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specific transversal distribution
longitudinal boost invariance

Results and Outlook

What can we learn?
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BAMPS

Boltzmann Approach to Multi-Parton Scattering

E (3+1)D Boltzmann equation Z.Xu, C.Greiner, PRC 71 (2005) 064901
Z.Xu, C.Greiner, PRC 76 (2007) 024911
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B Massless particles: partons / quarks & gluons
B Discretized space and time
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Hadronization of high p; partons with AKK fragmentation functions

LPM parameter fixed by comparison to RHIC data

Realistic suppression both for RHIC and LHC
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« Same pQCD interactions lead to a sizeable elliptic flow for bulk medium

* No hadronization for bulk medium — no hadronic after-burner
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Riemann problem at finite viscosity

p,ua f = C l. Bouras et al, PRL 103:032301 (2009)
Y

ideal hydron/s =0 —— |
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t=1.0fm/c n/s less than 0.1-0.2



PL/PT

Hydro vs BAMPS in 1D

x=0: Israel-Stewart
x=3: third-order rel. diss. hydro

x=5/3: approximative ‘all-orders’

A.El, Z. Xu, C. Greiner,  PRC 81 (2010) 041901 -
+717/2
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A. Jaiswal, Phys.Rev.C87:051901,2013

> Resummation works at strong dissipation
(large Knudsen number!).



Relativistic Fluid Dynamics

E Conservation laws & tensor decompositions

0, N" =0 NF =nut +VH
0, " =0 T =eutu” — (p + I AHY + 7H”
n = u,N* LRF particle density
e = u,T" u, LRF energy density
VE = AEN® particle diffusion current
1
ple,n)+11 = — gAWTW isotropic pressure (peq, + bulk)
v = i) shear stress tensor
AP = " — utu”



Relativistic Fluid Dynamics

B Transient / second order fluid dynamics (e.g. Israel & Stewart)
d

Tﬂd—7T<W> + " = 2not” + 7, C"" (Vou®) + - -
T

d
Tvd—vw + V= kVra + 1y C'VH (Vau®) +

T

(7" and V# independent variables)

B Second order coefficients from
G.S.Denicol, H.Niemi, E.Molnar, D.H.Rischke, PRD 85, 114047 (2012)

B Expansion in Knudsen and (inverse) Reynolds number

Cmicr _ [V#] Fisad
Kn = R ~ , R~
t Lmacr v no PO

E Hydrodynamical limit: Kn< O(1) and R-! <« O(1)



Comparison Hydro / BAMPS in 3D

Collectivity in Heavy lon Collision?
Fast Thermalization?

Flow? %

How small can system be,
how large can gradients be,
until disrepancies occur?

E Longitudinal: Boost invariant AtA  prA, pHp

E Transversal: ./ ,/
B Radial symmetric, large/small system  (r?) = (3fm)?, (1fm)?
B Glauber; overlapping Woods-Saxon



Comparison 1: Radial symmetric

E Longitudinal: boost invariant
A+A p+A, p+p

E Transversal:
E Rotational symmetric / /
B Gaussian density profile, (r2) = (3fm)? or (r?) = (1fm)?
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Comparison 2: Glauber

E Longitudinal: boost invariant

B Transversal: A

B Overlapping Woods-Saxon / - (“nBCY)

E Impact parameter dependence selected value: 7.5 fm
¥ Temperature To(r), To(0) =500MeV
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Comparison: Glauber A+A

B Knudsen number

12.5

H12.0

nBC, b =7.5fm

Hydrodynamical limit: Kn = micr < O(1)

Lmacr

Kn=Anpf , 0=0,u"



Comparison: Glauber A+A

E Glauber, 5mb: energy density & velocity

e[GeV /fm’]
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5mb: still very nice agreement



Comparison: Glauber A+A

E Pressure ratio: P /P, (in the LRF)
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Comparison: Glauber

B Glauber, 5mb: shear stress tensor
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B Asymmetry: _
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Comparison: Glauber A+A
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Comparison: Radial symmetric (small)

B Knudsen number
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Comparison: Radial symmetric (small, 5mb)
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Comparison: Radial symmetric (small, 1mb)

10'}

---- BAMPS
—— hydro

—— t=0.5fm
— =1.0fm
—— t=2.0fm ;

1072

0.25

1.5 2.0

0.20}
0.15}
0.10}
0.05}
0.00}
—0.05}
—0.10¢}

— hydro

o=1mb

w=1fm

—013% 0.5

1.5 2.0

Vx

n—ZZ/e

1.0

— t=0.5fm

0.6t 0=1mb .
w=1fm, .’

