The early thermalization and HBT
puzzles at RHIC

Wojciech Florkowski'-? b. 1961

' J. Kochanowski University, Kielce, Poland
2 Institute of Nuclear Physics, Polish Academy of Sciences, Krakéw, Poland

50 Cracow School of Theoretical Physics
Zakopane, June 9 - 19, 2010

iy

W. Florkowski (IFJ PAN / UJK) RHIC puzzles June 16, 2010 1/54



RHIC at BNL

RHIC at BNL

Relativistic Heavy lon Collider at Brookhaven National Laboratory

Google Maps: http://maps.google.com/?11=40.874649, - 72.870598%spn=0.047118,0.079823&z=14

W. Florkowski (IFJ PAN / UJK) RHIC puzzles June 16, 2010 2/54


http://maps.google.com/?ll=40.874649,-72.870598&spn=0.047118,0.079823&z=14

RHIC at BNL Four experiments

RHIC at BNL

Four experiments

PHENIX

- Forward Time Prajection Chamber

BRAHMS PHOBOS

Forword Spectrometer

Mid Rapidity Spectrometer
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line

1. Successes and problems of perfect-fluid hydrodynamics at RHIC

— very good description of one-particle soft hadronic observables:
transverse-momentum spectra, elliptic flow
— problems with two-particle observables (the so called HBT puzzle)

— unphysical (?) very early start of hydrodynamics (later ET puzzle)

2. Resolving HBT puzzle (almost done)

— equation of state
— initial profiles

— initial transverse flow
3. Resolving ET problem (not done yet)

— very strongly interacting matter — AdS/CFT
— Color Glass Condensate & String Models
— this talk: Interpolation between initial weakly interacting system and later strongly
interacting fluid — initial free-streaming or initial transverse-hydrodynamics followed
by the perfect-fluid hydrodynamics, Landau matching conditions
iy
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Outline

Outline

4. Concept of transverse hydrodynamics

— motivation
— general formalism

— description of the RHIC data

5. HBT vs. v» puzzle (?)

— consequences of realistic EOS
— quark-coalescence picture

— inclusion of shear and bulk viscosity

6 Consequences for the early Universe
— no dramatic phenomena at the phase transition
— precise time development at times 5-100 us

7 Conclusions
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1. Successes and problems

1. Soft hadronic production at RHIC — successes
and problems

iy
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1. Successes and problems 1.1 Transverse-momentum spectra

1.1 Experimental transverse-momentum spectra

effective inverse slopes: Toq = T + %mvﬁyd, different slopes — evidence for flow
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1. Successes and problems 1.2 Elliptic flow

1.2 Experimental elliptic flow
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Animation by Jeffery Mitchell (Brookhaven National Laboratory) Phys. ReV.Lett.91 ,1 82301 (2003)
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1. Successes and problems 1.3 HBT radii

1.3 HBT radii — definitions

its i i i - . ]
source emits identical pions, 77", w7 three projections of the correlation
functions
()1.’2
B Ui Gs,9,< 30 MeV/c s+ RawC

2 Standard CC C
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—— Bowler-Sinyukov fit
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1. Successes and problems 1.3 HBT radii

1.3 HBT radii — physical interpretation

0-5%
5-10%
10-20%
20-30%
30-50%
50-80%

@ "Fourier transform"
@ HBT radii
@ Rsjqe - Spatial transverse
extension, A2, = (%)
@ R,y - spatial transverse
extension + emission time,

Ry = (% — v. 1Y) . \
@ Riong - longitudinal

extension (homogeneity T o 0% 0eaT oI 0T 0 o
length), A7, = ((Z — v1)?) m, (GeVic) m; (GeV/c)

@ HBT radii decrease with k7, a STAR,
signal of flow again! Phys.Rev.C71,044906(2005)
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1. Successes and problems

1.4 Experiment vs. theory

1.4 Experiment vs. theory / start of RHIC activity
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1. Successes and problems 1.5 Standard Model/Scheme

1.5 “Standard Model/Scheme” of heavy-ion collisions

main ingredients of the 2+1 models:

@ initial conditions, short thermalization time, 7; < 1 fm
@ Glauber model, e.g., initial entropy/energy density is proportional to the
linear combination of the wounded-nucleon density and binary-collision
density,

oi(X1) or &(XL) o per(XL) = %W(XL)—H@H(XL)

