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Observable

Dynamics of
relativistic HI

e e Double differential cross sections
VT Invariant cross section (integrated with respect to azimuthal angle)

Observable /d¢ do o do
d3 27TPJ_dpJ_ dy_27T mydm dy

with the transverse mass : m; = \/m?+ p? and longitudinal

rapidity y = 1 In E+’;Z

* y is additive at the Lorentz transformation
x* ifE—p, y—Intanf/2

* mean particle multiplicity

L1 [ o
" 270 E mi;dm, dy

V. Toneev Dynamics of relativistic HI collisions



Global analysis

Dynamics of ) .
VSN e Collective variables
LU kinetic flow tensor (event-by-event)

B S5 = 20w pi(V) pi(Y)
Observable with w, = (2m,,)_1; p,(l = 1, 2, 3)
ellipsoid defined by 3 eigenvalues
fi < f, < f3 and 3 Euler angles

reaction plane !
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Global analysis

Dynamics of ) .
VSN e Collective variables
LU kinetic flow tensor (event-by-event)

B S5 = 20w pi(V) pi(Y)
Observable with w, = (2m,,)_1; p,(l = 1, 2, 3)
ellipsoid defined by 3 eigenvalues
fi < f, < f3 and 3 Euler angles

reaction plane !

OF - polar angle with largest
eigenvector

f3/f1, f3/f, - kinetic flow ratios
fs = f, = fi - sphere in the
momentum space

f3 > f, = f, - cigar pattern

f3 < f, = f - pancake pattern

V. Toneev Dynamics of relativistic HI collisions



Global analysis

Dynamics of
relativistic HI
collisions

e Collective variables

kinetic flow tensor (event-by-event)
B S = >0l w pi(v) pi(v)

(SETPTI with w, = (2m,)~1; pi(i = 1,2,3)

ellipsoid defined by 3 eigenvalues 70.004]

fi < f, < f3 and 3 Euler angles

reaction plane !

M.Gyulassi et al. Phys.Lett. 110B (1982) 185

A*A FLOW

# - - Ne + Ne
& = = Ar + Ar
s--U+U

OF - polar angle with largest
eigenvector

f3/f, f3/f - kinetic flow ratios
f; = b = f; - sphere in the
momentum space 10.0)
f > f, = f; - cigar pattern u.(j
f3 < f, = fi - pancake pattern
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w
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KINETIC FLOW RATIOS

o numbers besides symbols =
finite flow angle b/ by in steps of 0.1
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Flow analysis

Dynamics of
relativistic HI
collisions

6 parameters are reduced to 3 relevant ones;
fi+f62 0
0 fo

Observable with i~ Sn= 00 w)pd(v), B~ Sn =30, w(v)pi(v)

At _ S W) =p(»)]
ith 0L, w)[p2(v)+pE(v)]

V. Toneev

In the ultrarelativistic limit ST = {

Anisotropy measure o =
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Flow analysis

Dynamics of
relativistic HI
collisions

6 parameters are reduced to 3 relevant ones;
i+ 02 o}

V. Toneev

0 f2

Observable with i~ Sn= 00 w)pd(v), B~ Sn =30, w(v)pi(v)

At _ S W) =p(»)]
ith 0L, w)[p2(v)+pE(v)]

e Anisotropy in transverse momentum plane
Fourier series

In the ultrarelativistic limit ST = {

Anisotropy measure o =

dn 1
9 "o 1+22vncosn¢>)

directed flow v; =< cos¢ >=< px/pj_ >,
elliptic flow vy =< cos2¢ >=< (p? — p2)/p] >

(px, p2) - reaction plane
non-flow effects =
n-particle correlations
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HBT analysis

Dynamics of eCorrelations of identical particles

relativistic HI
collisions

V. Toneev

Observable

A = % [eip1x1 +ipxa 4 (—1)5e’.plx2 +ipaxy , s - spin of a pair

| Az 2 =1+ (-1)° cos[q(x —x)] with g=pi—p
G(q) = [d*x1 d*x | Az |? p(x,y)
For the Gaussian (pion) source p

