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contesting the hydrodynamical picture of heavy-ion collisions at RHIC
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RHIC energies is best j: i
described by E, 0 ] ]
hydrodynamics of an -0 : : :
almost ideal fluid o | o | .

B in particular, the : | Je
particle 1 i i ] EZ ;
transverse-momentum £ ‘: 1 1 Toi
spectra and v, are very :zo 1 i i o

1= 10mm ] 1= 1aim ] 1=16m | amin

well reproduced by the =

-3 -20 -10 0 10 20 30-30 -20 -10 0 10 20 30-30 -20 -10 0 10 20 30
X [fm] x [fm] x [fm]

hydrodynamic
approach
Heinz, Huovinen, Kolb, Hirano, Shuryak, Teaney, Bass, Nonaka, Hama, Kodama,

Ruuskanen, .......

Early evolution of part February 5, 2008 2/20



Motivation
Motivation

contesting the hydrodynamical picture of heavy-ion collisions at RHIC

B hydrodynamic evolution requires very early thermalization of the system, since the
asymmetry of the transverse flow is produced most effectively at the very early
stage of the evolution, to obtain v, consistent with data it is necessary to start the
hydrodynamic evolution at the time below 1 fm after the collision takes place
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asymmetry of the transverse flow is produced most effectively at the very early
stage of the evolution, to obtain v, consistent with data it is necessary to start the
hydrodynamic evolution at the time below 1 fm after the collision takes place

B the system lives for a rather long time before freeze-out and the ratio Rout/Rside
disagrees with HBT measurements, HBT puzzle
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Motivation

contesting the hydrodynamical picture of heavy-ion collisions at RHIC

B hydrodynamic evolution requires very early thermalization of the system, since the
asymmetry of the transverse flow is produced most effectively at the very early
stage of the evolution, to obtain v, consistent with data it is necessary to start the
hydrodynamic evolution at the time below 1 fm after the collision takes place

B the system lives for a rather long time before freeze-out and the ratio Rout/Rside
disagrees with HBT measurements, HBT puzzle

B in this talk the possibility is explored that, at its early stages, the hydrodynamic
evolution applies only to transverse degrees of freedom of the partonic system
created in high-energy collisions,

the idea pioneered by Heinz and Wong, PRC 66 (2002) 014907
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1.1. Longitudinal vs. fransverse dynamics
1.1. Longitudinal vs. transverse dynamics

the early equilibration, if at all possible, is
particularly difficult fo achieve in
longitudinal direction elastic collisions do
not change significantly the direction of the
colliding partons and thus it requires very
many inferactions to produce a locally
isotropic distribution from the initially strongly
anisotropic one

St. Mréczynski
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1.1. Longitudinal vs. fransverse dynamics
1.1. Longitudinal vs. transverse dynamics

I =

the early equilibration, if at all possible, is fransverse momentum spectra observed in
particularly difficult to achieve in nucleon-nucleon collisions are well
longitudinal direction elastic collisions do described by the Boltzmann distribution the
not change significantly the direction of the  partonic system produced in hadronic
colliding partons and thus it requires very collisions emerges already in a state close
many inferactions to produce a locally enough to equilibrium in the fransverse

isotropic distribution from the initially strongly direction

isotrooi
anisetropic one Hagedorn, ... , Heinz+Becattini, Bialas,

St. Mréczynski Kharzeev, Florkowski, ...
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1.2. Factorization of the distribution function
1.2. Factorization of the distribution function

B our main assumption: the 3D
phase-space distribution function
f(x, p) is factorized into the
longitudinal and transverse part

flx,p) = fH Oeq

B f| - non-equilibrium longitudinal part,
describes essentially free-streaming

B g - equilibrium transverse part,
describes 2D hydrodynamic

expansion
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B useful visualization in terms of discrete

W our main assumption: the 3D independent transverse layers

phase-space distribution function (clusters) y
f(x, p) is factorized into the

longitudinal and transverse part

f(X, p) = fH Geq

+V)

-V
B f| - non-equilibrium longitudinal part, ! i Yeq
describes essentially free-streaming

B g - equilibrium transverse part,
describes 2D hydrodynamic

expansion
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1.2. Factorization of the distribution function
1.2. Factorization of the distribution function

B useful visualization in terms of discrete

W our main assumption: the 3D independent transverse layers

phase-space distribution function (clusters) y

f(x, p) is factorized into the
longitudinal and transverse part

f(X, p) = fH Oeq

N——
I T =V f +V
B f| - non-equilibrium longitudinal part, I Geq
describes essentially free-streaming B with standard definitions of rapidity y

