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The Art of the Flow

Sergei A. Voloshin %ﬁ,’{‘,@%ﬁﬁ,ﬁ

Flow and:

- Centrality/energy dependence, and ideal fluid

- Constituent Quark Scaling, and deconfinement

- Nonflow/fluctuations, and “ridge”, initial geometry
- azHBT, and proof of collective expansion

- Velocity fields, vorticity, and polarization
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QM ’95, NA49 and flow at SPS

Quark Matter '95

Y. Zhang (E877) — technique, first flow
measurements at AGS

J-Y. Ollitrault - 'non-flow"

S.Voloshin, Y. Zhang  arXiv:hep-ph/9407282v1 12 Jul 1994

1 4 2vy cos(¢ — Wgp) + 2vo cos|2(¢p — Wgp)] + - --

Vo = (cos[n(¢; — Wrp)])

Event plane resolution correction made for each harmonic

Unfiltered theory can be compared to experiment!
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QM '97 Directed and Elliptic Flow in 158 GeV /Nucleon Pb + Pb Collisions
A.M. Poskanzer® for the NA49 Collaboration

VOLUME 80, NUMBER 19 PHYSICAL REVIEW LETTERS 11 MAY 1998

(Received 10 November 1997)
Directed and Elliptic Flow in 158 GeV/Nucleon Pb + Pb Collisions
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Event plane resolution correction made for each harmonic

Unfiltered theory can be compared to experiment!
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FIG. 2. The rapidity dependence of the directed (v,) and el-
liptic (v,) flow for the protons (0.6 < p; < 2.0 GeV/c¢) and
pions (0.05 < p, < 0.35 GeV/c). The points below midrapid-
ity (y = 2.92) have been reflected from the measurements in

the forward hemisphere. The curves are to guide the eye.
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Flow “method paper”

PHYSICAL REVIEW C VOLUME 58, NUMBER 3 SEPTEMBER 1998

Methods for analyzing anisotropic flow in relativistic nuclear collisions

A. M. Poskanzer' and S. A. Voloshin®*

'!Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720
2Physikalisches Institut der Universitat Heidelberg, Heidelberg, Germany
(Received 20 May 1998)

The strategy and techniques for analyzing anisotropic flow (directed, elliptic, etc.) in relativistic nuclear
collisions are presented. The emphasis 1s on the use of the Fourier expansion of azimuthal distributions. We
present formulas relevant for this approach, and in particular, show how the event multiplicity enters into the
event plane resolution. We also discuss the role of nonflow correlations and a method for introducing flow nto

a simulation. [S0556-2813(98)04109-0]

Physical freview C 501! Anniversary Milestones Citations: Google Scholar/inSPIRE 2157/1410

a’ PHYSICAL

REVIEW C
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Flow proponent

Art. Flow proponent, advocate, supporter

Promoted and developed flow methods, codes, analyses, helped to test ALICE codes...

Was happy to see how flow draws attention at the conferences

DIRECTED AND ELLIPTIC FLOW OF CHARGED PIONS . ..
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// $Id: StFlowEvent.cxx,v 1.7 2000/06/01 18:26:35 posk Exp $

/7

// Author: Raimond Snellings and Art Poskanzer
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// Description: A subset of StEvent
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// $Log: StFlowEvent.cxx,v $

// Revision 1,7 2000/06/01 18:26:35 posk

/7 Increased precision of Track integer data members,
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/7 TClonesArray *fTracks;
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/7 Int_t mNtracks // track number
/7 Int_t mEventID; // event ID
/7 UInt_t mOrigMult; /7 number of StEvent tracks
/7 UInt_t mCentrality; // centrality bin
/7 StThreeVYectorF mVertexPos; // primary vertex position
//
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FIG. 21. (Color online) Weighted flow (wnei”(¢_q’RP))/\/<wn7), Eq. (13), with w, =y in the center of mass frame and w,=p,, from the page

EY/E? /7 Protected Track data members from overflow.
beam

VOSSO r oo e s ssrrrsssssss

/7 The StFlowNanoEvent data member flTracks is a pointer to a TClonesArray.
/7 It is an array of a variable number of tracks per event.
/7 Each element of the array is an object of class StFlowlrack
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// $Log: StFlowNanoEvent.cxx,v $
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Elliptic flow centrality/energy dependence

