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Motivation

~ 2000 - Kolb et al, nucl-th /0305084 2008 - Romatschke & Luzum, PRC78 ('08):
equation of state shear viscosity
‘ Glauber
101 ]
¢ + STAR T+ 17 .~ 25 - - - - - .

—~ —— hydro EOS Q - o STAR non-flow corrected (est.)
>
~ — hydro EOS H
>N

5,

0 i ‘

o) 0.25 0.5 0.75 1

pr(Gev) p. [GeV]

need identified particles to extract both EOS and transport properties
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Hydro — particles

In hydro and hydro+transport studies one must convert fluid to particles.

two effects: - dissipative corrections to hydro fields u*,7T. n
- dissipative corrections to thermal distributions f — fy+0f

e in local equilibrium (ideal hydro) - “one to one”

. L
T = diag(e,p, p,p) & feqi = (2%36 pHuy /T

e near local equilibrium (viscous hydro) - “few to many”

T =T+ =Lt b,

. 1 [ 1) p— = re p "p "
common choice - “democratic”’ Grad ansatz: 0 f; = fz 7 % 2(7;+p) M{ﬂm
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Huovinen & DM ('08)

Grad §f o p?

—1deal hydro
— visc. flow, fo
—— visc. flow, f0+5f

0.0 0.5

1.0
p, (GeV)

Dusling et al, ('09) - linear response 5fq,g ~ D

Vs, (P7)
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Linear,z’
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/ —
P d
//

-, Pure Glue

7
// S ]
- ~
PS

N
Quadratic \\
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Pt [GeV]

large effects at higher momenta (6 f blows up, leads to f < 0)

= investigate region of applicability with nonlinear transport
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Setup - 1D Bjorken —  f; = fi(pr.&, 7), where £ =1 —y

i) compute f; from full nonequilibrium transport pof; = > C:7%(fi, f;]
J

ii) from f;, determine T"” and ¢ f;
iii) estimate Jf; from T+ alone, using some ansatz (e.g, Grad’s §f x p?)

iv) compare ¢ fstimated with § frea!

Compare spectra dN,(7)/dp5dy|,—o and partial shear stresses 7 ;(7)/p(7).

expect dynamics to be governed by inverse Knudsen numbers:
T
K; = N = TZnJU'LJ ZKi(j)
J
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Two-component, massless system. A set to equilibrate faster than B.

3fFred = C; (pr/T)?(sh®y — 1/2) f7*  7p4/pi = 8C;

DM ('10)
O ‘ T A T T BI T T T T
| K =225 Kgo= 1125 np=ng
‘\ — A
e - B ]
p= 01 democratic
Q -
o0 I
g -0.2 -
o
qu:) \ -
o '03 B \ _ - - ]
_04 ] ] ] ] ] ] ] ]

/1,

“democratic” C; = const ansatz misses viscous effects by ~ 20 — 30%
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ratio - transport / dynamical Grad spectra pwm ('10)

1.1

1.05

0.95

0.9

0.85

(dN/dy d2 p_I_)transport / (dN/dy 2 p_I_)dynamic

Ko =2 Ko°=1, ny=ng
N L. P g E o E E N S S S
,,,,,,,,,,, ***'EIIIEE%
—— A, To(tg) L4

[ A’ 2'[0
i A, STO
[— A’ 5'[0

A, 10T,

n/s = 0.2

5fZGrad X L - p2

with dynamical values of partial shear stresses, 7, ;, Grad’s quadratic ansatz
is highly accurate
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0fi = Cs (pr/T)*(sh’y — 1/2)f{  mp.:/pi = 8C;

1.75 | ]

1.5 NA:NB | OAA :0AB - OBRB
o) 3:1 20: 10: 5
o 2:2 20: 10: 5
° 125 2:2 12:6: 3

1 / s 2:2 |20:13.3: 8.89

/1,

though viscous corrections are not proportional to K;, shear stress sharing
seems universal at late times
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0 f from linear response

standard linear response to flow shear V/u” + V"ut — 2A*(9u), same as
computation of shear viscosity de Groot, et al ('70s)... Arnold, Moore, Jaffe, JHEP 0011...

pdfi = Z C2 1S il

small deviations from local equilibrium f; = fy; + 0 f;, 2-component case:

pOfoa = Caalfoa,0fal +Canldfa, foal + Caslofa, forl + Caglfoa,dfB]
pOfor = Cgglfor,dfBl+CrB|0fB, foB] + Cpaldfa, foB] + Cpalfoa,dfB]

No o0f on LHS - relaxation implicitly assumed.

