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Post your questions in the slack channel:

#jul21-jul22-hydro
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MORE IS DIFFERENT!
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http://youtu.be/W3h5vQOUJTg

A “LITTLE BANG”

http://youtu.be/W3h5vQOUJTg
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A PB+PB COLLISION AT THE LARGE HADRON COLLIDER
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RELATIVISTIC HEAVY-ION COLLISIONS

t~0s t~3x10-24s t~5x10-23s t~10-8s
1 yoctosecond = 10-24 s

Complex dynamics 
driven by multiple 
length scales

Hybrid multi-stage 
modeling with 
event-by-event 
fluctuations
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Picture from the 
ATLAS Collaboration

7

Hadrons QCD jets

EM radiations
PHENIX zero field event display

EW bosons

MULTI-MESSENGER HEAVY-ION PHYSICS
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DEFINING THE QUARK-GLUON PLASMA
Which properties of hot QCD matter can we 
determine from relativistic heavy ion data (LHC, 
RHIC, and future FAIR/NICA/JPAC)?

Tµ⌫ () e, P , s
<latexit sha1_base64="yMKfmlSp4o6Gd1ymWR72jp0DOPU="></latexit>

c2s = @P/@e|s/n
<latexit sha1_base64="ZmkHV1gPfZw+p9+Z1lSoLK3DklE=">AAACEnicdVA7T8MwGHTKq5RXgJHFokKCJU0KAjogVbAwFok+pCZEjuu2Vh0nsh2kKupvYOGvsDCAECsTG/8Gpy2I50mWTnff2f4uiBmVyrbfjNzM7Nz8Qn6xsLS8srpmrm80ZJQITOo4YpFoBUgSRjmpK6oYacWCoDBgpBkMzjK/eU2EpBG/VMOYeCHqcdqlGCkt+eYe9uVVGZ5AN0ZCUcRgrfRJCXR1VvmpLPGRbxZtq2I7lUMH/iaOZY9RBFPUfPPV7UQ4CQlXmCEp244dKy/N7saMjApuIkmM8AD1SFtTjkIivXS80gjuaKUDu5HQhys4Vr8mUhRKOQwDPRki1Zc/vUz8y2snqnvspZTHiSIcTx7qJgyqCGb9wA4VBCs21ARhQfVfIe4jgbDSLRZ0CR+bwv9Jo2w5+1b54qBYPZ3WkQdbYBvsAgccgSo4BzVQBxjcgDvwAB6NW+PeeDKeJ6M5Y5rZBN9gvLwDJRydMw==</latexit>

Electromagnetic emissivity

Equation of State

DB , DQ, DS
<latexit sha1_base64="fODjUY+W1d9j3ItEZZY2drhLgMg=">AAAB+nicdVDLSgMxFM3UV62vqS7dBIvgogwzVdTuSu3CZYv2Ae0wZNJMG5rJDElGKWM/xY0LRdz6Je78G9OH4PPA5R7OuZfcHD9mVCrbfjcyS8srq2vZ9dzG5tb2jpnfbckoEZg0ccQi0fGRJIxy0lRUMdKJBUGhz0jbH11M/fYNEZJG/FqNY+KGaMBpQDFSWvLMfM2rFntFWPMa83blmQXbKttO+dSBv4lj2TMUwAJ1z3zr9SOchIQrzJCUXceOlZsioShmZJLrJZLECI/QgHQ15Sgk0k1np0/goVb6MIiELq7gTP26kaJQynHo68kQqaH86U3Fv7xuooJzN6U8ThTheP5QkDCoIjjNAfapIFixsSYIC6pvhXiIBMJKp5XTIXz+FP5PWiXLObZKjZNCpbqIIwv2wQE4Ag44AxVwCeqgCTC4BffgETwZd8aD8Wy8zEczxmJnD3yD8foBUi+SHg==</latexit>

