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The Big Bang

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.
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The Little Bang (credit: Paul Sorensen/Chun Shen)
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Big Bang vs. Little Bang

Dark Energy - ) :
Accelerated Expansion Credit: P. Sorensen % particle
Afterglow Light expansion and cooling detectors
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc. : lfrn/c X 10—243
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1st Stars
about 400 million yrs.

viscous hydrodynamics
Big Bang Expansion

- Tt~ 0 fm/c w~1 fm/c T ~ 10 fm/c
13.7 billion years -

Similarities: Hubble-like expansion, expansion-driven dynamical freeze-out

chemical freeze-out (nucleo-/hadrosynthesis) before thermal freeze-out (CMB,
hadron pr-spectra)

initial-state quantum fluctuations imprinted on final state

Differences: Expansion rates differ by 18 orders of magnitude
Expansion in 3d, not 4d; driven by pressure gradients, not gravity
Time scales measured in fm/c rather than billions of years
Distances measured in fm rather than light years

“Heavy-lon Standard Model” still under construction — this talk
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Relativistic Nucleus-Nucleus Collisions

Animation: P. Sorensen

Collision of two Lorentz contracted gold nuclei
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Relativistic Nucleus-Nucleus Collisions

Animation: P. Sorensen

Produced fireball is ~10-* meters across
and lives for ~5x10-23 seconds

Collision of two Lorentz contracted gold nuclei
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The Big Bang vs the Little Bangs

4 The Universe

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern  Dark Ages Development of
Galaxies, Planets, etc.
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about 400 million yrs.

Big Bang Expansion

13.7 billion years
Credit: NASA
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Big vs. Little Bang: The fluctuation power spectrum

Big Bang temperature power spectrum (Planck 2013)
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Mishra, Mohapatra, Saumia, Srivastava, PRC77 (2008) 064902 and C81 (2010) 034903
Mocsy & Sorensen, NPA855 (2011) 241, PLB705 (2011) 71

Flow power spectrum for ultracentral PbPb Little Bangs

(Data: CMS, Quark Matter 2012; Theory: OSU 2013)

0.040

0.07

=

i~

10

50 500 1000
Multipole moment, ¢

1500

2000

250(

0.035¢

0.030¢

m = CMS data
— MCGIb. 1/5=0.08 ||
--- MCGIb. n/s=0.20 |{

0.025}

L 0.020)
~ 0.015}
0.010}
0.005}

0.000

0-0.2% @ LHC

0.3 <py <3 GeV

(a)

Higher flow harmonics get suppressed by shear viscosity

A detailed study of fluctuations is a powerful

discriminator between models!

U. Heinz
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Each Little Bang evolves differently!

Density evolution of a single b =8 fm Au+Au collision at RHIC, with IP-Glasma initial conditions,
Glasma evolution to 7 =0.2fm/c followed by (3+1)-d viscous hydrodynamic evolution with MUSIC
using n/s =0.12=1.5/(4m)

Schenke, Tribedy, Venugopalan, PRL 108 (2012) 252301:
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Event-by-event shape and flow fluctuations rule!
(Alver and Roland, PRC81 (2010) 054905)

101

y (fm)
7

10—

‘-10‘“‘-5“”0””5””10”
x (fm)

e Each event has a different initial shape and density distribution, characterized by different set of
harmonic eccentricity coefficients &,

e Each event develops its individual hydrodynamic flow, characterized by a set of harmonic flow
coefficients v,, and flow angles 1.,

e At small impact parameters fluctuations ( “hot spots”) dominate over geometric overlap effects
(Alver & Roland, PRC81 (2010) 054905; Qin, Petersen, Bass, Miiller, PRC82 (2010) 064903)
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How anisotropic flow is measured:

Definition of flow coefficients:

dN (%) AN (@) >© : .
dy prdpr do (b) = dyppoT(b) L2 Z U'S")(y’pT; b) cos (n(¢p—\117(1))> '
D

n=1

Define event average {...}, ensemble average (...)

Flow coefficients v,, typically extracted from azimuthal correlations (k-particle cumu-
lants). E.g. k = 2, 4:

Cn{z} — <{€nz’(¢1—¢2)}> — <{eni(¢1—¢n)}{e_ni(¢2—¢n)} + 52> — <U7% + 52>
cn{4} — <{6ni(q§1—|—¢2—¢3—¢4)}> — 2<{eni(¢1—¢2)}> — <_Ui 4+ 54>

v, is correlated with the event plane while §,, is not (“non-flow"). d3 ~ 1 /M, 84 ~ 1/M?.
4th_order cumulant is free of 2-particle non-flow correlations.

These measures are affected by event-by-event flow fluctuations:

(v3) = (v2)? + 07, (v3) = (v2)* + 60*(v2)?

v,,{k} denotes the value of v,, extracted from the k*"-order cumulant:

vaf2} = \/(v3),  v{d} = /2(v3)% — (v3)

U. Heinz JET Summer School 2014, June 19-21, 2014 16(62)
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“Mach cone” =flow!

“soft ridge”

ATLAS (J. Jia), Quark Matter 2011

Panta rhe

ALICE (J. Grosse-Oetringhaus), QM11

-t
wam

.....

e

1.010
1.008 -

1.006

0.998 —
0.996

0.994 —
0.992

correlated over large rapidity range!

e anisotropic flow coefficients v,, and flow angles 1,

M. Luzum, PLB 696 (2011) 499: All long-range rapidity correlations seen at RHIC are consistent with being entirely

generated by hydrodynamic flow.

e in the 1% most central collisions v3 > vq

Mach cone”-like structure!

— event-by-event eccentricity fluctuations dominate!

U. Heinz

—> prominent
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Event-by-event shape and flow fluctuations rule!

ALICE preliminary ALICE (A Bilandzic) Quark Matter 2011
1.010= PbPb Vsyy = 2.76 TeV
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e in the 1% most central collisions v3 > vo == prominent “Mach cone”-like structure!

e triangular flow angle uncorrelated with reaction plane and elliptic flow angles
—> due to event-by-event eccentricity fluctuations which dominate the anisotropic flows in the

most central collisions
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Derivation of hydrodynamic
equations
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Kinetic theory vs. hydrodynamics

Both simultaneously valid if weakly coupled and pressure gradients are small
hydro equations remain structurally unchanged for strongly coupled systems
p-u(z)
P'0uf(2.p) = C(,p) = === fea(@, p)—F (2., ))
7_1“e1($)
in relaxation time approximation (RTA)

For conformal systems 1.1(x) = ¢/T'(x).

Macroscopic currents:

where

U. Heinz JET Summer School 2014, June 19-21, 2014 20(62)



Ideal fluid dynamics (1)
p-u(x) — u(ﬂi))

deal hydro <= f(z,p) = fiso(2.P) = fiso ( T(x)

(Locally isotropic momentum distribution, not necessarily exponential or in chemical equilibrium)

If not in chemical equilibrium, then 9,7" # 0.

If not exponential in (p-u(x) — u(z))/T'(z), then C(z,p) # 0, but still [ p“C = 0 (energy-

momentum conservation).

For ideal hydro

Jia(w) = n(x) u*(z)

TH = e(z)u*(x)u”(z) — P(e(x)) A* (z)

where A*Y = g* — ytu” = spatial projector in l.r.f.

