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PART I. Thermalization process in heavy-ion collisions
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Little Bang by P. Sorensen and C. Shen
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Thermalization in weakly coupled non-Abelian plasmas

final detected

Relativistic Heavy-Ion Collisions particles distributions
1 1 Kinetic o
Thermalization
_— i I Hadronization I —
. In tial ener
‘l *dens}ygy
é g r 'Ié <
g —p: N i’g — —_— = ]
Figs. by T. =
Epelbaum
Hydrodynamical simulations:
pre-.
. . . lib . :
» Quick thermalization “dynamics | viscous hydrodynamics | ¢e streaming
collision evolution e

* Nearly ideal fluid

t~0fm/c Tt~1fm/c © ~ 10 fm/c t,\,1015fm/c

. _ . In Bjorken coordinates:
High energy (weak coupling) limit .

3
' I icl — 2 _ 332 _
in heavy-ion collisions o, < 1 T=t*—(2°)?, n=artanh (—t )

(Microscopic theory: Quantum Chromodynamics, QCD) Longitudinally expanding metric:
9w (1) = diag (1,-1, -1, —72)
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Thermalization in weakly coupled non-Abelian plasmas

Initial state: CGC, Glasma and classical fields
- Talk by T. Lappi

Color glass condensate (CGC) effective theory: ir?llis’lR’I:\Tcll\JlhiﬁlilliZ?t-hg?::iagO& 4\23%”(‘;%01%6)"6‘”’

Decomposition of hard (sources) and soft (plasma) partons; contains saturation scale Qg

Glasma: Initial state of weakly coupled HIC at Q.7 = 0"

Longitudinal chromo-electric and chromo-magnetic (classical) fields;
Boost-invariant at LO in g; 2+1 D classical equations of motion

Color charge densities of nuclei Gaussian distributed in
transverse coordinates (McLerran-Venugopalan model)

Schenke, Schlichting & Venugopalan,
PLB 747, 76 (2015)

« If functions of impact parameter - IP Glasma model, recent papers: _ o
Lappi, Schenke, Schlichting

* We consider homogeneous and isotropic initial conditions & Venugopalan, arXiv: 1509.03499

At NLO include vacuum fluctuations - explicit breaking of boost-invariance, instabilities
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Thermalization in weakly coupled non-Abelian plasmas

Plasma instabilities at early times

Literature: Mrowczynski (1988); Arnold, Lenaghan & Moore (2003); Romathscke & Strickland (2003);
Romatschke & Venugopalan (2006); Fukushima & Gelis (2012); Berges & Schlichting (2013); ...

: . >N 1
Strongly correlated, mainly gluonic plasma created [ = Eordp, " . > 1
Classical background Plasma instabilities ~ Over-occupied plasma

+ vacuum fluctuations

1<Q,t<log’(cr,")

Gluon distribution: f(x,p,,v)

Berges, Schenke, Schlichting & Venugopalan,
Nucl. Phys. A 931, 348 (2014)
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Thermalization in weakly coupled non-Abelian plasmas

Nonperturbative approach: Classical-statistical simulations

Typical initial conditions Weak couplings but highly correlated system

Over-occupation IC Weak coupling limit g> — 0 while ¢°f = const

> no
o 2 : . .
g 7 [> Fields follow classical evolution!
>
(&)
S o p Observables averaged over (quantum) IC
f(pr,p2,710) —@@ (Q Ve +( fo 2)? )
o Many field theory examples:
ccupancy Anisotropy

Micha & Tkachev ; Smit & Tranberg; Nowak, Sexty & Gasenzer ;
Berges, KB, Schlichting & Venugopalan; Kurkela & Moore; ...
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Thermalization in weakly coupled non-Abelian plasmas

Nonperturbative approach: Classical-statistical simulations

Typical initial conditions Weak couplings but highly correlated system

Over-occupation IC Weak coupling limit g> — 0 while ¢°f = const

Fields follow classical evolution!

