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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
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Centrality dependence of radial flow: effect
iINncreases with more central events
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Baryon to Meson Ratios
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Ratio is almost flat for p/¢ (similar mass)
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—vidence for elliptic flow
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Basics of relativistic hydrodynamics rXiv-0708.2433

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

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

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

Amfp <K 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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Numlber conservation
Mass conservation in nonrelativistic hydrodynamics:

Op =
24 V(pv)=0  [continuity equation]

Ot

conserved quantity,
/ e.g. baryon number

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

. . o o(nd®) o nu® : baryon density
The continuity equation then reads: 5, 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° =
— __  — (— po— (= _ po_— (L (0 3 = 25 =
0, = T (81_“ V), /(9 8XM ( V), 0,a (81" V)-(a°,a) oR Va

covariant derivative  contravariant derivative
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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
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Viscosity

Pitch drop experiment, started in
Queensland, Australia in 1927

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
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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, ,..)

n/s: shear viscosity per entropy density ratio

Bulk viscosity

Acts against buildup of radial flow
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Universal aspects of the underlying physics

= Strongly-interacting degenerate gas of fermionic

00 .

1k 61 atoms at 0.1 pK

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

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

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

800 us (77/5)6|_| gas ~ 04 — 5 X E

1000 s The ultimate goal is to unvell 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.htmi
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https://www.physics.ncsu.edu/jet/research/stronginter/index.html
https://www.physics.ncsu.edu/jet/theses/pdf/Cao.pdf

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
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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) = fs (L> ’

R

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

K. Reygers, A. Schmah, A. Berdnikova, X. Sun

10.1103/PhysRevC.101.064905 D
Freeze-out at a 3d hyper-surface, te(r, z) = \/ T,? 4 22 <> >

typically instantaneous, e.g.:
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Comparison of 11, K, p spectra with hydro and blast-

wave models
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—xample: Radial Flow Velocity Profile from Blast-wave
it to 2.76 TeV Pb-Pb Spectra (0-5%)
g oo 1) =5 (p) |
£ | (Br)=0.651 _
§ n=0.712
© 04l .
w !
O
B o2l :
% ] parameters:
= ! arXiv:1303.0737 |
0'0-1....1 I .l....l....l....l-
0 1 2 3 4 S 6
radius (fm)
(57} — I ST rdrdpBr(r) 2 ; (B1) = 0.651,n = 0.712
Y fOR 027T drdp N+ 20 — Bs=038
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Slast-wave fit for C
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data / model
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Blast-wave fit LHC

Works well for K and p

For pions, the deviation at low
transverse momentum is currently
the subject of intense
investigations with no final
conclusion yet.

At very high pr the deviations are

mainly due to jets (high pr parton-
parton scattering).
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Most recent results on blast-wave

L L L T L L L L L LU L L. g I T 177 | L | L I T 177 ] T _* T T T T | T T T T T T T T I T T

1 — Pb+Pb, 2.76 TeV o —- it d -
30-40% | 30-40% Jf == prediction 20-40% -

:_ boost, feeddown ] :_ _:

P, (GeV/c)

A. Schmah, K. Reygers, X. Sun, A. Berdnikova, N. Gruenwald
Publication in process
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I und {[3) for different centralities at

RHIC and the LHC
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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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—vent plane reconstruction

reaction plane

Particles fly dominantly into the event (reaction) plane
Use the produced particles to calculate event plane angle:

w 1 o 2. wisin(2¢;)
A ziWiCOS(2¢i)

wi: weights, usually the pT of the particle
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—|liptic flow - Space-Time

Non-central heavy-ion collision

Spacial anisotropy

Hydrodynamic evolution

—volution

L))
(p2)+(P})
v, = < cosQp —2¥) >

v, = elliptic flow

¢: particle azimuthal angle
y. event plane

* Anisotropic expansion can tell us a lot about
the medium!
- Kind of constituents
- Interaction between the constituents
—> Viscosity
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0.4

—lliptic flow - Data

ALICE Pb-Pb s, =2.76 TeV

20-30%

*v; increases with pr at low transverse momenta:

direct correlation due to boosting

* At large pr other effects like jets are getting
important

* Difference at low pr: mass dependence

* Difference at larger pr: quark-number dependence

* Other way of plotting: using mr instead of pr, almost

cancelation of radial flow effects

10.1103/PhysRevlett.110.142301
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https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1103%2FPhysRevLett.110.142301&v=981b4846

DI

erence In elliptic flow between particles and anti-

particles
10.1103/PhysRevlett.110.142301
02F77GeV  Au+Au, 0-80%F 11.5GeV f27Gev | +30Gev = o E
- opP : o : 9@ ~00
0.15¢ o 5 T T T o8 -
L — 4 ®) Nt 4
SN 0 PP R + Oc; ¥ S8 + e® :
0.05k ¢ t oe . 8 Y
E o0 E3 .- T 8 T 8 .
ob-cBe® 1. e - S~ O Y _ M
Q 0.05.- * |
<

*Observation at lower collision energies: particle and
anti-particle elliptic flow isn’t the same anymore!

* Difference is most likely a result of baryon stopping.
Global thermalization doesn’t hold anymore on some
scale.

QGP physics SS2021 | P. Braun-Munzinger, A. Schmah | 7. Space-time evolution of the QGP 27
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Origin of odd flow components (v3, vs, ...)

= V2 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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D meson vz In Pb-Pb:
eavy quarks seem to flow, too!

N g | | ] | O
ALICE Pb-Pb, s, =2.76 TeV _
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Given their large mass, it is not obvious that charm quarks
take part in the collective expansion of the medium
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Flow of heavy quarks
K. Reygers, A. _Ic;hm]ah,' A.'Ele'rdni}ﬁqvva, X Sun

dN/dp_ (GeV/c)™
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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 wide: 1/s=0.2
. 0.1 :
>
~— A
=t
0.05 W -
ﬁ: = ;‘i
0
0 0.5 1 1.5 2
pt [GeV]
Current status (Pb-Pb at \/snn = 2.76 TeV): arXiv:1301.2826
(n/s)qep = 0.2 = 2.5 x 4i (20% stat. err., 50% syst. err.)
™
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