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From little bang to big bang:
imprints of QCD epoch in the early universe?



2

I.  A short review on QCD phase transitions

II. Imprints of QCD epoch in the early universe?

IV. Conclusion and outlook



A short review on QCD phase transitions 
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Origin of mass: spontaneous chiral symmetry breaking

宇宙的组成



4

QCD matter and phase structure
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What are the new state of matter at 
exceedingly 
high density and temperature?
How were the elements from iron to uranium 
made?
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QCD phase structure at finite temperature

Columbia plot:

Chiral phase transition:    light quark m=0

Deconfinement phase transition: heavy quark limit for m= infinity

Polyakov loop   

Chiral condensate 

Karsch, F.  
Lect. Notes Phys. 2002, 583, 209–249, 215
[hep-lat/0106019]



6

QCD phase structure at finite baryon chemical potential

Separation of quark dynamics and gluodynamics?

Quarkyonic matter

McLerran, Pisarski, Nucl. Phys. A 796 (2007) 83. 
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STAR: Phys. Rev. Lett. 128 (2022) 202303

Z.B.Li et.al, Chin.Phys.C 42 (2018) 
1, 013103； EPJC 79，2019

BES-II

BES-I

STAR: PRL112, 32302(14);

CEP searching at HICs

QCD phase structure at finite baryon chemical potential

Kun Xu, Mei Huang, to appear soon

CEP of chiral phase transition meets CEP 
of nuclear liquid-gas phase transition! 

CEP of chiral phase transition Kurtosis 峰度
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非对心重离子碰撞产生地表最强磁场最快转动的环境

from Xuguang’s slides

QCD phase structure under strong magnetic field and rotation
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CME
CVE

Charged rho 
condensation 

Inverse 
Magnetic 
Catalysis

Magnetar

(Inverse)
Magnetic 
Catalysis

Neutral/charged 
pion condensation 

QCD phase structure under strong magnetic field and rotation
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Theta vacuum, instantons and sphalerons

QCD vacuum has non-trivial topological structure characterized by an integer valued Chern-Simons number 

Induce chirality imbalance: local PV and CPV 

Buividovich et al. arXiv:1111.6733

Sphaleron diffusion rate at finite T:  variation of 
topological number per unit time and per unit volume  

Khlebnikov, Shaposhnikov 1988, Bodeker,1998, 
Son, Starinets 2002
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Chiral Magnetic Effect reveals the topology of gauge fields in heavy-ion collisions

Fukushima,Kharzeev,Warringa 2008

STAR Collaboration PRL103(2009)251601 

Charge SeparationCME

Update: Chiral Magnetic Effect has  
not been confirmed from HICs!

Kharzeev,Liao, 2021, Nature Rev.Phys. 3 (2021) 1, 55-63

Dmitri Kharzeev
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Chiral Magnetic Effect reveals the topology of gauge fields in heavy-ion collisions

Zilin Yuan@UCAS et al, in preparation!

Chirality imbalance explains exp. measurement! 

Zilin Yuan@UCAS et al, Chiral anomaly Transport (CAT) to appear!
国科大猫
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Imprints of QCD epoch in the early universe?

1st order PT in QCD epoch: 

1,pure gluon system, 
2,Topological phase transition 

GWs, Primordial Black holes,…… 

PBHs
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Chirality imbalance induced by instanton anti-instanton molecule pairing:

Negative axial vector interaction 
spontaneously induces chirality 
imbalance
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Spontaneous generation of CP-violation above Tc even at 
zero magnetic field, 1st order phase transition  !

Lang Yu, Hao Liu, MH, arXiv:1404.6969, 
PRD90,074009(2014)

Magnetic Catalysis and Inverse magnetic catalysis

Bali et.al. arXiv:1206.4205 [hep-lat]
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Bounce solution

PT strength

Phase transition 
inverse duration

Bubble nucleation



Jingdong Shao, Mei Huang,e-Print: 2209.13809 [hep-ph], 
Phys.Rev.D 107 (2023) 4, 043011

Huge β/H : 10^4  rare case!
The typical value β/H from EW: 1-100

Delayed phase transition, Liu et al. 2106.05637,  
small β/H is required!
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Holographic QCD method
Yidian Chen,Danning Li,Mei Huang, arXiv: 2212.06591

Huge β/H : 10^4

Yidian Chen,Danning Li,Mei Huang, arXiv: 2212.06591

Jingdong Shao, Mei Huang,e-Print: 2209.13809 [hep-ph]
Phys.Rev.D 107 (2023) 4, 043011

J. Shao and M. Huang, in preparation



J. Shao and M. Huang, in preparation.

Small sound velocity around Tc  in 1st order QCD phase transitions
gives the critical density perturbation for collapse! 

The mass distribution of PBHs



Future Work:   From little bang to big bang
Possible observables of PV， CPV in QCD epoch 
from early universe? Role of QCD phase transition on 
the evolution of the early Universe?




