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| 1. Introduction: Viscosity of the hadron gas \
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What is the hadron gas?
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What is viscosity?

y dimension

boundary plate
(2D, moving) | velocity, u




...and why do we need it?

y dimension

boundary plate

. . - (2D, moving) velocity,
Viscosity is a > ty, u

measure of the shear stress, T
friction between
layers of a fluid

AvisodsIA-eIpad I

gradient ou

fluid 'y

boundary plate (2D, stationary)

* Hydrodynamics is conservation laws:

[ 0,7 =0, 9,N"=0 ]

e With 1%t order dissipative corrections (Navier-Stokes):

" = euu” - (p + COHA" + 2nc"’, N" =nu" + %8"%
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...and why do we need it?




Viscosity in heavy ion collisions

RHIC and LHC
measured large elliptic
flow at the high
energies

corresponding to what
is thought to be QGP

25/01/2018
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Viscosity in heavy ion collisions

4 N
e RHICand LHC AN N BN R AR T
measured large elliptic 0.1F = PHOBOS| ]
flow at the high '
energies

corresponding to what
is thought to be QGP

 Hydrodynamics
relatively successful at
explaining this with
small n/s

I\lPart

Luzum & Romatschke 10.1103/Phys. Rev. C 78.034915
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Viscosity in heavy ion collisions

4 w
* RHICand LHC

measured large elliptic 0.6, Do
flow at the high Tior range
energies | —— Posterior median
corresponding to what 90% CR
is thought to be QGP 0.4}

2

=

 Hydrodynamics
relatively successful at 0.2
explaining this with _
small n/s KSS bound 1/47
0915 | 0.20 ' 0.25 | 0.30
Temperature [GeV]

Bernhardt, Moreland, Bass, Liu & Heinz Phys. Rev. C94 no. 2 (2016) 024907

*
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Viscosity in heavy ion collisions

4 w
* RHICand LHC

measured large elliptic 0.6, Do
flow at the high rior range
energies | —— Posterior median
corresponding to what 90% CR
is thought to be QGP 0.4

2

=

 Hydrodynamics
relatively successful at
explaining this with
small n/s

KSS bound 1/47r'

0.20 0.25 0.30
* Still not clear what the Temperature [GeV]
behavior of n/s is at
low energies (FAIR, late

Stage RH IC/LHC) Bernhardt, Moreland, Bass, Liu & Heinz Phys. Rev. C94 no. 2 (2016) 024907
s ———————————————————————————————
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How low is low?

-0‘2. - .O'O. whaic
(T - T;:)/Tc

A. Adams, L. D. Carr, T. Schéfer, P. Steinberg, J E Thomas, New J. Phys. 15 (2013) 045022




Previous HG viscosity calculations
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Previous HG viscosity calculations

n/s
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Outline

2. Transport
— SMASH
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Transport approaches

* Transport models are
3D billiard tables

* But...

— Balls do not see each
other as being the
same size

— Balls can annihilate
— Balls can decay

(balls are particles) — Balls can become
other balls on collision

25/01/2018 Jean-Bernard Rose 16



Transport approaches

* More fundamentally,
transport effectively solves
the Boltzmann equation:

P, fi(x, p) +m F4 0L fi(x, p) = Ceoy

where fi(x,p) is the one-

particle distribution function, F¢
the force experienced by particles
and C'_, is the collision term.
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The transport code: SMASH

* Transport effectively solves the
Boltzmann equation:

P4, fi(x, p) +m; F* 3}, fi (x, p) = Ceoy

* Particles represented by gaussian
wave packets

e Geometric collision criterion:

Otot
dtrans < dint - T

* Each particles species is represented
with point-like test particles

1
0—=0" Ny
N —= N Ny

Weil et al., Phys. Rev. C94 (2016) no.5, 054905

*Not the official |0g0. Definitely never will be.
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SMASH: General setup

* Timestepless evolution
— All future possible actions stored
— Propagate to next action

— Update list of possible actions
— Andsoon...