Ce(q) ~ 1+ ) exp{—[Red + w?r?]/2} space-time structure!
with w = \/p2L L+ m2— \/p2L ,+m2, 7- time difference

correlations in the initial state, source anisotropy, flow effects, final
state interaction ...
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Transport model results

Dynamics of Kinetic evolution (QGSM model)

relativistic HI
collisions

V. Toneev

Aut+Au (central)

Transport / 4
model results

Eiw/A=50 Gev
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Transport model results

Dynamics of Kinetic evolution (QGSM model)

relativistic HI
collisions

V. Toneev
zf AutAu (central)
Transport ok | ] central Au+Au collisions
model results !
gl [i | EwrA=50 Gev ] 20 Away, b=0 1
! | |00 6oy |
— 10 -® 30 GeV
| ™ 20 Gev
6 E 8 -® 0 Gev 7
~N 6 -5 Gev
o g
—_ 4 - -
w
2t r 1
oL~ , R R ]
ok 00 05 10 15 20 25 30 35
1 1 1 1 1 1 _3
0 5 10 IS 20 25 ng [fm™]

central cell 4 x 4 x 4/~ fm?
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Rapidity distributions

Dynamics of
relativistic HI

collisions AGS energy range SPS energy range

[AuAu ] [P6+Pb |
V TOI]('f‘V £ 4AGev, 5% central BA GeV, 5% central 8AGev, 5% central 107 A Gev, 5% central 20A Gev, T central 40AGeV, 79 central B0A GeV, 79 central 160 A Gev, 5% central
- 0 u exp data -
o
10 wowo
1w
B
Transport
model results N
x PR
1
>
g
2
B
"
M
B
I [ag 10% cenral
M
oo
M
s
SR e i SEAe i Sads i waioiis
y

H.Weber et al., Phys.Rev. C67 (2003) 014904
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Transport
model results

Particle yield

central
Au-+Au
collisions

4myield

dN/dy (y=0) I

1

200 o

w0 UrQMD 1.3
- %=-UrQMD 21

e-8---UrQMD 1.3
- %=-UrQMD 2.1

Particleyields
8

10

E./A [GeV]

V. Toneev

0
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0
0 10 20 30 40 50 60 70 80
E /A [GeV]

E.Bratkovskaya et al., Phys.Rev. C69 (2004) 054907
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Particle ratio

Dynamics of
relativistic HI
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E.Bratkovskaya et al., Phys.Rev. C69 (2004) 054907
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"Transverse temperature”

Dynamics of
relativistic HI
collisions

V2, TR ’ Au+Au / Pb+Pb -> K '+X p+p -> K +X
X ® exp.data .
—o—HSD } @ B exp. data
- —o— FRITIOF-7.02in HSD
=025 4--UrQMD 025 "
Transport 8
model results = 020 0.20
" i
015 015 ¢4¥§-¢‘§<§ K" data
centra l 010; 10 100 010; 10 100
035 = 035
Au+Au/Pb+Pb AU+AU/ Pb+Pb -> K +X pip > KX
collisions omp & epdia { ¢ 1% epdm
— & UrOMD —o—FRITIOF-7.02in HSD
3 025 025
020 0.20 ”
&
015 015 ¢;§-§§§'¢+/
0.10 0.10
1 10 100 1 10 100
s [GeV] % [GeV]

E.Bratkovskaya et al., Phys.Rev.Lett. 92 (2004) 032302
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Hydrodynamic approach

Wl e Conservation laws (Gauss theorem) = Fluid dynamics

relativistic HI

collisions wo_ . . .
O, JI' = 0 net charge i conservation

V. Toneev

O, T"” = 0 energy momentum conservation

e Tensor decomposition of the charge current J* and
energy-momentum tensor TH" with respect to 4-velocity u*

Jo= it + (gl —utu) P+
T = eutu” — P (g" —u*u")+ g'ut + gt et + T+
d? _
with J# = [ 2 o [£(x, p) — Fi(x, p)]
Po

v d3p v ra
I /E p'p” [f(x,p) + F(x,p)]

fxp) = s el () - )/ T() 1)
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Gradient expansion

