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Non-equilibrium phenomena is amazing.  



Introduction
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The theory of quark, gluon and their interaction: Quantum 
ChromoDynamics (QCD). 

“Often, people in some unjustified fear of physics say you can’t write 
an equation for life. Well, perhaps we can. ” - Feynman

QCD is a theory for life. 



5

αs

Energy scale

Because of self-interaction among gluons, QCD interaction 
strength depends on characteristic scales (asymptotic freedom) .
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Fig. by Derek Leinweber

QCD vacuum is a prominent example of “interesting vacuum”, “a very 
dense state matter”, composed of (virtual) quarks and gluons that 
interact in a complicated way. 

How about QCD many-body systems?

Shuryak, “The QCD vacuum, hadron and Superdense mater ”



QCD thermodynamics and hydrodynamics
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QCD thermodynamics
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(Budapest-Marseille-Wuppertal 
Collaboration,  JHEP’10)

e/T4~# of d.o.f

T (MeV)

Significant advances due to first principle lattice calculation.



QCD phase structure is rich

• Exploring baryon-rich QCD matter and search for the QCD 
critical point .

• Quantum and topological aspects of QCD matter (e.g. spin 
observables).
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1 Project Narrative

1.1 Introduction

1.1.1 Physics background: The QCD phase diagram

The study of strongly interacting matter is one of the key missions of the US nuclear physics
program as articulated in the 2007 Long Range Plan. Experiments at RHIC and recently also at
the LHC have revealed several interesting and unexpected properties of the Quark Gluon Plasma
(QGP), most prominently its near perfect fluidity. The QGP created at LHC and top RHIC
energies consists of almost as much antimatter as matter characterized by the nearly vanishing
baryon number chemical potential µB [1]. Lattice calculations [2, 3] show that QCD predicts
that under these condition the transition from the QGP to a hadron gas occurs smoothly as a
function of decreasing temperature, with many thermodynamic properties changing dramatically
but continuously within a narrow temperature range around the transition temperature Tc =
154 ± 9MeV [4, 5, 3, 6]. This transition is referred to as the crossover region of the phase
diagram of QCD, see Figure 1.

Baryon Chemical Potential - 

RHIC

Figure 1: A sketch illustrating the experimental and the-
oretical exploration of the QCD phase diagram. Although
the matter produced in collisions at the highest ener-
gies and smallest baryon chemical potentials is known to
change from QGP to a hadron gas through a smooth
crossover, lower energy collisions can access higher baryon
chemical potentials where a first order phase transition line
is thought to exist. The reach of the BES-II program com-
ing at RHIC is shown, as are the trajectories on the phase
diagram followed by the cooling droplets of QGP produced
in collisions with varying energy. The present reach of lat-
tice QCD calculations is illustrated by the yellow band.

In contrast, quark-gluon plasma
at large baryon number chemical po-
tential may experience a sharp first
order phase transition as it cools,
with bubbles of quark-gluon plasma
and bubbles of hadrons coexisting at
a well-defined co-existence temper-
ature, similar to bubbles of steam
and liquid water coexisting in a boil-
ing water. This co-existence region
ends in a critical point, where the
baryon number chemical potential is
just large enough to instigate a first
order phase transition. It is not yet
known whether QCD has a critical
point [7, 8, 9, 10, 11], nor where in
its phase diagram it might lie. Model
calculations typically predict the ex-
istence of a critical point, but do not
constrain its location. Model inde-
pendent lattice QCD calculations, on
the other hand, become more dif-
ficult with increasing µB and, thus
do not yet provide definitive answers
about the existence of a Critical
Point. However, new methods intro-
duced within the past decade have provided some hints [8, 10, 12]. While these theoretical
calculations are advancing through both new techniques and advances in computing, at present

1

Early universe



Near-equilibrium (hydro.) limit
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• The system is in-homogeneous but the variation in time/
space is slow as compared with other intrinsic scale (e.g. 
temperature, mean-free path). 

• In this limit, hydro. works as an effective description.

• dynamical d.o.f.: conserved densities, e.g, energy and 
momentum density (related to flow velocity ) which evolves 
slowly.

• E.o.M: conservation law + constitutive relation

• (additional parameters): diffusive constant, shear-viscocity etc 
characterizing dissipation.



QGP liquid
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• Extraordinarily small specific shear viscosity : de-confined 

partons are not free, but move coherently.  

η
s

∼
1

4π

Hadron spectrum vs hydro. simulations by McGill GroupHydro. simulation for heavy-ion collisions (by 
Schenke)
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• So far, we see for QCD matter,

• Thermodynamics counts density of d.o.f. in different phases

• Hydro. describes collective and coherent motion of 
partons.

• non-equilibrium (beyond hydro.)??



Beyond hydro.

• There are various ways of asking: how to characterize non-
equilibrium quark-gluon matter

• Medium response with varying gradient.

• QGP at large expansion rate (far-from-equilibrium). 

• …
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???Fluid parton gas

Energy Scale



Method
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• Currently, non-equilibrium QCD matter can not be studied 
from the first principle at general coupling constant:

• Weak coupling limit: effective QCD kinetic theory.

• Strong coupling: AdS/CFT models

• Future: Quantum simulation

• Current strategy: studying solvable QCD-like theories,  then 
drawing general lessons. (assuming the unity of physics)

• In this context, the goal of model studies is not to describe 
data, but to extract underlying physics that might be model 
independent. 
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From Gordon Baym’s slides
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Bosons in a shaken optical 
lattice,W. Clark et al, Science’ 16

Hexagonal Manganites, M. Griffin et 
al, Phys.Rev.X ’ 12

For example, the offequlibrium critical scaling (Kibble-Zurek 
scaling) behavior in HIC is expected to be observed. If so, this 
would be a nice demonstration of the unity of physics. 

