
Electrical Cross-Conductivity 
in the Hadron Gas

Jean-Bernard Rose 

with G. Denicol, M. Greif, J. Hammelmann, 
J. Fotakis, H. Elfner, C. Greiner

Quark Matter 2019, Wuhan, China, November 5th, 2019



Constraining hadronic active degrees of freedom

• Composed of hadrons 

• Which ones are active degrees 
of freedom, and do we know 
them all? 

• How do we constrain this? 

• Additional ways of constraining 
these properties are needed: 
this talk aims to provide one 
such new path
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Electric cross-conductivity
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• An electric field introduces an electric 
current: 

• Hadrons can have multiple charges: Q, B, S 
• So the electric field also introduces other 

currents: 

• Can be calculated both in effective 
models and on the lattice!
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currents: 

• Can be calculated both in effective 
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Electric cross-conductivity

• An electric field introduces an electric 
current: 

• Hadrons can have multiple charges: Q, B, S 
• So the electric field also introduces other 

currents: 

• Can be calculated both in effective 
models and on the lattice!
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Modelling the hadron gas: SMASH

• SMASH is a semi-classical transport approach for the 
hadron gas 

• Geometric collision criterion: 

• Spectral functions of resonances are described by relativistic 
Breit-Wigner functions, with resonance lifetime 

• Elastic scatterings parameterized for NN; many other elastic 
scatterings assumed to go through resonances 

• All other elastic scatterings go through Additive Quark Model 
• Inelastic scatterings, currently include 
– NN↔NR, NN↔ ΔR 

– KN↔KN, KN↔πH 

– +antiparticles 
• Strings (turned off for detailed balance)
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Green-Kubo formalism

The cross-conductivity is calculated from  

where 

In the dilute case, exponential ansatz 

where τQi is the relaxation time
 14Jean-Bernard Rose5/11/2019
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Green-Kubo test case: π-K-N with 30 mb

The cross-conductivity is calculated from  

where 

In the dilute case, exponential ansatz 

where τQi is the relaxation time
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Jean-Bernard Rose

π-K-N resonant gas: Degrees of freedom
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• + anti-particles 
• Isospin symmetry 
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Jean-Bernard Rose

π-K-N-Λ resonant gas: Degrees of freedom
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• + anti-particles 
• Isospin symmetry 
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Jean-Bernard Rose

Full hadron gas: Degrees of freedom
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Chemical composition
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Electric conductivity
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Baryonic-electric conductivity
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Strange-electric conductivity
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Electric conductivity comparison

5/11/2019

SMASH	-	Full
SMASH	-	π	K	N
Greif	et	al.	[Kinetic]
Ghosh	et	al.	[Kinetic]
Steinert	et	al.	[PHSD]
Aarts	et	al.	[Lattice]
Brandt	et	al.	[Lattice]
Ding	et	al.	[Lattice]

σ
Q
Q
/T

10−3

0.01

0.1

T	(GeV)

0.08 0.1 0.12 0.14 0.16 0.18

Quenched quarks 
approximation

Double pion mass

No hadronic 
interactions

Multiple lattice 
calculations exist, but 
they have large errors and 
systematic uncertainties  

Need consistent results in 
a larger T range

-G
re

if
 e

t 
al

.,
 P

hy
s.

 R
ev

.,
 v

ol
. 

D
93

, 
no

. 
9,

 p
. 

09
60

12
, 

20
16

  
-G

ho
sh

 e
t 

al
.,

 N
uc

l.
 P

hy
s.

, 
vo

l.
 A

96
9,

 p
p.

 2
37

–2
53

, 
20

18
  

-S
te

in
er

t 
et

 a
l.

, 
Ph

ys
. 

Re
v.

, 
vo

l.
 C

89
, 

no
. 

3,
 p

. 
03

52
03

, 
20

14
  

-A
ar

ts
 e

t 
al

.,
 J

H
EP

, 
vo

l.
 0

2,
 p

. 
18

6,
 2

01
5 

 
-B

ra
nd

t 
et

 a
l.

, 
Ph

ys
. 

Re
v.

, 
vo

l.
 D

93
, 

no
. 

5,
 p

. 
05

45
10

, 
20

16
  

-D
in

g 
et

 a
l.

, 
Ph

ys
. 

Re
v.

, 
vo

l.
 D

94
, 

no
. 

3,
 p

. 
03

45
04

, 
20

16
 



Summary & Outlook

• Investigated temperature and µB dependence of cross-
conductivity in systems of increasing complexity 
– Very good agreement with Chapman-Enskog approximation 
– Cross-conductivity sensitive to increasing number of degrees of freedom 
– Comparison with current lattice data inconclusive 
– Could be used to constrain active degrees of freedom in the hadron gas 

• Outlook: 
– Investigation of angular dependent interactions 
– Inclusion of multi-particle interaction will play a role at phase transition 
– Precise low temperature conductivity calculations on the lattice are needed  
– Diffusion of multiple charges 
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See talk by J. Fotakis at 10:20 today in COL I
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Resonance lifetimes: Shear vs conductivity
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High temperature η/s : Resonance lifetimes 

 27

Must look at the microscopic 
picture from different descriptions 
τres = resonance lifetime 
τmft = mean free time 

At low T and density: 

Jean-Bernard Rose

τres << τmft
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High temperature η/s : Resonance lifetimes 

 28Jean-Bernard Rose

τres ~ τmft

Must look at the microscopic 
picture from different descriptions 
τres = resonance lifetime 
τmft = mean free time 

At high T and density: 

5/11/2019



High temperature η/s : Resonance lifetimes 
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Fluctuation relaxes instantly 
because charge is zero!

Must look at the microscopic 
picture from different descriptions 
τres = resonance lifetime 
τmft = mean free time 

At high T and density: 

5/11/2019
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High temperature η/s : Resonance lifetimes 
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Fluctuation not zero, but much 
smaller in most cases because 
of larger mass

Must look at the microscopic 
picture from different descriptions 
τres = resonance lifetime 
τmft = mean free time 

At high T and density: 

5/11/2019
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Equilibrium 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 5π
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Equilibrium in SMASH

• All particles and 
resonances initialized to 
thermal multiplicities (at 
the pole mass) 

• Must wait for 
equilibration and 
compute T, µ once in 
equilibrium from most 
abundant particles 

– T fitted from weighted 
momentum spectra of π, 
Κ & Ν 

– µB obtained from 
Ν / anti-Ν ratio
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Jean-Bernard Rose

What about entropy?

The entropy density can be calculated from the Gibbs 
formula: 

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

Assuming a nearly ideal gas, one can fit the 
temperature and chemical potential with 
momentum distributions: 
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Energy density and pressure
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Fluctuation amplitude is indeed 
small vs avg. p and e
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