 Mean-field potentials

T

N 9 e
U—a<Q0)+b<QO) iZSpOt 20

e Modii:
— Collider, Sphere, Infinite matter, Afterburner
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SMASH:

Resonances

* Particles stable if decay width smaller
than 10 keV

* Spectral functions of resonances are
described by relativistic Breit-Wigner
functions

m2 F(m)

(m2 M2 ) + m2 F(m)2

Manley et al. treatment for partial
widths Iz 5.,

A(m) =

Resonance lifetime for 152

1
Tres = T(n)

Cross-sections for 2—>1:

N+t

SMASH-1.0rc-107-g9e8c1c5 |
--- total
------ N+m

i . A*
4+ data (total)
4+ data (elast)

1.2

2Jp +1 2
=k ™ (2p+1)(2ip 1)

25/01/2018
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Manley et al., Phys. Rev. D45 (1992), 4002

Weil et al., Phys. Rev. C94 (2016) no.5, 054905
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SMASH: Scatterings

* Elastic scatterings parameterized for NN
reactions; all other elastic scatterings
assumed to go through resonances

* Inelastic scatterings implemented:

(27 +1) (270 +1)

slpil

Oab—>Rc(S) =
2
M| (s, 1)
I ~J \2 ab<>Rc
) (CabCRc) 167

§-me

I dm Axm) - \p s, m, m.)

min
mp

e Currently include
— NN<NR, NN AR

—  KN<>KN, KN&—>mH
— +antiparticles

e Strings (turned off)

25/01/2018

160}
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‘o 100¢
— 80}
60}
40t
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N+t

SMASH-1.0rc-107-g9e8c1c5 |
--- total
------ N+m

i . A*
4+ data (total)
4+ data (elast)

1.2

1.4 1.6

Weil et al., Phys. Rev. C94 (2016) no.5, 054905
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SMASH: Does it all work?

1.2

t=0.1 fm, SMASH
t=2.0 fm, SMASH
t=4.0 fm, SMASH
t=10.0 fm, SMASH

—— t=0.1 fm, Exact

—— t=2.0 fm, Exact
t=4.0 fm, Exact
t=10.0 fm, Exact

] ]

|

]

2 3

25/01/2018

4
k a/T,

5

6

7 8

Tindall et al., Phys.Lett. B770 (2017) 532-538
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Exact solution of Boltzmann equation in expanding universe




Viscosity in SMASH
=== 3
500
 Box calculations MWMWMMM
simulating infinite I
matter to apply the
Green-Kubo procedure

400 [~

>z X7o° A

w

o

o
|

e  MUST have thermal &
chemical equilibrium o0 |-
— Baryon/antibaryon I
annihilation i
implemented to 100 B A A A bAoA A A AR
conserve detailed i .
balance via an M AR IR

average decay tO 5-,-[ 0 500 1000 1500 2000 2500 300
t (fm)

g
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Outline

3.

Methodology
—  Viscosity considerations
. Green-Kubo formalism

. Test case #1: Constant isotropic cross-section
. Test case #2: Energy-dependent cross-section

25/01/2018 Jean-Bernard Rose 25



Green-Kubo Formalism

—

The shear viscosity
is calculated from 0.00001

n== C¥(t)dt
0

1x10° E
= Tail is pure noise!
where O
N 1x107 [
1 [
CY)= 2 T(s)T(s+)
N
and 3
N V
| part pz/'/tpi I
Tl“}:VE 0 1109 i i o o o e e L AL
l- pl 0 2 4 6 8 10 12 14

t (fm)

N is the number of time steps, and N, the number of particles
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Green-Kubo Formalism

7 N
It has been shown that
the correlation 0.00001 _
— Follows exponential decay
1%
| n=7J C*(t)dt l
0 1x10° F
Follows 31X10_7 i
‘cxya)=cxy<0>exp(-%) \ ;
So that :
_ ve(0)r T ?
=7

