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Initial state: Central / Peripheral collision
Symmetries: Initial State = Collective Flow
How to split Collective flow & Fluctuations
When Collective Flow identified: New patterns
Small viscosity (= fluctuations & instabilities)
Rotation

Kelvin-Helmholtz Instability (KHI) ~ turbulence
Observation of these
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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:
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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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In Central Heavy lon Collisions

~ spherical with
many (16) nearly
~ like Elliptic flow, v, equal perturbations
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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)!

L.P. Csergai




N

Critical Fluctuations =>»

©
B
v,
<
£
D,
A

o'oo.o" 05 10 15 .2

e (GeV/fm3)

2.5

Fig. 2. The relative probability of finding a state of a given energy

density, e, itn a system of given volume, ) =

constant temperature, T = T..

10,50 fm?, at a

J

J

L.P. Cserna

i: Inroduction to Relativistic Heavy lonCollision

s (Wiley, 1994)



Fluctuations in Hadronizing QGP

L.P. Csernail?, G. Mocanu® and Z. Néda3 Skewness (S)
. 3
PHYSICAL REVIEW C 85, 068201 (2012)
: 2 - QGP hadronization >
Higher order moments can
be obtained from fluctuations S 17
around the critical point. > 0 )
Skewness and Kurtosis are -1 A
calculated for the QGP = HM 9
phase transition 3
: ; ; . i ) 170 169 166
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0.40F LA -
= o.3o§ - QGP rhr T [MEV] HM
0-105 \ f FIG. 4: (color online) Skewness as a function of the volume
0.00k e abundance of the hadronic matter (denoted as rj, where 1
- represents complete hadronization). The temperature scale is
. . AnoulerSoale o also indicated for clarity, the identifiers represent increments
- o | e of 0.1 MeV in T. Results for Q = 500 fm3.
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X /N

Projectile

Peripheral Collisions (A+A)

O Global Symmetries

O Symmetry axes in the global CM-frame:
Q(y<=>-y)
Q (x,z €2 -x,-2)
O Azimuthal symmetry: ¢p-even (cos nd)
O Longitudinal z-odd, (rap.-odd) for v__44
O Spherical or ellipsoidal flow, expansion

- 2 4 3 cos(o )+ 2’0 UY.Ps) COSI20) + « + -
dydpt dC) 2 Tl d’ydpt U1y, Pt : o\Y, Pt J
dBJ\T 1 inT\'r

Tdondo = 5 dd, 14 201(y — yeur, pr) cos(d — Vpp)+ 209(y — yorr pr) cos(2(¢ — Upp)) + - - - |
O Fluctuations
O Global flow and Fluctuations are simultaneously present = 3 interference
O Azimuth - Global: even harmonics - Fluctuations : odd & even harmonics
O Longitudinal — Global: v1, v3 y-odd - Fluctuations : odd & even harmonics
1 The separation of Global & Fluctuating flow is a must !! (not done yet)
L.P. Csernai 8



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 =T. IS0

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

Mp = Ap mp, sinh(y?) = —(M4 + M)
Etot _— Qflpb my COb‘h(yg)
Er=Apmpy cosh(yg).

Ec = Apmpy cosh(—yg),

oive the spectator numbers, Ap and AT‘

ﬂ_[A = flp mpuy b'illh(yo)._ ygﬂf ~ I}B — artanh (
Me = A mpy sinh(—yg).

