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Electromagnetic Field in Heavy lon Collisions

* Strong Electromagnetic field ?
« Au + Au (/syy = 200 GeV) : 10* T ~10 m2
« Pb + Pb (Jsywy =2.76 TeV) : 10> T
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E 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
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Electromagnetic Field in Heavy-lon Collisions

““mElectromagnetic field in heavy-ion collisions

i
> Production of strong magnetic field %x
E /ty

2

« Au + Au (Syy = 200 GeV) : 104 T ~10 mnl Not observed I
+ Pb + Pb (/syy =2.76 TeV) : 1015 T

. o
BResponse to electromagnetic field B
tq" i

o

« Electric conductivity I Experimental data? I

« Lattice QCD: o ~ 0.023fmt@ T ~ 250 MeV

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

: Magnetic field
: Electric field
: velocity
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Electric Conductivity of QCD Matter
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Electric Conductivity on the Lattice

10

7= b (/ e Wzm(oaom) oo

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

 Does not include external magnetic

field effects
e Uses approximately realistic pion mass
 General agreement among results

using a variety of methods and parameters

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

Z#7 SKCM?

WPI HIROSHIMA UNIVERSITY



EIectromagnetic Field in Heavy-lon Collisions

.(,\)
BElectromagnetic field in heavy ion collisions

i
> Production of strong magnetic field .
« Au + Au (y/Syy = 200 GeV) : 10 T ~10 mnl Not observed I 1 y

* Pb+Pb(ysyy=276TeV): 10 T

BResponse to electromagnetic field

« Electric conductivity from lattice QCD I Experimental data? I

e o~ 0.023 fm 1 @ T ~ 250 MeV Gert Aarts, et al.
Phys. Rev. Lett., 99:022002, 2007.
> Magnetohydrodynamics (o — o)
Inghirami, et al, Eur. Phys. J. C (2020) 80:293

« Focus only on magnetic field

« Quantitative analysis on electric conductivity N_
Electric conductivity {mmmmsmsm) experimental data B: Magnetic field

E: Electric field
v

: velocity

Relativistic Resistive I\IlagnetohydrodynamICS Reactiop, ,
dhe _
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r_EIectromagnetic Fields and Property of QGP

Electric Conductivity Electric field

- Dissipation of electric field  B: magnetic field
. . E: electric field
« Ampere’slaw @ 0,E —VXB = —J

Ohm's law makes electric field dissipate
=»Dissipated energy to fluid
Magnetic field

plal} 91308J JO Y3SUBNS

« Charge is induced.

et g F 0

Suppresses of
dissipation

« Charge is induced by electric field.

* Induced charge depends on charge conductivity

Electric field is
dissipated.

 Dissipation of magnetic field
Charge CondUCtiVity Of QGP L. McLerran and V. Skokov, Nucl. Phys. A 929 (2(51%,?134—190
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Understanding of QGP Property

Charge conductivity of QGP from analysis of high-energy heavy-ion collisions
Physical property | Observables
Charge conductivity ? X
Shear viscosity Azumithal anisotoropy v,, O
Bulk viscosity Py distributions O
Diffusion coefficient Jet energy loss O
Charge dependent directed flow Proposed EM observables
Asymmetic collisions = i.e., Hirono, Hongo,  Dileptons - i.e., Akamatsu, Hamagaki,
and Hirano, PRC 90, 021903 (2014). Hatsuda, and Hirano, PRC 85, 054903 (2012).
Symmetric collisions Photons - i.e., Sun and Yan, PRC 109, 034917
‘ (2024).
&\\/}j C. NONAKA 727 SKCM? 3




Understanding of QGP Property

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

l

Construction of relativistic resistive magnetohydrodynamics

Charge conductivity ? X
Shear viscosity Azumithal anisotoropy v, O
Bulk viscosity P; distributions O
Diffusion coefficient Jet energy loss O
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Relativistic Resistive Magnhetohydrodynamics



Relativistic Resistive
Magneto-Hydrodynamics (RRMHD

Nakamura, Miyoshi, CN and Takahashi, PRC107, no.1, 014901 (2023)

[Experimental data
collisions thermalization  hydro hadronization  freezeout S

ooooo

Initial conditions Hydrodynamics
Glauber model Hydrodynamic eq. + Maxwell eq. + Ohm'’s law
+approximate solutions of Maxwell eq. 8MT’“’ _ FuAJA T — ge
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Relativistic Resistive

& Magneto-Hydrodynamics (RRMHD)

vll’ = RRMHD ti Nakamura, Miyoshi, CN and Takahashi, PRC107, no.1, 014901 (2023)
equation

_ , e: energy density
» Conservation law + Maxwell eq. +0Ohm'’s law p: pressure

— A
0uTH" = F"J; o = (E2 + B2)/2

U — 4 u
S5 =Je +qu €,=(e+p))/2—p+p_e,m
m! = (e + p)y*v' + €U*B,E,

, \ MY = (e + p)y*v'v/ + (p + pem)g” — E'E/ — B'B
\ /hmslaw \

/

Energy Conservation

0 +V-m=0 J=qb+oy[E+7xB—(-E)v]
i Ampere’s law = 5 5
Momentum ponseryatlon P c 0.E—VxB = qi
l 1 — —
om'+V-I1I'=0 atE—VXB=< -~ -  operator
atE =]c splitting

Faraday’s law

N . * Integration with quasi-analytic solutions
0:B+VXE=0

E, =—3xB+ (E? + ¥ x E) exp(—ayt)
K / \ E, = Elexp(—at/y)

Komissarov, Mon. Not. R. Astron. Soc. 382, 995-1004 (2007)
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RRMHD Equation in Milne Coordinates

- New
* Milne coordinates T =+/t2 — 22
11 t+z
. . . . . . nNe = 511N
- Expanding systems in the longitudinal direction (T, X, y, f)) 2 t—z
« Strong expansion in the longitudinal direction is effectively included.
« Number of grid of fluid is saved.
/~  RRMHD Equation )
0, (tU) + 9;(F') = S
D D! 'ko
' i It STH0jg;
U=V F=| u |.5={2 7o
BJ glikp —>T™dogik
EJ glikp, 0

N A y

&P C NONAKA F#7 SKCM? 13




Validation of the Code

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

e
-
(\'r" * RRMHD in the Milne coordinates

New Test Problem

* (1+1) dimensional expansion system u* = (coshY,0,0,sinhY)

 Comparison between quasi-analytical solution and RRMHD
simulation

@  Energy density o Electric field
1.0 0.0020
------ T=0.5 [fm]
0.0015~, e = 1.0 [fm]
ogd o~ s =3 [fm]
' 0.0010 —— RRMHD code T=0.5 [fm]
...... T=05 [fm] i —-= RRMHD code T= 1.0 [fm]
06 =0 - =10 [fm] :}E 0.0005 ——— RRMHD code T=3.0 [fm]
T =3 (fm]
‘3- T RRMHD code T=0.5 [fmi] ﬁ 0.0000 1
] —-- RRMHD code T=1.0 [fm]
0.4 —_— Rmunzm :w 3.u[rm] w —0-0005+
R IT¥ e e P R T A T LT - —0.00101
0.2
—0.0015-
0.0 : - —0.0020 : : .
=1.0 —=0.5 0.0 0.5 1.0 1.0 =0.5 0.0 0.5 1.0
f1s fls
Solid line  : RRMHD code . . ..
» Application to Heavy lon Collisions

Dashed line: quasi-analytical solution

F#7 SKCM? 14
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Symmetric and Asymmetric Systems

-0
@RAIC vory 200 Gov

BAuU-Au collisions BCu-Au collisions

Au Au Au

> Symmetric pressure gradient > Asymmetric pressure gradient

> Almond-shaped medium > Distorted Almond-shaped medium

Hirono, Hongo, Hirano




Analysis on High-Energy Heavy-lon Collisions

* Directed flow v4

vy = (cos(¢ — W1))~(
/p%+p§

* Elliptic flow v,

(-):average over yield

Dx )

