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C. NONAKA

What is the QGP? 
• Quarks and gluons at extreme conditions 
– High temperature and/or high density
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C. NONAKA

What is the QGP? 
• Quarks and gluons at extreme conditions 
– Early Universe
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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

PHENIX
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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
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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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QGP Bulk Properties
hydrodynamicscollisions

Experimental data

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

Detailed feature of shear and bulk viscosities

Hydro
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QGP Bulk Properties
hydrodynamicscollisions

Experimental data

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

12



C. NONAKA

Initial Condition
hydrodynamicscollisions

Experimental data

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

thermalization

Initial conditions

Energy (entropy) density 
distributions 
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From Fluid to Particle
thermalization hydro hadronization freezeoutcollisions

Experimental data

Initial conditions Hydrodynamics Final state interactions
QCD phase diagram
EoS: lattice QCD
Shear and bulk 
viscosities  

Hadron based event 
generator

Energy (entropy) density 
distributions 

14



C. NONAKA

Quantitative Analyses
thermalization hydro hadronization freezeoutcollisions

Experimental data

Initial conditions Hydrodynamics Final state interactions
QCD phase diagram
EoS: lattice QCD
Shear and bulk 
viscosities  

Hadron based event 
generator

New 
hydrodynamics 
code

�µTµ� = 0
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Energy (entropy) density 
distributions 

Akamatsu et al, JCP256,34(2014)
Okamoto, Akamatsu, Nonaka, EPJC76,579(2016)
Okamoto and Nonaka, EPJC77,383(2017) 15
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Quantitative Analyses
thermalization hydro hadronization freezeoutcollisions

Experimental data

Initial conditions Hydrodynamics Final state interactions
QGP bulk property
EoS: lattice QCD
Shear and bulk 
viscosities  

Hadron based event 
generator

New 
hydrodynamics 
code

Moreland et al.,PRC92,011901(2015)

Bass et al., Prog.Part.Nucl.Phys.(1998)
Bleicher et al., J.Phys.G25,1859(1999)

TRENTO UrQMD

Ke et al.,PRC96,044192(2017)

Phenomenological model
Parametrization

�µTµ� = 0
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Application to analyses of RHIC and LHC data 
16
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Bulk Property of QGP
thermalization hydro hadronization freezeoutcollisions

Experimental data

Our Model

Okamoto and Nonaka, Phys.Rev. C98 (2018) 054906

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? 17
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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

18
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Collective Flow
Reaction 

plane

x

z

y

f
-

almond shape more realistic….

dN

d�
� N0(1 + 2v1 cos � + 2v2 cos 2�)

Elliptic flowDirected flow
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C. NONAKA

Collective Flow
Reaction 

plane

x

z

y

f
-

almond shape more realistic….

dN

d�
� N0(1 + 2v1 cos � + 2v2 cos 2� + 2v3 cos 3� + 2v4 cos 4� + · · · )

Elliptic flowDirected flow
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C. NONAKA

