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  Outcomes	
  of	
  Fluid	
  Theory	
  

•  Force	
  on	
  thermal	
  gas	
  due	
  to	
  cosmic	
  rays.	
  
•  Transport	
  of	
  cosmic	
  rays	
  (advec)on	
  &	
  
diffusion).	
  

•  Energy	
  exchange	
  between	
  cosmic	
  rays	
  &	
  
background	
  medium.	
  

•  Fluid	
  behavior	
  will	
  be	
  jus1fied	
  through	
  	
  wave-­‐
par1cle	
  interac1ons	
  rather	
  than	
  direct	
  
par1cle-­‐par1cle	
  collisions.	
  

Originally	
  done	
  by	
  H.	
  Voelk	
  &	
  collaborators	
  to	
  describe	
  nonlinear	
  diffusive	
  shock	
  accelera1on.	
  



	
  One	
  Mo)va)on	
  for	
  Including	
  Cosmic	
  
Rays	
  in	
  Galac)c	
  Winds	
  

•  Steady,	
  spherically	
  
symmetric,	
  pressure	
  driven	
  
ouSlow	
  a	
  la	
  Chevalier	
  &	
  
Clegg	
  1985	
  but	
  extended.	
  

	
  	
  	
  	
  	
  	
  (Bustard,	
  EZ,	
  D’Onghia	
  2015)	
  
	
  
•  Rela)vis)c	
  	
  fluid	
  cools	
  more	
  

slowly	
  &	
  drives	
  a	
  faster	
  
wind.	
  

	
  
	
  	
  Cory	
  CoYer	
  &	
  Chad	
  Bustard	
  



Milky	
  Way	
  Wind	
  Fits	
  the	
  data	
  BeYer	
  
Than	
  a	
  Sta)c	
  Model	
  

Transport	
  at	
  vA	
  rela)ve	
  to	
  fluid,	
  no	
  diffusion	
  (shown	
  to	
  be	
  small).	
  



Recent	
  Simula)ons	
  of	
  a	
  Star-­‐Forming	
  
Disk…Inves)ga)on	
  of	
  Feedback	
  

Le]:	
  Gas	
  distribu)on	
  for	
  disk	
  with	
  Ini)ally	
  toroidal	
  magne)c	
  fiel	
  &,	
  no	
  cosmic	
  rays.	
  Right:	
  With	
  
cosmic	
  rays.	
  Ruszkowski,	
  Yang,	
  EZ	
  submiPed	
  to	
  ApJ,	
  on	
  astro-­‐ph.	
  



Cosmic	
  Ray	
  Treatment	
  MaYers	
  



Perpendicular	
  Dynamics	
  are	
  Easy	
  

Pressure	
  gradient	
  introduced	
  
through	
  Lorentz	
  force	
  



	
  	
  	
  	
  	
  	
  Parallel	
  Dynamics	
  are	
  Subtle	
  

Gist: Scattering transfers momentum and energy.
	
  



“Digression”	
  on	
  Waves	
  

Can	
  recover	
  
standard	
  
Alfven	
  &	
  
magnetosonic	
  
	
  waves	
  this	
  way,	
  
with	
  collisional	
  
dissipa1on	
  replaced	
  
by	
  Landau	
  and	
  
gyroresonant	
  
damping	
  .	
  



Cosmic	
  Ray	
  Streaming	
  Instability	
  

•  Standard	
  treatment	
  (standard	
  streaming	
  instability)	
  
–  Include	
  thermal	
  electrons,	
  thermal	
  ions,	
  &	
  cosmic	
  
ray	
  ions.	
  	
  

– Keep	
  only	
  the	
  gyroresonant	
  cosmic	
  ray	
  
contribu)on.	
  

•  More	
  general	
  treatment	
  
– Keep	
  en)re	
  cosmic	
  ray	
  contribu)on	
  
–  Include	
  addi)onal	
  thermal	
  electrons	
  to	
  balance	
  
equilibrium	
  cosmic	
  ray	
  current	
  (nonresonant	
  
instability).	
  



