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Matter at extreme conditions

Squeeze slowly - Cold, dense matter
Squeeze fast — Hot, “dense” matter

(1) is much more difficult to do than (2):

Cold matter beyond nuclear matter density (p; > p,= 0.15 fm3)
exists only in the core of collapsed (neutron) stars.

(2) Happened once: t < 20 us after inflation.

Can also be achieved by colliding nuclei at high energy.
30 years of history: Bevalac, AGS, SPS, RHIC - LHC.

Goal: energy density € » M p, = 0.14 GeV/fm3.
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Cosmic Connection
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Degrees of freedom

m

B At extreme (energy) density, particle masses can be
neglected relative to the kinetic energy:

vOrm E
E=V Wwm E=+71+ U’
n(277)3 e +1 " \/ L
a7 /& (fermi
E=V aT4 Wlth a — = ( ernnonS)
30 1 (bosons)

Quarks: V =2x2xN_ . xN_ =12N,
Gluons: v =2x(N_-1)=16
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Hadrons or partons?

M=

If QCD had N_light quark flavors, there would be (N2-1)
nearly massless Goldstone bosons (“pions™):

For large N, the pions win out over quarks, but
for N.=3 the quarks and gluons win out:

— at high T'matter 1s composed of a colored
plasma of quarks and gluons, not of hadrons!
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QCD phase diagram
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From hadrons to QGP
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— P 4 QGP = quark-gluon plasma
E = 30 V1
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Crossover of phases

Susceptibilities peak at 7, but do not diverge. Vacuum

properties change smoothly, but rapidly — “crossover”
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Aokietal (Nature 2006)
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T, [MeV]
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Quasi-particles in the QGP
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Physical excitation modes at high T are not elementary quarks and
gluons, but “dressed” quarks and gluons:

T Compton scattering

on a thermal gluon!

Propagator of transversely polarized gluons

’ + O
Dk =ah —k> - (eT) E _lew kG wrkd

2Ck wr w-k E
N T |
. mG I II q—) \/_ gT
— Effective mass of gluon: 3
* o - (r 1
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Theori
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Lattice - susceptibilities
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Color screening

Theory

Static color charge

(heavy quark) generates

screened potential

a. _
@ =t e
V

/

-N’¢f = gpl(¢) + g pi(¢)

Induced color density p° = — > ¢f

NF

with . =(gT)", K, :6(gT)2
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Turbulent color fields
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Quark masses

Hxgs
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The QCD EoS (at p=0)
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The precise value of T, is still under debate:

T.=170 £ 20 MeV with 20 - 30 MeV width.

EoS near T, is far from ideal ultrarelativistic gas!
Sound velocity c.> = 0P/de << 1/3.
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Into the T-u; plane

Theory
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|s there a phase transition”?
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3-flavonr phase diagram
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A triple point 7

Fodoretal hep-ht0701022
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