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* Quarks and gluons at extreme conditions  Quark-Gluon Plasma
« High temperature and/or high density

pressure
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What is the QGP?
* Quarks and gluons at extreme conditions
« Early Universe History of the Universe

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

Relativistic Heavy-Ion Collisions
made by Chun Shen

Hadronization
Initial energy
density

Quark-Gluon Plasma

collision ¥
overlap zone

QCD Critical Point

t~0fm/c t~1fm/c

Hadron Phase

collision evolution

Quark-Gluon Plasma

final detected

particle distributions
Kinetic
freeze-out

free streaming

t~10 fm/c

T~ 10" fm/z

Color Super Conductor
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What is the sQGP?
* Quarks and gluons at extreme conditions
* Relativistic Heavy lon Collisions
| 2000: Relativistic Heavy lon Collider
Success of relativistic hydrodynamic model

Quark-Gluon Plasma

_Strongly Interacting |

}Quark-GIuon Plasma

QCD Critical Point

Hadron Phase

(0 o ;

&P C. NONAKA Neutron star , &J%ESKCMZ 6
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Heavy lon Collisions
-(g\h,‘ STAR@RHIC

ALICE@LHC

p+p, O
d+Au,He+Au p+Pb
Au+Au(Beam Energy Scan) U+U, Au+Au, Pb+Pb  Pb+Pb
7.7,11.5, 19.8, 27, 39 200 2760 5020 GeV
RHIC LHC SNN
- BAREHEIRILF— T ?

o

s BRABHLDZEFEESE TS, QCD Critical Point

QCD D ECI=xt i

TBH5DOM? é% £
° éladron Phase

© @ 0 | Quark-Gluon Plasma?
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Color Super Conductor
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@ TP, oTP
d+Au,He+Au p+Pb
Au+Au(Beam Energy Scan) U+U, Au+Au, Pb+Pb  Pb+Pb
7.7,11.5, 19.8, 27, 39 200 2760 5020 GeV

5
FEET — & ) OCDHEMOEZHZRTWBDOH? VSNN

> 10° E i T - i e :
123 g Pb-Pb \/sTN=2.7§ TeV -
£ F | W ], = —
o - - P i, =N,;,/V =
S 10 = J0 i/ gl/ (27)3 e~ (cip)=m)/T 4 1
S5 1o R AN N :
s 1L Tl E ] ] Pb+Pb 2760 GeV
il - E -> ~ T=156 MeV, HZO
0% E
[ = Data, ALICE, 0-10% 5 3
107" statistical model 3
F — Fit: T=156 MeV,u =0 MeV, V=5380 fm® :
10_4?.....‘T=‘ 64 MeV, i = ‘Mev ++_

5N v KKK KK pp A TE Q0 d ;"{Hiﬁ g 2
d{\j/') C. NONAKA Ex:Stachel et al, arXiv:1311.4662 =4 §KSCM
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820 5T, pTD
d+Au,He+Au p+Pb

Au+Au(Beam Energy Scan) U+U, Au+Au,

Pb+Pb  Pb+Pb

T=145 MeV

@ Becattini et al. 2016

7.7,11.5,19.8, 27, 39 200 2760 5020 GeV
170 T T é;]\f]\f
T=165 MeV 165
¢ = 0.556(57) GeV/fm?
160 i
T=155 MeV < 155 # ’L + ]
€= 0.346(41) GeVIm® £ |0 ciar 2017 #F QCD
3 150y aLicE (F—REEE)

¢ = 0.203(27) GeV/fm?

Kaczmarek@QMZ2017

compare well with estimates of the crossover line: 7.(ug) = 7.(0) ( 1 — kS (
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d+Au,He+Au p+Pb

Au+Au(Beam Energy Scan) U+U, Au+Au, Pb+Pb  Pb+Pb
/7.7,11.5, 19.8, 27, 39 200 21760 5020

T

A

 Strongly Interacting |
Quark-Gluon Plasma
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|
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Hadron Phase

