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Starting point: The conservation laws

O,N" = 0 charge conservation

0, 0 energy-momentum conservation

IV

0 284 Jaw of thermodynamics

9,S"
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Ideal fluid decomposition

Ideal fluid dynamics <= local thermal equilibrium f(x,p) = feq(z,p)
<> collision time scale < macroscopic time scales < strong coupling

1 d>p .
Nt = (2 /fp“f(:c p) = nu” n = (net) charge density
T = ,P) e = energy density
— —|—p ) utu” — p gh” p = pressure
= eu“u — p AFY APY = gt — uFu”
St = suF s = entropy density
First law of thermodynamics: Ts=p—un-+e

O N* = 8,TH" =0 — 8,5" =0

(in absence of shock discontinuities, entropy is conserved)
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Ideal fluid equations (in comoving frame)

Convective and transverse derivative: 0, = u#D + V#
D =v"9,, VH=AMQ,

n—=—-nb f = u"0,f = Df = time derivative in
é=—(e+p)o local rest frame
. Vhip 2 Vke 0 = O - u = local expansion rate
Uu p— —
1+ c2 0
f T e cA(T) = 8—p = (speed of sound)?
e
p = p(n,e) equation of state (EOS)

6 equations for 6 unknowns: n, e, p, u*
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Non-ideal fluid decomposition

"

SH

nut + VH*

N, + oN*
eutu” — pAH”
— [IAPY 4+ 7H¥
+ WHUY+WruH
TL +oTH

f(va) — feQ(xvp) + 5f($7p)

n=u,N"
VH=AFYN, = charge flow in l.r.f.
e=u,T"" u,

II= —%AWTW — p = viscous bulk pressure

WH=u"T,\A™ = energy flow in l.r.f.

= q" + ejLTpV““ g" = heat flow in l.r.f.
Y — ()
= [S(AFTAYTHAFTAYT) — SAFYATO| T,
= viscous shear pressure tensor (7/,=0)

_ w
5= u,S

oH= AHF"S, = entropy flow in l.r.f.
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Frame choice and matching conditions

The local equilibrium distribution f.,(z,p) (with local temperature 7'(x) and chemical
potential 1(x)) that best matches the non-equilibrium f(x,p) is defined by the matching
conditions

u, 0T" u, = uy, ON" =0

Local rest frame is ambiguous:

. H = N . — M — 2
Eckart frame: u \/Ww; vV 0, g %4
Landau frame: u# = 1I_uy : WH =0, gt = —2yH
\/UaTaﬁT57u7 n

(Intermediate frames also possible.)

—> Need 1 4+ 3 + 5 = 9 additional equations for 11, ¢, 7" from underlying
transport theory.
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Non-ideal fluid equations

n = —nl—-V-V+V-u
e = —(e+p+)0+my o —V-W+2W -4
(e+p+ID)a* = VHp+1I) — AV, + 7",

—[AFW, + WHO + (W - V)uH]

Here o = V{#u?) is the velocity shear tensor.

Depending on frame, can set either V# =0 or W#* =0. In Landau frame (IW*=0) and
for baryon-free systems (n =0, no heat conduction) equations simplify to:

é = —(e+p+1II)0+my0"”
(e+p+ID)a* = VHp+1) - A*¥Vor,, + 7,

Need 6 extra equations for bulk and shear viscous pressures II, /¥ — different paths
(Navier-Stokes, Israel-Stewart, Ottinger-Grmela, BRSSS, . . .)

Here we follow Chapman-Enskog strategy: write f(z,p) = feq(pu(z):T(x), u(z)) +
0 f(x,p) and assume that 0 f < f (and thus 0 N* and 6T"") can be expanded in gradients
of equilibrium parameters 7', 11, u,,.
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The second law of thermodynamics (1)

In equilibrium the identity T's = p — un + e can be rewritten as
Stq = pla, B)" — aN{ + B, TL

where o = /T, 3 =1/T, and " = u*/T.

The most general off-equilibrium generalization is (Israel & Stewart 1979)
S* = pla, B)B" — aN* + B, 7" + Q"(GN*, 6T"")

where Q" is second and higher order in the off-equilibrium deviations 0 N* and 07"".

The Gibbs-Duhem relation dp = sd1'+ n du can be recast as
Ou(p(a, B)B") = NiOpa — TL 0,5,
Using also the conservation laws, the entropy production rate takes the form

0,S" = —ON"0,a 4 6T" 0,8, + 0,Q"
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The second law of thermodynamics (11)

In the Chapman-Enskog spirit, one now postulates linear relations between the off-equilibrium flows
ONF, §T"" and the thermodynamic forces 0", 9" 37) | consistent with the second law

0,5" = —6N" 8,0 + 6T 9,8, + 9,Q" > 0

These relations depend on the choice of (Q*. Standard dissipative relativistic fluid dynamics assumes
# = 0. In this case

2
H B q'qu, _|_ Waﬁﬂ-aﬁ Z 07

T9,S* =TIX — ¢"X WX, =
M q M+7T (pwv) C INT 277

with thermodynamicforces X = —V - u = —60, X' = ¥ — Mt = —%V“ (%) and X,y = oy =

can be satisfied by setting

_ _ nT? v o__ v
[IT=-—¢0, g¢"=-AF V¥ (&), = =2not

with positive transport coefficents ¢ > 0, A > 0, and > 0 (relativistic Navier-Stokes theory) .

