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meson

Hadrons

baryon 

…  …   … … …  …   … …

Quark and Gluons: confined in hadrons through strong forces 

described by QCD



T c ~ 2X1012 K

Confinement Deconfinement

Quark Gluon PlasmaNuclear Matter

Phase Transition

QGP (quark gluon plasma): a deconfinement phase of the QCD matter



T c ~ 2X1012 K

Confinement Deconfinement

Quark Gluon PlasmaNuclear Matter
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6000 K

2X1012 K2X107 K

1000 K

QGP (quark gluon plasma): a deconfinement phase of the QCD matter
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QGP



Phases diagram

determined by electromagnetic interactions



Quark Gluon 

Plasma 

Hadron

Gas

determined by electromagnetic interactions determined by strong interactions

2X1012 K

Phases diagram
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Phases diagram

Lattice QCD
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Quark Gluon Plasma:
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8 gluons, 2 spins; 

2 quark flavors, anti-quarks, 

2 spins, 3 colors

4
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37 T


=

Quark Gluon Plasma:

QCD  Phase transition

d.o.f : 3→ 37 (!)
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Lattice QCD
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Quark Gluon Plasma:

8 gluons; 

2 quark flavors, antiquarks, 2 spins, 3 colors



A brief history of relativistic heavy ion physics  
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We should investigate.... phenomena by distributing 

energy of high nucleon density of a relatively large 

volume” ---T.D.Lee

1974: Workshop on “BeV/nucleon collisions of heavy  

ions”

1984: SPS starts,  (end 2003)

1986:  AGS stars, (end 2000)

2000: RHIC starts 

2010:  LHC starts

Future: FAIR & NICA

RHIC, BNL

LHC, CERN



Brookhaven National Laboratory

3.83 km circumference

vBEAM = 0.99995 x speed of light

Use heaviest beams possible 

maximum volume of plasma

Beam: p, d, Cu, Au, Pb, U … … 

col. energy:  several ~ hundreds GeV



• RHIC = Relativistic Heavy Ion Collider

• Located at Brookhaven National Laboratory

Barbara Jacak 15



STAR Detector

RHIC

BRAHMSPHOBOS

PHENIX
STAR

vBEAM = 0.99995 x speed of light



STAR Detector

RHIC

BRAHMSPHOBOS

PHENIX
STAR

vBEAM = 0.99995 x speed of light

Energy deposition in super tiny volume



STAR Detector

RHIC

BRAHMSPHOBOS

PHENIX

little bang: the different stage for a relativistic heavy ion collisions

QGP

STAR
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little bang: the different stage for a relativistic heavy ion collisions

QGP

STAR



little bang: the different stage for a relativistic heavy ion collisions

big bang: the very early history of the universe 

QGP atomnucleiHadrons

S.Bass

QGP Hadron

Gas



QGP-the most perfect fluid in the world
BNL News, 2005



The QGP was discovered
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RHIC (2000-- ) 



QGP



QGP



Hydrodynamics & flow 

at top RHIC & LHC energies 



QGP

size~ 10-14 m

Life time~ 10-23 s

Dynamical Model

Numerical simulation

Boltzmann approach  Hydrodynamics



Boltzmann approach  Hydrodynamics



S.Bass

ideal hydro viscous hydro

Local equilibrium system Near equilibrium system 

0 
 S0= 

 S

)(xe

)(x


)(xp )(xn )(xu
 )(xe )(xp )(xn )(xu



)(x

Hydrodynamics 



Viscous hydrodynamics 
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S.Bass

Conservation laws:
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)( p =Input:  “EOS” initial and final conditions

Bjorken appro. :                     reduces (3+1)-d hydro to (2+1)-d hydro  / tzvz =



Superposition of independent p+p:

momenta pointed at random

relative to reaction plane

final particle emission

final particle emission

Evolution as a bulk system

Pressure gradients (larger in-plane) 

push bulk “out” → “flow”

Collective expansion



Azimuthal distributions 



STAR, PRL90 032301 (2003)

b ≈ 4 fm

b ≈ 6.5 fm

b ≈ 10 fm

4*v2

“elliptic flow”

Elliptic Flow
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The position of initial nucleons 

constantly fluctuate    

Instead of two smooth colliding nuclei     

Initial stage fluctuations



QGP with fluctuating density     

→measured flow: vn

Azimuthal distribution in p-space      



QGP with fluctuating density     

→measured flow: vn

Elliptic Flow & 

higher order flow harmonics 



The Success of Hydrodynamics in Pb+Pb collisions

Gale, et. Al, PRL2013

-Hydro + IP-Glasma

-hydrodynamics nice describe of integrated and differential Vn of all 

charged and identified hadrons 

-iEBE-VISHNU + AMPT

ALICE Paper  

JHEP 1609 164 (2016)

