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Introduction: Nonthermal fixed points

General picture for weakly
coupled 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 j ;irTfe scalle igdeper_ldence
equilibrium elf-similar dynamics

Close to

equilibrium

f(p,t) =t fs (t°p)

29.04.2016 | Institut for Theoretical Physics, Uni Heidelberg | Kirill Boguslavski | 3



Introduction: Nonthermal fixed points

Scaling region (of a nonthermal fixed point)

Self-similar evolution of distribution function f

with scaling behavior of typical scales  puyp ~t7 . f(pryp) ~ t°

Classification: universality classes far from equilibrium

Via scaling exponents «, 8 and the scaling function fg(x)

/ 1 _
Analogy: ,RG step“ t — bt :  f'(p,t) = Ro [f(pt)] = o (b p, bt)

NTFP Close to 2nd order PT
Time scale r =t Temperature scale v = (T-T.)/T,
Self-similar evolution Critical slowing down, power laws
Scaling exponents & function Critical exponents & surface
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Introduction: Connecting disciplines
Physics disciplines far from equilibrium

Heavy-ion collisions

Inflationary cosmolo
y 9 at early stages

Ultracold atoms

Relativistic O(N) scalars Longitudinally expanding  Non-relativistic (Gross-
non-Abelian plasmas Pitaevski) scalars

Very different field theories and energy scales!

For weak coupling limit:  Universality classes?
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Introduction: Simulation method

Weak couplings but highly correlated system

Typical initial conditions Classical-statistical simulations

Over-occupation

Initial fields distributed with W [, 7]

= ng

R | E> - Weak coupling limit A — 0 while \f = const

: - Solve equations on the lattice, e.g. U e + 69%1 =0

f(pa tO — no @
- Observables averaged over (quantum) IC
Examples: 1

Micha & Tkachev ; Smit & Tranberg; <O[90: 71']>cl ~ N O[(PCI(CPO: 7"'O)a WC]((POa 71'0)]
Nowak, Scholle, Sexty & Gasenzer ; Samp

Berges, KB, Schlichting & (¢0,m0)

Venugopalan; Kurkela & Moore; ...

Classicality condition:  f(p.t) = v/ {pp){Owp Orp) > 1
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Universality class: scalars in the IR

Massless relativistic scalar Non-relativistic scalars
O(N) — symmetric, A¢* interaction (Gross-Pitaevskii)

P —
‘Bose Condensa%\

log(

[1/)\>>f>>1]

Direct energy

Inverse cascade

particle
cascade

\-b

Distributigh function:

scalar fields

Y

Momentum: log(p)

A. Pifieiro Orioli, KB, and J. Berges,
PRD 92, 025041 (2015)
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Universality class: scalars in the IR

Self-similar evolution

fp.t) =t fs (tp)

Same functional form

a

Ms = Ipl/o=< + (pl/b)=

with K< ~ 0.5, k> = 4.5

Universality class for:
- non-relativistic Bose gases
- O(N) symmetric scalars

Normalized scaling function: fg/a

.......... Pagenst g
| o ’...;-.l.~f.¢.ﬁ
10 h
“‘."
®
Nonrelativistic ~ + h
1 Relativistic (N=2)
10 Relativistic (N=4)
(=) fit
1072
0.1 1

Universal scaling function

Pinerio Orioli, KB & Berges,
PRD 92, 025041 (2015)

Normalized scaling variable: /b
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Universality class: scalars in the IR

Self-similar evolution | Self-similar evolution

o, t) =115 (t°p) |

Pinerio Orioli, KB & Berges,
PRD 92, 025041 (2015)

Inverse particle cascade to infrared

_ s [ o t= 600 ---emrm
Scaling exponents _ 0 1200
?.‘3_, 104 t= 2500 """""
. - g 5000 ----v--e-
a=3/2, f=1/2 § 103 Relativistic (N=2)
=
'-?, 102 pp—rrrrrr—rr——
Particle number conservation © ol LEa” *\xﬁ Original
ks i 1 R distribution
n~ [d®pf = const 8 10°
Q 3 h
= g0t
. e . 10'2 4 N
For non-relativistic and 0.01 0.1 1

Relativistic O(N) symmetric scalars

Rescaled momentum: t° P
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Universality class: scalars in the IR

Vertex-resummed kinetic theory

of(t:p)
ot

Kinetic theory = C[f](t;p) often used to explain NTFPs

Micha & Tkachey,
PRD 70, 043538 (2004)

Elastic collision integral:

C**(p) o /dﬂ%z N 2 LA LA+ fo) (L + f) fafr = o frL + f) (L4 )] + -

At low momenta high occupancies - vertex resummations needed

2_ X 2_ A2 Berges & Sexty,
o 1+ X!~ [T+ AIE(p)? PRD 83, 085004 (2011)

\Z4(7](p) ~ | 3

. . Pinerio Orioli, KB & Berges,
Explains scaling exponents correctly! PRD 92, 025041 (2015)
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Universality class: scalars and non-Abelian plasmas

