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C. NONAKA

• 世界規模の実験が稼働中：理論と実験の検証
• 周辺物理との関連
• 理論的概念、ツール：共通点
• 基礎理論

• 相転移、相図
• 平衡、⾮平衡物理
• 熱⼒学量

• ダイナミクスの記述
• 相対論的流体模型
• 分⼦動⼒学
• Particle in Cell 

• データ解析、⼤規模計算
• ベイジアン解析

クォーク・グルーオン プラズマの物理
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クォークとグルーオンの多体系の物理

• Quarks and gluons at extreme conditions 
• High temperature and/or high density

Hadron Phase
Color Super Conductor

QCD Critical Point

高

陽子、中間子など

T

μB
Neutron star

?

Quark-Gluon Plasma?

?

Quark-Gluon Plasma
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What is the QGP? 
• Quarks and gluons at extreme conditions 
• Early Universe

Hadron Phase
Color Super Conductor

QCD Critical Point

高

陽子、中間子など

T

μB
Neutron star

?

Quark-Gluon Plasma
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What is the QGP? 
• Quarks and gluons at extreme conditions 
• Relativistic Heavy Ion Collisions : Little Bang

Hadron Phase
Color Super Conductor

QCD Critical Point

高

陽子、中間子など

T

μB
Neutron star

?

Quark-Gluon Plasma

Quark-Gluon Plasma

By Heinz
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What is the sQGP? 
• Quarks and gluons at extreme conditions 
• Relativistic Heavy Ion Collisions

Hadron Phase
Color Super Conductor

QCD Critical Point

高

陽子、中間子など

T

μB
Neutron star

?

Quark-Gluon Plasma

2000: Relativistic Heavy Ion Collider

Strongly Interacting 

Success of relativistic hydrodynamic model

Heavy Ion collisions start! 
LHC:2010 

Quark-Gluon Plasma
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Heavy Ion Collisions

ALICE

CMS

LHCb

ATLAS, LHCf

Large Hadron Collider@CERN

RHIC@BNL

STAR
sPHENIX
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Heavy Ion Collisions

LHCRHIC

Pb+Pb
2760

p+p
p+Pb
Pb+Pb
5020

p+p, 
d+Au,He+Au
U+U, Au+Au, 
200

�
sNN

Au+Au(Beam Energy Scan)
7.7, 11.5, 19.8, 27, 39 GeV

高

STAR@RHIC ALICE@LHC

• 様々な衝突エネルギー
• 様々なものを衝突させている。

Hadron Phase

Color Super Conductor

QCD Critical Point

高

T

μBNeutron star

?

Quark-Gluon Plasma?

?
QCD 相図のどこに対応
するのか？
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QCD相図のどこを⾒ているのか？実験データ

Ex:Stachel et al, arXiv:1311.4662

Pb+Pb 2760 GeV 
-> ~ T=156 MeV,   µ=0      

ni = Ni/V = gi

�
d3p

(2�)3
1

e�(�i(p)�µ)/T ± 1

統計模型

Pb+Pb
2760

p+p
p+Pb
Pb+Pb
5020

p+p, 
d+Au,He+Au
U+U, Au+Au, 
200

�
sNN

Au+Au(Beam Energy Scan)
7.7, 11.5, 19.8, 27, 39 GeV
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Kaczmarek@QM2017

格⼦ QCD
（第⼀原理計算）
Tc=154(9) MeV
HotQCD
PRD85,054503
(2012) 

実験とQCD相図

Pb+Pb
2760

p+p
p+Pb
Pb+Pb
5020

p+p, 
d+Au,He+Au
U+U, Au+Au, 
200

�
sNN

Au+Au(Beam Energy Scan)
7.7, 11.5, 19.8, 27, 39 GeV
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Hadron Phase
Color Super Conductor

高

陽子、中間子など

T

μB
Neutron star

?

Quark-Gluon Plasma
Strongly Interacting 

QCD Critical Point

実験とQCD相図

Pb+Pb
2760

p+p
p+Pb
Pb+Pb
5020

p+p, 
d+Au,He+Au
U+U, Au+Au, 
200

�
sNN

Au+Au(Beam Energy Scan)
7.7, 11.5, 19.8, 27, 39 GeV
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実験データ

観測は
ハドロン
光⼦、レプトン

?
Theory, Model

QGP⽣成 ?
?

