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motivation

short motivation

why box-calculations?

m final state at CERN, RHIC
dominated by hadron-interaction
— transport coefficients

m transport coefficients as input
for inmedium models
(dissipative fluid dynamics)

m low 7)/s values needed to
reproduce elliptic flow

m lower bound for /s = 1/4xw
suggested (Kovtun Son
Starinets bound KSS)
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initialisation of the box

initialisation

use "infinite hadron matter”:

m cubic box
m periodic boundary conditions:
particle leaving at r reenters at -r with same momentum
® no string-excitations, no 1 to 3 decays:
destroys detailed-balance
m input to initialise box:
temperature T and volume V
used to calculate number of particles N and total energy E
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initialisation of the box

number of particles

first find out number of particles in the system

from relativistic kinetic theory: number of particles in a phase space
volume

d3xd3p
(hc)3(2m)?
use Maxwell-Juttner distribution function f in local Lorentz rest frame at
high temperatures
Number of particles:

dN = f(x, p)

V4 s 0 d3
N=gg——n—r | e TP
&8 (2m)3 (he)? / Pe T

2VmAT m
R e
&8l 2m)2(he)3 ™ (T)
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initialisation of the box

energy of particles

Get energy from energy-momentum tensor:

d3
T = /p“p”fc:),
p

energy density is T% and thus:

(e 9]

E= v / 0e‘id3
- gsgI (27T)3(hc)3 p p

—00

solve analytically:

-sal e (D)1 (3)
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analysing thermal equilibrium

check thermal equilibrium

Initialize a box with 7, 1, p and a; mesons.

Calculate particle numbers and energies at T = (80,) 100, 110, 120, 130,
140, 150, 160, 170, 180, 200 and 220 MeV.

The n-meson is stable.

The allowed inelastic channels

p & w47
a & m+p
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analysing thermal equilibrium

check thermal equilibrium

temperature from thermal pion-distribution:

an 2V Vvm2 + |p?
S = 8185 7573 - PP exp (—"

dlp| (2m)2h3 T

linearize this equation:

1 dn
n(—— =" )=A-E+B
(!pl2 leI)

A: inverse of the temperature and

_ gigs4mV
8= (%)

Grimm (FIAS)

Thermal properties of UrQMD box-simlulatiol

05.06.2014 8 /40



analysing thermal equilibrium

check thermal equilibrium

extract temperature T from thermal pion distribution

107

e « o 1/p2 dNidp i
™ . Ta=(213.4 4 0.4) MeV
v cev Texpectea = 220 MeV

10%
10!
10"

107!

1/p%- dN/dp [1/GeV?]

1074

1074

- s
10 t
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analysing thermal equilibrium

check thermal equilibrium

Results for temperature-fits for different temperatures:

220+ Texpected =Th

= results from linearized fits -

200+

1801

Why is the temperature (of the
pions) too low for high temperatures?

160

i [MeV]

T

Hof

120F

100+

80 100 120 140 160 180 200 220

Texpected [MEV]
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analysing thermal equilibrium

check thermal equilibrium

What are the sources of the pions?

® main-pion source:
p-decay

m a; decay relevant for
higher temperatures

N/(10 fm)*

o sonetom ey m large number of pions
T e e with > 5 scatterings for

—— after 2 scatterings

10 —— after3 ring
2 otr 4 catrigs low T:
o after 5 scatterings
—— pions from a, decay a; channel starts to play
TMev] role for higher T
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analysing thermal equilibrium

check thermal equilibrium

temperatures from different sources

—— Texpected = Ttit
=== results from fits
—— after 1 scattering
—— after 2 scatterings
200 —— after 3 scatterings
>
——
o
——

after 4 scatterings
after 5 scatterings
a,-decay

p-decay

— Pions stemming from p and a;
decay are colder than medium.
But:

Why are pions getting hotter?

1501

Tii [GeV]

1001

50 100 120 140 160 180 200 220

eV]
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analysing thermal equilibrium

check thermal equilibrium

—— Texpected = Ttit

L --- results from fits

—— mtm—p
T+ p—a

— Pions incoming in inelastic
scatterings are colder than medium.

50 100 120 140 160 180 200 220

[MeV]
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analysing thermal equilibrium

results of first part

m linear fitting itself works good (compared to exponential fitting)
m a; channel only relevant for high T

m gap between temperature of pions from decay and medium inceases
with higher overall-T
m additional effect: pions, that form p and aj, are colder than medium
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thermal properties of ultrarelativistic pion-gas

analysis of further thermodynamic quantities

We use temperature T and volume V to calculate:
m energy E
m particle number N
We extract
m the energy density €
the isotropic pressure P
the entropy using Gibbs formula s =1/T(e+ P — ugpg).

check Gibbs formula for whole box and virtual box inside the whole

shear viscosity 7, viscosity to entropy ratio 1/s and thermal
conductivity x and compare to analytic calculations in the
ultra-relativistic limit using Green-Kubo formulas.

m extract n (and 7n/s) for baryonic medium
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thermal properties of ultrarelativistic pion-gas

isotropic pressure and entropy

Isotropic pressure from diagonal part of energy-momentum-tensor:

1 ,.d3p 2 1 5., (m
=z e T2y (2
3 / P &8 o2 (hey3 ™ T 2 (T)

Entropy:

S = —477V/f< < f) —1> Ip|2d|p|
5 8s81

st (s (2) + 47 (D)
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thermal properties of ultrarelativistic pion-gas

tuation of the quantities

s/4 [1m?]

whole box

box in center

020

015,

010

005,

000

005
It

020

0.10

0.05

entropy density s ---

energy density ¢

isotropic pressure P ==+

s analytic
€ analytic
P analytic

0.00

005

w
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time [fm/c]
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thermal properties of ultrarelativistic pion-gas

position of smaller box

Is it important where to put smaller box?

0.02:
13 P B P
¢ L R
0.0235 0.0235
S SO S = m 1-8: box in each corner
£ 5 .
e g ™9 boxin center
S S S U : m 0: average over 1-9
0.0220 0.0220 ™ 10 WhOle bOX
entropy density s —— sanalytic
energy density e —— canalytic
» isotropic pressure P —— P analytic

[ B T g g 0

T = 160 MeV

Grimm (FIAS) Thermal properties of UrQMD box-simlulatiol 05.06.2014



thermal properties of ultrarelativistic pion-gas

results for different temperatures T

006 ---- expected s 0.06

calculation:
+ expected €
expected P
e result whole box part:cles
005r = result box in center 005
v ol
0.04 0. 174 N

1 particles | 2
il

P=_
3V

/20 [1/fm?]

0
-1 Pi

0.03 0.03

/3, P [GeVi/fm?]

N, particles

s=1/T > (e+P)
i=1

0.02

150 160 170 180 190 200

T MeV]
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shear viscosity

1: mechanical definition

shear force: r
— velocity flow field "

\

— non-zero P Y —
shear viscosity (coefficient) 7: — Vy
il
pXY — _7788‘/X X/J, = /
y

in transport models:
use linear response theory (Green Kubo) to extract 7:

/oo 7(£))eq.dt
0

N, particles 'y

w3
1

i=1

~|\<
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shear viscosity

ensemble average

Nevents
(Y (07 (£))eq, = > oo 1 Z TY (AT (iAt + ¢)

N events

107 T
—— N=1000

—— N=5000
—— N =10000
> N=15000
—=— N =18000

m How many timesteps N?
We use 18000

m How many independent
box-calculations 7 question
of storage volume; at least
150 Nevents

T =180 MeV
m, =10 MeV
V = (10 fm)?
o =0.5mbarn

(T(0)T>¥(t))

50 100 150 200 S50
time [fm/c]

10°°
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shear viscosity

integrate correlation function

0, o
= = results

’_‘umnmm\ —  log-fit /(FXy(O)WXy(t)>eq.dt
 somos]
g 0
S, 0.0000054
= T =180 MeV . .
R How to integrate the correlation
g a;0.0Smbarn . . ?
Tom 720900 function over time?