Massless scalar field theory (O(N)) Non-Abelian gauge theory (SU(2))
S = [ drd2ardn v (S (B,00) (Ovpa) — o (Gapa)? S = [ drdurdy r Fo,Fom
= Tan 5 nPa vPa NN PaPa - Tan v
. . .TJS
Bjorken coordinates: T =+/t? — (23)?, 17 =artanh (7)
Metric in Bjorken coordinates: 9 (1) = diag (1, -1, -1, —72)

longitudinal expansion (in beam direction)

J. Berges, KB, S. Schlichting and R. Venugopalan:
PRL 114, 061601 (2015) ; PRD 92, 096006 (2015)
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Universality class: scalars and non-Abelian plasmas

Heavy-ion collisions at early times
(Ultrarelativistic energies, weak-coupling limit a; < 1)

final detected

Relativistic Heavy-Ion Collisions particles.distributions
Highly correlated oot ’
plasma — 8 /' tidenergy S el
dersity W .
A :
Q p

fps Q) ~1/a,

“"'br'uw viscous hydrodynamics

__free streaming

—

( after initial Glasma

fields have decayed ) collision evolution

t~0fm/c t~1fm/c t ~ 10 fm/c T ~ 1015 fm/c

. Little Bang by P. Sorensen and C. Shen
Some literature: ..., Romatschke & Venugopalan (2006);

Fukushima & Gelis (2012); Berges & Schlichting (2013)
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Universality class: scalars and non-Abelian plasmas

4 ) _ ) ) )
AN :;:0 : Reduced distribution
- ~, 0— *

T N /15220 + i [ dp.
<~ | e, T/19=40 . flpr,7) = f 5 f(pr,pz,7)
s 10°F, % 1/1=80 = 7 Qo T
E 10" prcs s \ _ L
= b, Becomes time-independent
B 40 ~
3 10 f(7) ~ const
3 10™
o lar field . . .

o2 b TR Self-similar evolution

0.1
BBSV, Transverse momentum: pr f(pT,p;:; 7_) =7%fg ( pr, T’sz)
PRL 114, 061601 (2015)
- : a—v ~ -1
Local conservation of particle number and implies
energy density in transverse momentum g = 0
Tdn/dpp ~ prf , Tde/dpr ~phf < > Effectively no flux in p;!
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Universality class: scalars and non-Abelian plasmas

Longitudinal dynamics at p; ~ Q/2

Reminder: Self-similar evolution

flpr,p2,7) =7 fs(TPpr, 77p2)

Free evolution would imply
red shift  p, typ ~ 771

and a=0, ~v=1

Momentum broadening hints

at non-trivial scattering!

Scaling function: A f(py = Q/2)

0.4

0.35
03
0.25
0.2 f
0.15
0.1 F

0.05

A pZ
‘ pr
t/ty=10 =«
@"‘0. T / T = 1.5 A
* * 1
Momentt..lm ‘» “‘ T/14=20 .
broadening o am, o T/T4=25 =
R ‘“A A“‘ Y 1
e 2
{. o, :z
o muBug %
g %
AOH I.A“
o "
r’::‘: 0:151
atst o ‘%8,
- IO scalar fields ”.,A‘A": 8.
E.é. ‘AA“: 0”’ ..’QA‘AAA et
-0.4 -0.2 0 0.2 0.4

Longitudinal momentum: (t/t4) p,/Q
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Universality class: scalars and non-Abelian plasmas

. . - A pz
Longitudinal dynamics at p; ~ Q/2
Reminder: Self-similar evolution Common universaﬁty class ‘ pT
- f(pr.ps, ) =T fs(TPpr, VD) |
________________________________________________ g 1 gauge: 4..&&.:.,9% scalar:
Dynamical exponents - g Y Ty t/u=10 .
2 o8t ﬁ‘ &’é‘ T/ty=15
a = -2/3 D £ S t/y=20 -
3 2 3 T/11=25
vy = 1/3 £ 06 ﬁ,é &
Common functional form g é N
Fo(ps) ~ e—pi/%i é 0o | l‘f‘ Fit fu;ction: ":«,%
© o Exp(-x©/2) ====" x“
. A oy g
Same exponents and function 0 M - - : R
-3 -2 -1 0 1 2 3

as in gauge theory! Longitudinal momentum: (t/1,)" p, / 6,(Q/2)

Gauge attractor from elaStlc SCatterlngS Baier, Mueller, Schiff & Son, Berges, KB, Schlichting, Venugopalan,

PLB 502, 51 (2001) PRD 89, 074011 + 114007 (2014)
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. . . A pz
Universality class: scalars and non-Abelian plasmas
- - - #
Where is common scaling region? pr

~ T = . _. 10°
T 0 T z;:gﬂg 1w
3 TR s . g 1o
< |) . . 0 p5 ----------- C\l; H :
£ n . ! . 100 . e
g St~ 1/pp P S ‘e
S .0 g T
2 10 3 107
0 c
3 10" E 102
.'5 2 scalar fields % gauge fields
8 10 . . ‘ 2 . | |

