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Fluctuations and
polarization

BICEP2 B-mode signal
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The CMB radiation temperature fluctuations from the 5-year WMAP data seen over the full

Figure 32:

Red

sky. The average temperature is 2.725K, and the colors represents small temperature fluctuations.

regions are warmer, and blue colder by about 0.0002 K.
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CERN COURIER

Sep 23, 2011

ALICE measures the shape of head-on lead-lead collisions
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asymmetry could occur,

Flow originating from initial state fluctuations is significant and dominant in
central and semi-central collisions (where from global symmetry no azimuthal

all Collectivev, =0)!
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X /N

Projectile

Peripheral Collisions (A+A)
Csernai & Stocker, arXiv: 1406.1153v2 [nucl-th]

O Global Symmetries

L Symmetry axes in the global CM-frame:
U (y<=>-y)
QO (x,z <2 -x,-2)
O Azimuthal symmetry: ¢p-even (cos nd)
O Longitudinal z-odd, (rap.-odd) for v__4
O Spherical or ellipsoidal flow, expansion

Theory: Y oa%oé ..........
dB j\;‘r 1 d 2 J\;T .' .' P {’\%:é_ﬁg )b:QB:': ,,’\:
;T 14201 (y, pr) cos(@)+ 2va(y. pr) cos(20) + - - - ] LR S
dydpidp 27 dydp,
Experiment: ., -
b d*N I &N

11+ 2v1(y — your, pr) cos(¢ — Upp)+ 2va(y — yonr. pe) cos(2(0 — Upp)) + - -+ |

dydpido B gd’ydpt

O Fluctuations
O Global flow and Fluctuations are simultaneously present = 3 interference
O Azimuth - Global: even harmonics - Fluctuations : odd & even harmonics
U Longitudinal — Global: v1, v3 y-odd - Fluctuations : odd & even harmonics
O The separation of Global & Fluctuating flow is a must !! (not done yet)
L.P. Csernai 3



[R.Snellings, arXiv: 1408.2532 , same J.Phys. G ]
Used by most experimental groups today.

Anisotropic Flow

dN N N _
I =5 (lJrQnZ:lt:n Cos(n(-pklin})) : (1)

where N = (N) is the mean number of selected particles per event, ¢ the azimuthal
angle, and W,, the mean angle of the n-th harmonic flow plane.

This is a complete ortho-normalseries only if all W,-s are given in the same
reference frame w 1tll respect to some physical axis frame ofthe reaction,

in(pr,y) = {{cos[n(e—T,)])) or equivalently
ﬁn(pTg’y) _ ((eincpe—z’n@n)>:
tn(pT,y) = Re ((("‘in@("_in@”>>

where ((...)) denotes an average in the (pt,y) bin

5.1. E';‘.{..pe?‘imenml Methods

( for evaluating v,)

Re ((eiMP1=#2))y — ((gin{p1=¥n—(p2= T ")),
= ((e™MP1=Tn)y(emin(Pa=Tn)y 4 5, e.g. with 4 particle cumulant method:
= ’L- —+ 52 n)

o {4} = ((emlerrermes “0‘”>>—2<<€m“‘”_“‘”)>>2*

. . . . = (~vp +0an)-
Reaction plane (RP) is lost, P/T side of RP is also lost.
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We need an EbE reference angle (e.g. the RP).
Can we find it?

M M M

flow vector o = Yoo —> Q=) —s QI =[] e =0
i=1 =1 i=1

Byv Danielewicz and Odyniec (DO) > separate forward & backward pt. = c.m.

M o
=1
i=1

_ Im POQY
ran (‘I’Rp) — Ro DO,Q?lJ :

Or one can approximate this as:

_ Im QY
rarn (]":[JRP) ~ > AU
Re QY
. IR M ,-3'.-?0-
where Q] =) ., yie'¥t # 0
Weighting with y = dominates large rapidities> Use a segmented ZDC to find the RP!