The physics of the centrality dependence of elliptic flow
S.A. Voloshin *°, A.M. Poskanzer *

* Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
c Department of Physics and Astronomy, Wayne State University, Detroit, MI 48201, USA

Received 30 September 1999; received in revised form 13 December 1999; accepted 29 December 1999
Editor: J.-P. Blaizot
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Fig. 3. Elliptic flow divided by the initial space elliptic anisotropy
at the AGS (open circles) and the SPS (filled squares). The shaded
area shows the uncertainty in the SPS experimental data due to the
uncertainty in the centrality determination. See text and footnote
for the description of the curves and hydro limits.

page

6

Art’s symposiwm on collective flow, December 8-9, 2022

S.A. Voloshin

WAYNE STATE
UNIVERSITY



Elliptic flow centrality/energy dependence

E sy ST SRR ge —y S e T s el T e e

The physics of the centrality dependence of elliptic flow
S.A. Voloshin *°, A.M. Poskanzer *

* Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
c Department of Physics and Astronomy, Wayne State University, Detroit, MI 48201, USA

Received 30 September 1999; received in revised form 13 December 1999; accepted 29 December 1999
Editor: J.-P. Blaizot

&’N i |
I lon gas
> 03 | SSG———— ociid Lon
i HYDRO< i OGP
02 - ,
| hadrons
- ’ partons
0.1
o
- AGS SPS RHIC LHC——
0 20 40

(dN_/dy)/S (fm™)

Fig. 3. Elliptic flow divided by the initial space elliptic anisotropy
at the AGS (open circles) and the SPS (filled squares). The shaded
area shows the uncertainty in the SPS experimental data due to the
uncertainty in the centrality determination. See text and footnote
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First observation of elliptic flow at RHIC (STAR)

STAR Collaboration , PRL, 86 (2000) 402
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For the first time in Heavy-lon Collisions
the flow measurements are in quantitative
agreement with hydrodynamic model
predictions up to mid-central collisions

Dense and (likely) thermalized matter
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FIG. 25. (Color online) v, /€ as a function of particle density. The v, values are for near midrapidity (0<<y<<0.6 for 40A GeV and 0
<y<0.8 for 158A GeV). The results of NA49 pion v, are compared to charged particle v, measured by E877 and STAR. The meaning of
the horizontal lines (hydro limits) and of the arrow will be discussed in Sec. VI.

page 8

Art’s symposiwm on collective flow, December 8-9, 2022

WAYNE STATE

S.A. Voloshin UNIVERSITY



QGP - The Perfect fluid

Universe Ma*y‘Have; Bvegu.n as Licjuid, *ch>t Gas

Associated Press
Tuesday, April 19, 2005; Page A05

Ehe Washington Post

New results from a particle collider suggest that the universe behaved like a
liquid 1n 1ts earliest moments, not the fierv gas that was thought to have

rervdKarly Universe was a liquid

Physicists working at Brookhaven National
Laboratory announced today that they have
created what appears to be a new state of matter
out of the building blocks of atomic nuclei, quarks
and gluons. The researchers unveiled their
findings--which could provide new insight into the
composition of the universe just moments after the
big bang--today in Florida at a meeting of the

American Physical Society. SCIENTIFIC

Quark-gluon blob surprises particle physicists.

nature

The Universe consisted of a perfect liquid in its first mome
results from an atom-smashing experiment.

by Mark Peplow
news@nature.com

Early Universe was 'liquid-like’

Physicists say they have
created a new state of hot,
dense matter by crashing

together the nuclei of gold
atoms. BBNEWS

The high-energy collisions : ]
prised open the nuclei to A2 " e A DL
reveal their most basic SRRt a8

particles, known as quarks and
gluons.

