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5asics of relativistic hydrodynamics
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—vidence for collective behavior In heavy-ion collisions

= Shape of low-pr transverse
momentum spectra for
particles with different masses

= Azimuthal anisotropy of
produced particles

= Source sizes from Hanbury
Brown-Twiss correlations
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—vidence for radial flow
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= Shape is different in pp and
A-A

= Stronger effect for heavier
particles

Radial flow

Y
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—vidence for elliptic flow
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5asics of relativistic hydrodynamics PXiv-0708.2433

Standard thermodynamics: P, T, u constant over the entire volume

Hydrodynamics assumes /ocal thermodynamic equilibrium: P(xH), T(xH), u(xt)

_ocal thermodynamic equiliorium only possible if mean free path between two
collisions much shorter than all characteristic scales of the system:

)\mfp < L

This is the limit of non-viscous hydrodynamics.

4-velocity of a fluid element:

—

u=n-(170), uvtu,=1

Y 1
i
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Number conservation

Mass conservation in nonrelativistic hydrodynamics:

0p . .
— + V(pv) =0 [continuity equation]
ot conserved quantity,
/ e.g. baryon number
0

Lorentz contraction in the relativistic case: p — ny = nu

. . o o(nu®) o u” : baryon density
The continuity equation then reads: FYa V(nd) =0 nii + baryon flux

The conservation of n can be written more elegantly as

Ou(nut) =0
For a general 4-vector a we have:
0 0 0 0 = 0a’ -
— - (= H— — (L _ po_— (L (0 3 — 2% =
0, = T = (=,V), 8 ( V), 0,a (81" V)-(a°,a) o +Va

ot / 8XM

covariant derivative  contravariant derivative
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—nergy and momentum conservation

Analogous to the contravariant 4-vector J# = nu# one can define conserved

currents for the energy and the three moments components. These can be
written as contravariant tensor:

T'ul/ v . component of the 4-momentum

1 : component of the associated current

T _ energy density momentum density
~ \energy flux density momentum flux density

T°: the energy density

TY : density of the j-th component of the momentum, j =1, 2, 3
T'°: energy flux along axis i

TV : flux along axis i of the j-th component of the momentum

OFE Op force in x direction acting on an
Examples: T — = g, TH = “ surface Ay Az perpendicular to
Oxdy0z dtdydz the force — pressure
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—quations of non-viscous hydrodynamics

Energy-momentum tensor

in the fluid rest frame: fe 0 0 0\ roctframe:
T _ 0O P 0 O oressure is the same in all
R 0 0 P O direction, constant energy
\0 0O 0 P / density and momentum
d
pressure

For an arbitrary fluid velocity: o
(without derivation) % gh” = diag(1, -1, -1, —1)

T = (e + P)u*u” — Pgh”

Energy, momentum and baryon number conservation then be written as

5 equations for 6
0, TH =0 O, (nu*) =0 unknowns:

(ux, uy, uz, e, P, ng)
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Ingredients of hydrodynamic models

= Equation of state (EoS) needed to 1.4 -
close the system: 1 21 n=0fm
P(E, I'IB) 1.0}
= Via the EoS hydrodynamics s ol
allows one to relate observables E '
with QCD thermodynamics = 06;
= |nitial conditions (e(x, y, 2)) 0.4}
» Glauber MC 0.2}
» Color glass condensate 0 6./" 1

= [ransition to free-streaming
particles

» E.g. at given local temperature

QGP physics SS2017 | K. Reygers | 6. Space-time evolution of the QGP

Simple equations of state:

EOS [: ultra-relativistic gas P = €/3

EOS H: resonance gas, P~ 0.15 ¢

EOS Q: phase transition,
QGP < resonance gas
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Cooper-Frye freeze-out formula

Particle spectra from fluid motion:
Cooper, Frye, Phys. Rev. D10 (1974) 186

normal vector to the 3d

local thermal distribution freeze-out hyper surface
2 In space-time defined
\ / e.g. by I =T

dN 1 d3N /
E— = = f(x, Hdy
d*p  2mprdprdyde s, (X, p)p" dx.

e pt dx,
- (27)3 Pu-ub(x)—p(x) )
( ) 2 ¢ exp ( T(x) ) +1

In rest frame of the fluid cell:  v* =(1,0,0,0) ~» p, - v =E

QGP physics SS2017 | K. Reygers | 6. Space-time evolution of the QGP

11



Longitudinal expansion: Bjorken's scaling solution (l)

Bz = z/t 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

oroper time: particles starting at (¢, z) = (0, O).

