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Abstract. Anisotropic flow is recognized as one of the main observables providing information on the early
stage of a heavy-ion collision. At RHIC the large observed anisotropic flow and its successful description
by ideal hydrodynamics is considered evidence for an early onset of thermalization and almost ideal fluid
properties of the produced strongly coupled quark gluon plasma. This write-up discusses some key RHIC
anisotropic flow measurements and for anisotropic flow at the LHC some predictions.
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1 Introduction

Flow is an ever-present phenomenon in nucleus—nucleus
collisions, from low-energy fixed-target reactions up to
VSN = 200 GeV collisions at the relativistic heavy ion
collider (RHIC), and is expected to be observed at the
large hadron collider (LHC). Flow signals the presence of
multiple interactions between the constituents and is an
unavoidable consequence of thermalization.

The usual theoretical tools to describe flow are hydro-
dynamic or microscopic transport (cascade) calculations.
Flow depends in the transport models on the opacity, be it
partonic or hadronic. Hydrodynamics becomes valid when
the mean free path of particles is much smaller than the
system size and allows for a description of the system in
terms of macroscopic quantities. This gives a handle on
the equation of state of the flowing matter and, in particu-
lar, on the value of the sound velocity [1]. In both types of
models it may be possible to deduce from a flow measure-
ment whether the flow originates from partonic or hadronic
matter or from the hadronization process [2—4].

A convenient way of characterizing the various patterns
of anisotropic flow is to use a Fourier expansion of the triple
differential invariant distributions [5]:
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where ¢ and YR are the particle and reaction-plane az-
imuths in the laboratory frame, respectively. The sine
terms in such an expansion vanish due to reflection symme-
try with respect to the reaction plane. The Fourier coeffi-
cients are given by
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un(pe, y) = (cos[n(p — ¥r)]) , (2)

where the angular brackets denote an average over the
particles, summed over all events, in the (pt,y) bin under
study. In this parameterization, the first two coefficients,
v1 and vg, are known as directed and elliptic flow, respec-
tively.

2 Elliptic flow: v,

Elliptic flow has its origin in the amount of rescattering and
the spatial eccentricity of the collision zone. The amount
of rescattering is expected to increase with increasing cen-
trality, while the spatial eccentricity decreases. This com-
bination of trends dominates the centrality dependence of
elliptic flow. The spatial eccentricity is defined by
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where x and y are the spatial coordinates in the plane per-
pendicular to the collision axis. The brackets () denote an
average weighted with the initial density.

Figure 1 shows the first measurement of elliptic flow at
RHIC [6]. Generally speaking, large values of elliptic flow
are considered signs of hydrodynamic behavior as was first
put forward by Ollitrault [1]. In hydrodynamics v is essen-
tially proportional to the spatial eccentricity (the strength
depends on the velocity of sound of the matter). The open
rectangles in Fig. 1 show, for a range of possible values of
the velocity of sound, the expected v, values from ideal hy-
drodynamics. For ncp /nmax > 0.5 (b < 7 fm) it is observed
that the data is well described by ideal hydrodynamics.

The observed large amount of collective flow, in par-
ticular elliptic flow, is one of the main experimental dis-
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Fig. 1. Elliptic flow (solid points) as a function of centrality de-
fined as n¢p, /Mmax. The open rectangles show a range of values
expected for vy in the hydrodynamic limit, scaled from e, the
initial space eccentricity of the overlap region. From [6]
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Fig. 2. Elliptic flow of pions and protons as function of trans-
verse momentum [12]. The lines are hydrodynamical model
calculations using two different equations of state (EoS), the
dashed lines represent calculations done with a hadron gas EoS
while the solid curves are calculation with an EoS which incor-
porates the QCD phase transition

