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Space-time Evolution of A+A Collisions

I K.p ... Evolution described by relativistic
Pl P hydrodynamic models, which
: L need initial conditions as input.

Simplest case: Symmetric
collisions (no elliptic flow), ideal
gas equation of state (bag model),
only longitudinal expansion (1D,
Bjorken)
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Types of Collective Flow

Radial flow

" The only type of collective flow in A+A collisions with
impact parameter b =0

= Affects the shape of particle spectra at low p_

v

Elliptic flow

" Caused by anisotropy of the overlap zone (b # 0)
y @ "  Requires early thermalization of the medium
Ly

Directed flow

" |s produced in the pre-equilibrium phase of the
collision

[x ] /@— = Gets smaller with increasing \/SNN
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6.1 Longitudinal Expansion
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Landau Initial Conditions

1 1 L. D. Landau, Izv. Akad. Nauk. SSSR 17 (1953) 52
for the Hyd rOdynamlc EVOIUtIon P. Carruthers and M. Duong-Van, PRD8 (1973) 859
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Rapidity Distributions in A+A
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Landau ... works reasonably well for heavy ions, too
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Reminder (from Chapter 4):
Space-Time Evolution in a the Bjorken Model

Velocity of the local system at position z

at time t:
B, =1z/t

Proper time 71 in this system:

F o=ty =t/

In the Bjorken model all thermodynamic
quantities only depend on 1, e.g., the
particle density:

n(t,z) = n(7)
This leads to a constant rapidity density
., of the produced particles (at least at
Yy central rapidities):

dN ch
dy

— const.
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1D Bjorken Model (l)

The Bjorken model is a 1d
hydrodynamic model (expansion only in
z direction). The initial conditions
correspond to the one which one would
get from free streaming particles starting
at (t, z) = (0, 0).

T=t/y=1t\y1- 2=/t

preserved in the hydro _,
" . CE
evolution, i.e., u*(1) = —

Initial conditions in the Bjorken model: ’/
1 xH
/8(7'0) =eo, u'= T—(t,O, O,Z) — 7__
Initial energy density 0 °
In this case the equations of ideal hydrodynamics e=E/V: energy density
simplify to ! p: pressure
£ _|_€+’D —0 s=S5/V : entropy density
dr T
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1D Bjorken Model (ll)

For an ideal gas of quarks and gluons, i.e., for

e=3p, exT*

-0(3) 7 705 (3)

The temperature drops to the critical temperature at the proper time

(7)
Tc = 70 ?

And thus the lifetime of the QGP in the Bjorken model is
To\’ .
Tc
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ATQep = Tc —T0 = To
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1D Bjorken Model (lil)

Entropy conservation in ideal hydrodynamics leads in the case of the Bjorken model

(independent of the equation of state) to which follows in case of an

5070 ideal QGP directly from
(1) = — _ctp_4c _dem

T TTT T 3T T 37,7

If we consider a QGP/pion gas phase transition we have a first oder phase transition
and a mixed phase with temperature T . The entropy in the mixed phase is given by

_ _ _ 5070  g(1): fraction of fireball
s(7) = sx(1e)E(T) + sqep(Te)(1 —&(7)) = T in pion gas phase
This equation determines the time dependence of ¢(1) and the time 1 _at which the
mixed phase vanishes:

&(7)

1 —7./7T
c/ — 7_hzTCgQGP

- 1—g:/8qcp gn

Inserting the number of degrees of freedom we obtain
Ne=2(3) ~~ gqep=37(475) ~ 71, =12.3(15.8)7,
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QGP Lifetime in the 1D Bjorken Model with a transition
from an ideal QGP to an ideal pion gas

" 2 30 ¢ 1/4
Initial temperature (AN % SN T :< 0 )

from initial energy density: =0 = JQGP 30 2 JQGP

Getting the proper g9 = 11 GeV /fm® = 11-0.197° GeV* for 79 = 1fm/c
units (example):
1 =hc=0.197GeV - fm

Energy density x 1 ATQGP T

g, T=3 GeV/fm? 1.4 fm/c 28 fm/c
g, T=5 GeV/fm? 2.6 fm/c 40 fm/c
e, T=14 GeV/fm? 6.7 fm/c 87 fmlc

parameters: Nf= 2, TC =155 MeV, T, = 1 fm/c

[Mathematica notebook]

J. Stachel. K. Reygers | QGP physics $SS2015 | 6. Space-time evolution of the QGP


http://www.physi.uni-heidelberg.de/~reygers/lectures/2015/qgp/qgp_lifetime_1dbjorken.nb

1D Bjorken Model: Energy Density and Temperature as
a Function of Proper Time
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Energy Density and Time Scales in the Bjorken Picture

P

iy
=]

—
o

e = 5.4 GeVAm®

Energy Density (Ge‘ﬁfmaj

Earliest Validity of Bjorken Formula

Range of & from
hydrodynamics

2Rfy

1 Threshold tor QGP Formation \

10" 1

Time {fnﬁéu

1, =1 fm/cis generally considered as a conservative estimate for the use
in the Bjorken formula. Other estimates yields shorter times (e.g. 7,= 0.35 fm/c)
resulting in initial energy densities at RHIC of up to 15 GeV/fm®
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6.2 p_Spectra and Radial Flow
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m, Spectra from a Stationary Thermal Source

Stationary thermal L_—d3” 1 dn gv Ee—(E—n)/T

source: B3p  mr dmrdydp  (27)3

V = volume
g = spin/isospin-degeneracy factor

i = bup + sus = chemical potential from baryon and strangeness quantum numbers

The corresponding transverse mass spectrum can be obtained by integrating
over rapidity:

Ki1 = Modified Bessel functions of 2nd kind

Schnedermann, Sollfrank, Heinz,
Phys.Rev.C48:2462-2475,1993
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Relation between Temperature and Slope

1/m; dN/dm_ (willk. Einheiten)

my Ky(m_/T)
— T =150 MeV
— T= 80 MeV

10.5_...I\..I\\.I.\.I... PRI TR N SRHRTEN NUR I B
0 02 04 06 08 1 12 14 16 18 2

m; (GeV/c)

*T 1, NA35,

S+S at 200 AGeV

o 500

1000
Fiby - iy

1500 2000
MeviE®)

Slope of the m_(or p.) spectrum reflects
the temperature of the fireball

However, other effects like collective
flow and resonance decays affect the
slope as well and make the extraction of
the temperature more difficult

m_spectra are indeed approximately

exponential with an almost uniform
slope 1/T

However, clear deviation are visible:
A stationary thermal source clearly is an
oversimplification

Schnedermann, Sollfrank, Heinz,
Phys.Rev.C48:2462-2475,1993
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Rapidity Distribution for a Stationary Fireball

dnyy,
dy

Reduces for

%
(2)2

light particles to:

2
T —
<T2 i T coshy

Jrj* ( -

S moNA3S, -“.s;;
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Full width at half height for stationary fireball
in sharp contrast to the experimental value

rwhm ~176 rvhm~33+0.1

exp.