25/01/2018 Jean-Bernard Rose




Test case #1: Constant o

Pions in a (20 fm)3 box
simulating infinite
matter

Constant, isotropic o
Runs for t_ =200 fm
Initialized with initial
densities consistent

with Boltzmann ideal
gas

25/01/2018

é N
0.3
SMASH Temperature
0.28 |- Initialization temperature
0.26 -
0.24 -
>
v
o 0.22 -
— Box is thermal
0.2 =
0.18 -
0.16 |-
] ] i ] ]
0 10 20 30 40 50 60
t (fm)
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Test case

2: Energy-dependent o

Pions in a (20 fm)3 box
simulating infinite
matter

Cross-section uses p
resonance

Runs for t,,,,=200 fm

Initialized with initial
densities consistent
with Boltzmann ideal
gas

25/01/2018
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4 N
nrn-
100 t ,IT\+ SMAISH-1.0—166—gI;a62f51a |
+I \ --- total
\ ------ mr+m-
80t - 00
I | <+ data (total)
o \ -+ data (elast)
-Q i 4
E 60 +* \+
— i
© Lol +{/ \\++
+
20+ = *
/ N ++++ 4=
/ AN
// \\N
P , , | e
0.4 0.6 0.8 1.0 1.2 1.4
Vs[GeV]




How to fit?

r
0.01 [
I Black: 2 O Fixed intercept
- - @) Floating intercept
T= 150 MeV N Analytic result
000 Energy-dep. o -
Ch g o 5
= . £ 5
S i g I
[ | [
S I S o.001 |
> >
= 0.0001 §_ § :
© = Red: O
| T=150 MeV [
- | 0 =20 MeV |
000001 | | | e | | e | | e [ N\ ] | | | 00001 | | | | | L L | L L | | | | | | \ \ , | , , ,
0 10 20 30 40 50 0.08 0.1 0.12 0.14 0.16 0.18 0.2
t (fm) T (GeV)
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Where to stop?

J. Torres-Rincon, PhD dissertation (2012), Hadronic Transport Coefficients from Effective Field Theories

r
0.14 0.5
i Chapman-Enskog I Chapman-Enskog
I % 5% I v 2%
I < 4% 04l 4%
0.12 |- 4 o
i # 6% == I A 6%
i o 10% i @ 10%
i n) 5fm i = 5fm
<01 - 803 -
£V £ :%:
> s > i
&) > |
S [ O
— 0.08 |- =02
- Constant o [ Energy-dependent o
0-04 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 O i I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
006 008 0.1 012 014 016  0.18 0.1 0.12 0.14 0.16 0.18
T (GeV) T (GeV)
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Constant o: Temperature dependence

SMASH 0=20mb
Chapman-Enskog 0=20mb

|Maximum difference is 3% |

1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1
0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

T (GeV)

J. Torres-Rincon, PhD dissertation (2012), Hadronic Transport Coefficients from Effective Field Theories




Constant o: Cross-section/mass
dependence

~
1 0.2
g O SMASH T=150MeV O SMASH T=150 MeV 0=20 mb
i Chapman-Enskog T=150MeV Chapman-Enskog T=150 MeV 0=20 mb
0.8 B
0.15 |~
I @)
0.05 |~
0 1 I 1 I I 1 I I 1 0 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
10 20 30 40 50 60 0 0.2 0.4 0.6 0.8
o (mb) m (GeV)
Very good agreement with analytical calculations!
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N (GeV fm2)

0.14
012
0.1 k
0.08
0.06 |
004 |

0.02

Constant o: Systematics

T=150MeV

@)

T=125MeV

O

T=100MeV

l

100

. 1000 _

Number of events
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10000

T=150MeV A
O T=125MeV ©
| —
T=100MeV -
1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 I
2 4 ’ e 10

Test particles

0.14
0.12
(:d 0.1 i A
€ [ aT=150Mev .
9= 08 o) O S
> L TetesMev
- D ]
9 0.08 I T=100MeV
= o004
0.02
O [ IIIII 1Lll
0.1 1 10
p/ptherm