Unfortunately, plugging these equations for II, ¢", and 7w"” directly into the non-ideal hydro equations
leads to acausal signal propagation.

Ulrich Heinz Berkeley School 2010 9(42)



The second law of thermodynamics (Il1)

Causal relativistic fluid dynamics requires keeping Q" in the entropy flux, at least up to terms of second

order in the irreversible flows. )

SH — syt + q? T Q"
Setting ¢ = 0 (n = 0) for simplicity, we get up to second order
m

U
St = sut — (BOH2 + Bom, T A)ﬁ

This yields (after some algebra)

. Bout
T9,S" = TI [—9 — BoIl — 11T, ( T
+ g |:O' — BoTtag — Tag 10 <B2uu>]
ap 2N ap af " T
i H_Z Waﬁﬂaﬁ Z 0
NG 2m

The thermodynamic forces —0, 0,3 are seen to be self-consistently modified by the irreversible flows
IT, map. This leads to dynamical (“transport”) equations for 11, 7,z.
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Transport equations for the irreversible flows

The resulting transport equations for I, 7, are (Israel & Stewart 1979, Muronga 2002, 2004)

I = —% [H + (0 +TICTH, (2‘;)] — —% [T + ¢'6)
Byl = —% lﬂ'aﬁ — 2noag + Tapn1'0, (g%%)]
+ terms that don't generate entropy
— —% [T — 20 00p] + - .
Here we introduced the relaxation times 71 = (3, 7 = 2132, and Tf; = 1 +T<Hm' ¢ =5 +§m'

_Tm H T
- g — — Y _
Tr = 14:7777%, N = 15,5 Where vy = T0, (2C—T> and v, = 170, (TgnuT )

(UH, Song, Chaudhuri 2006)

¢, m and 71, 7, should be calculated from the underlying microscopic theory. This has been done by KSS
and BRSSS for infinitely strongly coupled SYM theory, and by AMY and YM for weakly coupled QCD in

Boltzmann transport theory (see below).

The purple terms kick in wherever the expansion rate gets large and then effectively reduce the viscosities
and relaxation times. — The viscous pressures II, w#" relax exponentially towards their (flow-modified)
Navier-Stokes limits on (flow-modified) microscopic relaxation time scales 7]}, 7.

T
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More second-order terms . ..

Analyzing the second law of thermodynamics misses second-order terms that don't
contribute to 2" order entropy production but may still affect the evolution of flow.

For systems with conformal symmetry (II=0) and vanishing chemical potentials (g*=0)
BRSSS (Baier, Romatschke, Son, Starinets, Stephanov, JHEP 04 (2006) 100) found 5 possible second-order
terms:

4 A A
T = 2potV — 1. A“O‘A’jﬁfraﬁ 4+ e — —17r<“a7r’/>o‘ _ —27T<“aw”>o‘
3 21)? 27

_§w<uaw1/>oz 4+ g [R<W> 4+ 2uaRo‘<W>f8u5}

where w,,, = %(Vuu,, — Vyu,) is the vorticity and Re#VB RV are the Riemann and

Ricci tensors, respectively.
Now we have b second order coefficients 7., A1, Ao, A3, x, in addition to 7.

Betz, Henkel and Rischke (arxiv:0812.1440 [nuc-th]) generalized this to include heat conduction
and bulk viscosity = even more coefficients . . .
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Weak and strong coupling limits of shear viscosity and
second order coefficients

(zero masses and chemical potentials)

Ratio pQCD (N = 3) (AMY 00,03, YM '08) | SYM (PSS '01; KSS '05; BRSSS '08)
: Nmar/evEg 1T (9 =2) 2 ~ 0.08
% 5 t0 5.9 4—2In2 ~ 2.6137
% 5.2 to 4.1 2
(e | —opldPz — _10t0 — 118 ~41n2 ~ —2.7726
(e:g)n 0 4

AMY = Arnold/Moore/Yaffe; YM = York & Moore; PSS = Policastro/Son/Starinets; KSS = Kovtun/Son /Starinets; BRSSS =
Baier/Romatschke/Son /Starinets/Stephanov

Fortunately, terms ~ \; 2 3 appear to be numerically unimportant for hydro evolution.
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Successes of hydrodynamics at RHIC:

Single particle spectra from central and peripheral Centrality and momentum
Au+Au @ 130 A GeV (STAR, PHENIX): dependence of elliptic flow vs
‘o P PHEN‘|X ) .%‘ ‘ ‘ ‘ * ‘PHEN|X‘ (STAR, PHENIX, PHOBOS)
L 10° 1 5 PHENIX L 107 fea S, ° STAR |
> - p > e N hydro - ‘ ‘ —— eWN
o - P STAR S TN
g p+ g centrality | 10r/ ° ---- sWN 1
Q’__ —N%%* — T hydrO Q‘__ ) 9 I eBC
2—100 i : ---p hydro -3_— 8 N, e sBC
5 5 = STAR
2 5 8
S 42 g ’ 4
- most central ‘ ‘ ‘ ‘ ‘
0 1 2 3 0 05 1 15 2 25 2
P, (GeV) Py (GeV) ; | | | |
0 "+ PHENIX 5% | + PHENIX 0 025 05 075  f
L 107 | © STAR | «+— ¥ — hydro ch’ ‘max
8 ~ fydro S 10 ’ | _,sl ¢ STAR ,
& |' S [s-a% ) i PHENIX
& s g0 —— ’ >" 200 — EOSQ %
3 ] o ™ - EOSH s ]
5 \ 5 10_4760 92.% 157 v |
(ﬁ 15 -30 d % cen_tralityo
= AN £ 10 10/
30 - 60 % A K+
‘ \4 0 05 i 15 2 s |
p; (GeV) ' p; (GeV) 0 ‘ ‘ h*-
0 1 2 4
. . _ p; (GeV)
Model parameters fixed with 7, p spectra at b = O;
all other spectra predicted (UH & P.Kolb, hep-ph/0204061). V2 = <COS(2¢)>
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What is fitted, what is predicted?

Au+Au © 130 A GeV:
Teq = 0.6fm/c, emax(b=0) = 24.6GeV/fm?, (e)(r=1fm/c) = 5.4 GeV /fm®
Timax(b=0) = 340MeV,  Tehem = Thaq = 165 MeV, Tyec = 130 MeV

All fit parameters are fixed in central (b=0) collisions:

e Glauber model = shape of initial transverse entropy and baryon density profiles s(7, Teq), n g (7, Teq)
= free parameters sqg(Teq), m0(Teq), soft/hard fraction

e Measured p /7 ratio = fixes ng/sg

e Total charged multiplicity dN .}, /dy = fixes product Teq - S0 (Teq)

e soft/hard fraction = fixed through centrality dependence of d N}, /dy

e Shape of 7, p spectra = fixes decoupling temperature T, and radial flow (v )

e Final radial flow (v | ) = “fixes" Teq [upper limit] (flow needs time and pressure to develop)

e Equation of State = compute eg = emax(b=0), Tmax(b=0) from s, ng

Predictions (no additional parameters!):
e All hadron spectra other than p, 7 in b=0 collisions

e All hadron spectra and elliptic flow coefficients for non-central collisions at any impact parameter

Final radial flow (v, ) > 0.5¢ = bang!
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Perfect fluidity:
magnitude and mass dependence of elliptic flow

STAR Coll., PRL 87, 182301 (2001) and PRL 92, 052302 (2004); PHENIX Coll., PRL 91, 182301 (2003)

' Hydro model = PHENIX Data.  STARData -

_____ T O T A K(s)_
0.3— K A K'+K ® A+A
..p O p+p

o
N

Anisotropy Parameter v,
o

o

Transverse Momentum p ; (GeV/c)

Data follow the hydrodynamically predicted rest mass dependence of vo(p) out to p ~ 1.5 GeV
for mesons and out to p; ~ 2.3 GeV for baryons
—> bulk of matter (> 99% of all particles) behaves hydrodynamically!
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Perfect fluidity: m-scaling of elliptic flow at low pr

PHENIX Coll., PRL 98, 162301 (2007)

_|||||||||||||||||||||-|_||||||||||||||||||_
0.3.(@ e m*+1 (PHENIX) <= p+p (PHENIX) (b) |
m K*+K (PHENIX) O A+A (STAR)

K? (STAR) 1 =+ (STAR)

T

1 ﬁ.
0 _l | | | | I I | | | I I | | I I | | “l | | | | | | | | | | | | | | | | I-
0 1 2 3 40 1 2 3
p; (GeV/c) KE; (GeV)

KET = m7r — mg = transverse kinetic energy

mp-scaling = evidence for thermalization (almost too good . . .!)
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so hydro works —

why? what does this mean?

