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Electromagnetic Field  in Heavy Ion Collisions
• Strong Electromagnetic field ?       

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

• Pb + Pb ( 𝑠!! = 2.76 TeV) : 10"& T
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Initial conditions Hydrodynamics

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

@µT
µ⌫ = F ⌫�J�

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

Jµ = �eµ
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Hydrodynamic eq. + Maxwell eq. + Ohmʼs lawGlauber model 
+approximate solutions of Maxwell eq.
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Relativistic Resistive 
Magneto-Hydrodynamics (RRMHD)

thermalization hydro hadronization freezeoutcollisions
Experimental data
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Relativistic Resistive 
Magneto-Hydrodynamics (RRMHD)

nRRMHD 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 = 𝑞�⃗� + 𝜎𝛾[𝐸 + �⃗�×𝐵 − �⃗� ⋅ 𝐸 �⃗�]

Ampereʼs law
𝜕!𝐸 −∇×𝐵 = −𝚥

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

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

𝜕!𝐸 −∇×𝐵 = 𝑞�⃗�

𝜕!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
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Validation of the Code
• RRMHD in the Milne coordinates 

• (1+1) dimensional expansion system 𝑢7 = (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
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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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Hirono, Hongo, Hirano
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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
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Hirono, Hongo, Hirano

Electromagnetic Field 
in Symmetric and Asymmetric Systems
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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
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First calculation in HIC with RRMHD code
𝑦 

[fm
]

𝑥 [fm] 𝑥 [fm]

𝜂 !

Initial
initial

Co
lli

si
on

 a
xi

s Energy density

8



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

from comparison with STAR data
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Energy Transfer by Ohm Dissipation
• Energy Transfer

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

Symmetric dissipation

no contribution to 𝒗𝟏
contribution to 𝒗𝟏

𝜎 = 100 fm-1 𝜎 = 100 fm-1

𝑥 [fm] 𝑥 [fm]

Au+Au collisions Cu+Au collisions

Ex
Au + Au (𝜼𝒔 = 𝟎)

Au Au

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

energy of 
the electromagnetic field

Thermal energy
Kinetic energy

Ex

Cu + Au (𝜼𝒔 = 𝟎)

Au Cu

Asymmetric dissipation  
-> reduces pressures gradient
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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
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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

11



C. NONAKA

Charge Dependence of Dv2：Au＋Au

Ex
Au Au

𝝈 = 𝟎.𝟏 fm-1

𝝈 = 𝟎.𝟎𝟐𝟑 fm-1

𝝈 = 𝟎.𝟎𝟎𝟓𝟖 fm-1

𝜂

𝜂 =
1
2 ln

|𝑝| + 𝑝!
|𝑝| − 𝑝!

𝑦 
[fm

]

𝑥 [fm]

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

on freezeout hypersurface
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• 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.

𝑥 [fm]

Δ𝑣
%
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Charge Dependence of Dv2：Cu＋Au

𝑬𝒙
Au Cu

𝜂

𝑥 [fm]

【副論文=】(D0 !0'(30 )*+,-.*'(/0 !,1"#"("12(E0 50 3"#"."-.*'("&F*7G<<8<09<8<?(H1%IJKL.M 

𝑦 
[fm

]
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• 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.                 

initial electromagnetic field distribution
electrical conductivity

Dv2:
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Δ𝑣
%

𝝈 = 𝟎.𝟏 fm-1

𝝈 = 𝟎.𝟎𝟐𝟑 fm-1

𝝈 = 𝟎.𝟎𝟎𝟓𝟖 fm-1

𝜂 =
1
2 ln

|𝑝| + 𝑝!
|𝑝| − 𝑝!

Charge distribution 
on freezeout hypersurface
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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]

!"#$ %&''()&*(+,&-./
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𝜂 =
1
2 ln

|𝑝| + 𝑝!
|𝑝| − 𝑝!

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

Q
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 Linite 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

Asymmetric system has advantage in explore of 
QGP electrical conductivity.  15
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Charge Dependence of Dv1：Cu＋Au
Charge distribution on freezeout hypersurface
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Summary
Relativistic Resistive Magnetohydrodynamic Model 
• RRMHD code in the Milne coordinate 

• Test calculation in the 1+1 expanding system
• Application to high-energy heavy-ion collisions 

• Au+Au and Au+Cu systems at RHIC energy 
• Directed flow

• Cu+Au: suppression of v1 due to dissipation of electric field
• Charge dependence of Δv1 and Δv2 

• electric conductivity from Δv1
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Event-by-event fluctuation
Finite density
Vortex
Chiral magnetohydrodynamics
…. 

Future work:


