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Baryon chemical potential

The picture is taken from http://www.bnl.gov/
newsroom/news.php? a=11446 

• Where is the critical 
point located

• What is the phase 
structure of nuclear 
matter

• What are the 
transport properties 
of the Quark-Gluon 
Plasma (QGP)

Phase diagram of hot nuclear matter
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Multi-stage bulk evolution

Request for a hybrid framework for RHIC BES
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C. Shen and B. Schenke, Phys. Rev. C97 (2018) 024907 

Heavy-ion collisions at RHIC BES

• Nuclei overlapping time is large at low collision energy
• Pre-equilibrium dynamics can play an important role

⌧ ⇠ 2R

�vz

vz = 0.99995c vz = 0.995c

note: total evolution time ~ 10 fm
�4

I. A. Karpenko, P. Huovinen, H. Petersen and M. Bleicher, Phys. Rev. C91 (2015) 064901
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• String based initial 
condition

• The interaction zone 
is not point like

• Transport model based 
initial condition

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
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String based initial condition

t

C. Shen and B. Schenke, Phys.Rev. C97 (2018) 024907 
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t

ηs

energy density inside the string

C. Shen and B. Schenke, Phys.Rev. C97 (2018) 024907 

String based initial condition
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C. Shen and B. Schenke, Phys.Rev. C97 (2018) 024907 

t

ηs

energy density inside the string

ηs

remanent energy density at the 
string ends

String based initial condition
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C. Shen and B. Schenke, Phys.Rev. C97 (2018) 024907 

t

ηs

energy density inside the string

ηs

Baryon density are deposited at 
the string ends

String based initial condition
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t

ηs

energy density inside the string

ηs

Baryon density are deposited at 
the string ends or string junctions

String based initial condition
B. Schenke and C. Shen, in preparation

D. Kharzeev, Phys. Lett. B 378, 238 (1996)
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0-5% Au+Au @ 200 GeV
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String space-time distribution
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Hydrodynamics with sources
Energy-momentum current and net baryon density are 
fed into hydrodynamic simulation as source terms

t

@µT
µ⌫ = J⌫

source
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@µJ
µ = ⇢source
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C. Shen and B. Schenke,
Phys. Rev. C97 (2018) 024907 

L. Du, U. Heinz and G. Vujanovic,
Nucl. Phys. A982 (2019) 407-410
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Hydrodynamical evolution with sources
C. Shen and B. Schenke, Phys. Rev. C97 (2018) 024907 

p
sNN = 19.6GeV
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Hydrodynamical evolution with sources
C. Shen and B. Schenke, Phys. Rev. C97 (2018) 024907 
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sNN = 19.6GeV

