
Powering	  the	  Line	  Emission	  from	  Planet-‐Forming	  Disks	  
We	  show	  that	  protostellar	  disks’	  near-‐	  and	  mid-‐IR	  molecular	  line	  
emission	  can	  come	  from	  the	  accre9on	  layer	  on	  the	  disk	  surface,	  
where	  magne9c	  stresses	  drive	  transonic	  turbulence.	  	  The	  
accre9on	  power	  is	  converted	  to	  heat	  in	  thin	  current	  sheets	  that	  
we	  suggest	  are	  the	  source	  of	  the	  line	  emission.	  
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Mid-‐IR	  lines	  of	  water	  
and	  C-‐bearing	  
molecules	  are	  
widespread	  among	  
young	  low-‐mass	  stars	  
with	  disks.	  
	  

Water	  lines	  form	  at	  
T~500	  K	  at	  R~1	  AU	  –	  
hoWer	  than	  the	  disk	  
photosphere.	  

Najita	  et	  al.	  2009	  

Near-‐IR	  emission	  from	  CO	  in	  the	  atmospheres	  of	  a	  few	  
protostellar	  disks	  indicates	  transonic	  turbulence.	  

The	  lines	  cannot	  be	  powered	  by	  stellar	  visible	  and	  X-‐ray	  
illuminaGon,	  but	  can	  be	  powered	  by	  accreGon	  if	  turbulent	  
speeds	  in	  the	  atmosphere	  approach	  the	  sound	  speed.	  
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We	  explore	  whether	  the	  lines	  form	  in	  a	  disk	  
atmosphere	  where	  turbulent	  magneGc	  stresses	  drive	  
the	  accreGon	  flow.	  

We	  make	  the	  first	  calculaGons	  of	  protostellar	  disks’	  
MRI	  turbulence	  to	  include	  both	  the	  starlight	  heaGng	  
and	  the	  stellar	  X-‐ray	  ionizaGon	  that	  couples	  the	  disk	  
atmosphere	  to	  the	  magneGc	  fields.	  
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Turbulent	  speeds	  reach	  the	  sound	  speed	  
in	  the	  disk	  atmosphere	  
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‣ Turbulent	  velocity	  dispersion	  increases	  with	  height	  in	  propor9on	  to	  the	  
Alfven	  speed,	  exceeding	  the	  sound	  speed	  in	  the	  atmosphere.	  

‣ Shock	  hea9ng	  occurs	  in	  the	  atmosphere.	  

Stellar	  X-‐rays	  ionize	  the	  disk	  surface	  
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CalculaGon	  
Ingredients:	  

• Magne9c	  forces	  drive	  turbulence	  
through	  the	  magneto-‐rota9onal	  
instability	  (MRI).	  

• The	  Ohmic	  resis9vity	  varies	  
inversely	  with	  the	  ioniza9on	  
frac9on	  and	  can	  shut	  off	  MRI.	  

• Stellar	  X-‐ray	  ioniza9on	  competes	  
with	  recombina9on	  on	  grains.	  

• Well-‐mixed	  0.1-‐µm	  grains	  have	  
mass	  frac9on	  10-‐4.	  

• Starlight	  hea9ng	  is	  computed	  by	  
solving	  the	  transfer	  equa9on.	  

• Disk	  thermal	  radia9on	  is	  treated	  
with	  flux-‐limited	  diffusion,	  using	  
separate	  temperatures	  for	  gas	  
and	  radia9on.	  

Conclude:	  
	  

1.   MagneGc	  acGvity	  yields	  a	  warm	  transonic	  turbulent	  
atmosphere	  overlying	  a	  cold	  quiescent	  interior.	  

2.   AccreGon	  heat	  is	  deposited	  in	  atmospheric	  current	  
sheets	  where	  it	  can	  power	  the	  observed	  molecular	  
line	  emission.	  
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The	  domain	  is	  a	  small	  patch	  of	  disk	  
located	  1	  AU	  from	  a	  T	  Tauri	  star.	  

A	  resisGve,	  magneGcally	  inacGve	  dead	  zone	  
encloses	  much	  of	  the	  planet-‐forming	  region	  
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Starlight	  and	  the	  dissipaGon	  of	  the	  rising	  fields	  together	  
heat	  the	  atmosphere	  

The	  fields	  support	  an	  extended	  atmosphere	  that	  absorbs	  
the	  starlight	  50%	  higher	  than	  in	  hydrostaGc	  models	  
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