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Brief	  Results	  of	  My	  Considera4ons	  	

•  Unfortunately,	  exoplanetary	  science	  will	  NOT	  be	  a	  key	  science	  
for	  GLAO	  

•  But	  Wide	  Field	  Imager	  &	  MOS	  will	  be	  useful	  for	  a	  kind	  of	  
observa4ons	  for	  exoplanets	  

•  The	  purpose	  of	  this	  talk	  is	  to	  introduce	  such	  a	  science	  case	  
and	  to	  discuss	  whether	  the	  exoplanetary	  science	  can	  
contribute	  to	  this	  project	



What	  is	  going	  on	  with	  Exoplanetary	  Science?	

•  over	  850	  planets	  confirmed	  by	  various	  methods	  

–  radial	  velocity,	  transit,	  microlensing,	  direct	  imaging,	  etc	  

•  over	  2500	  planet	  candidates	  discovered	  by	  Kepler	  
–  habitable	  planets	  

–  Earth-‐size	  and	  even	  smaller-‐size	  planets	  

–  circumbinary	  planets	  

•  diversity	  of	  planetary	  systems	  recognized	  

•  planet	  occurrence	  frequency	  es4mated	  	



Dedicated	  Space	  Mission	  for	  Transit	  Survey	

NASA’s	  Kepler	  
launched	  2009/3/6,	  out	  of	  order	  2013/5/16	  



Kepler	  Field	  of	  View	



<1.25	  RE	

First	  4	  Month	  Kepler	  Planet	  Candidates	

1235 Planet	  Candidates	



Planet	  Candidates	  as	  of	  Jan	  2013	

2740 planet candidates	

<1.25	  RE	



50+	  candidates	  are	  in	  

possible	  habitable	  zone.	  

5	  are	  terrestrial	  size.	  



Possible	  Habitable	  Planet	  Kepler-‐22b	



(Sub-‐)Earth-‐sized	  Planets	

Earth-sized planet Kepler-20f	

Mars-sized planet KOI-961.03 (renamed as Kepler-42d)	



Now	  Not	  a	  Science	  Fic4on	

Planetary Systems with Two Suns: Kepler-16, 34, 35, 47�

→�Tatooine-like (in Star Wars) planets�



Summary	  of	  Current	  Status	

•  Various	  (diverse)	  exoplanets	  have	  been	  discovered	  
–  hot	  Jupiters	  
–  hot	  Nuptunes	  
–  super	  Earths	  
–  habitable	  planets	  
–  Tatooine-‐like	  planets	  

•  Each	  star	  has	  more	  than	  1	  planet	  on	  average	  

•  What’s	  next?	



Kepler’s	  Weakness	

•  Kepler’s	  targets	  are	  rela4vely	  faint	  and	  far	  
–  Although	  over	  2500	  candidates	  discovered,	  RV	  follow-‐
ups	  for	  all	  targets	  are	  difficult	  

–  Further	  characteriza4on	  studies	  are	  also	  difficult	  

Ø Kepler	  is	  good	  for	  sta4s4cal	  studies,	  but	  not	  for	  
characteriza4on	  studies	  for	  each	  planet	



Strategy	  of	  Future	  Transit	  Survey	

•  Future	  planet	  surveys	  will	  target	  nearby	  bright	  stars	  	  
to	  detect	  smaller	  (Earth-‐like	  or	  super-‐Earth)	  planets,	  
especially	  in	  the	  habitable	  zone	  

•  Space-‐based	  all-‐sky	  transit	  survey	  for	  bright	  stars	  
–  TESS	  (Transi4ng	  Exoplanet	  Survey	  Satellite)	  by	  MIT	  team	  

•  Ground-‐based	  transit	  survey	  for	  nearby	  M	  dwarfs	  
– MEarth	  lead	  by	  D.	  Charbonneau	  at	  Harvard	  

–  Other	  teams	  all	  over	  the	  world	  

–  Japanese	  IRD	  transit	  group	



All-‐Sky	  Transit	  Survey:	  TESS	

Approved	  by	  NASA	  in	  April	  2013.	  
TESS	  will	  be	  launched	  in	  2017.	