Charge diffusion

Shear and bulk viscosities
⌘/s(T, µB), ⇣/s(T, µB)

<latexit sha1_base64="q1c+P0UbdNaNLChOS37X0YKYY9o=">AAACDXicdVDLSsNAFJ3UV62vqEs3g1WoUGJSRe2u1I3LCn1BE8JkOmmHTh7MTIQa+gNu/BU3LhRx696df+P0IWjVAxcO59zLvfd4MaNCmuaHlllYXFpeya7m1tY3Nrf07Z2miBKOSQNHLOJtDwnCaEgakkpG2jEnKPAYaXmDy7HfuiFc0Cisy2FMnAD1QupTjKSSXP3AJhIdi0K9CO0gcatHRbto385prp43jbJplc8s+JtYhjlBHsxQc/V3uxvhJCChxAwJ0bHMWDop4pJiRkY5OxEkRniAeqSjaIgCIpx08s0IHiqlC/2IqwolnKjfJ1IUCDEMPNUZINkX895Y/MvrJNK/cFIaxokkIZ4u8hMGZQTH0cAu5QRLNlQEYU7VrRD3EUdYqgBzKoSvT+H/pFkyrBOjdH2ar1RncWTBHtgHBWCBc1ABV6AGGgCDO/AAnsCzdq89ai/a67Q1o81mdsEPaG+fAEuZow==</latexit>

Spectra, collective flow,

femtoscopy

Anisotropic flow vn

Flow correlations

Balance functions

Photons and dileptons
Energy-momentum transport
q̂, ê, ê2, ...

<latexit sha1_base64="Z3Yg0GaKtvxUL8lW0JTRS2cvPFg=">AAACCXicdZDJSgNBEIZr4hbjNurRS2MQPIRhJoqaW9CLxwhmgWQYejo9SZOexe4eIQy5evFVvHhQxKtv4M23sbOI+w8NH39VUV2/n3AmlW2/Gbm5+YXFpfxyYWV1bX3D3NxqyDgVhNZJzGPR8rGknEW0rpjitJUIikOf06Y/OBvXm9dUSBZHl2qYUDfEvYgFjGClLc9EnT5W2dWoNAX6CV65hCzL8syibVVsp3LkoN/gWPZERZip5pmvnW5M0pBGinAsZduxE+VmWChGOB0VOqmkCSYD3KNtjREOqXSzySUjtKedLgpioV+k0MT9OpHhUMph6OvOEKu+/Fkbm3/V2qkKTtyMRUmqaESmi4KUIxWjcSyoywQlig81YCKY/isifSwwUTq8gg7h41L0PzTKlnNglS8Oi9XTWRx52IFd2AcHjqEK51CDOhC4gTt4gEfj1rg3noznaWvOmM1swzcZL+/g2pkq</latexit>

Jets and heavy-quarks
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Equation of State
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Charge diffusion
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Spectra, collective flow,

femtoscopy

Anisotropic flow vn

Flow correlations

Balance functions

Photons and dileptons
Energy-momentum transport
q̂, ê, ê2, ...

<latexit sha1_base64="Z3Yg0GaKtvxUL8lW0JTRS2cvPFg=">AAACCXicdZDJSgNBEIZr4hbjNurRS2MQPIRhJoqaW9CLxwhmgWQYejo9SZOexe4eIQy5evFVvHhQxKtv4M23sbOI+w8NH39VUV2/n3AmlW2/Gbm5+YXFpfxyYWV1bX3D3NxqyDgVhNZJzGPR8rGknEW0rpjitJUIikOf06Y/OBvXm9dUSBZHl2qYUDfEvYgFjGClLc9EnT5W2dWoNAX6CV65hCzL8syibVVsp3LkoN/gWPZERZip5pmvnW5M0pBGinAsZduxE+VmWChGOB0VOqmkCSYD3KNtjREOqXSzySUjtKedLgpioV+k0MT9OpHhUMph6OvOEKu+/Fkbm3/V2qkKTtyMRUmqaESmi4KUIxWjcSyoywQlig81YCKY/isifSwwUTq8gg7h41L0PzTKlnNglS8Oi9XTWRx52IFd2AcHjqEK51CDOhC4gTt4gEfj1rg3noznaWvOmM1swzcZL+/g2pkq</latexit>