In addition we should find the participant c.m. Separate out longitudinal fluctuations.
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Removing self-correlations ( < DO )

M
Qn|® = ) e e) = M4y et
nI=t Iy

2 :
<€in(501—502)> 1 Ze‘m(%_%) _ Qn|” — M
M(M —1) & M(M —1)

i#]
N
) Z ‘Qile T ﬂ[i,
VnZz CTI{Q} — <<€3n(991—992)>> _ i;l
> M(M; - 1)
i=1

The sign of odd harmonics is lost

vn{2} = \/@
{4} = 200277 = (o8
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LR Event- shape engineering
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Correlation between flow coefficients:
* Non monotonic variation

Michael Weber (CERN) - WPCF 2014 - 25.08.2014 10
ATLAS-CONF-2014-022
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Method to compensate for C.M. rapidity fluctuations

1. Determining experimentally EbE the C.M. rapidity
2. Shifting each event to its own C.M. and evaluate flow-harmonics there

L.P. Csernai’?, G. Eyvubova® and V.K. Magas®
PHYSICAL REVIEW C 86, 024912 (2012)
Determining the C.M. rapidity

The rapidity acceptance of a central TPC is usually constrained (e.g for ALICE
In| <Ny, =0.8, and so: [ncy | << Ny, SO it is not adequate for determining

the C.M. rapidity of participants. m i
Participant rapidity from spectators Yo =1 86

Eg =Ap mp, Ct{:}bh(yB) = Fiot — Ea — Ec : @

Mp = Ap mp, sinh(y?) = —(M4 + M)
Ew; _— Qﬂpb my Cosh(yg)
E = Apmy cosh(yg).

Ec = Apmpy cosh(—yg),

oive the spectator numbers, Ap and AT‘

My = Apmpy sinh(yo), yeM ~ P = artanh (
Me = A mpy sinh(—yg).

— (M4 + Mc))
Eiot—EA—E¢
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PHYSICAL REVIEW C 86, 024912 (2012)
Participant and Spectator Neutrons

140
120 [=~.. . spectators _..-="" T
100 s T
participants ~. e
SD h" __-'"' .
Correction, EbE

60 R

A0 “~ _single neutron spectators
20 ‘f'f_ - H“'.___H_‘ S

0 L = 13% 20% 28% 37%  45%  Sgm~._ N

0 01 02 03 04 05 06 07 08 09 1

Impact parameter, b/b,,,

Single neutron spectators are based on

nuclear multi fragmentation studies -

in experiment should be taken from
data

Results from preliminary ALICE data]

https://twiki.cern.ch/twiki/bin/viewauth/ ALICE/FlowGyulnaraEyyubova

[ ALICE estimate from 1984 - ]

ALICE:
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Phys.Rev. Lett. 11, 232302 (2013)
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Results from preliminary ALICE data show
the average and EbE fluctuations 2>
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ALICE PRL 2013:
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PHYSICAL REVIEW C 88, 014901 (2013) L.P. Csernai 9



Azimuthal Flow analysis with Fluctuations today

In contrast to the above formulation

d3N 1 d2N
- 1+2 — kP
Tdndd ~ 2 dudp, [ + 201 (y, pt) cos(o 1{

20y, ) cos(2(6 ~ WED)) +--- ],

Here U2 maximizes v,(y,p;) in a rapidity range

Is this a complete ortho-normal series? Yes, if the '«IJEP values are defined
We can see this by using: cos(a—f) = cosa cosf3 + sina sinf,
terms of the harmonic expansion

v, cos[n(¢ — WED)] = v, cms(n'«l’fp] cos(ne) + v, sin(n¥; ") sin(no)
L

(I)EP — @EF "IJRP
> Reaction Plane (EbE)

ﬂf:?!—ﬂ,? lI’Rp

And the two coefficients: | Ep ; f
v, = vpcos(n(WT))  w, ="vn(y—youn. pe)
vl =, sin(n.(!];ffp)) vy, ="V, (¥ — You, Pr)
- terms of the harmonic expansion
v, cos[n(o—TEP)] = w, cos[n(¢/ —BET)] = @/, cos(ng')+ ., sin(ng").
In EbE: CM,RP

