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Substantial collective flow is observed in collisions between large nudel a| BNL RHIC (Relativistic
Heavy Ton Collider) as evidenced by single-particle transverse and by azimuthal
correlations among the produced particles. The data are well reproduced by perfect fluid dynamics. A
calculation of the dimensionless ratio of shear viscosity 7 to entropy density s by Kovtun, Son, and
Starinets within anti-de Sitter space/conformal field theory yields /s = h/4mkg, which has been
conjectured to be a lower bound for any physical system. Motivated by these results, we show that the
transition from hadrons to quarks and gluons has behavior similar to helium, nitrogen, and water at and
near their phase transitions in the ratio 7/s. We suggest that experimental measurements can pinpoint the
location of this transition or rapid crossover in QCD.
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Introduction and Motivation
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Perfect Liquid II.

New state of matter more remarkable than predicted -- ~|
raising many new questions 0.3 T T
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[e——— 2 ‘The ratio of shear viscosity to volume density of entropy can be used to characterize how close a given
035 nersum waram Antang nussi ] B fluid is 1o being perfect. Using string theory methods, we show that this ratio s equal to a universal value
FETISIASSET Z of fi/47ky for a large class of strongly interacting quantum field theories whose dual description involves

EEEiEeRIie. black holes in anti—de Sitter space. We provide evidence that this value may serve as a lower bound for a

wide class of systems, thus suggesting that black hole horizons are dual to the most ideal fluids.
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et kaure wian nau eenn previces
. marizing the firs three years of RHIC findings,
instead of behaving like a gas of free quarks and
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Introduction and Motivation
o

Shear Viscosity
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n =~ 12T/oc=12TApgn
n/s = TAmp

(ﬁ) _ 15 f,f
T 16 T4
(Dilute) Gases may have A — oo or som g

5.12
o — 0 hence n — oo ideal gas! (ﬂ) = — _>1
QcD g*In(2.42g)

Nair = 1.8 X 107 %Pa.s (T ~ 20C°) s

Fluids (liquids), A — 0 or & — oo hence <Q> .1
n — 0 ideal fluid (quuid)! s/ ADS/CFD - 47
NWater = 50 X Najr =9 X 10~ *Pa.s

Ngas(T) increases with increasing T fx pion decay constant
Miiquid(T) decreases with increasing T g QCD coupling constant
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Fluids dynamics
o

Ideal Fluids I.

Conservation laws for a simple (single component) perfect fluid (no dissipation)

OuN§ = 0  charge conservation =1 eq.
Ty = 0 energy-momentum conservation = 4 egs.
v
Perfect fluid decomposition with respect to u*
N§ = nou*
Té“' = eutu” — ppAHY
ng = Nfuy (net)charge density
e = T uuuy energy density
1
po = ng‘W T equilibrium pressure

o The time-like normalized flow velocity is u*(t,X), where utu, =1
o Projection tensor AHY = gh¥ — yty¥, where gt = diag(1,—1,—1,—1)
@ We have 5 equations for 6 unknowns : no(1), eo(1), po(1) and ut(3).
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Fluids dynamics
[ ]

Ideal Fluids II.

@ The assumption of local thermal equilibrium provides

Equation of State (EoS)

po = po(eo, o) EoS = 1 eq.

and/or p(T, p) or s = s(e, n).

° 56‘ = sput, where sy = SéL uy, and for continuous solutions
0,5 =0

entropy is maximum in local thermal equilibrium

Thermodynamics

Ts = e+p—pun
Ts = é—upun
p = s'l"—i—np

@ The fundamental thermodynamic relations are derived from,
TO,(suk) = 0 (eu) + p(Duu) — pdy, (nu)
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Fluids dynamics
L]

Dissipative Fluids I.

