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Updated	
  DSC	
  Contents:	
  Main	
  Writers	


•  Radial	
  Velocity:	
  Angelle	
  Tanner	
  

•  Transit:	
  Ian	
  Crossfield	
  

•  Direct	
  Imaging:	
  Thayne	
  Currie	
  

•  Microlensing:	
  Subo	
  Dong	




What	
  will	
  happen	
  by	
  TMT	
  era?	
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Occurrence	
  rates	
  around	
  an	
  M	
  dwarf	
  
ηEarth	
  ~	
  0.41	
  (@HZ	
  RV;	
  Bonfils+13)	
  	
  
ηEarth	
  ~	
  0.15	
  (@HZ	
  Kepler;	
  Dressing+13)	
  
nsuperEarth	
  ~0.21	
  (@HZ	
  RV,	
  Tuomi+14)	
  	
  
nEarth	
  ~	
  0.51	
  (Kepler;	
  Dressing+13)	
  

Numbers	
  of	
  NIR	
  RV	
  surveys	
  aim	
  to	
  detect	
  low-­‐mass	
  planets	
  



Space	
  Transit	
  Surveys	
  around	
  Nearby	
  Stars	


系外惑星のトランジット観測の動向
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Figure 5.4: Schematic comparison of observing approaches. Blue squares: CoRoT target fields in the galactic centre 
and anti-centre direction. Upper left corner (yellow): the Kepler target field. Large squares: size of the PLATO field. A 
combination of short and long (darker) duration pointings is able to cover a very large part of the sky. Note that the 
final locations of long and step-and-stare fields will be defined after mission selection and are drawn here for 
illustration only. 

 

During long observations, the Spacecraft must maintain the same line-of-sight (LoS) towards one field for up 
to several years. However, the Spacecraft must be periodically re-pointed in order to ensure the solar arrays 
are pointed towards the Sun. This is achieved by rotating the Spacecraft around the LoS by 90° roughly 
every 3 months, as shown in Figure 5.5. 

 
Figure 5.5: Spacecraft Rotation around Payload LOS during one Orbit  

 

These mission requirements have led to the definition of two candidate design concepts for the PLATO 
spacecraft developed by the respective Industrial contractors, Astrium/EADS, and Thales Alenia Space 
(TAS). 
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Figure 7. Left.—The instantaneous combined field of view of the four TESS cameras. Middle.—Division of the celestial
sphere into 26 observation sectors (13 per hemisphere). Right.—Duration of observations on the celestial sphere, taking
into account the overlap between sectors. The dashed black circle enclosing the ecliptic pole shows the region which JWST

will be able to observe at any time.

downlink using NASA’s Deep Space Network. In addition, momentum unloading is occasionally needed due to
the ⇡1.5 N m of angular momentum build-up induced by solar radiation pressure. For this purpose TESS uses
its hydrazine thrusters.

7.4 Ground-based data analysis and follow-up

The TESS data will be processed with a data reduction pipeline based on software that was developed for the
Kepler mission.22 This includes pixel-level calibration, background subtraction, aperture photometry, detrending
with respect to weighted ensembles of target star light curves, and searching for transits with a wavelet-domain
matched filter.

Once the data are processed and transits are identified, selected stars will be characterized with ground-
based imaging and spectroscopy. These observations are used to establish reliable stellar parameters, confirm
the existence of planets, and establish the sizes and masses of the planets. Observations will be performed with
committed time on the Las Cumbres Observatory Global Telescope Network and the MEarth observatory. In
addition the TESS science team members have access to numerous other facilities (e.g., Keck, Magellan, Subaru,
HARPS, HARPS-North, Automated Planet Finder) through the usual telescope time allocation processes at
their home institutions. The TESS team includes a large group of collaborators for follow-up observations and
welcomes additional participation.