In Collider In EbE: CM,RP
L.P. Csernai 10



Now: Separating Global Collective Flow & Fluctuations

the Global Collective flow 1n the configuration space has to be £y symmetric

the coeflicients of the sin(n¢’) terms should vanish: %/ =0

' for odd harmonics have to be odd functions of (y — year)
for even harmonics have to be even functions of (¥ — year)
%] can be due to fluctuations only

Let us now mtroduce the rapidity variable y = v — youm

and let us construct even and odd combinations from the data:

LC.?{%; cos[n(d — tlifp)] —

= [on(y.pe) £ U (—y.pe)] cos(ng’)

vF8E cos[n(¢ — WEP)] =
odd

|\.J|I—'~l\_,l|l—'~

— [V (¥, pe) F U (—=y.p:)] cos(ngd') Jrls'v_;(y.pt) sin(ng')

J
I J

fluctuations must have the same magnitude for sine and cosine components
& for odd and even rapidity components.

[Csernai L P, Eyyubova G and Magas V K, Phys. Rev. C 86 (2012) 024912.]
[Csernai L P and Stoecker H, (2014) arXiv: 1406.1153v2 .]
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Negative directed flow at low p, [ v,(p,) ]

For Collective flow:

Due to softening of EoS at the QGP threshold v,(y) may become negative at low y > 0.

Due to momentum conservation, and for v,(y) 1s odd , | dy v,(Y,p) =0 or (vi(p:)) =0

The Symmetrized v,3(p,) is usually still positive [Cs., Magas, Stocker, Strottman, PRC84 (2011)]

In recent experiments:
Due to softening of EoS at the QGP threshold v,(y) may become negative at low y > 0.
Due to momentum conservation, and for v,(y) is odd , | dy v,(Y,p) =0 or

On the other hand. recent measurements yield negative vy (p;) values at low _ [aras remmn 220t <zs0
R } o . . A A ) > | \8,,=5.02 TeV 1<p) <3GeV, janj>2 |
rapidities, py < 1.2 — 1.5Gev/c |45, 46, 23|. The same 1s observed m model calculations oasl L.-zsm e n2 ]
t | —o— n=3 4

. . . — . . P . - . | .. + =4

both in fluid dynamics [47] and in molecular dynamics [43] with random fluctuating | s, s
.. - g oe . 0ol & “. CMS, 220<N <260 _|
initial conditions. This 1s not unexpected. C o v, N20sub
. ( — V3, Ny <20 sub.

S A

0.054

See [ Gyulassy et al., arXiv: 1405.7825 V. -
[ Gyulassy et al., arXiv ]\D S e

There is a problem. In these works the participant C.M. was not identified. In this case

adding up contributions with different C.M. points may lead to negative v,5(p,). See egs. (2) & (3)
of ref. [Cs., Magas, Stocker, Strottman, PRC84 (2011) 024914].

—> The Collective and Fluctuating flow effects interfere - Identifying C.M. EbE
L.P. Csernai 12



Development of v,(y) at increasing beam energies

v1(y) observations show a central antiflow slope, duvy(y)/dy, which is gradually
decreasing with increasing beam energy [23]:

—1.25% for 62.4 GeV (STAR)
—0.41% for  200.0 GeV (STAR)
—0.15% for 2760.0 GeV (ALICE)

OU1(Y)odd _
Jy

This can be attributed to smaller increase of p, and the pressure, and the shorter
interaction time, and also to increasing rotation.

In [Cs., Magas, Stocker, Strottman, PRC84 (2011)] we predicted this rotation,

but the turnover depends on the balance between rotation, expansion and freeze out.
Apparently expansion is still faster and freeze out is earlier, so the turn over to the
Positive side is not reached yet.