Pty =t/ = VA7

preserved during the "

hydro evolution, i.e., u* (1) = —

-

1 I .

8(7-0) — 601 UM — _(t, 0, O,Z) —_— —
70

Initial conditions in the Bjorken model:

e 70
initial energy density

In this case the equations of ideal de e+p 0

hydrodynamics simplify to dr = 7
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Longitudinal expansion: Bjorken's scaling solution (l)

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

e=3p, exT?

0=a(5) T en(g)

The temperature drops to the critical temperature at the proper time

(%)
Tc —T0 |\ =—
T

The QGP lifetime is therefore given by

this gives

T 3
ATQep = Tc — To = 70 (%) —1
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Mixed phase in the Bjorken model

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

model (independent of the equation of state) to
actually independent of the EOS,
SO in case of an the ideal QGP:

5(7'):—7_ S:5+p:ﬂ§:ﬂ€_o@
T 3T 3Ty

If we consider a QGP/hadron gas phase transition we have a first oder phase

transition and a mixed phase with temperature 7c. The entropy in the mixed
phase IS given by &(1): fraction of fireball in hadron gas phase
- 5070
S(7) = sha(Tc)&(T) + sqep(Tc)(1 — &(7)) = —

This equation determines the time dependence of ¢(1) and the time T at
which the mixed phase vanishes:

1 — 7. /7 Cp the hadron gas close
5(7') — C/ ~ o Th = T 5Q to T can be described
1— gHG/gQGP EHG with ghg = 12
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Temperature evolution in the Bjorken model

260 [
— To = 250 MeV
240 [
i
220 |
— i |
o || QGP
= 200 [ ||
- | HHG
180 [ |4
\ T. = 170 MeV
10 4 Ty = 150 MeV
L MP — 4
140 [
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To T +h T
¢ 7 [fm] ¢ /
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Transverse expansion

Transverse expansion of the fireball in a hydro model (temperature profile)

2+1 d hydro: Bjorken flow in longitudinal direction
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Temperature Contours and Flow lines

20 | .

I

_ s'2 — 200 AGeV ﬂovvl lines mdmate
120 MeV -+ motion of fluid cells

0 2 4 6 8 10 12 14
r [fm]
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Hydrodynamic modeling of heavy-ion collisions:
State of the art

= Equation of state from lattice QCD

= (2+1)D or (3+1)D viscous hydrodynamics

= Fluctuating initial conditions (event-by-event hydro)

= Hydrodynamic evolution followed by hadronic cascade

arXiv:1009.3244

16
14 f/,.// i
12 | \\i?g\m\\“{ i M /ﬂ/éu&
10 | S N7
N 5l event-by-event
hydro: two different  E
4 freeze-out surfaces 4
2 r §.
O 1 1 §;
-10 -5 0 5 10
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Initial conditions from gluon
saturation models (l)

Annu. Rev. Nucl. Part. Sci. 2010.60:463

transverse size
of the gluons: 1/Q2

8 Q2 ~ 20 GeV2 | b Saturation

e N

S e

= 0?2 =200 GeV? N

oy x

7 - Dilute system

= 5

D) I

o >

=

e

2 1

0 To2=5Gev2

I ; ; >
104 103 102 100 x  "he InQ*

Grovgth c;f/ gluc%r;f sstt]irates ezt an .ﬁccs)paticin 1 xG(x, Qsz) 1
number 1/as. This defines a (semihard) scale > Ay 5
Qs(x), 1.e., a typical gluon transverse momentum. 2(NC 1) mR=Q; aS(Qs)
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Initial conditions from gluon saturation models (ll)

= Color glass condensate:
Effective field theory, which describes universal
properties of saturated gluons in hadron wave
functions

