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Fluctuations and
polarization
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Figure 32:  The CMB radiation temperature fluctuations from the 5-year WMAP data seen over the full
sky. The average temperature is 2.725K, and the colors represents small temperature fluctuations. Red
regions are warmer, and blue colder by about 0.0002 K.
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Longer tail on the negative (low | ) side ! (see discussion of “Skewness’” later)




In Central Heavy lon Collisions

~ spherical with
~ like Elliptic flow, v, many (16) nearly
equal perturbations
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ALICE measures the shape of head-on lead-lead collisions

0.35 4 :
1.015 4 ty P 2-2.5Gev/c & centrality
* p< 1.5-2GeV/c 0.30 - —-0-2%
o 2 OA ] b i PO-PD2.76TeV, 0-2% 0.25 — 2.<p™ <2.5GeV/c
v oo 1.5 <p™** <2GeV/c
—=1.005 - YAS - & 0.20
3 H 3 ~ PR =
ko i * vy .'-"'”'4 & 015
= g/ 7 " oF ) 0.10
= o) § 6':’ 0.05
- + LN =
%) ¥ i ke
0.990 B o o g O
] 1 1 ] 1 1 1 ] 1 1 I | A |
-1 0 1 2 3 4 1 2 3 4 5 6 7 8
A¢ (rad) n

Flow originating from initial state fluctuations is significant and dominant in
central and semi-central collisions (where from global symmetry no azimuthal
asymmetry could occur, all Collective v, =0)!
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Critical Fluctuations =

[L.P. Csernai, Z. Neda / Physics Letters B 337 (1994) 25-29]
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Fig. 2. The relative probability of finding a state of a given energy
density, e, in a system of given volume, Q = 10,50 fm3, at a

constant temperature, T = T..
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Fluctuations in Hadronizing QGP

L.P. Csernail?, G. Mocanu® and Z. Néda? Skewness (S)
. 3
PHYSICAL REVIEW C 85, 068201 (2012)
. 2 A QGP hadronization =
Higher order moments can
be obtained from fluctuations S 17
around the critical point. 2 0 -
Skewness and Kurtosis are -1 1
calculated for the QGP = HM 2
phase transition 3
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...
Peripheral Collisions (A+A) Ny

Csernai & Stocker, arXiv: 1406.1153v2 [nucl-th]

O Global Symmetries

) Participants
O Symmetry axes in the global CM-frame:

d (y&>-y) = Y
O (x,z <2 -x-2)
Q Azimuthal symmetry: ¢-even (cos ng)
O Longitudinal z-odd, (rap.-odd) for v, 44 A 1.8
O Spherical or ellipsoidal flow, expansion ’
Target \ \
Theory: 2 Doé:po‘n&“
A3 N 1 d2N oy » 5, oy e l';g; e
Dydmdo ~ 2mdy dpt[ + 201 (y. pr) cos(d)+ 2va(y. pr) cos(20) + - - - ]
Experiment:

d*N 1 d*N
dydp,dd 27 dydp,

[1 + 2v1(y — yor. pr) cos(@ — Wrp)+ 202(y — yonr, pe) cos(2(0 — Wrp)) + - - ]

U Fluctuations

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




Used by most experimental groups today.

Anisoiropic Flow R snelings, JPhysG 41 (2014) 24007]
[LP Csernai & H Stoecker J Phys G 41 124001]

IN N

dp 27 (1+QZ%CO‘D n(p—U )))-
(1)

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

This 1s a complete ortho-normalseries only if all W,-s are given in the same
reference frame with respect to some physical axis frame ofthe reaction, e.g. the RP

Un(pT,y) = ((cos [n( U,)])) or equivalently
n(pr,y) = (P TnY),
) = Re

<< iny —m\IIn>>

where ((...)) denotes an average in the (pr.y) bin




Used by most experimental groups today.

Amsoiroplc Flow [R Snellings, JPhys G 41 (2014) 24007]
[LP Csernai & H Stoecker J Phys G 41 124001]

3.1. Erperimental Methods  (forevaluating v,)

Re ((eiﬂ(%—m)» _ <<€’iﬂ(@1—‘l'n—(@9—@'n))>>1
_ ((E’iﬂ(m—@'n)><g—iﬂ(wz—@n)> + Ga.n),
(’L-‘,i -+ 52,?1)3

e.g. with 4 particle cumulant method:

cn{d} = << n(p1+p2—ps— L,o4)>> 2<< cin(p1— wz}>>2 — <_ﬁ+ 54,n>.

Reaction plane (RP) is lost, P/T side of RP is also lost, CM is not known
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We need an EbE reference angle (e.g. the RP).
Can we find it?