Interesting collective
flow phenomena in

, , The Quark-Gluon Plasma,
low viscosity QGP = a nearly perfect fluid

1 L. Cifarelli’, L.P. Csernai® and H. Sticker * - DOIL: 10.1051/epn/2012206

Csernai
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Detection of Global Collective Flow

We are will now discuss rotation (eventually enhanced by KHI).
For these, the separation of Global flow and Fluctuating flow is
important. (See ALICE v1 PRL (2013) Dec.)

e One method is polarization of emitted particles
e This is based equilibrium between local thermal vorticity (orbital motion) and
particle polarization (spin).
e Turned out to be more sensitive at RHIC than at LHC
(although L is larger at LHC)

[Becattini F, Csernai L P and Wang D J, Phys. Rev. C 88 (2013) 034905.]
e At FAIR and NICA the thermal vorticity is still significant (!)
so it might be measurable.

e The other method is the Differential HBT method to analyze rotation:
e [LP. Csernai, S. Velle, DJ. Wang, Phys. Rev. C 89 (2014) 034916]

 We are going to present this method now

L.P. Csernai 14
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Strongly Interacting Low-Viscosity Matter Created in Relativistic Nuclear Collisions

Laszlo P. Csernai,' Joseph I. Kapustu." and Larry D. McLerran®
ISection for Theoretical Physics, Department of Physics, University of Bergen, Allegaten 55, 5007 Bergen, Norway
“MTA-KFKI, Research Institute of Particle and Nuclear Physics, 1525 Budapest 114, P. O. Box 49, Hungary
School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455, USA
*Nuclear Theory Group and Riken Brookhaven Center, Brookhaven National Laboratory, Bldg. 510A, Upton, New York 11973, USA
Viscosity vs. T has a minimum at the 1t order phase transition. This
might signal the phase transition if viscosity is measured. At lower

energies this was done.

QGP
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Kelvin-Helmholtz instability in high-energy heavy-ion collisions

Pb + Pb
1.38 + 1.38 A TeV|Hi
b=0.7 5

L.P. Csernai’*?®, D.D. Strottman®®, and Cs. Anderlik® *

PHYSICAL REVIEW C 85, 054901 (2012) §
arX1v:1112.4287v3 [nucl-th]

KHI >

601 : 1
55
50}
45
40 HE
35H
190 200 210 220 230 240

>

ROTATION

Po+Ph
138 + 1.38 A Tav
b=0.5

70

60

2.4 fm

« 50

40 58

212 216 220
Z

30+

200 220 240
Z

FIG. 1:  (color online) Growth of the initial stage of Kelvin-
Helmholtz instability in a 1.384 4 1.384 TeV peripheral,
b = 0.7Tbmax, Pb+Pb collision in a relativistic CFD simu-
lation using the PIC-method. We see the positions of the
marker particles (Lagrangian markers with fixed baryon num-
ber content) in the reaction plane. The calculation cells are
dr = dy = dz = 0.4375fm and the time-step is 0.04233 fm/e
The number of randomly placed marker particles in each fluid
cell is 8%, The axis-labels indicate the cell numbers in the
and z (beam) direction. The initial development of a KH
type instability is visible from ¢ = 1.5 up to t = 7.41 fm/e
corresponding from 35 to 175 calculation time steps).

210 215 220 Z25

205 210 215 220 225 230
Z
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Relativistic
Classical

Oz, x)

FIG. 5: The classical (left) and relativistic (right) weighted vorticity calculated for all [x-z] layers
at t=3.56 fm/c. The collision energy is /syny = 2.76 TeV and b = 0.7bpqz, the cell size is
dz = dy = dz = 0.4375fm. The average vorticity in the reaction plane is 0.0538 / 0.10685 for the
classical / relativistic weighted vorticity respectively.
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Onset of turbulence around the Bjorken flow

S. Floerchinger & U. A. Wiedemann, JHEP 1111:100, 2011; arXiv: 1108.5535v1

Ioz ¢/fm

0.0 ¢/fm

ol 1l

_3_| 1] -3t

I | L L L L L]
-3 -2 -1 0 1 2 3 X

absolute value of vorticity |9u? — dou!| divergence |01ut + Dpu?|

Initial state Event by Event vorticity and divergence fluctuations.