Ulrich Heinz Berkeley School 2010 19(42)



Elliptic collective flow of strongly coupled atoms at
T=10"°K:

J.E.Thomas et al., Am. Scientist 92 (2004) 238

100 200 400 BOD oo 1,000 1.500 2000
mécrassconcds  microssconds ricrossconds  microssoonds microssoonds microseconds ricrogeconds microssconds

2400 microssconds

A00 microseconds

atom density ———=

atom densty ——=

HE ] I B | I I I :
—200 —100 ] 100 200 300 —0 100 il 100 200

franzverse coordinate {micromsiers) axial coordinate {micrometers)

Interaction strength can be tuned (Feshbach resonance):
Strong interaction: elliptic collective flow
Weak interaction: ballistic expansion with aspect ratio — 1
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Success of ideal fluid dynamics
requires QGP to be strongly

coupled and almost inviscid!
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QGP — the most perfect fluid ever observed?

AdS/CFT universal lower viscosity bound conjecture:

n-> h
s — 4w
Kovtun, Son, Starinets, PRL 94 (2005) 111601
200 T T ||||||| T T |||'||| T I:Illllllll
| .
4n n | [
hs . | — Helium 0.1MPa ll II ]
—— Nitrogen 10MPa | |
----- Water 100MPa [ /
150 | S —
| : /
| : I
: | o 4
| s
\ .
\ : Il
100 \ L 7
\ i
\ K
L \ ; : _
\ /-
\ ;)
\ P
50 \ / o
\ / ; ;
\ /
i Viscosity bound \\_// |
} } } } } } [ | } 1 ll } } } |l | } } } } } } [ |
0
1 10 100

1000
T,K

Upper limit for QGP viscosity from various recent estimates are close to this bound!

But: quantitative constraint on 77/s requires viscous hydrodynamics code.

Ulrich Heinz

Berkeley School 2010 22(42)



So ideal hydro works quite well at
RHIC.

But there are also indications of
NnoNn-zero VISCOoSIty:
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Ideal fluid dynamics breaks down at pr > 1.5 — 2 GeV/c:

STAR Coll., PRL 87, 182301 (2001) and PRL 92, 052302 (2004); PHENIX Coll., PRL 91, 182301 (2003)

PHENIX Data  STAR Data

[ T
. Hydro model |
_____ T O T4 A K(s)_
0.3— K A K'+K ® A+A

o
N

Anisotropy Parameter v,
o

o

0 2 4 6
Transverse Momentum p ; (GeV/c)

e Consistent with viscous effects during early QGP stage (viscous corrections increase ~ p?r)
e Can be used to constrain QGP viscosity = viscous hydrodynamics
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Smaller, less dense collision systems: late hadronic viscosity

S. Voloshin [STAR], JPG 34 (2007) S883 (3+1)-d hydrodynamics:

T. Hirano, PRC 65 ('02) 011901; 66 ('02) 054905
W N —=— E_/A=11.8 GeV, Au+Au, E877]
\N 0.3 HYDRO (EoS H) —&— E,/A=40 GeV, Pb+Pb NA49 0.08 T T T T T
N F HYDRO (EoS Q) E,,,/A=158 GeV, Pb+Pb, NA49 STAR [ PCE —
0.25F PHOBOS - CE -
- 0.06 - .
0.2
0151 . < 0,041 :
- o 2 0 STAR Prelim.,v,{FTPC}/e,, {2}
0.1 Q —o— \[5;=200 GeV, Au+Au
- O%cﬁ —o— \[s5\=62 GeV, Au+Au
- —e— \[8=200 GeV, Cu+Cu - i
0.05 - —o— \[5,=62 GeV, Cu+Cu 0.2
N STAR Prelim., V,{ZDCVe_,
OF o \|__200 GeV, Au+Au
0 5 10 15 20 25 30 35 R R ) i 6
1/S dN _, /dy X
measured AN - _
® viscous correction to ideal hydro W scales with é dCh X Sinit ( “multiplicity scaling™)

e ideal hydro limit only approached for e;,;; > 10 GeV/fm3

Why? Late hadronic viscosity! (Teaney, Shuryak 2001)
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At RHIC, hadronic viscosity & chemical non-equilibrium matter:
PHENIX White Paper, NPA 757 (2005) 184

pions
w 1c —
- E ) 7 PHENIX \s\,=200 GeV, minBias
> 0.9F * 7 STAR \5\n=200 GeV, minBias
0 85 n QGP EOS+RQMD, Teaney et al.
"2 x QGP EOS +PCE, Hirano et al.
0.7F 7 QGP EOS +PCE, Kolb et al.
0 6; 7 QGP EOS, Huovinen et al.
- Eoeeeeees © RG+mixed EOS, Teaney et al. [
0_5; -------- © RG EOS, Huovinenetal. =~ @ |
0.4 o
0.3
0.2
0.1
0= ‘ ‘ P I
0 0.5 1 1.5 2 25
pr (Gev/c)
> E . 7, PHENIX sqrt(s)=200, 0-5%
< S n QGP EOS+RQMD, Teaney et al.
= 10° L © QGP EOS +PCE, Hirano et al.
E E 7 QGP EOS +PCE, Kolb et al.
N_c C © QGP EOS, Huovinen et al.
= 10 @ Re e n RG+mixed EOS, Teaney et al.
N E Qe © RG EOS, Huovinen et al.
z 1 B
-1 -
10 =
c .
10-2 = S
10'37 Ll \ Cl ] A R
0 0.5 1 1.5 2 2.5 3 3.5
P (Gev/c)