THE LIQUID
THE EARLIEST
UNIVERSE

The researchers, at the US
Brookhaven National
Laboratory, say these particles
were seen to behave as an almost perfect "liquid”

The impression is of matter that is
more strongly interacting than
predicted

‘ocience

SCIENTIFIC
= AMERICAN

AMERICAN

There are four collaborations, dubbed BRAHMS,
PHENIX, PHOBOS and STAR, working at
Brookhaven's Relativistic Heavy lon Collider
(RHIC). All of them study what happens when two
Interacting beams of gold ions smash into one

the researchers analyzed the patterns of tha atamr orto

| N‘tﬂae oéttr ‘ 'Nealy eect‘ Liquid

another at great velocities, resulting in thousands of subatomic collisions every second. When

Image: BNL
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Early Universe Went With the Flow

Posted April 18, 2005 5:57PM

Between 2000 and 2003 the lab's Relativistic Heavy lon Collider

that their energy briefly generated trillion-degree temperatures.
Physicists think of the collider as a time machine, because those

100 millionths of a second after the big bang.

repeatedly smashed the nuclei of gold atoms together with such force

|l extreme temperature conditions last prevailed in the universe less than | York city.

directions so much as
squirt out in streams.

zold atoms together with ons, which are now
such force that their almost inextricably

b Aronson, assoclate
ctor for high energy

nuclear physics at energy briefly generated bound into the protons "The matter that wa've
okhaven  National million-degree tempera- and neutrons 1nside formed behaves like a

very nearly perfect lig-
wid,” Aronson said.

When physicists talk
about a perfect liquid.
thev don't mean the best
glass of champagne they
ever tasted. The word

atomic nucle:i, were
thought to have flown
around like BB: 1n a
blender.

But by reproducing the
conditions of the early
unmiverse, RHIC has

tures. Physicists think of
the collider as z time
machine, because those
extreme temperature
conditions last prevailed
in the universe less than

100 m:llionths of z sec-

oratory, which 1is
ted on Long Island
nt 65 miles east of

tween 2000 and
3 the lab's
ptivistic Heavy Ion

\Uuk:yn NAWAT :ﬂll'\ ekl
verse, the new discovery
offers opportunities to

-J\-'L.gl.\.
here are a lot of
exciting questions,” said

"perfect" refers to the
Lhquid's viscosity. a fiic-
tion-like property that

shown that uncon-
strained quarks and glu-
ons don't fly away in all

ond after the big bang.
Everything was so hot
then that quarks and glu-

—voriider, known as
RHIC, repeatedly
smashed the nucler of
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have recently propozed
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and what goes on when
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that matenial swallowed RHIC. O
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QGP - The Perfect fluid

Universe Ma‘Have; Bﬁegu.n as Licjuid, *ch>t Gas

Associated Press ch wmmgum M

Tuesday, April 19, 2005; Page A05
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Energy dependence: AGS-SPS-RHIC-LHC

version 7, November 7, 2010. Text: new, , questions

Elliptic flow of charged particles in Pb4-Pb collisions at /s, = 2.76 TeV

de M. Michel Nostradamus

We report the first measurement of charged particle elliptic flow in Pb+4-Pb collisions at /sy y=
2.76 TeV with the ALICE detector at the CERN Large Hadron Collider. The measurement
is performed in the central pseudorapidity region (|n| < 0.8) and transverse momentum range
0.25 < py < 5 GeV/e. The elliptic flow signal, vs, averaged over transverse momentum and pseu-
dorapidity, reaches values of 0.085 for relatively peripheral collisions (40-50% most central). The
differential elliptic flow v2(p¢) reaches a maximum of 0.25 around p; = 3 GeV/c. Compared to
RHIC Au+Au collisions at /s,y = 200 GeV, the elliptic flow increases by about 15% in agreement
with hydrodynamical model predictions.
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FIG. 4. Integrated elliptic flow in Pb+Pb 20-30% centrality
collisions at 2.76 TeV compared with results from lower en-
ergies taken at similar centralities. The compilation is taken

from [26].
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Elliptic flow of charged particles in Pb4-Pb collisions at /s, = 2.76 TeV

de M. Michel Nostradamus

We report the first measurement of charged particle elliptic flow in Pb+4-Pb collisions at /sy y=
2.76 TeV with the ALICE detector at the CERN Large Hadron Collider. The measurement
is performed in the central pseudorapidity region (|n| < 0.8) and transverse momentum range
0.25 < py < 5 GeV/e. The elliptic flow signal, ve, averaged over transverse momentum and pseu-
dorapidity, reaches values of 0.085 for relatively peripheral collisions (40-50% most central). The
differential elliptic flow v2(p¢) reaches a maximum of 0.25 around p; = 3 GeV/c. Compared to
RHIC Au+Au collisions at /s,y = 200 GeV, the elliptic flow increases by about 15% in agreement
with hydrodynamical model predictions.
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Elliptic Flow of Charged Particles in Pb-Pb Collisions at . /syy = 2.76 TeV