Xu, Li, H. S*,  PRC 2016



Various Flow Predictions ftom Hydrodynamics

H. Xu, Z. Li and H. S*, Phys. Rev. C93, no. 6, 064905 (2016); W. Zhao, H. Xu and H. S*, Eur. 

Phys. J. C 77, no. 9, 645 (2017); X. Zhu, Y. Zhou, H. Xu and H. S*, Phys. Rev. C95, no. 4, 

044902 (2017); W. Zhao, L. Zhu, H. Zheng, C. M. Ko and H. S*., Phys. Rev. C 98, no. 5, 

054905 (2018);  Li, Zhao, Zhou, H.S*, in preparation (2020)  …  …  …  …

-Correlations of Flow Harmonics 

-non-linear response coeff.

-Vn distributions

…  …     …  …

-Hydrodynamics can quantitatively / 

qualitatively describe / predict various 

flow data 



Predictions from Hydro & Comparison with EXP data 

iEBE-VISHNU calculations: W. Zhao, H. Xu and H. S*, EPJC 77, no. 9, 645 (2017)

ALICE measurements: JHEP 1807  103 (2018);  JHEP 1809  006 (2018), etc

ALICE JHEP 1807  103 (2018)ALICE JHEP 1809  006 (2018)



39

The viscosity of the QGP 



Shear Viscosity
y

u

F 

dy

du

A

F
=

-classical definition:



Pitch has viscosity approximately 230 billion 

times that of water.

A supper viscous liquid - Pitch   

Longest running experiment (1927-present)

8 drops so far, none ever seen fall!

http://en.wikipedia.org/wiki/Pitch_drop_experiment

http://en.wikipedia.org/wiki/Pitch_drop_experiment


Lowest bound of specific shear viscosity
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MC-KLN MC-Glauber

H. Song,et.al, PRL2011

Extracting QGP viscosity with hydrodynamical model

)41(5.2)/()41(1   QGPs



-massive data evaluation

- particle yields  

- spectra 

- elliptic flow 

- triangular flow & higher order

flow harmonics

- event by event Vn distributions

- higher-order event plane

correlations 

… ...   … …

Exp Observables  Hydro model & its Inputs:

-Initial conditions 

-EoS

- shear viscosity 

- bulk viscosity 

- Heat conductivity 

- relaxation times 

- freeze-out/switching cond.

… …    … …

Extract  QGP properties from bulk observ.



An quantitatively extract the QGP viscosity

-An quantitatively extraction of the 

QGP viscosity with iEBE-VISHNU 

and the massive data evaluation 

-/s(T) is very close to the KSS 

bound of 1/4

J. Bernhard, S. Moreland, S.A. Bass, 

J. Liu, U. Heinz, PRC 2015



Extracting QGP viscosity with massive data evaluation  

Duke-OSU

Extracted  QGP viscosity with ever increasing precision



AdS/CFT  

Bk

h

s




QGP specific shear viscosity

Extracted from exp data



Dynamical models at various collision 

energy & system sizes 



Recent development of hybrid model for RHIC BES

Dynamical initial conditions

Net baryon diffusion

C. Shen and B. Schenke, Phys. Rev. C97 

(2018) 024907

G. Denicol, C. Gale, S. 

Jeon, A. Monnai, B. 

Schenke and C. Shen, 

Phys. Rev. C98, 034916 

(2018) ;  M. Li and C. 

Shen, Phys. Rev. C98, 

064908 (2018)

EoS with finite T & µ 

A. Monnai, B. Schenke and C. Shen, 

arXiv:1902.05095 [nucl-th].



I. A. Karpenko, P. Huovinen, H. Petersen and M. 

Bleicher, Phys. Rev. C91, no. 6, 064901 (2015)

Extracting η/s( s) from RHIC BES (I)

Data 

- RHIC BES  Au+Au 7.7-200 A GeV 

Model

-3+1d viscous hydro + UrQMD

-pre-equilibrim stage  UrQMD

-EoS (Chiral Model with T, μ)

-early attempt 



Extracting η/s( s) from RHIC BES (II)

J. Auvinen, J. E. Bernhard, S. A. Bass and I. 

Karpenko, Phys. Rev. C97, no. 4, 044905 (2018)

-using Bayesian statistics

Future:

η/s(T,μ)  ζ/s(T,μ)



Effects of heat conductivity

Net baryon diffusion

G. Denicol, C. Gale, S. Jeon, A. 

Monnai, B. Schenke and C. Shen, 

Phys. Rev. C98, 034916 (2018) ;  M. 