V,/e

(1/2)d"N/dp-dy

protons
1 E ° p PHENIX \s\=200 GeV, minBias
0.9F &  pSTAR\5,=200 GeV, minBias
0 85 p QGP EOS+RQMD, Teaney et al.
"2 p QGP EOS +PCE, Hirano et al.
0.7F p QGP EOS +PCE, Kolb et al.
0 6; p QGP EOS, Huovinen et al. ®
- ; -------- p RG+mixed EOS, Teaney et al.
0_5; -------- p RG EOS, Huovinen et al.
0.4F S
0-3; 'ﬁ/‘/{:‘/
= e
0.2 >
01k .
05-“- ‘ P I
0 0.5 1 1.5 2 2.5
pr (Gev/c)
. p PHENIX \§,,=200 GeV, 0-5%
§ p QGP EOS+RQMD, Teaney et al.
: (pbar/0.75) QGP EOS +PCE, Hirano et al.
o (pbar/0.75) QGP EOS +PCE, Kolb et al.
1 0 ; p QGP EOS, Huovinen et al.
Fooime N, e p RG+mixed EOS, Teaney et al.
E o TTTRIENRON p RG EOS, Huovinen et al.
15— 7
-1 B
10
102 =
10-37”‘\‘”\
0 0.5 1 1.5 2 2.5 3 3.5
pr (Gev/c)

All theory curves use the same hydrodynamics and EOS in QGP phase!
How we deal with the hadron phase makes all the difference . . .
The only model that simultaneously fits all data is hydro+RQMD

(Teaney & Shuryak 2001) (see also Hirano et al. 2006 (3D hydro + JAM))
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Hadronic dissipation effects disappear at the LHC:

T. Hirano, U. Heinz, D. Kharzeev, R. Lacey, Y. Nara, Quark Matter 2008

© 0.4
>'0.35
0.3
0.25
0.2
0.15
0.1
0.05

0

Au+Au Charged, b=6. 3fm

CGC+hydro, T _1OOMeV
—&— CGC+hydro, T "~169MeV
e CGC+hydro+cascade

10 102 10° 10*
\Snn [GeV]

At LHC, all momentum anisotropy is created in QGP phase

— hadronic dissipation effects become negligible

Late hadronic evolution still important for final distribution of momentum anisotropy over
particle species (e.g. pions vs. protons)
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Relativistic hydrodynamics

for viscous fluids

Ulrich Heinz Berkeley School 2010 28(42)



Shear viscosity — measures the resistance to flow gradients
>

acts against the buildup of

flow anisotropy

Bulk viscosity — measures the resistance to expansion

acts against the buildup of
radial flow




Qualitative effects of 77 & ¢ on spectra

The same initial & final conditions:

— — — ideal hydro viscous hydro-shear only viscous hydro-bulk only
103— Spectra | Song & Heinz, 0909
=
~ LN AutAu, b=0 fm, EOS L
ol ¢, =30GeVim, =0, 6fmfc.
ng _ T, =130 MeV
1
510 N ]
5 _ nls (s o
S == 0, c=0 - - ideal hydro
T 4 e=o — viscous hydro (shear only)
— 0. C=1 N viscous hydro (bulk only)
'1 | | ]
10 1 )
p,(GeV)

-shear viscosity: flatter spectra
-bulk viscosity: steeper spectra



Qualitative effects of 77 & ¢ on spectra

The same initial & final conditions:

— — — ideal hydro viscous hydro-shear only viscous hydro-bulk only
i | ) .
0T spectra " radial flow ~ Song &Heinz 0909
n
~ LN AutAu,b=0fm, EOSL 1 057
> 107 _ 3o _ y
3 ¢,=30GeV/im', 7,=0.6fmv/c 04l
= —
Fg; I Tdec_BO MeV N
5 10' 1503
:%: _ nls Cls 0.2__ | ]
Bl l-- 0, c=0 - -- 1c}eal hydro _
0Ty 4z C=0 " / — viscous hydro (shear only)
— 0. C=1 N viscous hydro (bulk only) | |
-1 I | | |
10°g 1 > % ; 10 15
p,(GeV) ©-,(fve)

-shear viscosity: flatter spectra; increases radial flow
-bulk viscosity: steeper spectra; decreases radial flow