Superposition of fireballs with different
rapidities (following the Bjorken picture)
can describe the data

TImax
dn dn:p,
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Effect of Resonance Decays on Transverse Spectra

Apart from directly emitted pions there are also pions which originate from the
decay for resonances, e.g.,

103

,00 — T,

[ \-
N, “
"
. .

N T, NA35,
X S+S at 200 AGeV

- meson 2body

.
T=220 MeV

total n -
direct m-

baryon 2body
®,mn 3body

300 1000 1500
M- My

2000
(Mavic?)

W — T

tr o' A — Ng~

The kinematics of the resonance decays
result in very steeply dropping

daughter pion spectra and raise
considerably the total pion yield at low m_

Including resonanc decays, it is possible to
the describe the spectrum of pions over
the whole range in m;, with the
temperature T corresponding to the slope
at high m;
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Radial Flow

Schnedermann, Sollfrank, Heinz,
Phys.Rev.C48:2462-2475,1993

" Arguments for the existence of radial flow

¢ At T =200 MeV the mean free path of pions in hadronic matter is much less
than 1 fm. On the other hand, the size of the fireball is several fm.
Consequently, the pions cannot leave the interaction zone at T =200 MeV
without further collisions, the reaction region cannot decouple thermally and
should by continuing expansion force the pions to cool down further.

¢ ltis inconsistent to assume that a thermalized system expands collectively in
longitudinal direction without generating also transverse flow from the high
pressures in the hydrodynamic system

+ Experimental argument: Transverse flow flattens, in the region p_<m, the

transverse mass spectra of the heavier particles more than for the lighter
particles, in agreement with data (next slide)

~ explosive Heavier particles profit
I—"-11'E-_17;']1t111n31'11131 N\ source - light more from collective
source f .
flow than the light ones:
T

<E> ~ <Eth> + 7Vcollective

E
=
et
5
=
[=
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Identified Particle Spectra in Pb-Pb and pp at the LHC

210 ere
+ - #T % 0 Pb-Pb\s,, =2.76 TeV, 0-5% centr.
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Change of shape of p; spectra from pp to Pb-Pb as expected from

radial flow
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The Blast-wave Model: A Simple Model to Describe
the Effect of Radial Flow on Particle Spectra

n
Transverse velocity profile: Br(r) = Bs (%)

Superposition of thermal sources with different radial velocities:

R
1 dn pr sinh p m7 cosh p
d 1 K
demTOC/T TmTO( T ) 1( T
0

p := arctanh(fp) ”transverse rapidity” boosted

Iy, K1 : modified Bessel functions random

Schnedermann, Sollfrank, Heinz,
Phys.Rev.C48:2462-2475,1993

Freeze-out at a 3d hyper-surface,
typically instantaneous in radius r, e.g.:

tf(T,Z):\/TJ%—I—ZQ .
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Example: Radial Flow Velocity Profile from Blast-wave Fit

to 2.76 TeV Pb-Pb Spectra (0-5%)

]
[ma]

0.6

transverse velocity B+

00

EI_-‘.:

02

8r(r) = 8 (3
(Br) = 0.651
n=0.712

)

Parameters:
arXiv:1303.0737

(Br) = 0.651,n = 0.712

radius (fm)

(Br)

B fOR 027T rdrdpBr(r) 2

f OR OQW rdrdy

—  [Bs = 0.88
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Example: Pion and Proton p; Spectra from the

Blast-wave model
1E"1'
== o~
=Z| DO {Br) = 0.65
| [ 10 F
Tl o
-
)
— I: '1[."_2'
o
_ plons
'
0.0 0.5 1.0 15 20
pr (GeV/c)
Tl ————————
10F
= =) T~ {Br) = 0.65
od =
ola |
=
=
— | E o4}
o)
02| protons
Eﬂl — IEIE 1.0 i5 20
pr (GeV/c)

[Mathematica notebook]

Parameters for 0-5% most
central Pb-Pb collisions at
2.76 TeV, arXiv:1303.0737

Larger P, kick for particle with
higher mass:

_ ” »
P = 5source’}’sourcem + 7thermal
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http://www.physi.uni-heidelberg.de/~reygers/lectures/2015/qgp/blastwave.nb

Local Slope of m_Spectra with Radial Flow

;ﬂﬂ":? ' ' ' ' ' m_slopes with transverse flow for pions for
A" Br:ﬂ'1 H . . .
s —— fixed transverse expansion velocity 8
f‘”ff B,=03c
0.005 T-:I/H -______._..__'_,_._._ paszaneztozett it ot tl il
[ __B=05¢_
slope ."I f,f x___._.f‘;.._;::'—'—'”—.f_—__ R i d | ( 1 dn > 1 1— BI’
0.0025 -||"|,_;/ 1 me—o0 dmT mrt dmt T\ 1+5
; ------ n
----------- K
| | | | F::II
DD 500 1000 1500 2000 2500 3000
My (MeVicZ)

The apparent temperature, i.e., the inverse slope at high m_, is larger than the
original temperature by a blue shift factor:
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Blast-Wave Fits at CERN SPS Energy (NA49)

baryons, K anti-baryons, K, ¢

N e \
B 0L T=125+3MeV 1'% T=121 +3MeV |
-
c B,=0.48+ 0.01 B,=0.48+ 0.01
° ~ %*/NDF=100/41 x*/NDF=49/41 -
E ‘\\‘ ‘\\
= E
NZ T - _
o ‘ oT -
u“\\\\ K+ ]
™~ p(x0.5) K E
)
‘ A (x0.05) E
"N = (x0.05 . ]
(x ) p(x0.1) E
N Q(x02) A(x001)
- " d(x0.01) E(x001) 3
Q (x 0.05)