Dynamics of
relativistic HI
collisions

* Perfect hydro in local thermodynamical equilibrium

V. Toneev

Jo = njut
T = e utu” — P (g — uMu)
A — perfect hydro [ 6]

+ EoS ¢(p)
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Gradient expansion

Dynamics of
relativistic HI
collisions

* Perfect hydro in local thermodynamical equilibrium

V. Toneev

Jo = njut
T = e uy*u¥ — P (g/‘” _ UHUD)
fE—— perfect hydro [ 6]
+ EoS ¢(p)

* First order dissipative corrections (viscosity, heat capacity)

= acausality
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Gradient expansion

Dynamics of
relativistic HI
collisions

* Perfect hydro in local thermodynamical equilibrium

V. Toneev

Jo = njut
T = e uy*u¥ — P (g/‘” _ UHUD)
fE—— perfect hydro [ 6]
+ EoS ¢(p)

* First order dissipative corrections (viscosity, heat capacity)
= acausality

* Second order corrections = + 14 Grad equations
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Dynamics of
relativistic HI
collisions

V. Toneev

General remarks

Gradient expansion

* Perfect hydro in local thermodynamical equilibrium

JIM = n,-u"

T = e utu” — P (g — utu) Yu.lvanov

perfect hydro @
+ EoS ¢(p)
* First order dissipative corrections (viscosity, heat capacity)
= acausality

* Second order corrections = + 14 Grad equations

Spatial-temporal variation of the macro fields has to be
SMALL
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Dynamics of
relativistic HI
collisions

V. Toneev

General remarks

Relation between kinetics and hydro

e The non-relativistic case (for nucleons)
P 1
Jd®p | V| &f(B,%.t)= [d®p | B/mn | C(B, 1)
€ p%/2my
Boltzmann equation + local equilibrium hypothesis
V = U+¢c, hydroid=<vV> | thermo <¢>=0
p<cck> = Pop+Nu, p<ca>=Q

dp lé) _
m*aixkpl.lkfo ~
P U,G,P

Opui o) oy, =91, 9
ot Tnpu’uk - {axk rl’k Ox; P} EOS

dc 0 _ oQq. . _0p, _ 0
gt — g i = { g Miktli— g Pukc — 555 Quc}

hydro: A< L; Re = (/’,’:Cr(t)’jsl ~ VML ~4 —10 with M =v/¢s and

¢s = \/OP/Op|s = 0.2 turbulent regime Re ~ 10% — 103

(near a phase transition 7 )
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General remarks

Bjorken expansion

e Analytical solution

Longitudinal component of 4-velocity
ur" T, =ut Oue+ (p+e¢) Out =
ut 8HHB + ng 8Mu“ =0

Assuming Lorentz-invariant solution € = &(7), p = p(7) with

ut = 7 = /x,x" (for longitudinal expansion x* = (t,0,0,z) )
Ouxt —1
D+ (9u")(e+p) = 0 Ore + (e+p) = 0
=
Orng + (Ouu*) ng = 0 O-ng + LLX# -1 ng = 0
T

After integration (EoS: p = c2¢)
To To)(lJrCf)(auX"*l)

ng(7) = ng(mo) (7)(8‘““71) e(r) = e(70) (?

For Bjorken longitudinal expansion (9,x* —1=1, ¢2=1/3)

ng(7) = "3(70)9’ e(r) = (7o) (?)4/3’ T(r) = T(r0)(>

0 )1 3

T
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Nonequilibrium and initial state

Dynamics of
relativistic HI
collisions

e "Frozen" hydrodynamics
V. Toneev PROJECTILE
SPECTATORS
f
P

equilibrium statistical
description

,.PAﬂ‘T'l’i;'iPA NTS ™S

Hydrodynamic
models

SPECTATORS

e Landau and Bjorken initial sate (u", €, p; at the moment 79) +
hydro expansion
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Nonequilibrium and initial state

Dynamics of ° Many fluid hydrodynamics
relativistic HI
collisions

M
V. Toneev f(X, p) — Z f-}eq(X, p)

J
A single fluid may consist of several particle species. Different fluids
may be of the same particle species