Occupancy f
Q |:
o
4

Observables averaged over (Qquantum) IC

Classical equation of motion: D, F*" =0

(Dynamics in link variables U
and chromo-electric fields E)
A =

Initialization: A (x, 7o) _/
p

Ca,A(P) 5;9) (p, (10)) €P* + c.c.)

Gaussian distributed /

complex random numbers

Fock-Schwinger gauge:

Mode functions: solutions
of free equations of motion
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Thermalization in weakly coupled non-Abelian plasmas

In general for field theories:

Nonthermal
fixed point Strong correlations: Far-from-
equilibrium initial conditions (I1C)
Far from
equilibriu @
/ Nonthermal fixed point (NTFP)

Initial
conditions v' Partial memory loss

__ Thermal “; ggfessrﬁl:rigdsapﬁ]r_lgsence
r _simi ynami
Close to equilibrium
equilibrium p

f(pT'}p277-) — TafS (T pTvT’sz)
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Thermalization in weakly coupled non-Abelian plasmas

Transverse shape of distribution

10

9? f(p7.p,=0,7)

Occupation number:
=
%]

—
=]
o]

Turbulent thermal-like
distribution ~ 1/pr

Q=500 ——
Q1=1000 ——
Q1=2000 ——
Qr=4000 ——
Q” Npjarg Qlpy wmee

0.1 1
Transverse momentum: p;/Q
Berges, KB, Schlichting & Venugopalan,
PRD 89, 074011 (2014)

Self-similar evolution

Pt

Q,p,.1)

Gluon distribution: 92 f(pr

f(pt?pZJ T) - Tafs (Tﬁpta Tﬁypz)

0.04

0035 |
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Longitudinal shape of distribution *

10

Q,p,.1)

Rescaled distribution: (Qt)™ 92 f(pr

-06 -04 02 0 02 04 08
Longitudinal momentum: p, / Q

-4 -3 -2 -1 1] 1 2 3 40
Rescaled momentum: (Qt)" p,/Q

Berges, KB, Schlichting & Venugopalan,
PRD 89, 114007 (2014)

Scaling exponents

a ~ —2/3
B~ 0
v o~ 1/3
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Thermalization in weakly coupled non-Abelian plasmas
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Berges, KB, Schlichting 65 i

& Venugopalan,
PRD 89, 074011 (2014) 1

1

Occupancy N4

113 |

\Q
Higher anigotropy

lattice data

BGLMV (const. anisotropy)

R —

Smaller occupancy

Thermalization scenarios
Baier, Mueller, Schiff, Son ( BMSS ), (2001)

Bodeker ( BD ), (2005)

Kurkela, Moore ( KM ), (2011)

Blaizot, Gelis, Liao, McLerran,
Venugopalan (BGLMV ), (2012)

Reminder: Self-similar evolution
f(pT:pz: t) - tafS(tﬁpTv tpypz)

Simulations approach
nonthermal fixed point with
scaling exponents

a = -2/3
g = 0
v = 1/3

Nonthermal fixed
point matches the
BMSS scenario!
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Thermalization in weakly coupled non-Abelian plasmas

,Bottom-up’ thermalization scenario Baier, Mueller, Schiff & Son,
PLB 502, 51 (2001)
2')‘1;\ 3 20 D3 o o
Description within effective kinetic theory (AMY) with @ - ="« and w\,< processes
Jﬁjy”@bu 1 - .
Arnold, Moore & Yaffe, JHEP 0301, 030 (2003)
Overoccupied plasma f > 1 [> Underoccupied plasma [ <1
10 — -". IIIIIII T IIIIIII| T IIIIIII| I TTTE
% 0.01
& ] e
< : = 0.0001
e 2
8" 3 1e-06
E ot
£ o2 Qe=500 —— 3 le-08 25
S 10 Qt=1000 —— 12.5
= ) 000 le-10 6.25
8 1073 9" Mriara Q/PT =270 le-12 l |
o1 Transverse momentum: p-,-ld 0.1 1 10 100
Momentum: p/T
BBSV, PRD 89, 074011 (2014) Kurkela & Lu,
Classical attractor Radiational breakup, wave ~ PRL113,182301 (2014)
. turbulence & thermal IR Blaizot, lancu & Mehtar-Tani,
Occupancy \ , anisotropy / > Talk by Y. Mehtar-Tani PRL 111, 052001 (2013)
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Thermalization in weakly coupled non-Abelian plasmas