Color Super Conductor
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Theory, Model
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g’ === PbPb [5,,=276 TeV
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.. \ © = Data, ALICE, 0-10% :
* QGP, /N I\ H /Qllig 10-3§_ Statistical model E
F —— Fit: T=156 MeV,u = 0 MeV, V=5380 fr’ ~ie 3
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HydrOdynamlc MOdEI [ Experimental data
(l\:)‘ collisions >

|
@» «@ QGP
Production |
5 Hadrons
. Leptons
Photons

Multiple particle production

m) Hydrodynamic picture
Landau
Bjorken

Success of hydrodynamic model at RHIC
Relativistic viscous hydrodynamic model

One of important phenomenological models
B ¢ nowaka 27 SKCM? 17
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Equation of State Spermental dite

[~ ->

Hydrodynamics

QCD phase

diagram

EoS: lattice QCD
pr

9, T" =0

&\\/,\5’ C. NONAKA 227 SKCM? 18



Equation of State
L
* Equation of State

 Lattice QCD
HotQCD, PRDI0,094503(2014) LR

rrrrrrrrrrrr T T

non-int. limit
. | |Quark-Gluon Plasma
gf ‘

3p/T4 |

QCD Critical Poin @o

g/T4 B3 7 o
4 3s/4T3 R \Q@I
0 L g l[ 1 l]l 11 Hadron Phase
130 170 210 250 290 330 370 Cﬁlor Super Conductor
A \ M8

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

&\\//\)’ C. NONAKA Le ~ 155 mev  finite u: sign problem %7 SKCM? 19
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Equation of State Spermental dite

\ —

Hydrodynamics

QCD phase diagram
EoS: lattice QCD
Shear and bulk viscosities

8, TH =0

&\\/)5’ C. NONAKA F#7 SKCM? 20



Property of QGP

s . .
* Current Status for transport coefficients _ _
shear viscosity 0 bulk viscosity
[ T :|||||| T T ||||||| T T T 111 ] E I II|lIl|| '-:';II,IHII[ | llllllll I IIIIII§
- H eee s<0'1 ,“‘ E i veee 0L < 0. 3
E @ : _E;;r:s <\Io.dzatal 3 3 ) ; —o1 <0°‘:<°-2 E
- o + * B = R e
g ' 2 1 s . - LQcD
2 = . - ';i):::‘r;;svi’ data ll - 10'155 %7 gt — sumrule 3
0 L © . LQCDI 1 o of p Ty -.-- pion gas |
\:' N LQcD Il ] 3\\‘0 1 0 EE ’,' \ pion gas Il ?E
- E 10 33 K \‘ - --massless pions’
1 - CE K E
i ] i l \ ..... ]
: Hydro §  qo4p - | E
0: [ N L A L 111111: 10-5: I.":Illllll Ll !1 Ll ] 11:1111:
10" \‘ﬁ 10 102 107 10" A 10 102
c Chen,Deng, Dong, Wang, PRC87,024910(2013)
« Shear viscosity takes the e Bulk viscosity
minimum around 7.. Cf. Temperature dependence is unclear.
n/s=1/4x AdS/CFT « Hydrodynamic model
 Hydrodynamic model vanishing

- constant n/s o = s 4 SS=7e )

WPI HIROSHIMA UNIVERSITY




Equation of State Spermental dite

\ -

Hydrodynamics

QCD phase diagram
EoS: lattice QCD
Shear and bulk viscosities

0,T" =0

&\\/)5’ C. NONAKA 27 SKCM? 22



Initial Condition

Experimental dgta
r
-Ci\;) collisions thermalization  hydrodynamics
| yl' | ";-

‘>

Initial Hydrodynamics

QCD phase diagram
EoS: lattice QCD
Shear and bulk viscosities

0, TH =0

Energy (entropy)
density distributions

ROHELUWEED—D

\/ \5 C. NONAKA 727 SKCM? 23
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From Fluid to Particle
- {Expenmental data

collisions  thermalization hydrodynamics hadronization  freezeout S

Initial Hydrodynamics
QCD phase
diagram

EoS: lattice QCD
Shear and bulk

viscosities Hadronization

Energy (entropy) Recombination Model

density distributions

&B C. NoNaKa Z#7 SKCM? 24



Recombination Model

o= Fries, Mueller, CN and Bass, PRC68(2003) ——
.@\?ﬂ_
2 ¢ One of successful models
Ex: Quark number scaring