Jets and heavy-quarks

LQCD
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THE JETSCAPE FRAMEWORK

• A unified event-generator for the high energy nuclear physics community

“The JETSCAPE framework,” arXiv:1903.07706 [nucl-th]
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THE JETSCAPE FRAMEWORK

• A unified event-generator for the high energy nuclear physics community

“The JETSCAPE framework,” arXiv:1903.07706 [nucl-th]

In
iti

al
 g

eo
m

et
ry

 o
f


 N
uc

le
us

-N
uc

le
us

 c
ol

lis
io

n H
ar

d 
Pa

rti
cl

e 
Pr

od
uc

tio
n

In
iti

al
 S

of
t


D
en

si
ty



di

st
rib

ut
io

n

H
ar

d 
& 

Se
m

i-h
ar

d 
H

ad
or

on
iz

at
io

n
C

oo
pe

r-F
ry

e 
Pa

rti
cl

iz
at

io
n

H
ad

ro
ni

c 
C

as
ca

de

Viscous Fluid Dynamics + lattice QCD 
equation of state

St
or

e 
Fu

ll 
Ev

en
t R

ec
or

d 
on

to
 D

is
k

Multi-stage

Jet Shower Evolution

Energy-momentum Deposition

@ Y. Tachibana



Chun Shen (WSU/RBRC) JETSCAPE Summer School 2021 /40Slack: #jul21-jul22-hydro 13

INITIAL-STATE OF RELATIVISTIC NUCLEAR COLLISIONS

• Multiple scattering & soft processes dominate
highly non-perturbative
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by P. Tribedy

A ZOO OF INITIAL-STATE MODELS



Chun Shen (WSU/RBRC) JETSCAPE Summer School 2021 /40Slack: #jul21-jul22-hydro 15

COLLISION GEOMETRY
Miller, Reygers, Sanders, Steinberg

Ann. Rev. Nucl. Part. Sci. 57, 205 (2007)

Participants in dark colors, spectators in light colors

The Glauber model:
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Initial state and pre-equilibrium: IP-Glasma

!4

Solve Yang-Mills equations with incoming color currents 
constrained with IPSat model fit to HERA data 

Color charge density constructed from nucleons with three 
quark substructure (needed for p+Pb but also diffractive HERA data) 

Includes fluctuations of: 

impact parameter, nucleon positions, quark positions, color 
charge normalization, color charges 

B j ö r n  S c h e n k e ,  B N L

Kowalski, Teaney, Phys.Rev. D68 (2003) 114005

B.Schenke, P.Tribedy, R.Venugopalan, PRL108, 252301 (2012), PRC86, 034908 (2012)

Kovner, McLerran, Weigert, Phys. Rev. D52, 6231 (1995) 
Krasnitz, Venugopalan, Nucl.Phys. B557 (1999) 237

S E E  TA L K  B Y  H .  M Ä N T Y S A A R I
H. Mäntysaari, B. Schenke, Phys. Rev. Lett. 117 (2016) 052301 
and Phys.Rev. D94 (2016) 034042 

Includes fluctuations of:

Impact parameter, nucleon positions, quark positions, color charge 
normalization, color charges

INITIAL STATE AND PRE-EQUILIBRIUM DYNAMICS: IP-GLASMA

• The Color Glass Condensate (CGC) predicts 
anisotropic particle productions because of

1. Local anisotropies in the color fields

2. Local density gradients

3. Quantum interference effects

ℰp = εpei2ψp
2 =

⟨Txx − Tyy⟩ + i⟨2Txy⟩
⟨Txx + Tyy⟩
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• Continuously connect the system’s energy-momentum tensor  
between different stages

