
Introduction Hybrid model Elliptic �ow Triangular �ow Directed �ow Outlook & Summary

What the collective �ow excitation function can tell
about the quark-gluon plasma

Jussi Auvinen
in collaboration with Jan Steinheimer

and Hannah Petersen

Frankfurt Institute for Advanced Studies
Germany

Quark Matter
May 21, 2014

J. Auvinen (FIAS, Frankfurt) Hybrid model energy scan May 21, 2014 1 / 16



Introduction Hybrid model Elliptic �ow Triangular �ow Directed �ow Outlook & Summary

RHIC beam energy scan

Reaching from
√
sNN = 200

GeV down to FAIR energies√
sNN ≈ 5 GeV.

First order phase transition
with critical point?

QGP volume and lifetime
decreases with decreasing√
sNN ⇒ signals (jet

quenching, collective �ow...)
should turn o� at some point

628 G. Odyniec

the boundary between Quark-Gluon Plasma (QGP) and the hadronic phases
would be a major breakthrough and it would surely place RHIC results in
all text books around the world.

The main question of interest is, of course, whether this critical point
exists at all, and if it does, whether it can be found experimentally. So
far, theory is not able to provide much detailed information about the QCD
phase diagram. Only the “edges” of the QCD phase diagram are believed to
be somewhat understood: the latest lattice QCD calculations [1] predict a
cross over phase transition from a hadronic gas to a QGP phase at baryon
chemical potential µB ∼ 0 and critical temperature Tc ∼ 150–170MeV (top-
left in Fig. 1), while several QCD based calculations [2] show that at lower T
and high baryon chemical potential (right in Fig. 1) a first order phase
transition may take place. The point in the QCD phase diagram, where the
first order phase transition ends would be the QCD CP. Considering both
arguments, one concludes that there must be a critical point at intermediate
T and µB. Even though the position of the critical point as well as the
location of the phase boundaries are not yet known, various QCD lattice
calculations suggest that the most probable location of CP would be in the
µB interval between 150 and 500MeV (a significant uncertainty in these
estimates comes from the fact that systematic errors of lattice calculations
are neither understood nor constrained).
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Fig. 1. A cartoon of the RHIC BES program coverage of the QCD Phase Dia-
gram. White (yellow) trajectories represent schematics of the collision evolution
at different energies of the BES program. The circle (red) symbolizes the critical
point.

Picture taken from G. Odyniec, Acta Phys. Polon. B 43, 627 (2012).
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Transport + hydrodynamics hybrid model
H. Petersen, J. Steinheimer, G. Burau, M. Bleicher and H. Stocker, Phys. Rev. C 78, 044901 (2008).

Uni�ed framework for investigating the whole BES energy range,
accounting for features emerging at lower collision energies

• Prolonged pre-equilibrium phase: Initial state
from UrQMD string/hadronic cascade
S. A. Bass et al., Prog. Part. Nucl. Phys. 41, 255 (1998),

M. Bleicher et al., J. Phys. G 25, 1859 (1999)

• No longitudinal boost-invariance: (3+1)D ideal
hydrodynamics using SHASTA D. H. Rischke, S. Bernard
and J. A. Maruhn, Nucl. Phys. A 595, 346 (1995),

D. H. Rischke, Y. Pursun and J. A. Maruhn, Nucl. Phys. A 595, 383 (1995)

• Nonzero µB: Chiral model equation of state
with cross-over phase transition
J. Steinheimer, S. Schramm and H. Stöcker, PRC 84, 045208 (2011)

• Transition from hydro back to transport
(�particlization�) when ε = 2ε0 ≈ 0.3 GeV/fm3

→ Cornelius hypersurface �nder + Cooper-Frye
P. Huovinen and H. Petersen, Eur. Phys. J. A48, 171 (2012)Pictures: S. A. Bass
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RHIC beam energy scan

Flow observables vn imply collective behavior in the system
⇒ considered as one important piece of evidence for QGP formation
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Di�erential v2 for charged hadrons almost identical for all
√
sNN .