QGP生成？

模型構築
• QGP⽣成のメカニズム
• 時間発展
• QGP, ハドロンの性質
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• 2001年RHIC稼働後標準的な模型に
強い楕円フロー

• 衝突後の粒⼦多重発⽣
流体描像で取り扱う
Landau 
Bjorken

相対論的流体模型

PHENIX:NPA757,2005
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相対論的流体模型

PHENIX:NPA757,2005

特徴
•楕円フローの質量依存性
粒子の集団運動

•衝突直後の熱平衡化
流体の初期時刻
t0 ~ 0.6 fm

1 fm = 10 -15 m 

問題点も存在→現在はほとんど解決



C. NONAKA

Hydrodynamic Model
collisions

Experimental data

QGP 
Production

? Hadrons 
Leptons 
Photons

Multiple particle production 
Hydrodynamic picture 

Landau
Bjorken

Success of hydrodynamic model at RHIC
Relativistic viscous hydrodynamic model
One of important phenomenological models 
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Equation of State
hydrodynamicscollisions

Experimental data

Hydrodynamics
QCD phase 
diagram
EoS: lattice QCD

18
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Equation of State
• Equation of State
• Lattice QCD HotQCD,PRD90,094503(2014)

(2+1) flavor, Highly improved staggered quark action
Nt=6,8,10,12,Ns=4Nt → continuum limit
Parametrization of EoS

Tc � 155 MeV finite µ: sign problem

Hadron Phase
Color Super Conductor

陽子、中間子など

T

μB

Neutron star

?

Quark-Gluon Plasma

QCD Critical Point
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Equation of State
hydrodynamicscollisions

Experimental data

Hydrodynamics
QCD phase diagram
EoS: lattice QCD
Shear and bulk viscosities  

20
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Property of QGP 
• Current Status for transport coefficients 

Chen,Deng,Dong,Wang,PRC87,024910(2013)

shear viscosity bulk viscosity

• Shear viscosity takes the 
minimum around Tc.    Cf. 
h/s=1/4p AdS/CFT

• Hydrodynamic model
constant h/s

• Bulk viscosity 
Temperature dependence is unclear.

• Hydrodynamic model
vanishing

パラメータを仮定＋ベイジアン解析

Hydro
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Equation of State
hydrodynamicscollisions

Experimental data

Hydrodynamics
QCD phase diagram
EoS: lattice QCD
Shear and bulk viscosities  
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Initial Condition
hydrodynamicscollisions

Experimental data

Hydrodynamics
QCD phase diagram
EoS: lattice QCD
Shear and bulk viscosities  

thermalization

Initial 
conditions

Energy (entropy) 
density distributions 

23

最も難しい問題の一つ
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Initial 
conditions
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QCD phase 
diagram
EoS: lattice QCD
Shear and bulk 
viscosities  

Energy (entropy) 
density distributions 
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QGP物理の理解
thermalization hydrodynamics hadronization freezeoutcollisions

Experimental data

ダイナミクスの記述
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From Fluid to Particle

Initial 
conditions

Hydrodynamics
QCD phase 
diagram
EoS: lattice QCD
Shear and bulk 
viscosities  

Energy (entropy) 
density distributions 

30

thermalization hydrodynamics hadronization freezeoutcollisions
Experimental data

Hadronization
Cooper-Frye Formula

Final state interactions
Hadron based event 
generator

New 
hydrodynami
cs code

�µTµ� = 0
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C. NONAKA

From Fluid to Particle
thermalization hydrodynamics hadronization freezeoutcollisions

Experimental data

Our Model Experimental data

⎷ Rapidity distributions
⎷ PT distributions 
⎷ Mean PT
⎷ Collective flows v2 and v3

ALICE Pb+Pb TeV, LHC
�

sNN = 2.76

ζ = 𝑏η
1
3 − 𝑐!

"
"

b = 40

Shear viscosity

Bulk viscosity

What physical observable is interesting? 31
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Effect on Collective Flow
• Collective flow as a function of hp

• (3+1)-d calculation 
• vn with  bulk viscosity is much closer to the ALICE data:  

amplitude and slope 
• Effect of bulk viscosity at forward rapidity is large. 

Finite bulk viscosity

hp hp

pseudorapidity ηhp

32
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Temperature Dependent h/s

η/𝒔

Hadron + QGP
QGP
Hadron

hp hp

QGP

ζ = 𝑏η
1
3 − 𝑐!