Main take-away:

The method is relatively

inelastic to variations of most
parameters; maximum error

is less than 10%

D
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Energy-dependent o: Resonance lifetimes
4 N
0.8 O SMASH normal lifetime
O SMASH zero lifetime ’_%_‘
* Normal SMASH run does Chapman-Enskog
not coincide directly with 06
Chapman-Enskog T
o Resonance lifetimes %04
O
z =¥
k2|
nt T i
n )8
P ° ol1 | Io.|12 o.|14 O.I16 O.I18
n n T (GeV)
nt T
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Outline

| —  Entropy considerations \
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What about entropy?

The entropy density can be calculated from the Gibbs
formula:

__et+p-un  w-un
S = T =T

where the energy density and pressure can be taken from
the average shear-stress tensor according to:

T =diag(e, p, p, p) |

Assuming a nearly ideal gas, one can fit the temperature
and chemical potential with momentum distributions:

25/01/2018 Jean-Bernard Rose 37



When is this correct?

T =diag(e, p, p, p)




Energy density and pressure

| 7 = diagte. p, p. p) |
Ler——

é 0.3 i )
0.25 . WWW

I 0.04 -

: TOO |

| TOx B TOX

0.2 |-
I Txx | Txx
™ 10.03 |- T
;'? 0.15 |~ I
c o
Y N
> ot L .0.02 |-
8 [ Fluctuation amplitude is indeed
> [ small vs avg. p and e
3
I_ 0.05 WW/ 0.01 -
0~ ~— A A~ _f ,‘ ﬁ
0
_0'05 i 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I . 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l
200 400 600 800 1000 200 400 600 800 1000
t (fm) t (fm)
—
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Energy density and pressure

T =diag(e, p, p, p)

In the range of typical
— hadron gas equation of state




Outline

4. Results
—  Full hadron gas viscosity
—  Comparison & discussion
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Hadron Gas (HG)

0.18

* All particles and - "

resonances initialized to
thermal multiplicities

e  Must wait for 0.14 k‘fwwwm

equilibration and compute
T, uonce in equilibrium
from most abundant
particles

0.16

T(GeV)
i

momentum spectra of

0.1
— T fitted from weighted \<

m, K&N 0.08
— g Obtained from o.oao_' — '0'5' - 1. R .1|5. - ; - .2|5. ——
N / anti-N ratio ' : :

t (108 fm)

—J‘
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n/s and nT/w

I ——8—— ;=0 MeV I —— 8 —- =0 MeV
— —@&—— =300 MeV — ——-@——- =300 MeV
i —_—r Mg= 600 MeV i —_———fp——- Mg= 600 MeV
ol
.
i |\\
= | |
) = |
2 = ;
B \Y
I \\\
i ,{d YN
R
j ST — R
§ I I I I I I I ] ] I ] ] ] I ] ] ] I ] ] ] I ] ] ] I ] ] ] I
0.08 0.1 0.12 0.14 0.16 0.18 0.08 0.1 0.12 0.14 0.16 0.18
T (GeV) T (GeV)
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n,sand w/T

Viscosity decreases slower at small
temperatures; explains rise of n/s

4 D
]
[ —8—— s ug=0MeV
- —@®—— s =300 MeV
5 ——#—— s =600 MeV
L ——<—— W/T yg=0 MeV
- ——O—— wW/T ug=300 MeV
| ——Zx—— W/T yg= 600 MeV
4 =
& = [
E E I
o =3F
o} s |
= o I
2 -
1 e
D . . 1 O_ I BT R
0.12 0.14 0.16 0.18 0.08 0.1 0.12 0.14 0.16 0.18
T (GeV) T (GeV)

—
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HG: Viscosity Comparison

Demir & Bass [Kubo & UrQMD]
Pratt, Baez & Kim [B3D]
Romatschke & Pratt [B3D]
Rougemont et al. [Holo]
Ozvenchuk et al. [RTA & DQPM]
Moroz [RTA & UrQMD]
e Wiranata et al. [CE]
XPT [CE]
—4—— Full SMASH