_5j
10 £

0 0.5 1 1.5 2 0 0.5 1 1.5 2

. m -m, (GeV)
1 dn pT sinh p mv cosh p
d / K
demTO‘/r rmrio T ! T
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Blast-Wave Fits at RHIC Energies (STAR)

Simultaneous fit to all particle species for given centr. class:

(GeV/c)y?

d’N
dydp_

=k
o
—2

1

Z'r:pT

Freeze-out temp. (GeV)

Data - Fit

=k
(1]
=] T

-
h
F

50

]
]

TE+ -

Data @ 7 8
Blast-Wa
Bose-Einstein ===

k]

p

Data W - “ Data &

Blast-Wave — — *** Blast-Wave — —

ﬁ 2 *
**
% .,

* 4
+‘** 1 Hﬁ 4
Y **_‘;

05 1

Transverse momentum, pT (GeV/c)

STAR,

Cu+Cu at 200 GeV,
10% most central

Central A+A collisions
at RHIC energies
described with
T=100-120 MeV,
<B>=045-06¢c

|
- {c)

T T | =
L L oo
[ (a) [ (k) ~ 06
15:_ T W - 05
| I % Y
107 T T ) 5
feucugttcey, & M 03
e A2 Goy—
0.3 0.4 0.5 06 10 100
Flow velocity, (B) dN_,/dn

200 GeV
CutCu §5 4 Gev

200 GeV
AwtAuGraGev=
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Phys.Rev.C83:034910,2011
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T, K, p Spectra and Blast-wave Fits at the LHC (1/2)

il
E 105 I I L I I I I I L] I 1 I I I I L] I I I I I L] I 1 1
= | < —&— ALICE, Pb-Pb |5, = 2.76 TeV
) 10° | —
S i —#%— STAR, Au-Au, \'s,,, = 200 GeV
> - —=— PHENIX, Au-Au, |S, = 200 GeV -
= - —
= o + 1 (x 100) ]
O 10 | -]
S -
s - ) K'+K (x10) -
A1 . _
. 10°F Blast Wave Fit DDEI : P+P(x1)-
> |- - VISH2+1 - : _
- - — HKM O i
10° | - krakd 0 -
- Krakow 0-5% Central collisions A
I L 1 1 1 I [ [ L 1 I 1 1 1 L I 1 1 1 1 I L 1 1 1 I
0 1 2 3 4 5
P (GeV/c)
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T, K, p Spectra and Blast-wave Fits at the LHC (2/2)

E 2 _“f L B E 2 F TTT 3
2z 18F7 Range of combined fit 4 = 18F =
S 1eE? 3 aef 3
£ 12p 4 £ 12F 3
8 1 ;— = 53 1 é—— i _,E
8 o0s8fF 4 £ osf E
o o6 ;_ [=]0-5% —i o 06 E_ 0-5% —
0.4 [%]20-30% = 0.4F 2030%
02fF T4 @ FHros0% = 0.2F K"+ K ®)  H7o.00% 3
% o5 1 1s 2 25 3 % o5 115 2 25 3
p, (GeV/c) p_. (GeV/c)
4 2 T T . .
S oieb . | | % | E Due to contributions from
D q6f / / E resonance decay at low p; and
2 1a4f Z = hard scattering contributions at
g 125 T S high p;, the p; range for the
MRy e e R R N S e S -3 ]
S sk E blast-wave fit needs to be
- ;
O o6f 0.5 E chosen carefully.
0.4 . [¢]20-30%
o2 P+P (c) [F)70-80% 3
0 E PR ST T SR AN ST ST TR TN [T TR TN ST SN AN SR SN TR SN SN SO S SN N 3
0 1 2 3 4 5
P (GeV/c)
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T und <B> for Different Centralities at RHIC and the LHC

T (GeV)

0.2
0.18
0.16
0.14
0.12

0.1
0.08
0.06

= ALICE, FitRange 1
[ n:0.5<p <1GeVic
- . KO2<p <1.5GeV/c 1
= 80-90/6 p03<p <3.0 GeV/c 3
T70-80% . Nyt =
- STAR, Fit Range 55:, —:
- n:0.5<p_<0.8 GeVic 0-5% =~ 1
:K02<p <0.75 GeV/c N
'—p 035<:p <1 2GeV/c (a) —
] P ' 'l

025 03 035 04 045 05 055 06 065 07

®.)

10% larger flow velocities in the most central collisions at the LHC than at RHIC
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Radial Flow Velocities as a Function of \/sNN

A
[
o

v

0.8
0.7
0.6
0.5
04
0.3
0.2
0.1

Phenix white paper, Nucl.Phys.A757:184-283, 2005 (— link)

"~ 4 E895
- v E866
- 0 NA49
" o NA44 %
" = WA98 I
- « STAR 1l o |
“ = PHENIX  ©
0C vl L ....I2
1 10 10
\syn (GeV)

Radial flow velocity in A+A depends only weakly or not at all on CMS energy
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http://www.slac.stanford.edu/spires/find/hep/www?eprint=nucl-ex/0410003

Particle Spectra from Hydrodynamics ()

"  Fireball evolution treated as an
expansion of an (almost) ideal liquid

Initial conditions for hydro calc.: = |deal fluid (“perfect liquid”)

.5 I I I I ea .
’ | g2 ssmy ¢ Local thermal equilibrium,
Nl | s, =5.5TeV, scaled mean free path A = 0
20 —— s =02TeV
i ] ¢ Zero viscosity
—_ - A=B=208, LHC
“Eisk A=B=197.RHIC 1 m  Gtate of the art: viscous hydro
> T (shear viscosity / entropy density > 0)
) B "~ |
%1-0 n ™ N " Hydro description of the fireball
i ] evolution requires early thermalization
Sh - . .
’ B ) " Equation of state (EOS) is needed
T N\ i (e.g., form lattice QCD)
00 AN I N A T N e | | |
01 2 3 456 7 8 910 n i "
r [fm] Input: Initial conditions, e.g., from

Glauber calculation:

deart choll
dr (or ox dr )

e(r) o
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Particle Spectra from Hydrodynamics (ll)

