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Models at our disposal
Relativistic

Hydrodynamics




‘ Relativistic Hydrodynamics I

Basic Equations

(

Energy-momentum tensor

T;u.f . (: L l))llpll_u - l)g,u_l 0 ,’p,n_,

inertial dissipative

The space-time evolution of relativistic fluid is described by the set of
differential equations

d,N'(x) =0

AT =0 pr=20.1.2.3

For perfect fluid (i.e. 5" — () these equations take the familiar form

(0 + V- grad)N' = —Ndivv

N = yN''u,
(8 +V - grad)M = —M . divv — grad P M =TO% = (¢ + P)y*v

f N e - . . . ’ .y -~ ’ . \ 2
(O + v-grad)é = —&Edivv — div(Pv) £ =T = (¢ + Pv?)y




3, NI (x) = 0

(,'),.T""” =0 por=0.1.2.3

Number of variables — 6

TH — (& + P)u"u’ — Pg"" Number of equations — 4

S —  —
Missing equations:

(1) EOS, that links energy density and pressure

4 Four-velocity

’vl { ’y\ » I 5 1
u’ = (7,7V)i V= —7i 7= — —
p V1— (V)2

thus

(2) V uu, =1 I




‘Bjorken Model I
/

Using the thermodynamic relations
s+ P =Ts. d:—=Tds.

where s is the entropy density in the local rest frame, we find

T

() - To
rsi7) = s(7o ) —

T

Consequently, expansion proceeds adiabatically: S — sV — const

EOS: P — =/3 - ultrarelativistic gas. The basic equation reduces to
de 4 ¢ o T\ /3
—_— = ———, » lT) = &(70) (—
ar ~ 371 ") = (r0) ()

Note: volume increases ~ 7 , while energy density drops o 7~ 4/3 |




Models at our disposal
Microscopic
Transport Models




[nitial Particle Production in UrQMD

+in high energy collisions hadrons can be excited into strings

« a color flux-tube is formed by pulling one valence quark
away from the remaining ones in the hadron

+if the color-field increases beyond a critical value
(defined by the string-tension), spontaneous
quark-antiquark creation from the Dirac sea occurs
(Schwinger mechanism)

color flux-tube ? _ _
» newly created (anti-)quarks require a
— formation time to form hadrons
é ongmal valence quark

o ? » leading hadrons interact with reduced

quarks from the Dirac sea : ; ! : _
cross sections during their formation time

N
é Qo’.o

» newly created hadrons have
.? zero cross section during their
@@ @.. @ formation time
Ieadlng hadrons

Steffen A. Bass



The Quark-Gluon String Model (QGSM)

» microscopic model, based on Gribov-Regge theory
(GRT)

» interaction is modelled via the exchange of reggeons
and pomenrons

» the production of particles is described with the
excitation and decay of color neutral strings



Central cell:

Relaxation to
(local) equilibrium




Pre-equilibrium: Homogeneity of baryon matte
L.Bravina et al., PRC 60 (1999) 024904
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The local equilibrium in the central zone is quite possible




Equilibration in the Central Cell

2R, Kinetic equilibrium:
/\ /\ Isotropy of velocity distributions
/ )( \ Isotropy of pressure
Pem |\ /
V VvV \/ Az \/ A1)
Thermal equilibrium:
" = 2RIy B.) 9> 7% + AzZ/(2B_ ) Energy spectra of particles are

cin ' CIn I

described by Boltzmann distribution

L.Bravina et al., PLB 434 (1998) 379; ) i
JPG 25 (1999) 351 AN Vg,

_ V. (!h‘) ( F)
srpEdE  (2nhy P\T) FPATT

Chemical equlibrium:
Particle yields are reproduced by SM with the same values of ( 1. Hp., s ] 1

V.

N; = J t' ) exp exp
I 2“ } f ! | I ] 11




Statistical model of ideal hadron gas

input values output values

Eij:' _ _ZEE'SNI(T-I"I&-J"IHL

. 1
ﬁ e = 3B NS, ).

MUltlpl]C'lty = NSM V.(/a'. /x 02 f(p.m;)dp.