Qualitative effects of 7 & ¢ on V2

' i ' | . .
Song & Heinz, 0909 Elliptic flow v,

0'2__ Au+Au, b=7 fm P ~

EOSL

o]

0.1+
- - ideal hydro
— viscous hydro (shear only)| -
I viscous hydro (bulk only) |-
s 1 15 2

p(GeV)

-both shear & bulk viscosity suppress v, at low p.



o]

Shear viscosityn & elliptic tlow v,

Elliptic flow v,

[ AutAu,b=T fm I }20-25% vz suppression 7 = 4L
I - | : -
EOSL Vi
- ”
- - -
”
0.1 Pid -
L ”
’
Py — viscous hydro (shear only)|
o — - ideal hydro
L
! | ! | | | |
CEO 0.5 | 1.5 2
p(GeV)

- V, can be used to extract the QGP shear viscosity

- for an accurate extraction of QGP viscosity, one needs very precise v, (experimental
data & theoretical results)



Viscous suppression of eccentricity-scaled elliptic flow v, /e
(UH, Moreland, Song, arXiv:0908.2617)

Scaled elliptic flow vs. /s
' | ' | ' | '

] | o |  Shear viscosity 1/s suppresses
0.8} ST - elliptic flow:
O Glauber TS T | mb
0.6 OfKLN q_?mo'6- T ° f’v — <v2 ésmb)viscous
& 0.4f 11 2 (v5°/ 8mb)ideal
O.Sj\\\ 0.2} 1 (mb = min.bias)
e initial source eccentricity
e — (WP=a?)
(y2+z2)

® fKLN model: H.-J. Drescher et al., PRC
74 (2006) 044905

e curves calculated with VISH2+1 —
viscous lsrael-Stewart hydro with
longitudinal boost-invariance

! ! ! | ! !
0 0.04  0.08 0.12 0.16 0.2 0.24 (H. Song 2007-2008)
n/s

e Even small /s ~ 1 /47 leads to sizeable (~ 20%) suppression of elliptic flow
—> easily measurable if ideal fluid baseline is known
e Viscous suppression of vy /e relative to ideal hydro is a unique function of 1 /s,
independent of initial source eccentricity and =~ independent of EOS.
e But: 15% uncertainty in initial source eccentricity up to = O(100%) uncertainty for 7/ s!
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Shear V180081ty77 & elliptic tlow v,

Elliptic flow Vs,

02 AutAu, b=7 fm s }20-25% V2 suppression n_ %
i Phd ] s T
EOSL
0.1
— viscous hydro (shear only)|-
— — ideal hydro
il | | | | | |
OO 0.5 1 1.5 2
p(GeV)

-V, can be used to extract the QGP shear viscosity

- for an accurate extraction of QGP viscosity, one needs very precise v, (experimental
data & theoretical results)
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Elliptic flow v:
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Shear viscosity 77 & elliptic tlow v,

1

4

A)

}20-25% V2 suppression

Example: If v, is increased by 10%,
one needs to increase 77 /s by 0.5/(4x)
in order to describe the same exp. data

for n/s~01/4rx)
-10% uncertainties in v, translate
into 50% uncertainties for the
extracted value of n /s

- V, can be used to extract the QGP shear viscosity

- for an accurate extraction of QGP viscosity, one needs very precise v, (experimental
data & theoretical results)



Extracting /s from v, data

Input / parameters for viscous hydro

- initial conditions: z,,e,(x,y,b)/s,(x,y,b)
- initial eccentricity (Glauber vs. CGC ; optical vs. fluctuating)

- treatment of hadronic stage and freeze-out procedure

- E0oS: Eos Q, EOS L, EOS L + chemical non-equilibrium HRG EOS

- viscosities & relaxation times: 7,7,, {,7g
- initialization for 7,11



Uncertainties in the initial source eccentricity
(UH, Moreland, Song, arXiv:0908.2617)

Initial source eccentricity vs. b

e CGC/fKLN model (Drescher et al.) gives larger source eccentricity than Glauber model,
but excess is strongly centrality dependent!
e Minimum bias eccentricity 12% larger for fKLN than Glauber

Ulrich Heinz Berkeley School 2010 30(42)



Effect of initial eccentricity on v,
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- Glauber vs.CGC: ~20-30% effect on v, ¢=== ~100% uncertainty on 77/s



Effect of initial eccentricity on v,
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nls<0.16? NOT so fast !

- Effects from highly viscous & non-chemical equilibrium hadronic stage, bulk viscosity ...



