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Electromagnetic Field in Heavy lon Collisions %

* Strong Electromagnetic field ?
« Au + Au (syy = 200 GeV) : 10 T ~10 m2
« Pb+ Pb (\/syy =2.76 TeV) : 101> T

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.

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

& o Magneto-Hydrodynamics (RRMHD)

Nakamura, Miyoshi, C. N. and Takahashi, PRC107, no.1, 0714901 (2023)

'Experimental data
collisions thermalization  hydro hadronization  freezeout S
‘ « ::. : € : ':s.c
Initial conditions Hydrodynamics
Glauber model Hydrodynamic eq. + Maxwell eq. + Ohm’s law
+approximate solutions of Maxwell eq. (%T‘“/ _ FI/)\J)\ T — ge
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Relativistic Resistive %

& Magneto-Hydrodynamics (RRMHD)
()

v-) Nakamura, Miyoshi, C. N. and Takahashi, PRC107, no. 1, 0714901 (2023)
B RRMHD equation

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

_ A
0,THY = F"]) Pom = (E2 + B2)/2

[ [0
S5 =Je +au e=(e+p)y? =P+ Dem
m' = (e + p)y*v' + €Y*B;E,

, S MY = (e + p)y?v'v’ + (p + Pem)g"” — E'E) — B'B/
(Energy Conservation \ /Ohm’s Iayv \

d,e+V-m=0 J =qv+oy[E+VxB—(v-E)D]
: Ampere’s law =f o o
Momentum iconser\i/atlon Y : ) 0,F — VB = qi
oym'+V-II'=0 0.F —VXB = < = operator
6 E _]c splitting

Faraday’s |iW . * Integration with quasi- analytlc solutions
0,B+VXE =0 E, = —9xB + (E? + xB) exp(—oyt)

\ / \ Ey = Eexp(~at/y)

Komissarov, Mon. Not. R. Astron. Soc. 382, 995-1004 (2007)
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Validation of the Code %

| ’\".E
(‘ |-) e RRMHD in th e Miln e coor dm ates Nakamura, Miyoshi, C. N. and Takahashi, Eur.Phys.J.C 83 (2023) 3, 229.

New Test Problem

* (1+1) dimensional expansion system u* = (coshY,0,0,sinhY)
 Comparison between quasi-analytical solution and RRMHD

simulation
@  Energy density v Electric field
1.0 0.0020
------ T= 0.5 [fm]
0.00151™~, = |m=- e 1.0 [fm]
ogd s~ T= 3 [fm)
- 0.00104 —— ARMHD code T=0.5 [fm]
...... =05 [fm] —_ == AAMHD code T=1.0 [fm]
0.6 e =10 [fm) -2 0.0005 === RRMHD code T = 3.0 [fm]
2 | e T=3[fm] -
‘E- —— RAMHD code T=0.5 [fm] ﬁ 0.0000
0.4 —-= RAMHD code T= 1.0[fm)] _
——- RRMHD code T= 3.0 [fm] w —0.0005
P IET LETT ESTE L SNV 1T 4 5w & Sy § P F Py | Wy e W e & s b L L L P ATy e _u .unlﬂ
0.2 1
—0.0015
0.0 : A —0.0020 . . .
=1.0 =0.5 0.0 0.5 1.0 =1.0 =0.5 0.0 0.5 1.0

s s
Solid line @ RRMHD code . . - .
Dashed line: quasi-analytical solution = Application to Heavy lon Collisions
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Symmetric and Asymmetric Systems

-0
@rhic VNN = 200 GeV

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
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Electromagnetic Field

_@9 in Svymmetric and A
&

BAuU-Au collisions BCu-Au collisions

Au ' iéofH 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
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Space-time Evolution %

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

X — 1, plane
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Magnetic field strength Electric field strength

Analysis of Heavy lon Collisions
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Directed Flow

V‘-) Dy Nakamura, Miyoshi, C. N. and Takahashi, PRC 107, no.1, 014901 (2023)
+ vy = (cos(¢p — Wp))~()
pr 2 |pl—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

STAR Collaboration, Phys. Rev. Lett. 101 (2008), 252301 In th € C u d ! reCtI on

0.04 1 —— RRMHD code g= 100 [fm—]