<latexit sha1_base64="/K8yCA8+Wy2xWwlMyr8gshztKHs=">AAACEnicdVDLSsNAFJ34rPUVdelmsAgKEhKRahdC0YWuSgX7gCaEyXTSDp08nJkIJeQb3Pgrblwo4taVO//GSR/g88CFwzn3cu89XsyokKb5oc3Mzs0vLBaWissrq2vr+sZmU0QJx6SBIxbxtocEYTQkDUklI+2YExR4jLS8wXnut24JFzQKr+UwJk6AeiH1KUZSSa6+b4sbLlPh2gGSfR6ktVqWwVNoVYyyfTAVL0gzc/WSaVRMq1K24G9iGeYIJTBB3dXf7W6Ek4CEEjMkRMcyY+mkiEuKGcmKdiJIjPAA9UhH0RAFRDjp6KUM7iqlC/2IqwolHKlfJ1IUCDEMPNWZ3yh+ern4l9dJpH/ipDSME0lCPF7kJwzKCOb5wC7lBEs2VARhTtWtEPcRR1iqFIsqhOmn8H/SPDQs07CujkrVs0kcBbANdsAesMAxqIJLUAcNgMEdeABP4Fm71x61F+113DqjTWa2wDdob58ErJ2u</latexit><latexit sha1_base64="/K8yCA8+Wy2xWwlMyr8gshztKHs=">AAACEnicdVDLSsNAFJ34rPUVdelmsAgKEhKRahdC0YWuSgX7gCaEyXTSDp08nJkIJeQb3Pgrblwo4taVO//GSR/g88CFwzn3cu89XsyokKb5oc3Mzs0vLBaWissrq2vr+sZmU0QJx6SBIxbxtocEYTQkDUklI+2YExR4jLS8wXnut24JFzQKr+UwJk6AeiH1KUZSSa6+b4sbLlPh2gGSfR6ktVqWwVNoVYyyfTAVL0gzc/WSaVRMq1K24G9iGeYIJTBB3dXf7W6Ek4CEEjMkRMcyY+mkiEuKGcmKdiJIjPAA9UhH0RAFRDjp6KUM7iqlC/2IqwolHKlfJ1IUCDEMPNWZ3yh+ern4l9dJpH/ipDSME0lCPF7kJwzKCOb5wC7lBEs2VARhTtWtEPcRR1iqFIsqhOmn8H/SPDQs07CujkrVs0kcBbANdsAesMAxqIJLUAcNgMEdeABP4Fm71x61F+113DqjTWa2wDdob58ErJ2u</latexit><latexit sha1_base64="/K8yCA8+Wy2xWwlMyr8gshztKHs=">AAACEnicdVDLSsNAFJ34rPUVdelmsAgKEhKRahdC0YWuSgX7gCaEyXTSDp08nJkIJeQb3Pgrblwo4taVO//GSR/g88CFwzn3cu89XsyokKb5oc3Mzs0vLBaWissrq2vr+sZmU0QJx6SBIxbxtocEYTQkDUklI+2YExR4jLS8wXnut24JFzQKr+UwJk6AeiH1KUZSSa6+b4sbLlPh2gGSfR6ktVqWwVNoVYyyfTAVL0gzc/WSaVRMq1K24G9iGeYIJTBB3dXf7W6Ek4CEEjMkRMcyY+mkiEuKGcmKdiJIjPAA9UhH0RAFRDjp6KUM7iqlC/2IqwolHKlfJ1IUCDEMPNWZ3yh+ern4l9dJpH/ipDSME0lCPF7kJwzKCOb5wC7lBEs2VARhTtWtEPcRR1iqFIsqhOmn8H/SPDQs07CujkrVs0kcBbANdsAesMAxqIJLUAcNgMEdeABP4Fm71x61F+113DqjTWa2wDdob58ErJ2u</latexit><latexit sha1_base64="/K8yCA8+Wy2xWwlMyr8gshztKHs=">AAACEnicdVDLSsNAFJ34rPUVdelmsAgKEhKRahdC0YWuSgX7gCaEyXTSDp08nJkIJeQb3Pgrblwo4taVO//GSR/g88CFwzn3cu89XsyokKb5oc3Mzs0vLBaWissrq2vr+sZmU0QJx6SBIxbxtocEYTQkDUklI+2YExR4jLS8wXnut24JFzQKr+UwJk6AeiH1KUZSSa6+b4sbLlPh2gGSfR6ktVqWwVNoVYyyfTAVL0gzc/WSaVRMq1K24G9iGeYIJTBB3dXf7W6Ek4CEEjMkRMcyY+mkiEuKGcmKdiJIjPAA9UhH0RAFRDjp6KUM7iqlC/2IqwolHKlfJ1IUCDEMPNWZ3yh+ern4l9dJpH/ipDSME0lCPF7kJwzKCOb5wC7lBEs2VARhTtWtEPcRR1iqFIsqhOmn8H/SPDQs07CujkrVs0kcBbANdsAesMAxqIJLUAcNgMEdeABP4Fm71x61F+113DqjTWa2wDdob58ErJ2u</latexit>