Tμν

THE HYBRID THEORETICAL FRAMEWORK

τ (fm) 
0+

<latexit sha1_base64="tfkNgsIliXwP1rxLrwxee8kFJXE=">AAAB6nicbVDLSsNAFJ3UV62vqks3g0UQhJA02tpd0Y3LivYBbSyT6aQdOpmEmYlQQj/BjQtF3PpF7vwbJ2kQXwcuHM65l3vv8SJGpbKsD6OwtLyyulZcL21sbm3vlHf3OjKMBSZtHLJQ9DwkCaOctBVVjPQiQVDgMdL1ppep370nQtKQ36pZRNwAjTn1KUZKSzfW3cmwXLHMhlO3G3WYkapTy4l9Bm3TylABOVrD8vtgFOI4IFxhhqTs21ak3AQJRTEj89IgliRCeIrGpK8pRwGRbpKdOodHWhlBPxS6uIKZ+n0iQYGUs8DTnQFSE/nbS8X/vH6s/HM3oTyKFeF4sciPGVQhTP+GIyoIVmymCcKC6lshniCBsNLplBYhpKh9vfyXdKqm7ZjO9WmleZHHUQQH4BAcAxvUQRNcgRZoAwzG4AE8gWeDGY/Gi/G6aC0Y+cw++AHj7RMzLY3l</latexit>

Initial State + 

Pre-equilibrium dynamics Hydrodynamics Hadronic Transport

Tμν

Cooper-Frye 
particlization



+ Landau Matching 

with lattice EoS

Tμν
pre. eq = Tμν

hydro

0.5-1
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A long wavelength effective description of interacting systems

Conservation 
laws

+

Equation of 

State

Star formation Quark-Gluon 
Plasma

Air dynamics of 
race car

Studying collective phenomena in heavy-ion collisions has been leading the 
theory frontier of developing causal viscous relativistic hydrodynamics

COLLECTIVITY & HYDRODYNAMICS
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A REALIZATION OF RELATIVISTIC HYDRODYNAMICS

http://www.physics.mcgill.ca/music/
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QCD EQUATION OF STATE
A. Monnai, B. Schenke and C. Shen, Int. J. Mod. Phys. A36, 2130007 (2021)nS = 0

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

nQ = 0.4nB
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

• QCD equation of state are constrained by Lattice QCD calculations
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PRESSURE GRADIENTS DRIVEN DYNAMICS

Duµ =
rµP

e+ P

acceleration

force

moment 
of inertia

Spatial 
imhomogeneity

Flow 
velocity

1 fm
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PRESSURE GRADIENTS DRIVEN DYNAMICS

Duµ =
rµP

e+ P

acceleration

force

moment 
of inertia

Spatial 
imhomogeneity

Flow 
velocity

1 fm

C. Shen and U. Heinz, Nucl. Phys. News 25, no. 2, 6 (2015)
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Shear viscosity

⇡µ⌫ ⇠ 2⌘rhµu⌫i

Resistance to 
deformation

STUDY QGP TRANSPORT PROPERTIES
no shear viscosity with shear viscosity

Shear viscosity smears out the fine flow patterns
Flow anisotropy is imprinted to final state particle momenta

K O

https://youtu.be/G-Fbon0YQak
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EFFECTS OF BULK VISCOSITY
no bulk viscosity with bulk viscosityBulk viscosity

⇧ ⇠ �⇣@µu
µ

Resistance to 
expansion

• Bulk viscosity slows down radial expansion and produces 
more entropy

https://youtu.be/G-Fbon0YQak
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WHEN TO END?
• Particles are observed, not fluid elements
• How and when to convert fluid to particles (evaporation)
• How far is hydrodynamics valid?

x (fm)

τ (
fm

/c
)
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<latexit sha1_base64="nBqZlQcotnYNu64/xzcHT6ABGPg="></latexit>