. and spacetime rapidity n
B g - equilibrium transverse part,

describes 2D hydrodynamic E= mjcoshy, p;= mysinhy
expansion t= rcoshn, z= Ttsinhn

T= VP-22, mi = /m+p?
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L Lo ivslie (2l
1.3. Longitudinal part

partons originate at the spacetime point 1, z = 0 and reach the point z after time 1,
v = f = ” , To satisfy this condition and have the correct dimension we define the
IonngudlnoI part as

oy —n)

f||:f705(p||f—EZ): M.

clearly, this assumption makes sense at the early stages of the evolution
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1.3. Longitudinal part

partons originate at the spacetime point 1, z = 0 and reach the point z after time 1,
v = f = ” , To satisfy this condition and have the correct dimension we define the
IonngudlnoI part as

oy —m)
f||:r705(p||f—Ez): M.

clearly, this assumption makes sense at the early stages of the evolution
note: at midrapidity we have

dzdp = my 7 dydn

in our case, the dimensionless parameter ng
determines the inifial parton density in
rapidity
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1.3. Longitudinal part

partons originate at the spacetime point 1, z = 0 and reach the point z after time 1,
v = f = ” , To satisfy this condition and have the correct dimension we define the
IonngudlnoI part as

oy —m)
f||:r705(p||f—Ez): M.

clearly, this assumption makes sense at the early stages of the evolution

r

. o ng small
note: at midrapidity we have
z
dzdp = my 7 dydn
=V +Vvy
in our case, the dimensionless parameter ng r no large
determines the inifial parton density in
rapidity z

= Vi +V 'G
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1.4. Transverse part
1.4. Transverse part

Jeq hass the form of the two-dimensional equilibrium distribution function convoluted with
the transverse flow, for simplicity we use the Boltzmann statistics and neglect the
chemical potential

— —
m Ug—pPL- UL
T

Geq = €XP | —

the transverse flow u* has the structure

N
ut = (u07 Uy, Uy,O) = <UO, UJ_,O)

2

wB-uz =1

Jeq depends on the spacetime coordinates 7, 7, X | via temperature T and transverse
flow u¥

Mikotaj Chojnacki (IFJ PAN) Early evolution of partons February 5, 2008 8/20



2. Moments of the distribution function 2.1. Particle current and energy-momentum tensor

2.1. Particle current and energy-momentum
tensor

we define the particle current and energy-momentum tensor in the standard way, as the
first and second moment of the distribution function

dydPpL 8y —n) novgT?
N o — UH
”0”9/ @2 P Trmp 99T Tonr
dy d’p. sy —m) novgT®
T = oY = 3ULYY — gt — VRV
Novg (2n)? PP e Geq = ( g )

for the p integration the appropriate 2D density of states is infroduced vg/ (2x)2, for
gluon dominated systems vg = 16

L
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2. Moments of the distribution function 2.1. Particle current and energy-momentum tensor

2.1. Particle current and energy-momentum
tensor

we define the particle current and energy-momentum tensor in the standard way, as the
first and second moment of the distribution function

dydPpL 8y —n) novgT?
N+ = H = UH
”0”9/ @2 P Trmp 99T Tonr
dy d’p. sy —m) novgT®
T = oY = 3ULYY — gt — VRV
Novg (2n)? PP e Geq = ( g )

for the p integration the appropriate 2D density of states is infroduced vg/ (2x)2, for
gluon dominated systems vg = 16

ur (coshnug, ux, uy, sinhnug)
vV# = (sinhnp, 0O, O, coshn)

the presence of the four-vector V# in the energy-momentum tensor is related with
special role of the longitudinal direction ﬁ
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2. Moments of the distribution function 2.2. Entropy current

2.2. Entropy current

entropy current (based on the Boltzmann nonequilibrium definition)

dyd’py 8y —n) 3ngrgT?
SH =  —n H In -1 = ur
ovg / @n)2 e (INGeq — 1) =
explicit calculation shows U, 0, T"" = T9,S" - the energy-momentum conservation

implies the entropy conservation, as in the standard 3D hydrodynamics
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2. Moments of the distribution function 2.2. Entropy current

2.2. Entropy current

entropy current (based on the Boltzmann nonequilibrium definition)

3f70Vg T2

T

o - _noyg/dydzm 3(y —n)

p INQeq — 1) = U
(2n)? P e Geq (INQGeq — 1)

explicit calculation shows U, 0, T"" = T9,S" - the energy-momentum conservation
implies the entropy conservation, as in the standard 3D hydrodynamics
global conservation laws for entropy

