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Atmospheres:	
  the	
  next	
  step	
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DetecHon:	
  
orbital	
  distance	
  

mass	
  and/or	
  radius	
  
age?	
  

companions?	
  

CharacterizaHon:	
  
temperature	
  
composiHon	
  

spaHal	
  structure	
  
chemistry,	
  clouds,	
  etc.	
  

etc.,	
  etc.,	
  etc.	
  

Reviews:	
  
Seager	
  &	
  Deming,	
  “Exoplanet	
  Atmospheres”,	
  ARA&A	
  (2010)	
  

Burrows	
  &	
  Orton,	
  “Giant	
  Planet	
  Atmospheres”,	
  in	
  Exoplanets	
  ed.	
  Seager	
  (2011)	
  
Madhusudhan,	
  Knutson,	
  Fortney,	
  &	
  Barman,	
  “Exoplanetary	
  Atmospheres”,	
  PPVI	
  chapter	
  (2014)	
  	
  

	
  



WHAT	
  DEFINES	
  THE	
  ATMOSPHERE?	
  
Basic	
  quesHon:	
  

E.	
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  Atmospheres	
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What	
  if	
  there’s	
  no	
  surface?	
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Fortney	
  et	
  al.	
  (2007)	
  

Jupiter	
   hot	
  Jupiters	
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  from
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radiaHve	
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ê	
  stellar	
  flux	
  

é	
  intrinsic	
  heat	
  

ê	
  absorbed	
  

adiabaHc	
  profile	
  

local	
  radiaHve	
  equilibrium:	
  
dF/dP	
  =	
  0	
  

	
  
mulH-­‐λ	
  radiaHve	
  transfer:	
  

F	
  (P,	
  T,	
  κ,	
  Fé,	
  Fê)	
  
	
  

assuming	
  hydrostaHc	
  equilibrium:	
  
τ	
  =	
  (κ/g)	
  P	
  

Pressure-­‐Temperature	
  	
  
(P-­‐T)	
  Profiles	
  

λ-­‐dependent	
  opaciHes	
  (κ)	
  are	
  a	
  
funcHon	
  of	
  temperature,	
  pressure,	
  

and	
  composi<on	
  

Fortney	
  et	
  al.	
  (2007)	
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λ-­‐dependent	
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and	
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ATMOSPHERE:	
  	
  
the	
  pressure	
  range	
  where	
  
1)	
  stellar	
  light	
  is	
  absorbed	
  

2)	
  planet’s	
  emission	
  originates	
  

Fortney	
  et	
  al.	
  (2007)	
  



WHAT	
  DO	
  WE	
  MEASURE?	
  
For	
  the	
  observers:	
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Exoplanet	
  atmospheric	
  measurements	
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credit:	
  Keck	
  Observatory	
  

Seager	
  &	
  Deming	
  (2010)	
   Emission	
  
	
  
ReflecHon	
  

AbsorpHon	
  



OpaciHes	
  depend	
  on:	
  λ,	
  T,	
  P,	
  abundances	
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  Atmospheres	
  

Shabram	
  et	
  al.	
  (2011)	
  

ç	
  values	
  at	
  a	
  specific	
  P,	
  T	
  

ç	
  usual	
  suspects	
  



InterpreHng	
  data:	
  T(P)	
  and	
  composiHon	
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Stevenson	
  et	
  al.	
  (2014)	
  

WASP-­‐12b,	
  T	
  ≈	
  3000	
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Unavoidable	
  complicaHon:	
  clouds	
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credit:	
  M.	
  Marley	
  

Clouds	
  form	
  where	
  P-­‐T	
  profiles	
  
cross	
  condensaHon	
  curves	
  

Clouds	
  can	
  reflect	
  incoming	
  
radiaHon	
  and	
  absorb	
  or	
  emit	
  

thermal	
  radiaHon	
  



ObservaHonal	
  impact:	
  reflecHon	
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Cahoy	
  et	
  al.	
  (2010)	
  



ObservaHonal	
  impact:	
  emission	
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Marois	
  et	
  al.	
  (2008)	
  