@ Color Glass Condensate

@ initial transverse flow, usually set equal to zero (?)
@ HYDRODYNAMIC STAGE
@ v, data suggest that matter behaves like a perfect fluid main tool:
perfect-fluid hydrodynamics (Shuryak + Teaney, Heinz + Kolb + Huovinen +
Ruuskanen + Voloshin, Kolb + Rapp, Hirano + Nara, Bass + Nonaka, ... )
@ hadronization included in the equation of state
@ freeze-out, Cooper-Frye formula
@ freeze-out hypersurface, thermal description of hadron production

iy
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1. Successes and problems 1.6 Hydrodynamics

1.6 Perfect-fluid hydrodynamics

@ energy-momentum conservation law

8, T =0
@ energy-momentum of the perfect fluid
T = (e + P) utu” — Pgh”
¢ - energy density, P - pressure, u* - fluid four-velocity

@ mid-rapidity (|y| < 1) for RHIC

us ~ 0, temperature is the only independent parameter

@ 2+1 codes
boost-invariance, equations solved at z = 0, solutions for z # 0 obtained by
Lorentz boosts

@ 3+1 codes — general codes in 3 spatial dimensions ﬁ
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1. Successes and problems 1.7 RHIC puzzles

1.7 RHIC puzzles in soft hadronic sector

both the HBT and ET puzzles are related to the applications of hydrodynamics

HBT: discrapancy between the data and hydrodynamic
calculations

— simple parameterizations a la Blast-Wave model very often did a very good job in
describing all soft hadronic observables

— dramatic failure of kinetic models

ET: very early starting point for hydrodynamics

— 7; identified with complete local thermalization time 7erm
— Shuryak, Teaney: 7; = 1 fm, hadronic cascade

— Heinz, Kolb: 7; = 0.6 fm

— Cracow: 7 =0.25 fm

— Pratt: 7, =0.2fm

— partonic cascade models by inclusion of 2 — 3 and back 3 — 2 processes make

Ttherm ™~ 1 fm.

iy
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2. Resolving the HBT puzzle

2. Resolving the HBT puzzle

iy
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2. Resolving the HBT puzzle

@ W. Broniowski, M. Chojnacki, WF, A. Kisiel, PRL 101 (2008)
022301

@ S. Pratt, PRL 102 (2009) 232301 (considerations without v5)

with several improvements done in the hydrodynamic models, the
HBT puzzle is practically eliminated (discrapancy at the level of
10%)

- realistic equation of state (++)

- early start of hydrodynamics (++)

- modified initial conditions (+-)

- shear viscosity included (-+)

- fluctuations of the initial eccentricity (+-)

- two-particle method for the correlation functions important (++)

- Coulomb corrections not important (++)

- fast freeze-out (+-)

iy
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2. Resolving the HBT puzzle 2.1 QCD equation of state

2.1 phase diagrams

@ phase diagram for water @ phase diagram for QCD
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2. Resolving the HBT puzzle 2.1 QCD equation of state

2.1 modeling the QCD at zero baryon chemical

potential

@ hadron gas model for low temparatures

input files from SHARE: Statistical hadronization with resonances
G. Torrieri, S. Steinke, W. Broniowski, W. Florkowski, J. Letessier, J. Rafelski, Comput. Phys. Commun. 167, 229 (2005)

@ lattice QCD simulations for large temperatures
based on: V. Aok, Z. Fodor, S. Katz, K. Szabo, JHEP 0601, 089 (2006)
simple parameterization of pressure: T.Biro, J. Zimanyi, Phys.Lett.B650, 193 (2007)

@ cross-over phase transition, M. Chojnacki, Acta Phys. Pol. 38
(2007) 3249

thermodynamic variables change suddenly at T. but smoothly ,
the sound velocity does not drop to zero

0.4

lattice QCD
0.3} Hadron Gas -

0.1

; 1
/ 1
! 1
/ i
! 1
oo/ 1
0.0 0.5 1.0 15 2.0
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2. Resolving the HBT puzzle 2.2 Initial conditions