M M

flow vector o = =Y e —> =) T —— =D =0
i=1 =1 j
B‘x Danielewicz and (:)[_IﬁrlliL‘{f' (D(:)) -> Separate forward & backward pt - c.m.
M /
Poor = Z ;| gl #£0. vQF = || Zua 0
i=1
Im POQY

tan (Vpp) = Re DOQP

Or one can approximate this as: Y
_ Im Q7
tan (‘LIJRP) ~ P~

Re Q3

Weighting with y > dominates large rapidites—> Use a segmented ZDC to find the RP!

where Qf = ZU y; €191 £ 0

In addition we should find the participant ¢.m. Separate out longitudinal fluctuations.
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AILAS Event- shape englneerlng
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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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R mn———— S
Two types of flow processes from:

Fluctuations and/or Global Collective Flow

« How to split these two:

* |n theoretical models

— Mode-by-mode hydrodynamics,
[S. Floerchinger, U.A. Wiedemann, Phys. Rev. C 88,
044906 (2013), Phys. Rev. C 89, 034914 (2014), Phys.
Lett. B 728, 407 (2014)]

* |n experiments it is more involved
* Average many events
« But keeping the symmetries

X /

Projectile

L.P. Csernai 13



Method to compensate for C.M. rapidity fluctuations

1. Determining experimentally EbE the C.M. rapidity
2. Shif’ring 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: ’ (2012)

The rapidity acceptance of a central TPC is usually constrained (e.g for ALICE
IN] <Njim =0.8, and so: | Neum | << Ny » SO it is NOt adequate for defermining

the C.M. rapidity of participants.
Participant rapidity from spectators m

o = 7.986

Ep = A mpy cor:'h(yB) = FEiot — Ea— E¢ . @
Mg = Ag mp, sinh(y?) = —(M4 + M¢)
Eiot = 2App mpy cosh(yo)
Es=Apmpy cosh(yg).
Ec = Armpy cosh(—yg).
give the spectator numbers, Ap and Ay, and ‘

Ma = Ap mp sinh(yg),

—(Ms + Mc)
M B "4 o

.- A . ~ ¢y~ = artanh

Mo = Arpmpy E:wlllh( yg)_, YE Y ( E,pi—E EC)

14 uib.no



PHYSICAL REVIEW C 86, 024912 (2012)

Participant and Spectator Neutrons

140

ALICE: Phys.

Rev. Lett. 11, 232302 (2013)
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[LP Csernai & H Stoecker J Phys G 41 124001]

Azimuthal Flow analysis with Fluctuations today

In contrast to the above formulation

d>N 1 d2N
a1 1 INET . b lI}EP
dydp;d¢ 2w dydp, [ +2v1(y, pr) cos(¢ 1&‘
209 (y, py) cos(2(¢p — TEPY) + - .. }
=~

Here UZF maximizes v, (v, p;) in a rapidity range
T ; v

: : : EP
Is this a complete ortho-normal series? Yes, if the W5 values are defined .....
We can see this by using: >

cos(a—[3) = cosa cosf3 + sinasing,

16



[LP Csernai & H Stoecker J Phys G 41 124001]

Azimuthal FlOW analysis with Fluctuations today

Is this a complete ortho-norml series? Yes, if 1‘1’.‘5‘0 values are defined .....
We can see this by cos(a—/3) = cosa cosf3 + sinasinf3, >

terms of the harmonic expansion

v, cos[n(¢ — UEP)] = v, cos(nPLY) cos(ng) + v, sin(n¥L") sin(no)

The angles II'EP & @ should be measured with respect to the Reaction Plane (EbE)

| 1 |
“E% cos[n(¢ — Wy B (Un(y,pt) £ Un(—=y.pt)] cos(no)

| 1 |
{?TC&E cos[n(o — ¥,;7)] = 5 (Un(y:pt) F Un(—y,pt)] cos(no)

+*un(y, pt) sin(no)
Separating Global Collective Flow & Fluctuations

where vy = v — yoar, and new coefficients

17 “Up = v cos(n(¥ 1)) and v, = vy sin(n (L")
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CENTRALITY DEPENDENCE
107 Phys Rev Lett 111 (2013) 232302
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Odd parts multiplied with -1
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Mild centrality dependence
for both v,°4d and v,&ven

Significantly smaller
magnitude of v,°44 compared
to RHIC
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Development of v,(y) at increasing beam energies

v1(y) observations show a central antiflow slope, Ovi(y)/0y, 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)

O01(Y) odd _
dy

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, Stroftman, 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 ou’r IS eorller so the turn over to the
Positive side is not reached yet. -

