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What	is	the	QGP?	
• Quarks	and	gluons	at	extreme	conditions	
– Relativistic	Heavy	Ion	Collisions	:	Little	Bang
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What	is	the	sQGP?	
• Quarks	and	gluons	at	extreme	conditions	
– Relativistic	Heavy	Ion	Collisions
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2000:	Relativistic	Heavy	Ion	Collider

Strongly	Interacting	

Success	of	relativistic	hydrodynamic	model

Heavy	Ion	collisions	start!	

LHC:2010	
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Heavy	Ion	Collisions

ALICE

CMS

LHCb

ATLAS, LHCf

Large	Hadron	Collider@CERN

RHIC@BNL
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Statistical	Model
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Heavy	Ion	Collisions	and	QCD	phase	diagram
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Heavy	Ion	Collisions	and	QCD	phase	diagram
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Space-Time	Evolution
thermalization hydrodynamics hadronization freezeoutcollisions
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Space-Time	Evolution
thermalization hydrodynamics hadronization freezeoutcollisions
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Quantitative	Analyses
thermalization hydrodynamics hadronization freezeoutcollisions

Experimental	data

Hydrodynamics
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Quantitative	Analyses
thermalization hydro hadronization freezeoutcollisions

Experimental	data

Hydrodynamics
QCD	phase	diagram
EoS:	lattice	QCD
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Equation	of	State
• Equation	of	State
– Lattice	QCD	
HotQCD,PRD90,094503(2014)

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

Tc � 155 MeV finite	µ:	sign	problem
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Quantitative	Analyses
thermalization hydro hadronization freezeoutcollisions

Experimental	data

Hydrodynamics
QCD	phase	diagram
EoS:	lattice	QCD
Shear	and	bulk	
viscosities		
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Property	of	QGP	
• Current	Status	for	transport	coefficients	

Chen,Deng,Dong,Wang,PRC87,024910(2013)

shear	viscosity bulk	viscosity

• Shear	viscosity	takes	the	minimum	
around	Tc.				Cf.	h/s=1/4p AdS/CFT

• Hydrodynamic	model
constant	h/s

• Bulk	viscosity	
Temperature	dependence	is	unclear.

• Hydrodynamic	model
vanishing

Detailed	feature	of	shear	and	bulk	viscosities

Hydro
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Quantitative	Analyses
thermalization hydro hadronization freezeoutcollisions

Experimental	data

Hydrodynamics
QCD	phase	diagram
EoS:	lattice	QCD
Shear	and	bulk	
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Quantitative	Analyses
thermalization hydro hadronization freezeoutcollisions
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Initial	conditions Hydrodynamics Final	state	interactions
QCD	phase	diagram
EoS:	lattice	QCD
Shear	and	bulk	
viscosities		

Hadron	based	event	
generator

Hydrodynamics particleEnergy	(entropy)	density	
distributions	



C.	NONAKA

Quantitative	Analyses
thermalization hydro hadronization freezeoutcollisions

Experimental	data

Initial	conditions Hydrodynamics Final	state	interactions
QCD	phase	diagram
EoS:	lattice	QCD
Shear	and	bulk	
viscosities		

Hadron	based	event	
generator

New	
hydrodynamics	
code

�µTµ� = 0
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Energy	(entropy)	density	
distributions	

Akamatsu et	al,	JCP256,34(2014)
Okamoto,	Akamatsu,	Nonaka,	EPJC76,579(2016)
Okamoto	and	Nonaka,	EPJC77,383(2017)
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New	Hydrodynamics	Code
1. Development	of	new	hydrodynamics	code
– Stable	with	small	numerical	dissipation
– Shock	wave	
– Strong	expansion	in	longitudinal	direction
– Conservation	property

2. Application	to	phenomenological	analyses	of	LHC	data
– Description	of	space-time	expansion	after	collisions	

thermalization hydro hadronization freezeoutcollisions

Experimental	data



C.	NONAKA

New	Hydrodynamics	Code
1. Development	of	new	hydrodynamics	code
– Stable	with	small	numerical	dissipation
– Shock	wave	
– Strong	expansion	in	longitudinal	direction
– Conservation	property