2.2 Initial conditions

Nuclear matter profiles play an important role

@ most of the approaches use the Glauber model or Color Glass Condensate,

@ W. Broniowski et al., PRL 101 (2008) 022301, Gaussian profiles (Gaussian
approximation to Glauber)

anN x2 P
- ~ exp - <
dxdy 282 2b?
the widths a and b determined from GLISSANDO, W. Broniowski et al., Comput. Phys.
Commun. 180 (2009) 69

0.030 gaussian fit to GLISSANDO

optical Glauber

0.025}

0.020

< 0.015
0.010 centrality class
20-30%
0.005

0.000 i
0 2 4 6 8 ﬁ
r[fm]
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2. Resolving the HBT puzzle 2.3 Freeze-out (chemical = thermal)

2.3 THERMINATOR

THERMINATOR

THERMal heavy- IoN generATOR

Adam Kisiel, Torasz Tatué

A Kisiel, T.Taluc, W.Broniowski, W.Florkowski, Comput.Phys.Commun.174:669-687, 2006.
http://www.ifj.edu.pl/dept/no4/nz41/therminator/therminator.html

@ Cooper-Frye formula used with the freeze-out hypersurface (T; = const)

@ Monte-Carlo code used for particles generation and decays
@ THERMINATOR 2, M. Chojnacki, in preparation

iy
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2. Resolving the HBT puzzle 2.4 Comparison with the data

2.4 Results for the spectra and v»
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2. Resolving the HBT puzzle 2.4 Comparison with the data

2.4 Results for femtoscopy

A. Kisiel, WF, and W. Broniowski, Phys. Rev. C73, 064902 (2006)

@ two-particle method used to calculate the correlation functions (procedure
mimics closely the experimental situation),

@ the wave function calculated in the pair rest frame (PRF) includes Coulomb
(option)

@ correlation function fitted in the Bertsch-Pratt coordinates (kr, Qout, Gside; Qlong)
with Bowler-Sinyukov correction (option)

C(a7 E) = (1 _)‘)+)‘KCOU1(qinv) [1 + exp (_Rgutzqgut - Rszideqszide - R12011gq12011g>] )

@ HBT radii (Rout, Aside, Riong) Obtained from the fit and compared with data
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2. Resolving the HBT puzzle 2.4 Comparison with the data

2.4 HBT results
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2. Resolving the HBT puzzle 2.4 Comparison with the data

2.4 Oscillations of the HBT radii, isiel et ai, PRC 79 (2009) 014902

o o o
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3. ET puzzle

3. Early-thermalization puzzle
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3. ET puzzle 2.1 Apparent transverse thermalization

2.1 Fluctuating string tension

@ apparent thermalization in string models
Bialas Phys. Lett. B466 (1999) 301
Gaussian fluctuations of the string tension can account for “thermal” character of

transverse-mass distributions

dany /K2 2 K2
L Plr) = | 5 K
ap, ¢ P = e o0\ o

T dn,. 2r
Jogs:-on{ - )
0
2
T—\/Wv y=mnPL.~0
2m

@ similar effects from the fluctuations of color fields in heavy-ion reactions, color-flux-tube

models,
WF, Acta Phys. Polon. B35 (2004) 799
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3. ET puzzle 2.1 Apparent transverse thermalization

2.1 Color glass condensate & Glasma

Larry McLerran et al.

@ Kovchegov Nucl. Phys. A830, 395-402, 2009
at early proper times 7 < 1/Qs the classical gluon fields lead to the following
energy-momentum tensor (Lappi,Fukushima)

e(r) 0 0 0
THY _ 0 0

TE1/Gs 0 0 —e(T)

at later proper times 7 > 1/Qs both the analytical perturbative approaches (Kovchegov)
and the full numerical simulations (Krasnitz) lead to

e(7) 0 0 0

Tuv o 0 e(n)/2 0 0
. - 0 0 e(r)/2 0
>1/a o 0 0 0
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3. ET puzzle 2.1 Apparent transverse thermalization

similar effects from viscosity!

