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Sit Dolor Amet

Part I: Towards the dynamical 
quasigluon in thermal QFT

1. Dark colored sectors are 
popular in new physics, e.g., 

composite Higgs and glueball DM

3. Very different than the 
electroweak-like PT and lack of a 
perturbative understanding on 
the confinement PT dynamics

2. Inspired by GW physics which 
provides a way to probe the 

cosmic first order confinement PT



What are the phases of strongly interacting matter? 

Lessons from the real QCD phase 
diagram (lattice+nonpertubtive approach)

High temperature 
or/and high density in 
a QGP phase due to 
asymptotic freedom 

Low temperature in the 
hadron phase due to 

color confinement 
How does the 

transition happen?

In real QCD, it is a crossover in 
the early universe with 𝜇 ≪ 𝑇, 

but not the case in the dark QCD

ZK & JiangZhu, JHEP 09 (2025) 005,
Large 𝜇 to enhance GW



How to describe a hot PYM system?

A simpler system: pure gluon system of PYM

Confinement is due to the nonlinear 
dynamics from the non-Abelian 
gluon dynamics, so this system 
provides an easier tiral to understand 
how confinement happens

Sz. Borsanyi

Sz. Borsanyi etc., 2012 for 𝑆𝑈(3)

Lattice tells us that transition 
from gluon to glueball is first 
order for 𝑆𝑈(𝑁 > 2), moreover, 
giving thermodynamics

Trace anomaly 𝑰 ≡ 𝝐 − 𝟑𝒑 
reflects the deviation from 
ideal gluon gas 

Glueball 
phase

https://inspirehep.net/authors/1015729


How to describe a hot PYM system?

Bird view of the hot PYM system

H
T
L

重
求
和

Stefan Boltzmann limit at 𝑇 > 107GeV 
described by a free gluon gas

1. (𝑇𝐶 , 2 − 4𝑇𝐶) , the strongly coupled QGP regime，
with trace anomaly 𝑃 𝑇 ~𝑐1(𝑇4 − 𝑐2𝑇𝑐

2𝑇2)

Confinement phase decribed 
by a gas of glueballs 

2. For 𝑁=3,4,6, pressure/energy/entropy 
density exhibit scaling laws related to 𝑁

3. The latent heat released also 
seems to exhibit a scaling law

Non-perturbative (NP) 
effect dominates: 

semi-QGP

J.O. Andersen, E. Braaten, 
and M. Strickland, 1999



How to describe a hot PYM system ~(𝑇𝑐 , 4𝑇𝑐)?

Statistic viewpoint for thermodynamics: Weakly 
interacting quasi-gluon gas, with mass 𝑀𝑔(𝑇)?

Dressed gluon 
with 𝑇-dependent 
mass may ``absorb”  
the NP effect

V. Goloviznin and H. Satz 1993; 
A. Peshier, B. Kampfer, etc., 1996

𝑀(𝑇) violates the thermodynamic relation for 
ideal gas, the Gibbs-Duhem relation 𝜖 + 𝑝

= 𝑠𝑇 with 𝑠 =
𝜕𝑝

𝜕𝑇
, and adding 𝐵(𝑇) recovers it

Does not involve the 
order parameter

A form inspired by 
HTL resummation 



How to describe a confinement PT?

Charged under global center 𝑍𝑁 ⊂ 𝑆𝑈(𝑁)：

𝑙 → 𝑧𝑘𝑙，𝑧𝑘 = 𝑒
𝑖2𝑘𝜋

𝑁 𝐼𝑁×𝑁

order parameter: traced 
Polyakov loop (PL) 

A. M. Polyakov. PLB, 1978

Svetitsky, L. G. Yaffe. 
NPB, 1982

Center symmetry breaking/conservation
⟺ Deconfinement/confinement

Related to the thermal free energy of heavy static quarks

𝑒−𝐹𝑞/𝑇 = trc𝐿( Ԧ𝑥) ≡ 𝑙 Ԧ𝑥 ⇒ 𝑙 → 0, color confinement; 
otherwise deconfinement

How to handle the 
centerless gauge 
group such as 𝑮𝟐 ?



How to describe a confinement PT?

