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Equilibration after bangs

Dark Energy

Accelerated Expansion Early universe (Big Bang)

.y Standard Model matter produced and
T\ equilibrated between inflation and Big
Bang nucleosynthesis (BBN)

Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

ma Heavy-ion collision (little bang)

particles distributions

feeseon Off-thermal plasma produced in initial
collision and equilibrated into thermal

Hadroenization

* hydrodynamic states:
& = Kinetic equilibration
T Yang-Mills plasma (gluon saturated)
equilibrated into quark-gluon plasma
| (quarks + gluon):
viscous hydrodynamics | Fese streati . e .
o streaning_| Chemical equilibration
t~0fm/c T~1fm/c © ~10 fm/c ©~ 101 fm/c
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Solving a set of coupled Boltzmann equations
Including all light quarks/antiquarks and gluon a=g,ui,dd,s,5§

Including LO 22 elastic scatterings and 1«2 inelastic scatterings with back reaction

22: Color screening by Debye mass fit to
Hard Thermal Loop (HTL) calculation

1+<2: Collinear radiation including Landau-

Pomeranchuk-Migdal (LPM) effect via effective
E < vertex resummation
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Evolution of[over-occupied plasma]
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Over-occupied plasma
« Separation of scale

(Plo KT
« Direct energy cascade

low = high momentum

 Initial state in HICs
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Turbulence in QCD equilibration

o typical far-from-equilibrium systems

Evolution of [under- occupied plasma ]
ftt.p)

Under-occupied plasma
« Separation of scale

(Plo > T
* Inverse energy cascade

high = low momentum

« Jets in HICs
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Over-occupied plasma

Self-similar energy cascade

Self-similar scaling spectra

fo@,t) = (t/to)fofs <(t/to)ﬁ

Universal Scaling Function

g_P_
fs ((t/to) (p)())

Scaling Exponents from Yang-Mills plasma = )
4 1

i

Also work for quark-gluon plasma
gluon dominated

L)
(P)o

Quark spectra following gluon spectrum



Over-occupled plasma
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Under—occupled plasma

Wave turbulence
Kolmogorov-Zakharov spectrum
(exponent k=7/2 for gluon)

fer 0,6 = (D) (“”)")

Bottom-up thermalization
1. Emission of (soft) quarks and gluon

| 2. Radiative breakup by multiple

branchings — build up soft thermal

/
®

| 3. Mini-Jet energy loss — heating up

thermal bath



Under-occupied plasma

RN — 1 Wave turbulence
>~ "7 Quark jet | _ _
1. Quark follows k=5/2 to k=7/2
1 2. Gluon follows k=7/2

3. Antiquark follows gluon (secondary
production)
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in-medium jet energy loss and
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Isotropization

longitudinal pressure/energy density
0 (initial) — 1/3 (final equilibrium)
Hydrodynamic constitutive relation:
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Pressure over energy p, /e

o
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Hydrodynamization in HICs

Universal scaling

. (e+pr
(U =—
41n
Recast:
p, 1 4

Pressure attractor

Effective constitutive relation from EKT

B @



Attractor in Hydrodynamization
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Universal non-equilibrium attractor
Pre-equilibrium description connects initial to hydro in HICs

4 1
T.ce \9 /102 9 8
(t*/3e) _ = (zm“ eff) (goveff> (16)2Cor (&)
(TAnf)a) = (TATlf)O

Two-way
Provide input for hydrodynamics
Learn the past !(pre-eq, initial)

e+p
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Pre-equilibrium QGP trajectory

Fix the final equilibrium quantities

From EKT: entropy From EKT: net baryon number
T(e +p— Zf ,qunf) Ang = lAnu+l Ang
(ts) . 3 3
q T
From data: charged particle multiplicity From data: entropy per baryon
dN.,  Nep S s Fos
= 1s) Sy =0.12(zs) S — = z 07
I Ny \thng), il /)
Learn the pre-equilibrium QGP 600
P Q%
1. Apply non-equilibrium attractor 233 - 3@9\” ’
4/3 ol ~\(-4/3 450 :—:Eff < @
(#56), =@ (), e
TAns) . = (tAn S 30
( f )w ( f ) eq = ;gg |‘ —— 5440Gev Xe-Xe
2. Define effective T and pg (Landau matching) 4o Hll—2o - gggi%ﬁfﬁfg
i ; 100 | - eV Au-Au
Non-equilibrium QGP trajectory o | %gfﬁ%ee\ﬂ'ﬂ"u

i 0
(at large baryOn denSIty) 0 50 100 150 200 250 300 350 400

ug[MeV]
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Pre-equilibrium di-lepton production

Electromagnetic probes
Produced through-out HICs, not interacted with QGP, photon, di-lepton
Di-lepton production proportional to exp(-M/T), important at early stage of HICs

—leH_ dp d°p l+l— (4)
d4xd*K — (21)3 (27_[)3 4N z fq(x pl)fq(x pl)qu SW(K —-P, —P,)
Pre-equilibrium quark suppression

- Thermal di-lepton production: fq/5(x,p) Ferrrt}l Dirac distribution
+ Pre-equilibrium di-lepton production: ;;) — ey eq(®)
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Chemical equilibration of QGP --’mf_;il €q(@) o
Quark abundance increases 3 ‘ 5.02 TeV PbPb — Preequiibrum
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Conclusions
V = Pre-equilibrium QCD plasmas

« QCD effective kinetic theory numerical solver at finite density

B Turbulence in pre-equilibrium QCD plasmas
« Self-similar scaling equilibration
« Kolmogorov-Zakharov spectrum
« Bottom-up thermalization

B Pre-equilibrium QCD plasmas and early stage of HICs
« Non-equilibrium effective constitutive relation from EKT
« Universal attractor solution and its applications:
« Pre-equilibrium QGP Trajectory in HICs
« Pre-equilibrium di-lepton production in HICs



