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The strongly coupled quark-gluon plasma

Emplrical evidence from RHIC (and LHC) data

- Strong opaci,‘cg of matter (jet quenching, energy loss,...)
- Collective behavior (elliptic flow, ...)

- Small vatio of viscosity to entropy density

- Small thermalization time, ete

why this is puzzling
- The coupling constant is not small, but not huge ay ~ 0.3 +0.4

- Strict perturbation does not work, but successful reswmmations exist
- Understanding of early stages of Hi collisions relies on weak coupling

Clue

- «Strong coupling» behavior may appear at weak coupling, when many
degrees of freedom contribute coherently (e.9. collective phenomena, BCS,
caC, ete)
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Thermod Yywa mical constderations

inttial conditions (o ~ 1/0;)
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Chemieal potethaL does not help

Assume that the nmber of gluons is conserved
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Formation of a Bose-Binsteln condensate

(Whew elastic processes dominate)

Most parthLes are Ln the BEC
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BEC contributes Little to the energy density
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Note: ovevpopuLatiow disappears at equilibrivim
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Note: tnelastic processes inhibate the formation of a condensate







simpLe Rinetic equation and two mearta nwt scales

Now expanding plasma
0:f(k,X) = Crlf]

A very schematic distribution function

1 I Ag
f()~— forp<As  f(p)~—=2 forAc<p<A,  f(p)~0 forA<p
Qs @ W)
IV\ILJCLQLLa, t~1/0;s Ag~ A~ Qs
n small angle approxtmation AaAS _ fo dp ng
of NA (L [df  a
Bl 7519 {P dp + Xsf(l?)(l + f(p)) AA2

. Eﬁ dp p*f(1 + f)

s

Note: when f ~ 1/a, all dependence on coupling disappears

Note fixed point for BE distribution with T = Ag/a;
Thew, T ~A~A/a, (thermalization condition)




SimpLe estimates

Mowmentum integrals dominated by hard scale

1 1 €g
ng ~ —A*A € ~ —AN — ~
a’s g I’lg
n=nc+ng € ~ Nem ~ ne {VAA,
m2 ~ fdp de(p) NAAS
dw,
From transport equation
lscat = P,

S

Note: the colliston timee Ls tndependent of &




Thermallzation

Time dependence fixed by 2 conditions
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The rate of inelastic and elastic processes
are comparable
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Recall that theve ts no ‘equilibrium’ condensate with tnelastic
processes

However the formation of a transient condensate is possible.
whether it occurs or not Ls an tnteresting, difficult, gquestion.







Longitudinal expa WSLOW
Simple (boost invariant) expansion
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Note: meawn field terms have been dropped. But they are tmportant.
€.9. instabilities may lead/maintain momentum Lsotropy.
nstead, ASSUME
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Bose-Elnsteln condensation. ...
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wWith Pa rtiele mumiber conserved,
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If nelastic processes important, situation wnclear....




The Quark-Gluow plasma formed iw the early stages of
heavy tow collisions Ls strongly interacting with ttself up to

para metriea Ly Late times whew the system therma lizes.

A transient BEC may form on the way to thermalization




