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Quark-gluon plasma (QGP)
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• The de-confined thermal state of QCD; recreated by heavy-ion collisions.

• To date, significant advances in studying QGP.

• Extraordinarily small specific shear viscosity (a measure of dissipation for 
propagating energy/momentum in a medium): 

                                          

• extracted from data-model comparison, consistent with lattice estimate.

• this small value is close to that of some gauge theories in strong coupling limit, 
indicating de-confined partons are not free, but move coherently.
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What next?
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• Baryon-rich QCD matter and the QCD 
critical point .

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

• Personal view

• We shall heavily rely on data from “lattice experiment”. (RHIC is shutdown around 25’)

• It is time to interface with the QCD vacuum study. (Heavy-ion collisions program was 
originally motivated by understanding the confined state of QCD.)

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.
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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
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How does the properties of asymptotic free QGP changes with varying (temporal/spatial) 
scale? Can medium feature exotic excitations?



Least-explored and crucial regime: QGP at intermediate scale
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• By decreasing scale,  can we see 

• the transitions from perturbative to non-perturbative regime? 

• the emergence of collective modes from quasi-particles?

• new features at non-hydro scale?

• Given : thermal lattice correlator is sensitive to real-time dynamics 
at non-hydro regime  . 

kH ∼ πT
ω, k ≥ 2πT

mesoscopy???Fluid parton gas

scale k
: Hydro.k < kH : pQCDk ≫ ΛQCDLeast explored
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Energy-momentum correlator as an illustrative example



EMT correlators
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• describing the correlation, propagation, dissipation of energy/momemtum density 
disturbance. 

• having non-analytic structure in complex frequency plane: pole (collective modes); 
branch-cuts (quasi-particle excitations)

• its imaginary part , called spectral density, may feature peak 
associated with collective modes.

• the structure is generally complicated as it involves various excitations. 
Characterizations?

ρ(ω, q) ∼ ImG(ω, q)

Gμν,αβ
R (ω, q) ∼ ⟨TμνTαβ⟩ ρ ∝ ImG



Hydro. regime
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Attenuation rate of sound mode ( )ω = csk − iΓk2computed from Relaxation time approximation (RTA) 
kinetic equation (representing weakly-coupled gauge 
theories)

• Focus on energy-density channel.   at  features a sound peak. 

• Peak location ~ sound velocity  .

• Width ~ viscosity . 

ρ(ω, k) k < kH

cs

k < kH



Beyond hydro. regime
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Hydro.           EHR in kinetic theory

Sound peak persists! 

This universal feature have been seen in weakly coupled  theory, QCD kinetic theory.  ϕ4

Attenuation rate of sound mode ( )ω = csk − iΓk2

Hong-Teany, PRD10’;  Xiaojian Du et. al PLB 23’



Some strongly coupled gauge theory also feature high-frequency sound peak
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Attenuation rate of sound mode ( )ω = csk − iΓk2

Hydro.                    EHR in AdS/CFT

Amado-Hoyos-Landsteiner-Montero, JHEP 08 

rescaled spectral density vs rescaled frequency from strongly coupled 
supersymmetric Yang-Mills theory. Kovtun-Starinets. (PRL 2006)

k < kH

k > kH



Does QGP feature an extended hydro. regime
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• We propose extended hydro. regime (EHR) as a conceivable scenario for 
QGP.: 

• “sound dominance”: sound mode is gapped from other excitations, meaning a 
visible sound peak in spectral density.

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

• If true, it implies that QGP at non-hydro. scale can be characterized by 
effective shear viscosity and sound velocity in EHR.

mesoscopyFluid partons
k

Hydro. Extended Hydro. Regime

Weiyao Ke and YY, PRL 2023 (2208.01046)



Ansartz for EHR
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RTA Kinetic theory AdS/CFT

Hydro.      EHR in MIS*
Hydro.      EHR in MIS*

EHR dispersion relation and spectral density are well-described by a simple ansartz with two 
additional parameters, EHR shear viscosity  and sound velocity  . η′ eff c′ 
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Lattice perspective



Extracting shear viscosity from lattice is very chanllenging
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GE(τ, k) = ∫
∞

0
dω ρ(ω, k)

cosh[ω( 1
2T − τ)]

sinh[ ω
2T ]

• Reconstructing spectral density from Euclidean correlator is an ill-conditioned inverse 
problem.

• Euclidean correlator is not sensitive to the behavior of  at  . 

• Consider 

ρ(ω) ω < πT

k > πT



Euclidean correlator (at )τ = 1/(2T)
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• EHR ansarts for spectral density, examine the resulting Euclidean correlator.

ρ(ω, k) = ρEHR(ω, k; cs, η, η′ , c′ s)θ(ω − k) + ρfree(ω, k)θ(k − ω)

• The Euclidean correlator show sensitivity to shear viscosity and effective shear viscosity 
when  . k > kH
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Summary and outlook



Summary
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• We introduce extended hydro. regime (EHR) scenario for QGP-like system at intermediate 
scale and illustrate its generality. 

• Collective excitations dominate even at intermediate gradient.

• The description at mesoscopic scale simplifies under EHR scenario. 

• Our study showcases the possible rich structure of QCD medium. 

• Lattice is suitable for exploring QCD matter at intermediate scale. 

mesoscopyFluid parton gas
k

hydro. extended hydro. regime
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 “Nature uses only the longest threads to weave her patterns, so that each small piece of her 
fabric reveals the organization of the entire tapestry.” -- Feynman

Ultimately, understanding the QCD evolution at both confined and de-confined sates. 

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.
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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
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Back-up
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