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e remarkable collectivity at RHIC -
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a better microscope reveals ~ 10 — 20% deviations already at pr = 0.7 GeV
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but: ideal hydro ignores dissipation in both plasma and hadron stage
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quantum mechanics: AFE - At > h/2

kinetic theory: T -Ayvrp > h/3 Gyulassy & Danielewicz '85
n=4/5-T /oy
s~ 4n

= minimal viscosity: 7/s = M%Tz 1/15

N =4 SYM + gauge-gravity duality: /s > 1/4x

Policastro, Son, Starinets, PRL87 ('02) Kovtun,
Son, Starinets, PRL94 ('05)

no general proof - but this might be a universal lower bound

= no ideal fluids - only “perfect” ones at best (those with minimal viscosity)

[re-branding - '50s, '60s: perfect = ideal]
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Transport coefficients of small-chemical-potential quark-gluon plasmas are estimated and dissipa-
tive corrections to the scaling hydrodynamic equations for ultrarelativistic nuclear collisions are
studied. The absence of heat-conduction phenomena is clarified. Lower and upper bounds on the
shear-viscosity coefficient are derived. QCD phenomenology is used to estimate effects of color-
electric and -magnetic shielding, and nonperturbative antiscreening. Bulk viscosity associated with
the plasma-to-hadron transition is estimated within the relaxation-time approximation. Finally, ef-
fects of dissipative phenomena on the relation between initial energy density and final rapidity den-

sity are estimated.

I. INTRODUCTION

Ultrarelativistic collisions of heavy nuclei offer the pos-
sibility of creating a new state of matter—the quark-gluon
plasma. Current estimates' indicate that this plasma state
could be reached by increasing the energy density of ha-
dronic matter by an order of magnitude over that found
in nuclei (€,,c~0.15 GeV/fm?. Unfortunately, such high
energy densities are expected to be reached only for short
times, A7~ few fm/c, due to the rapid longitudinal expan-
sion of the plasma.! However, if the expansion proceeds

hydrodynamically,”~> then information about the in-

teresting early stages of the collisions can be extracted
from the final rapidity density dN/dy of hadrons.
Specifically, the initial energy density €, can be related to
dN /dy via®

1+co
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k for small-up/T plasmas. A possible source of bulk
viscosity £ is considered due to the finite relaxation time
of the plasma-to-hadron phase transition. Finally, we
solve the Navier-Stokes equation with the scaling boun-
dary condition to estimate the magnitude of entropy pro-
duction due to dissipative process in ultrarelativistic nu-
clear collisions. We find that dissipative effects could
reduce the estimated initial energy density by a few
GeV/fm? relative to ideal hydrodynamics estimates.

II. HEAT CONDUCTION

In this section we derive an expression for heat conduc-
tion « including both quark and gluon degrees of freedom.
The gluon contribution to « has been derived in Ref. (11).
However, we show that the quark contribution is singular
in the limit of zero baryon density. The singularity indi-
cates that the Landau-Lifshitz definition of hydrodynam-
ic frame is preferable over any other, for small-baryon-
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Viscous hydro

Navier, Stokes, ..., Landau, ..., Baym, Gyulassy, Danielewicz, ...

expansion in gradients — limited to small gradients and viscosities

zero baryon density limit: 0, T"" = 0 with

T" = (e+p)utu’—pg"'+n(V'u’ + V'ul — 2AMV u®) + CAMV ,u, @Z'/:Ag::(;uuuv

n, ¢ - shear and bulk viscosities

features: - entropy production: 0,S%g >0
- sound attenuation: w(k) = ek — K°T, , T, =12k
- slower cooling (1D Hubble): g—f_ — —@(1 — %) Gyulassy & Danielewicz '85
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back in '80s, estimate for QGP was: 7/s ~ 1

with recent “perfect liquid”’ assumption: n/s = 1/4x
DM @ RHIC/AGS Users' Mtg (June 2005):
entropy production relevant at RHIC already for “minimal” viscosity:

for 1D Bjorken expansion, ideal gas ¢ = 3p oc T%, O;u; # 0 (3,5 € {0, z})

de+e—|—p dn 4 e+p
dT T 372 3 Tr2

(’7'0 = 0.6 fm/c, T() ~ 300 MeV, TQGP ™ 3 —5 fm/c, K = 1/47-(-)

even larger in realistic case (not uniform 1D, also mixed phase)
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Causal viscous hydro

Mueller ('67), Israel & Stewart ('79), ..., Muronga, Teaney, Chaudhuri, Heinz, Romatschke, ...

naive Navier-Stokes violates causality (parabolic modes)

causal formulation i) has new dynamical variables
heat flow ¢, bulk pressure II, shear tensor 7;;

ii) needs further input: relaxation times 7;(p,np)

e.g, for 1D Bjorken flow:

instead of

. 477 — ,_naive
My = —7— =T,
3T

we have

Lo 14 Tr 4 nl 7:7T naive
TrT 22 M2z =T,
2T 2 \nT

— sufficiently close to equilibrium, causality is restored
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Key point

e with (viscous) hydro we can study the hydrodynamic limit of the
“real” theory (which we otherwise cannot solve)

e several different theories have the same(!) (viscous) hydrodynamic
limit

= we can get our (viscous) hydro solutions via solving any one of the
equivalent theories

this way, we can study viscous hydro today, while viscous hydro algorithms
being developed
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Covariant transport

Boltzmann ..., Israel, Stewart, de Groot, ... Pang, Zhang, Gyulassy, DM, Vance, Csizmadia, Pratt, Cheng, Xu, Greiner ...