- —— RAMHD code g= 100 [fm—? — -1
0.03 ——- RAMHD code g'=1 [fm~!] o =100 fm-1 0.014 T RN code g1 rm[rn:] 1| 0 =100 fm
| T T p ety 30-son | 0 = L fm’ 0.012- e RRMHO code g=0m-) | O = 1fm™
A u = Au centrality 3 — -1
oo o=0fm 0.010- o=0fm
0.01 o ! STAR
0.008 -
e
0.00 = —
A = 0.006 -
—0.01+ .
S 0.004 -
o0 Consistent with STAR data 0.002
—0034 @ ' (b) Dissipation suppresses flow
“7 | Au - Au o.oo0{ Cu-Au
—00aJ b= 10[fm] ooy | D= 101fm]
=2.0 —:i..5 —]I..ﬂ —6.5 nln 0.5 lfU 1.I5 2.0 — =1.00 —DTTS —UI.SD —ﬂl.25 ﬂ.::lﬂ l].'25 ﬂ.é_}ﬂ 0.115 1.00

E’L\\//B’ C. NONAKA @-’ SKC:M2 o)

WPI HIROSHIMA UNIVERSITY



Energy Transfer by Ohm Dissipation
* Energy Transfer

D(u) = jte, = y[j - (E+vxB) —q(v-E)]

*{

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

Cu + Au (n, =0)

Au+ Au (n, =0
15 EX

10

o
o
o
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energy of

o Thermal energy
the electromagnetic field
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-5
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|
o
o
o

Kinetic energy

_15 -0.10

=0.15

Au-+Au collisions Cu+Au collisions

0.40
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(a) (a) 1
0351 Au- Au =100 fm-? 0.351 cu- Au o =100 fm
1l b= 10 [fm] — 0.30 b= 10 [fm]

— 0.30 i . . . .
E £ .,.| Asymmetric dissipation
= 0.254 . . . . < 0251 ) .
3 020] Symmetric dissipation 2 0.20. «—— ->reduces pressures gradient
3 0151 S 0154
§ 0.104 9" 0.104

0.05 0.051

0.00_15 =T 0 e B'ﬂo—ls =10 =5 AR 10 15
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E’L\\/}S C. NONAKA

no contribution to w4

x [fm]

contribution to vy
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Directed Flow

V‘-) Dy Nakamura, Miyoshi, C. N. and Takahashi, PRC 107, no.1, 014901 (2023)
+ vy = (cos(¢p — Wp))~()
pr 2 |pl—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

STAR Collaboration, Phys. Rev. Lett. 101 (2008), 252301 In th € C u d ! reCtI on

0.04 1 —— RRMHD code g= 100 [fm—]

- —— RAMHD code g= 100 [fm—? — -1
0.03 ——- RAMHD code g'=1 [fm~!] o =100 fm-1 0.014 T RN code g1 rm[rn:] 1| 0 =100 fm
| T T p ety 30-son | 0 = L fm’ 0.012- e RRMHO code g=0m-) | O = 1fm™
A u = Au centrality 3 — -1
oo o=0fm 0.010- o=0fm
0.01 o ! STAR
0.008 -
e
0.00 = —
A = 0.006 -
—0.01+ .
S 0.004 -
o0 Consistent with STAR data 0.002
—0034 @ ' (b) Dissipation suppresses flow
“7 | Au - Au o.oo0{ Cu-Au
—00aJ b= 10[fm] ooy | D= 101fm]
=2.0 —:i..5 —]I..ﬂ —6.5 nln 0.5 lfU 1.I5 2.0 — =1.00 —DTTS —UI.SD —ﬂl.25 ﬂ.::lﬂ l].'25 ﬂ.é_}ﬂ 0.115 1.00
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Charge Dependence of Av,

Au T+ Au

:

v‘-) Nakamura, Miyoshi, C. N. and Takahashi, PRC 107, no.1, 014901 (2023)

N _
* Av, =v; () —vz ()