Conservation laws for a simple (single component) dissipative fluid

ouNt = 0 charge conservation =1 eq.
T = 0 energy-momentum conservation = 4 eqs.
General decomposition N# = N§' + §N* and THY = T§" + §TH
NK = nput 4+ VH
TR = eutu’ — (p+ M)A 4 WHYY + WY uk 4 7
n = Ntu, charge density
e = THuuuy energy density
1
p = 7§Aw, ™ isotropic pressure
VE = AFYN, charge flow
WH = Akeys ToB energy-momentum flow
1 1
ThY = {5 (A“‘IA”B + A”BA‘W) — EA“”AO‘B:| Top stress tensor

o We only have 5 equations for 17 unknowns, n(1), e(1), p(1), u*(3) and
VE(3), WH(3), 7 (5).
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Fluids dynamics
[ ]

Dissipative Fluids II.

Simplifications (1): Matching to equilibrium and the EOS

n=ny, e=ey, p(e n)=po(en,no)+n

oeM=p—py= —%AW(STW is the bulk viscosity
o T = Ty and u = up, while s = sy + Js!

Simplifications (I1): Fixing the Local Rest Frame

ug = Nt/n & VH=0 =g'=WH Eckart

W= TRuje e WF=0 =q'=-"TPyi Landau & Lifsitz
n

o Now, we are left with 14 unknowns! n(1), e(1), u*(3) and M(1), g*(3), 7" (5).

@ The definition of entropy is also modified S#* = S{' + 65 = (sp + ds)ut + K

2nd law of thermodynamics

b /1 n Ky
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Fluids dynamics
L]

Dissipative Fluids III.

Solution (I): The relativistic Navier-Stokes equations

Mys =
yn
s =

pro
T™ns =

—( Vot
5" (7)

29 AV

—k T

e ( >0,k > 0,n > 0 coefficient of bulk viscosity, thermal conductivity and shear

viscosity.

o Now, the equations of fluid dynamics are closed, but the relativistic Navier-Stokes
theory leads to accausal signal propagation and stability issues.

Solution (I1): Relaxation equations (Israel 1976, Israel and Stewart 1979)

Tnﬁ—‘y—ﬂ =
TqAGGY +qt =

TH-F(W) +hr =

Mys + gV gt
Ghos + lgn VAT — lgr ALD, 7

”Klg + /ﬂqv(uqv)

@ The relaxation equations determine the time evolution of I1, g#, and ¥

@ The relativistic Navier-Stokes theory appears if the relaxation times and length
scales 77 — 0, [; = 0 with ¢,  and kg4 fixed
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Parameters and Setup
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Parameters and Setup
o

Space-time evolution of matter in heavy-ion collisions.

Freeze-Out To Toh Te
5

NS

17,<1fmic

~Y
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Parameters and Setup
(]

Initial condition - Transverse profile

- MMC Glauber 200 GeV (Gyy =42mb) H it
= ®  Number of binary collisions Initial conditions

= e
*® =3 §
2 =3
=3 =

# Collisions

7 Number of wounded nucleons Centrality selection according to
multiplicity
o fac (nec, nwn) = nBc + cnbe + ey
o et (70,x,y,b) = Ce(70) f (nac, nwn)
RHIC
6 8 10 12 14 16 o ideal fluid: ey = 17.0 GeV/fm3
Impact parameter (b) o LH-LQ and HH-LQ: & = 15.8 GeV/fm3
N ded N s o LH-HQ and HH-HQ: ey = 14.9 GeV/fm3
o Nr. wounded nucleons Nyyy ~
o Nr. binary collisions Ngc ~ A*/3 LHC
o ngc(x,y,b) = o ideal fluid: ey = 57.5 GeV/fm?3
oun Ta(x + b/2,y) Tg (x — b/2, ) o LH-LQ and HH-LQ: e = 54.5 GeV//fm?
o Talx,y)= [ dzpa(x,y,2) @ LH-HQ and HH-HQ: ey = 49.5 GeV/fm3

° A (") = oo R74l
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Parameters and Setup
o

Initial condition - Longitudinal profile

fap
— RHICAu+Au
— LHCPb+Pb
0.5
~10 -5 0 5 107

e (n) = exp (_2‘377\/1 4 (nl=m) g (Iml —mo) + 2c7,) where 19 = 2.0

2
25770',7

RHIC Au+Au 200 GeV ¢, =4.0 0, =1.0
LHC Pb+Pb 2760 GeV ¢, =20 o, =138
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Parameters and Setup
[