TESS	  Discovery	  Space	

•  Targets	  
–  Bright	  nearby	  stars	  with	  I	  =	  4-‐12	  mag	  (FGKM	  stars)	

•  Period	  of	  detectable	  planets	  
–  typically	  less	  than	  10	  days	  

–  up	  to	  ~60	  days	  for	  JWST	  op4mized	  fields	  

–  Planetary	  orbits	  with	  less	  than	  10	  (60)	  days	  period	  lie	  in	  
habitable	  zone	  around	  mid	  (early)	  M	  stars	  

–  expected	  to	  discover	  ~500	  Earths	  and	  super-‐Earths	  
(including	  expected	  5±2	  habitable	  planets)	  by	  ~2020	  



Characteriza4on	  of	  their	  Atmospheres	

star 

Transit depths depend on lines / wavelength reflecting atmosphere�

Transmission Spectroscopy�



Discrimina4ng	  Major	  Components	  of	  Atmosphere	

Model	  for	  super-‐Earth	  GJ1214b	  based	  on	  Miller-‐Ricci	  &	  Fortney	  (2010)	  
Various	  atmospheric	  models	  were	  calculated	  by	  Howe	  &	  Burrows	  (2012)	  

100% hydrogen atmosphere
100% water vapor atmosphere

Miller-‐Ricci	  &	  Fortney	  (2010)	 Solar	  abandance	  atmosphere	



Benneke	  &	  Seager	  (2012)	



Strategy	  for	  TESS	  Follow-‐ups	

•  Medium-‐size	  telescopes	  with	  wide-‐field	  mul4-‐color	  
imager	  

–  wide	  wavelength	  coverage,	  broadband	  
–  e.g.,	  ESO	  2.2m	  /	  GROND,	  IRSF	  1.4m	  /	  SIRIUS	  

•  Larger	  telescopes	  with	  mul4-‐object	  spectrographs	  
–  rela4vely	  narrow	  wavelength	  coverage,	  but	  detailed	  
–  e.g.,	  Gemini	  /	  GMOS,	  VLT	  /FORS2,	  Magellan	  /	  MMIRS	  

–  Subaru	  /	  FOCAS	  &	  MOIRCS	



GJ1214b	  (Narita	  et	  al.	  2013b)	



Transmission	  Spectroscopy	  by	  MOS	

•  One	  can	  do	  transmission	  spectroscopy	  using	  MOS	  
(mul4-‐object	  spectroscopy)	  instruments	  

–  VLT/FORS2,	  Gemini/GMOS,	  Magellan/MMIRS	  already	  
reported	  excellent	  results	  

•  Simultaneously	  observe	  target	  and	  reference	  stars	  
–  using	  very	  wide	  slit	  (~10”)	  to	  avoid	  light-‐loss	  from	  slits	  

–  wide	  field	  of	  view	  is	  necessary	  to	  find	  good	  reference	  stars	  

–  integrate	  wavelength	  to	  create	  high	  precision	  light	  curves	  



Recent	  Example	  by	  Gibson+	  (2012)	  	

•  Instrument:	  Gemini	  South/GMOS	  

•  Target:	  WASP-‐29	  (V=11.3)	  

•  Integra4on:	  about	  15	  nm	  (R	  ~	  40)	  

•  Precision:	  ~400	  ppm	  by	  5	  min	  binning	



Op4cal	  MOS	  is	  useful	  to	  see	  Rayleigh	  Scapering	

100% hydrogen atmosphere
100% water vapor atmosphere

The	  slope	  reflects	  the	  strength	  of	  Rayleigh	  scapering	  of	  
planetary	  atmosphere	

Solar	  abandance	  atmosphere	



NIR	  MOS	  is	  useful	  to	  see	  molecule	  features	

100% hydrogen atmosphere
100% water vapor atmosphere

H	  and	  K	  bands	  are	  sensi4ve	  to	  molecules	  such	  as	  CH4,	  CO,	  CO2.	  
To	  achieve	  higher	  SNR,	  narrower	  slits	  are	  preferred	  to	  reduce	  sky	  backgrounds.	

