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Outline
• 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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Longer tail on the negative ( low l ) side !  (see discussion of “Skewness” later)
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~  like Elliptic flow, v2

~  spherical with 
many (16) nearly 
equal perturbations

In  Central Heavy Ion Collisions
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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 vn = 0 ) !



Critical Fluctuations  
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QGP HM

Positive Skewness

Skewness  (S)

Higher order moments  can
be obtained from fluctuations
around the critical point. 
Skewness and Kurtosis are 
calculated for the QGP  HM
phase transition

Negative Skewness indicates  Freeze‐out
mainly still on the QGP side.   

Negative S

QGP hadronization 
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 Global Symmetries
 Symmetry axes in the global CM‐frame:  

 ( y  ‐y)
 ( x,z ‐x,‐z)
 Azimuthal symmetry: φ‐even  (cos nφ)
 Longitudinal   z‐odd, (rap.‐odd) for v_odd
 Spherical or ellipsoidal flow,  expansion

 Fluctuations
 Global flow and Fluctuations  are simultaneously present  Ǝ interference

 Azimuth ‐ Global: even harmonics  ‐ Fluctuations : odd & even harmonics 
 Longitudinal – Global: v1, v3 y‐odd   ‐ Fluctuations : odd & even harmonics
 The separation of Global & Fluctuating  flow is a must !!    (not done yet)

Peripheral  Collisions  (A+A)
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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

Determining the C.M. rapidity
The rapidity acceptance of a central TPC is usually constrained (e.g  for ALICE
|η| < ηlim = 0.8,  and so: |ηC.M.| << ηlim , so it is not adequate for determining
the C.M. rapidity of participants.

Participant rapidity from spectators B
A

C
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Azimuthal Flow analysis with Fluctuations today

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

And the two coefficients: 



In Collider In EbE: CM,RP 

Reaction Plane (EbE) 

In EbE: CM,RP 
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Now: Separating Global Collective Flow  &  Fluctuations

&

and let us construct even and odd combinations from the  data:
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Negative directed flow at low pt [  v1(pt) ]
For Collective flow:
Due to softening of EoS at the QGP threshold v1(y) may become negative at low y > 0.
Due to momentum conservation, and for v1(y) is odd , ∫ dy v1(y,pt) = 0 or
The Symmetrized v1

S(pt) is usually still positive   [Cs., Magas, Stöcker, Strottman, PRC84 (2011)]

In recent experiments:
Due to softening of EoS at the QGP threshold v1(y) may become negative at low y > 0.
Due to momentum conservation, and for v1(y) is odd , ∫ dy v1(y,pt) = 0 or
The Symmetrized v1

S(pt) is usually still positive   [Cs., Magas, Stöcker, Strottman, PRC84 (2011)]

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 v1

S(pt). See 
eqs. (2) & (3) of ref.  [Cs., Magas, Stöcker, Strottman, PRC84 (2011)]. 

 The Collective and Fluctuating flow effects interfere  Identifying  C.M.   EbE

See [ Gyulassy et al., arXiv: 1405.7825 ]
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Development of v1(y) at increasing beam energies 

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

In  [Cs., Magas, Stöcker, 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
low viscosity QGP 



Viscosity vs. T  has a minimum at the 1st order phase transition.  This 
might signal the phase transition if viscosity is measured. At lower 

energies this was done.

Water
QGP
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Surfing on breaking waves of Quark‐gluon Plasma
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KHI 

ROTATION

KHI
2.4 fm
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Classical
Relativistic



Onset of turbulence around the Bjorken flow

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

y
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Detecting rotation: 
Lambda polarization

 From hydro

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

RHICLHC

4.75fm/c3.56fm/c
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LHC RHIC
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Differential HBT method  

We can rotate the frame of reference:


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Signs of rotation
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• 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

Summary
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