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Isolated quantum systems and universality in extreme conditions




Non-equilibrium QCD descriptions at weak coupling ays — 0
At high energies mid-rapidity is dominated by small Bjorken-z gluons
m p ~ @, saturation scale > Agcp, strong gluon fields A, ~ o%s >1
= classical-statistical simulations

m decoherence of classical fields at 7Qs > 1
= kinetic evolution of gluon phase space distribution f
Séren Schlichting, Initial Stages 2016
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High temperature gauge kinetic theory

Boltzmann equation for distribution f of quark and gluon quasi-particles.

Arnold, Moore, Yaffe (2003)[1]

p
ang,q - fapzfg,q = _C2<—>2[f] —Cie2 [f]
Leading order processes in the coupling constant A = 4w N

2 <> 2 elastic scatterings: gg <> 99, qq <> qq, q9 <> 9q, 99 <> qq

drC u t 2 4+ u?
B P = v aett [0F<t+u>—cA( - )]

Hard Thermal Loop resumed propagators, screening mass mp ~ g1’

1 < 2 medium induced collinear radiation: g <> gg, ¢ <> qg, g < qq
]{?/2 +p/2
_ 2 _ /. /
T< = |M,| W Fq(K's=p', p)
—_———
splitting rate

Resummed multiple scatterings with the medium (LPM suppression).

QFT = transport theory = hydrodynamics
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“Bottom—up” thermalization scenario Baier, Mueller, Schiff, and Son (2001)[10]

Evolution of initially over-occupied hard gluons p ~ Qs > Aqcp
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Berges, Boguslavski, Schlichting, Venugopalan (2014) [9]

Kurkela and Zhu (2015), Keegan, Kurkela, AM and Teaney (2016), Kurkela, AM, Paquet, Schlichting and Teaney (2018)
[2, 3,5, 4]
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“Bottom-up” thermalization scenario

Baier, Mueller, Schiff, and Son (2001)[10]

Evolution of initially over-occupied hard gluons p ~ Qs > Aqcp
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Part |: Self-similar evolution at weak couplings



From classical simulations to kinetic theory

[classical—statistical Yang—MiIIs]

[kinetic theory of gluons]
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Self-similar evolution of distribution function
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Scaling in leading order QCD kinetic theory

(2 g2, 2
% e (p7 +&%p32)

o0=0.1, ¢g=10"3, €£=2

Initial conditions f, =
Scaling regime is reached at late times

Foipey) =77 2B fs (0, 73p), T = T/ Tret
7—2/3fg(pJ_7pz - 07 T) .

N

pressure anisotropy
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QCD kinetic theory QCD kinetic theory — 1
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evolution.

Approach to a non-thermal fixed point in full QCD kinetic
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Pre-scaling regime in QCD kinetic theory
Non-equilibrium dynamics undone by self-similar renormalization

fopr,pr,m) =0 fg(rFDp 77,

AM and Berges (2018) [8], cf. Micha and Tkachev (2004) [12]
Scaling exponents «(T), (1), ¥(7) can be time dependent!

scaling exponents
T

T fo(pi,p. = 0,7)
QCD kinetic theory —“"
*

0.1 °©

L. . . ... pre-scaling z

AT/T =10.28

1073

I
T

0.1 1
pL
scaling

Much earlier collapse to scaling solution f¢ — pre-scaling regime.
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Extracting scaling exponents from integral moments

Pre-scaling evolution f,(py,p.,7) = 77 fo(r8p,  77(p,)
imposes relations between integral moments

tonn(7) = [ DTl p1,pey) e 70RO )
1

Momentum range of scaling < number of moments obeying scaling.
Consider 5 triples of moments: {1,p., |p.|}, {1,p?,p?2},
{pL, 0% pulpal} A2, P palpal} {101, P2}

Integrals of Boltzmann equation = equations of motion for moments

Tt + 7 = 2nat” / Tlogra+a= Qoo T ()41,

Relaxation to hydrodynamic solution / relaxation to scaling solution
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Time dependent exponents

fowi,pi,7) =70 fo (7P p 77 Dp)

Time evolution encoded into a few hydrodynamic degrees of freedom.
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The onset of thermalization

Consider larger couplings g = 0.1
and evolve until equilibration.

