
Shear	  viscosity	  and	  resonance	  
life2mes	  in	  the	  hadron	  gas	  

Jean-‐Bernard	  Rose	  
with	  D.	  Oliinychenko,	  J.	  Torres-‐Rincon,	  A.	  Schäfer,	  

J.	  Hammelmann,	  H.	  Petersen	  

Quark	  MaGer	  2018,	  Venice,	  Italy,	  May	  15th,	  2018	  

based	  on	  Phys	  Rev	  C	  97.055204	  (arXiv:1709.03826)	  and	  arXiv:1709.00369	  



Viscosity	  in	  heavy	  ion	  collisions	  

•  RHIC	  and	  LHC	  
measured	  large	  ellip2c	  
flow	  at	  the	  high	  
energies	  
corresponding	  to	  what	  
is	  thought	  to	  be	  QGP	  
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Viscosity	  in	  heavy	  ion	  collisions	  

•  RHIC	  and	  LHC	  
measured	  large	  ellip2c	  
flow	  at	  the	  high	  
energies	  
corresponding	  to	  what	  
is	  thought	  to	  be	  QGP	  

•  Hydrodynamics	  
rela2vely	  successful	  at	  
explaining	  this	  with	  
small	  η/s	  

•  S2ll	  not	  clear	  what	  the	  
behavior	  of	  η/s	  is	  at	  
low	  energies	  (FAIR,	  late	  
stage	  RHIC/LHC)	  
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Bernhard,	  Moreland,	  Bass,	  Liu	  &	  Heinz	  Phys.	  Rev.	  C94	  no.	  2	  (2016)	  024907	  



0.08 0.1 0.12 0.14 0.16 0.18
T (GeV)

0.1

1

10

η/
s

Demir & Bass [Kubo & UrQMD]
Pratt, Baez & Kim [B3D]
Romatschke & Pratt [B3D]
Rougemont et al. [Holo]
Ozvenchuk et al. [RTA & DQPM]
Moroz [RTA & UrQMD]
Wiranata et al. [CE]
χPT [CE]

Previous	  HG	  viscosity	  calcula2ons	  

15/05/2018	   Jean-‐Bernard	  Rose	   5	  

-‐D
em

ir
	  &
	  B
as
s,
	  P
hy
s.
Re

v.
Le
G
.	  1
02
	  (2

00
9)
	  1
72
30
2	  

-‐P
ra
G
,	  B

ae
z	  
&
	  K
im

,	  P
hy
s.
	  R
ev
.	  C
95
	  (2

01
7)
	  0
24
90
1	  

-‐R
om

at
sc
hk
e	  
&
	  P
ra
G
,	  a
rX
iv
:1
40
9.
00
10
v1
	  

-‐R
ou

ge
m
on

t	  e
t	  a

l.,
	  a
rX
iv
:1
70
4.
05
55
8	  

-‐O
zv
en

ch
uk
	  e
t	  a

l.,
	  P
hy
s.
	  R
ev
.	  C
87
	  (2

01
3)
	  0
64
90
3	  

-‐M
or
oz
,	  a
rX
iv
:1
30
1.
66
70
	  

-‐W
ira

na
ta
	  e
t	  a

l.,
	  P
hy
s.
	  R
ev
.	  C
88
	  (2

01
3)
	  0
44
91
7	  

-‐T
or
re
s-‐
Ri
nc
on

,	  a
rX
iv
:1
20
5.
07
82
	  



0.08 0.1 0.12 0.14 0.16 0.18
T (GeV)

0.1

1

10

η/
s

Demir & Bass [Kubo & UrQMD]
Pratt, Baez & Kim [B3D]
Romatschke & Pratt [B3D]
Rougemont et al. [Holo]
Ozvenchuk et al. [RTA & DQPM]
Moroz [RTA & UrQMD]
Wiranata et al. [CE]
χPT [CE]

Previous	  HG	  viscosity	  calcula2ons	  

15/05/2018	   Jean-‐Bernard	  Rose	   6	  

-‐D
em

ir
	  &
	  B
as
s,
	  P
hy
s.
Re

v.
Le
G
.	  1
02
	  (2

00
9)
	  1
72
30
2	  

-‐P
ra
G
,	  B

ae
z	  
&
	  K
im

,	  P
hy
s.
	  R
ev
.	  C
95
	  (2

01
7)
	  0
24
90
1	  

-‐R
om

at
sc
hk
e	  
&
	  P
ra
G
,	  a
rX
iv
:1
40
9.
00
10
v1
	  

-‐R
ou

ge
m
on

t	  e
t	  a

l.,
	  a
rX
iv
:1
70
4.
05
55
8	  

-‐O
zv
en

ch
uk
	  e
t	  a

l.,
	  P
hy
s.
	  R
ev
.	  C
87
	  (2

01
3)
	  0
64
90
3	  

-‐M
or
oz
,	  a
rX
iv
:1
30
1.
66
70
	  

-‐W
ira

na
ta
	  e
t	  a

l.,
	  P
hy
s.
	  R
ev
.	  C
88
	  (2

01
3)
	  0
44
91
7	  

-‐T
or
re
s-‐
Ri
nc
on

,	  a
rX
iv
:1
20
5.
07
82
	  

Mul2ple	  descrip2ons	  inconsistent	  with	  each	  other!	  