Gyroresonant	
  Streaming	
  Instability	
  

	
  resonance	
  condi)on	
  	
  	
  	
  	
  	
   damping	
   excita)on	
  by	
  anisotropy	
  

Simple	
  approxima)on	
  to	
  the	
  growth	
  rate:	
  

Here	
  &	
  
elsewher
e	
  I’m	
  
intereste
d	
  in	
  the	
  
bulk	
  
cosmic	
  
rays	
  w	
  γ	
  
~	
  1	
  

Minimum	
  
cosmic	
  ray	
  
momentum	
  that	
  
can	
  resonate	
  
with	
  a	
  given	
  k.	
  



Fokker	
  –	
  Planck	
  (F-­‐P)	
  Equa)on	
  
Back	
  reac)on	
  of	
  waves	
  on	
  zero	
  order	
  cosmic	
  ray	
  distribu)on	
  func)on	
  f0	
  

Pitch	
  angle	
  scaYering	
  (Dµµ)	
  dominates:	
  	
  

Dpµ	
  =	
  Dµp	
  are	
  order	
  (vA/c)	
   Dpp	
  is	
  order	
  (vA/c)2	
  

ScaYering	
  frequency	
  	
  	
  	
  	
  	
  	
  ν	
  ~	
  ωc(δB/B)2	
  	
  

Small	
  angle	
  
ScaYering	
  by	
  
	
  nearly	
  periodic	
  
randomly	
  
phased	
  waves	
  



When	
  Pitch	
  Angle	
  ScaYering	
  
Dominates	
  

This	
  has	
  the	
  same	
  form	
  as	
  the	
  Fokker-­‐Planck	
  equa)on	
  we	
  
derived,	
  but	
  now	
  there’s	
  a	
  specific	
  physical	
  basis	
  for	
  it.	
  	
  



Heuris)c	
  Deriva)on	
  of	
  Diffusivity	
  

•  In	
  large	
  ν	
  limit,	
  f	
  must	
  be	
  isotropic.	
  

(Ordering	
  parameter	
  based	
  on	
  scaYering	
  rate,	
  not	
  wave	
  amplitude).	
  



Energy	
  	
  Equa)on	
  

Mul)ply	
  F-­‐P	
  eqn.	
  by	
  par)cle	
  energy	
  ε	
  &	
  
integrate	
  over	
  momentum	
  space:	
  
	
  

Energy	
  density	
  	
  	
  	
  	
  Energy	
  flux	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Energy	
  transfer	
  to	
  waves	
  

Full	
  equa)on…not	
  equa)on	
  for	
  pitch	
  angle	
  scaYering	
  alone.	
  



	
  Frequent	
  ScaYering	
  Approxima)on	
  
Gejng	
  Energy	
  Balance	
  Right	
  

Relate	
  anisotropy	
  to	
  spa)al	
  gradient:	
  

Energy	
  equa)on	
  simplifies	
  to:	
  

“frictional heating” 

Lets	
  us	
  write	
  Γcr	
  in	
  terms	
  of	
  density	
  gradient.	
  	
  



Equa)on	
  for	
  Waves	
  

From	
  Dewar’s	
  theory:	
  

	
  	
  	
  Adiaba)c	
  terms	
  

Driving	
  &	
  dissipa)on	
  

Hea)ng	
  rate	
  



Joint	
  Solu)on	
  for	
  Waves	
  &	
  Cosmic	
  
Rays	
  	
  

Penetra)on	
  of	
  cosmic	
  rays	
  into	
  a	
  par)ally	
  ionized	
  cloud,	
  from	
  EvereY	
  &	
  EZ	
  2011.	
  



Fluid	
  Treatment	
  

•  “Classical	
  Cosmic	
  Ray	
  Hydrodynamics	
  (CCRH)	
  
–  Equa)ons	
  developed	
  by	
  Volk	
  &	
  collaborators	
  based	
  
on	
  self-­‐confinement	
  model	
  

–  Stream	
  down	
  pressure	
  gradient	
  at	
  vA	
  rela)ve	
  to	
  
thermal	
  gas	
  (care	
  needed	
  in	
  implemen1ng	
  this).	
  