Freeze-out

Cooper-Frye freeze-out for particle i
"

Eﬂ 27r)3/d0 Kk fi(x, k)

where

e 1) = g [1+( - em? ) KA Y T }

gi 2T2 (e + p)

and

& ki up — pi -
foi (x, k) = 2n)? |:exp ( ! - ) + 1]

Ip/’d@ < Ol o Constant Temperature hypersurface, T jec
o Constant Knudsen number hypersurface

Correction by Bugaev 1996
O(ptdoy)

Gradual freeze-out (Grassi et al.
1995, Csernai et.al. 1999)

A
Kn = 7.0 ~ D

where e.g., Kngec = 0.8 ~ Ty € [115,165]
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Parameters and Setup
o

Equations of motion

Conserved Qu ties

T = eutu” — ppAH*Y + 7Y,
Nt = 0, M=0, g*=0
v
Equations of motion - Denicol et al. PRD(2012)
Nt = 0, 9, TH =0,
T DT’ = 2nsotV — Tl — 7o (7r>“‘u” + 7r>‘”u”) Duy,
—  Sppmh’O — T7r7r7r§\“ G2
+ QTﬂﬂiuqu + 9"77T§#7TVM

Tr = 5775/(6 + P)v Tr = %)\rnfpv 67r7r = (4/3) Try, Tom = (10/7) Ty 7T = (9/70) /pO

Initial values

o Energy density at 7o = 1 fm/c is e (70, x,y,n, b) = et (70, X, ¥, b) e ()
o Initial velocities: vx = vy = 0, Bjorken scaling flow v, = % that is v, =0

o Initial shear-stress: 7H" =0
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Parameters and Setup
(]

Equation of State

s95p-vi Uit
s95p-PCE150-vi ——
Bag Model —r————
s L |
d
— i
) 1
£ I
§ ot £ i E
[0}
o
Q
0.01 | E
0001 L L L D L L L
0.01 0.1 1 10 0.01 0.1 1 10
e [GeV/im®] e [GeV/im®]

EoS - Lattice parametrization by Petreczky and Huovinen Nucl. Phys. A (2010)

o Chemical Equilibrium (s95p-v1)
o (Partial) Chemical Equilibrium with chemical freeze-out at T, = 150 MeV
(s95p-PCE150-v1)

o Hadron Resonance Gas (HRG) includes all hadronic states up to m ~ 2 GeV
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Parameters and Setup
o

Temperature dependent 7/s |.

1.0

0.8

2
2
» 06 1
= ‘
04 ¢ 1  aasiceronn: ace?
-10 05 0.0 05 10
(T-To) Ty
0.2 1 .

0.0 1 1 1 1
0.10 020 030 040 0.50 b e + o

4F | —aep

T [GeV] :

n/s

Niemi et al. PRL (2011)

o Can we separate hadronic viscosity from the ‘
QGP viscosity? 1w N 0 it
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Parameters and Setup
o

Temperature dependent 7)/s Il. - Scaled Parametrizations

10 F —LHLQ+010 1

- LH-HQ + 0.10 g
HH-LQ
------- HH-HQ

n/s

n/s

10 fLHLQ+010 —— K
oL : : : : LH-HQ + 0.06 e
010 020 030 040 050 0.8 [ HH-LQ + 0.04

T[GeV]

n/s

o Can we study the influence of
viscosity at and near the
QCD-transition point ?

0.10 0.20 0.30 0.40
T[GeV]
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Results I. - Spectra and flow at RHIC
and at the LHC
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Results I.