™
w

P3

wIn
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o oo
oo+t o
Y
Il ooo
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e
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3. ET puzzle 2.2 Free-streaming

2.2 Free-streaming, w. sroniowski et al., PRC 80 (2009) 034902

@ thermalization requires some time (7 =~ 0.25 — 1.0 fm)
@ two scenarios

— early thermalization — free-streaming

hydrodynamics
thermalization

Thyp = 0.25 [fm] hydrodynamics
thermalization

free—streaming

yyp = 1.0 [fm]

e = 0.25 [fm]
1 2

r [fm]

r [fm]
0.5
@ model for early stage dynamics

- free streaming of particles, no interactions

_ . . _ ) . e v _ TMHV
sudden thermalization — Landau’s matching conditions, T, u, = Tpem hyd. Uv

@ our results indicate that the two scenarios are equivalent

iy
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PART II

The early thermalization and HBT puzzles at RHIC
PART Il

@ free-streaming = free motion, Boltzmann equation without the collision term, at large times
the correlation y = n builds in (due to pure relativistic kinematics!), P, = 0, another
example of the assymetric energy-momentum tensor, Yura Sinyukov et al.

@ our opinion: delayed but sudden thermalization is equivalent to the gradual thermalization

@ kinetic models: partonic, based on QCD (before hydro stage) & hadronic, UrQMD (after
hydro stage)

@ nodipin cs(T) — no shock waves — (simple) numrical algorithms for solving hydro work,
we do it with Mathematica, later ROOT

iy
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4. Transverse hydrodynamics

4. Transverse hydrodynamics
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4. Transverse hydrodynamics 4.1 Transverse hydrodynamics

4.1 Transverse-hydro concept

@ at early stages only the transverse degrees of freedom are thermalized and described by
hydrodynamics

@ an earlier formulation of this idea:
Heinz and S.M.H. Wong Phys. Rev. C66 (2002) 014907
Heinz and S.M.H. Wong Nucl. Phys. A715 (2003) 649

@ the new implementation
Bialas, Chojnacki and Florkowski Phys. Lett. B661 (2008) 325
correct description of the p, spectra and v»
partons identified with pions
(p.) is conserved in transverse hydro

<pJ_> ~ 2)\slope ~ T\/(1 + V)/(1 - V)

@ most recent developments:
Chojnacki and Florkowski, Acta Phys. Pol. B39 (2008)

Ryblewski and Florkowski, Phys. Rev. C77 (2008) 064906
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4. Transverse hydrodynamics 4.1 Transverse hydrodynamics

4.1 Transverse clusters

@ superposition of non-interacting
transverse clusters

@ each cluster is formed by particles moving
with the same value of rapidity

@ single cluster = 2D hydrodynamics
@ ny(n) - density of clusters in rapidity

2D
Y hydrodynamics

1. E+p 1 t+2z
yZEInE n:§|n
- P t—2z

@ standard parameterization of the four-momentum and spacetime coordinate

p" = (E,pL,p)) (my coshy,p.,m, sinhy)
x* = (t,X.,z) = (rcoshn,X,,7sinhn)

r=vr_ 2z mL:\/m2+p§+p§
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4. Transverse hydrodynamics 4.1 Transverse hydrodynamics

4.1 2D thermodynamics

@ non-interacting bosons

2
Qo(T2, Vo, p) = VgTzvz/ Lp)lz In (1 - e(“me)/Tz)

(2w

@ gluon dominated systems — vy = 16
@ number of particles not conserved — p =0

vgm T2 vg¢(3)T e
g 2 — 2 'D2 2

M2 = 13 =" =2

W. Florkowski (IFJ PAN / UJK) RHIC puzzles
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4. Transverse hydrodynamics 4.1 Transverse hydrodynamics

4.1 Energy-momentum tensor

Qv n H "
@ energy-momentum tensor T)'”, entropy current S, particle current N

T = P+ P) UL~ Po (g + vV
N = D gy = g um
T T

@ four vectors U* and V* are defined by

U¥ = (upcoshmn,ux, uy, g sinhn)
V# = (sinhn,0,0,coshn)

@ rest-frame of the fluid element (similar to CGC, glasma)

&2 0 0 0
que_M | 0 P 0 0
2 =7l 0 0 P O

0 0 0 0
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4. Transverse hydrodynamics 4.1 Transverse hydrodynamics

4.1 Transverse-hydrodynamics equations

@ energy-momentum conservation law
Y
Ty =0

@ entropy conservation
8,8y =0

@ three-dimensional densities of the transversally thermalized system

ey @52» Ugr = 700.27
o
@ hydrodynamic equations
UFOL (ToUY) = YT+ VVVHO,T,
du(ofUr) = 0

iy
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4. Transverse hydrodynamics 4.1 Transverse hydrodynamics