–  Transfer	
  momentum	
  through	
  pressure	
  gradient	
  
-­‐  Heat	
  gas	
  at	
  –vA	
  grad	
  Pc.	
  
-­‐  Diffusion	
  along	
  B	
  with	
  diffusivity	
  κ ∼ v2/ν

•  Αpplied	
  to	
  shocks,	
  galac)c	
  winds,	
  ISM	
  hea)ng,	
  
intracluster	
  medium.	
  



Implementa)on	
  of	
  Streaming	
  

•  Cosmic	
  rays	
  excite	
  
waves	
  which	
  propagate	
  
down	
  the	
  cosmic	
  ray	
  
density	
  gradient.	
  

•  Regularized	
  
implementa)on	
  by	
  
Sharma	
  et	
  al:	
  

•  .	
  



The	
  BoYleneck	
  Effect	
  

•  Predicted	
  by	
  Skilling	
  in	
  1971	
  
•  When	
  the	
  cosmic	
  rays	
  are	
  perfectly	
  locked	
  to	
  
the	
  waves,	
  

PcrvAγc	
  

is	
  constant.	
  
•  If	
  vA	
  decreases,	
  Pcr	
  should	
  increase,	
  implying	
  
the	
  cosmic	
  rays	
  stream	
  up	
  their	
  density	
  
gradient.	
  



Numerical	
  Valida)on	
  

•  From	
  Wiener,	
  Oh,	
  &	
  EZ,	
  
to	
  be	
  submiYed.	
  A	
  
cosmic	
  ray	
  source	
  is	
  
turned	
  on	
  to	
  the	
  le]	
  of	
  
a	
  “cloud”	
  with	
  constant	
  
B	
  &	
  a	
  density	
  maximum.	
  
As	
  predicted,	
  Pcr	
  goes	
  
flat	
  to	
  the	
  le]	
  of	
  the	
  
density	
  maximum.	
  



	
  Constrained	
  Diffusion	
  
We	
  saw	
  that	
  for	
  frequent	
  scaYering	
  we	
  can	
  relate	
  anisotropy	
  
	
  to	
  spa)al	
  gradients:	
  

We	
  can	
  then	
  write	
  the	
  streaming	
  instability	
  growth	
  rate	
  Γcr	
  in	
  terms	
  	
  
of	
  the	
  spa)al	
  gradient.	
  But	
  Γcr	
  should	
  be	
  balanced	
  by	
  Γd,	
  the	
  wave	
  
damping	
  rate.	
  

“fric
tion
al 
heati
ng” 

The	
  main	
  damping	
  mechanisms	
  are	
  ion-­‐neutral	
  fric)onal	
  damping,	
  
nonlinear	
  Landau	
  damping,	
  &	
  turbulent	
  damping.	
  



Wave	
  Damping	
  
•  Ion-­‐neutral	
  fric3on.	
  Tends	
  to	
  wipe	
  out	
  waves	
  in	
  
par)ally	
  ionized	
  gas.	
  

•  Nonlinear	
  Landau	
  Damping:	
  thermal	
  ions	
  
resonantly	
  absorb	
  energy	
  from	
  wave	
  packets.	
  
Important	
  in	
  hot	
  gas	
  with	
  β	
  not	
  too	
  small.	
  

•  Turbulent	
  Damping:	
  	
  Shearing	
  of	
  wave	
  packets	
  
by	
  magne)c	
  curvature	
  or	
  turbulence.	
  Not	
  
rigorously	
  calculated	
  yet	
  but	
  es)mated	
  to	
  be	
  
largish.	
  

Upshot:	
  selfconfinement	
  in	
  the	
  Milky	
  Way	
  only	
  
works	
  below	
  ~	
  100	
  –	
  200	
  GeV.	
  



