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Introduction

e Fix the initial state and freeze-out

- learn something about the EoS and the effect
of viscous dynamics

1) Non-equilibrium | 2) Hydrodynamic 3) Freeze-out via
initial conditions evolution  or hadronic cascade
Transport
i UrQMD
via UrQMD calculation (UrQD)

UrQMD-3.4 is available at www.urgmd.org
Hannah Petersen NA61-TH Meeting, 3.12.14



http://www.urqmd.org

The UrQMD transport approach

UrQMD = Ultra-relativistic Quantum Molecular Dynamics
e |nitialisation:

Nucleons are set according to a
Woods-Saxon distribution with
randomly chosen momenta p; < pe

- Propagation and Interaction:
Rel. Boltzmann equation (puaM )f =]

coll

Collision criterium
d. =d,=

min

e Final state: T

O tot

all particles with their final positions
and momenta

Very successful in describing different observables in a broad energy range
But: modeling of the phase transition and hadronization not yet possible

Hannah Petersen NA61-TH Meeting, 3.12.14




Initial State

b=2.4 fm S
. — C
« Contracted nuclei have passed Eil al
through each other 30f MW =
tstart e R C\Dl
YU S
. . 20 &
— Energy is deposited 15| >
@)
— Baryon currents have 19 o
>
separated S
Ul
» Energy-, momentum- and baryon =
number densities are mapped e[V , R
onto the hydro grid i -
 Event-by-event fluctuations are
taken into account
e o P x [fn]
- Spectators are propagated s T T 40 AGeV
separately in the cascade b=0 fm

(J.Steinheimer et al., PRC 77,034901,2008)—
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(3+1)d Hydrodynamic Evolution

Ideal relativistic one fluid dynamics employing:

— HG: Hadron gas including the same degrees of freedom
as in UrQMD (all hadrons with masses up to 2.2 GeV)

— CH: Chiral EoS from SU(3) hadronic Lagrangian with first
order transition and critical endpoint

— BM: Bag Model EoS with a strong first order phase
transition between QGP and hadronic phase

1000 E,.= 20A GeV | L E,=158AGeV D. Rischke et al.,
‘ NPA 595, 346, 1995,

D. Rischke et al.,
NPA 595, 383, 1995

——HG-E0S
- ==-BM-EoS

<P> (MeV/fm®)
8

Papazoglou et al.,
NSl PRC 59, 411, 1999
10+ 4
0 2 4 6 8 10 12 14 1 180 2 4 6 8 10 12 14 16 18
t_, (fm/c)

'Q
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Freeze-out

1) Transition from hydro to oo || Shemical FObY T & encov
: eymans et al. —== En=11A GeV
transport when / o BarlOACSV |

e < 730 MeV/fm3 (= 5 * g;)
in all cells of one transverse
slice (Gradual freeze-out, GF)

- iso-eigentime criterion _
2) Transition when € < 5* g, in all 005 |

cells
(Isochronuous freeze-out, IF)

0.15 |

0.1

T (GeV)

0.0
-3

e Particle distributions are generated according to the
Cooper-Frye formula dN / F( p)pdo
7

with boosted Fermi or Bose dlstrlbutlons f(x,p) including mg and mg
« Rescatterings and final decays calculated via hadronic
cascade (UrQMD)
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Multiplicities vs. Energy

e Both models are purely -
hadronic without phase
transition, but
different underlying
dynamics

dlplmlj_

full lines: hybrid model (IF)
squares: hybrid model (GF)

dotted lines: UrQMD-2.3
symbols: experimental data

— Results for particle

multiplicities from AGS to
SPS are surprisingly similar

W

-4

- Strangeness is enhanced in § |
the hybrid approach due to
local equilibration

Wi

"(H.P et al., PRC 78:044901, 2008)