S
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m Pre-scaling before isotropization ! ‘
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m Thermal scaling seen at late times. occupancy (pAf) / (»)

Early time pre-scaling disconnected from late time hydrodynamics.
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The onset of thermalization - ‘ ‘ —

Consider larger couplings g = 0.1
and evolve until equilibration.
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Part Il: Entropy production and hydrodynamic
attractors



Far-from-equilibrium QCD in nucleus-nucleus collisions

Experiments indicate formation and equilibration of Quark-Gluon Plasma

Nuclear collisions and the QGP expansion

collision_evolution particle
expansion and cooling detectors
kinetic r~
freeze-o 4
A— hadronization distributions and

. correlations of
energy density \ produced particles

- < chh >
[ Gerpram i ‘ dn

degrees of freedom

“J
4
4
D)
h

Lo

S A SN

collision ¥ qartum
overlap zone fluctuations

v~ 0fm/c 1 fm/c
Sorensen, Quark-gluon plasma 4, 2010

m Non-equilibrium initial-state: tractable in weak coupling QCD (CGC)
m Final-state observables: produced particle spectra and correlations

Most basic question: how many particles will be produced in a collision?
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Boost-invariant equations of motion of 1D expansion at early times

Energy-momentum conservation T, = diag (e, Pr, Pr, Pr)

e+ Py,

9

o,e =

T

T<R

Need microscopic input: constitutive relation Py, = Pr (e, T).
m Equilibrium: equation of state

P, 1 4

. ~ 3 = exT 3.

m Near-equilibrium: viscous constitutive equations

P, 1 16n/s

e 3 97T T

n/s —specific shear-viscosity.

Macroscopic evolution far from equilibrium?

12 /20



Macroscopic theory of equilibration: hydrodynamic attractors

Apparent emergence of constitutive relations far-from-equilibrium

Heller and Spalinski (2015)

P, - TT!
L= flw= eff ,  Wwhere Tefr o /2.
2 47/ s
0.35
0.3 -
0.25 +
. 02
~
& 015 -
i /¢/] QCD kinetics — -
01 /4.'/ Boltzmann RTA - -
0.05 - _ 2 YM kinetics —
P AdS/CFT ---
0 f-=-on yiscous hydro‘— i
0.1 1 10

W = 1Teg/(47n/ 8)
see reviews by Florkowski, Heller and Spalinski (2017), Romatschke and Romatschke (2017)
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Similarities of energy evolution in different theories

Integrating equations of motion: Giacalone, AM, Schlichting (2019)
Wiherm d/d'] 1 ( )
e(Ttherm) = €0 €Xp _/ ~ 3 1 ~
o w g — 1 f(w)
3 3
4\ 1 4 S\ 1
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Entropy-production from hydrodynamic attractor

Substitute the early time asymptotics

4 (72 L/4 er/3
(ST)Ttherm - 3 <30 eff> 0_1 Tr 4/9
o0 (47rn/s)

3/4

Final state entropy density:

4 1/3 1/ 2/3
(ST)Ttherm = 30244 ( s) <30Veff> (67)0/ .

Consider nucleus transverse overlap area AL

1/3 2/3
chh %AJ_ ch 403/4< )1/3 L, 1 dEJ_
dn 5 37> s 30 A\ dng /,
—_———

final-state medium properties initial-state

All relevant-prefactors and powers included!

Important to model initial-state energy density (e7)g
= tractable with first principle theory of high-energy QCD.
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Energy deposition in high energy nucleus-nucleus collisions

Collisions of glasma sheets in color-glass condensate effective theory

Local saturation s:cale is proportional to nuclear thickness
Q3 (x1) o T(x1).
Gluon liberation (up to log—corrections)
gluon number (n7)o(x1) oc T<(x1),

gluon energy  (eT)o(x1) o T<(x1)\/T>(x1).

Can now determine centrality dependence of dNcp/dn
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Universal centrality dependence of particle multiplicity

Collapse of rescaled multiplicity = compare with theory models

(

dNg, N
dn

dStherm ngIuons
dn dn
—— ~——

dStherm
) d’r]
—_———

equilibration no equilibration e-by-e fluctuations
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~ 1000+ ¥ U-U 193 GeV (x1.88)
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~ A Cu-Cu 62 GeV (x11.43)
5001
0
o 1.1 T S~ao
R 1.0 1 s SRR T T = .\\
7091 7 7
0 20 40 60

centrality [%)]

b'

centrality = 7b? /oA

Entropy production and e-by-e fluctuations improve agreement with data.
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Initial state energy density

Bjorken formula for initial state energy density
Bjorken __ 1 dEjl_nal

“0 T AL dy
Does not include work done during expansion!
dEifitial dEfinaI
—L - A > L
dy 1(Te)o dy

Including the longitudinal work during expansion in central Pb-Pb get

1 —-9/8 —1/2
) s (™ Coo \ (/s

AJ_ _3/2 dNCh/dn 3/2 <Veff)_1/2 S/Nch 3/2
138fm? 1600 40 7.5 ’

c.f. e~ 0.3 GeV/fm? near QCD cross-over.
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Centrality dependence of initial state energy