✓ = @µu
µ

<latexit sha1_base64="gLTi5TCFm6HxuAAw4t+tLRuDiWE="></latexit>

Fluid description breaks down at
⌧�1
sc = ✓

<latexit sha1_base64="QwVqfky5ksLTjH92tQuD6sE9g+s="></latexit>

Approximation: decouple takes place at a 
fixed temperature

T = Tfo /
✓
✓

�

◆1/3

<latexit sha1_base64="B43zBxgSJosPhZH9eblT5RUl82I="></latexit>
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then feed particles into hadronic cascade (UrQMD/SMASH)
S. A. Bass et al., Prog. Part. Nucl. Phys. 41, 255–369 (1998)

M. Bleicher et al., J. Phys. G25, 1859–1896 (1999)

J. Weil, et al. Rev. C 94, 054905 (2016)

Sample particles on the freeze-out surface (surface of constant (low) 
energy density) according to

which performs resonance decays and scattering according to hadronic 
cross sections

E
dNi

d3p
=

gi
(2⇡)3

Z

⌃(Tfo)
d3�µp

µ

✓
f i
eq

✓
pµuµ

T

◆
+ �f i

◆

<latexit sha1_base64="feCqDM51ZLYORSl5Kyfx3brspi4="></latexit>

COOPER-FRYE PARTICLIZATION
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CMS event display

�

v1 v2 v3 v4 v5

dN

d�
=

N

2⇡
(1 + 2

1X

n=1

vn cos(�� n))
<latexit sha1_base64="RWl4r1BbXtrc1LPYjGjnw7MPZjw="></latexit>

ANISOTROPIC FLOW
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Plank 2013

Inflation

E V E N T- B Y- E V E N T  F L U I D  D Y N A M I C S

• Evolve many initial shapes using viscous fluid dynamics 

• Convert energy density to particles (“freeze-out”) 

• Determine     coefficients of particle distributions 

• Average and compare to experimental data

9

!
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Hydrodynamics

v1 v2 v3 v4 v5

FLUCTUATION POWER SPECTRUM

Planck Collaboration: The Planck mission
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Fig. 19. The temperature angular power spectrum of the primary CMB from Planck, showing a precise measurement of seven acoustic peaks, that
are well fit by a simple six-parameter⇤CDM theoretical model (the model plotted is the one labelled [Planck+WP+highL] in Planck Collaboration
XVI (2013)). The shaded area around the best-fit curve represents cosmic variance, including the sky cut used. The error bars on individual points
also include cosmic variance. The horizontal axis is logarithmic up to ` = 50, and linear beyond. The vertical scale is `(`+ 1)Cl/2⇡. The measured
spectrum shown here is exactly the same as the one shown in Fig. 1 of Planck Collaboration XVI (2013), but it has been rebinned to show better
the low-` region.
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Fig. 20. The temperature angular power spectrum of the CMB, esti-
mated from the SMICA Planck map. The model plotted is the one la-
belled [Planck+WP+highL] in Planck Collaboration XVI (2013). The
shaded area around the best-fit curve represents cosmic variance, in-
cluding the sky cut used. The error bars on individual points do not in-
clude cosmic variance. The horizontal axis is logarithmic up to ` = 50,
and linear beyond. The vertical scale is `(` + 1)Cl/2⇡. The binning
scheme is the same as in Fig. 19.

8.1.1. Main catalogue

The Planck Catalogue of Compact Sources (PCCS, Planck
Collaboration XXVIII (2013)) is a list of compact sources de-

tected by Planck over the entire sky, and which therefore con-
tains both Galactic and extragalactic objects. No polarization in-
formation is provided for the sources at this time. The PCCS
di↵ers from the ERCSC in its extraction philosophy: more e↵ort
has been made on the completeness of the catalogue, without re-
ducing notably the reliability of the detected sources, whereas
the ERCSC was built in the spirit of releasing a reliable catalog
suitable for quick follow-up (in particular with the short-lived
Herschel telescope). The greater amount of data, di↵erent selec-
tion process and the improvements in the calibration and map-
making processing (references) help the PCCS to improve the
performance (in depth and numbers) with respect to the previ-
ous ERCSC.