= CGC dynamics produces so-called glasma-field
configurations at early times

» Strong longitudinal chromoelectric and chromomagnetic Annu. Rev. Nucl. Part. Sai.
fields screened on transverse distance scales 1/Qks. 2010.60:463

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

o 0 | -6
4 2 0 6 v 0 2
“ yifm] 0 2 yffm]
MC Glauber 4 o 6 IP Glasma 4 5
initial condition g 8 initial condition 8 8
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Spectra and Radial flow
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Comparison of 1, K, p spectra with hydro models

1/Ne, 1/2np_d®Ni(dp_dy) (GeV/c)™
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The blast-wave model: A Simple model to describe
the effect of radial flow on particle spectra

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

Superposition of thermal sources with different radial velocities:

R
pT sinh p mT cosh p
d / K
demTOC/r rmTo( T ) 1< I >
0 boosted

p := arctanh(87) ”transverse rapidity” A
random

lp, K1 : modified Bessel functions

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

Freeze-out at a 3d hyper-surface, B \/ ; ; D
typically instantaneous, e.g.: tf(r1 Z) =\/Tf T2
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Slast-wave

—xample: Radial Flow Velocity Profile from

it to 2.76 TeV Pb-Pb Spectra (0-5%)
& oo Br() =5 (g) ‘-
%‘ b (Br) =0.651 _
[ n=0.712
> !
Q 04} -
w !
&
B o2l :
% ] parameters:
= ! arXiv:1303.0737 .

00F -

2 3 4 S 6

radius (fm)
2 5 (B1) = 0.651,n = 0.712
n+2" —  B.=038
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—xXample:
nlast-wave model

Plon and

Proton pr Spectra from

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

Larger pr kick for particles
with higher mass:

- 7 79
p T /BSOUFCG/YSOUFCGm _I_ therma’l

\
> (B7) = 0.65 |
= | ©
o ~
S| & o f
~
Q
— I: .
N 17F bions
00 05 10 s 20 25
pr (GeV/c)
10} ]
N (Br)=0.65
>
2 © \
N ~ 1 ]
S| a
©
~ 0.100} ]
Q
cli o010k protons
0.001 | ]
0.0 0.5 1.0 15 2.0 2.5
pr (GeV/c)
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Local slope of mr spectra with radial flow

(;2371? mr slopes with transverse flow for pions
=01 . . .
— ‘-~-~_--—-_*_—_—;:~-_~---£—;i for fixed transverse expansion velocity (3
/ B =03c
0005 '/
_ e I . Lo _ d 1 dn 1 [1—5,
slope |/ e T lim In = ——
e e ms—oo dmT mt dmv T\ 140,
[/
0.0025 ]r |
------ T
----------- K
1 . | 1 1 pl
00 500 1000 1500 2000 2500 3000
m; (MeV/c?)

The apparent temperature, i.e., the inverse slope at high mr, is larger than the
original temperature by a blue shift factor:
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Slast-wave fit for C

RN S

baryons, K*

PS data (NA49)

anti-baryons, K, ¢

d°N/(m; dm.dy)

e T=125 + 3 MeV
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] ] I ] ] ] ] I ] ] ] ] I ] ] ]
ALICE, Pb-Pb, |5, = 2.76 TeV

10°
N PRC 88, 044909 (2013)
10° >N Centrality Class: 0-5%
s E. R, —O— n* + 7 (100x)
107 prs N —4— K"+ K (10x)
o Ry, —H- p+P (1)
- e, &~ — Blast-Wave

N global fit range
L - ??éé‘ n: 0.5-1.0 GeV/c
K:0.2-1.5 GeV/c

data / model

p.. (GeV/c)

m-lllllllll-

Blast-wave fit LHC

Works well for Kand p

For pions, the contribution from
resonance decays at low pr and
hard scattering at high pr
probably explains the discrepancy

QGP physics SS2017 | K. Reygers | 6. Space-time evolution of the QGP 28



I und ([3) for different centralities at

RHIC and the LHC

0.2
0.18

T (GeV)

0.16
0.14
0.12

0.1
0.08
0.06 -

ALICE F|t Range
T 05<p <1 GeV/c

K: 02<p <1.5GeV/c -
p:0.3<p_ '<3.0GeV/c =

70-80% -
... ) E'(: \ <:' \12%1[ Jé"‘ “'70-50/0:
STAR, Fit Range SEE R
n:0.5<p_<0.8 GeV/c 0-5% *~ =
K02<p <0.75 GeV/c .
p035<p <12GeV/c (a) -
. . ' ~

025 03 035 04 045 05 055 06 065 07

(B.)