Transverse expansion of the fireball in a hydro model

(temperature profile): _
temperature in GeV

/
E 15} T=12fmlc [Wo1a E 15
> ot >
10
- 0.12
50
: 0.1
O
-5f_ 0.08
'10:_ 0.06
-15|
- ' — ' 0.04
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Particle Spectra in Ideal Hydrodynamics (ll):
Temperature Contours and Flow lines

20 | ] I T
. s'? = 200 AGeV - Flow lines indicate
120 MeV 1 how the fluid elements
i 4 move
15 g
_ 150 MeV
.&2 =
£10 .
P
5 ]
- QGP
300 MeV
0 \1 l
0 2 4 6 8 10 12 14

r [fm]
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Particle Spectra in Ideal Hydrodynamics (IV):
Hydro Models Describe T, K, p Spectra at the LHC

(At
E 105 I I Ll 1 I I I I Ll L] 1 1 1 I I L ] 1 1 1 I L ] 1 1
= | < —&— ALICE, Pb-Pb |5, = 2.76 TeV |
) 10° | —
S i —#%— STAR, Au-Au, \'s,,, = 200 GeV
> - —=— PHENIX, Au-Au, |S, = 200 GeV -
= — et -
=< - + 1 (x 100) T
© 10 | -]
S -
I; - g K +K(x10)
-1 = . Bt TP — —
. 10°F Blast Wave Fit 0 L TS p+P 1)
> |- - VISH2+1 - >ten _
— - | — HKM O 7
10° |- wrake 0 -
- Krakow 0-5% Central collisions -
I I | 1 1 I [ I L 1 I 1 1 [l | I 1 1 1 [ I | 1 1 1 I
0 1 2 3 4 5
P (GeV/c)
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Particle Spectra in Ideal Hydrodynamics (V):
Validity of the Hydro Description: Up to p_ =2 - 3 GeV/c

10 & -;:;:

1

| E

[
=
—

=

- =

[y
=
3

E

=
L

-5

127 py dN!dETdn[lfGeVZ]

—

0
A PHENIX 0-5%
¢ PHOBOS 0—6%

O STAR0-5%
[ BRAHMS 0-10%

10°°
107

—— T,..= 150 MeV
e T =120 MeV

—- pQCD
pQCD + E-loss

RHIC Au+Au

s =200 AGeV1

E!

ool vvrol aad

vl A cood v ool ool vl v

01 2 3 4 5 6 7 8 9 10 11 12

pr[GeV]

At large p_the hydro description
yields exponential spectra

However, around p_=2 -3 GeV/c

the measured spectra start to follow
a power law shape
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6.3 Directed and Elliptic Flow
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The Reaction Plane

The impact parameter vector b and
the beam axis span the reaction
plane

Experimentally, the reaction plane
can be measured (with some finite
resolution) on an event-by-event
basis

reaction plane 56 can then study particle

production as a function of the
emission angle w.r.t. the reaction
plane
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Fourier Decomposition

anisotropy in coordinate space — anisotropy in momentum space

0.‘
- =i =
e® ° : e

reaction plane

d3N 1 d2N >
E — 142 . ./
&p 27 pedpedy ( + nz:; vy cos[n(¢ RP)])

The sine terms in the Fourier expansion vanish because of the reflection symmetry
with respect to the reaction plane.

Fourier coefficients:  Va(pT1,y) = (cos[n(p — Vrp)])

V1 . Strength of the directed flow (small at midrapidity)
V2 . Strength of the elliptic flow
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Visualization of v

f(¢) =1+ 2v, cos(ny)

151 151 151
v =0.1 v. =0.1 v. =0.1
1 L 10 2 3
v, = 0.25
05! 05!
~15 —10\ -05 05 10) 15 05 10) 1s -15 -1. 05 10/) 15

—15¢

1.5
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Odd Harmonics

When studying flow w.r.t. to the reaction plane one expects the odd harmonics
to be zero due to symmetry reasons:

d3N 1 d?N
E— = 142 f — Vv
&p 27 pedpedy ( + n%:en vy cos[n(¢ RP)])
1 d?N

(1+ 2vacos[2(¢p — Wrp)] 4 2v4 cos[4(p — Wgrp)])

Q

27 prdpedy

Recently, it was realized that fluctuations of the
overlap zone may lead to flow patterns that need to
be described by odd harmonics, e.g., triangular
flow (v,). However, the triangular flow appears to

be uncorrelated to the reaction plane:

Triangular flow compone

@
s
¥

10 x 1+ 22 Vn COS[I’I(QO _ w”)]
¥ n=1
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Directed Flow ()

£ o} »
- 12fm/c \
75} {
25} AN
x of ‘ :a; :
: 3#3
: e
5L Ear A
o PORAA
75 1A
-10} '
-10-7.5-5-250 25 5 7.5 10
Z [fm]

Net-baryon density at t = 12 fm/c in the reaction

0.5

045

0.4

0.35

0.3

0.25

0.06

plane with velocity arrows for mid-rapidity (|Jy| < 0.5)

fluid elements

arXiv:0809.2949

Where the colliding nuclei start to
overlap, dense matter is created which
deflects the remaining incoming
nuclear matter.

The deflection of the remnants of the
incoming nucleus at positive rapidity is
in the +x direction leading to p > 0,

and the remnants of the nucleus at
negative rapidity are deflected in the
direction thus havingap <0

The deflection happens during the
passing time of the colliding heavy-
ions. Thus, the system is probed at
early times.
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Directed Flow (ll)

SpECtﬂtDrS
o e
o vV .
spectators

Fig. 2.9 Schematic view of the directed flow observed at relativistic energies. For positive
and large rapidities (y ~ yp ) the spectators are deflected towards positive values of z. For
positive and small rapidities (y > 0) the produced particles have negative v»,, hence they
are deflected towards negative values of z.

The directed flow for spectator nucleons and pions has a different sign.This
suggests a different origin of v_for protons and pions.