4.1 Initial transverse profiles

@ =0 — two nuclei pass through each other
@ =7 — transverse thermalization

initial flow
Ui(il‘—’L) =0
initial profiles, NOT GAUSSIANS NOW! (mixed model)

. . . K__ o .
02i(XL) = 02(75,X1L) o psr(X1) = 5 @ (X)) + 67 (X1)
- - - —Kk_ -
Egi(XL):Sg(Ti,XL) o psr(XL): > w(XL)-‘rF»:TL(XL)
initial temperature profile (2D bosons)
. vgC(3)T3(m, X1) - 3vgl(8)T2(m, X 1)
(i) = T e ) - SEOTEL)

T2; = T2(7,0)
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4. Transverse hydrodynamics 4.2 Landau matching conditions

4.2 Landau matching conditions

microscopic view: full isotropisation is expected eventually, gradual process approximated
by a delayed step-like transition at =, = const.

@ Landau matching conditions
U, = T{ U,
Té“/ = (63 + P3)UHUU — ng“l/

@ equivalent condition supplemented by the requirement of the entropy growth

n
eff = Lep =ey,

Ttr

n
oy = Lop < o3,

Ttr

@ microscopic approaches:
P. Bozek, Acta Phys. Polon., B39 (2008) 1375 - dissipative hydro,
n very large in the early stage
B. Zhang, L.-W. Chen, C. M. Ko, arXiv:0805.0587 - transport theory
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4. Transverse hydrodynamics 4.2 Landau matching conditions

4.2 Landau matching conditions

@ transverse-hydrodynamics equations are scale invariant — temperature may be multiplied
by an arbitrary factor without the change of the flow profile

@ the following transformation does not change the 3D energy density and flow, but changes
the 3D entropy density in the transverse stage

ng — Ang, To — )\71/3 T

e — &3 off — )\1/3a§r v — v

@ )\, as we shall see, the fit to the data favors fewer and hotter clusters (small ng)
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4. Transverse hydrodynamics 4.2 Landau matching conditions

4.2 Landau matching conditions

@ transverse-hydrodynamics equations are scale invariant — temperature may be multiplied
by an arbitrary factor without the change of the flow profile

@ the following transformation does not change the 3D energy density and flow, but changes
the 3D entropy density in the transverse stage

ng — Ang, To — )\71/3 T

e — &3 off — )\1/3a§r Z o3 v — v

@ )\, as we shall see, the fit to the data favors fewer and hotter clusters (small ng)
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4. Transverse hydrodynamics 4.3 Description of the RHIC data

4.3 Model parameters

Model parameters

no ? overall normalization
To; ? | initial central temperature of 2D system
Tyr | ? freeze-out temperature
T ? initial proper time
Tir ? the 2D — 3D transition time
K ? | admixture of the binary-collision density
uB ? baryon chemical potential
s ? strangeness chemical potential
pr, | ? isospin chemical potential
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4. Transverse hydrodynamics

4.3 Model parameters

4.3 Description of the RHIC data

Model parameters

No
T2i

Ti
Ttr
“B

Hs
KIg

ASIEISIELSRERC IO BEES ]

28.5 MeV
6.9 MeV
0.9 MeV

overall normalization

initial central temperature of 2D system

the
admixture of th

freeze-out temperature
initial proper time

2D — 3D transition time
e binary-collision density

baryon chemical potential

strang

eness chemical potential

isospin chemical potential

chemical potentials g, p

Acta Phys. Pol. B33 (2002) 761

° L Ty

Ss MIys

@ their effect on the evolution of matter is neglected

@ appear only in the thermal distribution functions used to generate particles on the
freeze-out hypersurface
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4. Transverse hydrodynamics 4.3 Description of the RHIC data

4.3 Model parameters

Model parameters

no ? overall normalization
Toi ? initial central temperature of 2D system
Tyr | 145 MeV freeze-out temperature
T ? initial proper time
Ter ? the 2D — 3D transition time
K ? admixture of the binary-collision density
uB 28.5 MeV baryon chemical potential
s 6.9 MeV strangeness chemical potential
Br, 0.9 MeV isospin chemical potential

freeze-out temperature

@ typical values for freeze-out temperature used are ~ 140-145 MeV
@ control the slope of the spectra
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4. Transverse hydrodynamics 4.3 Description of the RHIC data