The sources were extracted from the 2013 Planck frequency
maps (Sect. 6), which include data acquired over more than two
sky coverages. This implies that the flux densities of most of
the sources are an average of three or more di↵erent observa-
tions over a period of 15.5 months. The Mexican Hat Wavelet
algorithm (López-Caniego et al. 2006) has been selected as the
baseline method for the production of the PCCS. However, one
additional methods, MTXF (González-Nuevo et al. 2006) was
implemented in order to support the validation and characteriza-
tion of the PCCS.

The source selection for the PCCS is made on the basis of
Signal-to-Noise Ratio (SNR). However, the properties of the
background in the Planck maps vary substantially depending on
frequency and part of the sky. Up to 217 GHz, the CMB is the

27

Plank 2013
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RUNNING THE GAMUT OF HIGH ENERGY NUCLEAR COLLISIONS

• One single set 
of model 
parameters 
for ALL types 
of collisions at 
the top RHIC 
and LHC 
energies

RHICLHC

B. Schenke, C. Shen and P. Tribedy, Phys. Rev. C 102, 044905 (2020) 
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D. Everett et al. [JETSCAPE], Phys. Rev. Lett. 126, 242301 & Phys. Rev. C103, 054904 (2021)

J. E. Bernhard, J. S. Moreland and S. A. Bass, Nature Phys. 15, 1113-1117 (2019)

• Precision hadronic measurements can 
systematically constrain the QGP viscosity

G. Nijs, W. Van Der Schee, U. Gursoy and R. Snellings,

Phys. Rev. Lett. 126, 202301 (2021) & Phys. Rev. C103, 054909 (2021)

J. E. Bernhard, J. S. Moreland, S. A. Bass, J. Liu and U. Heinz, Phys. Rev. C94, 024907 (2016)
S. Pratt, E. Sangaline, P. Sorensen and H. Wang, Phys. Rev. Lett. 114, 202301 (2015)

GLOBAL BAYESIAN CONSTRAINTS ON QGP VISCOSITY
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JETSCAPE Widget
http://jetscape.org/sims-widget/

BUILDING INTUITIONS WITH THE JETSCAPE WIDGET

http://jetscape.org/sims-widget/
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• Search for a critical 
point & 1st order 
phase transition

• Access to new 
transport phenomena

• How does the QGP 
transport property 
change with baryon 
doping?

Charge diffusion

, (η/s)(T, {μq}) (ζ/s)(T, {μq})

RHIC BES program

QGP

Hadron Gas

LHC

Neutron 
star merger

FAIR/NICA
HADES

JPARC-HI

PROBING THE NUCLEAR MATTER PHASE DIAGRAM
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• Classical string-based initial 
conditions

• Transport model based initial 
conditions

A. Bialas, A. Bzdak and V. Koch,  Acta Phys. Polon. B49 (2018)
C. Shen and B. Schenke, Phys.Rev. C97 (2018) 024907 

tim
e

L. Du, U. Heinz and G. Vujanovic, Nucl. Phys. A982 
(2019) 407-410

I. A. Karpenko, P. Huovinen, H. Petersen and M. 
Bleicher, Phys. Rev. C91 (2015) 064901

3D DYNAMICS BEYOND THE BJORKEN PARADIGM

• Color Glass Condensate based 
models

L. D. McLerran, S. Schlichting and S. Sen, Phys. Rev. D 
99, 074009 (2019)

M. Li and J. Kapusta, Phys. Rev. C 99, 014906 (2019)

• Holographic approach at 
intermediate coupling

M. Attems, et al., Phys.Rev.Lett. 121 (2018), 261601

• Geometry-Based initial conditions
C. Shen and S. Alzhrani, Phys. Rev. C 102, 014909 (2020)