"""""" SRR AN A N RS B SR AU,
1 o +p (b) |
ark B =l B [ R |
K (STAR) [ Z4Z (STAR)
Mesons .g(g $ ‘%cﬁ" P, T
antiquark = o] |
= o J i - <
> 005 °f + ; :
o]
. I ,
ReCo model _ :;f ! @
8] ! 1
. i Mlnlmum blas 1 5
* Baryon/Meson ratios ol i & AutAuysiy =20 Gey
opre . 0 0.5 1 15 2
* Nuclear modification factors pTIn (GoVie) KE//n_ (GeV)
e Quark number scaling in elliptic flow PHENIX, nucl-ex:0608033

é\,\\//’) C. NONAKA ZEr SI-(CM2
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Radiative Recombination in QGP
'@ — Fujii, Itakura, CN, NPA 967 (20177

One of Photon Production Processes i itakura, Miyachi, e,
Phys.Rev.C 106 (2022) 3, 034906

* Photon emission at hadronization process
— Photon’s flow is as strong as hadrons’ flow.

* A photon is produced from pairing of quarks
— Radiative recombination brings enhancement of photon yield.

Radiative Recombination in QGP
* Non perturbative process

. . uark
* No inverse process in HIC 3 ¥
* Non equilibrium process
E> Construction of dynamical model antiqua meson

Recombination Model
&\\%5 C. NUNARA A7UmEzEE g%ij SKCM?



From Fluid to Particle

r
(a8, :
(\‘,‘) o {Expenmental data
collisions  thermalization hydrodynamics hadronization  freezeout wre
» € .“: ‘
Initial Hydrodynamics Final state interactions
QCD phase Hadron based event

diagram generator
EoS: lattice QCD
Shear and bulk

viscosities Hadronization

Energy (entropy) Recombination Model

density distributions

&B C. NoNaKa Z#7 SKCM? 27
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=(&\n, :
(\'L:) o {Expenmental data
collisions  thermalization hydrodynamics _hadronization _ freezeout S
» 4 y ::--

A F =9 XD Space time evolution

b{\\/)j C. NONAKA

© - m,
Hydrodgnamf%‘“lvlodel
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Medium




_ QGPE ) EfiE

-G

L~ o {Experimentaldata
collisions  thermalization hydrodynamics hadronization  freezeout

Space time evolution

© *.,
Hydrodynamic'Model

photon medium (Ilgé quag u,d,s)

electromagnetic

Medium + Physical Observables 757 SKCM?

WPI HIROSHIMA UNIVERSITY
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From Fluid to Particle

collisions  thermalization hydrodynamics

hadronization freezeout

{Experimental data

Initial

Hydrodynamics

Final state interactions

Energy (entropy)
density distributions

o TRENTO
“gﬁgf;NONAKA

QCD phase
diagram

EoS: lattice QCD
Shear and bulk

Hadron based event
generator

viscosities

Hadronization

New
hydrodynami
cs code

0, T =0

Cooper-Frye Formula

Akamatsu et al, JCP256,34(2014)
Okamoto, Akamatsu, Nonaka,
EPJC76,579(2016)

Okamoto and Nonaka, EPJC7 @5@4{@ M? 30
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From Fluid to Particle

thermalization

hydrodynamics hadronization  freezeout

[Experimental data

Lo
» &

hd
|\
o
Ay,
-

Ol

Our Model

0.8
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03 F |
02

0.1
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i
1

i

Shear viscosity

T
n/s=0.17

Cq =20 C2=0.7
C1=O C2=0.7 -
Cq =20 C2=O """ 1

—’—

-

=

e R >

)\
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—
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0 |

150

|
200

1 1
250 300
T(MeV)

1
350

400 <=bT]

Experimental data

v Rapidity distributions
v Pr distributions
v Mean A

v Collective flows 1, and 13

4 Bulk viscosity

(t-c) b=10

ALICE Pb+Pbvsvn =2.76 TeV, LHC

i3 cvovn  What physical observable is interesting?::- skcm® =
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pseudorapidity - o

Effect on Collective Flow

|
% < _ OV _ ... __ _ £ . _ _a*_._ _£ __
° r P
COIIectI 0035 . . . . : : % D ! \ AN
01 -
0.03 | g \\
0.025 - @\’\ 1 Bre—a o _
® T®
RN ®
> © ‘ @
0.015 o S _
e 0.04 | ( i
0.01 B
ALICE —&— 0.02 ALICE —&— i
0.005 - N/s=0.17 0-5% 7 n/s=0.17 —— 30-40%
n/s=0.17,b=40 —— n/s=0.17,b=40 ——
0 L L ! L 0 I I L L
0 1 2 3 4 5 0 1 2 3 4 5
o TTp

e (3+1)-d calculation

e v, 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
&B ¢ NoNAKA F#7 SKCM? 32
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Temperature Dependent 73/s

