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Pioneering  work on chemical equilibration in quark-gluon plasma

light-quark production rate in gluon-dominated plasma:
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Equations of (1+1)-dimensional hydrodynamics: partons with chemical nonequilibrium

T. Biro et al (1993)
Equation of fluid dynamics in Bjorken aproximation [𝜀(𝑡, 𝒙)=𝜀(τ),  τ= 𝑡2− 𝑧2]: 

Equation of state for massless partons in baryon-free matter:  

Rate equations for gluon (λg) and (anti)quark (λq= λqbar) fugacities:

(Nf=2.5)

solutions for λg (τ), λq (τ), T(τ) 

chemical equilibrium at τ → : λi → 1, T τ-1/3

Gluon (R3) and quark (R2) production rates: 
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3x3x3 fm - box calculation
with initial momentum
distribution of gluons
expected at RHIC energy
𝑠𝑁𝑁 = 200 GeV

BAMPS: chemical equilibration time at LHC energies  

parton cascade BAMPS:

based on the model
suggested by Biro et al (1993) 

the transport approach which includes both and processes
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My recent articles with Tamás
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Dilepton mass spectrum in partonic matter 

- invariant mass of lepton pair squared 

- local rate of lepton pair production at space-time point  

In thermalized matter with partonic temperature  

(at                 )   

slope of dilepton mass spectrum is sensitive to temperature (dileptons as ‘thermometer’) 

smaller slopes correspond to emission from hotter (earlier) stages

Rapp et al :
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Partonic sources of dilepton production (in the lowest order in αs)

• Compton scattering (q = u,d,s …, l=e,μ …)

• Annihilation

• Bremsstrahlung (of virtual gluons)

these processes are most important in the intermediate-mass region (IMR):  

At larger masses charmed meson  (                         ) decays and Drell-Yan radiation of leading partons are important  

At lower masses hadronic sources from decays of mesons dominate     
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Observed temperatures of intermediate-mass dileptons in heavy-ion collisions  

TIMR -> from fit of dilepton spectra
in the intermediate mass region
(invariant masses M = 1-3 GeV) 

Stoecker et al, arXiv: 2603.24219

saturating behavior of TIMR (s) at RHIC and LHC bombarding energies  (evidence of Yang-Mills FOPT?)

TIMR exceed the QCD crossover temperature  (156 MeV in baryon-free matter )
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V. Vovchenko, H. Stoecker et al., Phys. Rev. C94 (2016) 024906   (2+1 hydro with Bjorken scaling in t-z variables,
initial temperature profiles at  t = τ0 , z = 0  from Glauber calculations)

Hydrodynamical model with chemical nonequilibrium: 
Pb+Pb central collisions at LHC energy 𝑠𝑁𝑁 = 2.76 TeV

mixed-phase
region of
gluonic FOPT

quark suppression factor λ (τ* = 5 fm/c) temperature ( τ* = 0 and 5 fm/c )

contour plots
for most central 
collisions:

τ - proper time
x - radial coord.

our model predicts larger temperatures as compared to chemically equilibrium scenario (τ* = 0)

FOPT temperature T≈ 270 MeV is close to the inverse slope of dilepton mass spectra observed by STAR

deviations from chemical equilibrium survive even up to hadronization stage 

model parameter:
quark equilibration 
time τ*

quark suppression factor:
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We were younger 10 years ago (workshop in Hungary): 
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Our colloquium in 2019 (I)



18

Our colloquium in 2019 (II)
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Happy Birthday, Tamás!
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Backup slides:
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Experimental data on dilepton spectra in nuclear collisions - I 

NA60 (2009) →

Effective temperatures extracted by fitting dilepton spectra in IMR:

(semicentral events)

STAR (2023, 2024) →

Significantly smaller temperatures were extracted from dilepton spectra in the low-mass region (LMR):

(at RHIC and SPS bombarding energies)

→ This value is close to pseudocritical temperature obtained from LQCD for small chemical potentials 

→ Similar temperatures were extracted from chemical freeze-out fits of observed hadron yields  
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Experimental data on dilepton spectra in nuclear collisions - II 

NA60  Collab. (diamonds)
Eur. Phys. J. C59 (2009)

STAR  Collab. (squares)
Phys. Rev. C107 (2023)

STAR  Collab. (stars)
arXiv: 2402.01998 →

HADES  Collab. (triangle)
Nature Phys. 15 (2019)

STAR and NA60 thermal fits:  TIMR > TLMR

μB – baryon chemical
potential

positions of open and full 
circles are obtained from 
chemical freeze-out 
analysis of hadronic 
yields  

(Au+Au  at  𝑠𝑁𝑁 = 2. 42 GeV)
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Energy-momentum tensor of chemically nonequilibrated QGP

V. Vovchenko, H. Stoecker et al., Phys. Rev. C94 (2016) 024906  - 2+1 hydro for Pb+Pb at   

→w/o dissipation (η/s=0) and net baryon asymmetry (nq=nqbar)  

(uμ – fluid four-velocity)

The energy density 𝜀 and pressure (P) are calculated by introducing the quark suppression factor  λ: 

𝑠𝑁𝑁 = 2.76 TeV

𝜀
𝑃 = λ 𝜀

𝑃 FQ
+ (1 - λ) 𝜀

𝑃 PG

where 𝜀i and Pi correspond to pure glue (i=PG) and full QCD (i=FQ) phases (functions of  temperature)

We parametrize λ by function of  local proper time τ (for each fluid element)

It is assumed that there were 
no quarks initially  (λ=0 at τ=τ0=0.1 fm/c)

where τ* - quark equilibration time →model parameter, chosen 
in the interval 0-5 fm/с

τ =τ (η,rꓕ)

(PG limit: τ* →∞)
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LQCD results for pure glue (PG) and full QCD (FQ) matter

PG (Nf=0):  G. Boyd et al., Phys. Rev. Lett. 75 (1995) 4169  FOPT at T=Tg≈270 MeV →

FQ (Nf=2+1, μB=0):  S. Borsanyi et al., Phys. Lett. B730 (2014) 99  → crossover at T~Tc=155 MeV

Tc

Tc

Tg

Tg

larger values of pressure (P) and energy density (𝜀) in FQ calculation due to q-qbar contribution 

small P and 𝜀 values in PG matter at T<Tg due to large masses of glueballs (confined states of gluons)   

discontinuity
of 𝜀PG at T=Tg


