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How to compute     in unstable QGP ?q̂
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Jet quenching @ RHIC

near-side away-side

Away-side jet is suppressed
in central collisions

trigger

q

q

near-side

QGP

away-side

J. Adams et al. [STAR Collaboration], Nucl. Phys. A757, 102 (2005) 
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Momentum transverse broadening

Radiative energy loss of a fast parton is controlled by

dt
tpd
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≡ Baier, Dokshitzer, Mueller, Peigne & Schiff 1996
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Is QGP strongly 
coupled ?

From experiment: /fmGeV15ˆ/fmGeV5.0 22 ≤< q

pQGP ?
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Anisotropic QGP @ RHIC

Lp

Tp

Lp

Tp

Anisotropic QGP is unstable due to magnetic plasma modes
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Momentum broadening in anisotropic QGP

P. Romatschke, Phys. Rev. C75, 014901 (2007) 

R. Baier and Y. Mehtar-Tani, Phys. Rev. C78, 064906 (2008) 

Anisotropic (unstable) QGP 
was treated as a static medium

constˆ =q

Unstable QGP is generically time dependent

teq γ2~ˆNumerical simulations

A. Dumitru, Y. Nara, B. Schenke & M. Strickland, Phys. Rev. C78, 024909 (2008);
B. Schenke, M. Strickland, A. Dumitru, Y. Nara & C. Greiner, Phys. Rev. C79, 034903 (2009)
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Fast parton in QGP
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Wong’s equation of motion

Initial value problem

Gauge condition
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A. Majumder, B. Müller, and St. Mrówczyński, arXiv 0903.3683
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Langevin problem
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How to compute fluctuations in unstable systems?

Equilibrium methods are not applicable

We deal with the initial value problem

The kinetic theory method by Klimontovich & Silin, Rostoker,
Tsytovich, see E.M. Lifshitz and L.P. Pitaevskii, Physical Kinetics

St. Mrówczynski, Acta Phys. Pol. B39 (2008) 941 - Electromagnetic Fluctuations
St. Mrówczynski, Phys. Rev. D77 (2008) 105022  - Chromodynamic Fluctuations
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Transport equations
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free streaming mean-field force  
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Time scale of collisional processes

Time scale of processes driven by parton-parton scattering

( )Tg/g
~t

1ln
1

4hard
hard scattering: q ~ T

q

( )Tgg
t

/1ln
1~ 2soft

soft scattering: q ~ gT

Tg
t 1~collecTime scale of collective phenomena

collecsofthard
2 1 tttg >>>>⇒<<

The instabilities are fast if QGP is weakly coupled
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Small fluctuations

),,()(),,( 0 prppr tQQtQ δ+=

fluctuationThe distribution function of quarks

stationary colorless state )()(0 pp nQ ijij δ=

|),,(||)(||,),,(||)(| 00 prpprp tQQtQQ pp δδ ∇>>∇>>

),,(~),(),,(),,(),,( 0 prrArrBrE tQttAtt δ

quarks only, inclusion of antiquarks and gluons: )(2)()()( pppp gcnNnnn ++→
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Linearized equations

Transport equation
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Initial value problem
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Transformed linear equations

Transport equation
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Solution
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Fluctuations of E field
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B, ρ, j are given by E

From Maxwell equations
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Initial values

Using Maxwell equations

E0(k), B0(k), ρ0(k), j0(k) can be expressed through δQ0(k,p) 
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Initial fluctuations
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Fluctuations of free distribution functions cont.
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Fluctuations in isotropic (stable) system
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Fluctuations in isotropic (stable) system
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Fluctuations in equilibrium system

Long time limit )','()','(),(', rrrr −−=∞→
∞

ttftEtEtt j
b

i
a

( )
k

rrkrr
,

)'()'(
3

3

)2(2
)','(),(

ω

ω

ππ
ω j

b
i
a

ttij
b

i
a EEekddtEtE ∫∫ −−−−

∞

∞−
∞
=

fluctuation spectrum

Fluctuation dissipation relation

⎥
⎦

⎤
⎢
⎣

⎡

−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+= 2222222

3

, |),(|
),(Im

|),(|
),(Im2

kk
k

kk
k

kk ωεω
ωεδ

ωεω
ωεωδ

ω
T

T
ji

ij

L

L
ji

abj
b

i
a

kkkkTEE

( ) 222
2

, |),(|
),(Im2
kk

kk
k −ωεω

ωε
−δωδ=

ω
T

Tjiijabj
b

i
a kkTBB



24

Fluctuations in unstable systems
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Gauge dependence

)'()()',( xKxHxxL baab ≡Generic correlation function:

Infinitesimal gauge transformation
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colorless background

Actual correlation function: )',()',( xxLxxL ab
ab δ≡
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( ) )',(1)',( 2 xxLNxxL caa −= - gauge invariant!
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Momentum broadening in equilibrium QGP
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Momentum broadening in equilibrium QGP
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Momentum broadening in thermal field approach
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Momentum broadening in unstable QGP

Two-stream system longitudinal electric fields only
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Conclusions

Unstable QGP is generically time dependent

teq γ2~ˆ