8. ANTICIPATED RESULTS

8.1 Photometric performance

Figure 8 shows the anticipated photometric performance of the TESS cameras. The noise sources in this model
are photon-counting noise from the star and the background (zodiacal light and faint unresolved stars), dark
current (negligible), readout noise, and a term representing additional systematic errors that cannot be corrected
by detrending. The most important systematic error is expected to be due to random pointing variations
(“spacecraft jitter”). Because of the non-uniform quantum e�ciency of the CCD pixels, motion of the star image
on the CCD will introduce changes in the measured brightness, as the weighting of the image PSF changes, and
as parts of the image PSF enter and exit the summed array of pixels.

10



!

The Path to Exoplanet Imaging with the TMT 

Technology	
  
development	
  for	
  
TMT	
  exoplanet	
  

imaging	
  



Ground	
  &	
  Space	
  Microlens	
  Survey	




Landscape	
  of	
  TMT	
  era	
  has	
  drama1cally	
  

changed	
  from	
  previous	
  DSC	




What	
  we	
  can	
  do	
  with	
  TMT?	




TMT	
  can	
  provide	
  essenDal	
  RV	
  follow-­‐up	
  observaDons	
  
for	
  targets	
  from	
  Kepler,	
  TESS,	
  PLATO,	
  GAIA	
  to	
  
determine	
  their	
  masses	
  and	
  orbits	
  	
  

TESS	
  will	
  be	
  focusing	
  on	
  
the	
  nearby	
  bright	
  stars	
  

Ricker	
  et	
  al.	
  2014	
  

Kepler	
  has	
  many	
  faint	
  
KOIs	
  that	
  sDll	
  need	
  RV	
  
follow	
  up	
  



0.1	
  m/s	
  1	
  m/s	
  10	
  m/s	
  

0.1	
  m/s	
  for	
  Solar-­‐type	
  &	
  1	
  m/s	
  for	
  M	
  dwarfs	
  can	
  
detect	
  habitable	
  Earth	
  mass	
  planets	
  



Most	
  interesDng	
  targets	
  are	
  sDll	
  faint	
  for	
  8-­‐10	
  meter	
  

telescopes	
  

•  TMT	
  RV	
  instruments	
  are	
  desired	
  for	
  targeted	
  studies	
  of	
  

stars	
  from	
  other	
  programs	
  like	
  Kepler,	
  K2,	
  TESS,	
  Plato,	
  

Gaia,	
  etc	
  

Compelling	
  targets	
  which	
  would	
  benefit	
  from	
  high	
  

SNR	
  observaDons	
  with	
  small	
  Dme	
  resoluDon	
  

Necessity	
  of	
  TMT	
  for	
  RV	
  Studies	




What	
  TMT	
  can	
  do	
  for	
  transi1ng	
  exoplanets	


•  Characterizing	
  exoplanetary	
  atmospheres	
  

–  by	
  MOS	
  observa1ons	
  of	
  transmission	
  spectroscopy	
  

–  by	
  Doppler-­‐shihed	
  line	
  absorp1ons	
  and	
  emissions	
  

–  both	
  are	
  new	
  observing	
  techniques	
  developed	
  aher	
  the	
  

previous	
  DSC	




Characterizing	
  Exoplanet	
  Atmospheres	


star 

Transit	
  depths	
  depend	
  on	
  lines	
  /	
  wavelength	
  reflec1ng	
  atmosphere	
  

Transmission	
  Spectroscopy	
  



Benneke	
  &	
  Seager	
  (2012)	


Op1lal-­‐NIR	
  region	
  has	
  features	
  of	
  atmospheric	
  composi1ons	
  



MOS	
  is	
  a	
  powerful	
  tool	
  for	
  this	
  purpose	


•  Instrument:	
  VLT/FORS2	
  

•  Target:	
  GJ1214b	
  (V=14.7)	
  

•  Integra1on:	
  20	
  nm	
  (R	
  ~	
  30)	
  

•  Precision:	
  ~400	
  ppm	
  

•  TMT’s	
  FL	
  instruments	
  (MOBIE,	
  IRMS)	
  can	
  do	
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NIRES	
  can	
  probe	
  atmospheric	
  composi1ons	
  
and	
  dynamics	
  	


•  VLT/CRIRES:	
  
Transit	
  of	
  a	
  hot	
  
Jupiter	
  HD	
  209458b	
  
detected	
  as	
  Doppler-­‐

shihed	
  line	
  

absorp1on	
  (namely,	
  
planet’s	
  shadow).	
  