~ Hadron + QGP

LS

0.035 T T T T T
QGP 01 F -
0.03 I o Hadron
0,025 F O o 1 008 | Ommgm S S—— .
S i o e T
. 02 b o - oo T Y R
g 0 Ol SaSENAE 1 . | © e T
£ © e ol ] ° o
> 0015 © 4 ©
® o 0.04 | i
0.01 - T
ALICE —O&— ALICE —O&—
0.005 | C1520C2=0.7 -~ - -~ i 0.02 | 6,220 ¢y=0.7 ----- i
cseror—— () o5% szt 0o
o L =206 . . oL e1=20=0 \ | ,
0 ! 3 4 5 0 1 2 3 4 5
Mo M
0.8 T T T T T 08 T T
07}t ”’iZ%‘lC%:;“) - 07 2/?2%10207 -
QGP phase: 7/s(T) R 020 07 —em ' o0 07 =
06t =20 Co=0  rreee T 06} T] / S =20 =0 rrrre ]
Hadron phase: 77/s=0.08 os | 5 A k
L 04 1 2 1 ¢
. 03 Z = bT] § — Cg i
In both centrality classes 02 = |
. 0.1 = B
Vo(n,) is larger. . L N
150 200 250 300 350 400 150 200 250 300 350 400
T(MeV) T(MeV)

Tsw = 150 MeV  7&7 SKCM? 33
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Temperature Dependent 73/s

&\\/‘/\5 C. NONAKA

. Hadron + QGP

0.035 T T

QGP 01 -
0.03 I Hadron
0.025 i - T 1
T s i
i © P
> 0015 S © o
0.04 - B
0.01 B
ALICE —&— ALICE —&—
0.005 | C1520C2=0.7 -~ - -~ i 0.02 | 6,220 ¢y=0.7 ----- i
PN S0 ( 0-5% €20 C1=07 - ( 30-40%
0 1 1 ! 1 | 0 c1=20 CI']:O """""" | | |
0 1 2 3 4 5 0 1 2 3 4 5
Mo M
0.8 T T T T 08 T ’ l0 17
/s=0.17 b=40 —— s=0. —_—
QGP phase: 7/5=0.08 o7 C0eer Do 1 07 y ce0r - - ]
06 [t e L 06 T] S o0 ey e
Hadron phase: 77/s(T) os ) N dror ]
& 04 1 & o4f :
ey : _ 2 c
o 0.3—"<—bn(__cs) . 03 E
0-5%: larger than ALICE data ,|—~ 3 1 ol P
30-40%: close to ALICE data  °'f 1 otk e
0 150 200 250 300 350 400 0 150 200 250 300 350 400
T(MeV) T(MeV)

Tsw = 150 MeV 757 SKCM? 34
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Temperature Dependent 73/s

-("\;5 o~ — Hadron + QGP
% QGP o1k .
0.03 Hadron
0.025 @NL """"" : { oosf @NH’-% '''''''''''''''''''''''''''''''''''''''' i
3 \“_._- ______________
I : | o e Ol
& 0.02 © 006 L © o 9\\ ]
> 0015 | 1 ° e
0.04 | 7
0.01 | T
ALICE +—O— ALICE —E—
| ¢4=20¢p=0.7 ----- — 0.02 =20¢c,=0.7 ----- I
ooos - LT 07 ( 0-5% O A ( 30-40%
oL 72050 , , 01=20/¢1=0 oo : | ,
0 1 2 3 4 5 0 0 1 2 3 4 5
o TTp
0.8 [ . . . * 08 = " =017
. | n/s_:0.17=b=40 r | 7L ns; o r 4
QGP phase: 7/s(T) o7l AL B n/s e
- sn ©1=20cp=0  rreres 7 : G=20cp=0 e i
Hadron phase. 77/S(T) 05} 1 2 05 Hadron + QGP i
2 04t 1 & os4r 1
o.a—aczbn(__cbg) 1 031 ]
In both central classes, o 3 1wl
close to ALICE data o1 F ] M
0 150 200 250 300 350 400 0 150 200 250 300 350 400
T(MeV) T(MeV)
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’_Temperature Dependent 77/s