Y, :angle between b and x axis

vy = (cos(2¢ — Wy))~ (22

* Charge dependence

Px+tpPy —
Y, :angle between b and x axis

+

— 1,70 T

Av, = vy — vy
+ —_

— 41T T

Av, = v, — v,

\

&,‘j C. NONAKA

Nucleus B

tilted pressure gradient X

( U %
Nucleus A

y hydrodynamic expansion
Nucleus A

- — - — - /’—\ Y
| \éi
.! .
;X X
N s A// \‘
|
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Initial Condition : QGP Medium

-@ — Bozek, et al, Phys. Rev. C 81, 054902(2010)
np - number of participants Freezeout hypersurface

H Tilted Glauber model n, : number of collisions Energy density

x — y plane x — nsplane

- Energy density is scaled by n, and n,

|

I

|

- Tilted distribution in the longitudinal directiong s |
< _ nE |

, + £ > |

For directed flow v, LN 158 |
Nucleus B < o

5 |

I

0

—> |
________________ -

s |

1 Cu - Au |

> ™ 5= 10(fm] o 5L 10 [fm]

beam axis = 8 Au,” > .. Cu 2

< 7 . )" 208

L / 158 |

‘{_ ] (&) = ~= “ oo 1
asymmetric shape -10 _ s |

Nucleus A s distorted I

=10 0 10 0 I =10 0 10
X [fm] _ X [fm]
Q28 C. NONAKA 7#7 SKCM? 17
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Initial Condition - Electromagnetic Fields

| ‘r" é
(:l'\:') Tuchin, Phys.Rev.C88,024911(2013)
BAsymptotic solution of Maxwell eq.

>Electromagnetic field made by point %x
charge moving in the longitudinal axis E /4y

« Proton distribution in nucleus : uniform sphere

- Constant charge conductivity (¢ =0.023 fm-1) B
V.B=0, VxE=-2 i : t‘
«

ot

V-D=¢eb(z—vt)é(b),
oD
VxH= = + 0o E + evzé(z — vt)d(b)

—

E ' B: magnetic field

the charge distribution inside of nucleus Vv E: electric field
v: velocity of heavy ion

& ¢ NoNAKa 727 SKCM? 18
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Electromagnetic Field
in Symmetric and Asymmetri

) VvV A
-(".\.)‘
BAuU-AuU collisions BECu-Au collisions

Au ' iéAIH Au Cu
ic field

ctric field

E=0
> Magnetic field > Magnetic field
> Electric field > Electric field

« FE#0 duetothe asymmetry
of the charge distribution

Hirono, Hongo, Hirano



Initial Condition : Electromagnetic Fields (n, = 0)

LG
HAU+AU

> Strong magnetic fields in QGP
> Electric field ~ 0 in QGP

HECu+Au

>Strong magnetic field in QGP
> Finite electric field in QGP

&L\\j‘,\) C. NONAKA
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Tuchin, Phys.Rev.C88,024911(2013)

Au+Au (b =10 fm), cu+Au (b =10fm)

0.15
[ 15{ (a) B
Cu - Au y
| 10/ b =10 [fm] 0.10
| - &
I 5 Au/ | Cu 0.05 "
— \ =
FE o } 0.00 %
> ' &
I 5 ,/ (B
I F ~0.05 =
| 10 =
: -1 —0.10
=15
| : —-0.15
I -10 0 10
¥ fm1
0.15
I 15{ (b)
I Cu - Au E,
| b = 10 [fm] 0.10
| ,:‘c\\ Cu 0.05 %
| I/ \‘ \‘ gf‘
| I ) - 0.00 —.
k J /’ -
I \ /I Lg
o —0.05 =
[ . x
i Ly
I -0.10
|
_15 .
[ =0.15