4.3 Model parameters

Model parameters

No ? overall normalization
T ? initial central temperature of 2D system
Ty | 145 MeV freeze-out temperature
T 0.25 fm initial proper time
Ter 1 fm the 2D — 3D transition time
K ? admixture of the binary-collision density
up | 28.5MeV baryon chemical potential
us 6.9 MeV strangeness chemical potential
BI, 0.9 MeV isospin chemical potential

transverse evolution time interval

@ 7 — 7, > 0.75 fm = radial flow too strong
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4. Transverse hydrodynamics 4.3 Description of the RHIC data

4.3 Model parameters

Model parameters

no ? overall normalization
Toi ? initial central temperature of 2D system
Tyr | 145 MeV freeze-out temperature
T 0.25 fm initial proper time
Tir 1fm the 2D — 3D transition time
K ? admixture of the binary-collision density
uB 28.5 MeV baryon chemical potential
s 6.9 MeV strangeness chemical potential
BI, 0.9 MeV isospin chemical potential

fitting procedure performed for ng, Toj,

@ we find ng, Tpj, &
@ rescale ng, Ty; to satisfy L.M.C.
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4. Transverse hydrodynamics 4.3 Description of the RHIC data

4.3 Model parameters

Model parameters

no no(b) overall normalization
Toi 530 MeV initial central temperature of 2D system
Tyr | 145 MeV freeze-out temperature
T 0.25 fm initial proper time
Tir 1fm the 2D — 3D transition time
K 0.25 admixture of the binary-collision density
uB 28.5 MeV baryon chemical potential
s 6.9 MeV strangeness chemical potential
BI, 0.9 MeV isospin chemical potential

fitting procedure performed for ng, Toj,

@ we find ng, Tpj, &
@ rescale ng, Ty; to satisfy L.M.C.
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0.0t

0.1}

4. Transverse hydrodynamics 4.3 Description of the RHIC data

4.3 Centrality dependence of ng

L T, =530 MeV .
k=025
2 o 4 T 6 o 8 o 10 | 12 |

b [fm]
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4. Transverse hydrodynamics 4.3 Description of the RHIC data

4.3 2D — 3D transition (c=20-30%)

4 =15
200

250

0_2; resb ||| |] ]

7 [fm]
N

T [fm]
N

0.25
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4. Transverse hydrodynamics

4.3 2D — 3D transition (c=20-30%)

4.3 Description of the RHIC data

[ o3 =1y

€ [GeV fm™%)
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4. Transverse hydrodynamics 4.3 Description of the RHIC data

m p,-spectra

c=0-5%x10°, ..., 70-80 % x 107°

100¢

//

H

9
L
;

10—7 L

d?N/(dy 2z prdp;) [GeV 2]

10—10 L

1018 x* PHENIX Au+Au @ 4/ synv =200 GeV

0.0 05 1.0 15 2.0 25
pr [GeV] IE
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4. Transverse hydrodynamics 4.3 Description of the RHIC data

K™ p.-spectra

c=0-5%x10°, ..., 70-80 % x 107°
100k |
— 0.1} 1
1

>
(]
o

& 1074 1
he]
>
o
&
N

2 107¢ 1
=
4

&

kel

10—10 L 4

1072+ K*PHENIX Au+Au @ + syy =200 GeV R

0.0 0.5 1.0 15 2.0 25

pr [GeV] ﬁ
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4. Transverse hydrodynamics 4.3 Description of the RHIC data

proton p, -spectra

c=0-5%x10°, ..., 70-80 % x 107°
100k |

d?N/(dy 2z prdp;) [GeV2]
=
= =
= =

1077¢ 1

10—10 L

e pPHENIX Au+Au @ 4/ syy =200 GeV

10713}
0.0 0.5 1.0 15 2.0 2.5

pr [GeV] ﬁ
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4. Transverse hydrodynamics

m HBT (c=0-5%)