10% larger flow velocities in central collisions at the LHC than at RHIC
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—lliptic flow and higher flow harmonics
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Azimuthal distribution of produced particles

A

\

reaction plane

dN
95 x 142 Z vy cos[n(p — V,)]
¥ n=1
Fourier coefficients: Z(pT,y) = (cos[n(p — V,)])
elliptic flow triangular flow = 1+ 2v, cos(ny)
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Origin of odd flow components

= Vo IS related to the geometry of the overlap zone
= Higher moments result from fluctuations of the initial energy distribution

Muller, Jacak, http://dx.doi.org/10.1126/science.1215901
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Hydrodynamic models: vo/e approx. constant

V2/8X

/ 0.24

Ex. Initial eccentricity
of the participants

0.22

0.2

0.18

ey=4.5 GeV/im®

€o= 9.0 GeV/fmS

eg=25 GeV/fm3

2 4 6 8 10 12

b (fm)
ldeal hydrodynamics gives vo = 0.2 — 0-25 €
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How the vn are measured (1):
—vent plane method (more or less obsolete by now)

Event flow vector Qn

e.g., measured at forward Qn=>) €™ =|Qule™ = = Qux+ iQny
rapidities: k
Event plane angle 1
' ' wnreC:_t 2 ny: Yn x
reconstructed in a given event: | R (Qny: Qnx)

Reconstructed event plane angle fluctuates around “true” reaction plane angle.
The reconstructed vn is therefore corrected for the event plane resolution:

rec

Vy = ‘;g , v,°¢ = (cos[n(p — V), R, = "resolution correction”
n

What the event plane methods measures depends on the resolution
which depends on the number of particles used in the event plane determination:

(v where 1<a<?

Therefore other methods are used today where possible.
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How the v are measured (2):

Cumulants
Two—particle <<ei2(gol—g02)>> _ <<ei2(901—\URP_(S02—\URP))>>,
correlations: _ <<ei2(901—\URP)><e—f2(902—wRP)>> — <v22>

d

If correlations are only due to collective flow

average over all particles within an event,

Cumulants: two-particle followed by averaging over all events
© correlations /
/ if correlations are only due
L : _ 2 to collective flow
{2} = <<e’”(9"1 902)>> — <vn>
. N
Cn{4} — <<eln(901+902_g03_904)>> — 2 <<em(g01—902)>> — <_Vn>

cn{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.

vn{2}2 = cp{2}, v {4} = —c,{4}
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Non-flow effects

Not only flow leads to azimuthal correlations.
Examples: resonance decays, jets, ...

Vn{2}2 = <V3> + On

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

Example:
ve =0, vo{2} > O

>N 0.10 |
| AMPT Pb-Pb 2.76 TeV
0.08
0.06

0.04

0.02

00902030 20 %0 60 70 80

O V,{RP} -
® v,{EP}

* v,{2} .
o v,{4}

(b)

centrality percentile
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—lliptic flow of iIdentified hadrons:
Reproduced by viscous hydro with n/s = 0.2

final results: arXiv:1405.4632

N
2 ALICE preliminary
<03 Pb-Pb S, = 2.76 TeV :
2 Centrality 20-40% * *
(&)
£ K A 5
O / J
Q0.2 P }( : fﬂ i
S p= ‘, Ry Wl
3 Q Hydro
™ o CGC, 1/s=0.20
0.1 VISHNU VISH2+1
o e

4
P [GeV/c]

Dependence of v2 on particle mass (“mass ordering”) is considered
as strong indication for hydrodynamic space-time evolution
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Viscosity

Pitch drop experiment, started in 9
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 11
November 2000 ' 8th drop felllAl | 12.3 | 148
April 2014 | 9th drop!®! 134 | 156

Meaningful comparison of
different fluids: n/s

3
T
10
c
iz
10
m
-
r

https://en.wikipedia.org/wiki/Pitch drop experiment
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Shear and bulk viscosity

Shear viscosity

—-

Acts against buildup of flow
anisotropies (vo, v3, V4, Vs, ,..)

