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Introduction

AA-collisions

Initial particle/energy production, followed by

o Hydrodynamic evolution, followed by

o Freeze-out/Hadron cascade
o Goal is to determine QGP properties: EoS, transport coefficients ...
o Large(st) uncertainty in determining e.g. shear viscosity is initial state for

hydrodynamic evolution

Complicated (and necessary) problem is to determine initial conditions simultaneously
with QGP properties
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Hydrodynamics
[ ]

Hydrodynamics

Conservation laws

uTH =0

Ount’ =

THY = eutu” — (p + M)AHY + gH¥

V.

IS equations for viscous parts of THY

e.g. shear viscosity:

Tﬂiﬂ-(ul’) + Y = o) 4
dr

To solve this set of equations we need
o Equation of state p = p(e) and T = T (e)

o Initial condition TH¥(7g,X)

o Transport coefficients, e.g. shear viscosity n(T), relaxation time 7-(T), ...
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Hydrodynamics
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Hydrodynamics — particles (Freeze-out)

@ Cooper-Frye freeze-out for particle i = calculate number of particles crossing the
freeze-out hypersurface

dN gi /

— = dot pufi(p,

p - 2n)? oPpufi(p, x)
+ decays

Hadron spectra

_dNp,
dydp do

~ 300 hadronic states: takes most of the computing time
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Hydrodynamics
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Characterizing pr-spectra

Fourier decomposition: w.r.t. event plane

dnN dnN

EpEEER, = A [1 +2vi(pT) cos (¢ — 1) + 2va(pT) cos[2 (¢ — )] + - - -]

¥n = (1/n) arctan ((p7 sin n¢) / (p7 cos nep))

o vo(p7), ¥n(pT), dN/dy, ... characterize single event

v

Ensemble of events: Full characterization

o Averages: (Vn), (¢n), ...
o Probability distributions: P(vn), P(%n), ...

o Correlations: (Va, Vm), (¥n, ¥Ym), ...

Harri Niemi Hydrodynamic response to initial state fluctuations



Initial state
°

Characterizing initial state

Eccentricity (for energy density ¢)

3 Jdxdy r™cos[n(¢ — Wm,n)le(x,y,T0)
J dxdy rme (x,y, 10)

J dxdy r™sin (n¢) e (x,y, 7o)

[ dxdy r™ cos (n¢) e (x,y, 7o)

€m,n =

+7/n

1
Vmn = — arctan
n

@ em,n, Wm,n characterize single event (initial energy density)

A\

Ensemble of events (initial conditions): Full characterization

o Averages: (em,n), (Wm,n), ---
@ Probability distributions: P(em,n), P(Wm,n)

o Correlations: (em,n; €m )0 {Wm,n, Wt pr ) - -

N
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Initial state
L]

Bessel-Fourier expansion: S. Floerchinger, U. Wiedemann: arXiv:1307.7611 [hep-ph]

R
W/(m) = ;2/ drr W('")(r) Im (k/(m)r)
72 [ (67 R)]" 0

Ny
Wreco(Nm,Ny) (F @) = Zwl(mzo)Jo (z,(O)r/R>
=1
Nm N

235 i on [ (- )] (47)

m=1 /=1
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Initial state
o0

Connecting initial condition to hadron spectra

Ensemble of events (initial conditions): Full characterization

o Averages: (em,n), (Wm,n), - ..
o Probability distributions: P(em,n), P(Vm,n)

@ Correlations: <em,,,,em/7,,/>, <\Ilm7,,,\l-'m/7,,/>,

J Hydrodynamic response (EoS, n/s, Tgec, - - -)

Ensemble of events (spectra): Full characterization

Averages: (vp), (¥n), ...
Probability distributions: P(va), P(n), - .-
Correlations: (Vn, Vm), (¥n, ®¥m)

@ Problem is that typically the connections depend on the full details of the
space-time evolution. ..
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Initial state
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e,—V, correlation
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Initial state
@00