Hydrodynamic
models
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Nonequilibrium and initial state

Dynamics of ° Many fluid hydrodynamics
relativistic HI
collisions

M
V. Toneev f(X, p) — Z f-}eq(X, p)
J

A single fluid may consist of several particle species. Different fluids
may be of the same particle species

Hydrodynamic 3_ F LU I DS:

models

Yu.B.lvanov, V.N.Russkikh, V.D.Toneev, Phys. Rev. C 73 044904 (2006)  YUu.lvanov

* Hadronic equation of state

e(ng, T) = egas(ne, T)+ W(ng),
dW(n
P(ng, T) = Pgs(ng, T)+ nB# — W(ng)

o

y+1
nuclear potential W(ng) = ngmy {—b (LB) +c (Li) }

* Friction force (parametrization)
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3-fluid model

aEiites off Yu.B.lvanov at al., Phys. Rev. C 73 044904 (2006)

felat"’.'“'c HI X[fm] Baryon density, Au+Au (10.5 AGeV), b=3fm
collisions

Time='9.29 fm/c ' !

' 4

Time= 103 /e

Time='1.16 fm/c
ob

B Time='3.48 fm/c
of

14,
nap

s

s9f

saf

8 Time="4.64 fm/c Tme=337 fm /o

14.0F
Evolution in 3F 1.3E
hydro a6k

s9F

s2f

Time='6.38 fm/c e85 fm/c
o

140f
nap
ssf
sef
saf

S imes 812 fm/c Tona=15.67 1

14.0F '
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3-fluid model

aEiites off Yu.B.lvanov at al., Phys. Rev. C 73 044904 (2006)

'elat'li’,'snc HI g} Baryon density, Au+Au (10.5 AGeV), b=3fm X[fm] Baryonrich fluid energy density, Au+Au (10.5 AGeV), b=3fm
colliisions

Time='9.29 tm/c | i es

Time="1.16 fm/c Time='9.29 fm/c

140f E
s 13 E
asf 86 k|
sof ssf E
s2f s2f E
168 + + 168 +

Time='3.48 fm/c Time='3.48 fr‘n/c

14, 140f
nap naf
s 86k
s9f ssf
saf 32f

Time= 4.64 fm/c Tme=337 fm /o ! B ime=" 4.64 fm/c

14.0F 140

Evolution in 3F 13f 1n3f

hydro a6k a6k 0
s9F s9f v
s2f s2f

+ 168

Time= 103 /e Time=h1.03 Thn/c

£

Time= 1277 fm /<

Time=333 fm/c !

’

Time= 612 h/e T § Tmes15.67 1

140f
naf

86k

saf

32f

Time=6.38 fm/c

140f
naf

86k

saf

32f

168

Time='6.38 fm/c

140f
nap

ssf

sef

saf

16.8

Time=h3.83 Th/c

’

T\me— 8.12 fm/c Time= 15 67 fm,

140f
nap

ssf

sef

saf

X
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3-fluid model

Dynamics of
relativistic HI
collisions

Yu.B.lvanov at al., Phys. Rev. C 73 044904 (2006)
X[fm] Baryan denshy, Pb+Pb (158 AGeV), b=3fm
7.1

Time= 0.38 fm/c '

143
s

88

60

32

7.0

Time= 3.08 fm/c '

g

EAnRRRrS fm/c

‘

T2 577 et

==

Tre T e fm/n:

TS fm/c

143
s

88

50

32

7.0

T T e

14
Evolution in 3F s
hydro 88

60

32

7.0

T gt

143
s

88

50

52

7. et

Tt gy et e e e

143
s

13

60

32

e e e ey ma 15 5w es an ey e
2[fm]
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3-fluid model

Dynamics of
relativistic HI
collisions

Yu.B.lvanov at al., Phys. Rev. C 73 044904 (2006)
X[fm] Baryon density, Pb+Pb (158 AGeV), b=3fm X[tm] Baryonrich fluid energy dens\ty, Pb+Pb (158 AGeV), b=3fm

Time= 0.38 fm/c ' Time= 3.08 fm/c ' Time= D.38 Tm/c "

