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Nonequilibrium dynamics

Relativistic heavy-ion collisions explore
strong interaction matter starting from a
transient nonequilibrium state

Thermalization process?

Schematically: :
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ACharacteristic nonequilibrium time scales? Relaxation? Instabilities?



Short-time dynamics

AAnisotropy of the stress tensor T; In a local rest frame:

oblate anisotropy ! T, » T, A T, “ ‘

Isotropization time t,,? In the absence of nonequilibrium instabllities:

tso » A1/9T)

L—— characteristic momentum of typical excitation

AWeibel instability:
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Nonperturbative description that contains all possible mechanisms:

Real-time lattice QCD
AQuantum simulation not possible so far (stochastic quantization?)

AClassical-statistical simulation: includes all fluctuations with

NAKX) , AY) Ji A HAKX) , A(Y) i
i.e. foccupation numbersfiA 1 (includes, in particular, HTL / Vlasov)

physics of nonequilibrium instabilities ! high occupation numbers

AClassical simulations well tested for quantum evolutions in scalar theories:
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Classical-statistical lattice gauge field simulations
Romatschke, Venugopalan (CGC); Berges, Gelfand, Scheffler, Sexty

Wilson action:  S[U] = —@ > > {leﬂ (Tr Uyy + Tr U 3) — 1}
1
+0.) ) {2T1‘1 (Tr Uy i +TrU; L) — 1}

Here: b= b,/ g= b, g= 4, axial-temporal/Coulomb gauge

Initial conditions: Normalized Gaussian probability functional
P[A(t=0),l,A(t=0)]: hA(t) A(t) © = s DA(0) DKA(0) P[A(0),LA(0)] A(t) A(t) o
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with DA D, (extreme anisotropy)
C is adjusted to obtain a given energy density ¢ e.g. €xpyic ~ -5 FeV/im?




(IA(tP) / A(t=0, p)I*)

Characteristic time scales
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Comparison SU(2) vs. SU(3)

0.9
08 r i LX
oy ok 0 X -
0.7+ R B R
0.6 r . gg %ﬁ i i
05 | ek Dl
04 ¢ 0 su@)primary -
0.3 ¢ SU(2) primary <
XXy (3) secondary -+t
02 1 +i+ T Xx (2) secondary +--%--
0.1 TLoX y
ol TR X xkx %
: : L _01 1 1 1 1
0 50 100 150 200 250 0 05 1 15 2
1/4
te p2/81/4

Berges, Gelfand, Scheffler, Sexty, PLB 677 (2009) 210

Yoo = 1.6 — 24fm/c  (RHIC),

o SU(3)
Yobow = 13 —20fm/c  (LHC).

) reduced primary growth rates by about 25% for given e with D/et4 =1
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Measured in units of the characteristic screening masses My g, and
My sy3), respectively, the primary growth rate is independent of N,

Gsue) ! Gsup) = (314) £ (Dsyp)/ Dsyg) ) - Ci >

Dsu) = Dsuy) I-€. 25% reduction, Dy / Dgy) = (8/3)Y* i.e. only ~4%



Alnitial conditions with faster isotropization/thermalization?
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D/ el4 ¢ 1 corresponds to rather fhomogeneousiifield configurations (D, / €4 ¢, 1)
I Nielsen-Olesen?



Pressure

Spatial Fourier transform of stress tensor T™{t,x): P_(t,p) for n=n=3, P.(t,p)

fast @ slow
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Fast bottom-up isotropization for momenta:

p,. 1GeV



Kolmogorov wave turbulence
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A Scaling exponent k close to the perturbative value k = 4/3
See however: Arnold, Moore PRD 73 (2006) 025006; Mueller, Shoshi, Wong, NPB 760 (2007) 145

A Different infrared behavior? Nonthermal IR fixed point?
(Infrared occupation number » 1/g2 )  strongly correlated)



AApparent discrepancy:
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Wave number k/m

ACompare scalar instability dynamics (parametric resonance):
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Slow dynamics: Nonthermal RG fixed points

RG: micrascopedwith varying resolution of length scale

~ 1/k

Fixed point: physics looks the same for 6 arkedoldgtions (in rescaled units)

scaling form, e.g. dength rescaledocorrelator
1 1 i |
o= e~ o (Fik>™) =0

@ccupation numberdexponent
similarly, retarded propagator:

<— anomalous dimension

Typically not for all resolutions: AIR fixed point fork! 0
AUV fixed pointfork! d 6



