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What is the hadron gas?
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Viscosity in heavy ion collisions

e RHICand LHC — T
measured large elliptic 0.1 SHOROS | -
flow at the high -
energies
corresponding to what
is thought to be QGP

e Hydrodynamics
relatively successful at
explaining this with
small n/s

e Still not clear what the
behavior of n/s is at N
low energies (FAIR, Part
late stage RHIC/LHC)

Luzum & Romatschke 10.1103/Phys. Rev. C 78.034915

—'
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What is viscosity?

y dimension

boundary plate
(2D, mOVWE) velocity, u

shear stress, t

Viscosity is a
measure of the
friction between
layers of a fluid

Ayisoosin-elpadiyim

fluid gradient, oy

boundary plate (2D, stationary)
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...and why do we need it?

y dimension

boundary plate

Viscosity is a (2D, mo""P) velocity, u

measure of the
friction between
layers of a fluid

shear stress, T

Ayisodsin-eipadiyim

fluid , X

boundary plate (2D, stationary)

 Hydrodynamics is conservation laws:
0, 7" =0, 9,N“=0
e With 1%t order dissipative corrections (Navier-Stokes):

T = eu'u” - (p + CO)A™ + 2nc*”, N* = nu' + 20" F
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...and why do we need it?

T =eu'u” - (p HCP

u
o™, NY =nu" + »0"F




How low is low?

00
(T - T.)/T:

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




Previous HG viscosity calculations
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Transport approaches
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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 can become
other balls on collision

Jean-Bernard Rose
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Transport approaches
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(balls are particles)

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 can become
other balls on collision

Jean-Bernard Rose

11



Transport approaches

* More fundamentally, transport
effectively solves the Boltzmann
equation:

P9, fi(x, p) +m; F* 0L fi(x, p) = Cooy

where f{(x,p) is the one-particle
distribution function, F* the force
experienced by particles and C'
collision term.

is the

coll

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

— The default is 1 test particle, which then
corresponds to the physical particle

— As the number of test particles per
physical particle increases, we recover the
smooth distributions of the Boltzmann
equation
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The transport code : SMASH

* SMASH is a new
transport code

—  Geometric
collision criterion

— Cross-sections
built from a
resonance model

— All PDG
resonances up to
a mass of 2.3 GeV

— 2-to-1 and 2-to-2
collisions

N*r*

160+

140+

120+

SMASH-1.0rc-107-g9e8clc5 |
- -~ total
----- N+m
i A*
<4 data (total)
-4 data (elast)

1.2

wW

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

\—W
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Viscosity in SMASH

Box calculations
simulating infinite
matter to apply the
Green-Kubo procedure

MUST have thermal &
chemical equilibrium

— Baryon/antibaryon
annihilation
implemented to
conserve detailed
balance via an
average decay to
51
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Green-Kubo Formalism

The shear viscosity _
is calculated from 0.00001
@)
1%
n=7J C (®)dt
0 1x10° E
= Tail is pure noise!
where O
N 1x107
1 N
C(O=v 2 T™(s)T"(s+1)
S
and ot E
N u v
part " p. i
TMVzLZ P! PP I SIS S SUII R T N 1A
4 i p(~) 0 2 4 6 8 10 12 14
l t (fm)

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

It has been shown that
the correlation

| n=¥{ CY(t)dt |

Follows

‘cxy<t>=CW<0>exp(—%) \

So that

_ven(0)r
T
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0.

C (t)

00001 |5

1x10°® F

1x1077

1x10°8

1x1079 t———
0

Follows exponential decay
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Test case : Pion box

-
) i 3 0.3 i
¢ PIOnS In a (20 fm) bOX : SMASH Temperature
simulal'ing inﬁnite 0.28 |- Initialization temperature
matter 0.26 |
: : 0.24 |-
* Constant, isotropic o = :
Q) -
o 0.22 — .
* Runsfort, =200 fm ~ Box is thermal
0.2 -
* |nitialized with initial 018 L
densities consistent -
. . 0.16 -
with Boltzmann ideal T I ST ST ST B
0 10 20 30 40 50 60
gas
t (fm)

——
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Pion box : Temperature dependence

SMASH o0=20mb
Chapman-Enskog 0=20mb

Maximum difference is 3%

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
0.08 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




Pion box : Cross-section/mass

dependence

1 0.2
I Chapman-Enskog T=150MeV Chapman-Enskog T=150 MeV 0=20 mb
0.8 1 i
- 0.15 |-
[ O
0.05 |-
0 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 O Il Il Il I Il Il Il I 1 L L I L L L
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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Pion box : Systematics
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What about entropy?