"
"

QGP phase: h/s(T) 
Hadron phase: h/s=0.08

In both centrality classes 
v2(hp) is larger.

TSW = 150
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Temperature Dependent h/s

η/𝒔

Hadron + QGP
QGP
Hadron

hp hp

Hadron

ζ = 𝑏η
1
3 − 𝑐!

"
"

QGP phase: h/s=0.08
Hadron phase: h/s(T)

0-5%: larger than  ALICE data
30-40%: close to ALICE data

TSW = 150
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Temperature Dependent h/s

η/𝒔

Hadron + QGP
QGP
Hadron

hp hp

Hadron + QGP

ζ = 𝑏η
1
3 − 𝑐!

"
"

QGP phase: h/s(T)
Hadron phase: h/s(T)

In both central classes, 
close to ALICE data

TSW = 150
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Temperature Dependent h/s

η/𝒔

Hadron + QGP
QGP
Hadron

• 0-5 % centrality
h/s of QGP and hadron phases is important.

• 30-40 % centrality
h/s of hadron phase is important.

Central dependence of v2(hp) 
reveals temperature dependence of 
viscosities.

hp hp

Hadron

36
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Electromagnetic Fields in Heavy Ion Collisions ?
• Strong Electromagnetic field ?       

• Au + Au ( 𝑠## = 200 GeV) : 10$% T ~10 𝑚&
"

• Pb + Pb ( 𝑠## = 2.76 TeV) : 10$' T

37
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• Electric Conductivity

• Dissipation of electric field 
• Ampereʼs law： 𝜕(𝐸 − ∇×𝐵 = −𝚥

• Ohmʻs law makes electric field dissipate 
• ➡ Dissipated energy to fluid (medium)

• Charge is induced by electric field

• Induced charge depends on charge conductivity

• Dissipation of magnetic field
Charge conductivity of QGP  

dissipation of electromagnetic fields and charge distribution QGP

Electromagnetic Fields and Property of QGP

L. McLerran and V. Skokov, Nucl. Phys. A 929 (2014), 184-190  

382023/2/2

𝐵: magnetic field
𝐸: electric field

Strength of electric field

Electric field 

Magnetic field

Suppresses of 
dissipation
Electric field is 
dissipated.

𝝈 = 𝟎

𝝈 ≠ 𝟎
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Electric Conductivity of QCD Matter
• Lattice QCD

Aarts, Nikolaev, EPJ.A 57, 118 (2021); 2008.12326 [hep-lat]

• Does not include external magnetic 
field effects

• Uses approximately realistic pion mass
• General agreement among results 

using a variety of methods and parameters

Uses linear-response theory (Kubo formula)
Low energy limit of the electromagnetic spectral function

Relativistic resistive magnetohydrodynamics
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Understanding of QGP Property

40

Physical property Observables Quantitative analysis

Charge conductivity Charge dependent flow, 
EM probes.. Just started

Shear viscosity Azumithal anisotoropy 𝑣! 〇

Bulk viscosity PT distributions 〇

Diffusion coefficient Jet energy loss 〇

Charge conductivity of QGP from analysis of high-energy heavy-ion collisions

Proposed EM observables
Dileptons → i.e., Akamatsu, Hamagaki,  
Hatsuda, and Hirano, PRC 85, 054903 (2012).
Photons → i.e., Sun and Yan, PRC 109, 034917 
(2024).

Charge dependent directed flow
Asymmetic collisions → i.e., Hirono, Hongo, 
and  Hirano, PRC 90, 021903 (2014).
Symmetric collisions

Construction of relativistic resistive magnetohydrodynamics 
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Space-Time Evolution of HIC
thermalization hydrodynamics hadronization freezeoutcollisions

Experimental data

HydrodynamicsInitial condition Final state interactions

+ EM fields

Initial condition Magnetohydrodynamics Final state interactions
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Smoothed Initial Condition
nAsymptotic solution of Maxwell eq. 