Space-time Evolution

Nakamura, Miyoshi, CN and Takahashi, PRC 107, no.1, 014901 (2023)
Au+Au collision system

X — 1, plane

=
(=]
—

1

O — . S . I'=l1
> ———
S )
@ Sk <
@ = -3
100 o = 10 c=|>
o O —— T ) —— @,
S 8 — —— ="
Y e <
g initial
10~ ‘ 10-1
-15 =10 - n 10 15
x [fm]
l - I — 1
Y 1073 102 10!
. 12 ffpn 3
IBI [GEVI'fomJ’Q] Il (Geviam=) |E| [GEV / ,Iffm "Q]

Magnetic field strength

Electric field strength

Analysis of Heavy lon Collisions
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Charge Dependent Flow



Directed Flow

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

vy = (cos(p — W)~ ()

“2 ol -p,
> Au-Au collisions ({/syy = 200 GeV) »Cu-Au collisions (/syy = 200 GeV)
« Parameter fixed in initial condition « Decreases with conductivity
from comparison with STAR data e Dissipation suppresses flow

in the Cu direction

STAR Collaboration, Phys. Rev. Lett. 101 (2008), 252301

0.04 1

= RRMHD code ¢g= 100 [Trm—] . 1
- 0.014 + — RRMHD code =100 [Tm™1] —
0.03 ——- RRMHD code g=1 [fm—] o =100 fm-1 T D g - ool o =100 f_r?
""" RAMHD code ¢g=0 [fm—] og=1fm1 0.012 we- RRMHD code g =0 [fm—1] o=1fm
0.02 1 o STAR Au- Au centrality 30 - 60% 1 g=0 fm-l
' o=0fm 0.010 - -
0.01 4 o : STAR
0.008 -
\m
0.00 1 .
= > 0.006 -
—0.01-
< 0.004 -
e Consistent with STAR dat
0.002 - .
—0.03 1 (2) onsistent wi ard (b) Dissipation suppresses flow
Au - Au o.000{ Cu- Au
—0.04 - b = 10 [fm] 0.002 b - ln [fm]
—2.0 -15 —-10 —0.5 0N 05 1.0 1.5 20 ~ T S1.00-0.75—0.50 —=0.25 0.00 0.25 0.50 0.75 1.00
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Energy Transfer by Ohm Dissipation

* Energy Transfer

D) = jhe, = ylj - (E+vx B) — qv- E)]

energy of

the electromagnetic field

*{

Au+Au collisions

&P C. NONAKA

0.40
(a)

0351 Au-Au o =100 fm-!
& g 5. T
> 0 Symmetric dissipation
G 0.20- "
g 0.15
2 0.101

0.05 -

Thermal energy
Kinetic energy

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

y [fm]

Au + Au (n, =0)

Ex

GeV)M2/(fm)¥2]

y [fm]

Cu + Au (n, =0)

Ex

0.00 -

-15 =10 -3 X [fm] 5 10 15

no contribution to w4

contribution to vq

7£7 SKCM?
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-10 X[ﬁfm] 10
Cu+Au collisions
0.40
(a) 1
0351 cu- Au o =100 fm-
= 0.30 b= 10 [fm] . . . .
E ,,.| Asymmetric dissipation
% 001 «<— ->reduces pressures gradient
S 015
Q’ 0.101
0.051
0.00 t r S . .
-15 =10 -5 n = 10 15
x [fm]



Directed Flow

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

vy = (cos(p — W)~ ()

