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When to start hydrodynamics?

C. Shen and B. Schenke, Phys.Rev. C97 (2018) 024907
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e Nuclel overlapping time is large at low collision energy
e Pre-equilibrium dynamics can play an important role

note: total evolution time ~ 10 fm
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Model heavy-ion collisions in 3D
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Model heavy-ion collisions in 3D
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Model heavy-ion collisions in 3D

e [he interaction zone
h 44 is not point like

time

— &
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time

Model heavy-ion collisions in 3D

—>

Chun Shen (WSU)

e [he Interaction zone
IS not point like

e [he colliding nucleons
are decelerated with a
classical string model

from binary collision

DOINtS A Bialas, A Bzdak and V. Koch,
arXiv:1608.07041 [hep-ph]

* [he lost energy and
momentum from the
decelerated nucleons are
fed into hydrodynamic

flelds as source terms

C. Shen and B. Schenke,
Phys.Rev. C97 (2018) no.2, 024907
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String space-time distribution
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String space-time distribution
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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

9, T = J.

source

a,uJ'u — Psource
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Detalls about the dynamical initialization

C. Shen and B. Schenke, Phys.Rev. C97 (2018) 024907
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Detalls about the dynamical initialization

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

energy density inside the string
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Detalls about the dynamical initialization

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

f net baryon density and energy
density at the string ends
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Equation of State at finite pg

G. Denicol, C. Gale, S. Jeon, A. Monnai, B. Schenke and C. Shen, arXiv:1804.10557 [nucl-th]
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High temperature;
» Lattice QCD EoS up to O(u3)

Low temperature:

* Glued with hadron resonance gas EoS
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Hydrodynamical evolution with sources

A/ SNN — 19.6 GeV
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Hydrodynamical evolution with sources
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Hydrodynamical evolution with sources
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Hydrodynamical evolution with sources
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Hydrodynamical evolution with sources
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Hydrodynamical evolution with sources
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A/ SNN — 19.6 GeV
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Hydrodynamical evolution with sources

t=1.5tm/c

A/ SNN — 19.6 GeV
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Hydrodynamical evolution with sources
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A/ SNN — 19.6 GeV
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Hydrodynamical evolution with sources
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A/ SNN — 19.6 GeV
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Hydrodynamical evolution with sources
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A/ SNN — 19.6 GeV
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Hydrodynamical evolution with sources

t=6.5 fTm/c

A/ SNN — 19.6 GeV
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Hydrodynamical evolution with sources

A/ SNN — 19.6 GeV
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Hydrodynamical evolution with sources
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A/ SNN — 19.6 GeV
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Hydrodynamical evolution with sources
o t=13.5 fm/c
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Model the baryon stopping

C. Shen and B. Schenke, arXiv:1807.05141

I I I l I I
— ——— 200 GeV
- ——— 62.4 GeV

- — 19.6 GeV
- N PHOBOS data

param 1
BRAHMS estimation -
l Phys. Lett. B 677, l267 (2009)-

n + Ypeam

* [he charged hadron rapidity distribution is sensitive to
the parameterization of the baryon energy loss
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Model the baryon stopping

C. Shen and B. Schenke, arXiv:1807.05141

I I I I I
- ——— 200 GeV
- ——— 62.4 GeV

- — 19.6 GeV
- N PHOBOS data

param 1

param 2 ]
BRAHMS estimation -

3 A
yin

* [he charged hadron rapidity distribution is sensitive to
the parameterization of the baryon energy loss

e Understand how the collision energy is converted to
particle production
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Net baryon rapidity distribution

G. Denicol, C. Gale, S. Jeon, A. Monnai, B. Schenke and C. Shen, arXiv:1804.10557 [nucl-th]

_||III|||I|||||||||||||||||II|II||||||||||||||||||||||||||_ _||III||IIII||||||||||||||||||||||||||||||||||||||||||||||_
no diffusion : n no diffusion

with diffusion Cp = 0.6 | i with diffusion Cz = 0.6
BRAMHS 200 N STAR 19.6

N
O
S
-

V)
-)

T
V)
-)

