
Michal P. Heller

Far from equilibrium phenomena: 
from RHIC and LHC theory to cold atom experiments (I)

2307.07545 with Mazeliauskas and Preis [PRL], 2502.01622 with De Lescluze
and 2504.18754 with Berges, Denicol and Preis
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What these lectures will be about?
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Beginnings

1974: “… it would be interesting to explore new phenomena by distributing a 
high amount of energy or high nuclear density over relatively large volume…”

Tsung-Dao Lee

2000: 2010:
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Early realization (BMSS)
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Key take homes 25 years after BMSS

Patch-wise
theory understanding

in the coupling

strong classical fields, kinetic theory
(controllable  QCD at energies beyond RHIC, LHC)≈

models in 1+1D soluble with tensor networks
(includes gauge theories, potential for doing 1+2D)

models in 1+3D soluble with holography
(large number of degrees of freedom)

0

∞

Fruitful connections to other systems and areas, in particular fluid mechanics, 
cold atomic gases and quantum information
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Overlap with other lectures at this school
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Continuous progress



Seeking for a unifying idea
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co
llis

io
n 

ax
is

time

hydrodynamic
attractor

nonthermal attractor
(aka nonthermal fixed point)

2005.12299 with Berges, Mazeliauskas and Venugopalan
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The goal of these lectures

novel phenomena in table top experiments 
with cold atomic gases far from equilibrium

two key theoretical mechanisms underlying
state of the art understanding of thermalization in QCD are 

nonthermal fixed points and attraction to equilibrium



Far from equilibrium ingredient:
nonthermal fixed points



Nonthermal attractor
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1303.5650 and 1311.3005 by Berges, Boguslavski, Schlichting and Venugopalan

After a collision at weak coupling: overoccupied gluons (strong classical fields):

Ab initio simulations revealed significant 
insensitivity to plasma instabilities and free 
streaming, consistent with elastic scattering 
dominance among hard particles in the 
kinetic theory regime  :
stage I of the “bottom up” thermalization

Qτ ∼ log2(1/αS) = O(102)

Overoccupation is expected then to drive the system to a self similar regime

with    αS = 10−5

with , , α = −
2
3

β = 0 γ =
1
3

hep-ph/0009237 by Baier, Mueller, Schiff and Son



Nonthermal attractor
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1303.5650 and 1311.3005 
by Berges, Boguslavski, Schlichting and Venugopalan

with , , α = −
2
3

β = 0 γ =
1
3

1810.10554
by Berges and Mazeliauskas

Classical statistical simulations of SU(2) gluons

g = 10-3 EKT with 2 massless quarks
/7000Q



Simplification in this talk: isotropy
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No expansion:  and time dependence on ds2 = − dt2 + d ⃗x2 t

Distribution function:  f(t, p ≡ | ⃗p | )

Nonthermal fixed point has only two scaling exponents: 

f(t, p) ≈ A(t) × fs (B(t)p) with A(t) = (t/tref)α and B(t) = (t/tref)β



10/22

Isotropic nonthermal fixed points

Ingredients:

weak coupling + overoccupied initial states f(t = 0,p) ≫ feq(p)
same energy density

Outcome:

simulations + cold atom experiments show prolonged self-similar time evolution

f(t, p) ≈ A(t) × fs (B(t)p) with A(t) = (t/tref)α and B(t) = (t/tref)β

e.g. 1810.08143 by Schmied, Mikheev and Gasenzer
or 2005.12299 with Berges, Mazeliauskas, Venugopalan 
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Observation: the choice of the origin of time

f(t, p) ≈ A(t) × fs (B(t)p) with A(t) = (t/tref)α and B(t) = (t/tref)β

Special points for scaling phenomena 

t = 0

t → ∞

However,  used above has an origin chosen in a rather arbitrary way.t



Near-equilibrium ingredient: 
quasinormal modes



Normal modes
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Wave equation in a cavity                               spectrum of normal modes e.g.