0.4}

0.2t

-
-.'
-

-
-
-
--

---- BAMPS |
— hydro
045 0.5 1.0 [.5
s Te
0.00
005l — 1=05fm o = lmb
| —— r=1.0fm w=1fm
—0.10p —— 7 =2.0fm
~0.15}
—0.20}
—0.25}
—0.30}
~0.35}
—0485 0.5 1.0 1.5
x [fm]

2.0



Comparison: Radial symmetric (large)

E Pressure ratio: P /P, (in the LRF)
(r?) = (3fm)?
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Comparison: Radial symmetric (small)

E Pressure ratio: P /P, (in the LRF)
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Comparison 2: Glauber

E Spectra:

dN/ d’rfgdp% [GeV_Q]
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E Flow:
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Comparison 2. Glauber A+A
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E Large uncertainty due to
VISCOusS correction terms

E Strong dependence on
freeze out conditions



Comparison 2: Glauber

E Flow:
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Comparison 2: Glauber

E Flow:
I _ [ I |
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Comparison 2: Glauber, escaping probability
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Conclusions

Comparison of 3D Bjorken Scenario

Radial symmetric configuration
E Nice agreement (~10%) for densities, temperatures, velocities
B Systematic deviation of fugacities
E Deviations in components of shear-stress tensor
E No difference between large and small system

Asymmetric configuration
E Same agreement as in radial symmetric case

E ¢, and flow v,: nice agreement, dependence on freeze-out

Work in progress: quantify deviation as function of Knudsen
number

ToDo: hot spots, anisotropic hydro, ...
Work in proaress: Greif. Schenke. ...: IP-Glasma for p+A



Heavy-ion collisions are complex !

Dynamical bulk description Glauber Gluon saturation

t=0.5 fmic 15 .0 fm/c
s Laps s
) e g
o RN a
00 05

jet quenching and recovery
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No model can describe all aspects of the QGP evolution



Heavy flavor and charged hadron R,, at LHC
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Ge|/T

Transport coefficients

shear viscosity

Electric conductivity of parton-hadron matter

T T T T T

X
hadrons

Denicol et al., PRC 88, 064901 (2013)

Wiranata et al., PRC 88, 044917 (2013)

BAMPS, N=3, Uphoff et al., PRL114(2015) 112301
BAMPS, N =0, Uphoff et al., PRL 114 {2015) 112301
Meyer, Nf_o PRL 100 (2008) 162001+NPA 830 641C
Nakamura et al., Ni=0, PRL 94 (2005), 072305
Mages et al., N=0, PoS Lattice 2014, 232
Christiansen et al., N¢=0, PRL 115 (2015), 112002
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Greif et al, PRD 93, 096012, Hadron-Gas —e—
- Greif et al., PRD 90, 094014, parton cascade
Lattice: Aarts etal., JHEP 1502 (2015) 186 ——i |
b JHEP12(2006)015 SYM == ==
PRD 89, 10600 (2014), holography
PRD 73, 045025 (2006), ChPT, piongas = = = * 1
PHSD: Steinert, Cassing, PRC 89, 035203 (2014) X
Lattlice: Ding,Kaczlmarek,Meyer, IarX'\\.':1604.06‘71 2 —
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/~ ongoing projects: I
— baryon diffusion coefficient

we have studied:

— charm diffusion coefficient
— study effective couplings

\_ — momentum broadening: g/

— shear viscosity
— heat conductivity
— electric conductivity
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time evolution of viscous shocks
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