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

21
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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
<latexit sha1_base64="B7GjRyX0ksxuO3P2Rr0LKiE5oTA=">AAAB+HicbVDLSsNAFL2pr1ofjQpu3AwWwVVJBNGNUHTjssW+oA1xMp20Q2eSMDMRauiXuHGhiFs/xZ0bv8XpY6GtBy4czrmXe+8JEs6UdpwvK7eyura+kd8sbG3v7Bbtvf2milNJaIPEPJbtACvKWUQbmmlO24mkWASctoLhzcRvPVCpWBzV9SihnsD9iIWMYG0k3y7W/awrBbprja/ccwf5dskpO1OgZeLOSalyWPu+B4Cqb392ezFJBY004Vipjusk2suw1IxwOi50U0UTTIa4TzuGRlhQ5WXTw8foxCg9FMbSVKTRVP09kWGh1EgEplNgPVCL3kT8z+ukOrz0MhYlqaYRmS0KU450jCYpoB6TlGg+MgQTycytiAywxESbrAomBHfx5WXSPCu7TtmtmTSuYYY8HMExnIILF1CBW6hCAwik8AQv8Go9Ws/Wm/U+a81Z85kD+APr4wdng5PF</latexit><latexit sha1_base64="laJMLdWCFuctgEXCRsFMJyBie20=">AAAB+HicbVC7SgNBFL0bXzE+sirY2AwGwSrsCqKNEGJjmWBekCzL7GSSDJmdXWZmhbjkS2wsFLGw8Rv8Ajsbv8XJo9DEAxcO59zLvfcEMWdKO86XlVlZXVvfyG7mtrZ3dvP23n5DRYkktE4iHslWgBXlTNC6ZprTViwpDgNOm8HweuI376hULBI1PYqpF+K+YD1GsDaSb+drftqRIbptjq/ccwf5dsEpOlOgZeLOSaF0WP1mb+WPim9/droRSUIqNOFYqbbrxNpLsdSMcDrOdRJFY0yGuE/bhgocUuWl08PH6MQoXdSLpCmh0VT9PZHiUKlRGJjOEOuBWvQm4n9eO9G9Sy9lIk40FWS2qJdwpCM0SQF1maRE85EhmEhmbkVkgCUm2mSVMyG4iy8vk8ZZ0XWKbtWkUYYZsnAEx3AKLlxACW6gAnUgkMADPMGzdW89Wi/W66w1Y81nDuAPrPcfuMSVgQ==</latexit><latexit sha1_base64="laJMLdWCFuctgEXCRsFMJyBie20=">AAAB+HicbVC7SgNBFL0bXzE+sirY2AwGwSrsCqKNEGJjmWBekCzL7GSSDJmdXWZmhbjkS2wsFLGw8Rv8Ajsbv8XJo9DEAxcO59zLvfcEMWdKO86XlVlZXVvfyG7mtrZ3dvP23n5DRYkktE4iHslWgBXlTNC6ZprTViwpDgNOm8HweuI376hULBI1PYqpF+K+YD1GsDaSb+drftqRIbptjq/ccwf5dsEpOlOgZeLOSaF0WP1mb+WPim9/droRSUIqNOFYqbbrxNpLsdSMcDrOdRJFY0yGuE/bhgocUuWl08PH6MQoXdSLpCmh0VT9PZHiUKlRGJjOEOuBWvQm4n9eO9G9Sy9lIk40FWS2qJdwpCM0SQF1maRE85EhmEhmbkVkgCUm2mSVMyG4iy8vk8ZZ0XWKbtWkUYYZsnAEx3AKLlxACW6gAnUgkMADPMGzdW89Wi/W66w1Y81nDuAPrPcfuMSVgQ==</latexit><latexit sha1_base64="ok8tEM2B42q0Iy45GezpGtFurxM=">AAAB+HicbVBNSwMxEJ2tX7V+dNWjl2ARPJWsIHoRil48VuwXtMuSTdM2NNldkqxQl/4SLx4U8epP8ea/MW33oK0PBh7vzTAzL0wE1wbjb6ewtr6xuVXcLu3s7u2X3YPDlo5TRVmTxiJWnZBoJnjEmoYbwTqJYkSGgrXD8e3Mbz8ypXkcNcwkYb4kw4gPOCXGSoFbbgRZT0n00J5eexcYBW4FV/EcaJV4OalAjnrgfvX6MU0liwwVROuuhxPjZ0QZTgWblnqpZgmhYzJkXUsjIpn2s/nhU3RqlT4axMpWZNBc/T2REan1RIa2UxIz0sveTPzP66ZmcOVnPEpSwyK6WDRIBTIxmqWA+lwxasTEEkIVt7ciOiKKUGOzKtkQvOWXV0nrvOrhqnePK7WbPI4iHMMJnIEHl1CDO6hDEyik8Ayv8OY8OS/Ou/OxaC04+cwR/IHz+QPY3JHg</latexit>
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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

25
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Electromagnetic Field in HIC
• Strong Electromagnetic field ?       

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

– Pb + Pb ( 𝑠## = 2.76 TeV) : 10$' T

By Nakamura

!"#"$%&"'()*+,-.*'(/0 !0 "12(3"#"."-.*'(4.+-0(5670(/(89:'(1,08'(98;<98(=>9>?@
!"#"$%&"'()*+,-.*'(/0 !0 "12(3"#"."-.*'("&A*7B>>8809>?89(C1%DEFG.H
!"#"$%&"'()*+,-.*'(/0 !0 "12(3"#"."-.*'("&A*7B>>8>09>8>;(C1%DEFG.H 26
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Relativistic Resistive Magneto-
Hydrodynamics

thermalization hydro hadronization freezeoutcollisions

Experimental data

Initial conditions Hydrodynamics

<latexit sha1_base64="NuCxb1YSwAfx2taysoU050tGbyo="></latexit>

@µT
µ⌫ = F ⌫�J�

<latexit sha1_base64="p7M4MAWEGH0CNtis0NcSeJhx/Bk="></latexit>

Jµ = �eµ

!"#"$%&"'()*+,-.*'(/0 !0 "12(3"#"."-.*'(45/678'(1,06'(769:76(;<7<=>

Hydrodynamic eq. + Maxwell eq. + Ohm’s lawGlauber model 
+approximate solutions of Maxwell eq.