coveries at RHIC [7-10] and the main evidence suggesting
nearly perfect fluid properties of the created matter [11].
Figure 2 shows vy for identified particles as function
of transverse momentum. At low p; the elliptic flow de-
pends on the mass of the particle with v, at a fixed p;
decreasing with increasing mass. This dependence is ex-
pected in a scenario where all the particles have a com-
mon radial flow velocity [13,14] as shown by the curves
in Fig. 2 from ideal hydrodynamics. The difference be-
tween the dashed and solid curves is the EoS, the dashed
curves correspond to calculations done with a hadron
resonance gas EoS while the solid curves are hydro cal-
culations incorporating the QCD phase transition. The
sensitivity to the EoS is better for the heavier particles
because they are less affected by the contribution of the
finite freeze-out temperature. It is clear that the hydro
calculations incorporating the QCD phase transition give
better description of the observed mass splitting. How-
ever, detailed constrains on the FEoS can only be ob-
tained with better modeling of the hadronic phase [15—-18]

and the transition [19] between the QGP and hadronic
phase.

In ideal hydrodynamics the mass ordering in vs per-
sists up to arbitrary large p;, although less pronounced
because the vy of the different particles start to approach
each other. Figure 3 shows that at higher p; the measure-
ments start to deviate significantly from hydrodynamics
for all particle species, and that the observed vy of the
heavier baryons is larger than that of the lighter mesons.
This mass dependence is the reverse of the behavior ob-
served at low py. This is not expected in hydrodynamics
and is also not expected if the vy is caused by parton en-
ergy loss (in the latter case there would, to first order, be no
particle type dependence). An elegant explanation of the
unexpected particle type dependence and magnitude of v
at large p; is provided by the coalescence picture [22, 23].

With the models which successfully describe the prop-
erties of the matter created at RHIC one can (and should)
make predictions for the LHC. Testing these predictions
will provide important confirmation of, or perhaps new
insights to, our current understanding of QCD matter. Fig-
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Fig. 3. The minimum-bias (0%—-80% of the collision cross sec-
tion) wa(pr) for K%, A+ A and h*. Hydrodynamical calcu-
lations of vy for pions, kaons, protons and lambdas are also
plotted [20]. From [21]
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Fig. 4. Theoretical predictions [24] of vy /e versus collision en-
ergy using color glass condensate estimates for the initial con-
ditions. Ideal hydrodynamic expansion up to kinetic freeze-out
(squares) or chemical freeze-out (triangles) is assumed. The full
circles are results using a hadronic cascade model to describe
the final phase after chemical freeze-out
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ure 4 shows elliptic flow calculations for the LHC. Using
color glass condensate (CGC) estimates for the initial con-
dition the flow is calculated using ideal hydrodynamics
up to the kinematic freeze-out temperature of 100 MeV
(full squares and upper curve). More realistic estimates are
obtained by assuming hydrodynamics up to the chemical
freeze-out temperature of 169 MeV followed by a hadron
cascade description of the final phase (full circles). The
contribution from the QGP phase (i.e. hydrodynamics up
to 169 MeV) is shown by the triangles (and lower curve)
in the figure. It is seen from Fig. 4 that at LHC energies
the contribution from the QGP phase is much larger than
at RHIC or SPS, and that, as a consequence, there is less
uncertainty due to the detailed modeling of the hadronic
phase. Theoretical calculations such as these or e.g. in [25],
as well as straight-forward extrapolations from lower ener-
gies based on particle multiplicities predict maximum flow
values of about 5%-10% at the LHC. If the flow values
(and corresponding multiplicities) at the LHC are indeed
that large then the flow measurement should be relatively
easy.

However, the previous hydro estimates assume that
during the QGP phase the matter has zero shear viscos-
ity. Teaney [26] has shown that even a small shear viscosity
has a large effect on the buildup of flow. Recent calcula-
tions [17,27] show how the viscosity increases from RHIC
to the LHC. To estimate how this would affect the pre-
dicted flow, viscous corrections have to be implemented in
hydro models [28].