14,
nsp
ssf
s0f
s2f

+ 171

Time= 3.08 1m/c '

g

Erasaps: fm/c

‘

T 577

‘

AR VA

T 171
K13

oo ® 2R

! EAnRRRrS fm/c Time= 1.15 fm/c

1a3f
nsf
s5f
s0f
s2f

et 17.1 e

1a3f
nsf
88t
sof
s2f

17.1

Time= 1.15 fm/c

143
s

88

50

32

17,
143
Evolution in 3F s
hydro 58

Time= 1.54 fm/c

5.0
32

=

7 imes 211 fm/c

143
s

88

50

52

7.0
143

T e

143f
nsf
88
sof
s2f

171

T 7 ES fm/c Time= 2.69 im/c Time= 7.69 fm/c '

1
nsp
asf
s0f
s2p

e e e ey ma 15 5w es an ey e 1735 45 65 1 87 14 17 33 45 55 sl 87 14
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s

88
60
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Evolution in 3F
hydro

3-fluid model

* Phase diagram
Yu.B.lvanov at al., Phys. Rev. C 73 044904 (2006)

300
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3-fluid model

Rl < Freeze out ( local € < &f ) = observable

relativistic HI

collisions
/2 K
V. Toneev 100
> 500
S 50
5
H PYN
0 0
° A X
.
z ©
Ts
= .
El + 2
=
1 *r
3F hydro - . 0
comparison 0 50 100 150 0 50 100 150 ] 50 100 150
Epp AGEV] Epp [AGEV] Epop [AGeV]

Yu.B.lvanov at al.,
Phys. Rev. C 73

044904 (2006)
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3F hydro -
comparison

3-fluid model

Yu.B.lvanov at al.,
Phys. Rev. C 73

044904 (2006)

Multiplicity

Multiplicity

* Freeze out ( local € < &f ) = observable

M*T/2 K
0
5
0l b
.
° A X
.
©
4
4 >
1 ®ry
.
£ 0 3 ; £ 0 3 £ 00 3
Eup [AGEV] Euap [AGEV] Euap [AGEV]
200 F— . . " —
Au+Au (10 A<GeV) ,*

100

<p,> [MeV/cl

-100

-200

—3F-hydro, 4fm
= =3F-hydro, 6fm
® E877, protons
A E877, nucleons

V. Toneev

1 2
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Space-time dynamics

Dynamics of
relativistic HI

collisions e Evolution of HIC in space-time

V. Toneev

freeze-out

hadron gas
equilibrium

Fireball mixed
evolution QGP

preequibrium

222
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Space-time dynamics

Dynamics of
relativistic HI

collisions e Evolution of HIC in space-time

V. Toneev

Temperature contours; Pb-Pb 158A GeV
freeze-out 10 ‘

hadron gas

t, fm/c
w

equilibrium

Fireball mixed
evolution QGP

preequibrium
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Hybrid model

Dynamics of
relativistic HI

collisions e Hybrid model : QGSM + relativistic 3D hydro expansion

V. Toneev Entropy creation and fireball formation are calculated within the
QGSM transport code that defines an initial state for subsequent
hydro stage

* Marriage condition

T !
Au Au5AGeV |

Pb-Pb 158 A GeV

Hybrid model

V. Toneev Dynamics of relativistic HI collisions



Dynamics of
relativistic HI
collisions
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Hybrid model

Hadronic sector:
interacting h gas in a
mean field.
Saturation properties

(Binding energy, pressure,

incompressibility at normal density)

* Equation of state (Statistical mixed phase model)

250

2001

N
o
=)

P [MeV/fm?]
2
o
o

[ IDanielewicz's constraint
——— Mix Phase EoS
——— Ideal Resonance Gas

V. Toneev

1 1 1 1 1
25 3.0 35 40 45 50
ng/n,y
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Dynamics of
relativistic HI
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Hybrid model