~ Hadron + QGP

0.035 T
QGP 041 | 1
003 Hadron
| i _ 08 | O S, .
0.025 S 008 I O s e
ol T R N | °© O
,-N».. . ~@___-._~~—___~~~ '*.\\. \ 0.06 - @ --' —
R @ 9 N i © ©
> 0015 © 4 ©
© ® 0.04 N
0.01 T
c1=20 (ézl;lgs """ 0.02 =20 AL_IOCE """ I
ooos - LT 07 ( 0-5% 7 B s o S A ( 30-40%
0 €1=20¢4=0 | , , €1=20 ¢4=0 | | |
0 1 2 3 4 5 0 0 1 2 3 4 5
o Uis
*  0-5% centrality 08 —
1n/s of QGP and hadron phases is important. o7 oot T
e 30-40 % centrality ol n/s et :
o S Hadron
n/s of hadron phase is important.

n/
o o
S

Central dependence of 1,(7,) — |

reveals temperature dependence of .. . )

&Be vonaNIscosities. #5 SKCM? 36



Electromagnetic Fields in Heavy lon Collisions ?

» Strong Electromagnetic field ?
« Au + Au ({/syy = 200 GeV) : 10 T ~10 m2
* Pb+ Pb (/syy=276TeV):10> T

&\\))5’ C. NONAKA
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Electromagnetic Fields and Property of QGP

) Electric Conductivity Electric field

: electric field 5

. " . . . . . . N
- Dissipation of electric field g' magnetic field a\‘

y [fm]
i

« Ampere’s law : 9,E — VXB = —]

Ohm's law makes electric field dissipate llﬂ

= Dissipated energy to fluid (medium) &L ’
Magnetic fi_ésld_ x|
o+ 0

Suppresses of
dissipation

1072

plal} 01308 JO YjBuenS

1073

« Charge is induced by electric field

* Induced charge depends on charge conductivity

Electric field is

 Dissipation of magnetic field dissipated.

Charge conductivity of QGP e v s s vt 10
4= dissipation of electromagnetic fields and charge distribution QGP

&) C. NONAKA F#7 SKCM? ¢
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Electric Conductivity of QCD Matter

) .
* Lattice QCD
0.5 % 12076705 ﬁ’;;ﬁiu, Ny—241 | ] Electric Conductivity on the Lattice
L T 151207249, Ny =2 . 10 T . o
0.4} J& 1910.08516, Ny =2 +1 o ] O = 65 /d xIre <[]u (t,ﬂ?),]u (0,0)]> |w:0

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

02 « Does not include external magnetic
ol % _- field effects
: § §%§ | * Uses approximately realistic pion mass
0.0} % 1+ General agreement among results
| 50 200 250 30 30 using a variety of methods and parameters
T [MeV]

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

éL\\/B C. NONAKA ZEr %I-(CMS2
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Understanding of QGP Property

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

Physical property Observables Quantitative analysis

Charge conductivity

Charge dependent flow,

Just started

EM probes..
Shear viscosity Azumithal anisotoropy v, O
Bulk viscosity Pr distributions O
Diffusion coefficient Jet energy loss O

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

Construction of relativistic resistive magnetohydrodynamics |

&’\\/})' C. NONARA



Space-Time Evolution of HIC

{Experimental data

collisions  thermalization hydrodynamics _hadronization  freezeout

Initial condition Hydrodynamics Final state interactions

‘+ EM fields

Initial condition Magnetohydrodynamics  Final state interactions

&\\f‘j C. NONAKA @SKCMZ




(“Smoothed Initial Condition
e mEAsymptotic solution of Maxwell eq.