ØElectromagnetic field made by point 
charge moving in the longitudinal axis
• Proton distribution in nucleus : uniform sphere
• Constant charge conductivity (𝝈 =0.023 fm-1)

Integration of the asymptotic solutions over 

the charge distribution inside of nucleus

Tuchin, Phys.Rev.C88,024911(2013)

422023/2/2

𝐵: magnetic field
𝐸: electric field
𝑣: velocity of heavy ion
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nAu-Au collisions

ØMagnetic field
• Strong magnetic field

ØElectric field
• No electric field

Magnetic field

E=0

Magnetic field
Electric field

Au Au Au

nCu-Au collisions

ØMagnetic field
• Strong magnetic field

ØElectric field
• due to the asymmetry 

of the charge distribution  

Cu

<latexit sha1_base64="3cVQegmtOHSqjJC0Ly3b13PJiFY="></latexit>

E 6= 0

43

Hirono, Hongo, Hirano

Electromagnetic Field 
in Symmetric and Asymmetric Systems
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Initial Condition：QGP Medium

n Tilted Glauber model
𝑛" :	number of participants
𝑛# : number of collisions

Bozek, et al, Phys. Rev. C 81, 054902(2010)

• Energy density is scaled by 𝑛) and 𝑛*
• Tilted distribution in the longitudinal direction

For directed flow 𝑣!

442023/2/2

Au
+A

u
Cu

+A
u

𝒙 − 𝒚 𝐩𝐥𝐚𝐧𝐞 𝒙 − 𝜼𝒔𝐩𝐥𝐚𝐧𝐞

Au Au

Au Cu Cu

Au

Au

Au

Freezeout hypersurface

Energy density

distorted

Tilted pressure gradient

asymmetric shape
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Au Cu

𝑩𝒚

Au Au
𝑬𝒙 𝑬𝒙

Au Cu

Initial Condition：Electromagnetic Fields (𝜼𝒔 = 𝟎)
Cu＋Au（𝒃 = 𝟏𝟎 fm）

Tuchin, Phys.Rev.C88,024911(2013)

452023/2/2

𝑩𝒚
Au Au

Au＋Au（𝒃 = 𝟏𝟎 fm）
nAu+Au

ØStrong magnetic fields in QGP

ØElectric field 〜０ in QGP

nCu+Au

ØStrong magnetic field in QGP

ØFinite electric field in QGP

Freezeout hypersurface
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Magnetohydrodynamics
• Magnetohydrodynamics

matter EM field

• Conservation law Energy momentum tensor Maxwell eq.

• Ohm’s law Blackman and Field, PRL71,3481(1993)

Electrical conductivity
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Magnetohydrodynamics
• Magnetohydrodynamics

matter EM field

• Conservation law Energy momentum tensor Maxwell eq.

• Ohm’s law Blackman and Field, PRL71,3481(1993)

Electrical conductivity Charge diffusion, Dash et al., PRD107,056003(2023)  

+viscosity, Hattori..
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Magnetohydrodynamics
• RRMHD equation

Ø Conservation law＋Maxwell eq. ＋Ohmʼs law 
𝜕'𝑇'( = 𝐹()𝐽)
𝐽' = 𝐽#

' + 𝑞𝑢'

Energy Conservation
𝜕!𝜀 + ∇ ⋅ 𝑚 = 0

Momentum conservation
𝜕!𝑚" +∇ ⋅ Π# = 0

Faradayʼs law 
𝜕!𝐵 + ∇×𝐸 = 0

Ohmʼs law 
𝐽 = 𝑞𝑣⃗ + 𝜎𝛾[𝐸 + 𝑣⃗×𝐵 − 𝑣⃗ ⋅ 𝐸 𝑣⃗]

Ampereʼs law
𝜕!𝐸 − ∇×𝐵 = −𝚥

• Integration with quasi-analytic solutions
𝐸$ = −𝑣⃗×𝐵 + 𝐸$% + 𝑣⃗×𝐵 exp −𝜎𝛾𝑡
𝐸∥ = 𝐸∥%exp(−𝜎𝑡/𝛾)

𝜕!𝐸 − ∇×𝐵 = 𝑞𝑣⃗

𝜕!𝐸 = 𝐽'

=: 𝐽'

operator 
splitting

𝜀 = 𝑒 + 𝑝 𝛾* − 𝑝 + 𝑝+,
𝑚- = 𝑒 + 𝑝 𝛾*𝑣- + 𝜖-./𝐵.𝐸/
Π-. = 𝑒 + 𝑝 𝛾*𝑣-𝑣. + 𝑝 + 𝑝+, 𝑔-. − 𝐸-𝐸. − 𝐵-𝐵.