Interesting collective
flow phenomenain

low viscosity QGP 2 The Quark-Gluon Plasma,
a nearly perfect fluid

« L. Cifarelli', L.P. Csernai” and H. Stocker I: 10.1051/epn/2012206
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R
Hot-Gluon Field = Compact IS, shear & vorticity

+ [Gyulassy & Csernai, NPA460 (1986) 723]
* Flux tube, w/ large string tension 2>

« Longitudinal extension is limited:

« Energy & momentum conservation

« Shear flow, vorticity, rotation

* |S:3-4fmlc

 Flux tube dominance -

) . F: < >
recoll trejectory — » g
_," e
-2 .-"'
pion # o
sources 2
| N projectile

—— target nucleon

« [ Magas etal.,, NPA 712 (2002)167]

20

I
A
L
|
A
|
o
|
I
z

1




...,
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.)

* One method is polarization of emitted particles

 This is based equilibrium between local thermal vorticity (orbital motion) and
particle polarization (spin).

 Turned out to be more sensitive at RHIC than at LHC
(although L is larger at LHC)
[Becattini F, Csernai LP and Wang DJ, Phys. Rev. C 88 (2013) 034905.]

« AtFAIR and NICA the thermal vorticity is still significant (!)
so it might be measurable.

 The other method is the Differential HBT method to analyze rotation:
* [LP. Csernai, S. Velle, DJ. Wang, Phys. Rev. C 89 (2014) 034916]
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PRL 97, 152303 (2006) PHYSICAL REVIEW LETTERS 13 OCTOBER 2006

Strongly Interacting Low-Viscosity Matter Created in Relativistic Nuclear Collisions

Laszlo P. Csernai,"* Joseph I. Kapusta,j 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
3School 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 {1973, USA
(Received 12 April 2006; published 12 October 2006)

Viscosity vs. T has a minimum at the 15! order phase transition. This might signal the phase transition if
viscosity is measured. At lower energies this was done.
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Kelvin-Helmholtz instability in high-energy heavy-ion collisions

Pb + Pb
1.38 + 1.38 A TeV|#
b=0.7 :

L.P. C‘-serna,il=2'-3_._ D.D. St.rDtt.ma,112=3: and Cs. Anderlik? 46
PHYSICAL REVIEW C 885, 054901 (2012) -
KHI =

60

ROTATION zz :
>
%-% 45 :
1.38+1.38 A TeV 40 18
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190200210220 230 240
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FIG. 1: (color online) Growth of the initial stage of Kelvin-
Helmholtz instability in a 1.384 + 1.384 TeV peripheral,
b = 0.7bmax, 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/c
The number of randomly placed marker particles in each fluid
cell is 8. The axis-labels indicate the cell numbers in the x
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).

210 215 220 225

205210 215 220 225 230
r4

23



../zz-Movies/Kelvin-Helmholtz/LHCxye8^3-32-2-12.mov

Kelvin-E

L.P. Csernai
PHYSICAI

RO

x [fm]

212 26 2
z

¢ .
210 215 220
z

205210215220 ;
z

24

10

Pb + Pb
1.38 + 1.38 ATeV

b=0.7 t,=32

10.00 fm/c |

10 15

2.4 fm



../zz-Movies/Kelvin-Helmholtz/LHCxye8^3-32-2-12.mov

Classical Weighted Vorticity Relativistic
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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 /syy = 2.76 TeV and b = 0.7b,,4:, the cell size is
dr = dy = dz = 0.4375fm. The average vorticity in the reaction plane is 0.0538 / 0.10685 for the
classical / relativistic weighted vorticity respectively.

[Csernai, Magas,Wang, Phys. Rev. C 87 (2013) 034906]
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Onset of turbulence around the Bjorken flow

S. Floerchinger, U.A. Wiedemann, JHEP 100,1111 (2011); J. Phys. G 38, 124171 (2011)

absolute value of vorticity |Jyu? —dyul| divergence |9yul + 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 (x3fm) is neglected (- no damping)
« High frequency, high wave number fluctuations may feed lower wave numbers

26




Detecting rotation:
Lambda polarization

he [AV np (V x B)
Sm [dV ng

GH ('UU) — (1/T("’U))uﬁ(d:) & From hydro

II(p) =

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

LRC 6 ] . N RHIC

$

E 0 0.60
x | Ic-.15
| 0.10
2 .0.05
0.01
] -0.01
-4 -0.05
-0.10

] -0.15 |

3.56fm/c z (fm) 4.75fmlc



[ F. Becattini, L.P. Csernai, D.J. Wang,

Lambda polarization Phys. Rev. C 88, 034905 (2013)]

HUY (p)(’py} LHC nﬂy(px’py) RHIC

Py (GeV/c)

Py (GeV/c)