J. Stachel. K. Reygers | QGP physics $SS2015 | 6. Space-time evolution of the QGP

43



Directed Flow (lll)
STAR, Phys.Rev.Lett.101:252301,2008

o & [ | 7 SN ]
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3- 2 (PP ):0-5% = E

C R A T N S N N N R Lo Lo L]

-6 -4 -2 0 2 4 6

n

Directed flow of charged hadrons. The orange arrows indicate the sign of the
directed flow (and the rapidity) of spectator neutrons.
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Basic Elements of Relativistic Hydrodynamics (l)

Energy-momentum tensor T#" :

The conserved currents associated with the energy and momentum can be written
as a tensor 7. T is the four-momentum component in the y (= 0, 1, 2, 3)
direction per three-dimensional surface area perpendicular to the v direction.

Ap = (AE, Apy, Apy, Ap,) Ax = (At, Ax, Ay, Az)

AE AE

u=v=0: 790 _ S —
AxAyAz AV
p=v=1: 11 _ Apx force in x direction acting on an surface Ay Az
R AtAyAz perpendicular to the force — pressure
Tuv _ energy density energy flux density _ (¢ jg
- \momentum density momentum flux density ) — \ g [

Isotropy in the fluid rest
frame implies that the
energy flux T, and the
momentum density T,
vanish and that M’ =P &’

Energy-momentum tensor in - uv _
the fluid rest frame: R

oo nm
oo J[Yo
o Yo o
T o oo

See also Ollitrault, arXiv:0708.2433 (— link)
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Basic Elements of Relativistic Hydrodynamics (ll)

Energy-momentum tensor (in case of local thermalization) after Lorentz transformation

to the lab frame:

metric tensor
T issymmetric. Thisisa_y 1/ = (¢ + P)uv” — Pgh” 4= 404 4 4 0)

non-trivial consequence / \
4-velocity: ut = dx"/dT = (1, V)

of relativity.
d Energy density and pressure
in the co-moving system

Energy and momentum conservation:

OTH =0, v=0,...3 P +Vi.=0 (energy conservation )
* in components: <
S 0
0y = (%, V) 5: 8 + V;M; =0 (momentum conservation)
continuity equation
Conserved quantities, e.g., baryon number: /
] . 0 =
Je(x) = ng(x) u*(x), 0jg(x)=0 < —Ng+ V(NgV)=0

Ot
Ng = vng
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Hydrodynamic Models

Ingredients of hydrodynamic models 1.4
-3 .
= Equation of motion and baryon 1.2} n=01m L
number conservation: = e
™ Ut ‘

0, T =0, 9ujg(x)=0

GeV/fim

5 equations for 6 unknowns:
(UX1 Uy, qu 81 Pv nB)

S

P

= Equation of state: P(e, ng)
(needed to close the system)

" |nitial conditions, e.g., from Glauber
calculation

EOS I: ultra-relativistc gas P = ¢/3
EOS H: resonance gas, P=0.15¢
EOS Q: phase transition, QGP < resonance gas

" Freeze-out condition
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Freeze-Out: Cooper-Frye Formula

E— = Lf(xap’t)p'da(x)

_d f p-do(x)
@) Jy expl(p - ulx) — ux))/T(x)] £ 1

fpdo = fp'do, : local flux of particle i with momentum p through the
freeze-out hyper-surface 2. The freeze-out hyper-
surface can, e.g., defined by the condition T=T..

do, : normal vector to the freeze-out hyper surface

Cooper, Frye, Phys. Rev. D10 (1974) 186
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Space-time Evolution of the Fireball in a
Hydro Model

Elliptic flow is “self-quenching™:

The cause of elliptic flow, the initial
spacial anisotropy, decreases as the
momentum anisotropy increases

-4 2 4 10 i -8 -5 -4 -2

5.6 fm/c (e, = 0.067, ¢, = 0.147) 8.0 fm/e (¢, = 0.003, ¢, = 0.123)
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Time Dependence of the Momentum Anisotropy

0.3}
~ ©x
Anisotropy in 0.2}
coordinate space
0.1}
0
-0.1}

Ulrich Heinz, Peter Kolb, arXiv:nucl-th/0305084

10.1

-
-
-
-------

0.15

€0 v
Anisotropy in
momentum

10.05 space

0
-0.05

In hydrodynamic models the momentum anisotropy develops in the early (QGP)
phase of the collision. Thermalization times of less then 1 fm/c are needed

to describe the data.
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Impact parameter Dependence of v,/g,

Voley
0.24
ep=4.5 GeV/fm
0.22 e0=9.0 GeV/fm3
027 eo=25 GeV/fm3
0.18

5 4 6 8 10 12
b (fm)

|ldeal hydrodynamics predicts v, = 0.2 ¢,
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Elliptic Flow of Cold Atoms

= 200 000 Li-6 atoms in an highly anisotropic
trap (aspect ratio 29:1)

" Very strong interactions between atoms
(Feshbach resonance)

" Once the atoms are released the one
observed a flow pattern similar to elliptic
flow in heavy-ion collisions
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v, as a Function of \/sNN

o 0.08
0.06
0.04

0.02
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E877
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1 10 102

R. Snellings, arXiv:1102.3010,
P. Sorensen, arXiv:0905.0174
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10°
\/Syy (Ge

10*
V)

\/SNN >~ 4 GeV:

initial eccentricity
leads to pressure
gradients that cause
positive v,

2 < \/SNN <4 GeV:

velocity of the nuclei
is small so that
presence of spectator
matter inhibits in-
plane particle
emission
(“squeeze-out”)

\/SNN <2 GeV:

rotation of the
collision system leads
to fragments being
emitted in-plane
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v,(p;) for Different Energies: Strikingly Similar

STAR, Quark Matter 2012 (— link)

(al)10-20% | (0b1)20-30%

- = Fit to 200 GeV data +
- ! o,
0.15 ‘e

~ | f
>  0ir 4 0276TeV |

o ©200 GeV

0.05T 4f m62.4 GeV

039 GeV

L
.-I.. _____________________ —

(c1) 30 -40%

[+]
#_.m(# y
AN [ '..#

v 27 GeV
¢ 19.6 GeV
A 11.5GeV
A 7.7 GeV

| I'
2 r'—'{atlo to flt functlon

Ratio

How does this affect the interpretation of v, as a QGP signal?
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Sensitivity to the Equation-of-State

03r

EoS Lattice
EoS Q e

EoSHRG ------
025
02} ! e -
| 2 _ 9p
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015F N l . . O ]
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02
0.16 |
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0.04 | ‘
EoS Lattice
0
0
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€
Po.12}

R. Snellings, arXiv:1102.3010

EoS Lattice

EoS Q e

0.1¢

0.08 ¢

0.06 1

0.04

0.02

The sensitivity to the EoS corresponds to the
fact that v, is sensitive to the sound velocity.