𝑒: energy density
𝑝: pressure
𝑝+, = (𝐸* + 𝐵*)/2

48

Nakamura, Miyoshi, C. N. and Takahashi, Phys. Rev. C 107, (2023) 014901 
Nakamura, Miyoshi, C. N. and Takahashi, Eur.Phys.J.C 83 (2023) 3, 229. 

Nakamura, Miyoshi, C. N. and Takahashi, Phys. Rev. C 107 (2023) 3, 034912

Benoit, Miyoshi, C. N., and Takahashi, ArXiv: 2502.04611 
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• Milne coordinates

• Expanding systems in the longitudinal direction (𝝉, 𝒙, 𝒚, 𝜼𝒔)
• Strong expansion in the longitudinal direction is effectively included. 

• Number of grid of fluid is saved. 
RRMHD Equation

𝜕? 𝜏𝑈 + 𝜕@ 𝜏𝐹@ = 𝜏𝑆

𝑈 =
A
B"
C
D"
E"
F

, FG =
AH#
I"#
B#

C"#$E$
C"#$D$
J#

, 𝑆 =
K

%
&L

#$M"N#$

O%&L
#$M'N#$
K
J(#
K

RRMHD Equation in Milne Coordinates

2023/2/2 49

𝜏 = 𝑡* − 𝑧*

𝜂0 =
1
2
ln
𝑡 + 𝑧
𝑡 − 𝑧

The first RRMHD code in Milne coordinates

New
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Validation of the Code
• RRMHD in the Milne coordinates 

• (1+1) dimensional expansion system 𝑢Z = (cosh 𝑌, 0, 0, sinh 𝑌)
• Comparison between quasi-analytical solution and  RRMHD 

simulation
Energy density Electric field

New Test Problem

Solid line    :  RRMHD code 
Dashed line: quasi-analytical solution Application to Heavy Ion Collisions

50

Nakamura, Miyoshi, CN and Takahashi, Eur.Phys.J.C 83 (2023) 3, 229. 
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Space-time Evolution

Au+Au collision system

Analysis  of Heavy Ion Collisions 

𝑥 − 𝑦平⾯
𝑥 − 𝜂( plane

Electric field strengthMagnetic field strength  

Energy density

Nakamura, Miyoshi, CN and Takahashi, PRC 107, no.1, 014901 (2023) 

First calculation in HIC with RRMHD code

𝑦 
[fm

]

𝑥 [fm] 𝑥 [fm]

𝜂 )

Initial
initial

Co
lli

si
on

 a
xis

Energy density
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Charge Dependent Directed Flow

Benoit, Miyoshi, C. N., and Takahashi, ArXiv: 2502.04611 
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Charge Dependent Flow

No baryon current
Initial condition
EoS
Final state interactions 

Benoit, Miyoshi, C. N., and Takahashi, ArXiv: 2502.04611 

Caveat: 
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Initial Condition
hydrodynamicscollisions

Experimental data

Hydrodynamics
QCD phase diagram
EoS: lattice QCD
Shear and bulk viscosities  

thermalization

Initial 
conditions

Energy (entropy) 
density distributions 

54

最も難しい問題の一つ
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Schlichting [Initial Stages 2016]
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Initial Condition (Thermalization)
• Thermalization
• Hydrodynamization

Abdi

Parton Cascade Model
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Initial Conditions : Quark Production 
• Smoothed initial conditions

• Fluctuating initial conditions
• Smaller B field, Larger E field

• Glasma initial condition
Benoit

Benoit, Taya

Particle in Cell 

Gluon場中の粒⼦
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J. E. Bernhard, J. Scott Moreland, S. A. Bass, J. Liu, U. Heinz, PRC 94.024907(2016) 

流体模型中の
パラメータ

複数の実験結果

ベイジアン解析
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あくまでも模型内での結果

粘性の温度依存性
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• 世界規模の実験が稼働中：理論と実験の検証
• 周辺物理との関連
• 理論的概念、ツール：共通点
• 基礎理論

• 相転移、相図
• 平衡、⾮平衡物理
• 熱⼒学量

• ダイナミクスの記述
• 相対論的流体模型
• 分⼦動⼒学
• Particle in Cell 

• データ解析、⼤規模計算
• ベイジアン解析

クォーク・グルーオン プラズマの物理