Can be recast as a variational problem:

0Q[0fa,0fB] =0

where (),,.. is proportional to the shear viscosity.
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Cg/ C, in Grad approx.

lin.response

5K+ 2(Kun) + Kpa))

5Kp + 2(K () + Kpa))

1.75 | -
KrlKg=44]22

— 3.8/1.9

2l T A — 22/11 '

1.25 6/3.8 1
--- 42/28

1 |
1 2 3 4 5 6 ! 8 9 10

/1,

8 fi = Ci (pr/T)*(sh®y—1/2) £

mr.i | i = 8C;

linear response with §f o p* “gets” late-time 7" sharing within 10%
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Apply to hadron gas. Approximation: m — N system.

Prakash et al, Phys.Rep. 227 ('93): Tpn ~ 1/57”T TrN ~ 1/177TN ~ 7_7r7r/2
20 B LR} L] ) L I 1 1 L) 1
15
)
g
10 |- =
o
i I
5 N
l: 1 1 1 | I | i [ 1
0
100 100 150 1C

quite well captured with isotropic Ogff = 30mb, aeff = 50mb
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— protons are closer to equilibrium & 25}
o
&
2 r m
Cﬁ ~ QCN '§ u -
O 15}
=
S
& o5}
0 1 1 1
100 120 140 160 180
T [MeV]
- ~ 0.2f
. , , =018 b =6.8fm (16-24% Central)
illustrate effect on vy (pr) - 'a 12’ Teaney, PRC68 ('03) ,46F
- o STAR Data
0.14:*
T = n[VHuY + VVub — %A“”(@u)] 0.02F
0.1
0.08;
but with real hydro AZHYDRO-0.2p2 0065
(EOS s95p-v1, Glauber profile, 79 = 0.5 fm) Z'Zz
R R RS

p(GeV)
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Au+Au, b=7 fm - without resonance decays

0.3

0.2 r

0.1 -

—a— =0
—— democratic of
dynamical of

- T =165MeV
n/s=0.1

filled: p

0 0.5 1 1.5 2
pr [GeV]
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Au+Au, b=7 fm - without resonance decays

0.3

0.2 r
- T =140 MeV

0.1 -

—a— =0
—— democratic of
dynamical of

filled: p
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Au+Au, b=7 fm - without resonance decays

0. . .
3 —=— of =0

—— democratic of
dynamical of

0.2 r

0.1

open: Tt |

v ol ~filled: p

0 0.5 1 1.5 2 2.5
pr [GeV]

significant reduction of ™ — p splitting at 7%,;:c, = 140 and 165 MeV
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Momentum dependence - Grad inconsistent with linear response!

e.g., one-component massless gas with isotropic o = const:

30

20

10

—— ~p"®,Q=1.2675 .

Grad ~ p%, Q= 1.2
"exact”, Q = 1.2676

p/ T

15

T ﬂ-w/ﬁuﬁy

§f = i
f=x(p/ )m T
1.2676T
n ~
(0

Duslin et al get similar ~ p!-®> but with forward-peaked 2 — 2 and 1 < 2

— Typeset by Foil TEX — D. Molnar @ QM2011, May 23-28, 2011

16



Xar XB

two-component, massless - not quadratic either — fails 1D Bjorken test

30

20 ¢

10 |

------ Grad, Q=1.1619
"exact", Q=1.2345

_ p1.47 (A), _ p1.37 (B)

Na = Ng

Opp-Opp-Ogg=4:2:1 -

p/T

(dN/dy d2 p_I_)transport/ (dN/dy 2 p_I_)rel. time
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Summary