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

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

» Proton distribution in nucleus : uniform sphere

- Constant charge conductivity (¢ =0.023 fm1) B
V.B=0, VxE=-2 ‘ : "
<

at
V.-D = ed(z —v1)d(b),

d
VxH= 3—? + 0 E + evzd(z — vt)d(b)

i

E ' B: magnetic field
the charge distribution inside of nucleus v E: electric field
v: velocity of heavy ion
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Integration of the asymptotic solutions over




Electromagnetic Field

& in Symmetric and A
HAu-Au collisions mCu-Au collisions

Au . Iéﬁg Au Cu

actric field

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

« E#0 duetothe asymmetry
of the charge distribution

Hirono, Hongo, Hirano
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Initial Condition - QGP Medium
Bozek, et al, Phys. Rev. C 81, 054902(2010)

N —
np - number of participants Freezeout hypersurface
C

B Tilted Glauber model n. : number of collisions Energy density

x — y plane x — ngplane

« Energy density is scaled by n, and n, e

asymmetric shape
Nucleus A

|
|
|
. . . . . . . . . MY b=10[fm]
- Tilted distribution in the longitudinal direction N AL - s
5 —
Iz ’ o |
For directed flow v, + = ° 158 |
= -5 L]
Nucleus B < 10 :
-15 z |
—> |
_________________ |
3 :
> =S b= faulf"‘] o b 10 [fm]
beam axis i Au,” ", =
S & -
o N 15§ |
o
|
|
|
]
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LS

Initial Condition -

BAuU+AuU

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

ECu+Au

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

&\\;"‘3 C. NONAKA
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Electromagnetic Fields (n;, = 0)

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

Au+Au (b =10fm), cu+Au (b =10fm)
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(a) B Cu - Au By
Au - Au y I o] b=10[fm] 0.10
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Magnetohydrodynamics

* Magnetohydrodynamics

* Conservation law Energy momentum tensor Maxwell eq.
- [ % uv . qVv
Vi T7< =1 TP = J0 o 0% V" = —J",
matter EM field ,
l TH = (e + p)uru” + pg"” TL = FPAFy — Zg’“’FA"FM,

VI = JFm

N T

e Ohm’s law  Biackman and Field, PRL71,3481(1993)
J¥ = aF*u” + qu”

Electrical conductivity _
&B c. NoNAkA %7 SKCM?

g = _J'LLU//J,




Magnetohydrodynamics

D .
* Magnetohydrodynamics
* Conservation law Energy momentum tensor Maxwell eq.
Vv, T =0 e = [ L YV, FR = "
matter EM field ,
T = (e + p)u*u” + pgh” TR = FHEARE Zg’“’FA"FM,
+viscosity, Hattori..

VI = JFm

VT8 = —J,F*

e Ohm’s law  Biackman and Field, PRL71,3481(1993)
J¥ = aF*u” + qu”

Electrical conductivity _
&B c. NoNAkA %7 SKCM?

q = —Jtu, Charge diffusion, pash et al, PRD107,056003(2023)




Magnetohydrodynamics

« RRMHD equation

» Conservation law + Maxwell eq. + Ohm’s law
0,T* = F*J,

Jh=Je +qut

'd

/ Energy Conservation
0ie+V-m=0

Momentum conservation
dem' +V-1' =0

Faraday’s law
3,8 +VxE =0

o

N

e: energy density

p: pressure
Pem = (EZ +BZ)/2

e=(e+p)y*—p+Pem
m' = (e + p)y*v' + €Y*B;E,

N9 = (e +p)y*v'v/ + (p + Pem)g” — E'E/ — B'BJ

/Ohm’s law

J = q¥ + oy[E + ¥xB — (4 - E)D]

Integration with quasi-analytic solutions
E, = —UxB + (E? + ¥xB) exp(—oyt)

/

&\\f‘)’ C. NONAKA

\ Ey = Efexp(—at/y)

N

Ampere’s law =:] - .
P © v 0,E-VxB=qp

atE —UxB = < = >  operator
k=]

splitting

J

Benoit, Miyoshi, C. N., and Takahashi, ArXiv: 2502.04611
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, 2289.
Nakamura, Miyoshi, C. N. and Takahashi, Phys. Rev. C 107 (2023) 3, 034912
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RRMHD Equation in Milne Coordinates

Wi
30}
New
* Milne coordinates T =t% - 22
1l t+z
. . . . . . ns =51n
- Expanding systems in the longitudinal direction (T, X, y, 1) 2 t—z
« Strong expansion in the longitudinal direction is effectively included.
« Number of grid of fluid is saved.
/" RRMHD Equation I\
0;(tU) + 0;(zF') = S
D D! 1 .ko
mi; g H]l -7l a i
U = 81 ,Fl= mi ,S: Z;F.k]gk
BJ itk —5T™009ik
El giikp, 0
q i Je
The first RRMHD code in Milne coordinates
KM ¢ NONAKA %7 SKCM? 19