— (M4 + Mc))
Eiot—EA—E¢
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Azimuthal Flow analysis with Fluctuations today

In contrast to the above formulation
d*N B 1 d*N
dydp,de 2 dydp,

[1 + 201 (y, pe) cos(¢ — @iEYF'){

2-112(-yjpt) COS(Q(@ — "I’QEQ—O— R } ?
Here U2 maximizes v,(y,p;) in a rapidity range

Is this a complete ortho-normal series? Yes, if the WEY values are defined .....
We can see this by using:  cos(a—f3) = cosa cosf3 + sinasinf3, =2

terms of the harmonic expansion

vn cos[n(¢ — UE)] = v, cos(nly") cos(ng) + v, sin(n¥;") sin(no)

QEP = §EP W, _
= Tpp < Reaction Plane (EbE)

And the two coefficients: ! Ep ; j
‘v, = vpcos(n(U, 7)) W ="vn(y—yom.p)

n
0! = v, sin(n(PEY)) = (y—vour, p)
- terms of the harmonic expansion
vy, cos[n(dp—TE")] = v, cos[n(¢/ —@LF)] = !, cos(ng')+ !, sin(ng').
In Collider In EbE: CM,RP In EbE: CM,RP

L.P. Csernai
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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 introduce the rapidity variable v = vy — you

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

1 |
Updsen cos[n(o — W,")] = 5 [va(y:p) £ V(= pe)] cos(nd)
| 1 | .
vpesgy cosln(é — W) = S [ (y.p) F Vu(=y.po)]cos(ng) +7enly.pe) sin(nd)
2 \ J

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

L.P. Csernai 11



Negative directed flow at low p, [

For Collective flow:

v,(p,) ]

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 vi(y)p) =0o0r (vi(p)) =0
The Symmetrized v,5(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) 1s odd , | dy v,(y,p) =0 or
The Symmetrized v,3(p,) is usually still positive [Cs., Magas, Stocker, Strottman, PRC84 (2011)]

On the other hand, recent measurements vield negative v¥(p;) values at low

————
c - ATLAS Preliminary

L LR 1 - Oy Y . . . = | \8,,=5.02 TeV
rapidities, py < 1.2 — 1.5Gev /¢ [45, 46, 23]. The same is observed in model calculations oas- L= Z80°
. . ; _ ; ) . . i ) F P ee.
both in fluid dynamics [47] and in molecular dynamics [43] with random fluctuating : e

initial conditions. This 1s not unexpected.

See [ Gyulassy et al., arXiv: 1405.7825 ]

o1l &
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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)].

—> The Collective and Fluctuating flow effects interfere = Identifying C.M. EbE

L.P. Csernai
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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 13
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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. 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.
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Surfing on breaking waves of Quark-gluon Plasma
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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]
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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).
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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
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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)]
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« 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__ AN _
AC (k,q), at the final time with and without rotation. 0.10- / o\ with rotation ~ without rotation _|
o A/ n\ o k=02/m 4 k=0.2/fm |
\) —e—k=5/m —A—k=5/fm
We can rotate the frame of reference: 008 T
. —~ ! t=3.56 fm/
) ky ky cosa — k; sin« o 0064 me ]
k, k, cosa + k, sin« S 004+
0.02
o
9 A CCE (k b q ) L)
0.00 -
k k 1 y
(a) X (b) X 0,024 . . . . . . . .
AC=0, by Def. 0.0 0.5 1.0 15 2.0
g (1/fm)
non-tilted N §
non-rotating kz kz
Symmetry axisa =0
© k,’ kxM . (d) k' ok FIG. 3. (Color online) Sketch of the configuration in different
# . . . .
%] ac=o o reference frames, with and without rotation of the flow. The
\" a k! N k! i . ) . .
rotating  \ dilted "z nonrotating configurations may have radial flow velocity components
tilted / fmati% o only. The DCFE, AC,(k,q).is evaluated in a K’ reference frame rotated
e v by an angle « in the x,z, reaction plane. We search for the angle «,
| T z  where the nonrotating configuration is “symmetric.” so that it has a
“minimal” DCF as shown in Fig. 4.
L.P. Csernai 21
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Signs of rotation

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
amplitude of the DCF of the original rotating configuration doubles
for the higher energy (higher angular momentum) collision.
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To perform the analysis in the rotationless symmetry frame
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 [21 ]
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.

1.5 20
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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)
Rotation
Kelvin-Helmholtz Instability (KHI) ~ turbulence
These are observable in polarizations and in HBT

L.P. Csernai
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