Write
ot = Fut + p<u>

where F = u-p=energy in l.r.f., p'# = A*p, = spatial momentum in l.r.f.

U. Heinz JET Summer School 2014, June 19-21, 2014 21(62)



Ideal fluid dynamics (II)

Then

n(x) =

(u-p) = (E)
e(xr) = <(up)2> — <E2>
p(x) = —3 <P<“>p<u>>

Ideal hydro equations follow from

Neq — n(x)
Trel(aj)

8,T" =0

which one can solve for n(x), e(x), u"(x).

Then T'(x), u(x), P(x) follow from the EOS.

Note: if system is locally isotropic but not in chemical and thermal equilibrium, this can be accounted for
by non-equilibrium chemical potentials and a non-equilibrium pressure in the EOS P(e,n) = P(T, u).
In this case one sees non-zero entropy production 9,S" ~ 1/7e # 0.

U. Heinz JET Summer School 2014, June 19-21, 2014 22(62)



Israel-Stewart viscous fluid dynamics (1)

f(z,p) = fiso (pﬂ(?(;)Ma:)) +of(z,p)

Separation made unique by Landau matching:
first define l.r.f. by T*"u, = eu* with u”u, = 1 = fixes flow vector u*

Next, require

e(z) = eiso(T, ) = (E7) = (E%)iso(T, 1)
n(z) = niso(T, 1) = (£) = (E)iso(T, 1)

—  (E)s = (E?)s =0 = fixes T(x), u(x)

Viscous decomposition of j#, TH":
j,u — ]fé + VK VH = <p<ﬂ>>5
v __ MY 1 v . 1 16" v o__ 1
T = T — AR + M= =5 (P pa))s, 7 = (p¥p");
Here AUW) = ALY AP with A af = 3 (A% A7 + A A"} — LA Ay

— 7 = T} has 5 independent components (3 for (241)-d, 1 for (0+1)-d)

Altogether 9 viscous flow degrees of freedom.
U. Heinz JET Summer School 2014, June 19-21, 2014 23(62)




Israel-Stewart viscous fluid dynamics (1)

Israel-Stewart equations of motion for viscous pressures (Israel&Stewart 1979, Muronga 2002):
Define F' = DF = v, F, 0 = 0-u, 0" = O\ HyV)

ft =~ 1 o+ 11079, ()| =~ [+ ).

T11I 2CT i
7.T<'UJV> = A,UJJDﬂ_aB — _i ahY 2770“1/ + 7T'UJV77T({9 Twu“ = _i [7-‘-,&1/_277/0_#1/]
af T H 277T 7-7/1' ’

where 1), ( are shear and bulk viscosity (first order transp. coeffs.), 711, 7, are shear and
bulk pressure relaxation times (second order transp. coeffs.), and

7_1/‘[: 0 ) 7_7/7: - ) C/: C ) 77/: !
14+ o L4 vz 14+ o L4 vz
7
o= %CT@L (;ﬂ) > gme,
1 T ut 4
Yr = EnTau (277T> > §T7T97

where the arrow indicates the conformal limit.
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Israel-Stewart viscous fluid dynamics (l11)

The Israel-Stewart equations are not the most general form of second order equations
of motion for the viscous pressures. For a complete set of second-order terms, together
with the associated transport coefficients computed from Boltzmann theory, see Denicol,
Molnar, Niemi, Rischke, EPJA 48 (2012) 170 (DMNR).

Problem with applying IS theory to heavy-ion collisions:
for early times, as 7 — 0,

2
20" = — (0% 4o¥Y) — 3
-

— very large viscous corrections! = 0 f no longer small.

This problem is caused by the rapid self-similar longitudinal expansion.
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Anisotropic hydrodynamics (AHYDRO) (I)
Martinez and Strickland 2009

A non-perturbative method to account for large shear viscous effects stemming from large difference

between longitudinal and transverse expansion rates.

~

f(ﬂ?,p) — fiso \/p“HMUA(;;V Iu(aj) = fRS(f,p)

where =" (z) = u"(z)u"(z) + £(x) 2! () 2" x. (Romatschke&Strickland 2003)
3 flow and 3 “thermodynamic” parameters: v/ (x); A(x), p(x), £(x).

AHYDRO decomposition:
o [ h 7 1 v v
Jrs = NRsu”, Tts = ersutu” — PrA*Y 4 (Pp, — Pr)zt2",

where, for massless partons (m = 0), the effects of local momentum anisotropy can be factored out:

Nrs — <E>RS — RO(g)niso(Aa ﬁ)?
€Rrs — <E2>RS = R(§)eiso(N, 1),
Pr = <p§"L>RS = Rr,0(§)Piso(A, I1).

(See paper for R-functions.) The isotropic pressure is obtained from a locally isotropic EQS,

RSO(Ay /1) — Hso(eiso(Aa ,l]), niso(Aa ,a))
For massless noninteracting partons, P, (A, i) = zeis, (A, ji) independent of chemical composition.
U. Heinz JET Summer School 2014, June 19-21, 2014 26(62)




Anisotropic hydrodynamics (AHYDRO) (I1)

Martinez and Strickland 2009
If we want to compare AHYDRO with ideal and IS viscous hydro, we need to assign the locally anisotropic
system an appropriate temperature T'(x) = T({(m),A(m), /1(90)) and chemical potential p(x) =

,u(g(a:), A(x), ﬁ(a:)) and think of frs(&, A) as an expansion around the locally isotropic distribution
fiso(T"). This is done by “dynamical Landau matching”: We demand that ers(&, A, i) = eiso(T, 1)
and nRS(ga A7 ,&') — RO(E)niSO(T7 :U’)

For example, using a Boltzmann distribution for fis,(x, p) with u = & = 0, one finds (Martinez &

Strickland 2010)
T = ARY(¢)

With this matching we can write
Ths = T3y" — (AP + IIgg) A" 4 mig
where

1 af
AP+ Tlys = — /paA po(frs — o) (=0 for m = 0),

p
xlx” + yry” — 22127

3

ﬂ-/].;L{g — /p<,upy>(fRS - fiso) — (PT—PL)
p

We see that mgg has only one independent component, Pr—Pp, so AHYDRO leaves 4 of the 5

components of """ unaccounted for.
U. Heinz JET Summer School 2014, June 19-21, 2014 27(62)




Anisotropic hydrodynamics (AHYDRO) (111)

Martinez and Strickland 2009

For massless particles we have

Pr— Py,
Piso(e)

= Rr(§) —RL(§),

so the EOM for 75 can be replaced by an EOM for €.

For m # 0, to separate AP from the viscous pressure II, we need an “anisotropic EOS”

for
AP 2Pr+ Py

f)iso 3f)iso

1.
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Viscous anisotropic hydrodynamics (VAHYDRO) (1)

f(x,p) = frs(x,p) + 5f($,p) = fiso (\/puEW/(iC)pu — ()

) +6f(z,p)

A(z)
Landau matching: THu” = eu” with ufu, =1 = fixes u”
no contribution to e, n from 4 f: (E); = (E); =0 = fixes A, [i.
no contribution to Pr— Py, from 4 f: x“xﬁy“g”_%“z” (pirp¥)): = 0 = fixes .

VAHYDRO decomposition:

G* = i+ VH VH = <p</i>>g’
- ~ 1

w, 7 = 7w, = (2w yuys—22,2,) T = 7 = 0 = 7" has 4 degrees of freedom.

Strategy: solve hydrodynamic equations for AHYDRO (which treat Pr — P, nonper-
turbatively) with added viscous flows from ¢ f, together with IS-like “perturbative”

equations of motion for II, V#, 7H",
U. Heinz JET Summer School 2014, June 19-21, 2014 29(62)




Viscous anisotropic hydrodynamics (VAHYDRO) (1)

Hydrodynamic equations of motion:

o, =C = fp C(x,p) = nrs = —ngrsb — 8M\7“ + w in RTA

rel
0,T" =0 =
e — —(€+PT)9J_ — (6+PL)@ — ﬁ@ -+ ,ﬁ.MVO-W/'

~ ~ . L U 1 u 2 L
(e4Pr+10)i, = —8, (Pp+11) — uy (Pr+I1) — u (Pp—Pp)%0 + ( S o y2 V) 8,7,

v

where 8, = O0,ug+V ,-u, and D, = (uxf?y — ’U,yam)/’ud_.

(e+Pr+Iu,d, = —D  (Pr+II) —

To derive equations of motion for II, V*, and 7#”, we follow DMNR (2012).
lgnoring heat conduction by setting g = 0 and taking m = 0 we find (Bazow, UH,
Strickland, 1311.6720)

» 1 Y
7 = 2wy — [(P—PT)AW + (PL—Pr)z"2" + ﬁ“”] + KB 4 LB HE 2y

Trel

F OV g + X MUV az — 200 7MY 4 27 MY — 280 #7170,
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Test of vAHYDRO: (0+1)-dimensional expansion (1)

For (0+1)-d (longitudinally boost-invariant) expansion, the BE can be solved exactly in RTA (Florkowski
et al.,, PRC88, 024903 (2013)), and the solution can be used to test the various macroscopic hydrodynamic
approximation schemes.

Setting homogeneous initial conditions in r and 715 and zero transverse flow, 7" reduces to a single
non-vanishing component 7: 7" = diag(0, —7 /2, —7/2,7) at z = 0.

We use the factorization nrs(EA) = Ro(€)nis(A) etc. to get EOMs for £, A, 7

& A 22— e
14+¢ 6A_T+Trel <1 IHeR (g)),

R'(£)€ + 47%(5)% = - (R(i) + %m(&)) % + #
i = = [(R© = Ru©) Pult) + 7| = 327
2[R (ruo) - 2r©)) + (- 8) (R0 - 2ri©)) | Pt

Tdel and 7/ s are related by (Denicol, Koide, Rischke, PRL 105 (2010))
nfs o /s
T~ RUHEA

We solve these equations and compare with the exact solution:
U. Heinz JET Summer School 2014, June 19-21, 2014 31(62)
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Test of vAHYDRO: (0+1)-dimensional expansion (1)

Pressure anisotropy Pr,/Pr vs. T:
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Test of vAHYDRO: (0+1)-dimensional expansion (111)

_ . n(7e)T
Total entropy (particle) production (77) 7 —1
n(7o)-To
3'0; @ee e e e FExactSolution .t o
| = = = = vaHydro ‘
R aHydro
J ] mm———— 3"_order hydro
15 207 cevannna 2" _order hydro [N
=S . _ -
E 1 5; 'l ; /\
& c S .
g — ‘\, /
E10 Prans \
1 : ,' \'\ S
= i & N \
05" & - .
g . ~
- -o__ > .
00 . | | _T=====]
1 10 100 1000 10*
4nn/S

In the (0+4+1)-d case, which maximizes the difference between longitudinal and transverse
expansion rates and thus the Pr/Pj pressure anisotropy, VAHYDRO outperforms all other
available approaches. We expect it to improve the validity of viscous hydrodynamics for heavy-
ion collisions at early times.
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Advantages of VAHYDRO

e For early times and/or near the transverse edge in heavy-ion collision fireballs, rapid
longitudinal expansion generates large inverse Reynolds numbers for the shear pressure,
R;l = w/7TW7TM,,/PiSO, causing lIsrael-Stewart second order viscous hydrodynamics to break
down.

e The large local pressure anisotropies caused by a large difference in longitudinal and transverse

expansion rates can be treated efficiently by using the non-perturbative AHYDRO approach
which is based on an expanseion around a locally spheroidally deformed distribution fgs.

e This strongly reduces the shear inverse Reynolds numbers fi;l — \/ﬁ“’/ﬁuy/Piso associated
with the remaining shear stress tensor /" resulting from the much smaller deviation 0 f of the
local distribution function from fgs.

e VAHYDRO combines the advantages of AHYDRO with a complete (although perturbative)
second-order treatment of all remaining viscous effects a la Israel-Stewart.

e In a test of (041)-d expansion, which maximizes the difference between longitudinal and
transverse expansion rates, against an exact solution of the Boltzmann equation, VAHYDRO
outperforms all other known hydrodynamic approximation schemes by a considerable margin.

e This should open the door in (341)-d systems to match microscopic pre-equilibrium theories to
viscous hydrodynamics at earlier times than possible with 1S-theory and its variants.

e Byreplacing f = feq+0f by f = frs+ 8 f we should be able to reduce uncertainties related
to & f corrections to the momentum distributions at freeze-out (or, for photons, everywhere)

U. Heinz JET Summer School 2014, June 19-21, 2014 36(62)



Returning to (2+1)-dimensional
viscous Israel-Stewart
hydrodynamics

(VISH2+1)

U. Heinz



Viscous relativistic hydrodynamics (Israel & Stewart 1979)

Include shear viscosity 77, neglect bulk viscosity (massless partons) and heat conduction
(up =~ 0); solve

0, TH =0
with modified energy momentum tensor
T (z) = (e(z)+p(z))ut(z)u”(z) — g p(z) + 7.

Y = traceless viscous pressure tensor which relaxes locally to 27 times the shear
tensor V{*4*? on a microscopic kinetic time scale 7,

Dk = — 1 (nhv — 2y + .

T
where D = u“@u Is the time derivative in the local rest frame.

Kinetic theory relates n and 7., but for a strongly coupled QGP neither 7 nor this
relation are known =-treat 7 and 7, as independent phenomenological parameters.

For consistency: 7,0 <1 (6 = 0"u, =local expansion rate).
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Numerical precision: “Gubser-Test”

Gubser (PRD82 (2010) 085027) found analytical solution for relativistic Navier-Stokes equation with
conformal EOS, boost-invariant longitudinal and non-zero transverse flow, corresponding to a specific
transverse temperature profile.

Marrochio, Noronha et al. (arXiv:1307.6130) found semianalytical generalization of this solution for
Israel-Stewart theory. This solution provides a stringent test for numerical Irael-Stewart codes (very rapid

and non-trivial transverse expansion!)

VISH2+1 (C. Shen, 2013)
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0.0 o —0.04; Vo Lo v —0.03 Vol R
/ 0 \ | I| / O 11 ! :
{ - \ : { fi - i/ 1 “"
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U. Heinz JET Summer School 2014, June 19-21, 2014 39(62)



f@)%1(@] DEPARTMENT OF
PHYSICS

IEBE: e-by-e hydro on demand lgl

\!Initial Condition]
T ——————
Generate Initial < = superMC
Conditions (C++)
J
\ Hydrodynamics ]
: § D LA, ¥ i b -_\
. ﬁ:Ff}-.:_,_._-Lr“‘
) ;': -_1533_.1;:%’?; Hydrodynamic & VISHNew
Ry PRl simulations (FORTRAN)
B L0 S
>
J
\ Cascade ]
r —_— [ iss )
| Particle emission L )
C Hadron re-scattering ) o urQMD b
. __ (FORTRAN) )
Collect particle R
information into R binUtilities
observables _ (Python)
A _/
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@)%1(@] DEPARTMENT OF

sallsl PHYSICS

IEBE package structure

aliaboration

generatefobs.py & submitfobs_xxx.py Generate jobs and run them in parallel

)

)

superMC Initial
condition
generator

M initial
conditions

.~/

A

no

Finished all
events!

yes

\ 4

>

)

iSS Particle
emission

sampler

S

multiple

~

-

Job |
freeze-out
surface info
VISHNew
Hydrodynamics
simulator
Particle space-time and
momentum info
4 )
binUtilities

Spectra and
flow calculator

\_

Particle space-
time and
momentum info

)

[EbeCoIIector Collect data into SQLit:

database

osc2u
prepare

UrQMD
ICs

UrQMD Hadron
rescattering

simulator

~

v

\

J

e
}4»[ zip results and store to results folder ]

!

M

Job 2

v

v

Job N

v

Analyze the SQLite databases file: collected.db

)

IEBE available at https://github.com/chunshen1987 /iEBE.git

U. Heinz

JET Summer School 2014, June 19-21, 2014

4

1(62)



Converting initial shape
fluctuations into

final flow anisotropies —

the QGP shear viscosity
(n/8)qar

JET Summer School 2014, June 19-21, 2014 42(62)



How to use elliptic flow for measuring (1/s)qcr

Hydrodynamics converts VT
spatial deformation of initial state — 0.141 2(‘)‘:?5‘%%'0 -
momentum anisotropy of final state, 0.12- -
through anisotropic pressure gradients 0.10 ]
Q0.08—- =

w

Shear viscosity degrades conversion efficiency  o0.061

) _ (T =1Y%) 0.04 —n— ideal -
Ex = <<y2+5132>> — 51) - <Txa:_|_Tyy> 1 —eo—n/s =0.08
. ) . 0.02 —A—n/s=0.16 .
of the fluid; the suppression of ¢, is monoto- —v— /s =0.24 -
. 0.00 -+ T T T T T T T T T T T T T T
nically related to 7/s. o 1 2 3 4 5 & 7

-1, (fm/c)

The observable that is most directly related to the total hydrodynamic momentum
anisotropy ¢, is the total (pr-integrated) charged hadron elliptic flow vS":

dN;
<T:1::1:_Tyy> ZZ prdefdgbpp% COS(2¢p) dyprdprdo
B D ch
D i prde f dop P dyprdprddy
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How to use elliptic flow for measuring (1/s)qcp (ctd.)
e If ¢, saturates before hadronization (e.g. in PbPbOGLHC (7))

= v$" ~ not affected by details of hadronic rescattering below T

' N,
but: vg) (pr), dudZpr

se changes depend on details of the hadronic dynamics (chemical composition etc.)

change during hadronic phase (addl. radial flow!), and the-

= vo(pr) of a single particle species not a good starting point for extracting 7/s

e If ¢, does not saturate before hadronization (e.g. AuAu@RHIC), dissipative hadro-
nic dynamics affects not only the distribution of €, over hadronic species and in pr,
but even the final value of ¢, itself (from which we want to get 7/s)

= need hybrid code that couples viscous hydrodynamic evolution of QGP to realistic
microscopic dynamics of late-stage hadron gas phase

= VISHNU (“Viscous Israel-Stewart Hydrodynamics 'n’ UrQMD")

(Song, Bass, UH, PRC83 (2011) 024912)  Note: this paper shows that UrQMD =z viscous hydro!
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Extraction of (17/s)qgp from AuAu@RHIC

H. Song, S.A. Bass, UH, T. Hirano, C. Shen, PRL106 (2011) 192301

/s - hydro (n/s) + UrQMD _ 1/ - hydro (n/s) + UrQMD _ N/S
| hydro (n/s)+UrQMD J | MC-KLN ydro (n/s) + UrQ 3; | MC-Glauber  hydro (n/s) riQA) 00
0.25F 0.25 () " (b) .= _m008
I 0.08 008 | _o~ N
0.2 0.16 0.2 016 P ~ e T 0.16
I I A~ TER —a -
W 024 | w 24 . - =% 024
0151 ¢ v 015 - ¢ ,H‘FE'_J‘,"‘,V -
(fm/c) max. - /E -~ "
0.1f Glauber / KLN S To dN/dy 0.1} L ‘ﬁ;/ »
o— 0 0—e 00 04 810 o g2 2 i R g 2
0.05- 4m A—a 008 05 B0 0.05 - VAZ 1 Blkin | o VA2 B
i v | :: Ij’—‘ O:|24 1:2 810 | | © ISYZI:V EDBIHQLN s | | . Nzﬂ’ part'%l
0— - - - 0— - - - - - - -
0 10 20 B’ 30 40 0 10 20 5 30 0 10 20 5 30 40
(U/S) dN /dy (fm”) (US) dN_/dy (fm”) (1/S) dN_/dy (fm”)

1< 47T(77/S)QGP < 2.5

e All shown theoretical curves correspond to parameter sets that correctly Zhi Qiu, UH, PRC84 (2011) 024911

describe centrality dependence of charged hadron production as well as 0.8l ——(e2(e)) (MC-KLN) | (a) -
pzﬂh—spectra of charged hadrons, p.ions aer proton.s at all centralities 07ﬁ§2§3§ %8}(%31?) ]
o v5 /eg vs. (1/S)(dN¢h/dy) is “universal”, i.e. depends only on 06’+<62(S)> (MC-Glb) |

n/s but (in good approximation) not on initial-state model (Glauber
vs. KLN, optical vs. MC, RP vs. PP average, etc.) (IDIJ 0.5

e dominant source of uncertainty: sg’l VS. s?LN — % 04
_ . V9 0 5 0.3t
o smaller effects: early flow — increases —= by ~ few % — larger n/s w03
ch 0.2

bulk viscosity — affects vgh(pT), but ~ not vg
0.1f

0 5 10 15
b (fm)
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Global description of AuAu@RHIC spectra and v-

107 . .