* Equation of state (Statistical mixed phase

250 T T T T T T T T T
. [IDanielewicz's constraint a4+
Hadronic sector: 200} —— Mix Phase Eos =
) i ) —=—~- Ideal Resonance Gas 5]
interacting h gasina gt 3t 1
; S =
mean fl_eld. _ gl S0 1
Saturation properties =
(Binding energy, pressure, 50r i ]
incompressibility at normal density) o] i
20 25 3.0 35 4.0 45 50
Quark sector: ng/ny
interacting q/g gas. YO
1 0.6+ 4
There is h-q/g osf 1
. . 0.5F 1
interaction 06 ‘e
O © 0.4F o B
= = VLN
o )
crossover <04 = 03r 1%, 1
0.2f " <
Ap = p(T,pB) — 02 oal )
p(T, ug = 0) . o

o A : ] 0.0 L .
05 10 15 20 25 30 05 1.0 15 20 25 30
TIT, TIT,

(241) QCD lattice results z.Fodor and 5.D.Katz, JHEP 203, 14 (2002); JHEP 404, 50 (2004)
we =210, 330, 410, 530 MeV
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Energy density evolution Pb + Pb (158 AGeV)

Dynamics of

relativistic HI t=20.0 fm/C,
collisions
V. Toneev
zoomed
Fireball
evolution
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Energy density evolution Pb + Pb (158 AGeV)

Dynamics of
relativistic HI t= 03 fm/C

collisions

V. Toneev

Fireball
evolution
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Energy density evolution Pb + Pb (158 AGeV)

Dynamics of
relativistic HI t= 06 fm/C

collisions

V. Toneev

Fireball
evolution
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Energy density evolution Pb + Pb (158 AGeV)

Dynamics of
relativistic HI t= 09 fm/C

collisions

V. Toneev

Fireball
evolution
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Energy density evolution Pb + Pb (158 AGeV)

Dynamics of
relativistic HI t=1.2 fm/C

collisions

V. Toneev

Fireball
evolution
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Energy density evolution Pb + Pb (158 AGeV)

Dynamics of
relativistic HI t=15 fm/C

collisions

V. Toneev

Fireball
evolution
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Energy density evolution Pb + Pb (158 AGeV)

Dynamics of
relativistic HI t=1.8 fm/C

collisions

V. Toneev

Fireball
evolution
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Energy density evolution Pb + Pb (158 AGeV)

Dynamics of
relativistic HI t=21 fm/C

collisions

V. Toneev

Fireball
evolution
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Energy density evolution Pb + Pb (158 AGeV)

Dynamics of
relativistic HI t=24 fm/C

collisions

V. Toneev

Fireball
evolution
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Energy density evolution Pb + Pb (158 AGeV)

Dynamics of
relativistic HI t=27 fm/C

collisions

V. Toneev

Fireball
evolution
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Energy density evolution Pb + Pb (158 AGeV)

Dynamics of
relativistic HI t= 30 fm/C

collisions

V. Toneev

Fireball
evolution
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Energy density evolution Pb + Pb (158 AGeV)

Dynamics of
relativistic HI t= 33 fm/C

collisions

V. Toneev
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Time evolution of the fireball energy density
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Time evolution of the fireball energy density
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Time evolution of the fireball energy density

Dynamics of
relativistic HI
collisions

V. Toneev

t=12fm/c

Fireball
evolution

V. Toneev

Dynamics of relativistic HI collisions



Time evolution of the fireball energy density
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Time evolution of the fireball energy density
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Time evolution of the fireball energy density
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Time evolution of the fireball energy density

Dynamics of
relativistic HI
collisions

V. Toneev

t=23.0fm/c

Fireball
evolution

V. Toneev

Dynamics of relativistic HI collisions
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Time evolution of the fireball energy density
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Time evolution of the fireball energy density
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Time evolution of the fireball energy density
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Dilepton production
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Dileptons; time slices

Dynamics of
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Dielectros; comparison with CERES data
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Muon pairs
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Concluding remarks
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e Open question of hydrodynamics

* Initial state and non-equilibrium effect (memory effect)

*

Equation of state (phase transition, critical end-point, dynamics
of phase transition ...)

Freeze-out procedure (Cooper-Fry prescription ?)

Hydro -
concluding
remarks
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