Chun Shen (WSU/RIKEN-BNL) APS GHP Meeting 2019 /40

Hydrodynamical evolution with sources
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X

C. Shen and B. Schenke, Phys. Rev. C97 (2018) 024907 
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sNN = 19.6GeV
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Hydrodynamical evolution with sources

Z

t=0.8 fm/c

X

C. Shen and B. Schenke, Phys. Rev. C97 (2018) 024907 

p
sNN = 19.6GeV
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Hydrodynamical evolution with sources

Z

t=0.9 fm/c

X

C. Shen and B. Schenke, Phys. Rev. C97 (2018) 024907 

p
sNN = 19.6GeV
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Hydrodynamical evolution with sources

Z

t=1.0 fm/c

X

C. Shen and B. Schenke, Phys. Rev. C97 (2018) 024907 

p
sNN = 19.6GeV
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Hydrodynamical evolution with sources

Z

t=1.5 fm/c

X

C. Shen and B. Schenke, Phys. Rev. C97 (2018) 024907 

p
sNN = 19.6GeV
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Hydrodynamical evolution with sources

X Z

t=2.5 fm/c

C. Shen and B. Schenke, Phys. Rev. C97 (2018) 024907 

p
sNN = 19.6GeV
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Hydrodynamical evolution with sources

X Z

t=3.5 fm/c

C. Shen and B. Schenke, Phys. Rev. C97 (2018) 024907 

p
sNN = 19.6GeV

<latexit sha1_base64="/K8yCA8+Wy2xWwlMyr8gshztKHs=">AAACEnicdVDLSsNAFJ34rPUVdelmsAgKEhKRahdC0YWuSgX7gCaEyXTSDp08nJkIJeQb3Pgrblwo4taVO//GSR/g88CFwzn3cu89XsyokKb5oc3Mzs0vLBaWissrq2vr+sZmU0QJx6SBIxbxtocEYTQkDUklI+2YExR4jLS8wXnut24JFzQKr+UwJk6AeiH1KUZSSa6+b4sbLlPh2gGSfR6ktVqWwVNoVYyyfTAVL0gzc/WSaVRMq1K24G9iGeYIJTBB3dXf7W6Ek4CEEjMkRMcyY+mkiEuKGcmKdiJIjPAA9UhH0RAFRDjp6KUM7iqlC/2IqwolHKlfJ1IUCDEMPNWZ3yh+ern4l9dJpH/ipDSME0lCPF7kJwzKCOb5wC7lBEs2VARhTtWtEPcRR1iqFIsqhOmn8H/SPDQs07CujkrVs0kcBbANdsAesMAxqIJLUAcNgMEdeABP4Fm71x61F+113DqjTWa2wDdob58ErJ2u</latexit><latexit sha1_base64="/K8yCA8+Wy2xWwlMyr8gshztKHs=">AAACEnicdVDLSsNAFJ34rPUVdelmsAgKEhKRahdC0YWuSgX7gCaEyXTSDp08nJkIJeQb3Pgrblwo4taVO//GSR/g88CFwzn3cu89XsyokKb5oc3Mzs0vLBaWissrq2vr+sZmU0QJx6SBIxbxtocEYTQkDUklI+2YExR4jLS8wXnut24JFzQKr+UwJk6AeiH1KUZSSa6+b4sbLlPh2gGSfR6ktVqWwVNoVYyyfTAVL0gzc/WSaVRMq1K24G9iGeYIJTBB3dXf7W6Ek4CEEjMkRMcyY+mkiEuKGcmKdiJIjPAA9UhH0RAFRDjp6KUM7iqlC/2IqwolHKlfJ1IUCDEMPNWZ3yh+ern4l9dJpH/ipDSME0lCPF7kJwzKCOb5wC7lBEs2VARhTtWtEPcRR1iqFIsqhOmn8H/SPDQs07CujkrVs0kcBbANdsAesMAxqIJLUAcNgMEdeABP4Fm71x61F+113DqjTWa2wDdob58ErJ2u</latexit><latexit