1 0%~5%*1Q°

1071 50~ 100%"19°

115%~20%
120%~30%/10 ™
30%~40%/o .
10" 40%~50%/0
150%~60%/0 .
10°; 60%~70%/05 ;

70%~80%/10°

1+ PHENIX
i« STAR
—— MC-KLN

110%~15%"0 ™

| QRS MC-Glauber

p; (G

00 05 1.

o 1
eV)

10°

T T T T
T I
0%~10%*707" °‘1M
| :
s

10%~20% =0

Bssy
20%~40%

-
Tk T

40%~60%M0 #=l,

==
60%~80%/10

o n/s=0.0
(ideal hydro)

P

ﬁb’i”;)%!‘
7L

XTI

T

o n/s=0.08
s n/s=0.16
ns=024 ()
00 05 10 15 20
P, (GeV)

MC-Glauber initialization

VISHNU (H. Song, S.A. Bass, UH, T. Hirano, C. Shen, PRC83 (2011) 054910)

0.6 4

0.4 1

0.2 4

0

200 A GeV Au+Au

MC-KLN initialization

charg'ed hadrons

0.0

04 08 12 16 00 04 08 12 16

P, (GeV)

P, (GeV)

VISHNU PHENIX v {EP}
O m (0-5%)+1.2

O @ (510%)+1.0
A A (10-20%)+0.8
YV W (20-30%)+0.6
O @ (30-40%)+0.4
4 <

(40-50%)+0.2

> p (50-60%)

(n/s)qap = 0.08 for MC-Glauber and (n/s)qap = 0.16 for MC-KLN work well
for charged hadron, pion and proton spectra and vo(pr) at all collision centralities
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Successful prediction of vy(pr) for identified hadrons
in PbPb@GLHC

Data: ALICE, Quark Matter 2011 Prediction: Shen et al., PRC84 (2011) 044903 (VISH2+1)
5 - ALICE preliminary, Pb-Pb events at\[s,, = 2.76 TeV = - ALICE preliminary, Pb-Pb events at\[s,, = 2.76 TeV
& centrality 10%-20% i centrality 40%-50%
031 03+ -
[ @I v,{SP, |An]>1} | W7, v,{SP, |An>1} i
| @K V,{SP. jan]>1} | @K V,{SP, jan/>1} -
L [P, v,{SP, JAn|>1} . [P, v,{SP, |An|>1} { % E
0.2 —hydroLHC B ¥ W 0.2 {
r (CGC initial conditions) ; B
01| 0.1}
r B —hydro LHC
L @ - (Cy:GC initial conditions) @
i b4 i (n/s=0.2) W
L ALICE L ALICE
O _L—O/riflill o O O O VO I G O O T R A O 0 O 0 A 0 o PR W A TN NS YT I T S T W T MUY N M Y
0 05 1 1.5 2 25 3 3.5 0 0.5 1 1.5 2 2.5 3 3.5

p, (GeVic) p. (GeVic)

t

Perfect fit in semi-peripheral collisions!

The problem with insufficient proton radial flow exists only in more central collisions

Adding the hadronic cascade (VISHNU) helps:
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v2(pr) in PBPb@LHC: ALICE vs. VISHNU

Data: ALICE, preliminary (Snellings, Krzewicki, Quark Matter 2011)
Dashed lines: Shen et al., PRC84 (2011) 044903 (VISH2+1, MC-KLN, (n/s)qap=0.2)
Solid lines: Song, Shen, UH 2011 (VISHNU, MC-KLN, (n/s)qQgp=0.16)

0.3

1 —VISHNU ---VISH2+1
(n/s)qap=0.16 :
0.2 |
S
0.1
0
0.2
S
0.1
oLt A __p050% | £, 50-60%
0O 10 20 0 10 20 0 1.0 20 3.0

PT (GGV) pPT (GGV) PT (GGV)

VISHNU yields correct magnitude and centrality dependence of vo(pr) for pions, kaons and protons!

Same (7/s)qap =0.16 (for MC-KLN) at RHIC and LHC!
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Successful prediction of vy(pr) for identified hadrons
in PbPb@LHC (Il)

Data: ALICE, Quark Matter 2012 Prediction: Shen et al., PRC84 (2011) 044903 (VISH2+1)
o~
> - - =2 -40°
it Pb-Pb |s = 2.76 TeV 20 ux.F
- ElK

0.2— =P

0.15—
0.1— wtnzn (CGC, 1y/s=0.2)
" AIP Conf. Proc. 1441,766 ALICE
PRC84 044903 PRELIMINARY
| l | J 1 1 /| I || J |
0 0.5 1 15 2 2.5 3 3.5 4
p, (GeV/c)

Radial flow pushes v, for heavier hadrons to larger pp

Theory curves are true predictions, without any parameter adjustment
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Back to the
“elephant in the room™:
How to eliminate the large

model uncertainty
in the nitial eccentricity?
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Two observations:
|. Shear viscosity suppresses higher flow harmonics more strongly

Alver et al., PRC82 (2010) 034913 Schenke et al.. arXiv:1109.6289

(averaged initial conditions) (event-by-event hydro)

o vy S /s 08)v-(deal) |
V2 82 ------- Vn r] S=U. Vn idea i
0.25 |- Vgl€g wraneeee 1 12|y (n/s=0.16)N (ideal) o | 20-30%
Val€g v i 11
0.2 F e Vs/€s 1z ;
c e T ZC 08 L *
&)c 015 - Tt T n ,%T * *
> e 8 06 L * i
N 1 2 o4} 3
005 F e - > 0.2 ¢
0 ' 0
0 0.08 0.16 1 2 3 4 5 6
n/s n

—> ldea: Use simultaneous analysis of elliptic and triangular flow to constrain initial state models
(see also Bhalerao, Luzum Ollitrault, PRC 84 (2011) 034910)
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Two observations:

Il. =5 appears to be less model dependent than =,

Zhi Q|u UH, PRC84 (2011) 024911 Initial eccentricities €,, and angles y,:

08 < (c2(e)) (MCKIN) os—+§ () %gg;gg | (b) )
< 2(s MC-KLN \ ——{€3(s - .
071+ (aaley (MGl r\ | 07t = (eale)) (MCGI) | _ intn _ _ [ rdrder?e™? e(r.g)
gl (2l (MCGIb) | gl ) (MOGI) | " a [rdrder?e(r,¢)
~ @] .
“ 0.5 < 0.5}
|J: s S 0.4l 5% e MC-KLN has larger €9 and &4, but
g @ similar €5 and almost identical €3 as
S 0.3t | o3 ¢ ]
ool |l MC-Glauber
0.1 0.1}
0 : 10 P : 10 15 ® Angles of €9 and g4 are correlated
b (fin) b (fm) with reaction plane by geometry,
081228% Eﬁg%g; © | o8~ gzggi %g%ﬁg @ whereas those of e3 and ey are
L —o—(eg4(e)) (MC-GIb — T e)) (MC-Glb 1 ion-dri
0.7 +§;Es§; gMC-Glbg 0.7 +§§ZES§§ gMC_GIb; random (purely fluctuation-driven)
0.6/ I osl
0.5 0.5 :
S oa L oa e While vg4 and vy have mode-coupling
a0 ar P~ @ N
oal 0al & | contributions  from g9, w3 s
almost pure response to &3 and
0.2/ 0.2t ‘ ] P P . 3
ol ol v3/e3 =~ const. over a wide range of
' ' centralities
% 5 10 5 %0 5 10 15
b (fm) b (fm)