−∂2
t ϕ + ∂2

xϕ = 0

□cavity ϕ = 0

ϕ
bdries

= 0

ϕ
Dirichlet: ϕ(t,0) = 0

Dirichlet: ϕ(t, L) = 0

ϕNM ∼ e−iωNMt sin (nπx/L) with ωNM = ± nπ/L

If excited, normal modes just oscillate (possibly interfering with each other)
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Quasinormal modes
Option 1: the equation breaks time symmetry explicitly, e.g.

Option II: the boundary condition makes the problem non-Hermitian 

∂tϕ − D∂2
xϕ = 0 on a line

If excited, quasinormal modes decay in time (and often also oscillate)

ϕQNM ∼ e−iωQNMteikx with ωQNM = − iDk2 ∈ ℂ

black hole classically
only absorbs : □black hole ϕ = 0 +

 purely ingoing at the horizonϕ

a tower of 
ωQNM ∈ ℂ

e.g. 0905.2975 by Berti, Cardoso and Starinets 



Holographic quasinormal modes (QNMs)
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Consequences for thermalization

Kovtun and Starinets hep-th/0506184

Strongly-coupled QFTs relax via dual QNMs:

Re ω
2πT

Im ω
2πT

lots of short-lived excitations

a few long-lived hydrodynamic modes

pl
ot

 fo
r 

 
q

=
2π

T

Horowitz and Hubeny hep-th/9909056;

δgab ∼ δ⟨Tμν⟩ ∼ e−i ω t+i ⃗q⋅ ⃗x



Ingredient III: (relativistic) hydrodynamics



Relativistic hydrodynamics

15/22

Relativistic Navier-Stokes equations dictate the properties of sound propagation:

e.g. Florkowski, Heller & Spaliński 1707.02282

Strongly-coupled QFTs relax via dual QNMs:

Re ω
2πT

Im ω
2πTpl

ot
 fo

r 
 

q
=

2π
T

δgab ∼ δ⟨Tμν⟩ ∼ e−i ω t+i ⃗q⋅ ⃗x

ω = ± cs q − i
4

3T
η
s

q2 + …

(shear) viscosity describes the dominant dissipative effect



Shear viscosity across systems
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η
s

≥
1

4 π
hep-th/0405231 by Kovtun, Son, Starinets :

η
s

≥ 𝒪 ( 1
4π )?

0812.2521 by Buchel, Myers, Sinha

The KSS bound conjecture
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“time”    <latexit sha1_base64="v73xhb3OvrjbxO69Vsz9mBfy+k8=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqCcJePGYgHlAsoTZSW8yZHZ2mZlVQgh496q/4E28+iv+gZ/hbLIHjRY0FFXddHcFieDauO6nU1hZXVvfKG6WtrZ3dvfK+wctHaeKYZPFIladgGoUXGLTcCOwkyikUSCwHYxvMr99j0rzWN6ZSYJ+RIeSh5xRY6XGQ79ccavuHOQv8XJSgRz1fvmrN4hZGqE0TFCtu56bGH9KleFM4KzUSzUmlI3pELuWShqh9qfzQ2fkxCoDEsbKljRkrv6cmNJI60kU2M6ImpFe9jLxXy9TlA710n4TXvlTLpPUoGSL9WEqiIlJlgUZcIXMiIkllCluPyBsRBVlxiZWstF4y0H8Ja2zqndRdRvnldp1HlIRjuAYTsGDS6jBLdShCQwQnuAZXpxH59V5c94XrQUnnzmEX3A+vgGf3pZf</latexit>w
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<latexit sha1_base64="rNM9ac93eBZAyoFwTlAMB5LJkTc=">AAACA3icbVDLSgNBEOz1GeMr6tHLYBA8hV0RzTHixWME84BkCbOT3mTM7OwyMyuEkKN3r/oL3sSrH+If+BnOJnvQxIKGoqqb7q4gEVwb1/1yVlbX1jc2C1vF7Z3dvf3SwWFTx6li2GCxiFU7oBoFl9gw3AhsJwppFAhsBaObzG89otI8lvdmnKAf0YHkIWfUWKnZZVSQ616p7FbcGcgy8XJShhz1Xum7249ZGqE0TFCtO56bGH9CleFM4LTYTTUmlI3oADuWShqh9ieza6fk1Cp9EsbKljRkpv6emNBI63EU2M6ImqFe9DLxXy9TlA71wn4TVv0Jl0lqULL5+jAVxMQkC4T0uUJmxNgSyhS3HxA2pIoyY2Mr2mi8xSCWSfO84l1W3LuLcq2ah1SAYziBM/DgCmpwC3VoAIMHeIYXeHWenDfn3fmYt644+cwR/IHz+QOzopgB</latexit> A