Py (GeVic) - P, (GeV/c)
« 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.
e Although early measurements at RHIC were negative, these were averaged over

direction) in the EbE c.m. frame. Statistical error is much reduced now, so
significant effect is expected at p, > 3 GeV/c.
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FIG. 8: (Color online) Global polarization of A-hyperons
Filled circles show the results
for Au+Au collisions at /syn=200 GeV (centrality region
20-70%) and open squares indicate the results for Au+Au col-
lisions at ,/syny=62.4 GeV (centrality region 0-80%). Only

as a function of centrality.
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B.I. Abelev et al., (STAR) PHYSICAL REVIEW C 76, 024915 (2007)
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Exact, expanding and rotating hydro solution Em,)

« Exact model: T. Csorgd, M.I. Nagy, Phys. Rev. C 89, 044901 (2014).
Hydro: L.P. Csernai, D.J. Wang, and T. Csorgd, Phys. Rev. C 90, 024901 (2014).
Vor.: L.P. Csernai, J.H. Inderhaug, Int. J. Modern Physics E 24, 1550013 (2015).

Q[v,R)] (c/fm) at t= 2fm/c Q(vR) (c/fm) at t= afm/c

a(y,R) (c/fm) at t= 6fm/c o(Y,R) (c/fm) at t= 8fm/c

R (fm)

Y (fm) 12 103




Azimuthal HBT is Changed by Rotation (E.M.)

Azimuthally symmetric source but in phase

1508.01884v1 [nucl-th]]

Azimuthal HBT: ¢ x0)— 1 -0y (

i,j=o,8,l

1.1

We get for azimuthal HBT:

- Z Qi‘i’jjo(K}

pq}(arb umts}

|

f(ppPg)
space: 1ol —
n u.a/’//% \\\
%“ :: |IIH ‘I (| f’/% \\ / |
[Velle & Csernai, arXiv: .,:., xll\ '}Di& ". | ik / /

,fo.s-
T |
0.8+
[Velle, MehrabiPari & Csernai, |
. arXiv: 1508.01884v1 [nucl-th]] 0.0

1.5




Vorticity in E.M. & in ECHO-QGP hydro

« EM: YL Xie, RC Glastad, LP Csernai, arXiv: 1505.07221v1 [nucl-th]
ECHO-QGP hydro: F Becattini et al., arXiv: 1501.04468v2 [nucl-th]

* Vorticity components: -y directed from rotation, [x,z] or [r,¢] directed fr. Expansion
' rotB or o

« Different initial conditions (!): with vs. without shear =

* In EM.rot=-0.132... -0.106, decreasing with time | Hwsh.: 0.3—0.6
9, B, =0.029 - 0 x y/fm, J,B,=0.009 - 0 x r/ffm, o, B, =0.0

 |In ECHO-QGP: (noinitial shear!) mean values:
rot 3 =0.0... - 0.007, increasing, with viscosity

0.0006
ol
' 0.0004
Matter is put beyond + \n,, parameter to |, W 00002

secure angular momentum without shear! - | f 0
9 é 0r 1 -0.0002
- i!: -0.0004
No vorticity in the middle zone of the 2| 1l oo
collision, just at high rapidities, i.e. high z ol | B
‘ -0.001

4 2 0 2 4

n
~[x,z]-component
34 Figure 3: (color online) Contour plot of Q_‘,i/rTz at the
freeze-out hvoersurface at v = (.




Vorticity in ECHO-QGP hydro cont.
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In the [x,z] ~ [x,n] plane y-directed

vorticity, changes btwn: -0.05-0

Net FO vorticity is negative up to
-0.007 with “large” viscosity.

No initial vorticity
No vorticity in central domains

Both due to lack of initial
shear flow
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-0.05

Figure 13: (color online) Contour plot of 1/7r-scaled nx
covariant component of the thermal vorticity, @, /7 over the
freeze-out hypersurface for v = 0, n/s=0.1, 5,,,=2.0.



p (GeVIC)

Polarization in E.M. & in ECHO-QGP hydro

* Y-directed polarization, I1,, is very different. In E.M. max
polarization is -11%, >> in ECHO-QGP itis -0.2%,
due to lack of initial shear flow
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Polarization in E.M. & in ECHO-QGP hydro cont.

* In the I -direction the initial shear flow has no effect.

p, (GeVIC)

¥

py [GeV]

p_(GeVIC)

- p, [GeV]

 The structure is similar, the amplitude is different and the sign is
opposite. There may be different conventions (?)
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Summary

 We have shown how to split Collective flow & Fluctuations
 When Collective Flow is identified: New patterns

« Small viscosity (= fluctuations & instabilities)

« Kelvin-Helmholiz Instability (KHI) ~ turbulence

« These are observable in polarizations and in HBT
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