— ldea: Use total charged hadron v§" to determine (1/s)qap,
then check v2 to distinguish between MC-KLN and MC-Glauber!
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Combined v, & v3 analysis: 1/s is small!
Zhi Qiu, C. Shen, UH, PLB707 (2012) 151 and QM2012 (e-by-e VISH2+1)

0.8 ‘ ‘ “m ALICE v3{2}/e212} ‘ ‘ “w ALICE 03{2}/e5{27
06l o ALICE vp{d}/es{a} | 2P o ALICE v,{4}/eo{4}
o e —MC-KLN v2{2}/e2{2} | & g4l —MC-Glb. v2{2}/e2{2} |
5040, ---MC-KLN v,{d}/e,{4} | & 2 p  ~-gMC-Glb. v5{4}/=5{4}
IS ~~~~~ 2 2 > F — . 2 2
02—, 0 .
(a) 04 - (c)
0 | | | | | | : | | | | | |
0.3F L 4 ALICE ’1)3{2}/83{2} i . ALICE ’1)3{2}/83{2}
¢ . — MC-KLN v3{2}/e5{2} 0.3f ) ]
™ ¢ ™ _U3/€3
w 0.2r ¢ 1L
> Y ~0.2F
IS S
0.1f 1 o1l
MC-KLN 75/s = 0.20 ® MC-Glb. 5/s = 0.08 (d)
0 ‘ ‘ ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘ ‘ ‘
0O 10 20 30 40 50 60 70 O 10 20 30 40 50 60 70
Centrality (%) Centrality (%)

e Both MC-KLN with 7/s=0.2 and MC-Glauber with /s =0.08 give very good
description of vy /g9 at all centralities.

e Only /s =0.08 (with MC-Glauber initial conditions) describes v3/c3!

PHENIX, comparing to calculations by Alver et al. (PRC82 (2010) 034913), come to similar conclusions at RHIC energies
(Adare et al., arXiv:1105.3928, and Lacey et al., arXiv:1108.0457)

e Large v3 measured at RHIC and LHC requires small (1/s)qcp >~ 1/(47) unless
the fluctuations in these models are completely wrong and &5 is really 50%

larger than these models predict!
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Sub-nucleonic fluctuations
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Adding sub-nucleonic quantum fluctuations
Schenke, Tribedy, Venugopalan, PRL108, 252301 (2012)

MC-Glauber -8 8
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Adding sub-nucleonic quantum fluctuations
Schenke, Tribedy, Venugopalan, PRL108, 252301 (2012)

MC-KLN

U. Heinz JET Summer School 2014, June 19-21, 2014 56(62)




Adding sub-nucleonic quantum fluctuations
Schenke, Tribedy, Venugopalan, PRL108, 252301 (2012)

|IP-Glasma -8 8
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Towards a Standard Model of the Little Bang

B. Schenke: QM2012
0.25

ALICE data v, {2}, py>0.2 GeV | | ATLAS 20-30%, EP

==

n/s =0.2 02 |

centrality percentile pr [GeV]

. . . . . Schenke, Tribedy, Venugopalan,
With inclusion of sub-nucleonic quantum fluctuations  Phys.Rev.Lett. 108:25231 (2012)

and pre-equilbrium dynamics of gluon fields:
— outstanding agreement between data and model

Rapid convergence on a standard model of the Little Bang!

Perfect liquidity reveals in the final state initial-state gluon field correlations
of size 1/Qg (sub-hadronic)!
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What We Don’ t Know

B. Schenke: QI\{I)23012

ATLAS 30-40%, EP

#s0lid: 1/s =0.2
dashed: n/s(T)

Model doesn’t distinguish between a constant n/s of 0.2 or a
temperature dependent n/s with a minimum of 1/41

Need both RHIC and LHC to sort this out!
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Other successes of the Little Bang Standard Model

Gale, Jeon, Schenke, Tribedy, Venugopalan, arXiv:1209.6330 (PRL 2012)

100 ‘ ‘ ‘ ‘ ‘
- = 20-25% |g, IP-Glasma = -a-a-
0.2 1"lvy == | RHIC 200GeV, 30-40% 10l vi IP-Glasma+MUSIC ~ ——— | |
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0.15 open: PHENIX § it 1l
% 0 n/s =0.12 % 01 ¢ - pt > 0.5 GeV
i I S VS ] > I
N o nl<25 I
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0.05 m’ L - ] Vol W, €,/ 50
NS Saard 100 ‘ ‘ ‘ ‘ ‘
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e Model describes RHIC data with lower effective specific shear viscosity /s = 0.12
e In contrast to MC-Glauber and MC-KLN, IP-Sat initial conditions correctly reproduce the final flow

fluctuation spectrum, generated from initial shape fluctuations by viscous hydrodynamics
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The Little Bang fluctuation power spectrum:
initial vs. final

Little Bang density power spectra

Flow power spectrum for ultracentral PbPb Little Bangs
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Higher flow harmonics get suppressed by shear viscosity
Neither MC-GIlb nor MC-KLN gives the correct initial power spectrum! 7 R.1.P.

A detailed study of fluctuations is a powerful
discriminator between models!
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Problems in d4+Au and p+Pb

Ideal hydro with multi. flucts. & pre-equilibrium flow (Qin and Miiller, PRC89 (2014) 044902 (2014))
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Data are well described by ideal hydro, so viscous hydro will overpredict vs
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Single event anisotropic flow coefficients

In a single event, the specific initial density profile results in a set of complex, y- and pp-dependent flow
coefficients (we'll suppress the y-dependence):

ino dN
J prdprd¢ e dypTdPTd¢ — {ein¢}

J prdprdd dyppoqus

inWw
Vi, =v,e "=

dyp dp d¢ y ¢
T T P {ezn } )

Vn(pT) _ Un(pT)ein‘I/n(pT) —

f ¢ dyppoTd¢

Together with the azimuthally averaged spectrum, these completely characterize the measurable single-
particle information for that event:

dN — 1 dN (1 + 2 Z v, cos[n(¢ — an)]) :
n=1

dyde 2w dy
dN 1 dN
dy prdprd¢  2mdyprdpr

142 Z vn(pr) cos[n(¢p — qfn@T))]) :

n=1

e Both the magnitude v,, and the direction ¥,, ( “flow angle”) depend on pr.
o v,, V,, v,(pr), ¥,(pr) all fluctuate from event to event.
o U, (pr)—V, fluctuates from event to event.
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Higher order event plane correlations in PbPbOLHC
Data: ATLAS Coll., J. Jia et al., Hard Probes 2012
Event-by-event hydrodynamics: Zhi Qiu, UH, PLB 717 (2012) 261 (VISH2+1)
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VISH2+1 reproduces qualitatively the centrality dependence of all measured event-plane correlations
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Higher order event plane correlations in PbPbOLHC

Zhi Qiu, UH, PLB 717 (2012) 261

Initial-state participant plane correlations disagree with final-state flow-plane correlations
—> Nonlinear mode coupling through hydrodynamic evolution essential to describe the data!
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Higher order event plane correlations in PbPbOLHC
Data: ATLAS Coll., J. Jia et al., Hard Probes 2012
Event-by-event hydrodynamics: Zhi Qiu, UH, PLB 717 (2012) 261 (VISH2+1)
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VISH2+1 reproduces qualitatively the centrality dependence of all measured event-plane correlations
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Higher order event plane correlations in PbPbOLHC

Zhi Qiu, UH, PLB 717 (2012) 261
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Initial-state participant plane correlations disagree with final-state flow-plane correlations
—> Nonlinear mode coupling through hydrodynamic evolution essential to describe the data!