T

)
-
T I B —

)
s
~—
I,
=,
R

|

)}
s
~—
o8
=
=

dN?/dy — dNP/dy

)
-
T I B —

—_
-

I I I I I
| —
-

Y Y

e Net baryon diffusion transports more baryon numbers to
the mid-rapidity region

e Additional baryon fluctuations are needed at high
collision energies

Chun Shen (WSU) ECT* workshop



Sailing in the phase diagram

O 4 C. Shen and B. Schenke, arXiv:1807.05141

-0.50<nN<0.5 0-5% AuAuU
@19.6 GeV

(brightness = fluid cell volume)

007575 0.1 0.2 0.3 0.4

ug (GeV)

indispensable information for the critical point search
How can we probe it?

Chun Shen (WSU) ECT* workshop 12



Probes for Quark Gluon Plasma

¢ Electromagnetic radiation

Chun Shen (WSU) ECT* workshop
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EM radiation in heavy-ion collisions

jet in-medium

bremsstrahlung  jet-plasma .
prompt photons Jphg‘rons decay photons

re-equilibrium
P pl'?oTons

thermal radiation
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HIC thermodynamics at RHIC BES

39.0 62.4 : 39.0 62.4
VSNN

_____ I—

005 007 0.09 O0.11 0.13 0.15 0.17
Average temperature (GeV)

Temperature averaged over  Baryon chemical potential to

the plasma’s lifetime temperature ratio
(depend on freeze-out energy density) (us/T reaches up to ~3)
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Photon rates at finite ug

100 MeV 180 MeV 300 MeV I

W_JW_/
Photon rates from Photon rates from T

hadronic degrees QGP degrees of
of freedom freedom

QGP rates: Compton scatterings, ¢q annihilation &
bremsstrahlung (with LPM) at finite ps

Traxler, Vija, Thoma (1995); Gervais, Jeon (2012);

adronic rates: meson scatterings &
baryon interactions (at finite yg)
Turbide, Rapp, Gale (2004); Heffernan, Hohler, Rapp (2014); Holt, Hohler, Rapp (2016)
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Photon rates at finite yg
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e Baryon chemical potential iIncreases photon rates at
low transverse momentum
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Photon production in RHIC BES energies

C. Gale, S. Jeon, S. McDonald, J.F. Paguet and C. Shen, arXiv:1807.09326 [nucl-th]
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e Prompt photons decreases faster than thermal photons
as collision energy goes down
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Photon production in RHIC BES energies

C. Gale, S. Jeon, S. McDonald, J.F. Paquet and C. Shen, arXiv:1807.09326 [nucl-th]

S
19.6 GeV 39 GeV  Mid-rapidity 62.4 GeV - 200 GeV NN

10!

()

Thermak+prompt —— Thermak+prompt —— Thermakprompt ——

‘ IThérrr%dHf;rémbT —_—
Prompt ++ v ~ .

Prompt ++ v '

o
o

o
(&)

Q

© © O
B W N

- Au-Au 0-5% 104 = Au-Au 0-5% 4. AU-Au 0-5%
Vs=62.4 GeV

- V5=39 GeV . . 5 Vs=200 GeV
0 06 1 15 2 25 3 0398 1715 2 25 3 0005 1 75 2 25 3
pr (GeV) pr (GeV) pr (GeV) pr (GeV)

1/@2npy) dNY/dpr (GeV2)

1/(2npr) dNY/dpr (GeV?)
o o o
w N —
1/@npy) dNY/dpr (GeV2)

- NS= ] Q.é Ge\/

Q
o

Thermal photons are visible for all collision energies
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Photon production in RHIC BES energies

C. Gale, S. Jeon, S. McDonald, J.F. Paquet and C. Shen, arXiv:1807.09326 [nucl-th]
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Thermal photons are visible for all collision energies
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Do we really need dynamical initialization”

. ;VSNN — 19.6 GeV
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Dynamical vs instantaneous initialization
VNN = 200 GeV VNN = 19.6 GeV.