L. Adamczyk et al. [STAR Collaboration], PRC 86, 054908 (2012).
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Elliptic �ow v2{EP}
√sNN = 7.7 GeV, b = 6.7 - 8.2 fm
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b) √sNN = 19.6 GeV, b = 6.7 - 8.2 fm
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√sNN = 27 GeV, b = 6.7 - 8.2 fm
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d) √sNN = 39 GeV, b = 6.7 - 8.2 fm
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e) b = 6.7 - 8.2 fm
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v2(pT ) overestimated at higher pT ; change over
√
sNN small also in the

hybrid model.
J. Auvinen and H. Petersen, PRC 88, 064908 (2013); STAR Collaboration, PRC 86, 054908 (2012).
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Elliptic �ow
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Rising slope in 0-5% centrality not reproduced; qualitative agreement at
midcentrality.
J. Auvinen and H. Petersen, PRC 88, 064908 (2013); STAR Collaboration, PRC 86, 054908 (2012).
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Elliptic �ow
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Event plane analysis

No contribution from hadronic rescatterings in most central collisions;
in midcentral collisions ≈ 10% e�ect.
The role of pre-equilibrium dynamics emphasised at lower energies
⇒ compensates for diminishing hydro-produced v2

J. Auvinen and H. Petersen, PRC 88, 064908 (2013)
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Triangular �ow

Generated by �uctuations in the spatial con�guration of colliding nucleons.

B. Alver and G. Roland, PRC 81, 054905 (2010).

v3{EP} = 〈〈cos[3(φi−ψ3)]〉〉
〈cos[3(ψ3−ψtrue3 )]〉

v3{TPC η Sub}

STAR Preliminary

Y. Pandit [STAR Collaboration], QM2012 talk.
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Triangular �ow
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STAR Preliminary

Strong energy dependence from
√
sNN =5 to 27 GeV

⇒ transport not able to compensate for shortened hydro phase
Preliminary data shows a somewhat di�erent energy evolution; agreement
on the magnitude in central collisions.
J. Auvinen and H. Petersen, PRC 88, 064908 (2013) Y. Pandit [STAR Collaboration], QM2012 talk.
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Directed �ow

Collective de�ection of particles in reaction
plane: v1(∆y){RP} = 〈 pxpT 〉y∈∆y

temperature T
c
≃ 170 MeV. There is a first order phase transition between these phases,

constructed via Gibbs’ conditions of phase coexistence.
In Fig. 1, we compute the time evolution of the directed flow, pdir

x
/N , in one-fluid dynam-

ics, for a Au+Au collision at impact parameter b = 3 fm and collision energy Ekin

Lab
= 8 AGeV.

One observes that, due to the softening of the EoS in a phase transition to the QGP, less
directed flow is produced in the early compression stage than in a purely hadronic scenario.
In contrast to the hadronic case, where the directed flow remains constant after reaching its
maximum, in the case of a phase transition, the directed flow decreases again. By the time
the mean density drops below nuclear ground-state density, pdir

x
/N is reduced to ≃ 0 MeV.

If one follows the fluid evolution even further (to unphysically small values of the density),
pdir

x
/N becomes negative.

Figure 2: Net-baryon density R (for the same reaction as in Fig. 1) at t = 12 fm/c in the
reaction plane with velocity arrows for midrapidity (|y| < 0.5) fluid elements: Antiflow -
thin arrows, Normal flow - bold arrows.

This observation is explained by an antiflow component which develops when the ex-
pansion sets in. This phenomenon is shown in Fig. 2, which is a contour plot of the baryon
density R, with arrows indicating the fluid velocity. Normal flow (bold arrows) is positive

in the forward hemisphere, and negative in the backward hemisphere, respectively. On the
other hand, antiflow (thin arrows) is positive in the backward hemisphere, and negative in
the forward direction. We show velocity arrows for fluid elements within ±0.5 units around
midrapidity, since this phenomenon develops at midrapidity, as discussed in detail below.

4

Velocities of midrapidity
�uid elements: �ow vs.

anti�ow

Minimum in the directed
�ow excitation function
⇒ Phase transition to QGP

Upper left: ALICE Collaboration, PRL 111, 232302 (2013)
Lower left: J. Brachmann et al., Phys. Rev. C 61, 024909 (2000)
Right: D. Rischke et al. Heavy Ion Phys. 1, 309 (1995)
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Directed �ow 5
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FIG. 2: Proton and antiproton v1(y) (left panels) and pos-
itive and negative pion v1(y) (right panels) are presented
for intermediate-centrality (10-40%) Au+Au collisions at 7.7,
11.5, 19.6, 27 and 39 GeV. The plotted error bars are statis-
tical only, and systematic uncertainties are explained in the
text.

gies. We observe that v1(y) is similar for π
+ and π− at

the higher energies, and there are only small differences
at 11.5 and 7.7 GeV. The small difference between v1(y)
for π+ and π− at 11.5 and 7.7 GeV may be caused by
the Coulomb field of the spectator matter [36].

