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Particle production in string models

«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 (09 a : :
’ » newly created (anti-)quarks require a
— ~ formation time to form hadrons
é original valence quark
quarks from the Dirac sea . ? - leading hadrons interact with reduced

- cross sections during their formation time

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

leading hadrons



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

Mu ltip liCity \ .N'.SM — V(j* /DO [)2_/([) 'rn,-)dp,
' 2mw2h? '

——— sMm Vi
Energy Ei = Qrzh / 1)2 4 "L f p,m; )dp

PS.\'l — >\
Pressure = Z P + 7z J (P ma)dp

_Z om2h° / f(p,mi) [In f(p,mi) — 1] p*dp

Entropy density =



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
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Equation of State in the cell

pressurc vs. €nergy

oa MC models favor early
(@) UrQMD ¥ 103;‘:" < pre-equilibration of hot and dense
0.3 A-20aceve /- nuclear matter already att = 2 fm/c
. .:::I’_;;f'-‘:-" | _ » After that the expansion of matter in
",:fr“"” the central cell proceeds
01 A ' isentropically with constant s/p B
e —— 1 (hydro!)
®QESM 2 e 1  The EOS has a simple form: P/ =
0.3 4 - 20 AGefc - const (hydro!) even at far-from-
. equilibrium stage
04 i P/e=const very early (!)
Pee E
(X 15 3

g((}e\ fm’) P/ =0.13(AGS), 0.14(40), 0.146(SPS),




Space-time freeze-out
of hadrons



oNy/dtdz, E = 40A GeV, b = 0 fm, al space N, /dtdz, E = 40A GeV, b = 0 fm, all space

z, )

13
95.0 -0 - =20 -10 0 0 2 »

L (""\%o L [""éo

Flgure 4: d2N /dtdz for protons, lambdas, pions and kaons.

Mesons are frozen earlier than baryons



dN/dt,, Au+Au, E_ =40A GeV, b = 0fm
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Different
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different
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values of

T-pg-pg

III RN lIII ] IIIIIIll | IlIIIlII |

i
10 20 30 40 50 60 70 80 20 100

Figure 3: dN/dt, for all space and for central cell.



T, MeV

T, MeV

Au+Au, E;p = 10A GeV, cell 5fm x 5fm x5 fm
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Figure 2: T'(upg) in the central cell. Average freezeout times of different
particles in the central cell are marked by colored markers.




Consequences of the different
space-time freeze-out:

- Difference in Polarization
for lambdas and antilambdas

arXiv: 1910.06292



A and A hyperons are “self-analyzing”. That is, in the weak decay
A — p+ 7, the proton tends to be emitted along the spin direction of

the parent A.

Beam-beam
counter J p
A YT A
';; ' Beam-beam
e | A counter
Quark-gluon

plasma

Forward-going
beam fragment

If 6* is the angle between the daughter proton momentum A polarization
vector in the hyperon rest frame, then:

dN 1 . . 8
deosgr — 2\ HnlPHlcost) = Py =l sin(p — Vre)

[Nature 548 (2017) 62]




Thermal Approach

In local thermal equilibrium, the ensemble average of the spin vector for

spin-1/2 fermions with four-momentum p at space-time point x is
obtained from the statistical-hydrodynamical model as well as the Wigner

function approach and reads

1
§(x,p) = —5 — (1 — 1F) €% p, o x),

where the thermal vorticity tensor is given by

1
Wur = 5 (auﬁy - apﬁu) ;

with ¥ = u*/T being the inverse-temperature four-velocity. The number
density of A's is very small so that we can make the approximation
1 — ng ~ 1 Therefore:

1
S (x, P) = —5 €y ().



By decomposing the thermal vorticity into the following components,

_ _ 1 Y W
wT - (WOX’w()yawOZ) — 5 [V (?) + 6t (T)] )
1 YV
ws = (wybwzxawxy) = EV X (T) ;
Equation can be rewritten as

1 1
SO(X,p) = mp " Ws, S(X,P) = m (Epr TP X wT)a

where E,, p, m are the A's energy, momentum, and mass, respectively. The
spin vector of A in its rest frame is denoted as S*# = (0,S*) and is related
to the same quantity in the c.m. frame by a Lorentz boost. Finally:

(5%)-J
S-J7
[F. Becattini et al, Phys. Rev. C 95, 054902 (2017)]

[
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Thermal vorticity in

reaction plane

E Tasme 7.7 GeV, UrQMD-3.4 1
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Thermal vorticity component w,, has quadruple-like structure in reaction
plane which is stable in time but magnitude decreases due to system

expansion. First and third quadrant are connected with central region
which has small negative vorticity. This connection part becomes smaller

when energy increases.
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Space distribution of Lambdas

@ 7.7 GeV, UQMD-3.4
m, t=15fm/c

+

o P
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3 10+

-5 -10 -5 0 5 10 -1 -10 -5 0 5 10

5 5
" Zim) z fm]
At low energies A and A are produced and emitted from the same regions
as protons and antiprotons respectively. A's are concentrated also near hot

and dense spectators, whereas A's are mostly produced in central region.



Polarization time evolution

a UrQMD-3.4, Au+Au, b = 6 fm
‘A
¥‘ 5=77GaV A B=115GaV
10! “
: * 1s=145GaV¥ is=198GaV
a
o B B-27GV + =300V
¥i
10° #40, "7 f5=624GaV
10°
lllllllllllllllllllllllllllll|.|
10+ 5 10 15

25 30
t,, [fm/c]

le 1E
“ UrQMD-3.4, Au+Au, b= 6 fm
E‘ 5=77GaV A 5=115GaV
10‘..—‘!'
E x;, & f5=145GoV+¥ f5=196GaV
— -l*
- Ava ¥ 5-27GeV + {5=39GaV
[~ 4
A¥
10° ¥ v E=624Gov
A+
A
-+
+A
102 ?,.‘ A‘
!!l*‘i*‘ A
4!! o
+4s
4’**** *0*
llllllllllllllllllllllllllll ll
10 5 10 15 20

25 30
b [imic]

Polarization of A's and A's hyperons decreases with time. At the beginning
of collision particles are preferably formed in hot and dense regions with
high polarization. But later lambdas and antilambdas are formed uniformly
in fireball and average polarization is almost zero.



Polarization energy dependency

=10
o, STAR data for Au+Au 20-50%
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STAR data from [Phys. Rev. C 98 (2018) 14910]

Polarization of A and
A decreases with
energy as in the
experiment.

A and A global
polarization agrees
well with experimental
data (except of point
Vs = 7.7 GeV).
Correct difference
between A and A
global polarization is
obtained.



Conclusions

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

After that the expansion of matter in the central cell
proceeds isentropically with constant S/p B

The EOS has a simple form: P/c = const even at far-from-
equilibrium stage

There is no sharp freeze-out of hadrons in microscopic
models. Mesons are frozen earlier than baryons

Freeze-out of A and anti-A is different in space and time.
Emission takes place from areas with different vorticities

Good agreement with the experimental data
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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




Central cell: comparison to
chemical freeze-out conditions
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