In addition, experimental measurements of flow are af-
fected by biases from physical effects unrelated to anisotro-
pic flow (‘non-flow effects’ like e.g. jet correlations) or due
to additional features of the flow signal itself (e.g. fluctua-
tions [29—32]). To estimate the effect of jet like correlations
at the LHC a simple estimate can be made similar to what
was done for the first RHIC flow measurement [6]. The es-
timate of the non-flow is given by

<cos [n (LTIS — WS)D o M3 + 7, (4)
where the angular brackets denote an average over the
events, Wy ® are the subevent event planes, Mg, is the
corresponding subevent multiplicity and g is the non-flow
component. The estimated value of § from HIJING at
V/5nN = 130 GeV in the STAR acceptance using random
subevents was 0.05. In the ALICE TPC acceptance the
value of g from HIJING at /sy = 5.5 TeV is found to be
0.08. With better tuned definitions of the subevents the
value of g could easily be reduced to 0.04. The correlation
due to flow, Mg.pv3, is expected to be much larger than the
non-flow contribution, 0.04, in a large centrality range for
Pb + Pb collisions measured by ALICE at the LHC. This
then indeed suggest that measuring flow can be done in
great detail at the LHC.

3 Higher harmonics

Higher harmonics of the momentum anisotropy are gen-
erally expected to be small [33,34]. More recently it was
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Fig. 5. The pt- and 7- integrated values of va, v4, and vg as
a function of centrality. The dotted histograms are 1.4~v§ and
1.4-v3. In vp{} the term in the curly brackets indicates the
method used [38]. Figure from [39]

realized that at higher p; they may become significant,
in addition, that they are sensitive to the initial con-
ditions [35] and that they depend on the equation of
state [19]. In [36,37] it is argued that in particular vy in
combination with ve probes ideal fluid behavior, because
for an ideal fluid the ratio v4(p;)/v3(ps) should approach
0.5.

The measured pi-integrated vy and vg as function of
centrality are shown in Fig. 5 [39]. For comparison, v, is
shown in the same figure. The integrated v, is an order of
magnitude smaller than vs, as expected. The higher har-
monics vg and vs (not shown) are consistent with zero.
Figure 5 shows that the ratio v4/v3 is larger than unity for
all centralities which seems in contradiction with the pre-
diction for ideal fluid behavior. However [36, 37] shows that
this asymptotic value of vy = v3 /2 is reached at transverse
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Fig. 6. Centrality dependence of v4{3}/v3{4} in Au+ Au col-
lisions at /sy = 200 GeV. From [40, 41]
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momenta well above 1 GeV/c. At these higher transverse
momenta hydrodynamics is expected to break down and
thus the ratio v4/v3 expected to increase again. In add-
ition, at RHIC the integrated ratio of v4/v3 is mainly de-
termined by particles below 1 GeV /¢, and is therefore not
so well suited for this comparison.

A better comparison is the transverse momentum de-
pendence of vy/v3 shown in Fig. 6 for eight centralities.
Below p;, = 1.5 GeV/c the transverse momentum depen-
dence is in agreement with hydro expectation. However for
each of the centralities the minimum of vy /vZ is still more
than a factor of two larger than the asymptotic ideal hy-
dro value. Measurements of the energy dependence of this
ratio, particularly at an order of magnitude higher beam
energy at the LHC, should provide insight into the dynam-
ics driving this ratio [37].

4 Conclusions

At RHIC the observed large elliptic flow provides com-
pelling evidence for strongly interacting matter which, in
addition, appears to behave like an almost ideal fluid [11].
At low py the ratio vy /v3, exhibits the transverse momen-
tum dependence expected for an ideal fluid while, as ex-
pected, deviating at higher p;. However, the magnitude of
vg/v3 is still more than a factor of two larger than the
asymptotic ideal hydro value. At the LHC the expected in-
crease in multiplicity together with the expected increase
in anisotropic flow will allow for a detailed measurement
of the vy and higher harmonics [42]. These measurements
are expected to quickly provide important confirmations,
or perhaps new insights to our current understanding of
the EoS of QCD matter.
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