The beam energy dependence of the v1(y) slope for pro-
tons, antiprotons and negative pions near mid-rapidity is
presented in Fig. 3. The slope is the linear term F in a
cubic fit, where v1(y) = Fy + F3y

3. Figure 4(a) dupli-
cates the antiproton data, and Fig. 4(b) shows the pro-
ton data in more detail; in both cases, UrQMD hadronic
transport model [12, 38] predictions are overlaid. The
fitted F values are stable when binning and the y range
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10 210

y=
0

/d
y|

1
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0.1
10-40% Centrality

E895 proton

NA49 proton

proton 
antiproton 

-π
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FIG. 3: Directed flow slope (dv1/dy) near mid-rapidity as a
function of beam energy for intermediate-centrality Au+Au
collisions. The slopes for protons, antiprotons and pions are
reported, along with measurements by prior experiments [16,
37] with comparable but not identical cuts. Statistical errors
(bars) and systematic errors (shaded) are shown separately.

are varied (all plotted slopes are based on the fit range
−0.5 < y < 0.5), and the systematic errors plotted in
Figs. 3 and 4 include the uncertainty arising from the
choice of fitting criteria. For intermediate-centrality col-
lisions, the proton slope decreases with increasing energy
and changes sign from positive to negative between 7.7
and 11.5 GeV, shows a minimum between 11.5 and 19.6
GeV, and remains small and negative up to 200 GeV,
while the pion and antiproton slopes are negative at all
measured energies. In contrast, there is no hint of the
observed non-monotonic behavior for protons in the well-
tested UrQMD model. Isse et al., in a transport model
study incorporating a momentum-dependent mean field,
report qualitative reproduction [39] of proton directed
flow from E895 [37] and NA49 [16] (see Fig. 3), but this
model yields a positive dv1/dy at all beam energies stud-
ied (

√
sNN = 17.2, 8.8 GeV and below).

The energy dependence of proton dv1/dy involves an
interplay between the directed flow of protons associated
with baryon number transported from the initial beam
rapidity to the vicinity of mid-rapidity, and the directed
flow of protons from particle-antiparticle pairs produced
near mid-rapidity. The importance of the second mech-
anism increases strongly with beam energy. A means
to distinguish between the two mechanisms would thus
be informative. We define the slope Fnet-p based on ex-

7

FIG. 7: Measured SIS and AGS proton dpx/dy-slope data compared to a one-fluid hydro calculation. A linear extrapolation of
the AGS data indicates a collapse of flow at ELab ≈ 30 A·GeV, i.e. for the lowest SPS- and the upper FAIR- energies at GSI
[50].

FIG. 8: v1 at SPS, 40 A·GeV and 158 A·GeV [51] . The proton antiflow is observed in the NA49-experiment even at near
central collisions, which is in contrast to the UrQMD-model involving no phase transition (Fig. 9).

II. PROTON ELLIPTIC FLOW COLLAPSE AT 40 A·GEV - EVIDENCE FOR A FIRST ORDER PHASE

TRANSITION AT HIGHEST NET BARYON DENSITIES

At SIS energies microscopic transport models reproduce the data on the excitation function of the proton elliptic
flow v2 quite well: A soft, momentum-dependent equation of state [52, 53, 54] seems to account for the data. The
observed proton flow v2 below ∼ 5 A·GeV is smaller than zero, which corresponds to the squeeze-out predicted by

BES: Proton dv1
dy |y=0 has a minimum in interval

√
sNN =10-20 GeV

⇒ Signal of �rst-order phase transition?

Left and center: L. Adamczyk et al. [STAR Collaboration], arXiv:1401.3043
Right: H. Stöcker, Nucl. Phys. A 750, 121 (2005)
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Directed �ow (�uid)
Two colliding nuclei described by energy and baryon density distributions of
cold nuclear matter; impact parameter b = 8 fm
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• Stopping hydro evolution at constant time reproduces the early �uid
model predictions

• The di�erence between �rst-order phase transition and cross-over is
considerably smaller when hydro is stopped at constant energy density

J. Steinheimer, J. Auvinen, H. Petersen, M. Bleicher and H. Stöcker, arXiv:1402.7236
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Directed �ow (hybrid)
Hybrid results with εcrit = 4ε0 and impact parameter b = 4.6− 9.4 fm
compared with STAR results in (10-40)% centrality.
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Midrapidity slope of π− v1 turns from negative to positive between√
sNN = 7.7 and 19.6 GeV in the model; proton slopes overestimated.