— correlation function decays

5 exponentially

0 00 %00 30
time [fm/c]
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shear viscosity

integrate correlation function

Hence we can write:

gy no= (T(0) T () eq.dt

0.0000058|

—Hl <

BN

°

S, 0.0000054

= T =180 MeV ¢

g m, =10 MeV ( — ) « 5

g, omooos2 V= (10 fm)? — e ). < T y(o) >eq dt
B o =0.03 mbarn .

?H 0.0000050) T =2093 fm/c

0\8 0\8

0.0000048]

0

- 7 {T(0)%)eq.

20 300 100 500 —
time [fm/c]

Hl< HI<

7: relaxation time
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shear viscosity

comparing with analytic results

Now, compare to the results from S S SR Y EVR A S
A. Wiranata and M. Prakash,
arXiv:1203.0281 (2012) 12 I
For a ultra-relativistic hard sphere s |
. ™ 1.24 L
gas one can write: §
T :_':’ 1.224 L
n~127. - —
o
1.204 L
T: temperature Sz 4 6 & M 1 w16 B

Order of Approximation

o: total cross section
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shear viscosity

ultrarelativistic-limit?

have to satisfy ultra-relativistic and hard-sphere-limit

additional assumptions:

Ultra-relativistic means massless
particles and coldness ¢ = m/T = 0.
We try: m one-component gas, binary,

m coldness ¢ = m/T < 1 elastic scatterings

®m mass: m; 138 MeV — 10 MeV = hard—sp::;;e apprcl)x.: _
const. differential cross-section:
m temperature: T = 180 MeV o= a2/4

m isotropic cross-section

total cross-section: o1 = Ta?

a: radius of sphere
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shear viscosity

comparing with Green Kubo

compare Green Kubo ————
““““ o =0.1 mbarn
V -+ o =0.2mbarn
--- o=05mbarn
2
= — T TXyO — o =1mbarn
n T < ( ) >eq' 3'\ ) — o =2mban
with - = P\ N e
L
nA1.27 — :
o) g
has T-, o-dependence R
o-screening:
(T (0)?)eq stays the same, but 7 ‘
Changes 10 50 00 w0 20 U 100

time [fm/c]
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shear viscosity

o-screening

' L] U;QM.D
compare Green Kubo — analytic
74
n = 7 T <TX}/(0)2>eq. )
§ 10'F
with . %
n~127. - —
o

here o-dependence

0

1072 107! 100 1o
o [mbarn]
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shear viscosity

temperature screening

1 vs. temperature T

1 T T T T T T

« - UrQvD « « UrQMD

— analytic — analytic
0sf sk 4
= 06F m; =10 MeV $ = o m; =10 MeV B
E V= (10 fm)? E V = (10 fm)? S
% o =5 mbarn % o =0.5 mbarn
S S
= s

0.4

0.

0.10 0.12 0.11 0.16 0.18 0.20 0.22 0.10 0.12 0.11 0.16 0.18 0.20 0.22
GeV]

T[GeV] T[GeV]
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shear viscosity

calculate n/s using
compare with analytic:

m viscosity from:

T
m Green Kubo results n~ 127 —
m extracted value for s from g
Noorices m entropy from:
s=1/T > (e+P) B 5
i—1 5= 8815 53

(s (F) -4y (7))
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shear viscosity

n/s results

n/s vs. cross-section o n/s vs. temperature T

« « UrQMD . UrQMD
— analytic — analytic |

s 3.0

nls

100k

T =180 MeV
m, =10 MeV

m; =10 MeV Lok
ik V=(10fm)? V = (10 fm)?
o = 0.5 mbarn
0.5F o
1072 107! 10" 10" 0.10 0.12 0.14 0.16 0.18 0.20 0.22
T [GeV]

G [mbamn]
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shear viscosity

n for box including baryons

different setting:
box with nucleons, m-mesons and Aq3>-resonances.