sha1_base64="/K8yCA8+Wy2xWwlMyr8gshztKHs=">AAACEnicdVDLSsNAFJ34rPUVdelmsAgKEhKRahdC0YWuSgX7gCaEyXTSDp08nJkIJeQb3Pgrblwo4taVO//GSR/g88CFwzn3cu89XsyokKb5oc3Mzs0vLBaWissrq2vr+sZmU0QJx6SBIxbxtocEYTQkDUklI+2YExR4jLS8wXnut24JFzQKr+UwJk6AeiH1KUZSSa6+b4sbLlPh2gGSfR6ktVqWwVNoVYyyfTAVL0gzc/WSaVRMq1K24G9iGeYIJTBB3dXf7W6Ek4CEEjMkRMcyY+mkiEuKGcmKdiJIjPAA9UhH0RAFRDjp6KUM7iqlC/2IqwolHKlfJ1IUCDEMPNWZ3yh+ern4l9dJpH/ipDSME0lCPF7kJwzKCOb5wC7lBEs2VARhTtWtEPcRR1iqFIsqhOmn8H/SPDQs07CujkrVs0kcBbANdsAesMAxqIJLUAcNgMEdeABP4Fm71x61F+113DqjTWa2wDdob58ErJ2u</latexit><latexit sha1_base64="/K8yCA8+Wy2xWwlMyr8gshztKHs=">AAACEnicdVDLSsNAFJ34rPUVdelmsAgKEhKRahdC0YWuSgX7gCaEyXTSDp08nJkIJeQb3Pgrblwo4taVO//GSR/g88CFwzn3cu89XsyokKb5oc3Mzs0vLBaWissrq2vr+sZmU0QJx6SBIxbxtocEYTQkDUklI+2YExR4jLS8wXnut24JFzQKr+UwJk6AeiH1KUZSSa6+b4sbLlPh2gGSfR6ktVqWwVNoVYyyfTAVL0gzc/WSaVRMq1K24G9iGeYIJTBB3dXf7W6Ek4CEEjMkRMcyY+mkiEuKGcmKdiJIjPAA9UhH0RAFRDjp6KUM7iqlC/2IqwolHKlfJ1IUCDEMPNWZ3yh+ern4l9dJpH/ipDSME0lCPF7kJwzKCOb5wC7lBEs2VARhTtWtEPcRR1iqFIsqhOmn8H/SPDQs07CujkrVs0kcBbANdsAesMAxqIJLUAcNgMEdeABP4Fm71x61F+113DqjTWa2wDdob58ErJ2u</latexit>



Chun Shen (WSU/RIKEN-BNL) APS GHP Meeting 2019 /40�24

Hydrodynamical evolution with sources

X Z

t=5.5 fm/c

C. Shen and B. Schenke, Phys. Rev. C97 (2018) 024907 

p
sNN = 19.6GeV
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Hydrodynamical evolution with sources

X Z

t=6.5 fm/c

C. Shen and B. Schenke, Phys. Rev. C97 (2018) 024907 

p
sNN = 19.6GeV
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Hydrodynamical evolution with sources

X Z

t=7.5 fm/c

C. Shen and B. Schenke, Phys. Rev. C97 (2018) 024907 

p
sNN = 19.6GeV
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Hydrodynamical evolution with sources

X Z

t=9.5 fm/c

C. Shen and B. Schenke, Phys. Rev. C97 (2018) 024907 

p
sNN = 19.6GeV
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Hydrodynamical evolution with sources

X Z

t=13.5 fm/c

C. Shen and B. Schenke, Phys. Rev. C97 (2018) 024907 

p
sNN = 19.6GeV
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QCD Equation of State at finite densities

• Lattice QCD EoS has been extended to non-zero net 
baryon, strangeness, and electric charges and 
implemented in the hydrodynamic framework

