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What is the QGP?

Quark-Gluon Plasma
* Quarks and gluons at extreme conditions

— High temperature and/or high density
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What is the QGP?

Quark-Gluon Plasma

* Quarks and gluons at extreme conditions

— Early Universe
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What is the QGP?

Quark-Gluon Plasma
* Quarks and gluons at extreme conditions

— Relativistic Heavy lon Collisions : Little Bang

4 Relativistic Heavy-Ion Collisions icle
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collision evolution
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What is the sQGP?

Quark-Gluon Plasma
* Quarks and gluons at extreme conditions

— Relativistic Heavy lon Collisions

2000: Relativistic Heavy lon Collider
Success of relativistic hydrodynamic model
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Heavy lon Collisions
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Hydrodynamic Model

Experimental dat
collisions

7 9

>

p ¢
QGP k.
Production? Hadrons
Leptons
Photons

Multiple particle production

=) Hydrodynamic picture
Landau
Bjorken

Success of hydrodynamic model at RHIC
Relativistic viscous hydrodynamic model

A One of important phenomenological models
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Equation of State CoimopT

collisions hydrodynamics

>

Hydrodynamics

QCD phase diagram
EoS: lattice QCD
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Equation of State

* Equation of State

— Lattice QCD
HotQCD,PRD90,094503(2014)
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non-int. limit

3p/T4
gT N ]

3s/4T3 -

T [MeV]

| | | S [ I N NN BN NN DN N S D S S B D S B S SN S B |

130 170 210 250 290 330 370
(2+1) flavor, Highly improved staggered
quark action

Nt=6,8,10,12,Ns=4Nt - continuum limit
. Parametrization of EoS

guark-GIuon Plasma
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QGP Bulk Properties [Experimeﬁ.@

collisions hydrodynamics S

Hydrodynamics

QCD phase diagram
EoS: lattice QCD
Shear and bulk
viscosities
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Property of QGP

e Current Status for transport coefficients

shear viscosity
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Temperature dependence is unclear.

Hydrodynamic model
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Detailed feature of shear and bulk viscosities11



QGP Bulk Properties [Experimeﬁ.@

collisions hydrodynamics S

Hydrodynamics

QCD phase diagram
EoS: lattice QCD
Shear and bulk
viscosities
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Initial Condition g

collisions thermalization hydrodynamics S

Hydrodynamics

QCD phase diagram
EoS: lattice QCD
Shear and bulk
viscosities

Energy (entropy) density
distributions
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From Fluid to Particle .
[Expenmeﬁldﬂ%

collisions thermalization  hydro hadronization  freezeout
. ¢ le e
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:> ¢| ;0 : S ‘60

Hydrodynamics Final state interactions
QCD phase diagram Hadron based event
EoS: lattice QCD generator
Shear and bulk
viscosities

Energy (entropy) density
distributions
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Quantitative Analyses o

collisions thermalization  hydro hadronization  freezeout
€y L P
’: . . o‘:.o
;0 : S ‘60
0.0*: \.o "
Hydrodynamics Final state interactions
QCD phase diagram Hadron based event
EoS: lattice QCD generator
Shear and bulk
viscosities
New
Energy (entropy) density | hydrodynamics
distributions code
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Akamatsu et al, JCP256,34(2014)
Okamoto, Akamatsu, Nonaka, EPIC76,579(2016)
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Quantitative Analyses [Experimew

collisions thermalization  hydro hadronization  freezeout

Hydrodynamics Final state interactions
QGP bulk property Hadron based event
EoS: lattice QCD generator
Shear and bulk
viscosities
TRENTO New UrQMD
, hydrodynamics
Phenomenological model g
Parametrlzatlon Ccoqe Bass et a/., PrOgPartNUC/PhyS(1998)

Bleicher et al., J.Phys.G25,1859(1999
Moreland et al.,PRC92,011901(2015) 8# THY — () g (1959)

Ke et al.,PRC96,044192(2017)

Application to analyses of RHIC and LHC data
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Bulk Property of QGP

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

collisions thermalization  hydro hadronization  freezeout

Our Model C—) Experimental data
Shear viscosity ALICE Pb+Pb v/snn = 2.76 TeV, LHC
zj i | s T— v Rapidity distributions
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02p * —e.=—=""1 Bulkviscosity
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Effect on Collective Flow

* Collective flow as a function of 7,
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 (3+1)-d calculation

* v, with bulk viscosity is much closer to the ALICE data:
amplitude and slope

e Effect of bulk viscosity at forward rapidity is large.