J. Steinheimer et al., arXiv:1402.7236 L. Adamczyk et al. [STAR Collaboration], arXiv:1401.3043
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Directed �ow (hybrid)
Hybrid results with εcrit = 4ε0 and impact parameter b = 4.6− 9.4 fm
compared with STAR results in (10-40)% centrality.
No di�erence between �rst-order phase transition and a cross-over.
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J. Steinheimer, J. Auvinen, H. Petersen, M. Bleicher and H. Stöcker, arXiv:1402.7236
L. Adamczyk et al. [STAR Collaboration], arXiv:1401.3043
C. Alt et al. [NA49 Collaboration], PRC 68, 034903 (2003)
H. Liu et al. [E895 Collaboration], PRL 84, 5488 (2000)
For comparison with PHSD transport, see V. P. Konchakovski, W. Cassing, Y. . B. Ivanov and V. D. Toneev,
arXiv:1404.2765 [nucl-th]
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The next step: Viscous (3+1)D hydro + cascade results

See Poster #H-15 by Iurii Karpenko

v2 vs. pT
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Summary

• Elliptic �ow v2 changes relatively slowly as a function of beam energy;
transport compensates for diminishing hydrodynamics

• v2(pT ) overshoots the data; particlization condition might require
adjustment (viscosity?)

• Hybrid with viscous (3+1)D hydro: Poster #H-15 by Iurii Karpenko

• Triangular �ow v3 has more notable energy dependence, growing from
≈ 0 at

√
sNN = 5 GeV to 0.02 at

√
sNN = 27 GeV in midcentral

collisions
• Preliminary STAR data shows a di�erent energy evolution, agreement

on the magnitude of the central collision v3 at
√
sNN = 7.7 GeV

• v3 is the better indicator of the presence of low-viscous �uid

• Directed �ow v1 found insensitive to the order of phase transition;
rapidity slopes overestimated compared to data
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Extra slides

Collision geometry

Eccentricity ε2 =

√
〈r2 cos(2φ)〉2+〈r2 sin(2φ)〉2

〈r2〉

Triangularity: ε3 =

√
〈r3 cos(3φ)〉2+〈r3 sin(3φ)〉2

〈r3〉
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ε2 more sensitive than ε3 to changes on b and
√
sNN .√

sNN -dependence mainly due to the longer initial transport evolution.
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Scaled �ow coe�cients

Scaled flow coefficients, b = 0 - 3.4 fm
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Scaled flow coefficients, b = 6.7 - 8.2 fm
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v2 response to ε2 remains roughly the same in both centrality classes and
all energies.
Energy dependence of v3 persists through scaling.
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Particle mT spectra

(0-7)% centrality. (0-5)% centrality.
π−, K+, K− at

√
sNN ≈ 9 GeV. π−, K+, p at

√
sNN = 200 GeV.

[GeV]0-mTm
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

]
-2

[G
eV

T
)d

N
/d

m
T

(1
/m

-110

1

10

210

310

distribution at |y|<0.5T= 40A GeV mlabE

-π
+K
-K

-πNA49
+NA49 K
-Na49 K

 [GeV]0-mTm
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

]
-2

 [G
eV

T
) 

dN
/d

m
T

(1
/m

-210

-110

1

10

210

310

410

-π
+K

p
-πSTAR 
+STAR K

STAR p
-πPHENIX 
+PHENIX K

PHENIX p

 distribution at |y|<0.5T=200 GeV mNNs

Filled symbols: Hybrid model. Open symbols: Experimental data.

J. Auvinen and H. Petersen, PoS CPOD 2013, 034; PRC 88, 064908 (2013)
S. V. Afanasiev et al. [NA49 Collaboration], PRC 66, 054902 (2002)
J. Adams et al. [STAR Collaboration], PRL 92, 112301 (2004)
S. S. Adler et al. [PHENIX Collaboration], PRC 69, 034909 (2004)

J. Auvinen (FIAS, Frankfurt) Hybrid model energy scan May 21, 2014 20 / 16



Extra slides

Particle multiplicity

Pions, total multiplicity
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Charged pion multiplicity as a function of
√
sNN .
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Particle multiplicity

Kaons, total multiplicity

M
ul

tip
lic

ity

0

50

100

150

200

250

ECM [GeV]
0 10 20 30 40 50 60 70

Hybrid K+
Hybrid K-
NA49 K+
NA49 K-

Midrapidity multiplicity

dn
/d

y 
(|y

|<
0.

6)
0

10

20

30

40

50

60

ECM [GeV]
0 10 20 30 40 50 60 70

Hybrid K+
Hybrid K-
NA49 K+
NA49 K-

Charged kaon multiplicity as a function of
√
sNN .
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E�ect of particlization condition on directed �ow

b = 6.7 - 8.2 fm, √sNN=7.7 GeV
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b = 6.7 - 8.2 fm, √sNN=19.6 GeV
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v1(y) has weak sensitivity to hydro-to-transport switching condition.
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E�ect of particlization condition on elliptic �ow

√sNN = 11.5 GeV, b = 8.2 - 9.4 fm
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Switching from hydro to transport at higher densities decreases high-pT v2.
⇒ E�ect on pT -spectra of particles?
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