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What	
  is	
  the	
  hadron	
  gas?	
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What	
  is	
  viscosity?	
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   Viscosity	
  is	
  a	
  
measure	
  of	
  the	
  
fric2on	
  between	
  
layers	
  of	
  a	
  fluid	
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•  Hydrodynamics	
  is	
  conserva2on	
  laws:	
  

•  With	
  1st	
  order	
  dissipa2ve	
  correc2ons	
  (Navier-­‐Stokes):	
  

...and	
  why	
  do	
  we	
  need	
  it?	
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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	
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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	
  can	
  become	
  

other	
  balls	
  on	
  collision	
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Transport	
  approaches	
  

•  More	
  fundamentally,	
  
transport	
  effec$vely	
  solves	
  
the	
  Boltzmann	
  equa?on:	
  

	
   where	
  fi(x,p)	
  is	
  the	
  one-­‐
par2cle	
  distribu2on	
  func2on,	
  Fα	
  
the	
  force	
  experienced	
  by	
  par2cles	
  
and	
  Cicoll	
  is	
  the	
  collision	
  term.	
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•  Transport	
  effec$vely	
  solves	
  the	
  
Boltzmann	
  equa?on:	
  

•  Par?cles	
  represented	
  by	
  gaussian	
  
wave	
  packets	
  

•  Geometric	
  collision	
  criterion:	
  

•  Each	
  par?cles	
  species	
  is	
  represented	
  
with	
  point-­‐like	
  test	
  par?cles	
  

The	
  transport	
  code:	
  SMASH	
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SMASH:	
  General	
  setup	
  

•  Timestepless	
  evolu2on	
  
–  All	
  future	
  possible	
  ac2ons	
  stored	
  
–  Propagate	
  to	
  next	
  ac2on	
  
–  Update	
  list	
  of	
  possible	
  ac2ons	
  
–  And	
  so	
  on...	
  

•  Mean-­‐field	
  poten2als	
  

•  Modii:	
  
–  Collider,	
  Sphere,	
  Infinite	
  maJer,	
  Aqerburner	
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SMASH:	
  Degrees	
  of	
  freedom	
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• Isospin	
  symmetry	
  
• Perturba2ve	
  treatment	
  
of	
  non-­‐hadronic	
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SMASH:	
  Resonances	
  

•  Par2cles	
  stable	
  if	
  decay	
  width	
  smaller	
  
than	
  10	
  keV	
  

•  Spectral	
  func2ons	
  of	
  resonances	
  are	
  
described	
  by	
  rela2vis2c	
  Breit-­‐Wigner	
  
func2ons	
  

•  Manley	
  et	
  al.	
  treatment	
  for	
  par2al	
  
widths	
  ΓR→ab	
  

•  Resonance	
  life2me	
  for	
  1→2	
  

•  Cross-­‐sec2ons	
  for	
  2→1:	
  

21	
  Jean-­‐Bernard	
  Rose	
  

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

N+π+	
  

Manley	
  et	
  al.,	
  Phys.	
  Rev.	
  D45	
  (1992),	
  4002	
  

25/01/2018	
  



SMASH:	
  Scagerings	
  

•  Elas2c	
  scagerings	
  parameterized	
  for	
  NN	
  
reac2ons;	
  all	
  other	
  elas2c	
  scagerings	
  
assumed	
  to	
  go	
  through	
  resonances	
  

•  Inelas2c	
  scagerings	
  implemented:	
  

•  Currently	
  include	
  
–  NN↔NR,	
  NN↔	
  ΔR	
  
–  KN↔KN,	
  KN↔πH	
  
–  +an2par2cles	
  

•  Strings	
  (turned	
  off)	
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SMASH:	
  Does	
  it	
  all	
  work?	
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Viscosity	
  in	
  SMASH	
  

•  Box	
  calcula?ons	
  
simula?ng	
  infinite	
  
maJer	
  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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The	
  shear	
  viscosity	
  
is	
  calculated	
  from	
  	
  

where	
  

and	
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N	
  is	
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  number	
  of	
  2me	
  steps,	
  and	
  Npart	
  the	
  number	
  of	
  par2cles	
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Green-­‐Kubo	
  Formalism	
  

Tail	
  is	
  pure	
  noise!	
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It	
  has	
  been	
  shown	
  that	
  
the	
  correla2on	
  
func2on	
  in	
  

Follows	
  

So	
  that	
  	
  