2. Application	to	phenomenological	analyses	of	LHC	data
– Description	of	space-time	expansion	after	collisions	

thermalization hydro hadronization freezeoutcollisions

Experimental	data



C.	NONAKA

New	Hydrodynamics	Code
1. Development	of	new	hydrodynamics	code
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New	Hydrodynamics	Code
1. Development	of	new	hydrodynamics	code
– Stable	with	small	numerical	dissipation
– Shock	wave	
– Strong	expansion	in	longitudinal	direction
– Conservation	property

2. Application	to	phenomenological	analyses	of	LHC	data
– Description	of	space-time	expansion	after	collisions	

thermalization hydro hadronization freezeoutcollisions

Experimental	data
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Small	Numerical	Dissipation
• Numerical	dissipation:	deviation	from	analytical	solution

L(p(Ncell), p(anaytic)) =
Ncell�

i=1

|p(Ncell)� p(analytic)| �

Ncell

Ncell=100:	dx=0.1	fm

l=10	fm

For	analysis	of	heavy	ion	collisions

TL=0.4	GeV
v=0

TR=0.2	GeV
v=0

0 10

Akamatsu et	al,	JCP256,34(2014)
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Numerical	Tests	in	1D	
ü Bjorken’s scaling	solutions	
ü Landau-Khalatnikov Solution	(1D)
ü Longitudinal	fluctuations
ü Conservation	property

K.	Okamoto,	Y.	Akamatsu and	CN,	
Eur.	Phys.	J.	C76	(2016)579

Sum	of	violation	of	conservation	

fluctuations	
In	initial	conditions
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Quantitative	Analyses
thermalization hydro hadronization freezeoutcollisions

Experimental	data

Initial	conditions Hydrodynamics Final	state	interactions
QGP	bulk	property
EoS:	lattice	QCD
Shear	and	bulk	
viscosities		

Hadron	based	event	
generator

New	
hydrodynamics	
code

�µTµ� = 0
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Application	to	analyses	of	RHIC	and	LHC	data	

Okamoto	and	Nonaka,	Phys.Rev.	C98	(2018)	054906
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Quantitative	Analyses
thermalization hydro hadronization freezeoutcollisions

Experimental	data

Initial	conditions Hydrodynamics Final	state	interactions
QGP	bulk	property
EoS:	lattice	QCD
Shear	and	bulk	
viscosities		

Hadron	based	event	
generator

New	
hydrodynamics	
code

Moreland	et	al.,PRC92,011901(2015)

Bass	et	al.,	Prog.Part.Nucl.Phys.(1998)
Bleicher et	al.,	J.Phys.G25,1859(1999)

TRENTO UrQMD

Ke et	al.,PRC96,044192(2017)

Phenomenological	model
Parametrization

�µTµ� = 0
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Application	to	analyses	of	RHIC	and	LHC	data	

Okamoto	and	Nonaka,	Phys.Rev.	C98	(2018)	054906
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Bulk	Property	of	QGP
thermalization hydro hadronization freezeoutcollisions

Experimental	data

Our	Model

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

Experimental	data

⎷ Rapidity	distributions
⎷ PT distributions	
⎷ Mean	PT
⎷ Collective	flows	v2 and	v3

ALICE	Pb+Pb TeV,	LHC
�

sNN = 2.76
temperature	dependence	of	
transport	coefficients

What	physical	observable	is	interesting?	
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Bulk	Property	of	QGP
thermalization hydro hadronization freezeoutcollisions

Experimental	data

Our	Model

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

Experimental	data

⎷ Rapidity	distributions
⎷ PT distributions	
⎷ Mean	PT
⎷ Collective	flows	v2 and	v3

ALICE	Pb+Pb TeV,	LHC
�

sNN = 2.76

ζ = 𝑏η
1
3 − 𝑐+

,
,

b = 40

Shear	viscosity

Bulk	viscosity

What	physical	observable	is	interesting?	
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Rapidity	Distributions

0-5%
10-20%

30-40%

50-60%

pseudorapidity η

Parameters	fixed	in	initial	
conditions

output

• Parameters	in	initial	condition	TRENTO	are	fixed	from	comparison	with	
experimental	data	at	0-5	%	centrality.

colission axis

hp

hp
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Effect	of	Bulk	Viscosity
• Shear	+	Bulk	viscosities

30-40%0-5%
𝜋.