The	
  f	
  Parameter	
  

•  Set	
  streaming	
  velocity	
  to	
  f	
  vA.	
  
•  Compute	
  f	
  by	
  balancing	
  wave	
  damping	
  and	
  
wave	
  growth.	
  

•  Replace	
  diffusion	
  term	
  in	
  transport	
  equa)on	
  
with	
  superalfvenic	
  streaming	
  term.	
  

•  Heuris1cally,	
  adding	
  a	
  constraint	
  lets	
  us	
  
reduce	
  the	
  order	
  of	
  the	
  differen1al	
  operator,	
  
but	
  this	
  is	
  not	
  well	
  tested.	
  



Convec)on	
  –	
  Diffusion	
  Equa)on	
  

Replace	
  by	
  something	
  independent	
  of	
  grad	
  f,	
  making	
  equa)on	
  	
  
first	
  order	
  instead	
  of	
  second	
  order.	
  It	
  is	
  therefore	
  OK	
  to	
  eliminate	
  
diffusion	
  &	
  replace	
  vA	
  by	
  fvA,	
  f	
  >	
  1.	
  

Derive	
  a	
  pressure	
  equa)on	
  by	
  mul)plying	
  by	
  pv	
  &	
  integra)ng	
  
over	
  momentum	
  space.	
  



Approxima)ons	
  &	
  Improvisa)ons	
  

•  Include	
  grad	
  Pc,	
  advect	
  with	
  fluid,	
  ignore	
  
hea)ng,	
  	
  diffusion	
  if	
  any	
  is	
  isotropic.	
  
– No	
  magne)c	
  field	
  calcula)on	
  necessary	
  (implicitly	
  
stochas1c	
  on	
  gyroradius	
  scale).	
  

– No	
  need	
  to	
  ensure	
  streaming	
  is	
  down	
  grad	
  Pc.	
  
•  Include	
  streaming	
  rela)ve	
  to	
  thermal	
  gas	
  &	
  
fric)onal	
  hea)ng,	
  but	
  replace	
  vA	
  by	
  thermal	
  
sound	
  speed	
  vS.	
  
– Same	
  advantages	
  as	
  previous	
  bullet.	
  

These are the main variants in the literature 



Generalized	
  Cosmic	
  Ray	
  
Hydrodynamics	
  (GCRH)	
  

•  Account	
  for	
  non-­‐cosmic	
  ray	
  sources	
  of	
  waves.	
  

•  Generalize	
  F-­‐P	
  equa)on	
  to	
  include	
  waves	
  
traveling	
  in	
  both	
  direc)ons.	
  

MHD	
  turbulence,	
  Boldyrev	
  
group	
  



Wave	
  Evolu)on	
  Equa)ons	
  

cosmic	
  ray	
  	
  
driving/damping	
  

extrinsic	
  
driver	
  



From	
  Fokker-­‐Planck	
  Equa)on	
  

•  Composite	
  streaming	
  velocity	
  

•  Pressure	
  gradient	
  force	
  is	
  unchanged	
  



Balance	
  Driving	
  &	
  Damping	
  

This is easily solved 

Simple model 



Transport	
  Velocity	
  

w	
  -­‐>	
  0	
  when	
  external	
  driving	
  dominates	
  	
  
w	
  -­‐>	
  vA	
  when	
  cosmic	
  ray	
  driving	
  dominates	
  
	
  
Cosmic	
  ray	
  hea3ng	
  is	
  reduced	
  but	
  
compensated	
  by	
  turbulent	
  damping	
  



Extrinsic	
  Turbulence	
  Model	
  

•  Advect	
  cosmic	
  rays	
  at	
  
the	
  fluid	
  speed	
  v.	
  

•  Neglect	
  	
  cosmic	
  ray	
  
hea)ng.	
  

•  Retain	
  pressure	
  
gradient	
  force.	
  

	
  
	
  All	
  hold	
  in	
  the	
  limit	
  of	
  
strongly	
  driven,	
  balanced	
  
turbulence.	
  