27



C. NONAKA

Relativistic Resistive 
Magneto-Hydrodynamics (RRMHD)

nRRMHD equation
Ø Conservation law＋Maxwell eq. ＋Ohm’s law 

𝜕!𝑇!" = 𝐹"#𝐽#
𝐽! = 𝐽$

! + 𝑞𝑢!

Energy Conservation
𝜕!𝜀 + ∇ ⋅ 𝑚 = 0

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

Faraday’s law 
𝜕!𝐵 +∇×𝐸 = 0

Ohm’s law 
𝐽 = 𝑞𝑣⃗ + 𝜎𝛾[𝐸 + 𝑣⃗×𝐵 − 𝑣⃗ ⋅ 𝐸 𝑣⃗]

Ampere’s law

𝜕!𝐸 −∇×𝐵 = −𝚥

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

Komissarov, Mon. Not. R. Astron. Soc. 382, 995-1004 (2007)

𝜕!𝐸 −∇×𝐵 = 𝑞𝑣⃗

𝜕!𝐸 = 𝐽'

=: 𝐽'

演算子分離

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

!"#"$%&"'()*+,-.*'(/0!0("12(3"#"."-.*'("&?*@A<<6607<=67(B1%CDEF.G
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• Milne Coordinates 

– Expansion system in the longitudinal coordinates (𝝉, 𝒙, 𝒚, 𝜼𝒔)

• Strong velocity in the longitudinal direction -> 0

• Saves the number of cells in the collision axis direction

RRMHD eq.
𝜕) 𝜏𝑈 + 𝜕* 𝜏𝐹* = 𝜏𝑆

𝑈 =
+
,!
-
.!
/!
0

, F1 =
+2"
3!"
,"

-!"#/#
-!"#.#
4"

, 𝑆 =
5

$
%6

"#7!8"#
9$%6

"#7&8"#
5
4'"
5

𝜏 = 𝑡( − 𝑧(

𝜂) =
1
2 ln

𝑡 + 𝑧
𝑡 − 𝑧

Newly developed RRMHD code in Milne coordinates

!"#"$%&"'()*+,-.*'(/0 !' "12 3"#"."-.*'("&?*@A<<6607<=67(B1%CDEF.G

RRMHD eq. in the Milne Coordinates

29
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Validation of the Code
• RRMHD in the Milne coordinates 

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

simulation
• 点線：準解析解、実線

!"#"$%&"'()*+,-.*'(/0 !0"12(3"#"."-.*'("&?*@A<<6607<=67(B1%CDEF.G

Energy density Electric field

New Test Problem

Solid line    :  RRMHD code 
Dashed line: quasi-analytical solution

Application to Heavy Ion Collisions
30
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Symmetric and Asymmetric Systems

nAu-Au collisions

Ø Symmetric pressure gradient

Ø Almond-shaped medium 

Au Au Au Cu

nCu-Au collisions

ØAsymmetric pressure gradient

ØDistorted Almond-shaped medium

RHIC 
<latexit sha1_base64="j+FcRLWqAyhx4BMd30XUPo5OHB4="></latexit>p
sNN = 200 GeV
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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 Cu

Electromagnetic Field 
in Symmetric and Asymmetric Systems

nCu-Au collisions

ØMagnetic field
• Strong magnetic field

ØElectric field
• due to the asymmetry 

of the charge distribution  

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

E 6= 0

32
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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

!"#"$%&"'()*+,-.*'(/0 !0 "12 3"#"."-.*'(45/(678'(1,06'(769:76(;<7<=>

First calculation in HIC with RRMHD code

𝑦
[fm

]

𝑥 [fm] 𝑥 [fm]