Multiplicity

1800

1600

1400

1200

1000

dNgy/dngp,
dNg/dnep

800

600

400

Tec = 100 MeV 200 Tgeo = 100 MeV

0 L L L L L L RHIC QOO\AG\eV L L L L L O L L L L L L LH\C 2\760\ Aqev\ L L L L
7-6-5-432-101234567 7654324012345 67
Nech Neh
o Multiplicity at RHIC independent of o Multiplicity at the LHC independent of
(n/s)-parametrization and decoupling (n7/s)-parametrization and decoupling
temperature Tge: € [80,140] MeV for temperature Ty € [80,140] MeV for
EoS s95p-PCE150-v1 EoS s95p-PCE150-v1

Influence of temperature dependent shear-viscosity on the elliptit




Results I.
(]

Pion Spectra

10° F
102 ¢
10' F
o 100 3 e
3 >
S 10 e
QE o
S0y 3
3 )
310l 3
10 F
10° F n* L3
Tgec = 100 MeV Tgec = 100 MeV
106 [ RHIC 200 AGeV 106 L LHC 2760 AGeV
‘ ‘ ‘ ‘ ‘ s ‘ ‘ ‘ ‘
0 05 1 1.5 2 25 0 05 1 1.5 25
pr [GeV] pr [GeV]
@ Spectra at RHIC independent of o Spectra at the LHC independent of
(n/s)-parametrization (n/s)-parametrization

Influence of temperature dependent shear-viscosity on the elliptit




Results I.
o

Kaon Spectra

5 ideal —
, 102 £ . LH-LQ — 3
10" . 0-5 % LH-HQ
; HH-LQ ---
10 ¢ HH-HQ -~ 3
100 ALICE ——
100 T
& 10'1 L & TN RN
3 % 107 L 2030 %
= 102 - T2
% & 107
° ©
g 1% | g
> S 3L
P4 £ 10
4 |
10 104 L
10° e 100 F gt
Tgec = 100 MeV Tgec = 100 MeV
10 | RHIC 200 AGeV ‘ ‘ 10 [ LHC 2760 AGeV ‘ ‘ ‘
0 05 1 1.5 2 25 0 05 1 1.5 25
pr[GeV] pr [GeV]
@ Spectra at RHIC independent of o Spectra at the LHC independent of
(n/s)-parametrization (n/s)-parametrization
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Results I.
(]

Proton Spectra

2 L
W b 10
101 L
100
100 &
-1
o 10 E e 1
3 3 107 F
2 102 2
o < 102 E
° ©
2103 ] L 30-40 %
3 g0
4 L
10 1ot L
-5 | .
107 p 10°F p
Tgec = 100 MeV Tgec = 100 MeV
10 | RHIC 200 AGeV ‘ .3 10 | LHC 2760 AGeV ‘ ‘ B

0 05 1 1.5 25 0 05 1 1.5 25
pr [GeV] pr [GeV]
@ Spectra at RHIC independent of o Spectra at the LHC independent of
(n/s)-parametrization J (n/s)-parametrization J
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Results I.
o

Elliptic Flow |.

i — STAR'V,{4] ——
eal 4 STAR YA T ALICE vy(a)

=020 [

>

0.10

0.00

0.40

0.30 30-40 %
5 (©
X 0.20

>

T 40-50 %

h® Tgee=100 MeV RHIC 200 AGeV
‘ ‘ ‘ ‘ ‘ ‘

0 1 2 3 0 1 2 3
pr [GeV] pr [GeV]

0.00
0 1 2 3 0 1 2 3
pr [GeV] pr [GeV]

hf Toec=100 MeV LHC 2760 AGeV

@ v»(pr) at RHIC decreases and separates
according to the low-temperature (n/s)
but independent of the
high-temperature (n/s)-parametrization

o va(p1) at the LHC equally depends on
both the low- and the high-temperature
(n/s)-parametrizations
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Results I.
L]

Elliptic Flow I. - Scaled

030 [LH1Q@+010 — ' T STAR'vyd)
LH-HQ + 0.10
020 Ff
=
&
=
0.10 |
0.00
0.30
020 [30-40 % +40-50 %
T <
XS \
0.10 | r
0.00 |7 " Tgee=100 MeV RHIC 200 AGeV
0 1 2 3.0 1 2 3

pr [GeV] pr [GeV]