𝐾.

𝑝

Bulk	viscosity	reduces	the	transverse	expansion.	
->		Slope	of	PT spectra	becomes	steep.	
->		Close	to	ALICE	data.

Finite	bulk	viscosity

Transverse	momentum	spectra

𝒑𝑻�/s = 0.17
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Effect	on	Collective	Flow
• Collective	flow	as	a	function	of	hp

• (3+1)-d	calculation	
• vn 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

hp hp
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Collective	Flow
Reaction	

plane

x

z

y

f
-

almond	shape

dN

d�
� N0(1 + 2v1 cos � + 2v2 cos 2�)

Elliptic	flow
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Collective	Flow
Reaction	

plane

x

z

y

f
-

almond	shape more	realistic….

dN

d�
� N0(1 + 2v1 cos � + 2v2 cos 2� + 2v3 cos 3� + 2v4 cos 4� + · · · )

Elliptic	flow
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Effect	on	Collective	Flow
• Collective	flow	as	a	function	of	hp

• (3+1)-d	calculation	
• vn 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

hp hp

pseudorapidity ηhp
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Temperature	Dependent	h/s

η/𝒔

Hadron	+	QGP
QGP
Hadron

hp hp

QGP

ζ = 𝑏η
1
3 − 𝑐+

,
,

QGP	phase:	h/s(T)	
Hadron	phase:	h/s=0.08

In	both	centrality	classes	
v2(hp)	is	larger.

TSW = 150
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Temperature	Dependent	h/s

η/𝒔

Hadron	+	QGP
QGP
Hadron

hp hp

Hadron

ζ = 𝑏η
1
3 − 𝑐+

,
,

QGP	phase:	h/s=0.08
Hadron	phase:	h/s(T)

0-5%:	larger	than		ALICE	data
30-40%:	close	to	ALICE	data

TSW = 150
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Temperature	Dependent	h/s

η/𝒔

Hadron	+	QGP
QGP
Hadron

hp hp

Hadron	+	QGP

ζ = 𝑏η
1
3 − 𝑐+

,
,

QGP	phase:	h/s(T)
Hadron	phase:	h/s(T)

In	both	central	classes,	
close	to	ALICE	data

TSW = 150
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Temperature	Dependent	h/s

η/𝒔

Hadron	+	QGP
QGP
Hadron

• 0-5	%	centrality
h/s of	QGP	and	hadron	phases	is	important.

• 30-40	%	centrality
h/s	of	hadron	phase	is	important.

Central	dependence	of	v2(hp)	reveals	
temperature	dependence	of	viscosities.

hp hp

Hadron
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Summary

Space	time	evolution

medium（light	quarks		u,d,s)

Medium

Hydrodynamic	Model
Nagoya	group

• Tools	for	analyses	of	relativistic	heavy	ion	collisions	
– New	relativistic	viscous	hydrodynamics	code	
• Quantitative	analyses	of	QGP	bulk	property
• More	detailed	structure	of	QGP	fluid			ex.	vorticity	

temperature	
dependence	of	
viscosities
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Summary

Space	time	evolution

medium（light	quarks		u,d,s)

Jets
Heavy	quarks c,	b

photon

Medium +	Physical	Observables

Hydrodynamic	Model
Nagoya	group

• Tools	for	analyses	of	relativistic	heavy	ion	collisions	
– Application	to	other	physical	observables

Jets,	heavy	quarks,	photons,	electromagnetic	probes…
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BackUp
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Physical	Observables
thermalization hydro hadronization freezeoutcollisions