𝜂 1

Initial initial

Co
lli

sio
n 

ax
is Energy density

33



C. NONAKA

Directed Flow
• 𝑣> ≔ ⟨cos 𝜙 − Ψ> ⟩~⟨

?!
?"
⟩

ØCu-Au collisions（ 𝑠## = 200 GeV）
• Decreases with conductivity
• Dissipation suppresses flow 

in the Cu direction

Dissipation suppresses flow Consistent with STAR data

𝜎 =100 fm-1

𝜎 = 1 fm-1

𝜎 = 0 fm-1

◦：STAR

𝜎 =100 fm-1

𝜎 = 1 fm-1

𝜎 = 0 fm-1

𝑣 % 𝑣 %

𝜂 𝜂

!"#$ %&''()&*(+,&-./01234/$564/75++4/898 :;99<=./;>;?98

𝜂 =
1
2 ln

|𝑝| + 𝑝'
|𝑝| − 𝑝'

!"#"$%&"'()*+,-.*'(/0 !0 "12 3"#"."-.*'(45/(678'(1,06'(769:76(;<7<=>

ØAu-Au collisions（ 𝑠## = 200 GeV）
• Parameter fixed in initial condition 

from comparison with STAR data

34
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Energy Transfer by Ohm Dissipation

nEnergy Transfer 
𝑫 𝒖 ≔ 𝒋𝝁𝒆𝝁 = 𝜸[𝒋 ⋅ 𝑬 + 𝒗×𝑩 − 𝒒 𝒗 ⋅ 𝑬 ]

energy of 
the electromagnetic field

Ex Ex
Cu + Au (𝜼𝒔 = 𝟎)Au + Au (𝜼𝒔 = 𝟎)

Asymmetric dissipation  -> reduces pressures gradient
Symmetric dissipation

Au Au Au Cu

no contribuSon to 𝒗𝟏 contribuSon to 𝒗𝟏

𝜎 = 100 fm-1 𝜎 = 100 fm-1

𝑥 [fm] 𝑥 [fm]

!"#"$%&"'()*+,-.*'(/0 !0 "12 3"#"."-.*'(45/(678'(1,06'(769:76(;<7<=>

Thermal energy

Kinetic energy

Au+Au collisions Cu+Au collisions
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Directed Flow
• 𝑣> ≔ ⟨cos 𝜙 − Ψ> ⟩~⟨

?!
?"
⟩

ØCu-Au collisions（ 𝑠## = 200 GeV）
• Decreases with conductivity
• Dissipation suppresses flow 

in the Cu direction

Dissipation suppresses flow Consistent with STAR data

𝜎 =100 fm-1

𝜎 = 1 fm-1

𝜎 = 0 fm-1

◦：STAR

𝜎 =100 fm-1

𝜎 = 1 fm-1

𝜎 = 0 fm-1

𝑣 % 𝑣 %

𝜂 𝜂

!"#$ %&''()&*(+,&-./01234/$564/75++4/898 :;99<=./;>;?98

𝜂 =
1
2 ln

|𝑝| + 𝑝'
|𝑝| − 𝑝'

!"#"$%&"'()*+,-.*'(/0 !0 "12 3"#"."-.*'(45/(678'(1,06'(769:76(;<7<=>

ØAu-Au collisions（ 𝑠## = 200 GeV）
• Parameter fixed in initial condition 

from comparison with STAR data

36
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Charge Dependence of Dv2：Au＋Au

• 𝚫𝒗𝟐 = 𝒗𝟐𝝅
!
(𝜼) − 𝒗𝟐𝝅

"
(𝜼)

– Negative Elliptic Flow 

• Contribution of negative charge
on freezeout hypersurface 

• Symmetric structure: 
initial electric field to the     
collision axis

• Electric conductivity 
dependence is observed even 
in the symmetry system.

Ex
Au Au

𝝈 = 𝟎.𝟏 fm-1

𝝈 = 𝟎.𝟎𝟐𝟑 fm-1

𝝈 = 𝟎.𝟎𝟎𝟓𝟖 fm-1

Δ𝑣
'

𝜂

𝜂 =
1
2 ln

|𝑝| + 𝑝'
|𝑝| − 𝑝'

𝑦
[fm

]

𝑥 [fm] 𝑥 [fm]

!"#"$%&"'()*+,-.*'(/0 !0 "12 3"#"."-.*'(45/(678'(1,06'(769:76(;<7<=>

Charge distribution 
on freezeout hypersurface
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Charge Dependence of Dv2：Cu＋Au

𝑬𝒙
Au Cu

𝝈 = 𝟎.𝟏 fm-1

𝝈 = 𝟎.𝟎𝟐𝟑 fm-1

𝝈 = 𝟎.𝟎𝟎𝟓𝟖 fm-1

Δ𝑣
'

𝜂

𝑥 [fm]𝑥 [fm]

𝜂 =
1
2 ln

|𝑝| + 𝑝'
|𝑝| − 𝑝'