,Bottom-up’ picture and onset of hydrodynamics

Kurkela & Zhou,
‘ : 1506.06647 .
Full ,bottom-up® evolution Onset of hydrodyncamics
( X = 4ra, N, extrapolated to moderate values = 5, 10) T ; T[fim/c]
I T IIIIIII I T IIIIII| T T ] 4/:; I lllllll I I IIIIHI—“ I I.Il
10000 |- 1 5, T gui
o A g=10 ] == T
= 1000 S >
~ E 4 \3 “eool as 0.3 _
2 N N\ N o =
S 100 - SN T A2 sa ) 2 .
2 ‘ -==73 2 I | — Kinetic thy.
= N\ -1 2 ) Ist order hydro |
< 10 &3 - = I - 2stdm 51 g(llo
. . 3 = . I - Znd order 10 []
- A=10 ] © I' I Y
1 + 1 1| ] L1 1111l ] L 111111 ] ]
0.01 0.1 1 (0L 1 10 100
Occupancy: <pAf>/<p> Q1
3 stages: i) classical scaling; ii) anisotropy Hydrodynamics already at 7 S 1fm/c |

freezes; iii) radiational breakup
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Thermalization in weakly coupled non-Abelian plasmas

Summary of part I:
The entire thermalization process

|4
_ 0+ _ 2 -1 - 73/2 = 13/9
QST — 0 QST - ln (O!s ) QST = Qs QST = Qs
;:. 10
kK e 10000 E
g %, : :
Q -l r o5
& &' & ok 2
g £ i = 1000 =
= o o E n
5 > £ Te
£ I 5o
g g 2
g £ £ 100 3 z
< < 2 Q=500 —— E E g — Kinetic thy.
s Q=1000 —— < B ) r
8 2 Q::ZOUO - & ol Eb_ , |=— Istorder hydro
a0 3 S I |==2nd order hydro
100 9" Nygarg Qlpy =ome F 0.001 ||\'| | L
= . L1 | Ll L1 | 10 100
Transverse momentum: p;/Q 60] 0.1 | &

Occuhancy: <pA>/<p>
Classical NTFP; | Constant anisotropy, | Hydrodynamics,
' Radiational breakup;' Thermalization

Instabilities:

Glasma;

,Bottom-up’ scenario based on AMY kinetic theory;
Ghiglieri, Moore & Teaney,

Outlook: What changes with NLO contributions in g? arXiv: 1502.03730
arXiv: 1509.07773
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Thermalization in weakly coupled non-Abelian plasmas

Summary of part I:
The entire thermalization process

2,1 —3/2 —13/5
QsT = 0t Qs7=1In (as ) QsT = as Qs = as
;:. 10
) 2 10000 :
~ Ty = I
Q -l r o5
. E 1 & [ g
S 2 {1000 =
5 ° - E §
£ 107 E r ; X
a 2 ]
@ £ £ 100 2
i 2 ) 3 5 e
5 £ 02 Q=500 —— 2 E g — Kinetic thy.
= g a0 Z 10- | 2 ,’ - - Istorder hydro
o % Qr=4000 —— E 8 I |=2nd order hydro
S s Nitarg QU =me E I
w0 [ 0.001 il T R
= . I | Ll L1 | 10 100
Transverse momentum: p;/Q 601 0.1 1 QT

0ccu.pancy: <pA>/<p>
Constant anisotropy, | Hydrodynamics,
' Radiational breakup;' Thermalization

Instabilities; ' Classical NTFP;

Glasma;

Next: closer look
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Part II: Universality classes and remaining puzzles

Massless scalar field theory (O(N)) Non-Abelian gauge theory (SU(2))
5= [ardarint (% Oupa)O) — g3 (Pusa)” S = [ drdaran T Fg,Fo
Tan 5 nPa vPa NN PaPa Tan v

