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Hydrodynamics
e0

Israel-Stewart hydrodynamics

Model the space-time evolution of A+A collisions by relativistic fluid dynamics: }

Neglect net-baryon number, bulk viscosity & heat flow and the red terms:

8uTH =

0
Dr{Hv) — —i (ﬂ"w — 277V<”u”>) — 77‘(‘“” (V)\u ) + 2, (b X 7T>\<H(TV>>\

T

Longitudinal expansion is treated using boost invariance: 897" =0, v, =
s

z
t
To solve this set of equations we need at 7 = 79

o Equation of state p = p(e) and T = T (e)

o Initial condition TH¥ (79, x,y)

5n

@ Shear viscous coefficient 77(T) and relaxation time 7(T) = 2L.

Derivation of fluid dynamics: see poster (tuesday) and talk (friday) by G. Denicol

Harri Niemi Effects of temperature dependent 7)/s



Input (EoS, Initial state, 7/s)
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Equation of State
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o Lattice parametrization by Petreczky/Huovinen:
Nucl. Phys. A837, 26-53 (2010), [arXiv:0912.2541 [hep-ph]]
(Talk by P. Huovinen (tuesday))

o (partial) chemical freeze-out at T o, = 150 MeV (s95p-PCE150-v1)

o for comparison bag-model EoS and lattice parametrization with chemical
equilibrium (s95p-v1)

@ Hadron Resonance Gas (HRG) includes all hadronic states up to m ~ 2 GeV
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Initial profiles

o Initial energy density proportional to the density of binary nucleon-nucleon
collisions (optical Glauber)

@ Smooth initial conditions
(fluctuating initial conditions: talks by P. Mota and H. Holopainen (friday))

@ |Initial shear viscosity 7#* =0

Centrality selection according to Glauber

70 = 1.0 fm (RHIC) 75 = 0.6 fm (LHC)

Initial velocity vx = vy, =0
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V5N [GeV] | 1o [fm] | eo [GeV/fm3] | Tmax [MeV]
200 1.0 24.0 335
2760 0.6 187.0 506
5500 0.6 240.0 594
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Freeze-out

o Standard Cooper-Frye freeze-out for particle i

dN &i
a dot pufi(p, x),
=~ / 0" pufi(p, x)
where H
. , T Pupy_
0.0 = feal(T (1)) [ 1+ o 22

o Integral over constant temperature hypersurface
@ 2- and 3-body decays of unstable hadrons included
@ Here Tyec = 100 MeV
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Realistic 17 /s
o] ]

Temperature dependent 7)/s
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Can we separate effects of HRG viscosity from the QGP viscosity?
Try 4 different parametrization of n/s(T).

We fix the minimum n/s = 0.08 at T = 180 MeV

HRG: ~ J. Noronha-Hostler et. al. QGP: ~ lattice
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RHIC
o

QGP viscosity at RHIC Au+Au /syn = 200 GeV

RHIC 200 AGeV

10
STAR vo{4} —— 0.0 L : ‘ ‘ :
025 ] 010 020 030 040 0.50
T [GeV]
020 | ]
Eoms| TSI o Elliptic flow insensitive to the QGP
> ) viscosity
10 ¢ B .
010 F charged hadrons o Weak sensitivity of pr-slopes on the QGP
005 A ] viscosity
: A
@ Behavior of vo(p7) dominated by HRG
0.00 viscosity

pr[GeV]
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s = 0.08 -
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@ Increase minimum 7n/s by a factor 2

o vu(pr) sensitive to the minimum value
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RHIC 200 AGeV
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o Shift n/s up by 0.32

o Grouping remains




n/s

dN/dydp? [1/GeV?]
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@ Same eBC initialization, but scaled to give
the correct normalization in each centrality
class
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@ Impact of hadronic viscosity even stronger in more peripheral collisions
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dN/dydp? [1/GeV?]
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(va(pT) of protons)
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LHC 2760 GeV

QGP viscosity at LHC Pb+Pb 2760 AGeV
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LHC 5500 GeV
o

QGP viscosity at LHC Pb+Pb 5500 AGeV
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LHC /s = 5500 AGeV

@ multiplicity from minijet-+saturation model
(prediction) Eskola et al., Phys. Rev. C 72,
044904 (2005).

o Note the difference: vo(p7) curves group
according to the QGP viscosity!!




Summary

Summary

RHIC Au+Au /syy = 200 GeV

@ vy(pr) is almost independent of high-temperature 7/s,
but very sensitive to the hadronic n/s

o Still some sensitivity to minimum value of n/s

LHC Pb+Pb ,/syy = 5.5 TeV (prediction)
o v»(p1) depends on the high-temperature 7/s
@ vu(p1) almost independent of the hadronic viscosity

LHC Pb+Pb /syy =2.76 TeV

@ Somewhere between: v»(p7) sensitive on the QGP and hadronic viscosity
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Navier-Stokes initialization

dN/dydp? [1/GeV?]
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Navier-Stokes initialization (correction)
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Numerical methods

Problems in numerical fluid dynamics
o First order solutions: numerical diffusion (but stable)

@ Second order solutions: numerical dispersion (no diffusion but unstable)

SHASTA (Boris, Book, deVore, Zalesak ...)

o Calculate low-order solution with strong numerical diffusion.

@ Remove numerical diffusion from the solution as much as possible without
generating new structures into solution (Flux limiter).
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Numerical methods: our choice

uTH =0

@ Normal SHASTA, with antidiffusion coefficient A,y — 0 at low energy density

Drliv) — _% (7r’“’ _ 277V<“u1’>) _ gﬂtw (quk>

@ Simple centered second-order finite differencing Oxf; = %
o Time derivatives of e.g. velocity needed on the r.h.s. : 1st order backward
n n—1
differencing 0,f" = £ _Aft
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LHC: spectra (charged hadrons)
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LHC: va(p7) (charged hadrons)
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Chemical equilibrium
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chemical freeze-out

PGE Tyoo = 150 MeV ——
10° B, PCE Tee = 100 MeV -
PHENIX —=—
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@ Spectra get steeper with decreasing Tgec J

@ v(p7) increases with decreasing Tyec
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equilibrium
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chemical freeze-out
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