Central (b<3.4 fm) Pb+Pb/Au+Au collisions
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Strangeness Centrality Dependence

o

2 0.065— (a) A, 40AGeV . (b) A, 158AGfeV_ —50.06 g
§’“ IR et Elge § e Thermal production of
) 0_003:_((:) A, MAezvmgg' ':d) A, 158AGeV '-?0-01 ) the particles at
Per ] transition from hydro
o00tpl- - to transport
- s ¢ Centrality dependence

0.004 F o -+!-
.!V""’. T of multistrange

o001} Do hyperons is improved
0.0005 : _ 0.001
0_001:-(-i.). G 40AGeV 0 Q+ﬁ*158AGev ]0.002 — hybrid model (GF)

0.0005 |

e p— UrQMD-2.3

0 100 200 300 400 0 100 200 300 400

N
Pb+Pb collisions for different centralities (H.P. et al., arXiv: 0903.0396)
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mI SEeCtl‘a Blue: pions _

10 g R - Green: protons
| 11 AGeV ek Red: kaons
A -

3 ™ %
O B e g, S
£ P ey, g, :
> [ ey, e, Yy o
210‘5- ----- %
£ | g
]00_: :Eg:'(s?-ﬂmeev, 107 510" R :1&99'%%2}/@6“{ g
]0-:).0. ,—5266‘3 014 ' 0:6 ' 0?8 ' 1.'0 ' 1.12 - 102 - ‘_W:P T S N
mr-mg (GeV) 0.0 02 04 mr%”?o (Ge\t;.]s 10 12 5“
""" ." - I . ) o

T 40 AGeV Full line: hybrid model (IF) ‘gr

gk Dotted line: UrQMD-2.3 i

2 N~

g_IOI; g

igoo ....... . My spectra are very similar at =

Sl | lower energies (11,40 AGeV) ©

S s ™\ o
1000 o2 o0z rlnrtr)f?O(Ge\(})a 0 12 ° <m_|_> '|S h]gher '|n hydro ;
Central (b<3.4 fm) Pb+Pb/Au+Au collisions calculation at Elab=1 60 AGeV
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<m;> Excitation Function

700

wl T 4 | e Resonance excitations and £
| non-equilibrium effects in 5
- | intermediate energy regime ¢
gor lead to a softening of the EoS o
S| in pure UrQMD calculation =
200 | e Ur@MD-2.3 . O
il 5 = USDEES o Hybrid calculation with %
s —- hadronic EoS just rises as a ~
| e function of beam energy §
0.45

:?3;0‘: o Even strong first order phase 2
< ., transition leads only to a 5
< S small effect i
g £ o2 -
x g—o.ls » v
gV ot . Q—
% e vi<os Central (b<3.4 fm) Au+Au/Pb+Pb collisions, T

< D e deeny 07 Gradual freeze-out for hybrid calculation
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<m;> Excitation Function

important

0.45:— 0.45 "';':T

S 04r S 0.4 g_

80.35:- B 035 c

vg 0.3- \:E, 0.3 6

@o.zs_— & 025 %

2t eeens W/0 FSI o ] -~

go?l;- x 8 — EFO ’Eé\_o:i . T e Ur@MD-2.3 §

V ol & ——Chl'e | Vooal ! 0 — UaMDsHaote) N

oosl : — : ) I ﬁ — B[,QMD+Hydro(CH) . S

N - . . | S

O e et R R :

¢ | Hadronic hydro calculation e @

= | with different freeze-out Dynamics (viscosity) =

O . 1

2 | scenarios and equation of state =

= . are crucial input o

2 | =2 Freeze-out treatment is T
R
(@]
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Mean Transverse Mass
 Largest effect of EoS on kaons

...... UuraMmD-2.3

0451 O ——- UrQMD+Hydro(BM) 06k i
g4l O — Ur@MD+Hydro(HG) ‘
< 7| A —— UrQMD+Hydro(CH) <
Boast ° ' B osr ]
— - ~ X
= 03 <
& 0.25 - & '
g 02k 60.3 B 7
Aos| Aol
Q15
! £ 021 ]
Vi ooap Voot
0.06 |- 01F
000 L é 1 ; T é ]0 12 ]4 ]6 ]8 20 00 ...................
0 2 4 6 8 10 12 14 16 18 20
* Eom (AGEV) Eem (AGEV)

e Pure UrQMD and bag model yield similar results
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HBT radii

