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Elementary Physics Story 
on Color Instabilities 

in Quark-Gluon Plasma
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Hadrons, Quarks & Gluons

baryons mesons
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Confinement

Electrodynamics Chromodynamics
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Confinement cont.
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The potential is studied 
in spectroscopy of quarkonia.
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Asymptotic Freedom
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Asymptotic Freedom cont.
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Charges are screened

Charges are antiscreened!

Quarks as fermions produce diamagnetic effect 

Gluons as bosons produce paramagnetic effect 
Gluons win! 
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Creation of Quark-Gluon Plasma

compression of nuclear matter

heating up hadron gas

3~ Thadron
density

1 fm
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Natural system of units: Bc k 
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normal nuclear density
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Hadron Gas

Quark-Gluon Plasma
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12

Relativistic heavy-ion collisions
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Quark-Gluon Plasma vs. EM Plasma

Quark-Gluon Plasma
Electromagnetic
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Ultrarelativistic Quark-Gluon Plasma

Tmq 

Plasma constituents – quarks & gluons – are massless!

Temperature T is often the only dimensional parameter.

3~ Tdensity:

1~l T inter-particle spacing:

4~ Tenergy density:

4~p Tpressure:
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Weakly Coupled Quark-Gluon Plasma

Plasma from the earliest stage of relativistic heavy-ion collisions
is assumed to be weakly coupled. 
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Asymptotic freedom formula:
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Plasma manifests collective behavior 
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Screening length 
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Plasma oscillations 

E

charge fluctuation
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Plasma frequency 
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Landau damping 
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Resonance energy transfer from electric field to particles with v = vφ



21

Instabilities
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Plasma instabilities

instabilities in configuration space – hydrodynamic instabilities

instabilities in momentum space – kinetic instabilities

instabilities due to non-equilibrium 
momentum distribution
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Kinetic instabilities

longitudinal modes – )(e~,|| krEk  ti

transverse modes – )(e~, krjEk  ti

E – electric field,  k – wave vector, ρ – charge density, j - current

Which modes are relevant for QGP 
from relativistic heavy-ion collisions?
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Logitudinal modes
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Logitudinal modes
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Parton momentum distribution in AA collisions

Longitudinal unstable modes are irrelevant
for relativistic heavy-ion collisions.

Momentum distribution has a single maximum 
and monotonously decreases in every direction.
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There are unstable transverse modes.
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Evolution of Parton Momentum Distribution
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Seeds of instability
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Mechanism of filamentation
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Time scale & collisional damping
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The instabilities are fast!
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Growth of instabilities – 1+1 numerical simulations

SU(2) Hard Loop Dynamics

A. Rebhan, P. Romatschke & M. Strickland, Phys. Rev. Lett. 94, 102303 (2005)

γ* - maximal growth rate
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What is the role of instabilities in nuclear collisions?

Instabilities speed up equilibration of quark-gluon plasma
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Thermodynamic equilibrium in nuclear collisions

Chemical equilibrium

A. Andronic, P. Braun-Munzinger, K. Redlich and J. Stachel, 
Nuclear Physics A 904-905, 535c (2013)

Kinetic equilibrium

particle spectra

collective flow
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Isotropization - particles

Direction of the momentum surplus
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Isotropization – numerical simulation

Classical system of colored particles & fields
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Isotropization - fields

Direction of the momentum surplus
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Conclusions

Non-equilibrium QGP can be unstable

Unstable transverse modes are relevant for AA collisions

Instabilities drive equilibration