Extractingn/s from v, data

Input / parameters for viscous hydro

- treatment of hadronic stage and freeze-out procedure:

- chemical composition of HRG
- effects of highly viscous HRG



Effect of HRG chemical composition on v,

Partial Chemical Equilibrium (PCE)
So AT el vs. Chemical Equilibrium (CE)
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- PCE EoS vs. CE EoS (ideal hydro): changes v, by ~30%



Effects of HRG chemical composition on v,

PCE vs.CE (HRG)
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- PCE EoS vs. CE EoS (ideal hydro): changes v, ~30%®==) influences 7}/5 ~100%
- Constraining 7]/S requires: a proper description of partial chemical equilibrium in HRG



Effects of highly viscous hadronic stage on v,
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- highly viscous hadronic stage: changes v, ~30-50%¢=>influences 7}/ s ~100-150%
- need viscous hydro + hadron cascade hybrid approach



Extractingn/s from v, data

llnput/ parameters for viscous hydro

- initial conditions:
- initial eccentricity

- treatment of hadronic stage and freeze-out procedures:

- chemical composition of HRG
- viscosity of HRG

- EoS: (EOS Qvs. EOS L)

- Viscosities & relaxation times:

- initialization for shear and bulk pressure



Effects from softness of EOS

SM-EOS Qvs. EOS L

— softness of EOS: ~5-10% effects on
Vv, €= ~25% uncertainties on 77/ s

— EOS L: Katz 05 lattice data for QGP
+ CE EOS for HRG

in progress (with Shen
Chun & Pasi Huovinen):
— more realistic EOS for hydro

0903 lattice data for QGP
+ PCE EOS for HRG

i 'Song & Heinz PRC 08
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Extractingn/s from v, data

Input / parameters for viscous hydro

- viscosities & relaxation times: 7,7., ¢,7q

- initialization for shear and bulk pressure



shear pressure: relaxation times & 1nitialization
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(since 7, 1s short)

- when extracting 7/s: one can neglect the uncertainties from 7, & initialization of 7™



Extractingn/s from v, data

Input / parameters for viscous hydro

- effects from bulk viscosity



Bulk viscosity:
£0.03 s

ot HRG QGP -

0.011 _

\ J | L

0 0.1 0.2 0.3
T (GeV)

Relaxation times: 7Ty ~ ¢ also peaks near Te,
this plays an important role for bulk viscous dynamics



bulk viscosity and relaxation time

0.04 - —
: o =1

Bulk viscosity: ¢ |
£0.03- s

0.02- |

0.01+- |

" | I | I |
% 0.1 0.2 03
T (GeV)

Relaxation times: 7Ty ~ ¢ also peaks near Te,
this plays an important role for bulk viscous dynamics

Zero initialization: II, =0

large 7; near T, —> prevents I1 from growing to large values
—> suppresses bulk viscous effects



bulk viscosity and relaxation time

: : 0.04 ~ i
Bulk viscosity: o=l |
£0.031 .
0.02 HRG -
0.01- _|
% o1 02 = 03
T (GeV)

Relaxation times: 7Ty ~ ¢ also peaks near Te,
this plays an important role for bulk viscous dynamics

N-S initialization: I1,=-{(9-u)

large 7q near T, ——> Kkeeps large negative value of IT in phase transition region
——> viscous hydro breaks down (p+II<0) for larger {/s

viscous hydro is only valid with small {/s —> small bulk viscous effects on v,



Uncertainties from bulk viscosity

N-S initialization Zero Initialization
I - | I | {ﬂ] ] | | | | | | | | I(b
- »”
0.05 005 T, =(&/s)-120fm/c /s _
C =
C =100
fs=1/4 o
Ns=1/Mn p
7 Song & Heinz, 0909
oL 0 I IR T N
0 02 04 0 0.1 0.2 03 04 05
P (GeV) po(GeV)

- with critical slowing down of 7;, effects from bulk viscosity are much
smaller than from shear viscosity

bulk viscosity influences v, ~5% (N-Sinitial.) <4% (zero initial.)
¢===)ncertainties to /s ~20% (N-Sinitial.) <15% (zero initial.)



Extracting /s from RHIC data

--the current status of viscous hydrodynamics

(uncertainties in v,)
-initial conditions: CGC vs. Glauber ~20-30%
-E0S: EOS Q, vs. EOSL ~5-10%
-chemical composition of HRG : (PEC vs. CE) ~30%
-viscosity of HRG (or equil. HRG vs. non-equil. HRG) : ~30-50%
-bulk viscosity: ~5%
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-initial conditions: CGC vs. Glauber ~100%
-E0S: EOS Q, vs. EOSL ~25%
-chemical composition of HRG : (PEC vs. CE) ~100%
-viscosity of HRG (or equil. HRG vs. non-equil. HRG) : ~100-150%

-bulk viscosity: ~20%

conservative upper limit:

nls

<5x(1/4rx)
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(uncertainties in 77/ )
-initial conditions: CGC vs. Glauber ~100%

-E0S: EOS Q, vs. EOSL~25%
-chemical composition of HRG : (PEC vs. CE) ~100%
-viscosity of HRG (or equil. HRG vs. non-equil. HRG) : ~100-150%