Covariant, nonequilibrium approach - formulated in terms of local rates.

stcatterin n2 (:Ij)
'y o) = L — g
2-2(7) d*x 2
transport eqn.: fz(.f, D, t) - phase space distributions

source 2 — 2 (ZPC,GCP,...) 2+ 3 (MPC, Xu—Greiner)

/\

5@ 5t + CHAERY 4+ CrUfUE L) + ...

p'ua,ufi(:a ﬁa t)

algorithms: OSCAR code repository @ http://nt3.phys.columbia.edu/OSCAR

HERE: utilize MPC algorithm pwm, NPA 697 (102)

D. Molnar, QM2006, Nov 14-20, 2006 9



Hydrodynamic limit of transport

3
e energy-momentum tensor: T""(x) = > . fd—;p“pyfi(x,ﬁ)

charge current: NE(z) =, f%pp“cifi(a:, D)

entropy current: St(x)=>,[ d%pp“fi(a:,ﬁ) {1 —In[fi(z,p)R’] }
conservation laws: 9, 7" =0, J,Nt =0

dissipation: 0,5* >0 = entropy production, in general

e Ideal fluid limit A\ — O: local equilibrium f = (27)° exp[p,u"(x)/T(z)]
T/Y = (e + p)uru” — p g"”

0,5 =0 = entropy conserved

e Viscous hydro A\ < length & time scales: near equilibrium - slowly varying

shear viscosity 7 ~ 0.8— | relaxation time 7, ~ 1.2)\,,
Otr

Israel, Stewart ('79) ...
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DM & Gyulassy, NPA 697 ('02): v2(PTs X)
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elliptic flow sensitive to dissipation (finite rates)

parton transport model MPC
2 — 2 only

Au-+Au © 130 GeV, b =& fm

- minijet initconds

- 1 parton — 1 7 hadronization

need o,, ~ 45 mb — 15x perturbative 2 — 2 rates

inelastic 3 < 2 helps by factor ~ 2 — 4 (enhances o,), still not enough Xu, Greiner
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No, still not ideal fluid

ideal hydro vs transport comparison for ultra-relativistic ¢ = 3p with 2 — 2

from identical RHIC Au+Au initconds, b = 8 fm

DM & Huovinen, PRL94 ('05): final Ug(pT) UQ(T, pT) for Ogg = 47 mb
0.3

0.2

v9 at b = 8 fm
v9 at b = 8 fm

even a tiny viscosity matters, if gradients are large

- need |[AT"| ~ n|0“*u"”| < p, i.e.,, n/s K€ 3/16 - TT ~ 0.1 — 0.2
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n/s for transport

“minimal” viscosity - corresponds to )\, ~ 1/(37.7) ~ 0.1 fm at 79 = 0.1 fm

1
(n)otr

estimate from average density: )\, =
for b = 8 fm @ RHIC, transport with 47 mb gives

Air(T0) = 7395885 ~ 1 —2 x 1072 fm

estimate from transport opacity x: assuming 1D Bjorken expansion

0 L

X= [ dzp(Z)on ~ [ drpyon = 5Tk

for b = 8 fm @ RHIC, transport with 47 mb gives x ~ 20

— Air(10) ~ 1.5 —2 x 1072 fm (!)
= 049 ~ 50 mb is already better than best-case scenario
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o ~ 47 mb dynamics corresponds to n/s~1/(cT?)

™~ 107~ 207[ ,
0.1 fm 1 —3fm T

initially “better than perfect”, after 7 ~ 1 — 3 fm “less than perfect”
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n/s = const, needs growing o (1) oc 1/T? o< 7%/3

redo comparison with “minimal viscosity” - o,,(7 =0.1 fm) ~4 —9 mb

DM '06
0.3 - . - .

