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Discovery stage  Precision physics 

Physics of heavy ion collisions and the quark 
gluon plasma is getting matured: 

Main focus in this talk: 

Towards precise description of space-time 
evolution using hydrodynamics after initial 
conditions 





http://www.bnl.gov/bnlweb/pubaf/pr/pr_display.asp?prid=05-38 



PHENIX, Nucl. Phys. A 757, 184 (2005) 

Three pillars of 
modeling 
• QGP ideal hydro 
• hadronic cascade 
• Glauber type 

initial conditions 
 

Other sets of 
modeling? 



T.Hirano et al., Phys. Lett. B 636, 299 (2006) 

Triangular shape of v2(h) 
after all! 
 
Undershoot the data at 
midrapidity in central 
collisions 



T.Hirano et al., Phys. Lett. B 636, 299 (2006) 

CGC and perfect fluid, 
are they compatible? 



𝜀part > 𝜀std 

PHOBOS,  
Phys. Rev. Lett. 98, 242302 (2007) 



B.Alver et al.,  
Phys. Rev. C 77, 014906 (2008) 

Elliptic flow is generated 
with respect to 

participant plane (x’-y’) 
rather than 

reaction plane (x-y). 



• System could (hydrodynamically?) respond to 
such a fine structure. 
• Is local thermalization achieved in such a 

short length scale (~1 fm)? 
• Number of particles is quite small in such a 

small system. 
• Concept of hydrodynamics? Is ensemble 

average taken? Event-by-event hydro 
• Higher harmonics? 
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Figures adapted from talk 
by J.Jia (ATLAS) at QM2011 

Two particle correlation 
function is composed 
solely of higher harmonics 
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Hadronic cascade 
 
3D ideal hydro 
 
Monte Carlo I.C. 
(MC-KLN) 

*Figure in PHENIX Decadal Plan (2010) 
adapted from MY figure… 



1

𝑁
 initial condition single initial condition 

conventional 
hydro 

event-by-event 
hydro 



v2{EP}, v2{2}, v2{4}, v2{6}, v2{LYZ}, … 

Hydro-based event generator 
 Analysis of the outputs almost in the same 
way as experimental people do. 
 
Demonstration of vn analysis according to 
event plane method by ATLAS setup. 
E.g.) Centrality cut using ET in FCal region 

ATLAS, arXiv:1108.6018 



𝜀𝑛 =
𝑟2𝑒𝑖𝑛𝜙

𝑟2
 𝑛𝜓𝑛 = arg 𝑟2𝑒𝑖𝑛𝜙  

40-50% 

Almost boost invariant 

*All calculations performed by K.Murase 



𝑅𝑛 = cos 𝑛 𝛹𝑛
1 −𝛹𝑛

2  

Reaction (Event) plane is not known 
experimentally nor in outputs from E-by-E H2C.  

Event plane method 
Event plane resolution using two subevents 

𝑛𝛹𝑛 = tan−1
 𝐸𝑇,𝑖 sin 𝑛𝜙𝑖

 𝐸𝑇,𝑖 cos 𝑛𝜙𝑖
 

c.f.) A.M.Poskanzer and S.Voloshin, Phys. Rev. C 58, 1671 (1998) 



ATLAS, arXiv:1108.6018 

Even Harmonics Odd Harmonics 

# of events: 80000 (Remember full 3D hydro+cascade!) 

Subevent “N”: charged, -4.8< h < -3.2 (FCal in ATLAS) 
Subevent “P”: charged, 3.2< h < 4.8 (FCal in ATLAS) 



𝑣𝑛 EP 𝜂, 𝑝𝑇 =
1

𝑅
cos 𝑛 𝜙 − 𝛹𝑛

𝑃/𝑁   

Even Harmonics Odd Harmonics 

Not boost inv. almost boost inv. for epsilon 

40-50% 40-50% 



Even Harmonics Odd Harmonics 

40-50% 40-50% 

vodd{RP}~0 
veven{EP}>veven{RP} 
due to fluctuation 

vn{RP}: vn w.r.t. reaction plane known in theory 



0-10% 40-50% 

v2{EP} ≈v3{EP} v2{EP} > v3{EP} 

𝜂 < 1 𝜂 < 1 

Note: e2>e3  
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Finite number of 
hadrons 
 
Thermal noise 
 
Initial configuration 
of nucleons and 
particle production 



𝜂 = lim
𝜔→0

lim
𝑞→0

1

2𝜔
 𝑑𝑡𝑑𝑥 𝑒𝑖(𝜔𝑡−𝑞𝑥) 

× 𝑇𝑥𝑦 𝑡, 𝑥 , 𝑇𝑥𝑦(0,0)  

Slow dynamics is extracted.  How slow? 
Finite relaxation time is crucial in relativistic 
dissipative hydrodynamics to be causal. 