7



Validation of the Code

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

r
=(e\D)
(v.'-) ¢« RRMHD in the Milne coordinates

New Test Problem

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

simulation
@  Energy density w Electric field
1.0 0.0020
------ T= 05 [fm]
0.0015~, = == Te 10 [fm]
o8- s sS T= 3[fm)]
0.0010 4 —— RRMHD code T=0.5 [im]
...... =05 [fm] —_— === RAMHD code T=1.0 [fm]
0.6 e T=1.0 [fm] N&! 0.0005 4 === RRAMHD code T= 3.0 [fm]
- N - = L1l -
‘E‘ —_— ;Rf:H[Ir:iclmn T=0.5[fm] ﬁ 0.0000 1
o I % ~0000s4
S — =0.0010 1
0.2+
—0.0015 -
00— ————————— —0.0020 : . :
=1.0 =0.5 0.0 0.5 1.0 -1.0 0.5 0.0 0.5 1.0
Ns s
Solid line  : RRMHD code . . .
Dashed line: quasi-analytical solution » Appllcatlon to Heavy Ion C0”|S|20n3
V1 J 2Bz
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Space-time Evolution

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

Au+Au collision system

x — 1, plane

m
2 >
m .
S =3 %
@S : ‘ a
o
< B i 100 @
o H — S
@ N 0,
- =3
7 <
2,
<
! , 10—1
s 415 -10 5 ~ < 10 15
x [fm]
|
1073 1072 107!

|E| [GeVY?/fm37?]

|B| [GeV¥?/fm>7?]
Magnetic field strength Electric field strength

Analysis of Heavy lon Collisions

&P C- NONAKA %7 SKCM? 51

WPI HIROSHIMA UNIVERSITY



Charge Dependent Directed Flow

&
Qo

N
a) , 4 vi for protons b) ), o) Au-Au
" & vifor anti-protons| % [ st Vs = 200 [GeV]
A _ A & & b =10.0 [fm]
0.005 A . ° Avi(p-p) - A 3 - A A T =0.140 [GeV]
A
» — linear fit of Ava A A
A A
A A
0.000 } eosoee-o—-o—o—0—t—-o0—-o0—o0000C® . ©900-0-0-0—0—o 4—0—0—0-0-0-00m B
A A
A A
A A
A &
~0.005 | O byt s
o = 0.0 [fm~7] 7 o = 0.0294 [fm~] % 0 = 0.294 [fm~] A
- Ava slope = 0.00e+00 L Ava slope = -3.29e-04 - Ava slope = -2.32e-03 '
-10 -05 00 05 10 -10 -05 00 05 10 -10 -05 0.0 05 1.0
Y Y Y

(1\\/})' C. NONAKA

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

v-) 3 LA B L L L
Vs = 200 [GeV] < [ Au+Au. 200 GeV ]
0.0025 | T = 0.140 [GeV] 5 Rl ee
pt € (0.4,3) GeV :.- 0.5 o -
_ nl < 1.0 3 L% @
> 0.0000 < qp
: N o o b dg o
© = - - = - - —
J -0.0025 ° =2 . A
S [ ¢
(@] -
o -0.0050 | 05 ?E-laz’\?l;ﬁ?\lu EM-Field y
o B 9 [—i - + EM-Fie
) 0 = 0.0294 [fm~] (pT>0.4 GeV/c, p <2 GeV/c
-0.0075 F—— 0 =0.294 [fm~] | | , i i
0 = 2.94 [fm~] 0 20 40 60 80
[ R S TR Centrality (%)
0 20 30 40 50 60

centrality (%)

Benoit, Miyoshi, C. N., and Takahashi, ArXiv: 2502.04611
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Caveat:
No baryon current

Initial condition
EoS
Final state interactions &7 SKCM?
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Initial Condition e
o xperimental dgta
- 'i\:) collisions thermalization  hydrodynamics
N

Initial Hydrodynamics

QCD phase diagram
EoS: lattice QCD
Shear and bulk viscosities

Energy (entropy)
density distributions

ROHELUWEED—D
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General picture at weak-coupling