Modelling	  the	  hadron	  gas:	  SMASH	  

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

•  Geometric	  collision	  criterion:	  

•  Spectral	  func2ons	  of	  resonances	  are	  
described	  by	  rela2vis2c	  Breit-‐Wigner	  
func2ons,	  with	  resonance	  life2me	  

•  Elas2c	  scaGerings	  parameterized	  for	  
NN;	  all	  other	  elas2c	  scaGerings	  
assumed	  to	  go	  through	  resonances	  

•  Inelas2c	  scaGerings,	  currently	  include	  
–  NN↔NR,	  NN↔	  ΔR	  
–  KN↔KN,	  KN↔πH	  
–  +an2par2cles	  

•  Strings	  (turned	  off	  for	  detailed	  balance)	  
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See	  talk	  by	  H.	  Petersen	  earlier	  today	  at	  12:30	  in	  Collec2ve	  Dynamics	  session	  



Green-‐Kubo	  Formalism	  

The	  shear	  viscosity	  
is	  calculated	  from	  	  

where	  

and	  	  
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N	  is	  the	  number	  of	  2me	  steps,	  and	  Npart	  the	  number	  of	  par2cles	  
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Tail	  is	  pure	  noise!	  

t	  (fm)	  

C	  
(t
)	  



Green-‐Kubo	  Formalism	  

It	  has	  been	  shown	  that	  
the	  correla2on	  
func2on	  in	  

Follows	  

So	  that	  	  
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Follows	  exponen2al	  decay	  
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Equilibrium	  in	  SMASH	  
•  Box	  calcula2ons	  

simula2ng	  infinite	  maGer	  
to	  apply	  the	  Green-‐Kubo	  
procedure	  

•  MUST	  have	  thermal	  &	  
chemical	  equilibrium	  

•  Baryon/an2baryon	  
annihila2on	  implemented	  
to	  conserve	  detailed	  
balance	  via	  an	  average	  
decay	  to	  5π	  
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Test	  case	  #1:	  	  π	  with	  constant	  σ	  
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J.	  Torres-‐Rincon,	  PhD	  disserta2on	  (2012),	  Hadronic	  Transport	  Coefficients	  from	  Effec8ve	  Field	  Theories	  
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Main	  take-‐away:	  
The	  method	  is	  rela2vely	  insensi2ve	  
to	  varia2ons	  of	  parameters;	  
maximum	  error	  is	  less	  than	  10%	  



Test	  case	  #2:	  π-‐ρ	  gas	  
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•  Normal	  SMASH	  run	  does	  
not	  coincide	  directly	  with	  
Chapman-‐Enskog	  

Jean-‐Bernard	  Rose	  
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Test	  case	  #2:	  π-‐ρ	  gas	  
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•  Normal	  SMASH	  run	  does	  
not	  coincide	  directly	  with	  
Chapman-‐Enskog	  

o  Resonance	  life2mes	  
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Ηadron	  Gas:	  Degrees	  of	  freedom	  
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Unflavored	   Strange	  
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• Isospin	  symmetry	  
• Perturba2ve	  treatment	  
of	  non-‐hadronic	  par2cles	  
(photons,	  dileptons)	  
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Hadron	  Gas:	  T	  and	  μB	  dependence	  

15/05/2018	   15	  Jean-‐Bernard	  Rose	  

0.08 0.1 0.12 0.14 0.16 0.18
T (GeV)

0

1

2

3

4

ηT
/w

μ  = 0 MeV
μ  = 300 MeV
μ  = 600 MeV

B
B

B

0.08 0.1 0.12 0.14 0.16 0.18
T (GeV)

0

1

2

3

4

η/
s

μ  = 0 MeV
μ  = 300 MeV
μ  = 600 MeV

B
B

B



15/05/2018	   16	  Jean-‐Bernard	  Rose	  

HG:	  Viscosity	  Comparison	  
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HG:	  Viscosity	  Comparison	  
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SMASH	  in	  agreement	  with	  
Demir	  &	  Bass	  and	  in	  contradic2on	  
with	  all	  others	  at	  high	  T	  



High	  temperature	  η/s	  :	  Resonance	  life2mes	  	  
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Must	  look	  at	  the	  microscopic	  
picture	  from	  different	  descrip2ons	  
τres	  =	  resonance	  life2me	  
τm�	  =	  mean	  free	  2me	  

At	  low	  T	  and	  density:	  	  

Jean-‐Bernard	  Rose	  

τres	  <<	  τm�	  



High	  temperature	  η/s	  :	  Resonance	  life2mes	  	  
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τres	  ~	  τm�	  

Must	  look	  at	  the	  microscopic	  
picture	  from	  different	  descrip2ons	  
τres	  =	  resonance	  life2me	  
τm�	  =	  mean	  free	  2me	  

At	  high	  T	  and	  density:	  	  



High	  temperature	  η/s	  :	  Resonance	  life2mes	  	  
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Momentum	  transport	  is	  delayed	  
un2l	  resonances	  decay!	  