U. Heinz JET Summer School 2014, June 19-21, 2014 67(62)



Test of factorization of two-particle spectra

Factorization VA (pr1, pr2) := ({cos[n(p1—d2)|}proprs) = “Un(pr1) X vn(pr2)“ was checked
experimentally as a test of hydrodynamic behavior, and found to hold to good approximation.

Gardim et al. (PRC87 (2013) 031901) pointed out that event-by-event fluctuations break this factorization
even if 2-particle correlations are exclusively due to flow.

They proposed to study the following ratio:

Vaa(pr1, p12) _ (U (Pr1)vn(pT2)cos[n(V,, (pr1) =Y, (p12))])
\/ Var (P71, p11) Ver (P12, DT2) v [2](pr1)vn 2] (PT2) .

rn(PT1, PT2) =

Even in the absence of flow angle fluctuations, this ratio is <1 due to v, fluctuations (Schwarz
inequality), except for pr1 = pro. But it additionally depends on flow angle fluctuations.

To assess what share of the deviation from 1 is due to flow angle fluctuations, we can compare with

(vn(pr1)vn(pr2)cos[n(V, (pr1) —Va(pr2))])
<vn (pTl)'Un (pT2)>

Tn(pT1, PT2) =

which deviates from 1 only due to flow angle fluctuations. Again, this ratio approaches 1 for pr1 = pro.

Gardim et al. studied 7, for ideal hydro; we have studied r,, and 7, for viscous hydro (UH, Z. Qiu, C.
Shen, PRC87 (2013) 034913) and found that about half of the factorization breaking effects are due to

flow angle fluctuations.

U. Heinz JET Summer School 2014, June 19-21, 2014 68(62)



Breaking of factorization by e-by-e fluctuations: v,

Data: Wei Li (CMS), Hard Probes 2013; Theory (prediction!): UH, Z. Qiu, C. Shen, PRC87 (2013) 034913
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Factorization breaking effects appear to be suppressed by shear viscosity.
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Breaking of factorization by e-by-e fluctuations: v;

Data: Wei Li (CMS), Hard Probes 2013; Theory (prediction!): UH, Z. Qiu, C. Shen, PRC87 (2013) 034913
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Factorization breaking effects appear to be larger for fluctuation dominated flow harmonics.
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Breaking of factorization by e-by-e fluctuations: v4

Data: Wei Li (CMS), Hard Probes 2013; Theory (prediction!): UH, Z. Qiu, C. Shen, PRC87 (2013) 034913
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Hydrodynamics qualitatively, and even semi-quantitatively, predicts all observed

factorization breaking effects below pr ~ 2.5 — 3 GeV.
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Pre-equilibrium dynamics (1)

Match pre-equilibrium T*” to viscous hydrodynamic form, at varying matching times

Tmatch-

Extreme case: pre-equilibrium = free-streaming
—> large Timatch <> Slow thermalization; short Taten <> fast thermalization.

Study dependence of final observables on 7,,,,4:cn, and compare with pure hydro calculation
that assumes no evolution at all between 7 = 0 and Typerm = 0.7fm/c.

The following study by Jia Liu uses MC-KLN initial conditions for the gluon phase-space
distribution. Viscous hydro evolution with /s = 0.2.

U. Heinz JET Summer School 2014, June 19-21, 2014 72(62)



Pre-equilibrium dynamics (1)

(va/€9), (v3/e3) for thermal pions (left) and thermal protons (right) (Jia Liu, 2013):
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Pre-equilibrium dynamics (1)

pr-spectra for thermal pions (left) and thermal protons (right) (Jia Liu, 2013):
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vaHydro: Viscous Anisotropic Hydrodynamics

D. Bazow, UH, M. Strickland, 1311.6720

Viscous Hydrodynamics Expansion

f(T, X, p) — feq(pv T(T, X)) + 5f

A

—— |sotropic in momentum space

Anisotropic Hydrodynamics Expansion

f(Ta X, p) — faniso(p, A(T, XZ, §(’7’, XZ ) -+ 5]2;

A\

~ ~

T anisotropy

- “Romatschke-Strickland” form in LRF

LRF _ ¢ VP2 +E(x, 7')2@)

aniso A(X,T)
)
<= 2<p%> ! L/

—1<€£<0 £E=0

Anisotropic hydrodynamics (AHYDRO) was developed by Strickland and Martinez, 1007.0889. It treats non-equilibrium
(viscous) effects arising from a spheroidal deformation of the local momentum distribution exactly (i.e. non-perturbatively),

but ignores other viscous corrections. VAHYDRO adds the remaining viscous corrections ~ 0 f perturbatively, as usually done

in other viscous hydrodynamic frameworks.
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vaHydro Equations

Skipping over the gory details the final 14-moment approximation result is

N =-N60 -9, V" +C.

[D. Bazow, U. Heinz, and MS, 1311.6720]

€+ (E+PLAI + (PL—P1)— +u, 9,7 =0,
= . = . % ] uoux T
(E+PL+H)t, + O (PLHI) + ue(PrLHI) + (PL—PL) — A7, = 0,
= = _—— UpUy 2 A
(E+P L+, + Oy(PLHI) + uy(PLHII) + (PL—PL) = AT B =
. i 1 * Orange-boxed terms
1= —?HJF% Crt + W, + UMV u, are new
. 1 v . * Dot indicates a
+ AN 0 + Ty Vi, — =V (2 V) = 6pi 110 . o
! S Am ( 1 ) e convective derivative
: i 5 1 « Complicated bits in last
V(M) s V,u 4 C(M)l + Z/L Vuwyu + 5{"/‘/‘/#0 . AH)\ v (,7: 17}1/)\) omp Icate ITS IN [aS
Y i 4 ] W two equations
AT Wiy Mo Voa®® 4 Tl 4+ L VPIL 4 TIO*, correspond to
Tl = —ﬁfr‘“’ THYY) 4 2 C““’ + KCH + LM + HE A 5y 4+ QF 2V g + XUV a2 d|5$|pajnve fo.rces
A A e L At T By . and anisotropic
_2)\77ﬂm~a(uo_ v)a 2 2ﬁ_>\<uw 1 3. 2)‘71-HHO-MV 4. 2)‘;Vv<ﬂ VI/> 4. 27_;V‘~/<Muu> o 257?;-#7}'_,1“/& . transport coefficients

In 1311.6720 we simplified these equations for massless particles and (041)-d expansion with longitudinal boost-invariance
and no transverse expansion. For this case the theory can be tested against an exact solution of the Boltzmann equation

(Florkowski, Ryblewski, Strickland, PRC88 (2013) 024903).
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Pressure Ratio Comparisons
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[D. Bazow, UH, M. Strickland, 1311.6720]
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Entropy Generation

[D. Bazow, UH, M. Strickland, 1311.6720]
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In the (0+1)-d case, which maximizes the difference between longitudinal and transverse
expansion rates and thus the Pr/Pj pressure anisotropy, VAHYDRO outperforms all other
available approaches. We expect it to improve the validity of viscous hydrodynamics for heavy-

ion collisions at early times.
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Conclusions (1)

e Quark-Gluon Plasma is by far the hottest and densest form of matter ever
observed in the laboratory. Its properties and interactions are controlled by

QCD, not QED.

e |t is a liquid with almost perfect fluidity. Its specific shear viscosity at RHIC
and LHC energies is

2
(n/8)qep(T.<T<2T.) = o + 50%
7T

This is significantly below that of any other known real fluid.