K. Aamodt et al.*™
(ALICE Collaboration)

(Received 18 November 2010; published 13 December 2010)

We report the first measurement of charged particle elliptic flow in Pb-Pb collisions at /syy =
2.76 TeV with the ALICE detector at the CERN Large Hadron Collider. The measurement is performed in
the central pseudorapidity region (|| < 0.8) and transverse momentum range 0.2 < p, < 5.0 GeV/c.
The elliptic flow signal v,, measured using the 4-particle correlation method, averaged over transverse
momentum and pseudorapidity is 0.087 = 0.002(stat) = 0.003(syst) in the 40%—50% centrality class. The
differential elliptic flow v, (p,) reaches a maximum of 0.2 near p, = 3 GeV/c. Compared to RHIC Au-Au
collisions at ,/syy = 200 GeV, the elliptic flow increases by about 30%. Some hydrodynamic model
predictions which include viscous corrections are in agreement with the observed increase.

DOI: 10.1103/PhysRevLett.105.252302

PACS numbers: 25.75.Ld, 25.75.Gz, 25.75.Nq
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Pb-Pb 20%-30% centrality class compared with results from
lower energies taken at similar centralities [40,43].
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Energy dependence: AGS-SPS-RHIC-LHC
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Elliptic flow of charged particles in Pb4-Pb collisions at /s, = 2.76 TeV £

de M. Michel Nostradamus

We report the first measurement of charged particle elliptic flow in Pb+4-Pb collisions at /sy y=

2.76 TeV with the ALICE detector at the CERN Large Hadron Collider.

The measurement

is performed in the central pseudorapidity region (|n| < 0.8) and transverse momentum range
0.25 < py < 5 GeV/e. The elliptic flow signal, ve, averaged over transverse momentum and pseu-
dorapidity, reaches values of 0.085 for relatively peripheral collisions (40-50% most central). The
differential elliptic flow v2(p¢) reaches a maximum of 0.25 around p; = 3 GeV/c. Compared to

RHIC Au-+Au collisions at

with hydrodynamical model predictions.
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Elliptic Flow of Charged Particles in Pb-Pb Collisions at . /syy = 2.76 TeV

K. Aamodt et al.™

(ALICE Collaboration)
(Received 18 November 2010; published 13 December 2010)

We report the first measurement of charged particle elliptic flow in Pb-Pb collisions at /syy =
2.76 TeV with the ALICE detector at the CERN Large Hadron Collider. The measurement is performed in
the central pseudorapidity region (|| < 0.8) and transverse momentum range 0.2 < p, < 5.0 GeV/c.
The elliptic flow signal v,, measured using the 4-particle correlation method, averaged over transverse
momentum and pseudorapidity is 0.087 = 0.002(stat) = 0.003(syst) in the 40%—50% centrality class. The
differential elliptic flow v, (p,) reaches a maximum of 0.2 near p, = 3 GeV/c. Compared to RHIC Au-Au
collisions at ,/syy = 200 GeV, the elliptic flow increases by about 30%. Some hydrodynamic model
predictions which include viscous corrections are in agreement with the observed increase.

DOI: 10.1103/PhysRevLett.105.252302 PACS numbers: 25.75.Ld, 25.75.Gz, 25.75.Nq
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FIG. 4 (color online). Integrated elliptic flow at 2.76 TeV in
Pb-Pb 20%-30% centrality class compared with results from
lower energies taken at similar centralities [40,43].
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Constituent quark scaling

Quark coalescence?

Au+Au at Vs, = 200 GeV
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STAR Analysis meeting - 15 May 3 -5, 2002 S.A. Voloshin “@ﬁ%%%ﬁ?
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Constituent quark scaling

Quark coalescence?