Correlation coefficient

How are v,’s and ¢,’s related?
o (Vp) x €,
e Vh X €p

Measure by linear correlation coefficient:

c(a, b) _ < (a — <a>cv) (b — <b>cv) > J
020

@ ¢ = 0 no (linear) correlation

o ¢ = 1(—1) fully (anti-)correlated
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Initial state
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e, — Vv, correlation

F. G. Gardim, F. Grassi, M. Luzum and J. -Y. Ollitrault, Nucl. Phys. A904-905 2013,
503c (2013)

17 /./J,,,.,f——r——s—f—07,,.
08, P-/""\‘\-\'P
B 06k
= L @ v, frome
g 0'47 - vg from ei
(eF * v, from €4
0.2: . > v from €5
0 »* >
L *,,,,,ﬂ—#
-0.2 :

0 10 20 30 40 50 60
% centrality

@ v and v3 strongly correlated to the corresponding eccentricities

o Higher harmonics: no correlation (except in central collisions)
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Initial state
ooce

Monte-Carlo Glauber

Npart,bin

s(x,y)=W Z: exp{— [(X_Xi)2 +(y—}/i)2] /(2‘72)}

o (x;,y;) position of wounded nucleon or binary collision
o W normalization constant

o Centrality selection according to Npjp, or Npart

-spectra for each event G
PT-SP dydp%.d(b o
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Correlation between e, and vy
@00

va/3 Vs €3/3 (0 — 5% centrality class)

2d histogram ~ 2000 hydro events per case
sBCn/s=0 sBC /s =0.16

c(ez,m 103 c(£2,v2)=0.985 c(e2,v2)=0.991
C, =0.202 C; [MeZd C> =0.163

(a)

SBC n/s=0 - sBC 5/s=0.16 ) SWN 5/s=0.16
0-5% 0-5% 0-5%

c(e3,v3)=0.906
C3=0.100

b)

SBC n/s=0 - SBC /s =0.16 ’ SWN 4/s=0.16
E 0-5 % 0-5%
0.20 0.25 0.30 0.05 0.10 0.15 0.20 0.25 0.30

Both v» and v3 correlated to corresponding eccentricities (v2 event-by-event)
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Correlation between e, and vy
(o] le]

V273 Vs €373 (20 — 30% centrality class)

sBC yls=0 SBC n/s=0.16 : SWN y/s=0.16
20-30 % 20-30 % 20-30 %

c(e3,v3)=0.893 c(e3,v3)=0.955
C3 =0.176 C3 =0.088

(a) (b)

sBC y/s=0 . SBC y/s=0.16 ) SWN #/s=0.16
20-30 % 20-30 % 20-30 %
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.050.100.15 020 0.25 0.30 0.35 040
£ €3 3

Even better correlation
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Correlation between e, and vy
ooe

V4 VS €4

c(e4,v4)=0.367 : c(e4,v4)=0.511 c(e4,v4)=0.807
C4=0.097 Cy =0.039

SBC n/s=0 : SBC n/s=0.16 : SWN 7/s=0.16
0-5% 0-5% 0-5%
0.20

c(e4,v4)=0.199 . . c(e4,v4)=0.202
R ., =0.109 €4 =0.030

SBC y/s=0 ) == . sBCy/s=0.16 - SWN 5/s=0.16
20-30 % 20-30 % 20-30 %
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.05 0.10 0.15540-20 0.25 0.30 0.35
€4 E4

Weak correlation in central collision, no correlation in peripheral collisions
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Correlation between ep, and v,
0

em.n — Va(pT) correlation

Do vy(pT1) correlate with different €, at different pr's (em,n with different r™
weight)

o vy(pr): not really.
@ v3(pr): kind of, but rather weak difference

— No straightforward access to r-dependence of initial density profiles

c(v2, &): c(vs, &3):
14| Nbin 7/s =0.16 - E; Nbin 7/s=0.16
- 20-30 % 127 = cleaata) 20-30 %
12— « — cleggvy)
210
B
At
0.8
0.4]
0.6
0.2]
0'6.0 0.5 1.0 2.0 2.5 0'8.0 0.5 1.0 1.5 2.0 2.5
pr [GFW pr|GeV]