Bulk viscosity

Acts against buildup of radial flow
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Higher flow harmonics are particularly sensitive to n/s

1.4 . .

| n/s=0.08 = o
4y}
) 1 +
© ;
EC 08 B * * +
@ _
12 04 @
2
> 02+ | o

0
1 2 3 4 5 6

Major uncertainty in extracting n/s from data: uncertainty of initial conditions
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n/s from comparison to data

arXiv:1209.6330

0.2 . . .
Vo =— | ATLAS 20-30%, EP
V3 =" | narrow: n/s(T)
0.15 1 wide: 1/s=0.2
< 0.1
>
~— il A =
S
0.05 "
ﬁ: = ;‘i
0
0 0.5 1 1.5 2
pt [GeV]
Current status (Pb-Pb at \/sny = 2.76 TeV): arxiv:1301.2826
(n/s)qep = 0.2 =25 x 4i (20% stat. err., 50% syst. err.)
7T
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Universal aspects of the underlying physics

= Strongly-interacting degenerate gas of fermionic

100 .
" 61 atoms at 0.1 pK

200 us = Cigar-shaped cloud initially trapped by a laser
field

400 us = Anisotropic expansion upon abruptly turning off
the trap: Elliptic flow!

600 us " /s can be extracted:  [PhD thesis Chenglin Cao]

800 us (77/5)6|_| gas ~ 04 — 5 X E

1000 us The ultimate goal is to unveil the universal physical

laws governing seemingly different physical systems
(with temperature scales differing by 19 order of
magnitude)

John Thomas, https://www.physics.ncsu.edu/jet/research/stronginter/index.html
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Temperature-dependence of n/s for different gases

o _ n/s appears to be minimal
at a phase transition

QGP is a candidate for
being the most perfect fluid

Conjectured lower bound
from string theory

n/s

1
— — =~ 0.08
1/5|kss "

/

iNn natural units

h
47‘(‘/(3

Sl units:  77/5|kss =

Kovtun, Son, Starinets,
(T-To)/ Ty Phys.Rev.Lett. 94 (2005) 111601
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D meson vz In Pb-PDb:
Heavy quarks seem to flow, too!

N g | | ] | O
ALICE Pb-Pb, s, =2.76 TeV _

i Centrality 30-50% |

¢ Charged particles, v,{EP,|IAn[>2}
m Prompt D°,D*, D" average, lyl<0.8, v,{EP}
Syst. from data

-0.2— Syst. from B feed-down —]
ey ey ey ey ey
0 2 4 6 8 10 12 14 16 18

p_ (GeV/c)

Given their large mass, it is not obvious that charm quarks
take part in the collective expansion of the medium
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Collective flow in small systems?
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Collectivity in small systems:
2-particle correlation in pp at /s = 7 TeV

CMS MinBias, 1.0GeV/c < P < 3.0GeV/c

away-side jet
correlation

4: O , near-side
N 7 jet peak
=

yield per trigger particle 2

divided by uncorrelated  <J
(mixed-event) ﬁ O

background 4

4

No indication for collective effects in minimum bias pp collisions at 7 TeV
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Radial flow in p-Pb?

T —TT —TT T T o L ol |
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VOA Multiplicity Classes = [ _
(Pb-side) ~ 12r ]
Q B F'RELI;P}IERERY 7]
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 —+—80-100% (1x) 0.6 [ & ] ALICE, pp, Vs = 7 TeV STAR, Au-Au, |5, = 200 GeV
_ -7 individual fit [ [ @ ] ALICE, p-Pb, {5y =5.02TeV [ 0 | PHENIX, Au-Au, Sy, = 200 GeV
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on/dn
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- . . .
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~ B = ous < i dNCh/dr]
\C} 1.2 —
. ¥ — 1
1 7 _ A+A — '
T s Increase of (pr) with dNen/dn
o8- *® F EKO —
. 5 : :
0.6 e EK K3 Effects which can be explained as
- - - @ T+ ] ' '
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Results of blast-wave fits in p-Pb