27

/ drr / dé T2(r, 1, ) Uo(m T, &) = const
0 0
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2.2, Enfropy curent
2.2. Entropy current

entropy current (based on the Boltzmann nonequilibrium definition)

dy d? 1) 3ngrgT?
- —nol/g/ y@ﬂ;} pH (y n)geq(lngeq—l)_%uﬂ

explicit calculation shows U, 0, T"" = T9,S" - the energy-momentum conservation
implies the entropy conservation, as in the standard 3D hydrodynamics
global conservation laws for entropy

27

/drr/dqb 12(r, 1, 8)Up(, 1, $) = const

for 3D boost-invariant case one finds

/drr/d¢> (.1, $)up(r, 1, ) = SO0
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2.2, Enfropy curent
2.2. Entropy current

entropy current (based on the Boltzmann nonequilibrium definition)

dy d? ) 3norgT?
Sto= —ngug/ ’ ﬁ} p* - 77) Geq (INGeq — 1) = S yw
(27) Tm 2rT

explicit calculation shows U,.9,, T*" = T9,,S" - the energy-momentum conservation
implies the entropy conservation, as in the standard 3D hydrodynamics
global conservation laws for entropy

27

/drr/dqs T2(7, 1, ¢)Up(T, I, $) = const

for 3D boost-invariant case one finds

const

/drr/d¢> T3 (7,1, ¢)Up(T, I, ) =

for 2D hydro the initial thermal energy may decrease only at the expense of increasing
transverse flow, for 3D boost-invariant hydro, even without the fransverse exponsiow s

temperature drops, as is well known from the famous Bjorken. model
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2.3. Relation to 2D thermodynamic quantities
2.3. Relation to 2D thermodynamic quantities

in the local rest frame, the densities of our 3D system are simply related to 2D
thermodynamic variables:

N =y, 0=, =g m
T T T

the appropriate two-dimensional densities are defined by the equations following from
the two-dimensional potential Q,, they satisfy all required thermodynamic identities

n _ / l/g T2
= (2r )2 Jeq = o
P VQT3
e =
2 /(2 )2 P1LGeq =
5 = / = Geg (In 1) = SvgT”
2] = Vg (27\')2 Qeq Qeq - o
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2.3. Relation to 2D thermodynamic quantities
2.3. Relation to 2D thermodynamic quantities

in the local rest frame, the densities of our 3D system are simply related to 2D
thermodynamic variables:

N =Dnym), 190= oy, s0= Dy
T T T

the appropriate two-dimensional densities are defined by the equations following from
the two-dimensional potential Q,, they satisfy all required thermodynamic identities

n _ / l/g T2
= (2r )2 Jeq = o
P VQT3
e =
2 /(2 )2 P1LGeq =
5 = / = Geg (In 1) = SvgT”
2] = Vg (27\')2 Qeq Qeq - o

thermodynamic relation e, + P, = Ts, gives pressure and sound velocity

I 1
PQ—I/*Z”QT:Q, Cgif
27

Mikotaj Chojnacki (IFJ PAN) Early evolution of partons February 5, 2008 11/20




3. Transverse hydrodynamics 3.1. Derivation of hydrodynamic equations

3.1. Derivation of hydrodynamic equations

the hydrodynamic equations are obtained from the energy and momentum
conservation laws

0T =0,  Tw = ”OVQT 3UMUY — g — VEVY)
i

the energy-momentum conservation laws are consistent with the entropy conservation
law

2
Uuau THY — Tausu _ O, St — 3nol/gT U

27T
in the derivation of hydro as the result we obtain y
equations the following 3 hydrodynamic equations for v
combinations are used 2D perfect fluid VR
vVt (1

95" =0 s(T)

U0, T + Up8,TH2 = 0 vy r

Up8, T — 148, TH? =0 Yy 4
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3.2. Boost non-invarionce
3.2. Boost non-invariance

Lemma (one of many beatiful features of this approach)
If TH is conserved, then THY multiplied by any function of 7 is also conserved
0,T" =0= 9, [f(n)T"™] =0

in particular ng may be a rapidity dependent function

Mikotaj Chojnacki (IFJ PAN) Early evolution of partons February 5, 2008 13/20



3.2. Boost non-invarionce
3.2. Boost non-invariance

Lemma (one of many beatiful features of this approach)

If TH is conserved, then THY multiplied by any function of 7 is also conserved

9.T" =0 = 9, [f(n)T"] =0

in particular ng may be a rapidity dependent function

— hydro equations 9, T** = 0 do not specify the n-dependence, the hydrodynamic
evolution is determined separately for each transverse layer, the n-dependence is
determined by the initial conditions