A baryons

mesons

quarks

Pt

STAR Analysis meeting - 15

Au+Au at Vs, = 200 GeV
' T ' T

I ! |
e K2 O A+

o
N
o

02 | Model Results

(Y]

Anisotropy parameter v,,
I I

4

Transverse momentum p, (GeV/c)

May 3 -5, 2002 S.A. Voloshin

Low p; quarks

Coalescence in the intermediate region (rare products):

Constituent quark model + coalescence

4

baryons

mesons

quarks

Side-notes:

a) more particles produced via coalescence vs parton
fragmentation < larger mean py..

b) = higher baryon/meson ratio
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High p; quarks
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Quarks flow - deconfinement

STAR PRL 92(2004)052302
STAR, Phys Rev C (72), 014904 (2005)
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Vv, and v,

PHYSICAL REVIEW C 72, 014904 (2005)

Azimuthal anisotropy in Au+Au collisions at ./syy = 200 GeV

PHYSICAL REVIEW C 75, 054906 (2007)

Mass, quark-number, and ./syy dependence of the second and fourth flow harmonics in
ultrarelativistic nucleus-nucleus collisions
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Non-linear flow modes of identified particles in Pb-Pb
collisions at /snny = 5.02 TeV

ALICE
The ALICE collaboration

Vo = vpe™¥n
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Does the ratio of baryon and meson flow
In nonlinear modes equals to the square
or first power of that in linear parts?
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Figure 10. The pr/n,-dependence of vy 22/n, for different particle species grouped into different
centrality intervals of Pb-Pb collisions at /syn = 5.02 TeV. Statistical and systematic uncertainties
are shown as bars and boxes, respectively.
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Flow and Non-flow

0.6

158A GeV 40A GeV
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0,~0 0,~0
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FIG. 22. (Color online) Nonflow azimuthal correlations from
Eq. (16), for the first, g, (bottom) and second, g,, (top) Fourier
harmonics, from 1584 GeV (left) and 40A GeV (right) Pb+ Pb col-
lisions. For g, the solid points represent all nonflow effects, while
the open points are corrected for momentum conservation. The
horizontal lines are at the mean values.

(vi) = (vp)* + o), + g,/N

0.25 oo PHYSICAL REVIEW CT2 014303 (2005
! 3a8ey
. - - -
o 0.2 -\"""‘ m 130 GeeV E
- A 17 GeV .
0.15f =~ =
0.1f E
005F, . -
00" 10 20 30 40 50 60 70 80
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F1G. 31. (Color online) The nonflow parameter, g,, as a function
of centrality. The solid points are from the cumulant method. The
open circles are tfrom the ¢ distribution method.
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Radial expansion — nonflow

[arXiv:nucl-th/0312065]

pp collision

V

(69‘\6\‘\]

Py

Px

AA collision
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Radial expansion — nonflow Hard Probes 2004
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Radial expansion — nonflow, cont’d

S.A. Telozhin / Physics Letters B 032 (2000) 490404 493
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FIG. 31. (Color online) The nonflow parameter, g,, as a function
of centrality. The solid points are from the cumulant method. The
open circles are from the ¢ distribution method.
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Flow fluctuations
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> ALICE Preliminary, Pb-Pb events at \/s,, = 2.76 TeV
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The difference between two-particle and many-
particle correlation results are due to flow
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Fig. 1. The definitions of the RP and PP coordinate systems.

Elliptic flow in the Gaussian model of eccentricity fluctuations

Sergei A. Voloshin **, Arthur M. Poskanzer®, Aihong Tang ¢, Gang Wang ¢

Physics Letters B 659 (2008) 537-541
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Flow fluctuations
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Fig. 1. The definitions of the RP and PP coordinate systems.

The difference between two-particle and many-
particle correlation results are due to flow
fluctuations and nonflow.

Elliptic flow in the Gaussian model of eccentricity fluctuations

Sergei A. Voloshin **, Arthur M. Poskanzer®, Aihong Tang ¢, Gang Wang ¢

Physics Letters B 659 (2008) 537-541

c R L L R
O o8l Au+Au 200 GeV
= 08
(v 8
8 — 5 5 0-6- Fpart{z} —
W+ L )
0.4 — gpart ‘.c“ —
0.2 -— 8std
Wn; == e —
|
N T BT T T P T T
0 2 4 6 8 10 12 14 16
impact parameter
The difference between v2[2] gnd v2[4} is almost
fully saturated by eccentricity fluctuations according
to nucleon participant Glauber MC.
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Flow fluctuations = nonflow (radial expansion)

B .

hot spots

Shuryak et al. 1

/ &z **p(z) = p(k).