ALICE, 1307.6796

0.2
0.18
0.16
0.14
0.12

0.1

0.08 - —e— ALICE, p-Pb, |5, = 5.02 TeV

VOA Multiplicity Classes (Pb-side)
0.06 —o— ALICE, Pb-Pb, m =2.76 TeV

0.04 - —*— PYTHIA8,\s =7 TeV (with Color Reconnection)
' —5— PYTHIAS, Vs = 7 TeV (without Color Reconnection)
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collective flow + jet correlations
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Collectivity in small systems:
Two-particle correlations in high-multiplicity pp and p-Pb

CMS N =110, 1.0GeV/c<p_<3.0GeV/c (b) CMS pPb |5,y = 5.02 TeV, 220 < N;,™ < 260

p+p at Js =7 TeV 1<p ?<3GeV/c

1< I:)-T_ssoc <3 GeV/c

1

dngalr
N, dAT dAQ

Flow-like two-particle correlation become visible in
high-multiplicity pp and p-Pb collisions at the LHC
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Comparison of vz In
track multiplicity

P and p-

PP for the same

CMS, arXiv:1502.05382v2

| I I I I | I I I I | I I I | | | | I | | | | | | | | | | | | | | I | |
- CMS PbPb \[STQN =2.76 TeV + CMS pPb m =5.02 TeV
0.10 03< p_ < 3.0GeV/c;inl<2.4 500 o o4 03< p_ < 3.0GeV/c;nl<2.4
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B O i
[ O
- ? 1 g 0 © 60005
>C\| i a 1 O O O
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i + v,{6} 1 [I]
i ¢ v{8} ]
o v.iLYZ)
T S R U (N TR SR SR SN NN SRR TR SAT SN NN WA | N TR SRR SO NN NN T TN SR SR N NN SR SR S NN N
0 100 200 300 0 100 200 300
Noffline Noffline

trk trk

= 2{8} measured: vz in p-Pb is a genuine multi-particle effect
= Vo In p-Pb only slightly smaller than in Pb-Pb
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Collectivity in small systems:
Mass ordering in p-Pb collisions

vo from fit of two-particle correlation, jet-like correlation removed by
taking the difference between central and peripheral p-Pb collisions

P ot | 0.25 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I I 1 1 1 I I 1 1 1 I 1 1 1 1 I 1 I 1 1 I 1 I 1 1 I
S - ALICE -
(‘;’. " p-Pb |5, = 5.02 TeV -
q 02 (0-20%) - (60-100%) . -
;‘F\'l ~  mAh ATT f‘k ~
0.15 -
~ xK i
0.1F + -
: o o :
0.05 -
) B | | | | | | arxiv:1307.3237 _

0.5 1 1.5 2 2.5 3 3.5 4
P, (GeV/c)

Consistent with hydrodynamic expansion of the medium als in p-Pb
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—lliptic flow not only in high multiplicity pp collisions®?

ATLAS, 1509.04776

>C\l 0.1 p+p \s=13TeV -

Lo gbadtlgy e
0.05|- ]

- oO.5<p_?<5.0 GeV -
" 2.0<lAnl<5.0 00.5<p’<1.0 GeV

| 0.5<p <5.0 GeV . 20<pP<3.0 GeV

20 40 60 30 100 120
Nrec

[Need to sort out apparent disagreement with CMS] =~ ~Ch
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Summary/questions space-time evolution

= Hydrodynamic models provide an economic description of many
observables (spectra, flow)

= Shear viscosity / entropy density ratio in Pb-Pb at \/snn = 2.76 TeV from
comparing hydrodynamic models to data:

M 1
~02=25x — — 2.5 x —
(n/S)QGP S Imin,KSS A

= Appropriate theoretical treatment of thermalization and matching to
hydrodynamics”?
» Strong coupling or weak coupling approach?
» Weak coupling: Applicable at asymptotic energies, but still useful at current /snn

» Strong coupling (string/gauge theory duality), see e.g. arXiv:1501.04952:
Fast thermalization of the order of 1/7, but too much stopping?

= Does one need hydrodynamics to explain collective effects in small system
(PP, p-Pb)7?
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