Finite bulk viscosity
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Collective Flow

S
Reaction z p .V' almond shape more realistic....
plane /7~ )/
- .“,
A 3 T

—— ~ Ny(1 + 2v1 cos ¢ + 2v5 cos 2¢)

Directed flow Elliptic flow
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Collective Flow

&
Reaction z [ ‘V' almond shape more realistic....
plane /7~ )/
- .“,
A 3 T

dN
—— ~ No(1 + 2v71 cos ¢ + 2v5 cos 2¢ + 2v3 cos 3¢ + 2v4 cosdp + - - -

dg

Directed flow Elliptic flow
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pseudorapidity - 7

Effect on Collective Flow

* Collective flow as a function of 7,
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 (3+1)-d calculation

* v, with bulk viscosity is much closer to the ALICE data:
amplitude and slope

e Effect of bulk viscosity at forward rapidity is large.

Finite bulk viscosity
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Temperature Dependent 7/s
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Temperature Dependent 7/s

Hadron + QGP
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Temperature Dependent 7/s

Hadron + QGP
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Temperature Dependent 7/s

Hadron + QGP
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Electromagnetic Field in HIC

e Strong Electromagnetic field ?
— Au +Au (v/Syy = 200 GeV) : 10* T~10 m2
— Pb+Pb (y/sSyy = 2.76 TeV) : 101> T

By Nakamura

g

Nakamura, Miyoshi, C. N. and Takahashi, Phys. Rev. C 107, no.1, 014901 (2023)
Nakamura, Miyoshi, C. N. and Takahashi, arXiv.2211.02310 [nucl-th]

N‘U/l), C. NONAKA Nakamura, Miyoshi, C. N. and Takahashi, arXiv:2212.02124 [nucl-th] 26



Relativistic Resistive Magneto-
Hydrodynamics [Experimeﬁ@

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

collisions thermalization  hydro hadronization  freezeout
0 . .‘t R
D ¢' :: s . ‘::.
Y :o.&. \o:"}‘
Initial conditions Hydrodynamics
Glauber model Hydrodynamic eq. + Maxwell eq. + Ohm’s law
+ i ' -
approximate solutions of Maxwell eq (%T;w _ F’/)‘JA JH — gt
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Relativistic Resistive
Magneto-Hydrodynamics (RRMHD)

Nakamura, Miyoshi, C.N. and Takahashi, arXiv:2211.02310 [nucl-th]

®E RRMHD equation

» Conservation law+Maxwell eq. +0Ohm'’s law
0,TH = FY],

Jh =] +qut

Ll

(Energy Conservation

0ie+V-m=0
Momentum conservation
omt+ V- =0

Faraday’s law

9;B + VXE =0

~

J

&) C. NONAKA

N

e: energy density
p: pressure
Pem = (EZ + BZ)/Z

e=(e+p)Y* =D +Pem
m' = (e + p)y*v' + €V¥BEy
Y = (e +p)y>v'v’/ + (0 + Pem)g” — E'‘E/ — B'B/

KOhm's law

\_

J =qv +oy[E +

A{8

xB — (- E)v]

1

Ampere’s law Je

aE—vxB=—] <

* Integration with quasi-analytic solutions
E, = —BxB + (Ef + ﬁxﬁ) exp(—ayt)

E, = EQexp(—at/y)

5t§ - VXE = q’l_}

atE) =jc

~

)

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

Nakamura, Miyoshi, C. N, and Takahashi, arXiv.2211.02310 [nucl-th]

e Milne Coordinates

— Expansion system in the longitudinal coordinates (7, x, y, 1)

e Strong velocity in the longitudinal direction -> 0

» Saves the number of cells in the collision axis direction T= 1t2 t_fz
Z
ns =Eln
RRMHD eq. t—z

/ 0. (tU) + 9;(zF') = 1§ \

D Dv! 0

v=(M\Fi=[ T |,s= 2 %u
BJ gk, _%Tikaoglk
EJ elikp,, 0

\_ i J : Y

Newly developed RRMHD code in Milne coordinates
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Validation of the Code