——

=V No

+ V”
2D hydrodynamics
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4.1. Initial conaitions
4.1. Initial conditions

similarly to other hydrodynamic calculations we assume that the initial energy density at
the transverse position point x 1 Is proportional to the wounded-nucleon density pyy at

this point, namely
nOVgT3 (71_)

2(7.)-

this assumption used for a 2D system is equivalent to the assumption s3 o pyy Used in 3D
hydrodynamic codes,

—
OCPWN(XJ_>~
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4.1. Initial conaitions
4.1. Initial conditions

similarly to other hydrodynamic calculations we assume that the initial energy density at
the transverse position point x 1 Is proportional to the wounded-nucleon density pyy at

this point, namely
€2 (7L) - ol <?L)

this assumption used for a 2D system is equivalent to the assumption s3 o pyy Used in 3D

hydrodynamic codes,
PWN (?J_)
T(Tinih 7L) = T/ |::|

pwn (0)

—
OCPWN(XJ_)~

1/3

where the parameter T; is the initial central temperature

Mikotaj Chojnacki (IFJ PAN) Early evolution of partons February 5, 2008 14 /20



4.2. Cooper-Frye prescription

transverse-momentum spectra are obtained with the standard Cooper-Frye prescription

aN Novg o(n—y)
B shp, N —Y)
dydPp,  (2r)? / AL Pu= 5 Gea

[m] = -
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4.2. Cooperrye prescripfion
4.2. Cooper-Frye prescription

transverse-momentum spectra are obtained with the standard Cooper-Frye prescription

dN Novg / 5(n—y)
—_— = axtp, ——=
dyd2pL (27’1’)2 pl T

Geq

for cylindrically asymmetric collisions and midrapidity, y = 0, the transverse-momentum
spectrum has the following expansion in the azimuthal angle of the emitted particles

aN  aN
dyd?p,  dy2mp, do.

(T +2vy(p1)cos(2¢p) + ...)

this equation defines the elliptic flow coefficient v,,
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4.2. Cooperrye prescripfion
4.2. Cooper-Frye prescription

transverse-momentum spectra are obtained with the standard Cooper-Frye prescription

_9N__ novg /dzup}lrw
ddepL (27’1’)2 T

Geq

for cylindrically asymmetric collisions and midrapidity, y = 0, the transverse-mmomentum
spectrum has the following expansion in the azimuthal angle of the emitted particles

dN  dN
dyd?p,  dy2rp, dp,

(T4 2vy(pL)cos(2¢p) + ...)

this equation defines the elliptic flow coefficient v, which may be calculated from the
asymmetry of the momentum spectrum

1 fn(pL,dp =0) —n(PL, dp = 7)
Vo(pL) = 5 — —
2 In(PLsdp =0) + fin(PL, dp = 7)
with fy being a shorthand notation for dN/(dya?p . )



5.1. Transverse-momentum spectra and v,
5.1. Transverse-momentum spectra and v,

1000~ 0t
=

dN/2x pr dpr dy)

T, = 140 Mev

0.0 05 1.0 15 2.0
pr [GeV]

B solid line: fransverse-momentum
spectra of positive pions (x3)
measured by PHENIX, centrality class
30-40%. /Sy = 200 GeV

B doshed and dotted lines: model
spectra of gluons for various choices
of the initial and final temperature,

n0:1
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5.1. Transverse-momentum spectra and vy
5.1. Transverse-momentum spectra and v,

1000 Y

0.30

£'0.15

dN/2x pr dpr dy)

Kt
0.05

PHENIX @ /3y - 200 Gev
c-20-405

0.00:

1.0 15 2.0
pr [GeV]

pr [GeV]

B solid line: fransverse-momentum
B solid line: vo(p, ) measured by PHENIX

(data for pions and kaons), centrality
class 20-40% , /Syn = 200 GeV

B dashed and dotted lines: model
calculations for T; = 2560 MeV and for

four final temperatures T, = 200, 180,
160 and 140 MeV. ﬁ

spectra of positive pions (x3)
measured by PHENIX, centrality class
30-40%. /Sy = 200 GeV

B doshed and dotted lines: model
spectra of gluons for various choices
of the initial and final temperature,

n0:1
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5.2, Central vs. peripheral
5.2. Central vs. peripheral

1000

PHENIX @ \'syy = 200 GeV.
©=0-5¢%

3 100¢

> ]

s

% 10—ng . £0.15 1

& b =2

N ¥ =16

g alw - 0.10 i

z I dom \\ = EnC
= T a0y 0.05 —_— ]