M. Martinez, M. D. Sievert, D. E. Wertepny and J. Noronha-
Hostler, arXiv:1911.10272 + arXiv:1911.12454 [nucl-th]

vz = 0.99995c vz = 0.995c

⌧ ⇠ 2R

�vz
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HYDRODYNAMICS WITH SOURCES
Energy-momentum current and net baryon density are fed into 
hydrodynamic simulations as source terms

@µT
µ⌫ = J⌫

source
<latexit sha1_base64="pfovHrxlgBM+y8/0wLatkzUHss0="></latexit><latexit sha1_base64="pfovHrxlgBM+y8/0wLatkzUHss0="></latexit><latexit sha1_base64="pfovHrxlgBM+y8/0wLatkzUHss0="></latexit><latexit sha1_base64="pfovHrxlgBM+y8/0wLatkzUHss0="></latexit>

@µJ
µ = ⇢source

<latexit sha1_base64="rzneiuyIoSpvTFMj10sX+dwmuoI="></latexit><latexit sha1_base64="rzneiuyIoSpvTFMj10sX+dwmuoI="></latexit><latexit sha1_base64="rzneiuyIoSpvTFMj10sX+dwmuoI="></latexit><latexit sha1_base64="rzneiuyIoSpvTFMj10sX+dwmuoI="></latexit>

C. Shen and B. Schenke,

Phys. Rev. C97 (2018) 024907 

L. Du, U. Heinz and G. Vujanovic,

Nucl. Phys. A982 (2019) 407-410

M. Okai, K. Kawaguchi, Y. Tachibana, 

and T. Hirano, Phys. Rev. C95, 054914 (2017)

z

t

Hydrodynamics

Dynamical 
Initialization

Hadron Transport

Y. Akamatsu, M. Asakawa, T. Hirano, M. Kitazawa, 
K. Morita, K. Murase, Y. Nara, C. Nonaka and A. 
Ohnishi, Phys. Rev. C98, 024909 (2018)
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https://www.youtube.com/watch?v=gFV-9VeqzkE

x

y

z

0-5% AuAu@19.6 GeV

RELATIVISTIC HEAVY-ION COLLISIONS
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FLOWING THROUGH THE QCD CROSSOVER REGION

Nuclei overlap

Dynamical Initialization stage

Baryon dopping

Hydrodynamics evolution

Switching to hadronic 
transport
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FLOWING THROUGH THE QCD CROSSOVER REGION

Hydrodynamics evolution

Switching to hadronic 
transport
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Dynamical Initialization stage
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THE ERA OF MULTI-MESSENGER HEAVY-ION PHYSICS

• RHIC: STAR upgrade and sPHENIX program

Study fully resolved jets, Upsilon states, and 
heavy quarks as QGP structure probes

• LHC: ALICE, CMS, ATLAS upgrades

• HADES, FAIR, NICA, J-PAC-HI

• Future Electron-Ion Collider

Probing QCD at high net baryon density

High energy and high luminosity frontier
Precision measurements for rare probes

Phase structure of hot QCD matter

Tomography of nucleon and nucleus
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THE NEXT GENERATION JETSCAPE FRAMEWORK
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• A unified event-generator for high energy nuclear physics community

• The XSCAPE Project
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SUMMARY
• The vibrant experimental programs with precision measurements 

have been driving heavy-ion physics to the multi-messenger era
Unified theoretical + statistical frameworks are essential 
to unravel physics

• Viscous relativistic hydrodynamics provides a robust, reliable, 
efficient, and accurate description of QGP evolution in heavy-ion 
collisions

a few remarkable quantitative predictions

model parameters has direct connection to the 
physics properties of the strongly-couple QGP

state-of-the-art lattice QCD inputs