Triangularity and Dipole Asymmetrv in Heavy Ion Collisions

. \ (1))
Derek Teaney and Li Yan

v {RP} - “hot spots” correlations = nonflow

v {PP} - flow vs “participant planes” - “hot spot” correlations
= part of flow fluctuations
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Stationary and expanding sources

Rotation of the coordinate system:
[(xfide> = <xz>sin2 O+ <y2 >C082 ¢ — (xy)sin2¢ ]

Stationary source:
no higher order anisotropy in the Gaussian approximation

4-th harmonic modulations appears only in {x4)

3-rd harmonic modulations appears only in {x8)

Can the collective expansion lead
to nontrivial R(¢) dependence?

Yes, due to several effects:

- variation in the “blast wave”
velocity

- variation in velocity gradients in
“side” direction

Observation of the higher harmonics in azimuthat dependence of
femtoscopic radii could originate only in the collective expansion of the source
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" to the results from 3+1D hydrodynamical calculations. The observed radii oscillations unambiguously
signal a collective expansion and anisotropy in the velocity fields. A comparison of the measured radii
oscillations with the Blast-Wave model calculations indicate that the initial state triangularity is washed-
out at freeze out.
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Fig. 5. Blast-Wave model [16] source parameters, final spatial (a3) and transverse
flow (p3) anisotropies, for different centrality ranges, as obtained from the fit to AL-
ICE radii oscillation parameters. The contours represent the one sigma uncertainty.

This results unambiguously indicate collective expansion
of the source as no any other “evidence”,
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Anisotropic flow and vorticity
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Anisotropic flow and vorticity Barnett effect

, | , , J ] Second Series. - October, 1915 Vol. V1., No. 4
8
N ] THE ,
6 E |
F : PHYSICAL REVIEW,
2 71 110
- - MAGNETIZATION BY ROTATION:.
O:_ _: 8 4 By S. J. BARNETT.
'2:_ _:LG §1. In 1909 it occurred to me, while thinking about the origin of
4F ] 4 terrestrial magnetism, that a substance which is magnetic (and there-
- i fore, according to the ideas of Langevin and others, constituted of atomic
B - or molecular orbital systems with individual magnetic moments fixed
E E in magnitude and differing in this from zero) must become magnetized
-8_ 8' ' '_16' ! '_14' ! '_|2' ! '(I)' ! 'é' = All.l ! 'é' = 3 0 by a sort of molecular gyroscopic action on receiving an angular velocity.

_8IlllIllllllllIlIllllllIlIllllll

8 6 4 -2 0 2 4 6 8
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Summary

Art. physics, inspiration, and much more

page 24

Flow, as a truly ideal fluid, has interpenetrated
all parts of heavy ion physics, it brings
new discoveries and contributes greatly

to our understanding of strongly interacting matter.

We are grateful to Art, who made it works.
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EXTRA SLIDES
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FIG. 22. (Color online) Nonflow azimuthal correlations from
Eq. (16), for the first, g,, (bottom) and second, g,, (top) Fourier
harmonics, from 1584 GeV (left) and 40A GeV (right) Pb+ Pb col-
lisions. For g, the solid points represent all nonflow effects, while
the open points are corrected for momentum.-.conservation...The
horizontal lines are at the mean values.
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FIG. 22. (Color online) Graphs of v, and
v4/v5. The dashed lines are surface shell blast-
wave fits with no p, or s4 terms (see Sec. VID)
to the charged hadron v, minimum bias data. The
resultant ratio v4/v3 is shown as the lower dashed
line in the ratio graph (b). The solid lines are the
fits with the addition of p, and s4. The resultant
ratio vy /v3 is shown as the solid curve in the ratio
graph (b). The dotted line in the ratio graph (b)
at 1.2 represents the average value of the data.
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Q-vector products and multiparticle
correlations
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the beginning
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FIG. 6. (Color online) Elliptic flow obtained from the standard method as a function of rapidity (top) and transverse momentum (bottom)
for charged pions (left) and protons (right) from 1584 GeV Pb+ Pb. Three centrality bins are shown. The open points in the top graphs have
been reflected about midrapidity. Solid lines are polynomial fits (top) and blast wave model fits (bottom).
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