0.1 1 0.1 1

Transverse momentum: p;/Q Transverse momentum: p{/Q
—2/3 J dp- p2f
T 275 2 . 2 __ zZ Pz —2/3
. iy ~ p, /20 with o° = ~ T
- Scaling range ii) given by Af p— T [dp.f

- Exponents and form insensitive to initial conditions (memory loss), see

J. Berges, KB, S. Schlichting, and R. Venugopalan: PRD 89, 074011 + 114007 (2014) ; PRD 92, 096006 (2015)
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Universality class: scalars and non-Abelian plasmas

The entire attractor in longitudinally expanding scalars

:0)
)
w

-
o
N

-
o
-—

-
o
N

scalar fields

Distribution function: A f(py,p,
)
o

—
S
[\¥]

0.1

Transverse momentum: p;/Q

Reminder: Self-similar evolution

- (o7, 2y T) = T fs(TPpr, TVp2) |

________________________________________________

Berges, KB, Schlichting & Venugopalan,
PRD 92, 096006 (2015)

Scaling regions o 5 g As
) Y N (T R T
i) —2/3 0 1/3 p7 o P2/207
i) _1/2 0 1/2 SeCh(pz/Jz)
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Universality class: scalars and non-Abelian plasmas

BBSV, PRD 92, 096006 (2015)
Puzzles

Pressure ratio: "R Couge oatare
Parametrically: P U e
& #}if%t;; fd3ppg/Wf tillili‘és (Q’T)_2/3 §
Pr [ Bpp3/wf §
5
Discrepancies because of IR? g
& 01
In non-Abelian plasmas nontrivial IR

dynamics similar to scalars?

Scalar theory:

How can regions ii) and iii) be microscopically
understood?

How important is soft region for it? scalars

Distribution function: A f(pt,p,=0)

01 1
Transverse momentum: pr/Q
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Normalized fg

—_
(]
o

—
<

—_
S
n

—_
<
w

uuuu
‘‘‘‘‘‘‘‘‘
......

Expanding (N=4) -
Nonexpanding (N=2) -
Nonexpanding (N=4) -

Nonrelativistic

0.1

1
Normalized p

Conclusion

Q/2)

Normalized fg(p

-

o
o]

o
o

<
'S

o
(V)

o
i

gauge:

-1 0 1 2

Normalized p,

Highly correlated quantum systems may approach non-thermal fixed-points

Scalars lie in the same infrared universality class

Expanding scalar and gauge systems have mutual universality class

Infrared region should be better understood in gauge theories

Outlook:

How comes that exp. scalars show same scaling region as gauge theory?

What pattern classifies far-from-equilibrium universality classes?
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Normalized fgq

-
o
o

—
=

—
=
N

—_—
S
w

Normalized p Normalized p,

Thank you for your attention!

scalar fields

0.1 1

s, ~ 11 gauge: o scalar:
e ‘”""-‘-‘.l, Q ’\-h »‘-
M Cllj ,'-‘.5 k{“ n
- 08 B }_l‘- ‘1‘
& i" 4",
Expanding (N=4) < 06 | 'L_.'“ N
Nonexpanding (N=2) § K S
Nonexpanding (N=4) E 0.4 f ;55 3“:-.\
N . 7 L
Nonrelativistic S 02} V. N,
=z e iy
L L O ”"';l;.-"‘ L L i L .i";“*m-
0.1 1 -3 -2 -1 0 1 2
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BACKUP SLIDES
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Universality class: scalars in the IR

Self-similar evolution

| | Bose-Einstein condensation Pinerio Orioli, KB & Berges,
 f(p,t) =t"fs (t°p) | PRD 92, 025041 (2015)
_;'"{66 """"""""""" =

~ ; 0.9 f

= 10" Lt | o8}

e

[ S 07r

& 10° ¢ =, 0.6 L

L_L‘ 10-3 F re 3 2 05

S s V= 32 T o4l

= N A V= 64 g V= 64°

w 10°¢F . v = 128% @ 03} v=128° -

C 4 a B - — A _ 3 A

% 105t - Nonrelativistic ngfgs % 02 x;g‘?ga .

c o C 01t}

o) i t o

O 10° : : O o ' : ' '

10 100 _ 1000 0 0.2 0.4 0.6 0.8 1
Time: ¢ Rescaled time: t/V1/®

Correlation function: F(p,t) = (@(P;t)ﬁﬁ(—]?:t)) Condensation time: t. ~ Vl/o‘

Condensation: F(p=0,t) ~ f(p=0,t) ~
In contrast: perturbative kinetic

Stops when: F'(p = 0,t.) ~ (27T)35(3)(P) 052 ~V theory provides finite {.
Semikoz & Tkachev (1994)
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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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Universality classes and remaining puzzles

Break-down of classical dynamics in scalar theory

Classical pressure (intermediate p;)

Longitudinal Pressure

Classic Az A2
P~ a7 -
PL ~J AT AT p- pT
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 (7.) arge—angle
dt
: g uant
' Ti A AT3/2 PI(:Q (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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