Bessel-Fourier expansion?
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Correlation between ep, and v,

v,, distributions
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vp distributions

vy distributions: ATLAS measurement. G. Aad et al. [ATLAS
Collaboration

, arXiv:1305.2942 [hep-ex]

G. Aad et al. [ATLAS Collaboration], arXiv:1305.2942 [hep-ex]

ATLAS Pb+Pb 10 ATLAS Pb+Pb i 10 ATLAS Pb+Pb o
Voo=2.76 TeV V5276 TeV \S=2.76 TeV
10 Ly=7ub" o Ly =7ub"
1
> !
2 4L centrality: 0-1%

centrality: 5-10%
£&: data p,>0.5GeV, <25

1 centrality: 20-25%
3
101k ® datap,>0.5GeV,nl<2.5 107 g data p,>05GeV,nj<2.5
— Glauber 0.36¢, — Glauber 0.46<, \ — Glauber 0.4%,
v
107k = = MCKLN 03¢, - - MC-KLN 0.30¢, ?f - - MCKLN 0.29¢,
n . N . . N 102k .
0.02 0.04 0.06 0.05 0.1 0.15 0.1
10 T 7 10 ; T ™3 10 =
ATLAS Pb+Pb ATLAS Pb+Pb
5 =2.76 TeV {5,276 TeV
L,=7ub’ 4 L=7uo" |1

1
)
> g 10"
Q 2 centrality: 30-35% 10" centrality: 40-45% centrality: 55-60% |

1 '

1078 g data p,>0.5GeV,nj<2.5 & datap,>0.5GeV, <25 !, 102, @ catap205GeV.ni<25 ) |

B — Glauber 0.36¢, || — Glauber 0322, ': — Glauber 0.24c, H .

102 [ = - MC-KLN 0.28¢, 10°F - _MCKN 026, B 107k  “MeKN0.22¢, H .
! ) Ly L . . L
0.1 0.1 0.2 0.3 0 0.1 0.2 0.3
V2 A V2
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vp distributions
O®@000000000

v, distributions

o Full description of heavy-ion collisions should also get distributions of v, correct
(not only event averaged value)

o Each case gives different probability distribution

10° = v, SBC7/s=0.0

vy SBC 7/s=0.0
v, SBC /s =0.16
vy SWN 7/s =0.16

— 1, sBC /s =0.0
== v, SBC7/s=0.16
-y, SWN /s =016

(a) (a)

1 . 1 1
100.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 100.00 0.01 0.02 0.03 0.04 005 0.6 0.07 0.00 0.01 0.02 0.03 0.04 0.05
Uy vg
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vp distributions
O0@00000000

v, distibutions (20 — 30 % centrality)

Each type of initial state and 7)/s gives different distribution of v,'s, but if we
introduce scaled variable

Vn — <Vn>ev €n — <€n>ev

ovp = , and den =
<Vn>ev <€n>ev
Then...
= v, SBC n/s=0.0 vy SBC /s =0.0 = v, SBC 5/s=0.0
==, SBC /s =0.16 5 SBC /s =0.16 ==, SBC y/s=0.16
10° w1y, SBC €, 10° vy SBC ¢y 10° wm -y, SBC ¢,
E{ 10" @ E: 10" E: 10"
< < <
102 102 B\ 102
0.061 (1/5=0.0) <y > =0.023 (n/s=0.0) i <, >=0.013 (/5 =0.0)
v
< 0.043 (/5 =0.16) <y >=0.011 (n/s=0.16) <u, >=0.004 (1/5=0.16)
-10 -05 00 05 1.0 15 20 -10 -05 00 05 1.0 15 20 -10 -05 00 05 10 15 20
(vy— <y >)/ <vy >, (6,— <€y >)/ <€y > (v3— <v3 >)/ <vy >, (65— <e3 >)/ <eg > (vy—<vy >)/ <vy >, (6,— <€y >)/ <€, >

o Probability distributions of dv» and §v3 independent of hydrodynamic
evolution, and follow the corresponding de, distribution.