@ Scaling the low-temperature
(n/s)-parametrizations, the
QCD-transition region also shows its
effect on va(pr)

‘ :
LH-LQ+0.10 —
0.30 [ LH-HQ +0.06 - ]
HH-LQ + 0.04 ---
HHHQ -

ALICE vy{4} —

+0.20 -
10-20 %

0.00 [ 1" Tgec=100MeV 17 LHC 2760 AGeV

0 1 2 3 0 1 2 3
pr [GeV] pr[GeV]

o Differences are modest but increasing
with centrality and vo(p7) is ordered by
increasing hadronic viscosity
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Results I.

[ ]
Elliptic Flow II.
idea — ' TpHoBOS — T -
010 [LHLQ —  S125%[STAR  — 15:25%-
HH-LQ --- @ ®).

3 —
£005 [ I
N ",
0.00 - DRE
h* Toe=100MeV "4 RHIC 200 AGeV . .
‘ ! e h* Tyec=100 MeV LHC 2760 AGeV
01 2 3 4 5 0 1 2 3 4 5 TR 0 T o i S
Nen Ten 01 2 3 4 50 1 2 3 4 5
Nen Nech

@ v2(nen) at RHIC decreases and

separates according to the o With increasing centrality and rapidity,

low-temperature (n/s) similarly to wollien) 2 il LG siaris o e
. e like the matter at RHIC
vo(p7) at mid-rapidity!
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Results I.

Elliptic Flow II. - Scaled

—— —— ————
LH-LQ+0.40 — PHOBOS — 1 040 LLHLQ+0.10 —
STAR i 10 "LH-HQ +0.06
HH-LQ + 0.04 ---
HHHQ -

Va(Neh)

0.10 - 30-40 % | 40-50 % |

h* Tyge=100 MeV RHIC 200 AGeV h Toge=100 MeV LHC 2760 AGeV
\ A ot \ A il ot A
01 2 3 4 50 1 2 3 45 01 2 3 4 50 1 2 3 45
Neh Nen Neh Nen
o Scaled (1/s)-parametrizations only @ Scaled (n/s)-parametrizations show
show differences with increasing only modest differences with increasing

centrality and rapidity centrality and rapidity
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Quadrangular Flow I.

Results I.

010 FiH1g —

1 STARV,{EP2} ' —

h* Tgeo=100 MeV

RHIC 200 AGeV
| !

-0.05
0 1 2

pr [GeV]

30 1 2
pr [GeV]

o v4(p1) behaves similarly to va(pr)

(at RHIC)

o Difference in experimental and
theoretical plots, due to different

methods!

[ 10-20 %

I Tgee=100 MeV LHC 2760 AGeV
s ‘ s ‘ ‘

0 1 2 30 1 2 3
pr[GeV] pr [GeV]

o v4(p7) at the LHC behaves similarly to
the va(p7) at RHIC (note the grouping)

@ v4(pT) is more sensitive to the
low-temperature part than va(pr)
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Results I.

Quadrangular Flow |. - Scaled

‘ ‘
. LH-LQ+0.10 —
LH-LQ'+0.10 — STAR V4{EP2} — i 0.05 | [HHa 008 + ,
[H-HQ +0.10 - 1 HH-LQ +0.04 ---
HHHQ
1 =
& . < 10-20 %
< o K
K

-0.05 t t t t t

0.05

Va(p7)
Va(pT)

=

0.00

hi‘Tdec=1(‘)0 MeV

" Tgee=100 MeV RHIC 200 AGeV %,
‘ ‘ )

-0.05

0 1 2 30 1 2 3 0 ! 2 80
GeV|
pr[GeV] pr [GeV] PriGeV]
e o v4(pT) is more sensitive than v»(p7) to
@ v4(p7) behaves similarly to va(pT) J the different (1/s) parametrizations J
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Results I.