Must	  look	  at	  the	  microscopic	  
picture	  from	  different	  descrip2ons	  
τres	  =	  resonance	  life2me	  
τm�	  =	  mean	  free	  2me	  

At	  high	  T	  and	  density:	  	  



π-‐ρ:	  Zero	  life2mes	  vs	  relaxa2on	  2me	  
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Large	  part	  of	  the	  difference	  explained	  from	  elimina2ng	  life2mes	  
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Effect	  of	  many	  non-‐resonant	  interac2ons	  
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Introduce	  a	  constant	  elas2c	  cross-‐sec2on	  between	  all	  
par2cles	  to	  add	  many	  non-‐resonant	  interac2ons	  	  



Summary	  &	  Outlook	  

•  InvesEgated	  temperature,	  cross-‐secEon	  and	  mass	  
dependence	  of	  the	  shear	  viscosity	  in	  an	  elasEc	  pion	  box	  
–  Very	  good	  agreement	  with	  Chapman-‐Enskog	  approxima2on	  (within	  10%)	  
–  Resonance	  life2mes	  need	  to	  be	  considered	  

•  Full	  hadron	  gas	  η/s	  calculated	  at	  zero	  and	  non-‐zero	  μB	  
–  High	  T	  discrepancy	  explained	  by	  looking	  at	  microscopic	  details	  of	  

resonance	  modelling;	  finite	  life2me	  increases	  viscosity	  
–  Could	  be	  used	  to	  constrain	  the	  treatment	  of	  resonances	  

•  Outlook:	  
–  Inves2ga2on	  of	  angular	  dependent	  interac2ons	  on	  viscosity	  
–  At	  temperatures	  close	  to	  the	  phase	  transi2on,	  inclusion	  of	  mul2-‐par2cle	  

interac2on	  will	  play	  a	  role,	  and	  needs	  to	  be	  inves2gated	  
–  Other	  transport	  coefficients	  (electrical	  conduc2vity,	  bulk	  viscosity,	  etc.)	  
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Outlook:	  Electric	  conduc2vity	  
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See	  poster	  by	  J.	  Hammelmann	  later	  today	  in	  the	  poster	  session	  (COL-‐15)	  

M.	  Greif,	  C.	  Greiner,	  G.	  S.	  Denicol,	  Phys.	  Rev	  D93	  (2016)	  096012,	  arXiv:1602.05085	  
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Resonant	  case	  also	  shows	  sensi2vity	  
to	  resonance	  life2mes!	  



Backup	  slides	  
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How	  to	  fit?	  
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Where	  to	  stop	  the	  fi�ng?	  
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test	  par2cles	  
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Constant	  σ:	  Systema2cs	  
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number	  of	  events	  
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Main	  take-‐away:	  

The	  method	  is	  rela2vely	  
inelas2c	  to	  varia2ons	  of	  most	  
parameters;	  maximum	  error	  
is	  less	  than	  10%	  
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Test	  case	  #2:	  Energy-‐dependent	  σ	  
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•  Pions	  in	  a	  (20	  fm)3	  box	  
simula2ng	  infinite	  
maGer	  

•  Cross-‐sec2on	  uses	  ρ	  
resonance	  

•  Runs	  for	  tmax=200	  fm	  

•  Ini2alized	  with	  ini2al	  
densi2es	  consistent	  
with	  Boltzmann	  ideal	  
gas	  

Jean-‐Bernard	  Rose	  



Hadron	  Gas	  

•  All	  par2cles	  and	  
resonances	  ini2alized	  to	  
thermal	  mul2plici2es	  (at	  
the	  pole	  mass)	  

•  Must	  wait	  for	  
equilibra2on	  and	  compute	  
T,	  μ	  once	  in	  equilibrium	  
from	  most	  abundant	  
par2cles	  

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

–  μB	  obtained	  from	  
Ν	  /	  an2-‐Ν	  ra2o	  

15/05/2018	   30	  Jean-‐Bernard	  Rose	  

0 0.5 1 1.5 2 2.5 3
t (10³ fm)

0.06

0.08

0.1

0.12

0.14

0.16

0.18

T 
(G

eV
)



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	  poten2al	  with	  momentum	  distribu2ons:	  
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Energy	  density	  and	  pressure	  
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Fluctua2on	  amplitude	  is	  indeed	  
small	  vs	  avg.	  p	  and	  e	  
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Viscosity	  decreases	  slower	  at	  small	  
temperatures;	  explains	  rise	  of	  η/s	  



Hadron	  Gas:	  Low	  temperature	  η/s	  

•  Low	  temperature	  hadron	  
gas	  is	  composed	  almost	  
exclusively	  of	  pions	  

•  π-‐π	  cross-‐sec2on	  is	  then	  
most	  relevant	  

–  At	  very	  low	  energy,	  
SMASH	  much	  higher	  
than	  UrQMD/χPT	  

–  χPT	  includes	  angular	  
dependence,	  
UrQMD&SMASH	  don’t;	  
increases	  viscosity	  by	  
factor	  up	  to	  5/3	  for	  ρ	  
resonance	  	  
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