HN, Denicol, Holopainen and Huovinen, Phys. Rev. C 87, 054901 (2013),
arXiv:1212.1008 [nucl-th]
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v, distibutions (20 — 30 % centrality)

Pldvy), Plocy)

vp distributions
00080000000

Same result if we change between the Glauber variants (sBC or sWN):

<v, >=0.039 (SWN)

<v, >=0.043 (sBC)

<uy >=0.012 (SWN)

v

=0.011 (sBC)

<v; >=0.003 (SWN)
> =0.004 (sBC)

-1.0

10
£ £
a a
S E a

10 SBC v, n/s
) SWN ¢, W
wn SBC ¢, wn - SBC ¢ wn SBC ¢,
—05 00 05 10 15 20 - —05 00 05 1.0 15 20 -10 -05 0.0 05 1.0 15 20

(vy— <y >)/ <vy >, (6— <€y >)/ <€y >

(v3— <vg >)/ <vy >, (65— <e3 >)/ <eg >

(vg— <vy >)/ <vy >, (6 — <€q >)/ <€y >
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v, distibutions (central collisions)

P(ovy), Poey)

vp distributions
O000@000000

— 1, SBC /s=00
==, SBC7/s=0.16
v, SBC e,

— 4, sBCy/s

==, SBCy/s=0.16
vy SBC ¢

=0.0

0 s

— 1, SBC 7/s=0.0
== v, SBC7/s=0.16
v, SBC ¢

Hydrodynami

response to

<& o
S S
(a) = =
10t 10t
= a
107
<, >=0.025 (n/s=0.0) <vy >=0.016 (1/s=0.0) =0.008 (/s =0.0)
vy >=0.019 (/5 =0.16) vy > =0.010 (/s =0.16) =0.003 (/5 =0.16)
0 -05 00 05 10 15 20 0 -05 00 05 10 15 20 -10 -05 00 05 10 15 20
(vy— <y >)/ <vy >, (6— <€y >)/ <€y > (v3— <y >)/ <vy >, (65— <€3 >)/ <e3 > (vg— <vy >)/ <vy >, (6,— <€; >)/ <€y >
<, >=0.013 (SWN) <y >=0.008 (SWN) <v; >=0.003 (SWN)
<v, >=0.019 (sBC) o <y >=0.010 (sBC) o <v, >=0.003 (sBC)
: 10 10
Z
E{ 10*
£
SWN v, 7/s=0.16 = SWN v, n/s SWN o, 7/
== SBCu, 1/s=0.16 10%F| == SBCu, n/s SBC v, 1/s *
SWN ¢, SWN ¢, SWN ¢, \
sBCe, = SBC ¢, sBC ¢,
0 -05 00 § 10 15 2.0 -10 -05 00 05 10 15 20 -10 -05 00 05 10 15 20
(vg— <y >)/ <0y >, (63— <€y >)/ <€y > (v3— <3 >)/ <vy >, (65— <e3 >)/ <e3 > (vy— <y >)/ <vy >, (6— <€y >)/ <€y >
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vp distributions
O0000e00000

v» distibutions

P((SVQ) = P(562)
P(5V3) = 73(563)

(probes initial condition directly)

and what is this good for. ..
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vp distributions
O00000@e0000

v, distibutions: MC-KLN (CGC) vs MC-Glauber

Two different Glauber limits give the same distribution, but ...