Compare nonthermal fixed points in longitudinally expanding geometry

J. Berges, KB, S. Schlichting and R. Venugopalan:
PRL 114, 061601 (2015) ; arXiv: 1508.03073 ;

05.10.2015 | Institut for Theoretical Physics, Uni Heidelberg | Kirill Boguslavski | 16




Universality classes and remaining puzzles
What we are after: Scaling regions and universality classes

Scaling region (close to a nonthermal fixed point)
- Self-similar evolution of distribution function f (= slow dynamics, memory l0ss)

for,pz.7) =1fs (°pr, 77p.)

with scaling behavior of typical scales for® pp TP~
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Universality classes and remaining puzzles
What we are after: Scaling regions and universality classes

Scaling region (close to a nonthermal fixed point)
- Self-similar evolution of distribution function f (= slow dynamics, memory l0ss)

for,pz.7) =1fs (°pr, 77p.)

with scaling behavior of typical scales for® pp TP~

Classification: universality classes far from equilibrium
- Scaling regions, described by their exponents «, 8, y and the scaling function f5(x,y), may
be classified in universality classes if compared between different microscopic theories

NTFP Close to 2nd order PT
Analogy: Time scale T Temperature scale 7 = (T-T.)/T,
Self-similar evolution Critical slowing down
Scaling exponents & function Critical exponents & surface
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Universality classes and remaining puzzles

Scalar nonthermal attractor: Different scaling regions 1), ii) and iii)

A N ' ' _ Pz
S b =5 . ] y
gI:I "s," R o T/ 0= 10 A
i L "s,‘ A . T/ Tg = 20 n 1 S
a 1 2 - '!‘. A ®, _ r
= 0 SN T/ 1= 8_2 . Pt
S w0'f Vs
= . . Wi~ S : .
g o - Regions ii) and iii):
e 10 -
S _ Local conservation of particle
3 107" ; number and energy density in pr:
g 102 | scalarfields Tdn/dpr, Tde/dpr
' o are time-independent
BBSV, .
PRL 114, 061601 (2015)  Transverse momentum: pr/Q Effectively no flux in p;!
Reminder: Self-similar evolution implies a—vy = -1
- f(pr,psy ) =T fs(TPpr, T7p.) | B = 0
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Universality classes and remaining puzzles

BBSV,

Longitudinal dynamics in scaling region ii) PRL 114, 061601 (2015)
04 . ; S 1 gauge: B34 scalar:
Utg= 40 o ? 0%

~ 035p  Momentum P ttg= 60 - fg ¥ t t/14=1.0
z as | broadening - » tUtg= 85 “_& 08} Y. n 1/11 =15 .
g gy, HRST0 e 3 I B /=20
.% 0.25 | & & B 1/1,=25 =
5 o2} :‘_.-"'"'_ _"'_-.:: e 06 A Q\ 1
£ 0.15 | F Y S & %
= 01l e e 5 04 F é& X
a W s 5 x

005 | o B i 1 2 . :

Fit function:
o s . i) 2 02} f ) X
-0.4 0.2 0 02 0.4 T & Exp(-x©/2) ====" \&
Longitudinal momentum: tp,/ (Qtg) . 8 ,_,J-‘? f"‘ar_ .
A Iz Rescaling 0 ke . , \ i)
with -3 -2 -1 0 1 2 3
Longitudinal momentum: (‘C/‘C1)Y p, / 6,(Q/2)
‘ pr
a = —2/3 | |eads to time-independent distribution!
= 1/3 - -
e v /3| Well described by Gaussian shape.

Reminder: Self-similar evolution

f(prpes7) =7 fs(7Ppr, D)

________________________________________________

Same form as for gauge theory! (also exponents)

Common universality class!
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:O)

Distribution function: A f(p1,p,

- Scaling range ii) given by Af ~

— N
o o
N w

-
o
N

Universality classes and remaining puzzles

Where is common scaling region?

