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The QGP shear viscosity

- Ideal hydro is a great success in describing RHIC data: spectra and v2

- guantum mechanics excludes the possibilities of a perfectly ideal fluid with zero
Viscosity-to-entropy ratio

- Weakly coupled QCD prediction: T >>AQCD P. Arnold, G.Moore & L.Yaffe ‘00,03
T3
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However, to show liquid behavior the QGP must be a strongly coupled system.

- Strongly coupled AdS/CFT prediction:
AdS/CFT correspondence: gauge/gravity duality

4d gauge theory at strong coupling - 5d gravity at weak coupling
N=4 SYM <= Type IIB superstring theory on AdS xS’

n/s>1/4x~0.08 D.T. Son et al. ‘01,05

(not related to real OCD)

To extract the QGP viscosity from experimental data, we need viscous hydrodynamics




Viscous hydrodynamics

Hydro expansion
of QGP or h=zgion gas
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Preequilibrium inadronisation

Freeze-out

Initial state

Conservation laws:
0,T"(x)=0 T =(g+ p)u“u” - pg* +z*

Evolution equations for shear pressure tensorz *" :
7 NN 7 ,B+ 7" = 2po |  -simplified Isracl-Stewart eqn.
a

Input; “EOS” £ =¢&(p,N) initial conditions and final conditions

With 7 — 0 viscous hydrodynamics reduces to ideal hydrodynamics

A further simplification: Bjorken approximation V, = Z /1
Reduces (3+1)-d hydrodynamics to (2+1)-d hydrodynamics (7, X,Y,77)
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(2+1)-d viscous hydrodynamics
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(2+1)-d viscous hydrodynamics

-Romatschke & Romatschke: full I-S eqn. EOS L
PRL’07 Au+Au, T, =150MeV (EOS L* here is the quasi-particle one based on lattice QCD)

-Song & Heinz: simplified I-S eqn. & full I-S eqn EOS L

PLB’08 & arXiv:0712.3715[nucl-th] Cu+Cu, simplified I-S eqn., T, =130MeV
(Au+Au, Cu+Cu, system size effects, full I-S eqn. vs. simplified I-S eqn., EOS L etc, in preparation)

-Dusling & Teaney: 0Ottinger-Grmela (O-G) egn.
PRC’08 Au+Au, decoupling by scattering rate, arXiv:0803.1262 [nucl-th], (dilepton production)

-Huovinen & Molnar: full I-S eqn.
QMO8 talk: comparing the results from viscous hydro and from transport model

-Chaudhuri: simplified I-S eqn.
arXiv:0708.1252 [nucl-th], arXiv:0801.3180 [nucl-th], arXiv:0803.0643 [nucl-th] Au+Au



Code Checking between Song & Heinz
VISH2+1 and Romatschke Code (Nov.2007)
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Code Checking within T- HOQM

—  viscous hydeo
= viscous hydro-flow correction

Nis=0.08, t_=3nsT

e, =0.516GeV/fm’

viscous hydro—songd&Hemz(r =)
——  wviscous hydro-—-2Romatschke (same viscous equations as Songd&Heinz)

0.15 viscous hydro--2Romatschke (original full viscous smoatione

viscous hydro--Song&Heinz, with SDInT+ .. but w

e,=17.3 GeV/fm"
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QMO8 talk: comparing the resu

-Chaudhuri: simplified I-S eqi

Issues:

- verification of the codes in'dividually developed by different groups

https://wiki.bnl.
arXiv:0708.1252 [nucl-th], arXiv:0 SO¥*

T, (QGP)=0.13GeV

viscous hyvdro (full -5 eqn: S&H)

viscous hydro (full I-5 egn: R&R)
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" Collaboration (start from May, 2008)

e, (r=0b=0)=30.0 GeV/fm ",
T, (r=0b=Tfm)=0.342GeV

-VISH2+1 (Song & Heinz) vs. Romatschke code: (Nov. 2007)
< -VISH2+1 (Song & Heinz) vs. Dusling & Teaney code: (May, 2008- )
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(2+1)-d viscous hydrodynamics

-Romatschke & Romatschke: full I-S eqn. EOS L
PRL’07 Au+Au, T, =150MeV (EOS L* here is the quasi-particle one based on lattice QCD)

-Song & Heinz: simplified I-S eqn. & full I-S eqn EOS L

PLB’08 & arXiv:0712.3715[nucl-th] Cu+Cu, simplified I-S eqn., T, =130MeV
(Au+Au, Cu+Cu, system size effects, full I-S eqn. vs. simplified I-S eqn., EOS L etc, in preparation)

-Dusling & Teaney: 0Ottinger-Grmela (O-G) egn.
PRC’08 Au+Au, decoupling by scattering rate, arXiv:0803.1262 [nucl-th], (dilepton production)

-Huovinen & Molnar: full I-S eqn.
QMO8 talk: comparing the results from viscous hydro and from transport model

-Chaudhuri: simplified I-S eqgn.
arXiv:0708.1252 [nucl-th], arXiv:0801.3180 [nucl-th], arXiv:0803.0643 [nucl-th] Au+Au
Issues: |
- verification of the codes individually developed by different groups
- effects from different 2"? order formalisms
_ simplified I-S eqn. vs. full I-S eqn., I-S eqn. vs. O-G eqn.