— Negative Elliptic Flow i e .
] . . _oosg g —0.00015 ‘ "a ‘/\\ ;a
« Contribution of negative charge SR e N
s ' O, 000 ! b =10 [fm] 1
on freezeout hypersurface m 5 " -0.15 o —0.00030 '1 "‘;" Ns=0.0 ) \ I;
. x [fm] ooy | f e
« Symmetric structure: o0 ool
initial electric field to the _— x [fm]
collision axis Au - Au
0.0000 - b =10 [fm] -
o . - c=0.1TMm"
Electric conductivity B T 0023 fm
— -1
dependence is observed even 5 ——— o =0.0058Tm
—0.0010 - -== @=0.023 [fm™] 1 I o
—_—g=0. Tt p Dz
in the symmetry system. _‘ 90,0058 (™) _' 1=z
—0.0015 { ™", e -
=0.0020 T T
=1.0 =0.5 0.0 0.5 1.0
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Charge distribution
on freezeout hypersurface

]

12



Charge Dependence of Av, . Cu+ Au %

e —_——
-@ akamura, Miyoshi, C. N. and Takahashi, PRC 107, no.1, 014901 (2023)
Tl'+ mw Charge distribution
o — —
sz T vz (n) vz (17) 15 e DT A LR AL

o on freezeout hypersurface
w0l Ey e 0.00000
— —~>\~ CU 0.05 2 1ll'| *"
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=0.0003 T e
L r e . . . . . —0.00047 _ _ g-0.1[fm=1] T n:lln“ﬂ"‘l’z
AVZ' initial electromagnetic field distribution .|~ s-cozstmm 2" =7,
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G . -
* Avy =vi (n) —vi (n)

Charge Dependence of Av; -

Au T+ Au

Charge distribution on freezeout hypersurface

— Clear dependence of charge conductivity - | - PN N
« Proportion to electric conductivity € o] | /"" :‘} O o~
= ! a L Au - Au h i
« Negative charge induced in the opposite % ooons| | ,/// br10m| 5 -ooucs {2, 2 10 \\ !
direction of fluid flow SR o I Y
suppression of v,of negative charge V. — e-oosimy btk S
— A with finite o is consistent with STAR data x [fm] x [fm]
* 0 =0.0058 fm! 0.0020 \\ - A 0.1 fmi
- B O- = " )
ex. orqcp = 0.023 fm™! oo \‘\ b=101[fml| 5 =0.023 fm1
. 0.0010 1 t \'- ?Iﬁfé‘é'v"’f'f‘éﬁﬁf1"z’<zo14) no.16, o =0.0058 fm-?
from lattice QCD 000 N e > : STAR data
Gert Aarts, et al. -
: S
Phys. Rev. Lett., 99:022002, 2007. <| 000001
v'QGP electrical conductivity from D ey \ e,
T el -o.0oto ___ .,: 0.02 : N ‘ nzilnlpl—r’
high-precision measurement of Av, =002 . ] N :
—0.0015] — ©@=0.0058 [fm™!] ™
T STAR Au- Au 10 - 40% .,
=0.0020 T T T N
-=1.0 -05 0.0 0.5 1.0
N, n
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Charge Dependence of Av, . Cu+ Au

@ : -
*Avy =v7 () —vi ()

« Electric field created by initial condition
e Av,isfiniteatn =0
« Asymmetry structureton =0

« Proportion to electric conductivity
* Ay vanishes atn = 0.5.

v’ Electrical conductivity <- Av; atn =0

v Initial electrical field from n dependence

of Av1

& C- NONAKA

QGP electrical conductivity.

Nakamura, Miyoshi, C. N. and Takahashi, Phys. Rev. C 107 (2023) 3, 034912
Charge distribution on freezeout hypersurface

Asymmetric system has advantage in explore of
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Summary %
7 Relativistic Resistive Magnetohydrodynamic Model
* RRMHD code in the Milne coordinate
e Test calculation in the 1+1 expanding system

* Application to high-energy heavy-ion collisions
 Au+Au and Au+Cu systems at RHIC energy

e Directed flow
« Cu+Au: suppression of v; due to dissipation of electric field

« Charge dependence of Avy;and Av, Fut K
. oloctr ity from A uture work: |
electric conductivity from Av; Event-by-event fluctuation
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