-bulk viscosity: ~20%
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recent progress: Heinz et al. 0907

v

v

conservative upper limit: 77/s < 5x(1/4 1) I

Can we further increase the accuracy of extracted 77/s? YES !
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(uncertainties in 77/ )
-initial conditions: CGC vs. Glauber ~100% recent progress: Heinz et al. 0907
-E0S: EOS Q, vs. EOSL~25%
-chemical composition of HRG : (PEC vs. CE) ~100% v
-viscosity of HRG (or equil. HRG vs. non-equil. HRG) : ~100-150% v
-bulk viscosity: ~20%

conservative upper limit: 77/s < 5x(1/4 1)

-to further decrease the uncertainties from bulk viscosity (or to separate shear and bulk
viscosity from exp. data), one needs more sensitive exp. observables



Other observables that are sensitive to 77/ s:

- V,/€: dependence on system size & shear viscosity



System size dependence of shear viscous etfects
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- larger shear viscous suppression of elliptic flow in smaller systems



System size dependence of shear viscous etfects

Song & Heinz PRC 08
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- larger shear viscous suppression of elliptic flow in smaller systems
- the slope of the multiplicity scaling of v./¢ is sensitive to the value of shear viscosity



System size dependence of shear viscous etfects

v./ € Song & Heinz PRC 08
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- larger shear viscous suppression of elliptic flow in smaller systems
- the slope of the multiplicity scaling of v./¢ is sensitive to the value of shear viscosity



System size dependence of shear viscous etfects

Song & Heinz PRC 08
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- larger shear viscous suppression of elliptic flow in smaller systems
- the slope of the multiplicity scaling of v./¢ is sensitive to the value of shear viscosity



Multiplicity scaling of v,/e
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- the slope of the multiplicity scaling of v./¢ is sensitive to the value of shear viscosity

- to reproduce the experimental data (slope), a constant 77/ s is not enough!



Multiplicity scaling of v,/e

Song & Heinz PRC 08
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- the slope of the multiplicity scaling of v./¢ is sensitive to the value of shear viscosity
- to reproduce the experimental data (slope), a constant 77/ s is not enough!

- data indicate: smaller viscous effects in QGP; larger viscous effects in HRG

- need viscous hydro + hadron cascade hybrid approach or inputting 77/ s(T)



A short summary

- V, IS sensitive to /s
A first attempt to constrain 7)/s from RHIC data indicates

nls <5x(1/4rx)

BUT:
to extract QGP viscosity, one must consider (at least) all the following aspecis:

- arealistic EOS: EOS Lvs. SM-EOS Q, PCEvs.CE

- initial conditions: CGC vs. Glauber initialization, optical vs. fluctuations
- bulk viscosity: uncertainties from bulk viscosity

- hadronic stage : viscous hydro+ hadron cascade



Supplements
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Late hadronic dissipation explains reduced v,
at forward rapidity and in peripheral collisions:

3D Hydro+Cascade Model: Ideal fluid dynamics for QGP above T, hadronic cascade with realistic
cross sections (JAM) below T

T. Hirano, U. Heinz, D. Kharzeev, R. Lacey, Y. Nara, PLB 636 (2006) 299
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<V 0.06
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+ PHOBOS 25-50%

[Glauber model initial conditions (85% soft/15% hard)]

e Not enough elliptic flow from perfect QGP fluid — some hadronic contribution to vs is
required

e Treating the hadronic stage as ideal fluid overpredicts vy in peripheral collisions and
at forward rapidities

e Dissipation in hadronic cascade brings theory in line with data
e — No need for QGP viscosity!? Only if you trust Glauber!
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But: CGC gives larger initial eccentricity!

3D Hydro+Cascade Model: Ideal fluid dynamics for QGP above T, hadronic cascade with realistic
cross sections (JAM) below T

0.16

Hirano et al., PLB 636 (2006) 299
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e Hadronic dissipation reduces elliptic flow buildup in peripheral collisions

e Color Glass Condensate (CGC-KLN) model (McLerran & Venugopalan 1994; Kharzeev, Levin, Nardi2001) produces steeper
edge of initial distribution, resulting in larger eccentricities € than in Glauber model

e Ideal hydrodynamics turns larger spatial eccentricity € into larger elliptic flow vo

e For Glauber model initial conditions, hadronic dissipation fully explains the data;
for CGC/KLN initial conditions hadronic dissipation not enough — need additional QGP viscosity!

— To isolate effects from early viscosity, need better control over initial conditions!

Ulrich Heinz
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Solution to #E7 Pagile, BN

= ¥Acceleration <1 fm
o 4 | e @ Equation of State
— @ Initial Energy Profile
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4 = —
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-To describe the experimental data, one need to consider the contribution from all
Kinds of aspects besides shear viscosity



Effects from different initializations

-Heinz, Moreland and Song
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