Nakamura, Miyoshi, C. N.and Takahashi, arXiv.2211.02310 [nucl-th]
* RRMHD in the Milne coordinates

New Test Problem
* (1+1) dimensional expansion system u* = (coshVY,0,0,sinhY)

— Comparison between quasi-analytical solution and RRMHD

simulation
@  Energy density Electric field
1.0 b
0.0020 { }
------ ™= 05 [fm]
] 0.00158 ™~ e T= 10 [fm]
o8y NG T I N~ =3 [fm]
0.0010 - —— RRMHD code T=0.5 [fm]
------ T=0.5 [fm] _ —-= ARMHD code T=1.0 [fm]
0.6- = T= 1.0 [fm) L 0.0005 === ARMHD code T=3.0 [fm]
ﬂf—;r ...... r=3[fm] I
‘aj- —— ARMHD code T=0.5 [fm)] % 0.0000 4
0.4 —-- RRMHD code T= 1.0 [fm] =
=== ARMHD code T= 3.0 [fm] o —0.0005 4
D‘ 2 q“mm“‘ﬁimrﬂ-ﬂ_lmlmuﬂﬂmtmiII'III'I'IIHII'IIHI'I'H b _ﬂ .ﬂulﬂ -
—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

. . fs s
Solid line : RRMHD code

Dashed line: quasi-analytical solution

Application to Heavy lon Collisions
& C. NONAKA » App Y 30



Symmetric and Asymmetric Systems

RHIC Vsyn = 200 GeV
BAU-AuU collisions

Au Au

» Symmetric pressure gradient

» Almond-shaped medium

&) C. NONAKA

BCu-Au collisions

Au Cu

» Asymmetric pressure gradient

» Distorted Almond-shaped medium

31



Electromagnetic Field
in Symmetric and Asymmetric Systems

mAu-Au collisions BCu-Au collisions

Au . IdAu Au Cu

Magnetie-field

» Magnetic field > Magnetic field

» Electric field > Electric field

« F/ # 0 due to the asymmetry
of the charge distribution

&P C. NONAKA 32



Space-time Evolution

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

Au+Au collision system
First calculation in HIC with RRMHD code

X — 1, plane

10!
- 101
m 0 — m
3 < =]
o c 2 o
- c ﬁ
10° < © ©
g = =2 o 8
@, Ie) @,
< (O —\CRE Y - <
107! initial
s 10—1
- -15 -10 -5 0 5 10 15
: ] — x [fm]
. 10-1 ) e T ]
\\\\» IBI [Gevl/z/fm3/2] 10—3 10—2 10—1
e |E| [GeVY¥¥/fm3R]
|B| [Ge! 1
Magnetic field strength Electric field strength

Analysis of Heavy lon Collisions
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Directed Flow

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

p
* vy = (cos(¢p — P1))~(=) 1=
pr
> 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  Dissipation suppresses flow

in the Cu direction

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

0.04 1 —— RRMHD code @= 100 [fm—] o =100 fm1 0.014 - —— RRMHD code o= 100 [fm~1] — -
0.03 ——— RRMHD code g=1 [fm~1] o 1 ——- RRMHD code g= 1 [fm=!] o =100 fm
B - RRMHD code gr= 0 [fm—1] o=1fm 0.012 4 ==-= RRMHD code =0 [fm~] og=1fm1
0.02 1 T STAR Au - Au centrality 30 - 60% o= 0 fm_l 0.010 - G = 0 fm'l
- 0.01 4 o- STAR 0.008 - - __;_:::_--::_';_‘_'.':'.'.':::::_"_‘-'.':.‘:,-;ﬂe
S 000 ' 0.006 -
—0.011 = 0.004
-0z }Consistent with STAR data 0.002 4 Dissipation suppresses flow
a ' (b)
=0031 Au - Au o.ooo4 Cu - Au
—o0s] b =10 [fm] 000, P = 10 [fm]
-20 -15 -10 =05 05 10 15 20 T 21.00-0.75 —0.50 —0.25 ~~~ ~25 050 0.75 1.00
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Energy Transfer by Ohm Dissipation