1. (20AGeV)  (30AGeV) (40A GeV) (80A GeV) (158A GeV)
~ F.l‘ b Q“ e .‘-‘ \ h.~‘ - —
T R & =
< ¢ G
~ 4 c
e §=
2 9
(a W
0 -~
LO
SR ™
E ¢ S
~—" 4 N
o 4 0
o 2. o
X
0 Nt
X
—~ 8 (o}
¥ [ ' m
m(l) 4. ] \Q*M* z
2- "
0 . v . . r v . . - . .
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k. (MeVic)

Hydro evolution leads to larger radii, esp. with phase transition
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Ry/Rs Ratio
« Hydro phase leads to

**Th=250 mevic smaller ratios
| « Hydro to transport
] transition does not
i: matter, if final
10/ rescattering is taken
| wEmn Tames | intoaccount
% eeacies  -o-wersers | o EOS dependence is

0 20 40 60 80 100 120 140 160 visible, but not as
AG .
Data from NA49 By (A GeV) strong as prev1ously
predicted (factor of 10)

(Q. Li et al., arXiv: 0812.0375, PLB in print)
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Initial State for Non-Central Collisions
Pb+Pb at E_, =40 AGeV with b= 7fm at t_.=2.83 fm

start
GeV/fm3

Energy density profile  ceviim  Weighted velocity profile

14

X [fm] x [fm]

—~Event-by-event fluctuations are taken into account
(H.P. et.al., arXiv:0901.3821, PRC in print)
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Elliptic Flow

e Smaller mean free %[
path in the hot and oos¢t
dense phase leads to |
higher elliptic flow

« At lower energies: =
hybrid approach |
reproduces the pure °%%[ [
UrQMD result 0.01} ..

o Gradual freeze-out ool s mSOR L
1002 510 2 51002 5102 510 2

leads to a better Eer (AGEV)
description of the data

0.04

*.
‘e
L
.
.
‘
",
e
‘
"
‘
L
.

= JrQMD+Hydro (HG), IF
== UrQMD+Hydro (HG), GF -
------ UlrQMl}2.3

(H.P. et.al., arXiv:0901.3821, PRC in print)

Data from E895, E877, NA49, Ceres, Phenix, Phobos, Star

Hannah Petersen NA61-TH Meeting, 3.12.14 17




v,/ ¢ Scaling

e More realistic initial

02— conditions and freeze-
| [ | out
02 I . . .
L s - Qualitative behaviour
015} . i ] 1 nicely reproduced
K | - :
" o ! « Uncertainty due to
eccentricity calculation
005 - O === Ur@MD+Hydro, IF (HG), « ¢ I-ybrid approaCh
ool . g=menzeer]  describes qualitatively
"0 5 10 15 20 25 30 :
(1/5) ANw/cly the density dependence

(H.P. et.al., arXiv:0901.3821, PRC in print) of the response function

Data and hydro limits from NA49 collaboration, PRC 68, 034903, 2003
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Transverse Momentum Degendence
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Hydro phase leads to higher flow values, but weak EoS dependence
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Equation of State and IC Fluctuations

« Symbols: Event-by-event
calculations

» Horizontal lines: Averaged
results

 Blue: Hadron Gas EoS
 Black: Bag Model EoS

« NO difference visible in
the centrality
dependence of elliptic
flow

Hannah Petersen
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Conclusions

Integrated approach with the same initial conditions and
freeze-out for different EoS

Particle multiplicities and spectra are reasonably
reproduced, strangeness enhanced

Transverse momentum spectra indicate importance of non-
equilibrium effects

Phase transition is visible in HBT radii, but long fireball
lifetime so far not supported by the existing data