Strongly	coupled	QGP,		Thermalization,	Quark	recombination	

Electromagnetic	probes,	Jet	quenching
High	temperature	matter,	Search	for	Chiral	symmetry	restoration

Collectivity	in	small	systems,	Correlations	&	Fluctuations
Pre-Equilibrium	&	Initial	State

Hadron Thermodynamics	and	Chemistry

QCD	at	Finite	Temperature	and	Density

QCD	phase	structure
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Algorithm	
• Relativistic	viscous		hydrodynamics:

Takamoto and	Inutsuka,	arXiv:1106.1732

1.	dissipative	fluid	dynamics	=	advection	+	dissipation	

2.	relaxation	equation =	advection	+	stiff	equation		

Riemann	solver:	Godunov	method			

Mignone,		Plewa	and	Bodo,	Astrophys.	J.	S160,	199	(2005)	

Two	shock	approximation

exact	solution

Rarefaction	wave
Shock	wave

Contact	discontinuity

Rarefaction	wave										shock	wave		

Akamatsu et	al,	JCP256,34(2014)
Okamoto,	Akamatsu,	Nonaka,	EPJC76,579(2016)
Okamoto	and	Nonaka,	EPJC77,383(2017)

�µTµ� = 0
<latexit sha1_base64="ciYSgQRhmr/+4EfD3Y986UWhcu0=">AAACBnicbVC7SgNBFL0bXzG+Vi1FGIyCVdi10UYI2lhGyAuycZmdTJIhs7PLzKwQllQ2/oqNhaK2+QY7P8Te2UREEw8MczjnXu69J4g5U9pxPqzcwuLS8kp+tbC2vrG5ZW/v1FWUSEJrJOKRbAZYUc4ErWmmOW3GkuIw4LQRDC4zv3FLpWKRqOphTNsh7gnWZQRrI/n2vhdjqRnmvhcmqHqTZp8nkhE6Rw7y7aJTciZAP8SdJcXy4efrGAAqvv3udSKShFRowrFSLdeJdTvNRhBORwUvUTTGZIB7tGWowCFV7XRyxggdGaWDupE0T2g0UX93pDhUahgGpjLEuq9mvUz8z2slunvWTpmIE00FmQ7qJhzpCGWZoA6TlGg+NAQTycyuiPSxxESb5AomhLmT50n9pOQ6JffapHEBU+RhDw7gGFw4hTJcQQVqQOAOHuAJnq1769F6sd6mpTnru2cX/sAafwFsmpqz</latexit><latexit sha1_base64="IoF5/AhdlR/nepA6Wxi+YyKZNUs=">AAACBnicbVC7SgNBFJ31GRMfq5YiDEbBKuzaaCMEbSwj5AXZdZmdTJIhs7PLPAJhSWXjr9hYKGor+Ad2fojWziYimnhgmMM593LvPWHCqFSO827NzS8sLi3nVvKF1bX1DXtzqy5jLTCp4ZjFohkiSRjlpKaoYqSZCIKikJFG2D/P/MaACEljXlXDhPgR6nLaoRgpIwX2rpcgoShigRdpWL1Ks8/jegRPoQMDu+iUnDHgD3GnSbG8//H0Oih8VgL7zWvHWEeEK8yQlC3XSZSfZiMwI6O8pyVJEO6jLmkZylFEpJ+OzxjBA6O0YScW5nEFx+rvjhRFUg6j0FRGSPXktJeJ/3ktrTonfkp5ohXheDKooxlUMcwygW0qCFZsaAjCgppdIe4hgbAyyeVNCDMnz5L6Ucl1Su6lSeMMTJADO2APHAIXHIMyuAAVUAMYXINbcA8erBvrznq0nielc9Z3zzb4A+vlC2U6nC0=</latexit><latexit sha1_base64="IoF5/AhdlR/nepA6Wxi+YyKZNUs=">AAACBnicbVC7SgNBFJ31GRMfq5YiDEbBKuzaaCMEbSwj5AXZdZmdTJIhs7PLPAJhSWXjr9hYKGor+Ad2fojWziYimnhgmMM593LvPWHCqFSO827NzS8sLi3nVvKF1bX1DXtzqy5jLTCp4ZjFohkiSRjlpKaoYqSZCIKikJFG2D/P/MaACEljXlXDhPgR6nLaoRgpIwX2rpcgoShigRdpWL1Ks8/jegRPoQMDu+iUnDHgD3GnSbG8//H0Oih8VgL7zWvHWEeEK8yQlC3XSZSfZiMwI6O8pyVJEO6jLmkZylFEpJ+OzxjBA6O0YScW5nEFx+rvjhRFUg6j0FRGSPXktJeJ/3ktrTonfkp5ohXheDKooxlUMcwygW0qCFZsaAjCgppdIe4hgbAyyeVNCDMnz5L6Ucl1Su6lSeMMTJADO2APHAIXHIMyuAAVUAMYXINbcA8erBvrznq0nielc9Z3zzb4A+vlC2U6nC0=</latexit><latexit sha1_base64="Ya05Q7gHUXf67uWL1N4DQxmS70g=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqmTc6EYounFZoQ+hMw6ZNNOGZjJDHkIZunLjr7hxoYhbv8Gdf2OmLaKtB0IO59zLvfdEGWdKI/TllJaWV1bXyuuVjc2t7R13d6+tUiMJbZGUp/I2wopyJmhLM83pbSYpTiJOO9HwqvA791QqloqmHmU0SHBfsJgRrK0Uuod+hqVmmId+YmDzLi8+X5gxvIAIhm4V1dAE8Id486QKZmiE7qffS4lJqNCEY6W6Hsp0kBcjCKfjim8UzTAZ4j7tWipwQlWQT84Yw2Or9GCcSvuEhhP1d0eOE6VGSWQrE6wHat4rxP+8rtHxeZAzkRlNBZkOig2HOoVFJrDHJCWajyzBRDK7KyQDLDHRNrmKDWHh5EXSPq15qObdoGr9chZHGRyAI3ACPHAG6uAaNEALEPAAnsALeHUenWfnzXmflpacWc8++APn4xuiKpfk</latexit>

