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Reminder- From Lecture 2
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• A new state of matter (QGP?) is formed in 

Au+Au collisions at RHIC

 Densities 30-60 x normal nuclear density

 Inferred temperature ~ 2 x that required for phase 

transition to QGP 

• Today: Is it fluid ?

 Why it‟s nearly perfect

 Why it can‟t be perfect
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Initial State
Does this tremendously hot and dense material 

behave as a fluid?

3. Initial State

Hydrodynamic flow 
from 
initial spatial 
asymmetries
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Recall Assertion

• We have (a posteriori) control over the 

event geometry:

 Two possible scenarios:

“Free” quarks and gluons

19-Nov-08

“Strongly-coupled” quarks and gluons

W.A. Zajc
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Motion Is Hydrodynamic

x

y
z

• When does thermalization occur? 

 Strong evidence that final state bulk behavior 

reflects the initial state geometry

• Because the initial azimuthal asymmetry

persists in the final state       

dn/df ~ 1 + 2 v2(pT) cos (2 f) + ...
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Flow In Pictures
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The Flow” Is Large

• Value of v2 in
dn/df
~ 1 + 2 v2 cos (2 f) + .. 
saturates 
at ~ 0.2

• Hydrodynamic 
calculations
show this modulation
is 
 characteristic of 

a  state  of  matter

 established in the 
earliest (geometrically 
asymmetric) stage
of the collision

 at  t < ~ 1 fm/c with 
energy density
e > 5 GeV / fm3
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The Flow Is    Perfect
• The “fine structure” v2(pT) for different mass particles shows 

good agreement with ideal (“perfect fluid”) hydrodynamics

• Roughly: ∂nT
mn =0  Work-energy theorem 

  P d(vol) = DEK  mT – m0  DKET

~
8
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The Flow Knows Quarks

• The “fine structure” v2(pT) for different mass particles shows 
good agreement with ideal (“perfect fluid”) hydrodynamics

• Scaling flow parameters by quark content nq resolves 
meson-baryon separation of final state hadrons

baryons

mesons
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Baryons Are Different
• Results from 

 PHENIX (protons and anti-protons)

 STAR (lambda‟s and lambda-bars)

indicate little or no suppression of baryons 

in the range ~2 < pT < ~5 GeV/c

• One explanation: quark recombination (next slide)



02-Jul-09 W.A. Zajc

12Recombination
• The in vacuo fragmentation of a 

high momentum quark to produce 

hadrons 

competes with the in medium

recombination of lower momentum 

quarks to produce hadrons

• Example:

 Fragmentation: Dq→h(z) 

♦ produces a 6 GeV/c p

from a 10 GeV/c quark

 Recombination:

♦ produces a 6 GeV/c p

from two 3 GeV/c quarks

♦ produces a 6 GeV/c proton

from three 2 GeV/c quarks 

Fries, et al, nucl-th/0301087

Greco, Ko, Levai, nucl-th/0301093



02-Jul-09 W.A. Zajc

13

Recombination Meets Data

• Provides a “natural” explanation of

 Spectrum of charged hadrons

 Enhancements seen in p/p

 Momentum scale for sa

Fries, et al, nucl-th/0301087

...requires the assumption of  a 

thermalized parton phase... (which) 

may be appropriately called a 

quark-gluon plasma

Fries et al., nucl-th/0301087

“Extra” protons sampled 

from ~pT/3
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Connecting Soft and Hard Regimes

Scattered partons on the “near side”   
lose energy, 
but emerge;

those on the “far side” are totally absorbed  Really ?
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• Mach cone?

☑ Jets travel faster than the   

speed of sound in the medium.

☑ While depositing energy 

via gluon radiation.

QCD “sonic boom” (?)

To be expected

in a dense fluid

which is 

strongly-coupled

Fluid Effects on Jets ?
15
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High pT Parton  Low pT “Mach Cone”?
16

• The “disappearance” is that of the 

high pT partner

• But at low pT, 

see  re-appearance

• and

• “Side-lobes”

(Mach cones?)



02-Jul-09 W.A. Zajc
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• The “disappearance” is that of the 

high pT partner
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see  re-appearance
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Suggestion of Mach Cone
• Modifications to di-jet hadron pair correlations in Au+Au collisions at √sNN = 200 GeV, PHENIX 

Collaboration (S.S. Adler et al.),  Phys.Rev.Lett.97:052301,2006

A “perfect” fluid 
response!