Li and C. Shen, Phys. Rev. C98, 

064908 (2018)

-Net baryon diffusion transports more 

baryon numbers to the mid-rapidity region

-Need a systematical study of various 

flow data in the near future

-Extracting heat conductivity in the future



Collectively & QGP signatures 

in small systems 

p+pp+Pb



Correlations & Flow in p-Pb collisions

PLB 2013

-Many flow-like signals have been observed  in high multiplicity p-Pb collisions



G.-Y. Qin, B. Muller. 

PRC2014

P. Bozek, W. Broniowski, G. 

Torrieri,  PRL2013

K. Werner, et. Al.,  

PRL2014

Flow in p-Pb -- Hydrodynamics Simulations

P. Bozek, W. Broniowski, 

G. Torrieri, PRL2013

in p+Pb collisions at 5.02 TeV



Flow-like signals: initial state effects  

B. Schenke, et al, 
Phys. Rev. Lett. 117, 
162301 (2016)

- Mass splitting can also explained within

CGC + Lund string fragmentation where 

the string gives the common boost

-Qualitative features of v2{2} and v2{4} 

have been reproduced with the initial 

state model with localized domains of 

color charge



Flow-like signals: Heavy quarkonia & open heavy flavor  

Xiaojian Du, Ralf Rapp, 

JHEP 1903 (2019) 015.

-The observed v2 of J/Ψ cannot

be explained by final-state  

effects alone,

C. Zhang, et al

PRL (2019).

-Heavy quarkonia & open heavy

flavor can have a significant v2 in

pPb due to azimuthal angular

correlations from the initial state

effects (CGC).



Initial state or Final state effects? 

Initial state effects:

-K. Dusling and R. Venugopalan, PRL 2012, PRD2013, NPA 2014

-A. Dumitru and A. V. Giannini, NPA 2015, A. Dumitru and V. Skokov PRD2015

-B. Schenke, S. Schlichting, P. Tribedy, and R. Venugopalan,  PRL2016

– Various Models interpolations

-C. Zhang, et al Phys. Rev. Lett. 122, no. 17, 172302 (2019).

…  …     …  …

-K. Dusling et al, Phys. Rev. Lett 120 042002 (2018)

…  …     …  …

-G.-Y. Qin, B. Muller. PRC2014

Final state interactions:

-K. Werner, et. Al.,  PRL2014

-P. Bozek, W. Broniowski, G. Torrieri, PRL2013

-Y. Zhou, X. Zhu, P. Li, and H. Song, PRC2015

- P. Bozek, A. Bzdak, and G.-L. Ma, PLB2015

- P. Romatschke, Eur.Phys.J. C77  21(2017)

-W. Zhao, Y. Zhou, H. Xu, W. Deng and H. Song, 

Phys. Lett. B 780, 495 (2018)



Reminder：QGP signals in large systems

RHIC, BNL 

QGP was discovered

@RHIC & LHC  

-strong elliptic flow 

-jet quenching 

-NCQ scaling of   

elliptic flow  

Au+Au /  Pb+Pb

Intermediate  PT
Low PT          

High PT         



QGP signals in p-Pb collisions?

0               2 GeV                             6 GeV                                                    PT

Intermediate  PTLow PT          High PT         

Collective Flow: 
Hydrodynamics 
final states interaction
Initial state effects
（strong debate）

Hard Probes:
no longer leave 
obvious hints due 
to the limited size.

.



NCQ scaling of v2 in p-Pb collisions

0               2 GeV                             6 GeV                                                    PT

Intermediate  PTLow PT          High PT         

Collective Flow: 
Hydrodynamics 
final states interaction
Initial state effects

(strong debate)

Hard Probes:
no longer leave 
obvious hints due 
to the limited size.

NCQ Scaling of V2: 
-Recent Exp measurements-
-need systematic theoretical
investigation 

ALICE data: PLB,726,
164 (2013). 
CMS data: PRL, 121, 082301 (2018). 
ATLAS data: PRC, 96, 024908 (2017).

-Where does such approximate 
NCQ scaling of v2 come from 

-Is it an indication of partonic 
degree of freedom?



Thermal & hard Partons:  

- Thermal partons generated by hydro

- Hard partons generated by PYTHIA8,

then suffered with energy loss by LBT

- thermal - thermal parton coalescence 

- thermal - hard parton coalescence 

- hard - hard parton coalescence

Coalescence model

Coalesence processes:

coalescence model & NCQ scaling of v2 
Zhao, Ko,  Liu, Qin & Song,PRL 125 7 072301 (2020).
Wenbin



Hydro-Coal-Frag Hybrid Model 

Thermal hadrons   (VISH2+1): 

- generated by hydro. 

with Cooper-Frye.

