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Hydrodynamics

local conservation of energy, momentum and baryon number:

0, T"" (x)
o, N'(z) = 0

I
-

partial differential equations
—> what are the boundary conditions?

— “Hydro doesn’t know where to start nor where to end”

Unknowns: initial state, final state
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Freeze-out

# Kinetic equilibrium requires scattering rate > expansion rate
# this not valid — system behaves as free streaming particles

# momentum distributions cease to evolve — they “freeze-out”
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Freeze-out

# Kinetic equilibrium requires scattering rate > expansion rate
# this not valid — system behaves as free streaming particles

#® momentum distributions cease to evolve — they “freeze-out

# criterion: expansion rate equal to scattering rate:

® 7. o< T* — rapid transition to free streaming

# Approximation: decoupling takes place on constant temperature
hypersurface T' = Tj,
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Dynamical criterion

e need to evaluate

e J,u’ known from hydro

—1 2
¢ Tscat *
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Dynamical criterion

e need to evaluate

1 . Tscat
K, 0,u*

e 0,u" known from hydro

—1 2
¢ Tscat *

- Prakash et al., Phys. Rept. 227, 321 (1993):
Parametrization: Daghigh & Kapusta, Phys. Rev. D 65, 064028 (2002)

T 4
1
M eg M
T (1) ~ 16 (100 MeV) eV

e pions only, chemical equilibrium
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Scattering rates

e evaluate scattering rate of pions in thermal hadron gas

— number of scatterings: N = F1N20'12 = nl‘ﬁlg‘NQO'lg

— |th2| = /(5 — Sa)(s — sp)/ (2E Ep)

where s, = (m1 +m3)? and s, = (M1 — my)?

— fold over thermal distributions
— sum over all scattering partners
— scatterings per pion — divide by pion density

Ts_calt — (T i) Z/d:gpﬁ d3p’b Fr (T o) 3 (T phr) \/(S ;;i)éj — Sb)am(s)

e what is O'7m'?
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Cross sections

# as in UrQMD:

® 0,.:(s) for resonance formation using Breit-Wigner
0-771'(5) — Zaﬁi—)R(S)
R

# estimate o0,,,(s) for elastic 7-meson scattering

= check that the result fits the cross section data
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Cross sections

O i (S) — ZSR +1 T FR—WTZ(\/E) Ijtot(\/g)
o (255 +1)(25: + 1) pcms? (mr — v/5)? + Tior(V/5) /4

where

® S; is spin
® pcus is particle momenta in CMS

o [, and I'p_,; total and partial decay widths:

: M 1.2
Lrmi(M) . (pCMS( )

2[+1
I M pCMS(mR)) 14+0.2 (pCMS(M) >2l

pcMs(mR)

e Note: scattering partner : can be a resonance!
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— elastic meson-meson scattering o,,,, = 5 mb

— elastic 77 scattering
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0-’71'71'

— O'Oe_(\/g_mO)Q/w

opg = 15 mb, mo = 0.65 GeV, w=0.1 GeV
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Pions only
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Scattering with stable particles

1.6 . - . - |
- Prakash etal. ——

1.4 } with stable

1.2

tt fm

80 100 120 140 160 180
T (MeV)
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Total rate
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event-by-event

10 L
PHOBOS Glauber MC -

> B -

_5:— _:

Alver and Roland, Phys.Rev.C81:054905,2010

# shape fluctuates event-by-event
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Fluctuating initial states

T [MeV]
10 500
8 - 450
6 400
4 350
#» Monte Carlo Glauber = 5 - 300
=0 - 250
o Entropy density is distributed > -2 - 200
around the positions of WN -4 ﬂ -150
and BC -6 100
8 50
. L. . -10
#® When distributing entropy we 108 6-4-20 2 4 6 810 L
use Gaussian smearing: x [fm]
1 (x — x:)* + (y — 91)°
8(337 y) = const. ;C V2 40 [ - 252 }
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Constant temperature surface

more structure than in the
averaged case
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Constant K, surface

# many separate surfaces
» temperatures ~ 50 MeV

# fluid dynamics outside
the surface
—> compression, K, <1
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Constant K, + no “backflow”

» once frozen out may not
re-enter

# no droplets
» still fins and horns

— wider gaussian needed! ¢ = 0.8 fm instead of 0.4 fm
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Constant temperature surface
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Constant K, surface
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Constant 7' vs. constant K,
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pr spectra

(1/27pr) (AN/dpy dy)

100 T 71 T 1 L
= — ebye T; =120 MeV
s n — ebye K=1.0
10" g — — ave Ty=120 MeV
i —— aveK=1.0
10" = =
10 = E
- AutAu .
10" £ 20-30%
- 79 = 0.6 fm <
10—2 ] ] ] ] | ] ] ] ] | ] ] ] ] | ]
0.0 0.5 1.0 1.5
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Main effect:
# pions: fluctuations
o protons: both
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0.2 I — 7T T
— ebye T; =120 MeV e

— ebye K=1.0 A =

015 | — — ave Ty=120 MeV ////// ol
- - aveK=1.0 e ]

~ - ]
01— |
> L 1
0.05_— |
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e pion vy(pr) reduced by ~10%!
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pr spectra

100 T 71 T 1 L
= — ebye T; =120 MeV
o — ebye K =1.0
. + y
L I = — — ave T; =120 MeV
E i —— aveK=1.0
33\ 10" = =
Z — -
AN E
'Egi 10" gg‘ '%
Q ~ Au+t+Au ]
< 107 £ 20-30% D
- 79 = 0.6 fm ESNS
10—2 ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ]
0.0 0.5 1.0 1.5 2.0
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What if spectra are fixed
to be same?
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(1/27p1) (AN/dpr dy)

0.

adjust parameters

To = 0.2 fm

—— T;=120 MeV

-—- K=13
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2.5

® 70=0.6—0.2fm
» K,=1—1.3
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va(pr)

0.25 I — I I
—— T; = 120 MeV .

-- K=13

0.2

0.05

-)
—
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0.0
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pPr (GGV)

e difference disappeared!
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v3(pr)
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e similar too. . .
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and LHC?

averaged initial state only
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pr spectra
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Why T; = 120 MeV at
RHIC and LHC

but

K=13vs. 1?
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UQ(pT) LHC
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e similar too. . .
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Conclusions

o constant T freeze-out is an oversimplification

# but it does not matter!
» if pr-spectra are the same, v, (pr) are the same!
# is this universal??

» effect on femtoscopy or 0 f ?
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