RHIC suggests
that we can even comparesystemswith different densities, i.e.,
differentσ (andcs)

compareAu–Au at b = 8 fm with Cu–Cuat b = 5.5 fm
(similar centrality)

If hydroholds,v2 should scale likeε: v2(Cu) = 0.69 v2(Au)

If thermalization is incomplete,
v2

ε
∝ 1

S

dN

dy
∝ Kn−1, i.e.

v2(Cu) = 0.34 v2(Au)

Cu–Cufurther from equilibriumthanAu–Au ⇒ v4

(v2)2
> 1.2

First results presented at QM’05 are too preliminary. . .
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Out-of-equilibrium scenario:
predictions for LHC

Measuringanisotropic flowat LHC, one should find
v2

ε
larger than at RHIC

getting closer toequilibriumwhenflow develops

v4(pt)

(v2(pt))2
smaller than at RHIC

closer to theideal-fluiddynamicsvalue
1

2

Try differentsystems! (Pb–Pb vs. smaller nuclei)
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Ideal liquid dynamics
vs.

out-of-equilibrium scenario
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Anisotropic flow and
thermalization at RHIC

On the theoretical side. . .

bottom-up approaches cannot accommodate short
thermalizationtimes

new mechanisms are emerging, but their outcome is unclear

What do thedatatell us?
Conflicting interpretations of Au–Aumeasurements!

earlythermalization, which allows one to usehydrodynamics
v2(pt), spectra

incomplete thermalization, which manifests itself by the
breakdown of several scaling laws ofhydro

v2(y), v2(Ebeam), v4/(v2)
2
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Rescuing
ideal fluid dynamics

The use ofhydrodynamicsat RHIC may have been too simplistic. . .
v2(pt) for variouscentralitiesSTAR Collaboration, PRC72 (2005) 014904
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Rescuing
ideal fluid dynamics

The use ofhydrodynamicsat RHIC may have been too simplistic. . .
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Rescuing
ideal fluid dynamics

In hydrodynamical fits, thespeed of soundis constrained bypt spectra,
which require asoft equation of state

→ with ahard equation of state, the energy perparticleis too high

All relies on theassumptionthat the energy perparticleis related to the
density, i.e., thatchemical equilibriumis maintained

chemical equilibriumis more fragile thankinetic equilibrium

the only experimental indication ofchemical equilibriumis in the
particle-abundance ratios (cf. howevere+e−. . . )

If there is nochemical equilibrium, energy perparticleand density are
independent variables, as in ordinary thermodynamics

there is no constraint on theequation of statefrom pt spectra:

one can consider a largercs to increasev2 in central collisions
N. BORGHINI – p.29/33
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Rescuing
ideal fluid dynamics

T. Hirano, U. Heinz, D. Kharzeev, R. Lacey, Y. Nara,nucl-th/0511046

Assumeaquickly equilibrated,
perfect liquid

Vary theinitial conditionsof its
hydroevolution

quasi-Gaussian inrapidity
CGC

⇒ v2(η) is not reproduced
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Rescuing
ideal fluid dynamics

T. Hirano, U. Heinz, D. Kharzeev, R. Lacey, Y. Nara,nucl-th/0511046

Assumeaquickly equilibrated,
perfect liquid

Vary theinitial conditionsof its
hydroevolution

quasi-Gaussian inrapidity
CGC

⇒ v2(η) is not reproduced

Invoke “hadronic dissipation”
to explain the discrepancy
betweenhydroanddata
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Séminaire de Physique des Particules, LPT Orsay, December 15, 2005

Hints of incomplete
thermalization in RHIC data

A wealth ofexperimental measurementsonanisotropic flowis already
available from RHIC, andmuch morewill come.

But thesedatastill await a consistentquantitative interpretation:

a model which aims at describingv2 should simultaneously explainv4!
(not to mention fancier effects: Mach cone. . .)

Assuming thatthermalization is incompleteat the time whenflow
develops gives a qualitative explanation of several features observed in
thedata(which do not come out naturally in aperfect-liquidpicture).

Hopefully, this qualitative agreement may turn into a quantitative one,
yielding information on thecreated medium: viscosity, othertransport
coefficients.
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Extra slide
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Cu–Cu collisions at RHIC:
anisotropic flow

Gang Wang (STAR Collaboration) @ QM’05:

Measurements with different methods give very differentv2 values
(not a surprise. . . )

Wait and see!
N. BORGHINI – p.33/33
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