A. Monnai, B. Schenke and C. Shen, arXiv:1902.05095 [nucl-th]

nS = 0
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Quantify the baryon stopping

• The charged hadron rapidity distribution is sensitive to 
the parameterization of the baryon energy loss

Phys. Lett. B 677, 267 (2009)
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C. Shen and B. Schenke, Nucl. Phys. A982 (2019) 411-414



Chun Shen (WSU/RIKEN-BNL) APS GHP Meeting 2019 /40�31

• Understand how the collision energy is converted to 
particle production

Phys. Lett. B 677, 267 (2009)

Quantify the baryon stopping
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• Our dynamical framework can cover the full collision 
energy range in RHIC Beam Energy Scan

Phys. Lett. B 677, 267 (2009)

Quantify the baryon stopping
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C. Shen and B. Schenke, Phys. Rev. C97 (2018) 024907 

• Net proton numbers are underestimated at high collision 
energies
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Shear viscosity Bulk viscosity

⇡µ⌫ ⇠ 2⌘rhµu⌫i

Resistance to 
deformation

⇧ ⇠ �⇣@µu
µ

Resistance to 
expansion

Diffusion

qµ ⇠ Brµ(µB/T )

particles diffuse 
out of fluid cell

QGP transport property
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Net baryon diffusion 

• Net baryon diffusion transports more baryon numbers to 
the mid-rapidity region
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G. Denicol, C. Gale, S. Jeon, A. Monnai, B. Schenke and C. Shen, Phys. Rev. C98, 034916 (2018)
M. Li and C. Shen, Phys. Rev. C98, 064908 (2018)

Not enough at high collision energies
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Initial state fluctuations of baryon positions

• Allowing the initial baryon density to fluctuate to string 
junctions improves description at high collision energies

B. Schenke and C. Shen, in preparation
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Interplay between baryon diffusion and initial fluctuations
D. Kharzeev, Phys. Lett. B 378, 238 (1996)
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Sailing in the QCD phase diagram

-0.5 < η < 0.5

(brightness = fluid cell volume)

0-5% AuAu @ 19.6 GeV
C. Shen and B. Schenke, Nucl. Phys. A982 (2019) 411-414
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• The fireball trajectory and how fast it flows in the 
phase diagram are indispensable information for 
the search of the critical point
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A baby step towards MUSIC+
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• A “fake” critical point + Bjorken flow expansion

C. Shen, in preparation

• Evolve the “slow” two-point function                    
according to hydro+ formalism
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M. Stephanov and Y. Yin,
Phys. Rev. D 98, 036006 (2018)
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A baby step towards MUSIC+

• The two-point function φQ freeze-out in small Q
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A baby step towards MUSIC+

• Chasing the finite memory of the critical point at 
freeze-out
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Summary and Outlook
• We developed full-fledged hydrodynamic framework 

for heavy-ion collisions at RHIC BES energies

• Realistic mapping of heavy-ion collisions to the QCD 
phase diagram for the search of critical behaviors at 
RHIC BES

Stochastic hydrodynamics and hydro+

Quantitative characterization of Quark-Gluon Plasma 
transport properties at finite baryon density via 
Bayesian analysis

Elucidating the initial baryon stopping, longitudinal 
fluctuations, and cross diffusion among multiple 
conserved charge currents

thermal and critical fluctuations
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Initial state fluctuations of baryon positions

• Including baryon fluctuations at the string junction also 
improves low collision energy net proton distributions

B. Schenke and C. Shen, in preparation

Interplay between baryon diffusion and initial fluctuations
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Sailing in the phase diagram
0-5% AuAu@19.6 GeV

-0.5 < η < 0.5 1.0 < η < 2.0

(brightness = fluid cell volume)

• The fireball trajectory and how fast it flows in the 
phase diagram are indispensable information for the 
search of the critical point
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C. Gale, S. Jeon, S. McDonald, J.F. Paquet and C. Shen, Nucl. Phys. A982 (2019) 767-770