- effects from different EoS, systems sizes and freeze-out procedures



Shear viscosity effects:

ldeal hydro vs. viscous hydro



Viscous vs. 1deal hydro — spectra & elliptic flow
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-More radial flow, flatter spectra; elliptic flow is very sensitive to shear viscosity

-Both the evolution correction (viscous correction to flow in f,) and spectra correc-
tion (viscous correction to Of through z*") have significant effects on Vv,
For low p;, the viscous correction to the flow is dominant.



Comparison with Romatschke 07 results
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- different systems & EOS: Cu+Cu, b=7, SM-EOS Q vs. Au+Au, min bias, EOS Lattice

- different Isreal-Stewart eqns. used: simplified I-S eqn. vs. full I-S eqgn.

Effect of using different I-S eqns.?



Simplified I-S eqgn. vs. full I-S egn.:

. - O AV 1 v 14
simplified I-S eqn.: A& AﬂDﬂaf—T—[ﬂ” —2no” ]

T

fullI-Sean.:  A“A”Dz,=——[z* - 2p0"]
(2"

Important for preserving the conformal symmetry
(Baier et al. ‘07)




simplified I-S eqgn. vs. full I-S ean.
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- for EOS I, the additional terms in full I-S eqgn. bring 30-50% difference in the late-time
momentum anisotropy and final v, suppression

- for realistic EOS with a phase transition, the difference between simplified
and full I-S for viscous v2 suppression are small

- numerical simulations also show that simplified I-S egn. and full I-S egn. approach
the same Navier-Stokes limit as 7, — 0, but the full I-S egn. shows much weaker

sensitivity to7 _



System size effects to viscous v, suppression

system size, EOS-, different I-S equations:
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-system size: CuCu b=7fm vs. AuAu b=7fm:
~50-100% effect
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-system size: CuCu b=7fm vs. AuAu b=7fm:

~50-100% effect

-EOS: SM-EOS Q vs. EOS L: ~25% effect

-different I-S egns: simplified I-S eqn. vs. full
I-S eqn.: ~5-10% effects (EOS Q and EOS L

only)



Different contributions to the suppression of v,

System size, EOS, different I-S equations: |
S|mpI|f|ed I-S > eqn. | i J , S|mpI|f|ed I-S eqn. | ,,»’1

B
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~ston of v, for Aut+Au with EOS L and the full I-S
feqn., for minimal shear viscosity 77/s=0.08, 1s ~25%,
approaching the results of P. & U. Romatschke
(PRL 99, 172301 (2007)).

simplified S eqn. ' full FSean.  .a- - system size: CuCu b=7fm vs. AuAu b= 7fm:
. Au+Au, b=7 fm ,/3;)0/“ ~50-100% effect
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~5-10% effect (EOS Q and EOS L only)
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System size effects



Multlphclty scahng of v,/ €
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|deal hydrodynamics: multiplicity scaling of v,/ ¢ is weakly broken:
- freeze-out condition introduces time scale, breaking scale invariance of id. hydro eqgns.

- Cu+Cu and Au+Au systems are not identical after a rescaling

Viscous hydrodynamics: additional scale breaking by shear viscosity, resulting in fine

structure of v,/ ¢ :
- for similar initial energy density, Cu+Cu curves are slightly below the Au+Au curves

- at fixed = d':y , the e, = 15GeV/fm’ curves are slightly above the g, = 30GeV/fm’ ones

Viscous effects are larger for smaller systems and lower collision energies




Multiplicity scaling of v,/ €
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- experimental data show qualitatively similar fine ordering as viscous hydro prediction

- to reproduce slope of v,/ ¢ vs. (1/S)dN/dy, a better description of the highly viscous
hadronic stage is needed: viscous hydro + hadron cascade

- the experimental v,/ ¢ vs. (1/S)dN/dy scaling (slope and fine structure) is another
good candidate to constrain 77/ S (insensitive to Glauber-type vs. CGC initialization)

- this requires, however, experimental and theoretical improvements: reduced error bars,
accounting for T-dependence of 7/s, /s near T, modeling hadronic phase with realistic cascade



Summary and discussion

- \l, is sensitive to 7/ S
- multiplicity scaling of v,/ & is a good candidate to extract the QGP viscosity:

- larger viscous effects in smaller systems and at lower collision energies
- multiplicity scaling of V, | € is insensitive to Glauber model vs. CGC initialization.

To extract QGP viscosity, one needs to consider at least the following aspects:
- arealistic EOS: EOS L vs. SM-EOS Q ~25% (for \, and V2/8)
- initial conditions: CGC initialization vs. Glauber initialization ~15-30% (for\;, )
- bulk viscosity:  with vs. without bulk viscosity ~?%
- hadronic stage : viscous hydro+ hadron cascade in the furthure ?

- resolve the ambiguities between different 2" order formalisms used by
different groups to simulate causal viscous hydrodynamics

a) simplified I-S egn. (Song & Heinz 07-08) vs. full I-S eqn. (P.&U.Romatschke)
b) I-S formalism vs. Ottinger-Grmela (O-G) formalism (Dusling & Teaney ) ?



Thank You
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