“2 ol -p,
> Au-Au collisions ({/syy = 200 GeV) »Cu-Au collisions (/syy = 200 GeV)
« Parameter fixed in initial condition « Decreases with conductivity
from comparison with STAR data e Dissipation suppresses flow

in the Cu direction

STAR Collaboration, Phys. Rev. Lett. 101 (2008), 252301

0.04 1

= RRMHD code ¢g= 100 [Trm—] . 1
- 0.014 + — RRMHD code =100 [Tm™1] —
0.03 ——- RRMHD code g=1 [fm—] o =100 fm-1 T D g - ool o =100 f_r?
""" RAMHD code ¢g=0 [fm—] og=1fm1 0.012 we- RRMHD code g =0 [fm—1] o=1fm
0.02 1 o STAR Au- Au centrality 30 - 60% 1 g=0 fm-l
' o=0fm 0.010 - -
0.01 4 o : STAR
0.008 -
\m
0.00 1 .
= > 0.006 -
—0.01-
< 0.004 -
e Consistent with STAR dat
0.002 - .
—0.03 1 (2) onsistent wi ard (b) Dissipation suppresses flow
Au - Au o.000{ Cu- Au
—0.04 - b = 10 [fm] 0.002 b - ln [fm]
—2.0 -15 —-10 —0.5 0N 05 1.0 1.5 20 ~ T S1.00-0.75—0.50 —=0.25 0.00 0.25 0.50 0.75 1.00
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Charge Dependence of Av,

&
)

[ U
+ —_

* Avy, =vy; () —vz ()

— Negative Elliptic Flow

e Contribution of negative charge
on freezeout hypersurface

« Symmetric structure:
initial electric field to the
collision axis

« Electric conductivity

0.0005

0.0000

N—0.0005

dependence is observed even 5

in the symmetry system.

& C- NONAKA

=0.0010

—0.0015

=0.0020

0.00000
0.10
< =0.00005
0.05 = —_
& o —0.00010
0.00 g o
3 .E =0.00015
) o
_0'05:: S =0.00020
—0.10 E —0.00025
15 =
10 0 10 =015 T —0.00030
X [fm] —0.00035
—0.00040
Au - Au
b =10 [fm]
—— @=0.1 [fm™]
—-——— = 0023 [fr'n'l]
—_— = 0.0058 [fr'n'l]
e, — e =
=1.0 =0.5 0.0 0.5 1.0

Au T+ Au

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

Charge distribution
on freezeout hypersurface

L
[}

——
——

-
L
-

"I\"’\ ;'

‘ !

Sraon N
S/ Au - Au Y
b=10[fm] \

/ ns=00 ‘\

l,-" ——— @=0.023 [fm~!] "q,

A

\/ —— g=0.0058 [im~!] “J

o
-

T T T
-2 0 2 4 ]

x [fm]

c=0.1fm?1
o=0.023 fm1
o =0.0058fm!

lp| + D
lp| — D2
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Charge Dependence of Av, : Cu+Au

'@\ Nak Miyoshi, CN and Takahashi, PRC 107 1, 014901 (2023
V"’ akamura, Miyoshi, and Takahashi, , No.1, ( )

+ - Charge distribution
° A'Uz = v72t (n) — 1,712-[ (11)  — i on freezeout hypersurface
. . % 0.00000 1= ;f
. = = & — H—n_nnnns——w
« Negative Elliptic Flow = 5 ~., :
. . . > _u.mu; g —0.00010 - il \ ;
« Contribution of negative charge =,  —oooms- LN
on freezeout hypersurface x [fm] i N e
« Asymmetric structure: oo a=00 T TR
ey . . . X [fm]
initial electric field to the o
o . 0.0001 - Cu - Au
collision axis 50000 | b =10 [fm] -
. .- g=0.1Tm"
. !Electrlc conductIVIty dependence (~0-0001 TR s s sl 6= 0.023 ML
IS observed. S 00002 l o = 0.0058 fm-!
=0.0003 T o
R . . . . . —0.00049 _._ g=0.1[fm"] .h._-h--hh-'-h"""“---...._ nzllnlplﬂﬂz
AVZ' initial electromagnetic field distribution _ .| — e=0023 2" Il —p,
= = = — @=0.0058 [fm~!]
electrical conductivity 00008}

n

&P C. NONAKA 787 SKCM? 27
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1L . -
* Avy=vy (n) —vi ()