0.00’g’ ©=0-20¢

PHEND 0 5 - 200 Gev
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15 2.0
pr [GeV] pr [GeV]
1000} 7 4n’4xt PHENDC s s = 200Gev 0.30f

0.25
0.20

£015

o =12

dN/(2x pr dpy dy)

v -1ieem
[

1w o 0.10 ]
T, =250 Mev Parn e

— Ty =200Mev
Ty = 180 MeV'
T, = 160 Mev
Ty = 140 MeV

00 05 10 15 2.0 00 05 o 5
Pr [GeV] pr [GeV]

PHENIX @ /sy = 200 GeV
© = 40-60%
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5.3, Freeze-out with THERMINATOR
5.3. Freeze-out with THERMINATOR

(A. Kisiel et al., Comput. Phys. Commun. 174 (2006) 669, modified version)
the two-dimensional gluon system is replaced by the two-dimensional hadron gas,

hadronic resonances decay

" T T T 0.25F 20 vranversally thermaiized system 1
L 20 tranversally thermalized system constant sound velocity, cs2=1/2
ey, constant sound velocity, ¢s°=1/2 .
’0¢' centrality class 28730% centralty class 20-30% _+—
. 1o0¢ <3, b=7.24815m 0.20} b=724815m ]
= T, = 300 MeV
© T, = 165 Mev
I np=25
o 10 0.15 q
© o~
5 >
9 1 0.10 q
[\ i3
3
z
S 01 0.05 q
points: THERMINATOR (10000 events) points: THERMINATOR (10000 events)
0.0 lines: PHENIX @ sy = 200 GeV, centrality class 20-30% 0.00 . fines: PHENIX @ /sy = 200 GeV. centraiy class 20-40%
: 6.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 15 2.0
pr [GeV] pr [GeV]
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5. Resulfs 5.4. HBT two-particle method

HBT two-particle method

6

2D tranversally thermalized system 6
constant sound velocity, c?~1/2 2D tranversally thermalized system
centrality class 20-30% constant sound velocity, cs?=1/2
b=724815m centrality class 20-30% -
5 5 e |
T = 165 Mev Ti=300MeV
np=25 Ty = 165MeV
=4 no=25 -
£ T4 ;
o - =
= 3 o
7 2
S
o & 3 1
2
2 4
red line: THERMINATOR (10000 events)
black line: STAR @ /sy = 200 GeV, centrality class 20-30% red line: THERMINATOR (10000 events)
L L L L L L L 1 black line: STAR @ / syy = 200 GeV, centrality class 20-30% 1
020 025 030 035 040 045 0.50 -
k; [Gev] 020 025 030 035 040 045 050
e
T kr [GeV]
6 2D tranversally thermalized system
constant sound velocity, cs?=1/2
centralty class 20-30%
5 b =7.24815 fm
T, = 300 MeV
Ty = 165 Mev
np=25
4
=
5l
o3
2
red line: THERMINATOR (10000 events)
black ine: STAR @ /sy, = 200 GeV, centrality class 20-305
020 025 030 035 040 045 0.50
kr [GeV]
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5. Resulfs 5.4. HBT two-particle method

HBT two-particle method

6 ZDUanvma”y‘:erwahms‘f.‘:g 6 2D tranversally thermalized system
O oty cac 5030 constantsound vl ¢, 112
5 b=7.24815 fm centrality class 20-30% -
e woEe ER
E* £ :
© =
z o
73 5
@ & 3 1
2 2 1
o STaR o 20 oy s -5 sl THERMNATOR (0000 v
N N o S L . . || lack ne: STAR & /s =200 Ge., cenvaly class 20-30%
0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.20 095 530 035 0.40 0.45 050 -
kr [GeV] ' ' ' ) ’ ’ ’
kr [GeV.
6 2D tranversally thermalized system Tl 1
constant sound velocity, cs?=1/2
vty o 20-304
5 b =7.24815 fm
ng =25
4
3 \ .
a3 further work on smooth merging of the 2D
2 gluon system and the 2D hadron system
B should be done (modeling 2D phase

020 025 030 035 040 045 050 fransition)

kr [GeV]
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6. Conclusions

1. the idea that the parton system created in relativistic heavy-ion collisions emerges
in a state with fransverse momenta close to thermodynamic equilibrium and its
evolution at early times is dominated by the 2-dimensional (fransverse)
hydrodynamics is investigated and shown to be consistent with data (spectra and
V)

2. this mechanism does not require early 3D equilibration, strong v; is produced in
non-completely thermalized matter

3. this mechanism may also help to solve the HBT puzzle, but this needs extra work
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