25/01/2018
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HG: Viscosity Comparison

Demir & Bass [Kubo & UrQMD]
Pratt, Baez & Kim [B3D]
Romatschke & Pratt [B3D]
Rougemont et al. [Holo]
Ozvenchuk et al. [RTA & DQPM]
Moroz [RTA & UrQMD]
e Wiranata et al. [CE]
XPT [CE]
—4—— Full SMASH

SMASH result quite a bit lower than
UrQMD/Kubo and yPT result at low T

25/01/2018
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Low temperature n/s

* Low temperature hadron 4 h
gas is composed almost 140 [
exclusively of pions

120

* TI-TT Ccross-section is then

100 [
most relevant -

80

o (mb)

— At very low energy,

SMASH much higher 60 |
than UrQMD/xPT [

a0 f
— xPT includes angular

dependence, 20 1
UrQMD&SMASH don’t;

increases viscosity by 0
factor up to 5/3 for p

resonance

e ——————————————————————————
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HG: Viscosity Comparison

Demir & Bass [Kubo & UrQMD]

Pratt, Baez & Kim [B3D]

Romatschke & Pratt [B3D]

Rougemont et al. [Holo]

Ozvenchuk et al. [RTA & DQPM]

Moroz [RTA & UrQMD]
e Wiranata et al. [CE]

SMASH in agreement with
Demir & Bass and in contradiction
with all others at high T

25/01/2018
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High temperature n/s : Resonance lifetimes

Tt Tt
Tt Tt
Must look at the microscopic
i picture from different descriptions
I Tt
] Tt

At low T and density:
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High temperature n/s : Resonance lifetimes

Tt Tt
Tt Tt
Must look at the microscopic
i picture from different descriptions
] Tt

At high T and density:

25/01/2018 Jean-Bernard Rose 50




High temperature n/s : Resonance lifetimes

Tt Tt
Tt Tt
Must look at the microscopic
i picture from different descriptions

At high T and density:

" ™
‘ (vs
. (N
Momentum transport is delayed
until resonances decay! A
Syl
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r-p: Zero lifetimes vs relaxation time

Large part of the difference explained from eliminating lifetimes

= N
0.8 |- O SMASH normgl Iifetime 30 [ o T normal lifetime
N O SMASH zero lifetime B O T zero lifetime
i Chapman-Enskog i A Tmift hormal lifetime
25 - A Tmft zero lifetime
0.6 | i
SR 20 ,_% +
£ E |
> = [
8 0.4 |- =15 | >—§—<
pu |—§—| [
10 | @
0.2 B
5 7k
. H-Z5&H
0 | | | | | 0 | | | | |
0.1 0.12 0.14 0.16 0.18 0.1 0.12 0.14 0.16 0.18
T (GeV) T (GeV)
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Effect of many non-resonant interactions

Introduce a constant elastic cross-section between all
particles to add many non-resonant interactions

100
O Full SMASH A Pratt, Baez & Kim [B3D]
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Outline

| 5. Conclusion I
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Summary & Outlook

° Investigated temperature, cross-section and mass
dependence of the shear viscosity in an elastic pion box
— Very good agreement with Chapman-Enskog approximation (within 3%)
— Systematics show that method is robust to variation of technical parameters

* Full hadron gas n/s calculated

— Slightly lower than other calculations at low T because of large m-mt cross-section

— High T discrepancy explained by looking at microscopic details of resonance
modelling; finite lifetime increases viscosity

— Could be used to constrain the treatment of resonances

e OQutlook:

— More rigorous analysis of the dependence between t and 1, needed
— Investigation of angular dependent interactions on viscosity

— At temperatures close to the phase transition, inclusion of multi-particle interaction
will probably play a role, and needs to be investigated

— Other transport coefficients (electrical conductivity, bulk viscosity, etc.)
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