<latexit sha1_base64="dGWu4CPdHA6aqUVppnaVkYU7c+Y="></latexit>

�A ⇠ e�#w · (. . .)

<latexit sha1_base64="Y1KYD5EHPGm+iJN3lRlhmXRIyJs="></latexit>

A ⇠ w�1 + . . .

heavy-ion collisions 
at RHIC and LHC

2005.12299 
with Berges, Mazeliauskas & Venugopalan 1103.3452 with Janik & Witaszczyk

behaviour in
of theoretical models

(here: holographic boost-invariant flow)

= τT

πT
T − πL

L =<latexit sha1_base64="qiwK0JUD8I/aMF4dEbvozeDduKI=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSLUS0lE1JMUvHis0C9IS9lsN+3STTbsToQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O2vrG5tb24Wd4u7e/sFh6ei4ZVSqGW8yJZXuBNRwKWLeRIGSdxLNaRRI3g7G9zO//cS1ESpu4CThvYgOYxEKRtFKftZlVJL6tNK46JfKbtWdg6wSLydlyFHvl766A8XSiMfIJDXG99wEexnVKJjk02I3NTyhbEyH3Lc0phE3vWx+8pScW2VAQqVtxUjm6u+JjEbGTKLAdkYUR2bZm4n/eX6K4W0vE3GSIo/ZYlGYSoKKzP4nA6E5QzmxhDIt7K2EjaimDG1KRRuCt/zyKmldVr3rqvd4Va7d5XEU4BTOoAIe3EANHqAOTWCg4Ble4c1B58V5dz4WrWtOPnMCf+B8/gAq+JCD</latexit>

P(T )

Hydro and transient QNMs in action
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Extends to QCD kinetic theory ( )λ = g2 × 3

<latexit sha1_base64="dGWu4CPdHA6aqUVppnaVkYU7c+Y="></latexit>

�A ⇠ e�#w · (. . .)
∼

(η/
s)
−1

2203.16549 with Du, Schlichting & Svensson



Lecture I: summary
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Lecture I summary: nonthermal fixed points

Nonthermal fixed point: self-similar evolution in time at weak coupling

f(t, p) ≈ A(t) × fs (B(t)p) with A(t) = (t/tref)α and B(t) = (t/tref)β

Significant simplification in the dynamics, as it reduces to a rescaling

Different systems might exhibit the same exponents (         universality)

Nonthermal fixed points act as attractors for a large class of initial states

Relevant for QCD thermalization and for cold atomic gases
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Lecture I summary: quasinormal modes

Quasinormal modes: frequency eigenmodes of systems with dissipation

Explain the attractive nature of (near-)equilibrium states:
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P(T )

2203.16549 with Du, Schlichting 
& Svensson
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Lecture I summary: hydrodynamics

Framework for describing relaxation of spatial inhomogeneities 

Macroscopic construction based on effective field theory principles

Microscopic input: equation of state and transport coefficient

Working horse for simulating nuclear collisions:

QCD dynamics relativistic fluid mechanics

Quasinormal mode manifestation: sound waves, shear mode



Lecture II: teaser
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The goal of these lectures

novel phenomena in table top experiments 
with cold atomic gases far from equilibrium

two key theoretical mechanisms underlying
state of the art understanding of thermalization in QCD are 

nonthermal fixed points and attraction to equilibrium
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Lecture II teaser

Im(Ω)

Re(Ω)

First take on quasinormal modes of nonthermal fixed points:

hydrodynamics

experimentally confirmed