4.3 Description of the RHIC data

c 618 o ]
=4 . s
=] L 4
o
O 21 ag,=007 1
= of : : : : T : ]
€ o Au+Au @ / syy =200 GeV
[ cm— S $-0-5% e
o 4 —
8% ]
o 2 Br.=01 ]
= sf ' ‘ © i Z025fmk =014 T, =530Mev |
E & np=0559 T, =145MeV 1
- 6 k
S 4 a-o0s B
X 2| A,=003 ]
£ 1.3f ]
« 1.2 P’ ]
S~
5 11 ¢ $ .
O 1.} Aryr,=01 1

02 025 0.3

035 04 045 05
kT [GeV]
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4. Transverse hydrodynamics 4.3 Description of the RHIC data

m HBT (c=5-10%)

E ®— . ]
S 40 $ —s ]
’g L ]
o 2F Ag,=01 1
L. \ \ \ \ ‘ ‘ ]
= of ; ; ; ; SRR ; ]
E Lo . AUtAU @ ] syy =200 GeV |
- O 8c=5-10%
S 4 —3 ]
z t ]
x 2

[ Ag,=01 p

7=025fmk =014 T, =530Mev

r np=054 Ty =145Mev 1

A=01
Ag,,=003

Riong [fm]
N A~ O 00

Rout/Rsme
P e
PN w

[ ARu/Riw= 02 ‘ ‘ * ‘ ‘ * ]
0.2 025 03 035 04 045 05 ﬁ
kt [GeV]
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4. Transverse hydrodynamics 4.3 Description of the RHIC data

m HBT (c=10-20%)

EClp_ . ]
=4 L —3
ff 2F Ag,=008 1
= ‘ ‘ ‘ ‘ "o STAR ‘ ]
£ °f AUtAU @ ] syy =200 GeV |
= ° oC=10-20% E
37 —e |
of 2} e,=009 1
= sl ‘ T -025fmk =014 T, =530MeV |
= 6L — Np=0505 Ty =145Mev ]
g 4 A=008 - —e
X 2| Ag,=004 ]
g 1.3r ‘ ‘ ‘ ‘ ‘ ‘ ‘ ]
& 1.2} —: ]
S 11} ¢ + ]
o
O 1. Aryre=01 4 ]
0.2 025 03 035 04 045 05 ﬁ
kt [GeV]
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4. Transverse hydrodynamics 4.3 Description of the RHIC data

m HBT (c=20-30%)

E°, ]
B! i * s
< 2L Ag,=005 ]
'y ‘ ‘ ‘ ‘ 'e STAR ‘ ]
é L AutAu @ 4/ syy =200 GeV |
Hg al e . oC=20-30% .
& 2} 8r.=01 ]
= sf ‘ © 4 2025fmk =014 T, =530MeV |
S 6 Np=043 T, =145MeV ]
? 47 A-o08 ]
X 2} Ag,,=003 ]
8 1.3r ‘ ‘ ‘ ‘ ‘ ‘ ‘ ]
o 1.2+ ]
;£ |
O 1.} Aryre=01 1
0.2 025 03 035 04 045 05 ﬁ
kT [GeV]
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4. Transverse hydrodynamics 4.3 Description of the RHIC data

m HBT (c=30-50%)

ES .
ST — .
ff 2F Ag,=004 1
= ‘ ‘ ‘ ‘ "o STAR ‘ ]
£ °f AUtAU @ ] syy =200 GeV |
= al c=30-50% ]
87— e ° o |
o 2F Ar,=01 ]
— gf’ ‘ T -025fmk =014 T, =530MeV |
g 6 np=034 T, =145MeV ]
Pa e o,
X 2| Ag,=007 ]
g 1.3r ‘ ‘ ‘ ‘ ‘ ‘ ‘ ]
& 12) — ]
311t + ! ]
O 1. Aryre=01 I
0.2 025 03 035 04 045 05 ﬁ

kt [GeV]
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4. Transverse hydrodynamics 4.3 Description of the RHIC data

m HBT (c=50-80%)

ES .
= 1
3 s 4 o 'S
o 2F Ag,=02 1
= ‘ ‘ ‘ ‘ "o STAR ‘ ]
£ °f AUtAU @ ] syy =200 GeV |
= al c=50-80% ]
[
CIN ° [] e |
o 2f Br,=0 1
— gf’ ‘ T -025fmk =014 T, =530MeV |
E 4l =015 Ty =145MeV |
g 4: q'A—O.l; ° o 3
X 2} Ag,=01 — |
g 1.3r ‘ ‘ ‘ ‘ ‘ ‘ ‘ ]
o2 1.2} ]
ERSL: ]
O 1. Arure=003 1
0.2 025 03 035 04 045 05 ﬁ
kT [GeV]
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4. Transverse hydrodynamics 4.3 Description of the RHIC data

v, (C=20-30%)