= - ALICE preliminary, Pb-Pb events atys
i centrality 10%-20%
0.3
| [l v,{SP, |An>1}
y . [ EK V,{SP, jAnP1)
Instead of the “democratic” ansatz, [ EP.v,{SP. a1}
viscous hydro and hydro+transport 0.2~ —hydroLHC )
studies sh(?uld use per-:c.pecies O fis [ ET?EEDBI}“EI conditions)
based on microscopic physics. -
Until then, comparison with data has 2
significant uncertainties. I
I | I.I | | | I | | | I | | | I | |

0 0.5 1 1.5 2 2.4

Linear response describes shear stress sharing in a multicomponent system
well, but the momentum dependence §f ~ p'*~1> does not agree with
nonlinear 2 — 2 transport ~ p. Looks like for /s ~ 0.2, relaxation
phenomena cannot be ignored (too rapid expansion).

— higher-order linear response? Multicomponent fluid dynamics?
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Backup slides
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One-component, massless system.

ratio - transport spectra / quadratic approx, 7/s ~ 0.1

DM ('09):
-g T T T T T T T T
O__ i |
= w6p
(q\] =
> 1.04 + Kg=3 .
E -
$ 102t . LTl
T T | soif & R o ] [ |
. 1 fe- == i ﬁ;}%ﬁﬂﬁﬁﬁﬂﬁl llIH ]
e e T
= 0.98 | 0 | I LD I
& 09g | —— 3o, Crad l SRLE:
“o ~~ | —— b1, Gtad " | L1t
5 094 L 107, , Grad |
> |
E ] ] ] ] ] ] ] . 4+ +
o 1 2 3 4 5 6 7 8 9 10
pr/T

quadratic §f « p? is ~ 1% accurate even at pr/T = 6
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although Grad ansatz not as good for rapidity £ =7 — y correlation

d]\cri,,;de/acllfdg distributions relative to IDEAL hydro, 1/s ~ 0.1 DM ('09-10)
1.3 . . . . .
1.2 + KO =3 |
B 1.1 + i
S
o | 1 1 3 : * l
E 1 l T T P + + l
Z - 1
g 09 r1 1 :?ro"—
g 0.8 ‘““ AAAAA T NN N T ! _
Z |
S 07+ - transport N |
— idedl 0 T
0.6 F — viscous, o =0 -
— viscous, a = -1
05 I L L I [
-3 -2 -1 0 1 2 3

&=n-y
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in practice, though, accuracy is limited by pQCD power-law tails pm ('09)-('10)

spectra transport spectra / quadratic
approximation
T T T T T T T= -% T T T T T T
—_— f[ranspor'[ + Jet o) 3 I~ . Grad
= ol R T B G :
" vistous a=0 | o 25+ —+— 314, Grad I
— viscous, a = -1 2 5T8 ' Grad
I> 1 B < ’
é a , 5 5 | 10[0 g Gl’ad P
& 001 5.t i, 5 Kg=3,15=0.6fm
© o ; 0 ¥ ; - i et -
<) T = 57, é,_\ 15 otr,OJ =15mb :
% 1e-04 + Kp=3,75=0.6fm - 1 - ]
. x m *ox"na o R S
jet _ ®xm o ¥ m o 1 " _ -—
0] = 15 mb e f = . o = - F B B T W
le06 | P ) FE e D n
® x - ® X . =z
1 1 1 1 1 1 o X 1 e E 05 1 1 1 1 1 1
o 1 2 3 4 5 6 7 8 9 O 05 1 15 2 25 3
pr [GeV] pr [GeV]
[bulk: /s ~ 0.1, jets: op =T3/T?-1.5mb, Ty= 385GeV]

with Grad, even ~ 10% accuracy extends only up to pr ~ 1.5 GeV
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viscous correction to spectra of species A in a 2-component system

points: full transport, lines: “democratic” Grad ansatz

1.2

[ [ [ ! [

—~ 115+ ALY g/ 8o .
E —a— A, STO
e\ — A, 5TO
= 11 ¢ A 10t, L/ BB ]
> — democratic (lines)
= 105
&
o 1
©
=)
> 0.95
=

0.9
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