To get a 𝑍𝑁-invariant 
Landau free energy 𝐿[ℓ]

Completely by construction, .e.g., 
polynomial model 

Haar measurement 
inspired by strong 
coupling expansion

To develop a 
unified description 
of confinement PT!both the order of PT and 

thermodynamics for any 𝑆𝑈(𝑁)

ZK, Jiang Zhu & Shinya Matsuzaki, JHEP 21

W. C. Huang, M. Reichert, F. Sannino 
& Z. W. Wang, PRD21



Towards the massive PYM in the thermal QFT

refined by M. Tissier & N. Wschebor 
(2010) for addressing the infrared 
dynamics of  YM to remove Gribov 

copy in the FP procedure

Lattice data reveals that the gluon 
propagates in such a vacuum gains a 
dynamical mass, whether at finite or 
zero 𝑇, while the ghost field does not

PYM with dynamical quasigluon mass

At 𝑇 = 0, it is traced back 
to Fradkin et al. (1969)

Modern picture of Yang-
Mills vacuum medium: 

full of gluon fluctuations 



Junguo, Zhaofeng Kang & Jiang Zhu, PRD23

Quasigluon massive PYM

provide a way to perturbatively calculate 
the free energy from deep UV to deep IR?

PL in the adjoint 
representation

PYM with dynamical quasigluon mass

Ghost-driven PT mechanism: In the IR, the large 
quasigluon mass suppresses the contribution of gluon 
thermal fluctuations, thereby enhancing the ghost

FP Lagrangian 
with massive 

gluon fluctuations



Junguo, Zhaofeng Kang & Jiang Zhu, PRD23

PYM with dynamical quasigluon mass

the assumption of equal eigenvalues (eigenvalue 
repulsion principle) of PL, which is a matrix

Using machine learning to fit 
the quasigluon masses, which 
are normal and show unified 

behavior for 𝑵?



Sit Dolor Amet

Part II: Towards the bubble wall 
velocity of confinement PT 

1. Wall velocity is the key to 
theoretical prediction of 

gravitational wave spectrum

3. The dynamical quasigluon picture 
incorporating both particle and 

order parameter provides a 
microscopic way to do this job

2. Difficult for the confinement PT 
where origin of plasma friction is 

unknown microscopically



Usual bubble wall velocity 

In the EW-like PT, the bubble wall velocity 
𝑣𝑤 in the plasma is relatively clear, due to 
the balance between free energy difference 
and plasma friction by mass changing

The order parameter field, 
the Higgs wall, feedbacks to 
plasma via mass changing 

What happened as the gluons 
pass through the wall and 

become glueball?



The change in 
momentum of particles 

passing through wall 

The incident particle flux factor, 
determining the distribution 

function 𝒇𝑾 is crucial

probability of a 
particle passing 

the  wall 

Zhaofeng Kang & Jiang Zhu, 05 (2025) 056

Dynamical quasipartile determination of 𝑣𝑤

Calculate the momentum 
transfer of incident 

particles from both sides.
Calculated in 
the wall frame



Dynamical quasipartile determination of 𝑣𝑤

Non-ideal fluid 
with an imaginary 
chemical potential

An effective distribution 
function obtained from the 

free energy

The PL background enters as an 
imaginary chemical potential  

𝜇𝑎~
𝑖𝑠

𝑁
𝑇, reflecting the suppression 

of quasigluon density in the 
confined phase with 𝑠𝑐 = 1

⟨A0⟩ changes the quasigluon 
dispersion relation thus 

momentum change

Zhaofeng Kang & Jiang Zhu, 05 (2025) 056



In 𝑣𝑤 → 0, the two-phase 
pressure difference was 
successfully reproduced

Non-relativistic wall 
with  𝑣𝑤~0.01, 

qualitatively consistent 
with other methods

Dynamical quasipartile determination of 𝑣𝑤

Wall velocity in low 𝑣𝑤 expansion

Zhaofeng Kang & Jiang Zhu, 05 (2025) 056



We propose to modify YM near 𝑇𝑐 by considering massive 
gluon fluctuations with dynamical mass 𝑀(𝑇), successfully 
accounting for the 𝑆𝑈(𝑁) confinement dynamics 

To dig the more profound version of this effective model, 
e.g. dynamical mass from the gluon condensation; to see 
if it is consistent with the usual nonperturbative approach 
such as functional renormalization group 

Thanks for your attention!

SUMMARY & OUTLOOK
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