0.3

7o = 0.1 fm

0.2 0.2
o

0.1 0.1

0§ 1 5 3 0

pr |GeV]

= still 20 — 30% reduction, even at low pr
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main effect of viscosity - momentum anisotropy: piongit/Peranse > 1

7

Dz = Py Ep—f > p,=p+ T,

causal viscous hydro for 1D Bjorken:

DM & Huovinen ('06):

. 4p T2

P 3r 37
i Tos ST i 4 8p
T2z Py — T
T \6Ar(7) 3 97

i) constant cross section: \;.(7) = \-(70)7 /70

. Tr p? ()7’
ii) constant 7)/s: Air(T) = )\tT(T())TOQTO = )\tr<7_0)p2(7_0)7_g

these two cases are quite different because after 7 >~ few 7g:

i) gives p,/p, = const < 1
ii) gives p,/p, — 1 slowly from below
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DM & Gyulassy ('00): 3+1D kinetic theory

Gyulassy, Pang, Zhang ( 97): 1+1D kinetic MPC vs hydro (141D and 3+1D)
600 \ w
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v9 at b = 8 fm

Conclusions

can study viscous hydro with dense transport - no acausal behavior

e.g., shear viscosity 1 ~ 47 /504,

o049 = 90 mb gives strong dissipation at RHIC, however early evolution is
inconsistent with (conjectured) lower viscosity bound - “better than perfect”

0.3
0.3
0.2 - 190=0.11fm id. hydro
0.2
5 8 mb x(7/10)%?3 |
0.1
0.1
0
06 T 2 3
pr [Ge\/]

results for ultra-relativistic system (¢ = 3p) indicate that even for “minimal”
n/s = 1/(4m), elliptic flow is 20 — 30% reduced by dissipation
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List of assumptions

initial conditions
- geometry - assumed Glauber-like dN/dy x f(Zr)

other possibilities - “octupole twist” Adil & Gyulassy, PRC72 ('05) ’/ /ﬁ

+

color glass condensate Adil, Gyulassy, Hirano, Kovchegov, Heinz, Dumitru, Nara, ... (‘05 - '06)

- question of initial radial flow

- fluctuations

dynamics
- limited equation of state - no phase transitions
but: most of elliptic flow builds up in the plasma phase

- shear viscosity and shear relaxation time related, determined by same transition probability
but: much faster relaxation violates causality

- 2 — 2 conserves particle number
but: this mainly affects temperature, not energy-momentum balance
also: in local equilibrium, number is conserved - s = 4n

- universal 7/s > 1/(47) - does it apply to QCD?
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it is nontrivial whether causal viscous hydro is a consistent limit

naive Navier-Stokes: comes from separation of scales (long time and
length scales)
- keeps only linear terms in gradients, e.g., 0,u,

causal formulation: keeps second derivatives but ignores the square
of first derivatives
- mixes short and long scales

e.g., kinetic theory: difference between Chapman-Enskog expansion
and Grad’s 14-moment approximation
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Example: Molnar’s Parton Cascade

Elementary processes: elastic 2 — 2 processes + g9 < qq, @ — q¢'qd + 999 < gg

Equation for f(z,p): i ={g,d,d,u,a,..}

e g o ~k; = —itjoktl]? 4
Piouf (z, 7)) = —Z (F555— Fifl) | Mi3ish™| o'z — 34)
23 4 v 2+ 3
f3f4f5 _ — SIS L 254 B

fifa | (M2 345 (12—345)

2345 3 — 2
mt womo fifafs — itimititi|? o4 4
+ 3 Jals — o Mg 123 6°(123—45)
2345 ’

+ gi(x,ﬁ) «— initial conditions

with shorthands:

= (27)° 5, = (L g —p3—ps) = 6*(12 — 34
= (2m)*fo(z,00), [ = [ go5a, 0 (Pitpa—ps—pa) = 6 )
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mean free path: characterizes local conditions

ANx) =

1 A =0 —ideal hydrodynamics
cross section x density(x) A = 00 — free streaming

transport opacity: time-integrated, spatially averaged [DM & Gyulassy NPA 697 ('02)]

X =(neou) (sin® Ocar)  ~ # of collisions per partonxmom. transfer efficiency

X = [ dzp(2) Otransp = [ d2 5

near equilibrium: related to transport coefficients (viscosity, diffusion constants)

e.g., shear viscosity n ~ %%
T
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o = const VS
XX 7'0
@
-
x T2/3
Va)
~—
<
=

since /s < 1/(cT?)
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Lorentz covariance violation

Naive 2 — 2 cascade nonlocal - action at distance d < \/g | o« |

recall - NO-GO theorems in relativistic Hamilton dynamics Currie, Jordan, Sudarshan...

subdivision: rescale f — f-¢, 0 > /¢ = dx ¢ Y% local as £ — oo

DM & Gyulassy ('02): va(pr) spectra
0.2 T T T 1000 717171 71T 1T T3
| MPC Au+Au @ 1304 GeV |
MPC Au+Au @ 130A GeV 100 dN,/dneen: = 1000 ]
dN/dncent = 1000 [\ 20mb gluonic, b = 8 fm 1
0.15 - 20 mb gluonic . Tp = 0.7 GeV
Ty = 0.7 GeV / u 10 b
: f .
o0 g 1
I on F 5 [
= S 01 F
e - initial
001 F — ¢=1, final
0.05 I ¢ = 5, final
0001 £ — ¢ = 50, final
L ¢ = 225, final
| — ¢ =450, final
0 . L ' 0.0001 Lo
0 1 2 3 4 0 1 2 3 4 5 6 7 8
pi [GeV] Pt [GeV]

RHIC (b=8 fm): need subdivision ¢ ~ 200 to eliminate 2 — 2 artifacts
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