Conjecture for critical quark matter, S. 
Mukherjee,  R. Venugopalan and YY,    PRL, 
Editors’ suggestion, ’16.

Some features of non-equilibrium system can be universal.



Simplicity from complexity

• The characterization of many-body systems is complicated 
(lots of d.o.fs).

• Substantial simplification would occur when relevant 
relevant d.o.fs is reduced (e.g.: Landau Fermi-liquid, Critical 
points).

• Below, I shall showcase two examples on relevant d.o.fs of 
non-equilibrium QCD-like systems. 
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Medium response
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Weiyao Ke and YY, PRL 23’



Medium response and excitations
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• The (linear) response of a thermal system to an in-homogeneous 
disturbance is determined by excitations.

O(t, ⃗k) = AHe−iΩH(k)t e−ΓH(k)t + other excitations

The analytic structure of retarded Green function

hydro. modes

Fig. from Kurkela-
Wiedemann-Wu, EPJC  19’

• In general, describing response is complicated as it involves 
various excitations.

• Simplification?

Observables e.g. quasi-normal modes, quasi-particles



Hydro. regime
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• At small , hydro. modes are gapped (smaller damping rate) from 
non-hydro excitations and hence dominate the response. 

• Hydro. regime:   where viscous hydro. works.

What happens when  ?

k

k < kH

k > kH

Hydro.

Relaxation time approximation (RTA) kinetic equation



QGP-like systems
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Hydro.           EHR in kinetic theory Hydro.                    EHR in AdS/CFT

Amado-Hoyos-Landsteiner-Montero, JHEP 08 Romatschke, EPJC 16’.

• Extended hydro. regime (EHR): 

• “sound dominance”: sound mode is gapped from other 
excitations;

• the dispersion is different from ordinary sound (called high-
frequency sound in condense matter literature).

NB: 2306.09094 by Xiaojian Du et. al demonstrate the generality of sound dominance for a class of kinetic theory 

shear channel is discussed in detail in our paper.



High frequency sound in liquid 
metals

Many studies since the seminal work of Copley and Rowe who 
in 1974 demonstrated the existence of a long-living collective 
mode in liquid Rb.
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EHR conjecture for QGP

• We propose the existence of EHR as a conceivable scenario 
for QGP.

• c.f. QCD vacuum: pion is not the only effective d.o.f. at scale 
larger than its decay constant 

• If true, one can use the properties of high-frequency sound to 
characterize the medium at non-hydro. regime. 

• We construct the extended hydro. theory to describe EHR.

fπ

23

Weiyao Ke and YY, PRL 23’

Hydro. Extended Hydro. Regime

high-frequency soundordinary sound quasi-particle

k



Results from RTA kinetic theory.

• MIS* describes extended hydro. response.
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larger characteristic k smaller characteristic k

τ′ , ⃗x′ 

τ, ⃗x

Δr = | ⃗x − ⃗x′ |



MIS* describes energy-momentum response (5 different 
response funs) .
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Far-from-equilibrium QGP
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Far-from-equilibrium QGP

• In a heavy-ion collision, QGP is born out of equilibrium: 
unique opportunity for studying off-equilibrium property.

• Experiment: intriguing data in small colliding systems.

• Theory: significant progress (attractor, far-from-equilibrium 
hydro., non-thermal fixed point, KOMPOST etc).

• Question

• Do slow modes exist? 

• If so, what are they (are they related to conserved 
densities)?
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Works by many; Review: Burgers et al, Rev.Mod.Phys. 2020



Slow modes in and out of equilibrium
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• We find effective d.of.s in far-from-equilibrium QGP is qualitative 
different from those in equilibrium.

J. Brewer (CERN), Weiyao Ke, Li Yan (Fudan),  YY, 2212.00820 
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Shapes in phase space as slow modes
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• The phase space volume is preserved (Liouville theorem) in 
collisionless limit. (c.f. 2203.05004). 

• For Bjorken expansion at early time, the shape of transverse 
distribution evolves slowly.
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Many recent developments on emergent symmetries (slow 
modes), dynamics of shape in collisionless kinetic theory. 



Some open questions
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In a heavy-ion collision, how does the ion quantum state evolve into 
a thermal system?

Does non-Abelian gauge theories obey eigen-value thermalization 
hypothesis?

Would other strongly-coupled systems (e.g. cold-atom) help us to 
understand non-equilibrium QGP?



Summary
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Summary

• QGP properties at non-hydro. and non-perturbative regime is 
yet to be understood (similar for other strongly-coupled 
systems).

• Medium response: emergence of extended hydro. regime  
(EHR) where the high-frequency sound dominates. 

• Far-from-equilibrium: the shape of distribution as slow modes.

• Non-equilibrium quark-gluon physics is rich, of broad interests 
and exicting; inviting for young talents to join the adventure.
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Back-up
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Introduction

• The characterization of many-body systems is complicated 
(lots of d.o.fs).

• Substantial simplification would occur when relevant 
relevant d.o.fs is reduced (e.g.: Landau Fermi-liquid, Critical 
points).

• Hydrodynamics: an EFT in long wavelength and long time 
(near-equilibrium) limit describing slow evolution of 
conserved densities, e.g, energy and momentum density.

• But identification of possible slow d.o.fs beyond hydro. 
regime is challenging.
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Energy density sector
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change rate of energy density 

τ/τR



Extending hydrodynamics is an active field in condensed 
matter physics
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Trachenko-Branzhkin,Reports on Progress in Physics, 2016