The measurement of v, for different particle
species helps constrain the EoS.
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Sensitivity to Initial Condition

0.8
® [ ~-cacce) @

0.7
- — Glauber (0=0.85)
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0.5}
04
03}
0.2}
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%024 % 8 10

12 14
b (fm)

Eccentricity:

(y* —x%)

(y? +x?)

E =

0.2
0.18
0.16 [ hydro+cascade, Glauber
0.14
0.12

0.1
0.08
0.06
0.04
0.02} .

%950 100 150 200 250 300 3§6N 400

part

—— hydro+cascade, CGC (b)

.

In hydrodynamic models: v, « ¢.

The initial eccentricity results from the
2D profile of produced gluons. Gluon
saturation models predict larger
eccentricities than Glauber calc's (in
which the gluon profile follows the
wounded nucleon profile,

or d°N__ /dxdy)
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Sensitivity to Viscosity
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v, is sensitive to the viscosity of

the quark-gluon plasma. The
larger n/s, the smaller is the
resulting v,
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Kovtun, Son, Starinets,
PRL 94 (2005) 111601

Based on a correspondence
between string theory and
quantum field theory (“AdS/CFT
correspondence”) Kovtun, Son,
and Starinets argued that there is

a lower limit for the viscosity of
any fluid:

S 41k B
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Event Plane Method ()

S. A. Voloshin, A. M. Poskanzer, R. Snellings, arXiv:0809.2949

Event flow vector Qn:

Qnx = Z w; cos(ng;) = @, cos(nV,)
Qny = Z w; sin(ng;) = Q,sin(nV,)

The optimal choice for w. is to approximate v (p_; y). w = p__is often used as a

good approximation.

1

Event plane angle: V, = ;atan2(Qn,y; Qn.x)

atan2(y, x) is defined such that (r,atan2(y, x)) are the polar coordinates of

!

Impulsvektor
van Teilchen i

(Winkel ¢,)

Vr

Px

the cartesian coordinates (x, y); r := v/x? + y?. atan2 is a C/C++ function.
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Event Plane Method (ll)

Fourier coefficient w.r.t. the event plane (not the reaction plane):

vePseved(pr, y) = (cos[n(p — Wgp)])

To remove auto-correlations one has to subtract the Q-vector of the particle of

interest from the total event Q-vector, obtaining y_to correlate with the particle.

Alternatively, one determines the reaction plane at forward rapidities and
correlates this event plane with particles measured at mid-rapidity.

Since finite multiplicity limits the estimation of the angle of the reaction plane,
the v_have to be corrected for the event plane resolution for each harmonic:

Vobserved

v, = ”Tn R, = (cos[n(V, — Vgrp)])

To estimate the event plane resolution one can measure the reaction plane
with two identical detectors A and B (symmetric around mid-rapidity)

Ry = \/ (cos[n(WA — WE)])
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v, from Two Particle Correlations

The correlation of all particles with the reaction plane implies a 2-particle
correlation:

i2(p1—p2) _ i2(p1—¥rp—(p2—¥RrpP))
((e ) ((e ))s

<<6i2(Q01—\11Rp)><6—i2((,02—\IJRp)> _I_ 52>7
= <U§ + 52>,

Double brackets denote an average over all particles within an event, followed by
averaging over all events. 3,: two-particle correlations independent of the

reaction plane (“non-flow”)

So v, can also be determined from 2-particle azimuthal distribution

(if non-flow contributions can be neglected): _
two-particle

A cumulant
v {2} = (cos[n(pr — p2)]) = a2}
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Reduction of non-flow Contributions
with higher-order Cumulants

e {2} < '1,2(901_902)>> = (v +62)

<
oy = ({e zzmm—@g—m» —o (et
(-

'U2 _|_ 54>

c.{4} is a measure of genuine 4-particle correlations, i.e., it is insensitive to

two-particle non-flow correlations. It can, however, still be influenced by higher
order non-flow contributions, denoted here by J,.

{2} = {2}
v {4}t = —c, {4}

These observables measure (assuming o << <v,>):

— arXiv:1102.3010

J. Stachel. K. Reygers | QGP physics $S2015 | 6. Space-time evolution of the QGP 61



Non-Flow Effects

We have seen that not only flow leads to azimuthal correlations.
Examples: resonance decays, jets, ...

Vn{2}2 = <V3> + 0n

Different methods have different sensitivities to nonflow effects.
The 4-particle cumulant method is significantly less sensitive to nonflow effects
than the 2-particle cumulant method

(c)

— |

IS

S 010

| AMPT Pb-Pb 2.76 TeV
0.08 |

Example:
v,=0,v{2}>0

0.06 [

0.04 |

0.02

ol

v,{RP}
v,{EP}
v, {2}
v, {4}

e @ @ O

(b) ]

0
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Mass Ordering (1/3)

Consider a source that emits particles according to a Boltzmann distribution:

energy of the particle in the
/ fluid rest frame

d>n E*
% xXexp | — T

The energy of a particle in the fluid rest frame can be written in the lab frame as

E* = pfu,

Consider particle with velocity parallel to the fluid cell velocity and p, = 0O:

ug = cosh p

u = sinh p E* = pﬂuu — Mmrug — Pru

f fluid cell
transverse
rapidity u =~(1,8), utu,=1=ud—u* — ug=+1+u?
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Mass Ordering (2/3)
Yield written with (¢ dependent) 4-velocity (u,,u) = y(1, B):

d*n —mrug (@) + pru(p)
0 ey (Sl 100

(*)

d3p
Let's assume a modulation of the radial flow velocity given by:

u(p) = u + 2a cos(2¢p)

Using up = v u? + 1 and expanding to first order in a:

uo(p) = up + 2Bacos(2p) with g = uﬂ
0

Plugging this into (*) and expanding to first order in a:

d>n —m7ug + pru «
Bp P ( 7 ) {1 + 2T<pT — Bmr) COS@@)]

Th t f: average radial flow
us, we geta v, or. / velocity of the fluid cell
87

V2 = T(pt - ﬁmT)
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Mass Ordering (3/3)

7777
[ «
] Vg = T(FT—ﬁmT) __
| B =0.5,a=0.02, T =100 MeV -
o :u.m}
0.05 -
protons
:Il:l:l- " " PR PR T | I PR I T T | I L | I 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

pr (GeV/c)

For light particle (pions) p; = m; and the v, increases approximately linearly
with p;.