Solar	  abandance	  atmosphere	



Rela4on	  with	  the	  GLAO	  Project	  	

•  Wide	  field	  imager	  and	  MOS	  are	  definitely	  useful	  for	  
characterizing	  exoplanetary	  atmospheres	  

–  especially	  for	  TESS	  follow-‐ups	  

•  But	  unfortunately,	  GLAO	  itself	  will	  not	  contribute	  to	  
this	  science	  case	



Courtesy	  of	  Iwata-‐san	

We	  need	  to	  avoid	  light-‐loss	  from	  slits,	  
but	  GLAO	  does	  not	  contribute	  to	  narrow	  

down	  slit	  widths	



Conclusions	  of	  My	  Considera4ons	  	

•  Unfortunately,	  exoplanetary	  science	  will	  not	  be	  a	  key	  science	  
for	  GLAO	  

•  But	  Wide	  Field	  Imager	  or	  MOS	  will	  be	  useful	  for	  a	  kind	  of	  
observa4ons	  for	  exoplanets	  

•  We	  cannot	  contribute	  to	  the	  GLAO	  itself,	  but	  may	  contribute	  
to	  one	  of	  key	  sciences	  of	  instruments	  (i.e.,	  wide	  field	  imager	  &	  
MOS)	  



Answers	  to	  the	  Ques4ons	

•  (Q.1)	  In	  the	  baseline	  specifica4ons	  of	  NIR	  instruments,	  
we	  define	  three	  'levels'	  of	  possible	  instruments:	  	  
Which	  instrument	  is	  essen4ally	  important	  for	  your	  
science	  cases?	  
1.  Wide-‐Field	  Near-‐IR	  Imager	  

2.  Wide-‐Field	  NIR	  Imager	  and	  Mul4-‐Object	  Spectrograph	  

3.  Mul4-‐Object	  Integral	  Field	  Spectrograph	  

•  (A.1)	  
–  2.	  Wide-‐Field	  NIR	  Imager	  and	  MOS	



Answers	  to	  the	  Ques4ons	

•  (Q.2)	  What	  is	  the	  op4mal	  plate	  scale	  /	  FoV	  for	  your	  
science	  cases?	  

•  (A.2)	  Wider	  FOV	  (larger	  pixel	  scale)	  is	  preferred.	  If	  
10x10	  arcmin2	  FOV	  is	  achieved,	  we	  can	  follow-‐up	  
most	  of	  TESS	  targets.	  No	  other	  8m	  class	  telescopes	  
has	  such	  wide	  field	  capability.	  



Answers	  to	  the	  Ques4ons	

•  (Q.3)	  Can	  you	  highlight	  synergies	  between	  this	  
instrument	  and	  the	  TMT?	  

•  (A.3)	  As	  IRMS	  (first	  light	  NIR	  instrument)	  has	  very	  
narrow	  field	  of	  view,	  the	  wide	  field	  imager	  with	  MOS	  
will	  be	  unique,	  un4l	  IRMOS	  will	  be	  installed	  on	  TMT	



Answers	  to	  the	  Ques4ons	

•  (Q.4)	  Does	  this	  instrument	  have	  compe44ve	  (or	  
complementary)	  capabili4es	  with	  planned	  Near-‐IR	  
space	  missions?	  

•  (A.4)	  It	  depends	  on	  whether	  one	  can	  achieve	  photon-‐
noise	  limited	  data	  reduc4on	  &	  analyses.	  We	  need	  
more	  prac4ce	  for	  this	  method	  with	  current	  
instruments.	  If	  one	  can	  do	  so,	  the	  sensi4vity	  will	  be	  
similar	  to	  JWST,	  but	  maybe	  JWST	  will	  be	  beper	  due	  
to	  atmospheric	  window	  (e.g.,	  between	  J/H/K	  bands).	  

•  (A.5&6)	  No	  legacy	  science	  is	  considered	  yet.	