Charge Dependence of Av, -

Au T+ Au

Charge distribution on freezeout hypersurface

— Clear dependence of charge conductivity - | o]
- Proportion to electric conductivity o] | 7 W £ _ooun (o ~N
o { a L Au - Au " I
« Negative charge induced in the opposite % ooons] | // br10m| & —oo0ea {2 2 101 \\ |
direction of fluid flow Y I T emeamin y
suppression of v,of negative charge Vo = e=ocsspm et
— A with finite o is consistent with STAR data x [fm] x [fm]
« 0 =0.0058 fm™! NN AU - Au 0.1 fm-
| - o=0.
ex. opqcp = 0.023 fm™! noo \\\ b=10[fml| 4 =0.023 fm1
. 0.00101 t N, S et oty o o = 0.0058 fm
from lattice QCD 000 AN > : STAR data
Gert Aarts, et al. .
, S
Phys. Rev. Lett., 99:022002, 2007. <] ©:00001
v QGP electrical conductivity from R [ N M i,
. . . -0.0010 on , n=§ln| =
_ —_— =002 _ | , Pl — P
high-precision measurement of Av, |7 °70%8 N
T STAR Au- Au 10 - 40% ™,
=0.0020 T T T A
o U -1.0 —0.5 0.0 0.5 1.0
Een n . ,
&P C- NONAKA OKCM® 28

L
L4

WPI HIROSHIMA UNIVERSITY



Charge Dependence of Av, : Cu+Au

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

Charge distribution on freezeout hypersurface

« Avy = VT () — VT (1)

0.00000 1

0.00000

" - ‘/ =0.00005 “l‘ I|II
* Electric field created by initial condition & '=l / % 00000 | ;'
g ': ’ & (b) \ /
= _5.00015 - ! f(a) o, 700001590 Au e !
¢ Avl 1S flnlte at n =0 3_0_00020_ ‘i- !,'-‘/ gu:~ ?Ouz[_fgn] E—o_ooozo—zsz Ez.flo[fm] \\ ;,"
< - == c-—o 00025 - -1 N\
—0.00025 ] L/ - o=00231mm - == e-o0z [} \ S
« Asymmetry structureton =0 M et o
: : .. x [fm] x [fm]
 Proportion to electric conductivity I
Cu - Au o1 fmt
Ay, vanishes atn = 0.5. 000087 y  p=100ml o 023 fm
0.0006_ '\.\ o =0.0058 fm-!
v Electrical conductivity <- Av; atn =10 00008 Tvee \
e . ] < 0.0002- -
v Initial electrical field from n dependence I
of Av, —000029 __ g=0.1(m) ‘«\. ‘‘‘‘ ~
=0.0004 4 ——— = 0.023 [fm-lj \‘
—— @=0.00058 [fm™] ‘«.\
_ 0000815 -05 0.0 0.5 1.0
Asymmetric system has advantage in explore of n
; : 2
& C NONAKA — QGP electrical conductivity. 227 SKCM* 29
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Comparison with STAR Data

e
-('vl\l) Benoit ,Miyoshi, CN , Sakai and Takahashi, in preparation
What RRMHD says about recent experimental result

* Our RRMHD model can reproduce the STAR experiment behavior

0.008
| o ] Au-Au

- 0.006 - e Vs=200[GeV]
. ° ° e  b=10.0[fm]
y B 0.004 7 . . oT = 0.140 [GeV]
y 0.002 -
J ® ° 8
0.000 4 A—d—b—d—b—b—b—b—hh o SN
™ ° ]

-0.002 H
- ° ° .
-0.004 -
[
7 ° e
-0.006 10 =0.0 [fm] o =0.0294 [fm™] o =0.294 [fm]
1slope = 0.000e+00 slope = -2.383e-04 slope = -1.692e-03
Vv -0.008 T T T T T T T T T | T T T  —
. 1 -1.0 -05 00 05 10 -10 -05 0.0 05 10 -1.0 -05 0.0 05 1.0
Direct flow rapidity

e v;forprotons e wviforanti-protons A Avi(p-p) — linear fit of Ava

EL\\//B C. NONAKA By courtesy of Benoit F#r SKC M?
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Electromagnetic Dissipation for QGP Photon

. o
e’ Electromagnetic fields inside QGP Benoit

« EM fields penetrating QGP drive charge carriers out-of-equilibrium

J!' = qu" + o F*" u,
First order dissipation from the EM fields

« Taking the Boltzmann equation in the relaxation time application
Ofa  kMuy,

W Oufa+ Qb hu ozl = =——0],
R

Sun and Yan, PRC 109, 034917 (2024).