Amplitude of random vorticity and divergence fluctuations are the same

In dynamical development viscous corrections are negligible (= no damping)
Initial transverse expansion in the middle (+3fm) is neglected (= no damping)
High frequency, high wave number fluctuations may feed lower wave numbers

L.P. Csernai 18



Detecting rotation:
Lambda polarization

fie [dV np (V x 3)

I(p) =

2m de ng
BH () = (1/T())u" (%) ¢ From hydro

[ F. Becattini, L.P. Csernai, D.J. Wang,
Phys. Rev. C 88, 034905 (2013)]

RHIC

0.60
M. - I0.1 5
0.10

0.05
.0.01

-0.01
-0.05
-0.10
-0.15

z (fm) 4.75fm/c




M, (p,.P,)

RHIC

Py (GeV/c)

-2 0
P, (GeVic)

« The POLARIZATION of A and A due to thermal equipartition with local
vorticity is slightly stronger at RHIC than at LHC due to the much higher
temperatures at LHC.

* Although early measurements at RHIC were negative, these were averaged over
azimuth! We propose selective measurement in the reaction plane (in the +/- x
direction) in the EbE c.m. frame. Statistical error is much reduced now, so
significant effect is expected at p, > 3 GeV/c.

L.P. Csernai
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lefe re ntia | HBT meth od PHYSICAL REVIEW C 89, 034916 (2014)

FIG. 2. (Color online) Differential correlation function, 0'12__ -y _
AC (k,q), at the final time with and without rotation. 0.10- / o~ \ with rotation ~ without rotation _|
_ A/ n\ o k=02/m 4 k=0.2/fm |
\h —®—k=5/fm —A—k=5/fm
We can rotate the frame of reference: 0084 .
- = X t=3.56 fm/
f k. ky cosa — k, sin« o 006+ mie .
k., k,cosa + k, sinx S 0.04-
! ! 0.02
9 AC{I (k 1q ) L)
0.00
k k ]
(a) X (b) X 0,021 : . . .
AC=0, by De. 0.0 0.5 1.0 15 2.0
q (1/fm)

non-tilted

v

non-rotating kz kz
FIG. 3. (Color online) Sketch of the configuration in different
Symmetry axis o= 0 reference frames, with and without rotation of the flow. The
" K " K nonrotating configurations may have radial flow velocity components
(c) % o *Acz0 (d) ¥ o only. The DCF, AC,(k,q),is evaluated in a K’ reference frame rotated
N R ' N by an angle « in the x,z, reaction plane. We search for the angle «,

where the nonrotating configuration is “symmetric,” so that it has a
“minimal” DCF as shown in Fig. 4.

rotating
tilted

Symmetry axis a 20

tiited s
rotating > g
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Signs of rotation 00—

0.00 e < b

FIG. 5. (Color online) The DCF with and without rotation in the
reference frames, deflected by the angle «, where the rotationless
DCEF is vanishing or minimal. In this frame the DCF of the original,
rotating configuration indicates the effect of the rotation only. The fj -0.04
amplitude of the DCF of the original rotating configuration doubles &

-0.02 S

[ ' i is; Q b+Pb @ 2.76 TeV
for the higher energy (higher angular momentum) collision. < 0,06 i et
—— without rotation
k=5 /fm 1
008 =356 fm/c \\ Au + Au @ 200 GeV |
o=-11 degrees . —— with rotation
—— without rotation 1
-0.101— : , , | . | | |
0.0 05 1.0 1.5 2.0
To perform the analysis in the rotationless symmetry frame q (1/fm)

one can find the symmetry axis the best with the azimuthal
HBT method, which provides even the transverse momentum
dependence of this axis [20]. It is also important to determine
the precise event-by-event c.m. position of the participants [2]]
and minimize the effect of fluctuations to be able to measure

the emission angles accurately, which is crucial in the present
AC (k,q) studies.

[LP. Csernai, S. Velle, DJ. Wang, Phys. Rev. C 89 (2014) 034916]
[LP. Csernai, S. Velle, Int. J. Mod. Phys. E 23 (2014) 1450043]
[ Sindre Velle: Talk at WPCF 2014 ]

L.P. Csernai 22



Summary

We have shown how to split

Collective flow & Fluctuations
When Collective Flow is identified: New patterns
Small viscosity (= fluctuations & instabilities)
Rotation
Kelvin-Helmholtz Instability (KHI) ~ turbulence
These are observable in polarizations and in HBT

L.P. Csernai
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