DF
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http://www.slac.stanford.edu/spires/find/hep/wwwauthors?key=6273653
http://www.slac.stanford.edu/spires/find/hep/wwwauthors?key=6273653
http://www.slac.stanford.edu/spires/find/hep/wwwauthors?key=6273653
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RHIC Success
20
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Hydrodynamic Behavior
• Superimposed on the thermal (~Boltzmann) distributions:

 Collective velocity fields from 

 Momentum spectra ~ 

 „Test‟ by investigating description for different mass particles:

• Excellent description of particle production (P. Kolb and U. Heinz, hep-ph/0204061)
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Behind The Equations

• Q. OK, what does this mean? 

• Answers:




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0j,0T
μ

Bμ

μν

μ 

maF  0Tμν

μ

conserved  is  number  baryon0j
μ

Bμ 



Stress-Energy Tensor Reminder
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• Tmn  m-th component 

of energy-momentum density 

in n-th “direction”

• Examples:

 T00

 T11

 T12 =  (Force)1 per unit area in 2 direction  Shear stress

• Energy-momentum conservation:  0Tμν

μ 
02-Jul-09



Perfect Fluids

• Defined as

 Isotropic in fluid rest frame

 Incapable of supporting a shear stress

• So T00 =  e, Tij =  P d ij in the fluid rest frame . 

• Q. How to write as proper Lorentz tensor ?:

• A. Use fluid four-velocity  um to express as

Tmn =  (e+P)umun - gmn P 

02-Jul-09 W.A. Zajc
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Exercise 1:  Check this.



Ideal Hydrodynamics
• That is, the hydrodynamics of a perfect fluid:

• Not enough to solve:

Still need “equation of state”

►(could be as simple as P = e / 3 )

 Even with E.O.S., still hard without further 

simplifying assumptions:

♦ Examples:

o Expansion in 1D only (Landau, Bjorken)

o Uniform 3D „Hubble‟ expansion (Csorgo)
02-Jul-09 W.A. Zajc
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Exercise 2:  Verify 
these  statements.



Innocuous Question

• Why  ideal  hydrodynamics ?

• (The fluid version of the frictionless plane)

• Answers:

 It works

 Non-ideal  very hard to do relativistically

 But for relativistic fluids, argument from Landau

justifying  ideal hydrodynamics (to follow)

02-Jul-09 W.A. Zajc
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Fermi 1950

• Fermi (1950)
 “High Energy Nuclear 

Events”, Prog. Theor. Phys. 

5, 570 (1950) 

 Lays groundwork for 

statistical approach to 

particle production in strong 

interactions:

♦ “Since the interactions of 

the pion field are  strong, 

we may expect that 

rapidly this energy will be 

distributed among the 

various degrees of 

freedom present in this 

volume according to 

statistical laws.”

♦ (Emphasis added by WAZ)

28
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Landau 1955 
• Landau (1955) 

significant extension 

of Fermi‟s statistical model

• Considers fundamental roles 

of

 hydrodynamic evolution

 entropy

♦ “The defects of Fermi‟s theory 

arise mainly because the 

expansion 

of the compound system 

is not correctly taken 

into account…

(The) expansion of the 

system can be considered 

on the basis of 

relativistic hydrodynamics.”
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Perfection  (No) Viscosity

• Isotropic in rest frame 

 No shear stress 

 no viscosity,  h = 0

• Primer: 

 Remove your organic prejudices

 Viscosity  ~ mean free path

 Small viscosity  Small  lmfp

 Zero viscosity  lmfp = 0 (!) 

mfppn lh ~

y

v

A

F xx




 h

X
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http://www.noria.com/learning_center/category_article.asp?articleid=294&relatedbookgroup=OilAnalysis
http://www.nyu.edu/classes/tuckerman/stat.mech/lectures/lecture_21/node6.html
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Landau on Viscosity
1) Use of hydro relies on R/l >> 1

2) Negligible viscosity h equivalent to 
large Reynolds number Re  rVR / h >>1

rVR / h ~ V R / vth l

but for a relativistic system 

V ~ vth

so

Re >>1  R /  l >> 1 ; see #1
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Summary- Lecture 3

• Strong evidence that initial-state spatial asymmetry 
appears as final-state “flow” .

• The flow properties of QGP in Au+Au collisions at 
top RHIC energy is roughly consistent with perfect 
fluid (h=0) hydrodynamics:
 Particle mass dependence of v2(pT)

 Scaling of same with KET

• Theoretical argument (Landau) suggests 
applicability of hydrodynamics to relativistic 
systems is approximately equivalent to requiring 
perfect fluid behavior. 
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