T+ n < A3

Motivation:
. P . _
since i) ~ % one might see where Npions=N pucieons

—change baryon number by introducing baryo-chemical potential upg
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shear viscosity

thermalization

—— nucleons

—— Apsp
h““] —e— m-mesons

500+

m chemical-equilibrium realized

‘E 0F T =170 MeV
£ Vo (0 fm? very fast
=R m we assume thermal-equilibrium

is realized after 1000 fm/c

200F
100F i ! i i

600 800 1000

time [fm/c]
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shear viscosity

results n

I =a all particles
T=170 MeV oo pions
V= (10fm)* +-4 nucleons
+—+ deltas
- m note:
g B use extracted temperature T
= m 1) falls and saturates
s e m to do: extract s for 7)/s
difficulty:
get real ug

102
s [MeV]
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thermal conductivity

thermal conductivity s

isotropic medium: heat flux q, thermal conductivity :
q=—-kVT
q: heat flowing per second and per unit area

thermal conductivity x (Green Kubo):

- /0 " 4t (¢" (0)¢" (D)

relativistic heat flow g*:

K

g" = (u, T" — hN?)h-.

— difference of energy flow and flow of enthalpy h carried by the particles
h = (en+ p)/n: heat function per particle

u*: hydrodynamic velocity

h* = gt — utu¥: projector — gives part L u*

Grimm (FIAS) Thermal properties of UrQMD box-simlulatiol 05.06.2014 34 / 40



thermal conductivity

heat flow

heat flow depends strongly on decomposition

Eckart’s definition: Landau and Lifshitz's definition:
" NH " TH u,
UE = —— UL =
vVINYN, Vup TP T u,
— h"N, = — " Teu” =0
q/bi =u, T"h*. q' = —hN7 R
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thermal conductivity

heat flow

In which local Lorentz rest frame (u* = (1,0,0,0)T) are we?

Eckart: Landau Lifshitz:
0. 0.
0.08F 0.08F
0.06 0.06F —— %10 1
- < T =180 MeV ——u
S S m, =10 MeV —_— 2
0041 oo} V=(5fm)? —_—
A o =0.5 mbarn
0.02 0.02F
0.00F 0.
200 H!() 600 800 1000 100 Tm 300 100 500
time [fm/c] time [fm/c]
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thermal conductivity

heat flow

In which local Lorentz rest frame (u* = (1,0,0,0)T) are we?

Eckart: Landau Lifshitz:
0. 0.
0.08F 0.08F
0.06 0.06F —— %10 1
- < T =180 MeV —— !
S S m, =10 MeV —_— 2
0041 oo} V=(5fm)? —_—
A o =0.5 mbarn
0.02 0.02F
0.00F 0.
200 H!() 600 800 1000 100 ZAILIU 300 100 500
time [fm/c] time [fm/c]
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thermal conductivity

result heat flow and thermal conductivity

This means for heat flow: '
g" = —hN'

N': flux of particle number per unit time and unit area in i-th spacial
direction:
. d3p
N' = /p f——
p°
for UrQMD-calculations:

partlcles

Z ﬂo . ,.;:3‘/T2/OOO</7N(0) AN(£))odt
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thermal conductivity

result thermal conductivity

= = UrQMD
analytic

compare Green Kubo with
ultra-relativistiv hard sphere
approximation in first order from
Carlo Cercignani and Gilberto
Medeiros Kremer (Relativistic
Boltzmann Equation): o 2y
V = (10 fm)?

pys g <1+ (';)2+>

10°F

« [1/fm?]

T 00

i
10 102 10
1 [mbarn]
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Summary and Outlook

summary and outlook

m extracted thermal properties like pressure P and entropy s

m extracted 1 and 7/s using Green Kubo:
successful T- and o-screening

m 7 for baryonic-medium:
[LB-screening

m extracted k using Green Kubo:
successful o-screening

m to do:
try k for Eckart decomposition
extract ug — n/s from baryonic-medium
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Summary and Outlook

Thank you all for your attention.
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