<v, >=0.039 (CGC) — CGC
<w, >=0.048 (CGC + NBD) == CGC + NBD
<w, >=0.024 (Glauber Npart) m— Glauber N,
-
0
10 o For example different variations of
MC-KLN model give clearly
_ . . . B
S different dv» distributions
w
107 e ] P
@ Jvo distributions can distinguish
. between the initial state models
>=0231 (CGO) D\ \ ! (without doing a single
—0.278 (CGC + NBD) [} . .
, | <> =012 (Glauber Npart N\ S hydrodynamic calculation)
10210 ~05 0.0 0.5 1.0 15

(Vg = <vy >)/ <vy >

Initial conditions from A. Dumitru

state fluctuations
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vp distributions
00000008000

Can we save the Glauber model...
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vp distributions

00000000800

vy distibutions: Tuning MC-Glauber model

Different distributions of nucleons (or quarks): CQS = constitutient quark scaling, HS
= hard sphere

=]
o
——
T
04
=}
iz

T |

'.\‘ 15—2‘0%
B 7o e

P(e,)
o L ¢
S \
&

) AR

QUL

T R |

O. }? T } } } } -
0.1}/'/ >
0.01441 : ST

-1 05 0 05 15 2

Thorsten Renk and HN
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vp distributions
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vy distibutions: Tuning MC-Glauber model

Change the width of the Gaussian peaks, multiplicity fluctuations (normalization),. ..

5-10% centrality

100¢ ‘ ‘ ;
E o ATLAS dat ]

- 2 eloem 1
10 c=1.0fm -
g — =06 fm, KNO ]
o 6=0.6fm, AG=03 fm ]
K — 6=06fm, Ac=03 fm, KNO| ]
o 1t - 3
-V ]
0.1 .
0.01F .
L 1 1 1 |
0'001-1 -0.5 0 0.5 1 1.5 2

88 SV

Thorsten Renk and HN
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vp distributions
O000000000e

v, distibutions: IP-Glasma

C. Gale, S. Jeon, B. Schenke, P. Tribedy and R. Venugopalan, Phys. Rev. Lett. 110,
012302 (2013)

100
x 20-25% |e, IP-Glasma ~ a--e-
< 10 v, IP-Glasma+MUSIC ~ ——
& v, ATLAS ——
o
= 1
5 s
o1 pr>0.5 GeV
g nl<25
0.01
0o 05 1 15 2 25 3
Vol(Vp), €x/(€n)
100
= 20-25% [ez IP-Glasma ~ -----
< 10 Vg IP-Glasma+MUSIC  ——
& vy ATLAS ——
o
= 1
2
> o1 pr>0.5GeV
g nl<25
0.01
0o 05 1 15 2 25 3
Vv3/vy), e5/(es)
100
= 20-25% (g4 IP-Glasma ~ eaa--
< 10 v4 IP-Glasma+MUSIC ~ ——
& v, ATLAS ——
o
= 1
E}
S ot pr>0.5GeV
T <25
0.01 =
0o 05 1 15 2 25 3

VglVa), €4/(e4)

i Niemi Hydrodynamic response to state fluctuatit



Correlations
°

(vi, vj) correlations

c(va, v3) c(v3, va) c(vo, va)
0.9
015 — SBC /s =0.0 — SBC /s =0.0 o m— 5SBC 1/s=0.0
3 20-30%  (g) | == sBCu/s=016 02t 20-30%  (p) | == $sBCy/s=0.16 08 20-30%  (c) | == SBCy/s=016
019 w SWN /s =0.16 W SWN 1/s=0.16 0.7 wn SWN 7/5 =0.16

c(vg,0,)

0.0 0.5

p;([)GeV] 15 2.0 0.0 05 p,l,FGev] 15 2.0 0.0 05 plT'([)GeW 15 20
C(62,63) C(V27V3) C(62,64) C(V27V4) C(E3,64) C(V3,V4)
sBC /s =0.0 —0.09 —0.11 0.26 0.32 —0.03 —0.11
sBC /s =0.16 —0.09 —0.11 0.25 0.63 —0.03 —0.09
sWN 7/s = 0.16 —0.15 —0.14 —0.04 0.42 0.03 —0.11
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Conclusions

Conclusions

v2 and v3 linearly correlated to corresponding eccentricities (v» event-by-event)

Correlation between v4 and e4 depends strongly on the details of fluid dynamics

Distributions P(dv2) follow directly from the initial conditions (details of the fluid
dynamical evolution do not matter)

Clear constraints for the initial condition (without doing a single hydro run)

(vi, vj) correlations provide additional information, but not as easy as the
distributions
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