° I 'I;/’Cc,: 5
. T/15=10

scalar fields

102

:0)
8—[

N
o
o
e

—_
o
N

—_
S
N

Distribution function: g”f (pr.p,

0.1 1
Transverse momentum: p;/Q

gauge fields

—_
e
w

—2/3
T o~ P2/207

pT

0.1 1
Transverse momentum: p{/Q

2_fdpzp§fN

with o, = T=2/3
[ dp- f

- Exponents and structure insensitive to initial conditions (memory loss)

J. Berges, KB, S. Schlichting, and R. Venugopalan: PRD 89, 074011 + 114007 (2014) ; arXiv:1508.03073
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Universality classes and remaining puzzles

Puzzles

Gauge theory:

v' Gauge theories for p 2 mp and f > 1/ag well described by

Ty, o3

. . . . . \) _ZRQ{,W 995):5 2y, &3

effective kinetic theory (AMY) including TR e
Arnold, Moore & Yaffe Baier, Mueller, Schiff & Son, Berges, KB, Schlichting & Venugopalan, Kurkela & Zhou,
JHEP 0301, 030 (2003) PLB 502, 51 (2001) PRD 89, 074011 (2014) 1506.06647

BUT: Thermalization scenarios suggested influence from IR (plasma

instabilities, condensates, ...) 2 no influence from IR? Why?

/ \

Bodeker ( BD ), (2005) Blaizot, Gelis, Liao, McLerran,

Kurkela, Moore ( KM ), (2011) Venugopalan (BGLMV'), (2012)
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Universality classes and remaining puzzles

Puzzles
Pressure ratio: "R
Parametrically: N
& 1},{}11%'31{; fd3pp§/wf til%gs (Q’T)_2/3
Pr [ Bpp3/wf

Discrepancies because of IR?

Gauge Scalars
o, - ng = 80 ieie
"W"”";,,(. ng = 35

Pressure ratio: P /Pt

o
—

In scalar theory nontrivial IR dynamics!

1 10
Time: ©/1, BBSV, arXiv:1508.03073

Scalar theory:

£, L t/19=20
How can region ii) be microscopically understood? = ° AN -
E oo} ! LR
How important is soft region for it? 5 o
. § 107
How does Bose condensation emerge? i .| scalars

0.1 1
Transverse momentum: pr/Q
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. . . . A pz
Universality classes and remaining puzzles
-
Self-similar evolution in IR pr
Reminder: Self-similar evolution BT R ' Utg= 8 o .
' < 3 T wee =15 meo. k
: 3
fpr,p2y7) =7 fs(TPpr, T7p2) | Stk N, FhTe e
|_______________________________________________JI -I:z' .........
o = § ot
Exponents: R
— 2 10° 1O F
/8 — 2/3 3 10:’ -
. . . T 10 10 F
From isotropic evolution Y= B ] 10°
2 10°
S 10° bt |
o 10°
Particle number conservation % 1o 001 prlQ 01 |
0.1 1
3
n~ f d°pf ~ 1/ T Rescaled momentum: (1/1,)" p/Q
Berges, KB, Schlichting & Venugopalan,
Physical picture: Inverse particle cascade to IR arxiv:1508.03073

Bose condensation far f ilibri I J. Berges & D. Sexty, Pinerio Orioli, KB & Berges,
ar rrom equiibrium:  pre 108 (2012), 161601 PRD 92, 025041 (2015)
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Universality classes and remaining puzzles

Kinetic approach: Vertex-resummed kinetic theory

IR dynamics contains very high occupancy 1/A> f.