Precision comparison of harmonic flow coefficients at RHIC and LHC provides
first serious indications for a moderate increase of the specific QGP shear
viscosity between 27 and 37T..

e A more precise extraction of (1/s)qcp requires the simultaneous
determination of the initial fluctuation spectrum.
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Conclusions (1)

e Viscous relativistic hydrodynamics provides a quantitative description of QGP
evolution.

e By coupling viscous fluid dynamics for the QGP stage to microscopic evolution
models of the dense early pre-equilibrium and dilute late hadronic freeze-
out stages, a complete dynamical description of the strongly interacting matter
created in ultra-relativistic heavy-ion collisions has been achieved. This dynamical
theory has made successful predictions for the first Pb+Pb collisions at the LHC
that were quantitatively precise and non-trivial (in the sense that they disagreed
with other predictions that were falsified by the data).

e The Color Glass Condensate theory (IP-Sat model) provides a mostly successful
spectrum of initial-state gluon field fluctuations, but has problems in ultracentral

PbPb and pPb at LHC.

e A large set of flow fluctuation observables, so far only partially explored,
(over)constrains this initial fluctuation spectrum.

— We are rapidly converging on the Standard Model for the Little Bang
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Supplements
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Single event anisotropic flow coefficients

In a single event, the specific initial density profile results in a set of complex, y- and pp-dependent flow
coefficients (we'll suppress the y-dependence):

ino dN
J prdprd¢ e dypTdPTd¢ — {ein¢}

J prdprdd dyppoqus

inWw
Vi, =v,e "=

dyp dp d¢ y ¢
T T P {ezn } )

Vn(pT) _ Un(pT)ein‘I/n(pT) —

f ¢ dyppoTd¢

Together with the azimuthally averaged spectrum, these completely characterize the measurable single-
particle information for that event:

dN — 1 dN (1 + 2 Z v, cos[n(¢ — an)]) :
n=1

dyde 2w dy
dN 1 dN
dy prdprd¢  2mdyprdpr

142 Z vn(pr) cos[n(¢p — qfn@T))]) :

n=1

e Both the magnitude v,, and the direction ¥,, ( “flow angle”) depend on pr.
o v,, V,, v,(pr), ¥,(pr) all fluctuate from event to event.
o U, (pr)—V, fluctuates from event to event.
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pr-dependent flow angles and their fluctuations
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Elliptic and triangular flow comparison (1)

0.06

0.04;

0.02;

KLN, 0-5%

0.15

0.1;

0.05¢

In central collisions, angular fluctuations suppress v, {EP }(pr) and v,{2}(pr) below the mean and

rms flows at low pr (clearly visible for protons)

This effect disappears in peripheral collisions, but a similar effect then takes over at higher p, for both

pions and protons.
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Elliptic and triangular flow comparison (ll): v,, ratios

12—
Lo '-' KLN, 0-5% i ) ,: KLN, 0-5%
AN —mee b — )
' - - -7, 1{2}/1{EP} v o===m, 13{2} /us{EP}
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L Tnmieeny | T ae e
-8.0 1.0 20 0.0 1.0 2.0
pr (GeV) pr (GeV)

Except for where the numerator or denominator goes through zero, for central collisions these ratios
are equal to 2/+/m & 1.13, independent of pr. Expected if flow angles are randomly oriented (Bessel-
Gaussian distribution for v,,, see Voloshin et al., PLB 659, 537 (2008)).

Not true in peripheral collisions, especially not for vo (Gardim et al., 1209.2323)

That this works even for v, {2} /v, {EP} suggests an approximate factorization of angular fluctuation

effects!

U. Heinz JET Summer School 2014, June 19-21, 2014 85(62)



Elliptic and triangular flow comparison (l11): v,, ratios

Central collisions:

1@ | 1(b) (, - J
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— The angular fluctuation factor {(cos[n(V¥,(pr)—W¥,)]) completely dominates the pp-dependence of

these ratios!

— Angular fluctuations have similar effect as poor event-plane resolution: they reduce v,,.
— Angular fluctuations are effective both at low and high pr, but not at intermediate pr.
— The window for seeing flow angle fluctuation effects at low p7 is smaller for pions than for protons.
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Elliptic and triangular flow comparison (1V): v,, ratios

Peripheral collisions:

13
0.8 Glb, 60-70% ' Glb, 60-70%
0.6
7, 12{EP}/(v) ™, v3{EP}/(v3)
== =7, v{2}/122] == =7, v3{2}/v3[2
0.4} P, v2{ EP}/(va) p, v3{EP}/(v3)
. -p,lw{zl}/vz[ ] =D v3{2}/vs[2]

Glb, 60-70%

7, (va(pr)v2)// UQ (pr))(v3) :: 7, (v3(pr)vs)/ v/ ( 7)3 pr)){v3)
0.6 == =7, (co (2(‘1’( )=V )) T ===, (co (3(‘1’( )= )))
. D, (va(pr)v2)//( Uz PT (v3) [ D, (v3(pr)vs)/ /(v (pr))(v3)
. 'P (co (2(‘112( ) :: T , (co (3(‘1’3(29T)—‘I’3)
0.0 1.0 2.0 0.0 1.0 2.0
r (GeV) pr (GeV)

The window for seeing flow angle fluctuation effects at low pp closes in peripheral

collisions.
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Flow angle fluctuation effects for higher order v,,(pr)
Central collisions; solid: (v, (pr)); dashed: v, {EP }(pr):

N I
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T
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As harmonic order n increases, suppression of v, {EP}(pr) (or v,{2}(pr)) from flow
angle fluctuations for protons gets somewhat weaker but persists to larger pr.
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Conclusions

e Both the magnitudes v,, and the flow angles ¥,, depend on p7 and fluctuate from event to event.

e In each event, the “pp-averaged” (total-event) flow angles W,, are identical for all particle
species, but their pp distribution differs from species to species.

e The mean v, values and their pr-dependence at RHIC and LHC have already been shown to
put useful constraints on the QGP shear viscosity and its temperature dependence (see next
talk by B. Schenke)

e The effects of v, and W, fluctuations can be separated experimentally by studying
different V,, measures based on two-particle correlations.

e Flow angle correlations are a powerful test of the hydrodynamic paradigm and will help to
further constrain the spectrum of initial-state fluctuations and QGP transport coefficients.

e Studying event-by-event fluctuations of the anisotropic flows v,, and their flow angles W,
as functions of pp, as well as the correlations between different harmonic flows (both their
magnitudes and angles), provides a rich data base for identifying the “Standard Model of the
Little Bang”, by pinning down its initial fluctuation spectrum and its transport coefficients.
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