(models	
  with	
  clouds)	
  



MORE	
  COMPLICATIONS	
  
more	
  physics,	
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  Rauscher:	
  Atmospheres	
  

de	
  Wit	
  et	
  al.	
  (2012),	
  Majeau	
  et	
  al.	
  (2012)	
  

adapted	
  from	
  Rauscher	
  &	
  Menou	
  (2012)	
  

Planets	
  are	
  not	
  1D	
  



Atmospheric	
  CirculaHon	
  
E.	
  Rauscher:	
  Atmospheres	
  

from	
  review	
  by	
  Showman,	
  Cho,	
  &	
  Menou,	
  
in	
  Exoplanets	
  ed.	
  Seager	
  (2011)	
  

from	
  review	
  by	
  Heng	
  &	
  Showman	
  (2014)	
  for	
  AREPS	
  



P-­‐T	
  profiles	
  are	
  not	
  always	
  spaHally	
  uniform	
  

E.	
  Rauscher:	
  Atmospheres	
  

Rauscher	
  &	
  Menou	
  (2012)	
  

see	
  also:	
  Fortney	
  et	
  al.	
  (2006,	
  2010);	
  Burrows,	
  Rauscher	
  et	
  al.	
  (2010)	
  

Longitude	
  along	
  equator	
  

Barman	
  et	
  al.	
  (2005)	
  

A	
  planet’s	
  spectrum	
  may	
  change	
  
because	
  of	
  viewing	
  geometry,	
  rotaHon,	
  

or	
  atmospheric	
  variability	
  



We	
  should	
  expect	
  disequilibrium	
  
(neither	
  LRE,	
  nor	
  chemical	
  equilibrium)	
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ParmenHer	
  et	
  al.	
  (2013)	
  

Moses	
  et	
  al.	
  (2013)	
  



BONUS	
  MATERIAL	
  
(Hme	
  permipng)	
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Measuring	
  rotaHon	
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Rauscher	
  &	
  Kempton	
  (2014)	
  

Snellen	
  et	
  al.	
  (2014)	
  

β	
  Pic	
  b	
  

RotaHonal	
  broadening	
  of	
  
25	
  ±	
  3	
  km/s	
  

2	
  km/s	
  shis	
  
between	
  models	
  

with	
  fast	
  and	
  
synchronous	
  

rotaHon	
  

The	
  current	
  &	
  future	
  ability	
  of	
  	
  
high-­‐resoluHon	
  spectroscopy	
  

	
  
(related:	
  brown	
  dwarf	
  variability)	
  



ConnecHon	
  to	
  brown	
  dwarf	
  variability	
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Crossfield	
  et	
  al.	
  (2014)	
  



Signature	
  of	
  formaHon	
  locaHon?	
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  Atmospheres	
  

Öberg	
  et	
  al.	
  (2011)	
   Madhusudhan	
  (2012)	
  

The	
  C/O	
  raHo	
  in	
  protoplanetary	
  
disks	
  should	
  vary	
  with	
  radius	
  
because	
  of	
  condensaHon	
  of	
  
molecular	
  gases	
  at	
  snowlines	
  

The	
  relaHve	
  atmospheric	
  
abundances	
  of	
  molecules	
  (as	
  a	
  
funcHon	
  of	
  T,	
  P)	
  depends	
  on	
  the	
  

C/O	
  raHo	
  



Points	
  to	
  remember	
  

•  Atmospheric	
  characterizaHon:	
  beyond	
  
detecHon,	
  measuring	
  physical	
  properHes	
  

•  Simplest	
  atmosphere:	
  1D,	
  F★,	
  Fint,	
  κ(λ),	
  T(P)	
  
•  ObservaHons:	
  emission	
  &	
  reflecHon	
  
Tell	
  us:	
  T(P),	
  composiHon/abundances,	
  clouds	
  

•  More	
  detail:	
  non-­‐uniformity,	
  disequilibrium,	
  
variability	
  and	
  rotaHon,	
  etc.	
  

E.	
  Rauscher:	
  Atmospheres	
  