Quadrangular Flow II.

ideal — | | STARVEPZ) — |
LH-LlQ —  10-20% 15-25 %
001 FIH-HQ - T 7
3
£
=
0.00
f————————+ f————————
0.01
30-40 % 40-50 %
2 © (@)
£
= o L T S
0.00 — ‘ - v S
\\\~ =
h* Tgee=100 MeV RHIC 200 AGeV =~ - ~ e
s b A b I N
01 2 3 4 5 0 1 2 3 4 5 0.00 - p* Toec=100 MeV < LHC 2760 AGeV
‘ A it ok A
Teh Meh 01 2 3 4 50 1 2 3 4 5
MNeh Neh
@ v4(ncn) at RHIC decreases and
separates according to the @ The same observation holds at the
low-temperature (7/s) similarly to LHC!
V2(77ch)
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Results I1.

Different freeze-out criterion
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Results I1.

[ ]
Multiplicity 1.
ATy —— e —
n — 0-6 % n — o
700 [Kn(HQ) ] 1800 [-Kn (HQ) - ) 0-5% ]
HH-LQ HH-LQ y; N
HH-HQ HH-HQ 7
PHOBOS — 1600 FALICE — 1
600 ]
1400 | 1
500 |-
1200 F 1
8 400 | ] € 1000 [ E
z z ; 20-30 % b
300 [ ] 800 o ]
600 F ]
200 | ]
400 [ ]
100 [ ]
Kn=0.8, T=100 MeV 200 | ]
ok RHIC 200 AGeY W ™53, |, ob T .,  LHG2760AGeY , 7,
76-5-43-2-10122342567 76-5-43-2-101223425867
Neh Nch
o Multiplicity at RHIC independent of o Multiplicity at the LHC independent of
freeze-out criteria Tyee = 100 MeV freeze-out criteria Tyec = 100 MeV
~ Kngec = 0.8 ~ Kngec = 0.8
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Elliptic Flow II1.

Results I1.
L]

030 Fkn (LQ) — [ STAR v {4} —— -

0.20 [
=
e
K

0.10 |

0.00

0.30 r -
=
e
K

0.00 h* T=100 MeV RHIC 200 AGeV

0 1 2 3 0 1 2 3
pr [GeV] pr [GeV]

@ vu(pr1) shows little sensitivity to the
decoupling criteria

)

C - ‘
0.30 LKN(LQ) — 1 ALICE vt} ~—
T 0.20
S
0.10
0.00
030 [ T
30-40 %
T 020 [ o
S
010 f
000 [/ W T=100MeV = ]/ LHC2760 AGeV
o 1 2 3 0 1 2 3
pr [Gev] pr [GeV]

@ Similarly at the LHC!
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Results I1.

[ ]
Elliptic Flow III.
Kn (LQ) " " "IpHoBOs — T - o e
010 [Kn (HQ) -  5125% STAR  — 15:25%- Kn (LQ)
HH-LQ - Kn(HQ) 10-20 % 20-30 %
HH-LQ -
010 | HH-HQ - @71 ®

Va(Neh)

0.10 |- 30-40 % T 40-50 %~
(© [ON

Va(Neh)

S T N
h* T=100 MeV "] RHIC 200 AGeV 5
I | | I I I 1 1 I L7 T=100 MeV LHC 2760 AGeV
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Conclusions

Conclusions ...

At RHIC the suppression of the elliptic flow, v», strongly depends on the viscosity
at and after the QCD transition (hadronic viscosity)

o At the LHC the viscous suppression of elliptic flow, v», at midrapidity is affected
by both hadronic and QGP viscosities

@ Towards back- and forward rapidities, hadronic viscosity becomes more and more
dominant and so the matter at the LHC behaves like at RHIC

@ v, as function of transverse momentum, rapidity, centrality and collision energy
provide a way to distinguish between different parametrizations of (ns/s)(T)
o Decoupling at constant temperature and at constant Knudsen number lead to

very similar anisotropies at midrapidity, but at lower collision energies the results
may be more sensitive to the freeze-out criterion.

Etele Molnar Influence of temperature dependent shear-viscosity on the elliptic flow at b:
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