Π 𝑡 =   𝑑𝑡′𝐺 𝑡, 𝑡′ 𝐹 𝑡′   

Within linear response 

Suppose 

𝐺 𝑡, 𝑡′ = 
𝜅

𝜏
exp −

𝑡 − 𝑡′

𝜏
𝜃(𝑡 − 𝑡′) 

one obtains differential form 

Π 𝑡 = −
Π(𝑡) − 𝜅𝐹(𝑡)

𝜏
 

Simplified Israel- 
Stewart Eq. 



Π 𝑥 =   𝑑4𝑥′𝐺 𝑥, 𝑥′ 𝐹 𝑥′ +  𝜉(𝑥) 

𝜉(𝑥)𝜉(𝑥′) ≈ 𝐺(𝑥, 𝑥′) 

Thermal fluctuation must be important in 
event-by-event simulations: 

dissipative current 

thermal noise 

thermodynamic force 

For non-relativistic case, see Landau-Lifshtiz, Fluid Mechanics 

Fluctuation  Dissipation 



𝜉 𝑥 ∝
1

∆𝑉
 

In RFH, fluctuation depends naturally on 
local volume. 

• Information about coarse-grained size? 
• Fluctuation term ~ average value? 
• Need to consider (?) finite size effect in 

equation of state and transport 
coefficients 





 Glauber, Color Glass Condensate, or any 
other production mechanism 

 Implement Monte-Carlo method 
 Fluctuation from nucleon configuration 
 Full 3D (even in Glauber) 
 Fluctuation of production mechanism 

itself 
 Switchable among models of production 

mechanism 
 Thermalization(?) 



 Lattice equation of state (finite size effect?) 
 Arbitrary temperature dependence of 

transport coefficients (finite size effect?) 
 Full 3D causal dissipative hydro code 
 Robust algorithm against shock wave 
 Fluctuation terms in constitutive equation 
 Interface with hadronic cascade 
 Less numerical costs, in particular, at 

freezeout 



 Compatible with PDG hadron list 
 Interface with hydro output (or, in general, 

arbitrary phase space distribution as an 
initial condition) 

Weak decays 
 



• Fluctuation would play an important 
role in dynamics of QGP 

• More sophisticated dynamical model is 
required towards precision physics 

 
• Finite baryon density for lower energy 

collisions 
• Incorporate of hard/rare probes(?) 



𝜕𝜇𝑇
𝜇𝜈 = 𝐽𝜈  

• Jet quenching might affect dynamics at LHC  
(and even at RHIC) 

• Many jets could disturb fluid elements (or 
even heat them up?) 

• Beyond linearized hydro  Full solution 
• How to non-perturbatively formulate Jm? 





STAR, Phys, Rev. Lett. 86, 402 (2001) 

pT integrated v2 for 
charged hadrons  
at midrapidity 
as a function of centrality 
for the first time at RHIC 



STAR v2 data 
 comparable with 
ideal hydro prediction 
by Kolb et al. (v2~0.2e) 

P.F.Kolb et al., Phys, Rev. C 62, 054909 (2000) 



Triangular shape in 
pseudorapidity 
 v2 scales dN/dh rather 

than eccentricity. 
  Hydro prediction 
(v2 ~0.2e)? 

 
PHOBOS,  
Phys, Rev. Lett. 89, 222301 (2002) 



Result from ideal hydro  
~ v2 near  midrapidity 
 This already indicates 
importance of viscosity 
in forward/backward 
region. 

 
T.Hirano, 
Phys, Rev. C 65, 011901 (2001) 



PHENIX PID v2 data 
• Mass splitting pattern 
 Consistent with ideal 
hydro results (caveat*) 
• Quark number scaling 
 Collective flow of quark 
d.o.f. 

PHENIX, Phys, Rev. Lett. 91, 182301 (2003) 



Mass splitting pattern 
from a radial flow effect 
Developed in late 

stage, not early stage 
Not necessary from 

hydro calculations 
*Less rescattering 
particles need not follow 
the pattern. 

P.Huovinen et al.,  
Phys, Lett. B 503, 58 (2001) 

*T. Hirano et al., Phys. Rev. C77, 044909 (2007). 