Order “n” corrections
to the quark distribution function

Vlasov term for the external EM fields
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Electromagnetic Dissipation for QGP Photon

. o
e’ Electromagnetic fields inside QGP Benoit

« 1st order corrections

K10, fu + Qo "k

Ofa k“uu

5f(n)
% aky a,F-M Sun and Yan, PRC 109, 034917 (2024).
fa — fa,eq =+ 5f(1)M - 5f(2)]\/[ - 5f¢§?1)3]M -

f(l) ( ) B _fa,eq(l — fa,eq)
a,BEEM TXelk'uu,u

Electric conductivity of QGP from EM fields in the fluid rest frame
Landau matching with the current

Qe ky

et = (yvkEk,yEi + veijkvak)
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Electromagnetic Dissipation for QGP Photon

== :
e Electromagnetic fields inside QGP Benoit

 The fluid + EM field contributions from hydrodynamics

Temperature and four velocity

_fa,e 1_fa,e
T T
€ M

Electric susceptibility of QGP Spacetime dependent EM fields in
QGP medium

_ _l dﬁ o,V _fa,eq(l B fa,eq) : ..
wa =3 [ @y E, P AT e = (yor B, yE' + e’ v; By)
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Electromagnetic Dissipation for QGP Photon

. o
e’ Electromagnetic fields inside QGP Benoit

« The fluid + EM field contributions from hydrodynamics

« All of those values can be calculated self-consistently using relativistic
resistive magneto-hydrodynamics (RRHMD)

Temperature and four velocity

o _fa,eq(1 T fa,eq)
Txelk“uu

Sf par(X, k) = eaQack,

Electric susceptibility of QGP Spacetime dependent EM fields in
QGP medium

_ _1 dp o,V _fa,eq( _fa,eq) : ..
wa =3 [ @y E, P AT e = (yor B, yE' + e’ v; By)
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r_Photon production from QGP and EM fields
\.')° Rate of QGP photon production should be increased by the EM fields

QGP EM
B g R g R
d3k d3k d3k
AR EM
Ekﬁ NCO&SOéEMzﬁc E 5fc§,1E)]M(X7 ]{I)

We focus onaeffect of EM dissipation
We neglect viscous dissipation effect
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P- Spectra of Direct Photon

>
={e\0;
@
10’
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Elliptic Flow of Direct Photon

<D
0.4 I
AT ¢ Phenix 2020 VoU2 + U(])E MUQE M
{ Vs =200 [GeV] — 0=0.0 [fm~"] (0 (’y) — EM
b =10.0 [fm] — 0=0.294 [fm~"] Vo + VU
05 MI<10 t 0
e {\e\(\i | quark gluon plasma
| |
0.2 +
L 2
| =l o] &
0.1 { 11
B //'////
ot - 1. - T — i - ! Since largest magnetic field has an elliptic
pT orientation, a larger impact from the EM

corrections on elliptic flow appears.



Summary
¥ Electric conductivity of QCD Matter
e Construction of RRMHD code in the Milne coordinate
e Test calculation in the 14+1 expanding system

* Application to high-energy heavy-ion collisions

« Charge dependent flow
 Au+Au and Au+Cu systems at RHIC energy

e Ellintic flow of nhotons

Tom — Future work:
| ‘ S Event-by-event fluctuation
Finite density

mji]\ Nuclear structure Ru+Ru, Zr+Zr
-l Vortex

Chiral magnetohydrodynamics
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