•  But,	
  Alfven	
  turbulence	
  
produces	
  anisotropic,	
  
field	
  aligned	
  diffusion.	
  

•  Isotropic	
  diffusion	
  is	
  
produced	
  by	
  a	
  small	
  
scale,	
  stochas)c	
  field.	
  



Beyond	
  Alfven	
  Waves	
  –	
  High	
  β

•  For β=	
  PG/PM	
  >>	
  1	
  

•  Affects	
  waves	
  which	
  
scaYer	
  cosmic	
  rays	
  with	
  
µ	
  >	
  µc	
  

•  Demands	
  very	
  weak	
  
fields,	
  e.g	
  B	
  <	
  	
  10-­‐12G	
  in	
  
galaxy	
  clusters.	
  

ω~ωci/β1/2	
  

Enforces sub-Alfvenic streaming 



Nonresonant Instabilities
•  When Ucr/UB > c/vD 

there is a nonresonant 
instability driven by the 
electron current that 
compensates the cosmic 
ray current (keep the 
nonresonant cosmic rays 
in the dispersion relation).

•  Conditions are met at 
shocks, and possibly in 
young galaxies. EvereY	
  &	
  EZ	
  2010	
  



Rapid Growth to Nonlinear Amplitude
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PIC simulation showing magnetic field growth
in a shock layer.

Riquelme & Spitkovsky 2010
Linear growth rates for T = 103 (solid), 
104(long dash) & 107 (short dash). Zweibel & 
Everett 2010.
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Beyond	
  Alfven	
  Speed	
  

•  Resonant	
  instabili)es	
  enforce	
  sub-­‐Alfvenic	
  
streaming	
  &	
  require	
  extremely	
  weak	
  fields.	
  

•  Nonresonant	
  instabili)es	
  require	
  large	
  cosmic	
  
ray	
  fluxes	
  and/or	
  weak	
  magne)c	
  fields.	
  	
  
– Growth	
  rates	
  comparable	
  to	
  frequency	
  require	
  
nonstandard	
  treatments	
  

– Could	
  be	
  very	
  interes)ng	
  in	
  weak	
  field	
  situa)ons.	
  



Links	
  in	
  the	
  Chain	
  of	
  Feedback	
  

•  Good	
  model	
  for	
  the	
  ISM,	
  including	
  its	
  
magne)c	
  field	
  &	
  turbulence	
  proper)es.	
  

•  Star	
  forma)on	
  rate	
  -­‐>	
  supernova	
  rate	
  -­‐>	
  
cosmic	
  ray	
  accelera)on	
  rate.	
  

•  Model	
  for	
  cosmic	
  ray	
  coupling	
  under	
  a	
  variety	
  
of	
  ISM	
  condi)ons.	
  

•  Self	
  consistent	
  model	
  of	
  ISM	
  and	
  ouSlow,	
  if	
  
driven,	
  that	
  includes	
  cosmic	
  rays.	
  



Bonuses	
  

•  Effect	
  of	
  cosmic	
  rays	
  on	
  circumgalac)c,	
  
intragroup,	
  intracluster,	
  &	
  intergalac)c	
  
medium.	
  
– Hea)ng	
  
– Magne)za)on	
  

•  Ability	
  to	
  calculate	
  radio	
  &	
  γ-­‐ray	
  spectra,	
  test	
  
flow	
  models	
  against	
  observed	
  proper)es.	
  



Summary	
  

•  Cosmic	
  rays	
  appear	
  in	
  diffuse	
  plasmas	
  
everywhere,	
  in	
  defiance	
  of	
  thermodynamics.	
  

•  They	
  exchange	
  momentum	
  and	
  energy	
  with	
  
the	
  background	
  medium,	
  mediated	
  by	
  
magne)c	
  fields.	
  

•  Advances	
  in	
  observa)on,	
  computa)on,	
  &	
  
experiment	
  make	
  this	
  a	
  wonderful	
  )me	
  to	
  
study	
  their	
  accelera)on,	
  transport,	
  and	
  
feedback.	
  