For heaver particles, m; is larger at the same value of p;, resulting in a
smaller v,.
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Elliptic Flow at RHIC

012 - e o - Plot from
200 GeV Au | Au R ., 2 Braun-Munzinger, Stachel,
. {(minimum bias) L i Nature 448:302-309,2007
= 010+ PR o -~ ”
-IE o - ’.r"' J_-f' ."
o e # {4-" r.r" #
% D.DB | STAR d EIT.H - r'..-" ' - P #
1§}
8
= 0.06 1
o Hydrodynamic
E‘ 0.04 - results
c | mA+tA & S Jm s 7 e T
< R 'y
0.02 - S
————— A
D —

0O 02 04 06 08 10 12 14 16

Transverse momentum, p, (GeV c¢7)

= Measured v, in good agreement with ideal hydro

1
"  Hydro predicts mass ordering: vy ~ T(pT — Bmr), [ = average flow velocity

® |ndeed observed!

" “Perfect liquid” created at RHIC
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Maximum v from Hydro
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Hydro limit only reached at RHIC energies
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Breakdown of Ideal Hydro

0.2

0.1 o ! ' ' J L 0.3 PHENIX Data STAR Data
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- r — hydrodynamics | ™k Opip o5
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Hydro description for Au+Au at RHIC only works in central collisions
and for p_< 1.5 GeV/c
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Viscosity of Pitch

Pitch drop experiment, started in N
Queensland, Australia in 1927 &£ o
Duration

Date Event
Years  Months

1927 | Hot pitch poured
October 1930 | Stem cut

December 1938  1st drop fell 8.1 98

February 1947 | 2nd drop fell 8.2 99

April 1954 | 3rd drop fell 7.2 86

May 1962  4th drop fell 8.1 97

August 1970 | 5th drop fell 8.3 99
April 1979 | 6th drop fell 8.7 104

July 1988 | 7th drop fell 9.2 111

November 2000 | 8th drop fell® | 12.3 | 148
April 2014 | 9th dropl®! 13.4 | 156

QGP has larger viscosity than pitch!

It is n/s that determine the properties
of a fluid, not n alone.

https://en.wikipedia.org/wiki/Pitch_drop_experiment
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Competition for the Most Ideal Fluid

50rF \
/8 o \ fﬁater |
' 20 e # helium o
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) ®é o - b - ——mmm T
02} by -
quark gluon plasma ~. 4 ----""~ o b
0.1} i ! L4
-|f-?’?l?g?r‘a|g)]?}|??| -betfn(lib_’; B T I R S R B —1/(257'_)
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(T o TC)/TC

A. Adams, L.D. Carr, T. Schaefer, P. Steinberg. J.E. Thomas, arXiv:1205.5180
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How Perfect is the QGP Fluid at RHIC?

Glauber Glauber
J T T T J T T T T 25 -
O STAR non-flow corrected (est.) )
bLr il | ® STAR event-plane L
i . 20k i
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0.08} ? he, . e
r 00g8.% _se® 'l s=0.08
[1y/s=1 él 1 Eis oot
04 =] =
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0.02

Luzum, Romatschke, Phys.Rev.C78:034915,2008
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Glauber initial cond.

= 0<n/s<0.1

CGC initial cond.
= 0.08 < 77/5 < 0.2

Conservative estimate
for the QGP (taking
into account e.g.
effects of EOS
variations, bulk
viscosity, ...):

n/s < 5x

S IKSS

—5><1
N 41

7



v, vs. Centrality in Pb+Pb at\s =2.76 TeV from

ALICE Compared to v, at RHIC ALICE, Phys. Rev. Lett. 105, 252302 (2010)

}N 0-12_""I""I | N B | | | _
N @,, . o® o ¢ :
0.1 . ° 9
R . L 4
0.08 — 7 e L [!]'F} ]
B Hio Ly ]
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B e VZ{Z} ]
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0.02 %_{'{’ " V{EP}STAR E
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centrality percentile

v, increases up to 30% (for more peripheral collisions)
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v,(p,) in Pb+Pb ats =2.76 TeV from ALICE

Compared to v, at RHIC ALICE, Phys. Rev. Lett. 105, 252302 (2010)
g3 - @ T @ v,(p,) at LHC and RHIC is
025 | 7 w4 wom CE 5 virtually identical.
E |
02— .
= The increase of the mean p_
0.15 —
= at the LHC can explain the
0.1 p— . .
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Mass Ordering also Observed at LHC Energies

v,=0.25

0.35
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0.3
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Elliptic Flow at the LHC Described by
Nearly Ideal Hydrodynamics (with n/s = 0.20)

N =]
> ALICE preliminary
5 03 Pb-Pb |5, = 2.76 TeV
- F Centrality 20-40% 'l' *
o L
— m U ** | e }
[ = .
o [ +» K J
Sozl ¢ P : fﬂ | II
s [ Q o
O : v Q I Hydro
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0.1 VISHNU VISH2+1
_ —_— Tl —)
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I —P
i i |
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v, for Pions, Kaons, and Protons

s ALICE preliminary, Pb-Pb events at \'s, = 2.76 TeV
> il
e - centrality 10%-20%
[ [fv{2 =
0.15 [A]v,{2} K* & *
[ 2} p P @
: mv,{2} p i §§ - : ;
0.1_— .o’.;=£$$
B ..AAA
| ..AA ..
i ..AA o 15
0.05 - *u" g
£ . .. o " 0>
i .o. A nl
i °o® o .I
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O L0552 2i5l 38 g5 4 45
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Sizable v,. Mass splitting as expected from hydrodynamics.
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Survival of Initial State Fluctuation:
The Universe and Heavy lon Collisions

4 The Universe
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Credit: Paul Sorensen
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Centrality and p; Dependence of v,
Data vs. Event-by-Event Hydrodynamics
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Current status (see e.g. arXiv:1301.2826):
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To What Extent Do Fluctuations of the Initial Energy
Density Distribution Survive the Hydrodynamic Evolution?