0.25 T,; =530 MeV Bpike=0.2
Tag = 145 MeV Ap=053 K .
0z0f 7 =025im a=o037 3 protons v, is too large by about 50%
Y oz ,
0.15 possible reasons:
é“om @ lack of the hadronic interactions in the final
’ —— state
0.05 R @ neglecting the viscous effects (inclusion of
Au + Au @ Vsyy =200 GeV the bulk viscosity,
0.00 c=20-40% 3
00 05 10 15 20 P.Bozek Phys.Rev.C81:034909,2010)
pr [GeV]
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5. HBT vs v, puzzle?

5. HBT vs v, puzzle?
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5. HBT vs v, puzzle? 5.1 Proton v

5.1 Proton v for realistic EOS is too large!

Gaussian initial conditions transverse hydrodynamics
02 K K 0.25F T " Sa0mev Apc=02
p p Tay = 145 MeV 8p=053 K
o20p; s e cme omfyzoEm  sced
s x ;0>25
0.15] 0.15
g 0.10] - 0.10
0.05] 0.05| = PHENIX
e JSw=200Ge — Au+ Au @ Vs =200 Gev
0985 05 7o 5 20 00055 05 TR 2%
. pr [GeV] pr [GeV]
Huovinen and Petreczky, Nucl. Phys. A837 (2010) 26
0.2 ‘ ‘ —
Vo /
0.16 Vi
0.12 | p
./ﬂ P
0.08 ¢ /" HotQCD ---- |
Laine
0.04 EoSL ----
Krakow -----
0 pr [GeV]] ﬁ
0 0.5 1 1.5 2
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5. HBT vs v, puzzle? 5.2 v, scaling — quark coalescence

5.2 v, scaling

PHENIX, PRL98 (2007) 162301

Eamma RS RASES S R T T
N AR R AN RN RN RN B @ — - ®)
oo | [ sorme ) y ST R
'E;T;TTF:EN'X)SQM(S(TAR) = K2 (STAR) 0 z+Z (STAR) 7
¢ . gu oh
0.21 a%&ﬁ? %’,, #Jﬁ# %’ 4 = 'é%"%(g t éﬁw ¢
< on'
> &?n ' &#ﬁm" LN > 0.0s} o 1 i
cog 5%:"' 'Eg
b .;f% 1 3» i :
o
ou O ® o
oE T ol
.:E:%?qu g .
c\‘.‘d‘b‘mmumum\HH\HH\HH\H R s R R R - R
0 1 40 3 p/n, (Gevic) KE/n, (GeV)
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5. HBT vs v, puzzle? 5.3 Viscosity

5.3 Inclusion of the shear and bulk (!) viscosity

\
P. Bozek, PRC81 (2010) 034909, i
¢ lowers T to 135 MeV

0.15+ £ -
® VQGP+vHG [
3 N v
" 01t -
£ s (HG
= .05 {/s (HG)
0.2F
0 0.15F

0.3

T [GeV]

— vQGP
15 2 25
p, [GeV] qﬁ
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6. QCD phase transition in the early Universe

6. QCD phase transition in the early Universe
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6. QCD phase transition in the early Universe 6.1 Friedman equation

der \/871'G€,q
e R SrTHER P
pr 3 3 (er + PR)

dr, 871G + o)
C§20+3Jew] T:’ = _3\/7TG(53+€e)(6+€ew + P+ Pew)
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6. QCD phase transition in the early Universe 6.1 Solutions of the Friedman equation

6.1 Energy density evolution
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7. Conclusions

7. Conclusions
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7. Conclusions

- the inclusion of the realistic EOS and the bulk viscosity is the most
attractive solution of the HBT-v» puzzle

- the shear and shear viscosities are small — perfect fluid behavior
confirmed

- the finite-state rescattering negligible

- the modified early dynamics helps to circumvent the early
thermalization problems
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