Possible solution: vertex-resummed kinetic theory based on 2P1 1/N expansion to NLO

. . . ] Berges & Sexty,
Loosely diagrammatically written: _  PRD 83, 085004 (2011)
> Rigorously:

x — >< _ U — Pinerio Orioli, KB & Berges,
1+ X< PRD 92, 025041 (2015)

. ; . ; . . . . Pinerio Orioli, KB & Berges,
The is kinetic theory explains scaling properties in expanding PRD 92, 025041 (2015)

and also nonexpanding scalar systems. Berges, KB, Schiichting & Venugopalan,
arXiv:1508.03073
What IR dynamics exists in gauge theories?
How to describe it?
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Universality classes and remaining puzzles

The entire attractor in longitudinally expanding scalars

S o + w41 Reminder: Self-similar evolut o
o e eminder: Self-similar evolution
& a2 e
i 10 ‘»"s," A .'. i f(pTapzuT) - TafS(TBpTaTPYpZ) i
E o[ P -, s, fem
T [ v "m._'“
3 wof %tan,
&
g Berges, KB, Schlichting & Venugopalan,
0 .
E scalar fields arxiv:1508.03073
a 107
0.1 1
Transverse momentum: p;/Q
Fixed points e 8 Afs
-1
) 1 2/3 ((p/0)712 + (/) %)
_ 2 2
i) —2/3 1/3 prl eP/20%
i) _1/2 1/2 SeCh(pz/Jz)
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Conclusion:

« Many aspects of thermalization process in heavy-ion collisions at weak couplings
understood; early onset of hydrodynamics 7 < 1fm/c:

* Glasma - Instabilities - ,Bottom-up’ = Hydrodynamics, thermalization

* Nonthermal scaling regions may be classified in universality classes; universality
between scalar and gauge theories in expanding geometry found

Outlook:

* IR region needs to be better understood in gauge theories.

* What changes when i) quarks, ii) NLO contribution to AMY Kkintic theory or
i) structure in spatial transverse plane are included?

* How comes that expanding scalars show same scaling region as gauge theory?
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Gluon distribution: f(z p,  v)

? f(pr.p,=0.0)

Occupation number:
3
S

Q=500 ——
Qr=1000 ——
Qr=2000 —+—
) Qr=4000 ——
0 Nyjarg Qlpy =ome

0.1 1
Transverse momentum: p;/Q

Anisotropy: P./P

T T TTTTIT

T IIIIIII| T

0.1

| ]

10

T T TTTT T T

— Kinetic thy.
== Istorder hydro
= 2nd order hydro

10000 3 T T T T
3 F o4
§:10 E SO e fL"—
1000 4 =
e \] s
] ool K ol ,’
_______ o F
100 - I E
Porl R E
———— 2 g | ]
10 E § L :'
A IO : 0001 1 i B ||||\'
et e BALLBe 11 1 10
6.01 0.1 1

Occupancy: <pAf>/<p>

Thank you for your attention!

100

Qt

3 "\‘ * .
107 Fs, . ] Nonthermal
, SNt e fixed point
10 23 . -\,‘-‘ A .o. 7
. e, Far from
o' b D W ] equilibrium y7
....... . My .'JA.A:A‘:,. /
ol T —m Initial
. ii) ""'"‘\w conditions
107" F B
scalar fields "W R . Th'ef-rg].al
102 L Close to equilibrium
L equilibrium
0.1
05.10.2015 | Institut for Theoretical Physics, Uni Heidelberg | Kirill Boguslavski | 28



BACKUP SLIDES
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Dispersion relation: o(|p])/ Q

Universality classes and remaining puzzles

D=

Scalar fields infrared scaling region: i) gypanding

Dynamically generated mass

0.35 Mass fitto @/ Q -+ 1

10 20 30 40 50 60 70 80
Time: 1/t

01 p_°

Time:

/19 =10
T/TO =20
/1o = 40
T/TO =80

® = |p|

v

0.1
Momentum: |p|

Dispersion relation fit: \/m?2 + p2

m(T) ~ 71~

p
/Q

1/3

(approx.) isotropic distribution

pr

Te  9=90° e

L
X, £ =600
" ., 6=230°
LI xf“ 6= 0° =«
»
"i% A

Distribution: A f(6,|p|)

0.01 0.1 0.01
Momentum: |p|/Q

All momenta in i) below mass! p S m
Effectively nonrelativistic infrared region
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. . . . A pz
Universality classes and remaining puzzles
Universal scaling function Expanding br
a | T L.am,
Afs = _ Y,
= o+ oo | : ~
Expanding

with ke >~ 0.5, K> = 4.5 —5H Nonexpanding
fs( pr, P,=0) fit
Same function for nonexpanding:

- O(N) scalar theories (N > 1)

Normalized scaling function: A fg/a

0.1 1
- Nonrelativistic scalars Normalized scaling variable: pr/b

Nonexpandlng scalars Reminder: Self-similar evolution

flpr,pzy ) = 7 fs(m7pr, T7p.) |
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Longitudinally expanding scalar fields

Bose-Einstein condensation

S If global Bose condensate
2 exists, then the scalar field
I‘ol’" 10° ‘ zero mode should scale as
=3 !
o & 2¢(3 2
5 F(p=0)~ ¢?0%(p) ~ >V
. 10" Vr=(64ar), L,=256a,
S 2 J. Berges & D. Sexty, PRL 108 (2012), 161601
T vy, 2L, .
. 2
8 5°Vr ., 3L, -
2 102 : _ _ _
§ (Qar =05, a, =5-1077) Bose-Einstein condensation
3 : . far from equilibrium observed!
1 10
Time: 1/1
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Universality classes and remaining puzzles

Break-down of classical dynamics in scalar theory

Classical pressure (intermediate p;)

Longitudinal Pressure

Classic Az A2
- i FTT Cl p2
assic 3 p
Pr~ Az ATTT pPT
Quantum part: o, . angie ~ A2/A2
Coll
dNLa(i"ge— angle
1 dt ~ JLarge—aHgleN ha.rd(T )
AT dNEOH |
NLarge—ang]e(T) ~ Nhard(T) ar§e angle
T
: > nt
' Ti A AT3/2 Pgua (1) ~ NLarge—angle(T)AT
ime: TT

Break-down at same time when classical approximation breaks down: [ ~ 1

No new constraint!
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=0)

Distribution function: X f(pr,p,

t/ty= 5 : : oL :
) e/ =10 Longitudinal distribution at hard p
- B 1/15=20 =
\,'“‘ 8
AR b 1} - Hard transverse
1) mag tea = T = 607 ‘.’ "ﬂ,‘ _
...................................... Wi 1420 =~ A momenta:
< 08} § % pr=15Q .
— 4 %
S § % pr=20Q
¢ ) —
c 06 F ; L} PT= 25Q .
scalar fields .g 7 LY
2 ¢ 5
' ' 2 04¢ H %
0.1 1 = J :,
. H k!
Transverse momentum: p/Q ,% Py Function: ‘\
- wd Sech(x /2) === e
Q - o,
At late times a non-thermal fixed- pomt Q 9 ;“"" - -1 - -1 - i

emerges at large momenta.

It has a hyperbolic secant shape, which has a broader tail than the Gaussian function.

oy — — — —
S o o o o
—_ o —_ N w

—_
<
N

Longitudinally expanding systems

Scalars fields hard-momentum fixed-point: Inertial range 3)

Sign for large angle scatterings?

X (242

Longitudinal momentum: p,/c,(py)
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Longitudinally expanding systems

Scalars fields hard-momentum fixed-point: Inertial range 3)

Self-similar evolution at large p; | Logarithmic slope of hard scale

f(pr,p=7) =7 fo(pr, 77 p2) 25 — S—

27" =1.05+0.1

. . ",>-
Longitudinal hard scale >
=
A2 (T) ~~ fdQPdepz PEW(P) f(pTapz:T) g
g | @pr [ dp- w(p) f(pr,p:it) %
_271 ] o aE
~7 S =12,ng= 5 o |
E ' R ) %8= 1 ,ng=45 ——
— » IR s
Independent of initial conditions! & . . §g= R
Q . =1 .ng= 15 —o—i |
. i . §8= 1 no= 35 o
e nTO !.- &,0= 2 ,n0= 15 —a—
2 05 I o . &= 4 .np=15 — ]
§ > 1 10 100

Q p

f(pr,ps,70) = 32O (Q — VpE+ (éopz)Q)

Time: /71,
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