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Outline of the talk

• Introduction

• Elliptic Flow

• Static Parton Coalescence

• Scaling properties

• The Quark-Molecular Dynamics

• Charge fluctuations

• Charge transfer fluctuations

• Baryon-strangeness correlations

• Summary
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Motivation

At RHIC: 

look for signals of 

freely moving partons.

(D, CBS,k)

At FAIR/SPS:

look for the mixed 

phase and the onset of 

deconfinement

(w, k/p, p/p)

E. Bratkovskaya, M.B. et al., PRC 2005
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Elliptic flow

Ollitrault Sorge
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Elliptic Flow
Response of the system to initial spatial anisotropy

Ollitrault (‟92)

Hydrodynamic behavior
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Momentum Anisotropy and Strong rescattering

* strong rescattering required 

the hydrodynamic limit 
appears to be exhausted
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Which was not yet the case at 
the SPS
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* transition of spatial to momentum
anisotropy has to occur early

can’t allow a delay larger than 1 fm/c
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Particle Density Dependence of 

Elliptic Flow

•Hydrodynamic response is

const. v2/e ~ 0.2 @ RHIC

•Exp. data reach hydrodynamic

limit at RHIC for the first time.
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Number density per

unit transverse area

• Dimension

• 2D+boost inv.

• EoS

• QGP + hadrons (chem. eq.)

• Decoupling

• Sudden freezeout

NA49(‟03) Kolb, Sollfrank, Heinz (‟00)

Dawn of the hydro age?
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Systematic Mass Effects

all quark flavors share a common flow field

* elliptic flow shows a strong hydrodynamic mass effect

Huovinen, PFK, Heinz, Ruuskanen, Voloshin, PLB 503 (2001) 58

J. Castillo for the STAR collaboration at Quark Matter 2004
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v2 vs. pT

Large values indicate strong sensitivity to the system geometry for 
production at all measured pT

v2 at intermediate pT is grouped by quark number

Intermediate pT
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A possible solution to the puzzle:

parton recombination
R.J. Fries, C. Nonaka, B. Mueller & S.A. Bass, PRL 90  202303 (2003)
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Recombination+Fragmentation Model

basic assumptions:

• at low pt, the quarks and antiquark spectrum is 
thermal and they  recombine into hadrons locally “at 
an instant”:

 features of the parton spectrum are shifted to higher pt in the 
hadron spectrum

• at high pt, the parton spectrum is given by a pQCD 
power law, partons suffer jet energy loss and hadrons 
are formed via fragmentation of quarks and gluons

qq M qqq B
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Recombination: Pro‟s & Con‟s

Pro’s:

• for exponential parton 

spectrum, recombination is 

more effective than 

fragmentation

• baryons are shifted to higher 

pt than mesons, for same 

quark distribution

 understand behavior of 

protons!

Con’s:

• recombination violates entropy conservation

• gluons at hadronization need to be converted

recombining partons:

p1+p2=ph

fragmenting parton:

ph = z p, z<1
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Recombination: new life for an old idea

Heavy-Ion Phenomenology:

• T. S. Biro, P. Levai & J. Zimanyi, Phys. Lett. B347, 6 (1995)

ALCOR: a dynamical model for hadronization

 yields and ratios via counting of constituent quarks

• R.C. Hwa & C.B. Yang, Phys. Rev. C66, 025205 (2002) 

• R. Fries, B. Mueller, C. Nonaka & S.A. Bass, Phys. Rev. Lett. 90

• V. Greco, C.M. Ko and P. Levai, Phys. Rev. Lett. 90

• R. Rapp & E.V. Shuryak, Phys. Rev. D67, 074036 (2003)

Anisotropic flow:

• S. Voloshin, QM2002, nucl-ex/020014

• Z.W. Lin & C.M. Ko, Phys. Rev. Lett 89, 202302 (2002)

• D. Molnar & S. Voloshin, nucl-th/0302014
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Recombination: nonrelativistic formalism
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• use thermal quark spectrum given by: w(p) = exp(-p/T)

• for a Gaussian meson wave function with momentum 
width ΛM, the meson spectrum is obtained as:

• similarly for baryons:
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Recombination: relativistic formalism

• choose a hypersurface Σ for hadronization

• use local light cone coordinates (hadron defining the + axis)

• wa(r,p): single particle Wigner function for quarks at hadronization

• ФM & ФB: light-cone wave-functions for the meson & baryon respectively

• x, x’ & (1-x): momentum fractions carried by the quarks

• integrating out transverse degrees of freedom yields:
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Elliptic Flow: partons at low pt

 ) )2

2 1
1 2 cos 2

2
p

t t p t t

d N dN

p dp d p d
v

p
f

f p

 
  

 

 )  )
 )

 ) )  ) )

 ) )  ) )

2

2 1
0

2
2

0 1
0

sinh cosh
cos 2

cos 2
sinh cosh

st t

s s

t p

t t

s

s

s s

p m
d I K

T T
v p

p m
d I K

T T

p

p

f f

f

f

 f  f

 f  f

   
   
   
    

   
   
   
   





 )  )  ) )  )
 )

0 2

0

111
ln 1 cos 2

2 1
and

1 /
p t p

t
s t

t

s

t

p p
p p


 f f


  

 
    

 

• azimuthal anisotropy of parton spectra is determined by elliptic flow:

• with Blastwave parametrization for parton spectra:

(Фp: azimuthal angle in p-space)

• azimuthal anisotropy is parameterized in coordinate space and is 
damped as a function of pt:
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Do multi-strange hadrons flow?
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• Data indicates

approximate 3:2 scaling 

with constituent quarks

• Baryons are generally

below mesons

•Decrease of v2 at high pT

Is this rough scaling a 

signal for recombination?
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The tool: qMD

qMD : Quark Molecular Dynamics

(a toy model for hadronization)

• out-of-equilibrium transport model, 

(Vlasov equation)

• provides a hadronization prescription 

• essentially realizes a dynamical 

quark recombination approach
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Parton/Hadron Transport

Stoecker

Aichelin CassingKo
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Fluctuations are THE tool!?

• Fluctuations might provide information on

- deconfinement/confinement
- correlation length
- thermalization
- nature of the QGP
- critical point

• Is it that easy?
- finite time and volume
- non-equilibrium
- hadronization
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Quark Molecular Dynamics
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Trajectories
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Hadronization procedure
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Some properties: equilibrium
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• For „real‟ physics use UrQMD initial state

• dissolve strings into „free‟ quarks

• evolve system with qMD
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Entropy consideration

<N>

<m>
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Entropy and recombination
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The idea behind conserved 

charge fluctuations
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Fluctuations and suceptibilities
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Comparison to lQCD (I)
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Comparison to lQCD (II)
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• Hadron gas 

seems to be 

pretty similar 

to QGP…

( A. Majumder et al, Phys. Rev.C 74 (2006) 054901 )
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Charge ratio fluctuations
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Pion gas, D ~ 4

Quark gas, D ~ 1
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Can one observe the fluctuations 

in the initial state?

See e.g. Shuryak et al, 

Phys.Rev.C63:064903,2001 
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Experimental results
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Recombination and fluctuation
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See also…

• Bialas: Recombination blur ratio 

fluctuations (Phys.Lett.B532:249-251,2002)

• Nonaka: Recombination blurs ratio 

fluctuations (Phys.Rev.C71:051901,2005 )

• Ma: Hadronization blurs ratio fluctuations
(SQM 2007)

• Present work: 
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Charge transfer fluctuations
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qMD results on kappa
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Baryon-Strangeness Correlations
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Time evolution
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Conclusions