【副論文?】 I0 !0'(30 )*+,-.*'(/0 !,1"#"("12(J0 50 3"#"."-.*'("&A*7B>>8>09>8>;(C1%DEFG.H

𝑦
[fm

]

!"#"$%&"'()*+,-.*'(/0 !0 "12 3"#"."-.*'(45/(678'(1,06'(769:76(;<7<=>

• 𝚫𝒗𝟐 = 𝒗𝟐𝝅
!
(𝜼) − 𝒗𝟐𝝅

"
(𝜼)

– Negative Elliptic Flow 

• Contribution of negative charge
on freezeout hypersurface 

• Asymmetric structure: 
initial electric field to the     
collision axis

• Electric conductivity 
dependence is observed.                 

Charge distribution 
on freezeout hypersurface

initial electromagnetic field distribution
electrical conductivity

Dv2:
38
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Charge Dependence of Dv1：Au＋Au

𝝈 = 𝟎.𝟏 fm-1

𝝈 = 𝟎.𝟎𝟐𝟑 fm-1

𝝈 = 𝟎.𝟎𝟎𝟓𝟖 fm-1

◦：STAR data

Δ𝑣
%

𝜂

𝑥 [fm] 𝑥 [fm]

!"#$ %&''()&*(+,&-./
01234/$564/75++4/889 :9;8<=/-&48>.
8>9?;8

𝜂 =
1
2 ln

|𝑝| + 𝑝'
|𝑝| − 𝑝'

!"#"$%&"'()*+,-.*'(/0 !0 "12(3"#"."-.*'("&?*@A<<6<07<6<9(B1%CDEF.G

Charge distribution on freezeout hypersurface• 𝚫𝒗𝟏 = 𝒗𝟏𝝅
\
𝜼 − 𝒗𝟏𝝅

]
𝜼

– Clear dependence of charge conductivity
• Proportion to electric conductivity
• Negative charge induced in the opposite 

direction of fluid flow
suppression of 𝒗𝟏of negative charge

– Dv1 with finite s is consistent with STAR data

• 𝜎 = 0.0058 fm−1

ex. 𝜎<=>? = 0.023 fm−1

from lattice QCD

üQGP electrical conductivity from 
high-precision measurement of 𝚫𝒗𝟏

Gert Aarts, et al.
Phys. Rev. Lett., 99:022002, 2007.
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𝜂

Δ𝑣
%

• 𝚫𝒗𝟏 = 𝒗𝟏𝝅
!
𝜼 − 𝒗𝟏𝝅

"
𝜼

– Electric field created by initial condition

• D𝒗𝟏 is 3inite at 𝜼 = 𝟎

• Asymmetry structure to 𝜂 = 0

– Proportion to electric conductivity

• Dv1 vanishes at 𝜂 = 0.5.

ü Electrical conductivity <- 𝚫𝒗𝟏 at 𝜼 = 𝟎

ü Initial electrical field from 𝜼 𝐝𝐞𝐩𝐞𝐧𝐝𝐞𝐧𝐜𝐞 𝐨𝐟

𝜟𝒗𝟏

𝑥 [fm] 𝑥 [fm]

𝝈 = 𝟎. 𝟏 fm-1

𝝈 = 𝟎. 𝟎𝟐𝟑 fm-1

𝝈 =
𝟎. 𝟎𝟎𝟓𝟖 fm-1

!"#"$%&"'()*+,-.*'(/0 !0 "12(3"#"."-.*'("&?*@A<<6<07<6<9(B1%CDEF.G
Charge Dependence of Dv1：Au＋Au

Charge distribution on freezeout hypersurface

Asymmetric system had advantage in explore of 
QGP electrical conductivity.  40
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Summary

Space time evolution

medium（light quarks  u,d,s)

Medium

Hydrodynamic Model

• Tools for analyses of relativistic heavy ion collisions 
– New relativistic viscous hydrodynamics code 
– New relativistic resistive hydrodynamic model

temperature 
dependence of 
viscosities

electromagnetic fields

Electric 
conductivity

Quantitative Analysis on QGP bulk property

41
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Summary

Space time evolution

medium（light quarks  u,d,s)

Jets
Heavy quarks c, b

photon

Medium + Physical Observables

Hydrodynamic Model

• Tools for analyses of relativistic heavy ion collisions 
– Application to other physical observables

Jets, heavy quarks, photons, electromagnetic probes…

electromagnetic fields

42