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

m Energy Transfer
D(uw) = jke, =y[j - (E+vXB) — q(v- E)]

energy of

the electromagnetic field

Au+Au collisions

Thermal energy

Kinetic energy

0.40 |
0954 fj_ AU o =100 fm?
— 0301 b = 10 [fm]
E
S 0.25 Symmetric dissipation
S 0.201 —
3 0.15
S 0.10+
0.054
0-00 -15 =10 =& 5 10 15
x [fm]

no contribution to v4

&) C. NONAKA
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Au+ Au (n, =0
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S
. 4 005 &
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Cu+Au collisions

Cu + Au (n, = 0)
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e
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o (=] o
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0.40
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=
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£ Asymmetric dissipation -> reduces pressures gradient

(=
S 0.25
w
© 0.201
5 0.15
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—>

0.00

=15

=10 =5 0 5 10
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contribution to v4
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Directed Flow

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

p
* vy = (cos(¢p — P1))~(=) 1=
pr
> 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  Dissipation suppresses flow

in the Cu direction

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

0.04 1 —— RRMHD code @= 100 [fm—] o =100 fm1 0.014 - —— RRMHD code o= 100 [fm~1] — -
0.03 ——— RRMHD code g=1 [fm~1] o 1 ——- RRMHD code g= 1 [fm=!] o =100 fm
B - RRMHD code gr= 0 [fm—1] o=1fm 0.012 4 ==-= RRMHD code =0 [fm~] og=1fm1
0.02 1 T STAR Au - Au centrality 30 - 60% o= 0 fm_l 0.010 - G = 0 fm'l
- 0.01 4 o- STAR 0.008 - - __;_:::_--::_';_‘_'.':'.'.':::::_"_‘-'.':.‘:,-;ﬂe
S 000 ' 0.006 -
—0.011 = 0.004
-0z }Consistent with STAR data 0.002 4 Dissipation suppresses flow
a ' (b)
=0031 Au - Au o.ooo4 Cu - Au
—o0s] b =10 [fm] 000, P = 10 [fm]
-20 -15 -10 =05 05 10 15 20 T 21.00-0.75 —0.50 —0.25 ~~~ ~25 050 0.75 1.00
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Charge Dependence of Av,: Au-+Au

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

Charge distribution
on freezeout hypersurface

. _
* Avy =vy; () —vy; ()

o
-
w

— Negative Elliptic Flow E I e N
"5 8 % i Shu-Au N
 Contribution of negative chargg . . 55 ""[m]\\
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* Symmetric structure:
initial electric field to the x [fm] x [fm]
collision axis o aioau | 0= 0.1fm?
00000 b= 10l & = 0.023 fm*
* Electric conductivity Stessons [ @ = 0.0058 f’
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in the symmetry system. "' ______________________________________ i =%I“:z: .
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Charge Dependence of Av,:Cu-+Au

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

Charge distribution

+ —_
— T _ w on freezeout hypersurface
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Charge Dependence of Ay, : Au-+Au

Nakamura, Miyoshi, C. N. and Takahashi, arXiv:.2212.02124 [nucl-th]

+ Avy = v () —vF ()

Charge distribution on freezeout hypersurface

— Clear dependence of charge conductivity “n o000
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S “0000 @ L0002 (b) ‘
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Charge Dependence of Av, : Au-+Au

Nakamura, Miyoshi, C. N. and Takahashi, arXiv.2212.02124 [nucl-th]

.« Av, = VT () —vF (1)

Charge distribution on freezeout hypersurface

— Electric field created by initial condition "™ - —w
 Avys finite aty = 0 v RNV P o TN
% —osomo R Il O
* Asymmetry structureton =0 VAl R [t Y
— Proportion to electric conductivity o [fm] x [fm]
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Asymmetric system had advantage in explore of

&P C. NONAKA QGP electrical conductivity.
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Summary

* Tools for analyses of relativistic heavy ion collisions

— New relativistic viscous hydrodynamics code
— New relativistic resistive hydrodynamic model

Quantitative Analysis on QGP bulk property

temperature
dependence of

% viscosities

Space time evolution

HydrodgnamWadel

medium(ligﬁquarks u,d,s)

Electric
conductivity

electromagnetic fields
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Summary

* Tools for analyses of relativistic heavy ion collisions

— Application to other physical observables
Jets, heavy quarks, photons, electromagnetic probes...

Space time evolution
Jets

% Heavy quarks c, b

Hydrodgnamf@Wlodel

photon medium(liﬁ quarks u,d,s)
electromagnetic fields
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