Matching multiplicity allows to infer the initial-state energy per rapidity

Bands are variations of C = [0.8-1.15], n/s = [0.08-0.24]

104
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Initial state energy < non-equilibrium properties of QGP.
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Summary and Outlook

m Scaling and pre-scaling present in full QCD kinetic theory evolution.

m a7), B(1), 7(7)—new hydrodynamic-like degrees of freedom for
evolution not around equilibrium.

m Hydrodynamic attractors as a direct link between initial and final
states: simple formula for final state entropy.
m Universal centrality dependence of particle multiplicity and
quantitative estimation of initial state energy.
Outlook:

m Can "bottom-up” thermalization be understood as (pre)-scaling +
hydrodynamic attractor?

m Equilibration of event-by-event spectra of fluctuation, e.g. with
KgMPgST
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Dependence on initial conditions

Vary initial gluon occupation o9 = 0.1,0.6: f, = g—ge—<ﬁ+f2p3>

—
)]

a(r)
B(r)
y(7)

—

<
o

exponents

oo = 0.6

15 7 — -

pre-scaling .

0.01 0.01 pre-scaling 1
T — ' —
scaling scaling

Non-universal pre-scaling evolution of (1), 5(7T), 7(7)

21/ 20



Weighted momentum distribution

f(t,p) = t*fs(t"p)

Pplfp)| Ppflp) Eppfp)
Debye | number energy

< > p/T

<

Moments of distribution function probe different momentum scales.
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Equilibration of perturbations

Non-linearities change the perturbation spectra

2 0 Stherm -

3
Stherm X €y —

Stherm

20
360.

k = 0 perturbation evolution in kinetic theory: de/(e + T%*) = const.

1.05

0.95

0.90

0.85

Se/(e+T™) / init. val.
de/e / init. val. = = - -
e '
9
10 100 1000
705

Keegan, Kurkela, AM and Teaney (2016) [3]

d€therm . §5ﬂ

€therm 9 e
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Equilibration of perturbations

Non-linearities change the perturbation spectra
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k = 0 perturbation evolution in kinetic theory: de/(e + T%*) = const.
Keegan, Kurkela, AM and Teaney (2016) [3]

1.05 ‘ ‘
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1.00 pemrmm—
0.95 | 1 dctherm  80co
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o%F TTeeaa -
7777777777777777777777777777777 8
9
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Non-thermal fixed point (NTFP) for gauge theories

For f ~ A% > 1 classical-statistical Yang-Mills describes gluon evolution
Aarts, Berges (2002), Mueller, Son (2004), Jeon (2005)

later evolution

initial plasma instabilities scaling rescaled
1<Qv<log’(c.") 5 v g
3 s e
% 5
&

06 04 02 0 02 04 06 4 3 2 1 0

1 2 3 4”
L p./Q Qv p,/Q

Berges, Schenke, Schlichting, Venugopalan (2014) [13] Berges, Boguslavski, Schlichting, Venugopalan (2014) [9]
Self-similar scaling = simplification of non-equilibrium physics

fg(pJ_7pZ77_) T fS( pPL,T pz) T = t2 — 22

Universal exponents: o~ —2, B~0, v~ 31

scaling in other systems: Orioli et al. (2015) [14], Mikheev et al. (2018) [15], Priifer et al. (2018) [16], Erne et al. (2018) [17]
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Comparison between constant and time dependent exponents

0)

T3 fy(r,pLspe

1.p:)

g2 fy(ropL

A7/ =0.28

QCD kinetic theory
elastic scatterings - - - -

0.008
0.007
0.006
0.005

0.1
pL

QCD kinetic theory

0.004 =\

0.003
0.002
0.001
0.000

elastic scatterings - - - -

0.01

oM g2 fo(r,pL = 1,p2)

QCD kinetic theory -

AT/ =0.28

0.1

0.01

0.008
0.007
0.006
0.005
0.004
0.003
0.002
0.001
0.000

0.1
pL

QCD kinetic theory

0.1

0.01

25 / 20



Estimates of entropy production in central Au-Au collisions at RHIC

Particle multiplicity is directly proportional to entropy at thermalization

ds S /dNe
— = A N — .
< dy >Ttherm <ST J_>Tthe"m NCh < dn >

Decoherence Freeze-out

‘ Equilibration| | Isentropic expansion‘

dS/dy = 0(~1500| ~4500 5100 5600

PQCD+HTL

T

hydrodynamics

deco Tl]\erm
17Qg 0.5-2 fm/c 7!
Muller and Schafer (2011)
Most of entropy production occurs at early times during equilibration.
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