Schenke, Tribedy, Venugopalan, PRL108, 252301 (2012)

MC-Glauber

Can we determined the
initial state from the

measurement of v,?
X[fm]

IP-Glasma '8
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Viscosity Suppresses 5. Schenke et al

1=6.0 fm/c, ideal

Higher Harmonics 12
10
Event-by-Event .
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w
o
o
e [fm™¥]

y [fm]

1=0.4 fm/c
10 600 2
500 K 0
S 10 -5 0 5 10
400
x [fm]

0

=6.0fmc N/S=0.16
200 o
-5 ]
100 VIscous 10
10 0
10 -5 0 5 10

X [fm]

Small scale fluctuations
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Viscosity Suppresses Higher Harmonics

arXiv:1408.0024 arXiv:1312.5503

0.025 T | T 1.4 r r
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1 2 3 4 5 6

Ultimate goal: Measure n/s and |initial wave function|?
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The Initial Motivation for p-Pb Collisions at the LHC

" Reference system in which effects of the initial nuclear wave function are
present, but which too small to thermalize or to show collective effects
(mean free path not smaller than system size)

" Study effects of gluon saturation at small Bjorken x

antishadowing Fermi-

motion 5 5
Q=20 GeV

QZ Low Energy
=200 GeV?

III!Il

Gluon
Density
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EMC-
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shadowing High Energy

i et
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T
modification of parton
distributions in nuclei

[¥]

gluon saturation at small x
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Blast-wave Fits work quite well in p-Pb with

Average Flow Velocities up to § = 0.55
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Elliptic Flow is Large and Exhibits Mass Ordering

arXiv:1307.3237
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Comparison of v, in Pb-Pb and p-Pb
for the same Track Multiplicity

I I I I ]
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Vv, in p-Pb is a genuine multi-particle effect
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An Interesting Observation at RHIC:
Quark Number Scaling
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31.

m  Scaling of v2 with n suggests that the flowing medium at some point consists

of constituent quarks (in line with recombination models)

" |s there a transition from massless u and d quarks to constituent quarks
(m =m_ =300 MeV)?
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Heavy Quarks Apparently Take Part in the Flow

measured
»
Example for a semi-leptonic heavy quark decay: D°(cti) — K~ (sti) + et + ve

V N | | | 1 | ! 1 | ]
S E® . :
o157 a m = 1%V, p_>2GeVic
Z e etR,, etviF _
0.1— § []ﬂ AT R —
a El [F Au+Au, Vs =200 GeV -
0.05— ﬁ&i_ia N —
w1 A e ]
ofit -

l P I I | B l | P
0 1 2 3 4 5 7 8 9

p, [GeV/c]
m  Current masses: m =m = 4 MeV, m_= 1270 MeV, m_ = 4200 MeV
= Even though m >200-m heavy and light quarks exhibit a similar

heavy, quark light,quark
flow strength
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D Mesons seem to Flow also at the LHC
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v, and Jet Quenching

-0 —
ﬂ'.- - ® Charged particles, minimum bias

~X  0.3f--- Hydro+pQCD, dN */dy=1000
> - Hydro+pQCD, dN*/dy=500
0.25f - - Hydro+pQCD, dN*/dy=200

0.2 e i .
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005 & e ]
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For p_> 4-6 GeV/c particle production is dominated by jet fragmentation. Jets, i.e,

energetic quark and gluons, are expected to lose energy in the QGP (“jet
quenching”). The shorter path length for jets in the reaction plane compared to jets
perpendicular to the reaction plane is expected to result in a positive v, at hight p._.
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v, and Jet Quenching
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hydrodynamic regime
v, driven by pressure gradient

jet fragmentation regime
v, driven by energy loss
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Points to Take Home

" QGP at RHIC and LHC is close to an ideal fluid (close to KSS bound)

= Elliptic flow coefficient v, and especially higher harmonics sensitive to viscosity of
the QGP (viscosity reduces the v )

"  Similar n/s for RHIC and LHC

" Upper limit from data/theory comparison (ca. 2013):

1
77/3%0.2:2.5><Q =25 X —

S IKSS A7

" p-Pb and pp collisions were considered reference systems without QGP formation
" However, many observables consistent with collective effects also in pp and p-Pb

¢ QGP formation also in these systems?
¢ Do these results challenge the flow observables as QGP signatures in A+A?

¢ Or similar observations but different physics in p-Pb and Pb-Pb?

J. Stachel. K. Reygers | QGP physics $S2015 | 6. Space-time evolution of the QGP 91



	Ultrarelativistische Schwerionenphysik − Quarks, Gluonen und Quark-Gluon-Plasma 2. Kinematische Variablen
	Folie 2
	Folie 3
	Folie 4
	Folie 5
	Folie 6
	Folie 7
	Folie 8
	Folie 9
	Folie 10
	Folie 11
	Folie 12
	Folie 13
	Folie 14
	Folie 15
	Folie 16
	Folie 17
	Folie 18
	Folie 19
	Folie 20
	Folie 21
	Folie 22
	Folie 23
	Folie 24
	Folie 25
	Folie 26
	Folie 27
	Folie 28
	Folie 29
	Folie 30
	Folie 31
	Folie 32
	Folie 33
	Folie 34
	Folie 35
	Folie 36
	Folie 37
	Folie 38
	Folie 39
	Folie 40
	Folie 41
	Folie 42
	Folie 43
	Folie 44
	Folie 45
	Folie 46
	Folie 47
	Folie 48
	Folie 49
	Folie 50
	Folie 51
	Folie 52
	Folie 53
	Folie 54
	Folie 55
	Folie 56
	Folie 57
	Folie 58
	Folie 59
	Folie 60
	Folie 61
	Folie 62
	Folie 63
	Folie 64
	Folie 65
	Folie 66
	Folie 67
	Folie 68
	Folie 69
	Folie 70
	Folie 71
	Folie 72
	Folie 73
	Folie 74
	Folie 75
	Folie 76
	Folie 77
	Folie 78
	Folie 79
	Folie 80
	Folie 81
	Folie 82
	Folie 83
	Folie 84
	Folie 85
	Folie 86
	Folie 87
	Folie 88
	Folie 89
	Folie 90
	Wichtige Punkte …