EM Tomography in RHIC BES energies

Photons are unique observables to probe early time dynamics
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BEST EOS with a critical point

• The BEST EOS is implemented in the state-of-the-art 
3D hydrodynamic code (MUSIC)

P. Parotto et al., arXiv:1805.05249 [hep-ph]
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Visible difference in the fireball trajectories with a critical point

B. Schenke and C. Shen, in preparation
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Stochastic hydrodynamics
M. Singh, C. Shen, S. McDonald, S. Jeon and C. Gale, Nucl. Phys. A982, 319 (2019)

• Thermal fluctuations is implemented in the state-of-the-
art viscous hydrodynamic simulations (MUSIC)

k <
0.6

⌧⇡
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First systematic treatment of stochastic noises in 3D hydro
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Dynamical initialization based on UrQMD

• A similar space-time distribution for the energy-momentum 
sources

• Contains additional fluctuations from string fragmentation

L. Du, U. Heinz and G. Vujanovic, Nucl. Phys. A982 (2019) 407-410
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• An extended interaction zone for the energy-momentum 
sources from the 3D collision geometry

String-like UrQMD Transport

Dynamically interweaves with hydrodynamics

p
sNN = 19.6GeV

<latexit sha1_base64="+WiYsg6ppuW7z8ixrzfO8CIvvko=">AAACD3icbVDLSsNAFJ34rPUVdelmsCguJCQqPhZC0YWuSgX7gKaUyXTSDp1J4sxEKCF/4MZfceNCEbdu3fk3TtostPXAhcM593LvPV7EqFS2/W3MzM7NLywWlorLK6tr6+bGZl2GscCkhkMWiqaHJGE0IDVFFSPNSBDEPUYa3uAq8xsPREgaBndqGJE2R72A+hQjpaWOuefKe6ES2XE5Un3Bk0olTeEFdM6tE/cgcQWH16SedsySbdkjwGni5KQEclQ75pfbDXHMSaAwQ1K2HDtS7QQJRTEjadGNJYkQHqAeaWkaIE5kOxn9k8JdrXShHwpdgYIj9fdEgriUQ+7pzuxqOell4n9eK1b+WTuhQRQrEuDxIj9mUIUwCwd2qSBYsaEmCAuqb4W4jwTCSkdY1CE4ky9Pk/qh5RxZ9u1xqXyZx1EA22AH7AMHnIIyuAFVUAMYPIJn8ArejCfjxXg3PsatM0Y+swX+wPj8AaMym7o=</latexit>



Chun Shen (WSU/RIKEN-BNL) APS GHP Meeting 2019 /40�49

BEST EOS with a critical point

• The BEST EOS is implemented in MUSIC

P. Parotto et al., arXiv:1805.05249 [hep-ph]

No critical point With a critical point

w = 1, ⇢ = 2
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Tcrit = 148MeV, µB,crit = 250MeV
<latexit sha1_base64="JrGXRdSpMfZwFEDGaMF4mVWp0v0="></latexit><latexit sha1_base64="JrGXRdSpMfZwFEDGaMF4mVWp0v0="></latexit><latexit sha1_base64="JrGXRdSpMfZwFEDGaMF4mVWp0v0="></latexit><latexit sha1_base64="JrGXRdSpMfZwFEDGaMF4mVWp0v0="></latexit>



Chun Shen (WSU/RIKEN-BNL) APS GHP Meeting 2019 /40�50

BEST EOS with a critical point

• The BEST EOS is implemented in MUSIC

P. Parotto et al., arXiv:1805.05249 [hep-ph]

• The speed of sound dips at the critical point 
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Longitudinal fluctuations

• Longitudinal fluctuations imprint themselves on the event-
plane decorrelation ratios; The rn ratio decorrelates faster 
at lower energy
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