| l | | l | | [ | | l | | l | |
dynamical ®  PHOBOS dN“/dn | I dynamical

instantaneous i - instantaneous

instantaneous retuned

B PHOBOS dN/dp

L 0-5% Au-+Au
"~ ©19.6 GeV

o \With the same input collision energy, instantaneous
initialization results in 10-15% smaller charged multiplicity
at mid-rapidity at 19.6 GeV
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Dynamical vs instantaneous initialization
VsnN = 200 GeV. VNN = 19.6 GeV.
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¢ |nstantaneous Initialization starts with an earlier
longitudinal expansion and pushes more energy to the

forward rapidity region
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Transverse dynamics with sources
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e Fireball lives ~2 fm longer with dynamical initialization
compared to the instantaneous setup

e Hydrodynamic flow and its anisotropy develop slower
with dynamical sources
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Dynamical vs instantaneous initialization
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e Dynamical initialization results steeper particle spectra

and smaller vo(pr)

5-10% less radial and elliptic flow

= 20-50% variation on extracted transport coefficients

Chun Shen (WSU)
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Probing the early-time dynamics

Space-time 4-volume
(above freeze-out) versus time

1 I I I I | I I I I l I I I I I I I I I I I I I |
Energy deposited —— Dynamic
instantaneously
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& Cooling

\ Energy

deposited
dynamically

| Py o |

* |nstantaneous -

0-5% AutAu 010.6 GV °
S

| G 10 2

7 (fm)

Early photon production will be affected by the reduction
of space-time volume
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Probing the early-time dynamics
Thermal photons VvsnN = 19.6 GeV
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Probing the early-time dynamics
Thermal + prompt VSNN = 19.6 GeV
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Probing the early-time dynamics
Thermal + prompt VSNN = 19.6 GeV
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Probing the early-time dynamics
Thermal + prompt VSN = 200 GeV
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At high collision energy, the dynamical eftect is visible
at high rapidity
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Conclusions

* We developed a dynamical initialization framework
to study the early time evolution of heavy-ion
collisions at the BES energies

full (3+1)-d event-by-event hydro with net baryon current

Important eftect on the fireball evolution

* Photons are unique direct probes of this complex
dynamics of heavy-ion collisions at RHIC BES

Significant thermal photon signals

High sensitivity to the early stage dynamics

Prompt photons at low energies are challenging

Dileptons will come soon ...

Chun Shen (WSU) ECT* workshop 30






Photon production in RHIC BES energies

C. Gale, S. Jeon, S. McDonald, J.F. Paquet and C. Shen, arXiv:1807.09326 [nucl-th]
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Thermal photons are visible for all collision energies
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Photon production in RHIC BES energies

C. Gale, S. Jeon, S. McDonald, J.F. Paquet and C. Shen, arXiv:1807.09326 [nucl-th]

no pp in rates

no up in rates

with @ in rates with @5 in rates

0-5% Au+Au@©19.6 GeV y =0
thermal photons

0-5% Au+Au@19.6 GeV y = 2

thermal photons

0.5 1.0 : : : 3.0 3.0 4.0

Enhancement from pg is small
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Will dynamical initialization help photon observables?

C. Gale, S. Jeon, S. McDonald, J.F. Paquet and C. Shen, arXiv:1807.09326 [nucl-th]
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e A finite time interval of energy deposition leads to a
reduction of thermal photon production and an
increase of thermal photon vz at high pr
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Will dynamical initialization help photon observables?

C. Gale, S. Jeon, S. McDonald, J.F. Paquet and C. Shen, arXiv:1807.09326 [nucl-th]
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e [he prompt photons dilute the dynamical initialization
effects on direct photon observables
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Hydrodynamics

G. Denicol, C. Gale, S. Jeon, A. Monnai, B. Schenke
Energy mOmeﬂ’[um tenSOr and C. Shen, arXiv:1804.10557 [nucl-th]

TH=eulu”—(P+I11)APY +7H"
0, T+ =Tr"; =0

AHY = gt — ulu”

Conserved currents D =u"0,
J =nu+q" VH = A",
Dissipative part:
1
Agngo‘B = —— (7 — 2otV — &T_Wﬁlwg _ Tmm aMEgy) 4 2L ¢7 uﬂv o
Tr Tr Tr Tr
TCTT >\7T
_T_ngl/)a | AT
Tr Tr
1 0 A
DIl = —— (11 + ¢0) Mg + 227 ™0,
I I I
1 0 A
AM Dq, = —— (g — rVPEE) - Z00gng _ 294 g i
T4 T T4 T4
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Transport coefticients