Tµ� = (� + p)uµu� � pgµ� +�Tµ�

Stable	with	small	numerical	viscosity	



C.	NONAKA

Shear	and	Bulk	Viscosities
shear	viscosity

shear	+	bulk	viscosities

temperature	dependent	shear	+	bulk	viscosities

⎷ Rapidity	distributions
central	collision:	parameter	fixing	

⎷ PT distributions	
⎷ Mean	PT
⎷ Collective	flows	v2 and	v3

ζ = 𝑏η
1
3 − 𝑐+

,
,

ALICE	Pb+Pb TeV,	LHC
�

sNN = 2.76

�/s = 0.17

�/s = 0.17

b = 40 Molnar	et	al.,	PRC89,074010(2014)

Niemi,	Eskola,	Paatelainen,	PRC93,	024907(2016)
Denicol,	Monnai,	Schenke,	PRL	116,	212301	(2016)	



C.	NONAKA

h/s dependence
• pT spectra

𝒑𝑻

PT	spectra	do	not	depend	on	h/s.

0-5%10-20%

30-40%

50-60%



C.	NONAKA

h/s dependence

v2 and	v3	are	smaller	at	larger	h/s. h/s=0.17

• Collective	Flows



C.	NONAKA

Effect	on	Expansion

ζ = 𝑏η
1
3 − 𝑐+

,
,

Bulk	viscosity	is	large	below	200	MeV.
->	Its	effect	appears	around	Tc ~160	MeV.
->	Expansion	rate	decreases	in	lower		

temperature	region.
->	Volume	elements	of	fluid	remain		

around	Tc temperature	longer.		

𝜏 = 7fm

initial

0-5%

+bulk

𝜏 = 7fm

0-5%

+bulk