The entropy density can be calculated from the Gibbs
formula:

e+ p-un
S = T

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

=diag(e, p, p, p)

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

dN 2+m2
dp=22VpeXp( . ﬂ)
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When is this correct?

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




Energy density and pressure

""" =diag(e, p, p, p)

0.3 i N\
025 A’\/\\P/\W/V\V\/\/\M/\\/\/\/\/
i 0.04 |-
: TOO n
| TOX B TOX
02 |
| Txx | TXX
—_ Txy \0.03 — Txy
('VI) B
0.15 |
£ |
%) o1 £ 10.02 |
O I Fluctuation amplitude is indeed
> i small vs avg. pand e
— 0.05 Wﬂ 0.01 |~
o e ———e - - A ‘
0
-0.05 i | | | 1 | | | 1 | | | 1 | | | 1 | | | 1 - | | | | | | | \ \ | 1 . . \ 1 \ . . |
200 400 600 800 1000 200 400 600 800 1000
t (fm) t (fm)

28/03/2017 Jean-Bernard Rose 23



Energy density and pressure

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

TYW(GeV fm-3)
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Hadron Gas (HG)

All particles and
resonances initialized to

thermal multiplicities 016

* Must wait for 0.14 e s et
equilibration and
compute 7, u once in
equilibrium from most

abundant particles \
0.1 \\\\M

— T fitted from weighted I
momentum spectra of 0.08 |-
T, K&N I

T (GeV)

0 .06 I Il Il Il Il I Il Il Il Il I Il Il Il Il I Il Il Il Il I Il Il Il Il I Il Il Il Il
0 500 1000 1500 2000 2500 300

— U obtained from

N / anti-N ratio t (fm)
—
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HG: Particle list
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2’1275
21525
21950
22010
22300

22340

fl 1285
fl 1420

d; 1320

T 1400
T3 1600

N3 1645

W3 1670

T, 1670
P3 1690
$3 1850
d4 2040

f4 2050




HG: Viscosity Comparison
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Comparing n and s

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

Although comparison is difficult,
SMASH entropy density slightly
higher than previous calculation
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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 the method is robust to variation of most
parameters

* Full hadron gas n/s calculated

— Has the expected decreasing profile

— Final results are in qualitative agreement with previous calculations, but
not in full agreement with any

e QOutlook:

— Investigation of a t-p-0 box and comparison with Chapman-Enskog analytical
calculations

— Comparison of SMASH/UrQMD (viscosity, entropy, cross-sections)
— More thorough investigation of the u, u. parameter space
— Other transport coefficients (electrical conductivity, bulk viscosity, etc.)
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Backup
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Follows exponential decay




Viscosity in the Hadron gas

What about low

temperatures?
/s
_ assuming chemical equilibrium
- — T T 1
P

0.4p= -
= (.3} -
=
=
e .
en 0.2 Method I (t,=10 fm/c)

mmm  w Method II (1,=40 fm/c)

e

1l I B I B I B
(9.13 0.14 0.15 0.16 0.17
T [GeV]

Romatschke & Pratt, arXiV:1409.0010v1

1/06/2017

eCascade code B3D,
initialize over large 2D area
at mid rapidity, with Tw
modified such that

;= 3 [52 5p)

species | (2n )3 Ep)
(0 = FuD|1 + Copip )

*Writing evolution
equation using O=-nt%

1
D=75T+Ty+T,)-T, = 3,
initialized where d®/dt=0.
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Song, Bass & Heinz, Phys. Rev. C83 (2011) 024912
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Viscosity in the Hadron gas

What about low
temperatures?

I

I

T

| ' | | ' |
HRG QGP 1o
o (n/s)"(T)

o —— 0st%1) |

o — . (m/s)(T)

]

N A |
140 160 180 200 220

T (MeV)

*UrQMD coupled with VISH2+1

*Progressively lowering the
coupling temperature

*Each step, the n/s of VISH2+1
is adjusted so that there is no
pion v, buildup

*Take this n/s to be the
effective UrQMD n/s at this
temperature

Non-universal: changing the
QGP n/s changes the results



Viscosity in the Hadron gas

What about low

temperatures?
e '
i = = KSS bound: 1/4%

A @ Chiral Pions
10E ® — N=3 pQCD E
O Hadron gas w/ p=0,u_~0 §
% i e i
13 P % -
5 RED
3 - 1 . :

100

Temperature (MeV)

Demir & Bass, Phys.Rev.Lett. 102 (2009) 172302
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UrQMD
*Box calculation
*Green-Kubo formalism

*Essentially the same
procedure that we used