Dissipative part: (relaxation time approximation)
1 TTTT TTTT
AZ;DWQB = — (7" — 2ot — 5_7TMV(9 _ T_WMMOW \ ﬁwéuﬂvm

Tr Tr Tr Tr

1 0 A
A" Dgq, = ——(¢" — kV# 'uB) Nt a0t
Tq 1 T4 Tq
0.4 T

With non-zero y, we choose 7, =7, =

T e+P

Chun Shen



Transverse Dynamics
A/ SNN — 200 GeV A/ SNN — 19.6 GeV

103_ I I I I I I I I I I I I 3 103_ I I I I I I I I I I
: E : T

ﬂ- -
KT E
p/10 :
p/10
STAR data N

n

dN/(2mdyprdpr) (GeV~?)

10—3;_ 0-5% Au+Au @ 200 GeV ‘_; 10—3;_ 0-5% Au+Au © 19.6 GeV
10—4_ oo oy e ey e by e oy ] 10—4_ oo by e b I N L1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.(
pr (GeV) pr (GeV)

e Particle spectra are slightly flatter than the experimental
data

hot spot size, longer string breaking time, bulk viscosity”

Chun Shen



Transverse Dynamics

vonn = 200GeV

I I I I

0.16

- (a)

0.12

0.04

" 20-30% Au+Au
- © 200 GeV

P

STAR data

0.0B

3.0
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0.15

0.09
0.06
0.03

0.08._

vonn = 19.6GeV

(a)

0.12

10-40% Au-+Au
© 19.6 GeV

g _
¥y
ot
————— p _
" 10-40%
STAR data |
Ijll | l | | I | | | | I | | | |
0.5 1. 1.5 2.(
pr (GeV)

e Fair agreement of identified particle v2(pr) at mid-rapidity

e Mass splitting Is reproduced by the model

Chun Shen



Effects of hadronic afterburner on pid spectra

G. Denicol, C. Gale, S. Jeon, A. Monnai, B. Schenke and C. Shen, arXiv:1804.10557 [nucl-th]

- MUSIC resonance decays

I
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= —— Full hadronic transport 1=
————— Resonance decays only N ~ 1073
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I I I I I I

- —— Full hadronic transport
= - Resonance decays only

0-5% Au+Au @ 19.6 GeV (b)_

I I I I I I I I I I I I I I I

F - MUSIC resonance decays | N
| | | | I | | | | I | | | | I | | | | I | 1 1 | I | | | I.\
.0 0.5 1.0 1.5 2.0 2.5 3.0
pr (GeV)

adronic afterburner harden pion spectra at high pr
eavy baryon spectra are largely affected

hadronic afterburner is essential for baryon spectra

Chun Shen



Effects of hadronic afterburner on pid vo

G. Denicol, C. Gale, S. Jeon, A. Monnai, B. Schenke and C. Shen, arXiv:1804.10557 [nucl-th]

I I I I I I I I I I I I ! 0-18 ! ! ! I I I I I I I I I I
[ [ [ [ [ [
| —— Full hadronic transport | —— Full hadronic transport
0.15F - --- Resonance decays only — 0.15F ---- Resonance decays only —
[ - MUSIC resonance decays [ - MUSIC resonance decays
0.12f .~ 012 -
—~ ' —~ | 20-30% Au+Au
£0.09F £0.09 @ 19.6 GeV T
0.06F . 20-30% Au-+AU 7 006 - ]
~ @ 19.6 GeV
0.03- 5 0.03 -
[ (a) - _ (b) 1
P I | | I | | | | I | | | | | | | I | | |
0'08.0 0.5 1.0 1.5 2.0 0'08.0 0.5 1.0 1.5 2.0
pr (GeV) pr (GeV)

e Hadronic afterburner increases pion vz, converting the
remaining spatial eccentricity to momentum anisotropy

e Proton vo(pr) receives strong blue-shift eftects in
hadronic phase

hadronic afterburner is essential for particle v-

Chun Shen