Meson: 𝑷𝑻< 𝟐𝑷𝟏; baryon: 𝑷𝑻< 𝟑𝑷𝟏.

Coalescence hadrons   (Coal Model): 

-generated by coalescences model

including thermal-thermal,

thermal-hard & hard-hard parton

coalescence.

Fragmentation hadrons  (LBT): 

-the remnant hard quarks feed to

fragmentation .

UrQMD afterburner:

-All hadrons are feed into UrQMD for

hadronic evolution, scatterings and  

decays 

Main Parameters:  

-Thermal partons from hydro

with 𝑷𝑻> 𝑷𝟏.

-Hard partons from LBT

with 𝑷𝑻> 𝑷𝟐.

Fixed by the pT spectra

pT1 = 1.6GeV and pT2 = 2.6GeV

Zhao, Ko,  Liu, Qin & Song,PRL 125 7 

072301 (2020).
Wenbin



Spectra of pions, kaons and protons

Zhao, Ko,  Liu, Qin & Song,PRL 125 7 072301 (2020).
Wenbin



v2(pT) and NCQ scaling

-Hydro-Coal-Frag model gives a nice description of v2(pT ) of pion, kaon and 
proton over pT from 0 to 6 GeV.

-At intermediate pT , Hydro-Coal-Frag model can obtain an approximate NCQ 
scaling as shown by the data.

Zhao, Ko,  Liu, Qin & Song,PRL 125 7 072301 (2020).
Wenbin



Without coalescence, 
Hydro-Frag largely 
underestimates the 
v2(pT )at intermediate 
pT, violating the NCQ 
Scaling of v2

The importance of 
quark coalescence 
in p-Pb collisions

Hydro-Frag

Hydro-Frag

Hydro-Col-Frag

Hydro-Col-Frag

Zhao, Ko,  Liu, Qin & Song,PRL

125 7 072301 (2020).
Wenbin



v2(PT)  from hydro or fragmentation alone

Hydro or Fragmentation alone can not describe v2(PT) 
in high multiplicy p-Pb colissions



Vorticity and spin polarization



What is vorticity

Non-Relativistic Case:



Vorticity & spin polarization

Non-Relativistic Case:



Vorticity & spin polarization

Non-Relativistic Case:



Rotational Polarization in Condense Matter

Non-Relativistic Case:



Vorticity in relativistic heavy ion collisions

strong magnetic field very large global angular momentum



Vorticity in relativistic heavy ion collisions

QGP: smallest but most vortical fluid 



Non-Relativistic illustration:

Vorticity in relativistic heavy ion collisions

Global polarization



Global angular momentum &  global polarization

The  earlier but very pioneering work:  Spin-orbital coupling

Global polarization of Λ and spin alignment 

of vector mesons from spin-orbital coupling

Z. T. Liang, X. N. Wang, Phys. Rev. Lett. 94 

(2005) 102301, Phys.Lett.B 629 (2005) 20-26 

Motivate the spin polarization measurements 
in experiments!

Global quark polarization

Final hadron polarization 
(recombination/fragmentation)



Global polarization measurements  in heavy ion collisions



Global polarization measurements  in heavy ion collisions



Theoretical frameworks:  thermal vorticity & polarization  

Non-Relativistic case:

Relativistic case:

Landau & Lifshitz, 

Statistical Physics

global equil. → local equil.

Thermal vorticity:

Spin polarization:

F. Becattini, et al. Annals 

Phys. 338 32 (2013)

Spin polarization in hydro: 

Integration on freeze-out 

surface 



From thermal vorticity to polarization within hydrodynamics  

Boost to particle 

rest frame

Polarization from

hydrodynamics



From thermal vorticity to polarization within hydrodynamics  

Polarization from

hydrodynamics



Global Λ Polarization from Hydro

B. Fu, K. Xu, X-G, Huang, H. Song, Phys.Rev.C103  2, 024903 (2021)

-Decrease with the collision energy;  increase with centrality; 