Green-­‐Kubo	
  Formalism	
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Follows	
  exponen2al	
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Test	
  case	
  #1:	
  Constant	
  σ	
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  in	
  a	
  (20	
  fm)3	
  box	
  
simula2ng	
  infinite	
  
mager	
  

•  Constant,	
  isotropic	
  σ	
  

•  Runs	
  for	
  tmax=200	
  fm	
  

•  Ini2alized	
  with	
  ini2al	
  
densi2es	
  consistent	
  
with	
  Boltzmann	
  ideal	
  
gas	
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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	
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How	
  to	
  fit?	
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Where	
  to	
  stop?	
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Constant	
  σ:	
  Cross-­‐sec2on/mass	
  
dependence	
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  agreement	
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test	
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The	
  method	
  is	
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inelas2c	
  to	
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  most	
  
parameters;	
  maximum	
  error	
  
is	
  less	
  than	
  10%	
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Energy-­‐dependent	
  σ:	
  Resonance	
  life2mes	
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•  Normal	
  SMASH	
  run	
  does	
  
not	
  coincide	
  directly	
  with	
  
Chapman-­‐Enskog	
  

o  Resonance	
  life2mes	
  

Jean-­‐Bernard	
  Rose	
  

0.1 0.12 0.14 0.16 0.18
Τ (GeV)

0

0.2

0.4

0.6

0.8

η 
(G

eV
 fm

⁻²)

SMASH normal lifetime
SMASH zero lifetime
Chapman-Enskog

25/01/2018	
  



Outline	
  

1.  Introduc2on:	
  Viscosity	
  of	
  the	
  hadron	
  gas	
  
2.  Transport	
  

–  SMASH	
  
3.  Methodology	
  

–  Viscosity	
  considera2ons	
  
•  Green-­‐Kubo	
  formalism	
  
•  Test	
  case	
  #1:	
  Constant	
  isotropic	
  cross-­‐sec2on	
  
•  Test	
  case	
  #2:	
  Energy-­‐dependent	
  cross-­‐sec2on	
  

–  Entropy	
  considera2ons	
  
4.  Results	
  

–  Full	
  hadron	
  gas	
  viscosity	
  
–  Comparison	
  &	
  discussion	
  

5.  Conclusion	
  

Jean-­‐Bernard	
  Rose	
   36	
  25/01/2018	
  



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:	
  

What	
  about	
  entropy?	
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•  All	
  par2cles	
  and	
  
resonances	
  ini2alized	
  to	
  
thermal	
  mul2plici2es	
  

•  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	
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•  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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High	
  temperature	
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  life2mes	
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Must	
  look	
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  from	
  different	
  descrip2ons	
  

At	
  high	
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  and	
  density:	
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π-­‐ρ:	
  Zero	
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Summary	
  &	
  Outlook	
  

•  Inves?gated	
  temperature,	
  cross-­‐sec?on	
  and	
  mass	
  
dependence	
  of	
  the	
  shear	
  viscosity	
  in	
  an	
  elas?c	
  pion	
  box	
  
–  Very	
  good	
  agreement	
  with	
  Chapman-­‐Enskog	
  approxima2on	
  (within	
  3%)	
  
–  Systema2cs	
  show	
  that	
  method	
  is	
  robust	
  to	
  varia2on	
  of	
  technical	
  parameters	
  

•  Full	
  hadron	
  gas	
  η/s	
  calculated	
  
–  Slightly	
  lower	
  than	
  other	
  calcula2ons	
  at	
  low	
  T	
  because	
  of	
  large	
  π-­‐π	
  cross-­‐sec2on	
  
–  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:	
  
–  More	
  rigorous	
  analysis	
  of	
  the	
  dependence	
  between	
  τ	
  and	
  τres	
  needed	
  
–  Inves2ga2on	
  of	
  angular	
  dependent	
  interac2ons	
  on	
  viscosity	
  
–  At	
  temperatures	
  close	
  to	
  the	
  phase	
  transi2on,	
  inclusion	
  of	
  mul2-­‐par2cle	
  interac2on	
  

will	
  probably	
  play	
  a	
  role,	
  and	
  needs	
  to	
  be	
  inves2gated	
  
–  Other	
  transport	
  coefficients	
  (electrical	
  conduc2vity,	
  bulk	
  viscosity,	
  etc.)	
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