]}
- !ﬁﬂ.
D)
CGC over-occupied min-jets +
colliding nuclei Glasma flux tubes olasma soft bath equilibrium
9 L )
o 9
e, Sl
o o v
| | L,
| - g
strong fields quasi particles
classical-statistical o - i
lattice gauge theory eff. kinetic theory
Consistent theoretical description requires
combination of different weak-coupling methods @

Schlichting [Initial Stages 2016]
K c. NONAKA Z#7 SKCM?
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Initial Condition (Thermalization) rod
(o\v -_—

e Transport model : approxumatnon solution to Boltzmann Transport Equation.

) Parton Cascade Model
ol 70 + LV (0.7,5) — VU OVt 7. = (5 )
coll
Time evolution Dmus:on External field Interparticle collision

* Applicable to far-£rom-equilibrium quark-gluon plasma.
* Bottom up approach to quark-gluon plasma thermal and chemical equilibration.
* Based on Hadronic transport model SMASH™ reconfigured for quark-gluon plasma

case.

IGoal : Create a redlistic initial condition generator model for hydrodynamic :
: simulation with the minimum number o€ free parameters. I

b oo o o o e o e e o o e e m e e e e e e e e e e mm e e e e e e e e e e e e e = e
g ———

[1]1 3. Weil, V. Steinberg, 3. Staudenmaier, L. G. Pang, D. Oliinyche 4
L Goldschmidt, B. Béuchle, 3. Auvinen, M. Attems, and H. Petersen : ' '

]
Pb+Pb 2.76 TeV
T:lE p+p 13 TeV ——

T (GeV)

0 0.2 0.4 0.6 0.8 1
t (fm)
* Temperature is constantly decreasing due to the expanding medium
b_\,\\/') C. NONAKA « Saturation behaviour can be seen well before 0.2 £m for both collision systems




Initial Conditions : Quark Production

* Smoothed initial conditions

Benoit, Taya

Pb-Pb Vs=2760[GeV], b=10[fm]

35
10 30
253\%
* Fluctuating initial conditions _ 08
= 0 =
* Smaller B field, Larger E field ) "2
10 @
- a Benoit
* Glasma initial condition G 0w
Au-Au Vs=200[GeV]
Gluonigsh D HLF S T L
125 125
4 100 & 4 5 100 —
i | £ ' E
Particle in Cell E B n g E 5 3
2§ s0 @, s0 O
25 25
0 0 0
0 2 4 0 2 4

WPI HIROSHIMA UNIVERSITY
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|ﬂ -~ » K wlin]  nfsmin  n/sslope’  (/smom  Ter [GeV] . .
ity TSR R )
| - s F 8 |- ALY
100 m } : / \o 7 x — 9
a 0.0F A ) | —— |- - F - —y I
SV B A MY EHOERER
; 04 ~ 4| s - - e ‘i
g 015 2
= d Vo s\ M. | &
é Py, — ] Q
A e il U
-c?; 0.16 éﬂ
O 015 - ° —— o _— = 3
& 014 <

100 130 160-1.0 00 1008 15 2204 07 1000 015 030.0 1.0 2000 1.0 20 0.140.150.16
m p k
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6 1E D im EAREFE

&

Ntz

Shear viscosity Bulk viscosity
0.4 1 0.08 7

. . Bayesian calibration on:
90% credible region

p-Pb, Pb-Pb 5.02 TeV

—— Posterior median

0.3 - 0.06 Pb-Pb 2.76, 5.02 TeV ——
W
& 0.2 1
0.1 1
1/4x
0-0 T T 1 .
150 200 250 300 150 200 250 300

Temperature (MeV) Temperature (MeV)

HLETHEREANATORER
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DHA—0 - TI—F>2 TSIXAIDOYE
- HARIREDOERDREP : BimeL
* Eiﬂ%iﬂt wrﬁﬁ collisions [Experimental datal]

S
>

s

- RIS, Y —L B S @@
- IR
- fHEstZ. THEK
- P, EFEYE
« ANFE
« XA F I ADEHR
o AEXERRYMAMER
s P FEIF
« Particle in Cell
o T— RN, KEEHE

o« NA T RN

d'\\fl-) C. NONAKA K{:gf SKCM2