-Roughly describe the data within error bars 



Local Λ Polarization from Hydro

-Local Λ Polarization Puzzle！

B. Fu, K. Xu, X-G, Huang, H. Song, Phys.Rev.C103  2, 024903 (2021)





Re-evaluate spin cooper fryer formular in  hydrodynamics 

F. Becattini, et al. Annals 

Phys. 338 32 (2013)
spin cooper-fryer 

formula (traditional) 

traditional spin 

cooper-fryer formula



Shear Induced Polarization 

B. Fu, S. Liu, L. -G. Pang, H. Song, Y. Yin, arXiv: 2103.10403

Chen, Son, Stephanov, PRL 115 (2015) 2, 021601 

-Identical form by linear response 

theory with arbitrary mass 

-No free parameter 

-Different mass sensitivity of each term

S. Liu and Y. Yin, arXiv: 2103.09200





B. Fu, S. Liu, L. -G. Pang, H. Song, Y. Yin, arXiv: 2103.10403
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Quark Gluon Plasma

Most Perfect Liquid

Most Vortical Fluid

QGPQuark Gluon Plasma



Applications of Deep Learning in 

Relativistic Hydrodynamics

、



What is deep learning?

AI ：the broadest term, applying to any technique that enables computers to 

mimic human intelligence.

ML：A subset of AI aiming at optimizing a performance criterion using example 

data or past experience, but without explicit instruction.

DL：A subset of ML aiming at understanding high-level representations of data 

using a deeper structure of multiple processing layers



An example of Deep Learning

-Identify cats and dogs 



-AlphaGo (by Google DeepMind)

…  …    …  …

Broad Applications of Deep Learning

Language processing

-Machine translation

-Speech recognition

-Chinese poetry generation

… … … …

Computer vision 
-Image identification

-Image style transition

-Image generation

…  …    …  …

Playing Games

Autonomous Driving
…  …    …  …



Applications of Deep Learning in Physics



P.Baldi,P.Sadowski,& D.Whiteson Nature 

Commun.5, 4308 (2014)

Deep learning can improve the power 

for the collider search of exotic particles

Classifying the Phase of Ising Model

J. Carrasquilla and R. G. Melko. 

Nature Physics 13, 431–434 (2017)

For the case of Ising

gauge theory 

Identify QCD Phase Transition with Deep Learning

DNN efficiently decode the EOS 

information from the complex final 

particle info event by event 

LG. Pang, K.Zhou, N.Su, H.Petersen, H. 

Stoecker, XN. Wang. Nature Commun.9 

(2018) no.1, 210

Searching for Exotic Particles in High-Energy Physics



Why Deep Learning in Physics?

“Unlike earlier attempts … Deep 

Learning systems can see patterns and 

spot anomalies in data sets far larger 

and messier than human beings can 

cope with.”

Can “Black-box” models learn patterns 
and models solely from data without 
relying on scientific knowledge?



More Comments on several examples of supervised learning 

Higgs signal or background?

High temperature or low 

temperature phase?

EoS L or EOSQ ?
Pang,et al Nature Commun.(2018)

Carrasquilla & Melko. Nature 

Physics (2017)

P.Baldi,et al,Nature Commun.(2014)

Image identification

“Unlike earlier attempts … Deep Learning systems can see patterns and spot 

anomalies in data sets far larger and messier than human beings can cope with.”



For the non-linear hydro system, can the black-box network could learn  pattern 
transformations solely from data without relying on scientific knowledge? 

( conservation laws)

For hydrodynamics can we use deep learning to learn/predict the pattern 

transformation between initial and final profiles? 

Initial energy density profiles     

-------- >   final energy density velocity profiles  

Image generation  



Applications of deep learning 

to relativistic hydrodynamics

H.Huang, B.Xiao, H.Xiong, Z.Wu, Y. Mu and H.Song Phys. Rev. Res. 3 2 
023256(2021)



Traditional hydrodynamics

Deep Learning

-Such deep learning systems do not need to be programmed with the hydro 

equation                     Instead, they learn on their own

0)( = xT




0)( = xT






Deep Learning

Step3）Test the deep neural network 

Step1）Generate the training/testing data sets from hydro

Step2）Design & train the deep neural network 

The Training Data Sets 

hydro

VISH2+1

MC-Gl

10000

hydro

VISH 2+1

MC-Gl MC-KLN AMPT Trento

10000 10000  10000  10000

The Testing Data Sets 

0)( = xT






sUnet prediction vs. hydro simulations



sUnet prediction vs. hydro simulations

-for a closer look



sUnet prediction vs. hydro simulations

Eccentricity distributions:



With the well trained network, 
the final state profiles can be 
quickly generated from the 
initial profiles.

Simulation time: sUnet vs. hydro 

P



Summary & outlook



Traditional hydrodynamics

Deep Learning



For hydrodynamics

Initial energy density profiles     

-------- >   final energy density velocity profiles  

Final particle profiles

-------- >   Initial energy density profiles  

Outlook

Many many more to explore … … 

Enjoy it! have fun! 

For Nuclear Physics













Flow from the QGP  



v2(PT)



v2(PT)