: om2h’ .
Energy =——= |5 = / T \,m £ (o, ms)dp
Pressure = P Zzwq’th / p~+m yizz (P ma)dp
sV = —quf [ f(p,mi) [In f(p,m;) — 1] p*dp
~ 27? h?

Entropy density 2=




Kinetic Equilibrium

UrQMD L ¢
Q Isotropy of pressure

NI -
/e hd j
| Y e

L0

L.Bravina et al.,
PRC 78 (2008) 014907

Pressure becomes isotropic
for all energies from 11.6
AGeV to 158 AGeV




Kinetic Equilibrium in a Small Cell

Isotropy of pressure
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Longitudinal and transverse pressures in a small cell (4x4x1)fm’
converge at the same rate as those in a larger cell (5x5x5)fm?



Thermal and Chemical Equilibrium

Boltzmann fit to the energy spectra Particle yields
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Thermal and chemical equilibrium seems to be reached



Infinite hadron gas:

a box with periodic
boundary conditions




BOX WITH PERIODIC BOUNDARY CONDITIONS

~to,2 Hop Do o

Initialization: (i) nucleons are uniformly
distributed in a configuration space;

(if) Their momenta are uniformly distributed
in a sphere with random radius and then

rescaled to the desired energy density.

o— ./ o—»} o—> ./ M.Belkacem et al., PRC 58, 1727 (1998)

Model employed: UrQMD
55 different baryon species
(N, A, hyperons and their
resonances with

m < 2.25 GeV/c?),

32 different meson species
(including resonances with
m < 2 GeV/c?) and their
respective antistates.

For higher mass excitations
a string mechanism i1s invoked.

Test for equilibrium: particle yields and energy spectra



Boltzmann ﬁt to the energy spectra

dN/4npEdE (GeV¢)

dN/4npEdE (GeV™ ¢)

THERMAL AND CHEMICAL EQUILIBRIUM
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Box calculations are on the top of the cell results



Equation of State

T vs. energy,
etc




Isentropic expansion
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Expansion proceeds
isentropically (with constant
entropy per baryon). This
result supports application of
hydrodynamics

s/pp = const = 12(AGS), 20(40). 38(SPS)
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Equation of State in the cell

sound velocity

e — UrQMD .

O -weee- QGSM ]
0.15 | e —e
oy » E / ________________ O----0
:/ P ]
0125 F 9 ;
01 fF ;
'l | Ll
2

10

, 10
Vs (GeV)

P/e = const very early (!)

P/ =0.13(AGS), 0.14(40), 0.146(SPS),




Conclusions

 MC models favor early pre-equilibration of hot and dense
nuclear matter already at t = 2 fm/c

» After that the expansion of matter in the central cell
proceeds isentropically with constant S/p g (hydro!)

e The EOS has a simple form: P/c = const (hydro!) even at
far-from-equilibrium stage

o The speed of sound C-_ varies from 0.12 (AGS) to 0.14
(40 AGeY), and to 0.15 (SPS & RHIC) => saturation

* Good agreement between the cell and box results



Back-up Slides



|Bj0rken Model I

f

Lorentz-invariant solution

17 J.D. Bjorken, Phys. Rev. D 27 (1983) 140
] J Y , '
[2] E.P.T. Liang, Astrophys. J. 211 (1677) 361

Initial conditions, assumptions:
¢ the system expands into vacuum (i.e. no walls, pistons, etc)

¢ the system occupies initial volume ||, which possesses certain symmetry
(e.g., rectangular box, cylinder, or sphere) - otherwise the hydrodynamic
equations are too cumbersome to be solved analytically
But: such initial conditions are relativistically non-invariant.

Let us introduce proper time v — t/+ — /t? — x? and assume that the initial
conditions depend only on 7, and that the macroscopic variables (T.=.P,...)
are functions of v . For simplicity, consider the one-dimensional case

x!" = (t,0,0,z), u" = %(t. 0.0,z). From the equations of perfect fluid

This is the basic differential equation of Bjorken hydrodynamic model.
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