Flow results depend crucially on initial conditions and
freeze-out

In modern hybrid approaches: +constant energy density
hypersurface + viscosity + improved EoS
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Freeze-out line

0.18 v 1 ¥ ] v | v 1 N I i 1 v L v ) v ] °
e Parametrization of
1o Ty chemical freeze-out line
014} taken from
[ Cleymans et al,
0127 J.Phys. G 32, S165, 2006
> 0 .
S «Green points are from
o A.Dumitru et al., PRC
0.06 73, 024902, 2006
0.04 - Mean values and

0.0? - _ WldthS are in line W]th
- 1 other calculations

0.0 o 1 o 1 2 'l o | M | N | o Il ™ '} o
00 01 02 03 04 05 06 07 08 09
g (GeV) Black: Gradual FO

Red: Isochronuous FO
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Temperature Distributions

Rapidity distribution of the freeze-out temperatures in
central Au+Au/Pb+Pb collisions with hadron gas EoS

02 ————————T T 02
w— Eox=tA Go' — »
1 ww £ DA GaV i —_— :::ﬁAGgo\'
0.18 == Rar HOA GV 0.18 | — g d0A GOV
L 4 ! — e~ 150A GV |
0.14 } 1 0.14 e \
~0.12 _ .
% S 012 =
¢ 01 $ 0.1
¥ 008 } = 0.08
0.06 + % 0.06 +
0.04 | * 004 } |
0.02 + . - 0.02 . //* h
. : - L /
0.0 . 1 s A A A A L 0.0 /
3 2 K 0 ! 2 3 Y3 f 3
y
Isochronuous freeze-out Gradual freeze-out
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v,/ ¢ Scaling

02— . . o o4 e
| eMore realistic initial
| EII ~1  conditions and freeze-out
15} gl - e :
O T |  —>Qualitative behaviour
Al nicely reproduced
0.05 | eUncertainty due to
o og=msmce] eccentricity calculation
0 5 10 15 20 25 30
(1/S) dNgn/dy

€ = (v°) = () S =7/ (2?)(y?) €2 = <y2 — 1'72>

(y?) + (2?) (y? + x?)
Avaraged over particles and Averaged first over particles
events at the same time and then over events
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Degendence on Freeze-out

260 |

200

z e Variation of the freeze-out
£ 10 . criterium does not affect the
el 0T meson multiplicities and

ol * e ’ mean transerve masses

o
)
-
»
L

30.25 g B (@] =
E o
z - Full symbols: 40 AGeV
©0.15
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£ 0
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O
O
| 7I'+, E|Qb=40A GeV
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0.0
7
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Dependence on t.

3 | Variation of starting
S time by a factor 4
B I changes results
S only by 10 %
03 m . o
g . Full symbols: 40 AGeV
E ) Open symbols: 11 AGeV
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Final State Interactions
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Time Evolution

] 600 T T T T T T T T

e o0 |

o
°°°°°°°°°
so

1400

o i Central Pb+Pb collisions at
=z soof b raMD+HyarotHE) ] 40 A G eV:

600 |

af ) - — ... | oNumber of particles

0O = particles @ y_

wof O —pes | decreases in the beginning
o} due to resonance creation

«Qualitative behaviour
1 very similar in both
S o—eeere 1 calculations

0 = charge

o} et S JrQMD equilibrates to a
| rather large degree

300 |
200 p
100

tities
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served

0 2 4 6 8 10 12 14 16 8
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RaEiditM Seectra full lines: hybrid model
dotted lines: UrQMD-2.3

symbols: experimental data

® — E306 E =11 AGeV ® — E306 E =11 AGeV

+
® — N2d9 Eu=40 ASeV /i T ® — N&4D. Eu=40 AV K
180 F @ = Neds Eo=160 AGEY e ® = NEAD.E=160 AGEY

— Rapidity spectra for pions and kaons have a very similar
shape in both calculations
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Initial Velocity Distribution

In z-direction:

0.6
0l ; Effect of Lorentz
02l contraction visible
/;" 0.0 \
\ 1 T
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