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| Relativistic Hydrodynamics I

Basic Equations

(

Energy-momentum tensor

T = (¢ + P)u"u” — Pg'"” + n"”
N e—— — 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

(O + \‘:'g"ﬂd)-‘\" = —Ndivv

N = yN''u,
(0 +V - gradM = —M-divv — grad P M=T% = (¢ + P)y?*v

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




d, N (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

R . !
u — '.. Y Vv ..l .V = 0’ g = f ;b
p V1- ()2

thus

(2) 7 uu, =1 I




Pre-equilibrium: Homogeneity of baryon matter

L.Bravina et al., PRC 60 (1999) 024904

The local equilibrium in the central zone is quite possible



Equilibration in the Central Cell

2Ry Kinetic equilibrium:
/\ /\ Isotropy of velocity distributions
/ \ Isotropy of pressure
LAY
\/ \/ Az

Thermal equilibrium:
t" = 2R/(y_ B.,.) 9> t7° + Az/2B,) Energy spectra of particles are
described by Boltzmann distribution
L.Bravina et al., PLB 434 (1998) 379;
JPG 25 (1999) 351 dN. Vg, 14; E
— XP ( ) exp ( )

inpEdE  (2nhy P\T T

Chemical equlibrium:
Particle yields are reproduced by SM with the same values of ( T B, IS ):

V. . F.
N: = )(jf" / p*dp exp (/72) exp (— Tl)




Statistical model of ideal hadron gas

input values

output values

Entropy density =

Vi
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Z 27r3h + m )1/2 f(p,mi)dp
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Kinetic Equilibrium

Isotropy of pressure

I N Y .

L0

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

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




Thermal and Chemical Equilibrium

Boltzmann fit to the energy spectra Particle yields
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P/e = const very early (!)

P/ =0.13(AGS), 0.14(40), 0.146(SPS), 0.15(RHIC




Conclusions (part 1)

 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!)

o 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
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Green-Kubo: shear viscosity 7 may be defined as:

1V TV

(o) = 37 [ At ()7 (1)) = T (t0) m ()

NN
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= (7 (to) 7 (to)) exp (_ t — to)
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tma'x .. .
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iy L p'(t) P (1)
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particles

to: initial cut-off time to start with
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Model setup: cell calculations

@ UrQMD calculations, central Au+Au collisions at energies
E € [10, 20, 30, 40] AGeV of the projectile, 51200 events per

each

o central cell 5 x5 x5fm®> = {c,pB,ps} at times
teen = 1+ 20 fm/c

o statistical model (SM): {s,pB,ps} = {T,s,uB,pus}
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Model setup: box calculations

e UrQMD box calculations at {<, pB, ps} for every energy and
cell time t. from cell calculations, 80 points in total, 12800
events per each
pB is included as N, : N, =1:1
ps is included via kaons K—
box size: 10 x 10 x 10 fm?

box boundaries: transparent

o 7U(t) data extraction: t = 1 <+ 1000 fm/c in box time, all
types of hadrons are taken into account
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Box with periodic boundary

Initialization: (i) nucleons are uniformly

distributed in a configuration space;
(ii) Their momenta are uniformly
distributed in a sphere with random

radius and then rescaled to the desired

energy density.

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 is invoked.

Test for equilibrium: particle yields and energy spectra



Box: particle abundances

e= 0.2 GeV/fm’ v | M.Belkacem et al., PRC 58, 1727 (1998)
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BOX: ENERGY SPECTRA AND MOMENTUM
DISTRIBUTIQNS

= 0.25 GeV /fm” e=0.38 GeV/fm
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Cell + SM
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SM, Boltzmann entropy s
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Results: (7 (t) 7 (to)): at E € [10,20, 30, 40] AGeV
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Results: (7 (t) 7 (to)): at fixed teen
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Results: 7 (to)
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Results: 7 from the fit
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Results: Comparison of 7;,; and 7%
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Results: viscosity 7 (tp)
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Results: viscosity 7 (tcen)
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Dynamics of 7 in cell
All curves sit on the top of each other for t.o; > 7 fm/c
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Results: 1/ssy
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Results: 1/ssy
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Dynamics of 11/ssp in cell
1/s increases with time for t.o; > 6 fm/c for all four energies
Minimum - for 10 AGeV, corresponding to 4.5 GeV in c.m. frame
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Entropy density of nonequilibrium state

Entropy density

——Z 27rh / filp,m;) [In fi(p,m;) — 1] d°p

Microscopic distribution function

(27h)3 dN;




Results: 717/ Snoneq.
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Dynamics of 17/sponeq. in cell

1/s drops with time for t.en < 6 fm/c. Then it increases for all four
energies

Pronounced minima for all reactions
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Results: 717/ Snoneq.
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Dynamics of 17/sponeq. in cell
1/s increases with temperature drop at teenn > 6 fm/c for all four energies
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Results: 717/ Snoneq.
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Dynamics of 17/sponeq. in cell
1/s increases with increase of g for tcenn > 6 fm/c for all four energies

Clear minimum for 10 AGeV
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Results: 717/ Snoneq.
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Dynamics of 17/sponeq. in cell
1/s increases with drop of s for tcen > 6 fm/c for all four energies
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Central cell: comparison to
chemical freeze-out conditions
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Conclusions

o data from central cell of UrQMD calculations are used as input
for SM to calculate temperature T and entropy density s, and
for UrQMD box calculations to estimate shear viscosity 7

@ box data are taken within the range 200 < to < 800 fm/c
because:

- values at to < 200 fm/c are distorted by the initial
fluctuation in the box

- values at tp > 800 fm/c may be disturbed by the analog of
Brownian motion

@ it is shown that for all four tested energies 17 and s in the cell
drop with time

@ ratios 77/s reach minima about 0.3(0.5) at t & 5 fm/c for all
energies. Then, the ratios rise to 1.0 + 1.2 (1.3 +1.6) at
t =20 fm/c

@ this increase is accompanied by the simultaneous rise of up
and drop of both T and it5 in the cell
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