•  CO	
  detected.	
  
•  Global	
  wind?	
  
　　2	
  ±	
  1	
  km/s	
  	
  



Brogi+2013	
  

NIRES	
  can	
  probe	
  composi1ons	
  and	
  thermal	
  
structure	
  of	
  non-­‐transi1ng	
  planets	
  	


•  VLT/CRIRES:	
  
Non-­‐transi1ng	
  hot	
  

Jupiter	
  tau	
  Boo	
  b	
  

detected	
  as	
  

Doppler-­‐shihed	
  line	
  

emission.	
  

•  CO	
  detected.	
  

•  No	
  thermal	
  

inversion	




NIRES	
  can	
  make	
  direct	
  detec1ons	
  of	
  water	
  
in	
  Exoplanet	
  atmospheres	


Water	
  emissions	
  from	
  HD189733b	
  were	
  detected	
  even	
  in	
  heavy	
  

telluric	
  contamina1on	
  in	
  L	
  band	
  

Birkby+2013	
  



Brogi+2013,	
  2014,	
  Birkby+2014,	
  de	
  Kok+2013,	
  Rodler+2013a,	
  b	
  

NIRES	
  can	
  probe	
  composi1ons,	
  orbital	
  
mo1on,	
  atmospheric	
  dynamics	
  and	
  
thermal	
  structure	
  of	
  (non-­‐)transi1ng	
  
planets	
  as	
  a	
  funcDon	
  of	
  longitude	




HROS/NIRES:	
  Detec1ng	
  O2	
  with	
  high-­‐
dispersion	
  Doppler	
  spectroscopy	


Schneider	
  1994;	
  
Webb	
  &	
  Wormleaton	
  2001;	
  
Snellen+2013	
  

Rodler+Lopez-­‐Morales	
  2014	
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Exoplanet Direct Imaging with the TMT 

(Marois et al. 2008, 2010; Kalas et al. 2008; Lagrange et al. 2010;  
Currie et al. 2014; Rameau et al. 2013, Kuzuhara et al. 2013) 



!

Exoplanet Imaging Science with TMT/IRIS: 
Characterizing Young Gas Giants  

-­‐  Many/most	
  of	
  the	
  
planets	
  detectable	
  
with	
  GPI,	
  SPHERE,	
  
and	
  SCExAO	
  can	
  be	
  
followed	
  up	
  at	
  higher	
  
spectral	
  resoluDon	
  

-­‐  Higher-­‐resoluDon	
  
spectra	
  	
  mulDple	
  

resolved	
  molecular	
  line	
  
transiDons,	
  C/O	
  raDo,	
  
clues	
  about	
  the	
  planet’s	
  

formaDon	
  
(Marois et al. 2012; Konopacky et al. 2013) 



!

Exoplanet Science with a Dedicated Imaging 
Instrument (TMT/PSI-like): Rocky Planets  

-­‐  Other	
  imaging	
  science:	
  self-­‐luminous	
  Saturn	
  and	
  Jupiter-­‐mass	
  

planets,	
  imaging	
  RV/transit-­‐detected	
  planets,	
  molten	
  Earths,	
  
Ddally-­‐heated	
  exomoons	
  



Gaudi,	
  2012,	
  ARAA,	
  50,	
  411 �

•  Unique:	
  	
  

–  Most	
  sensi1ve	
  to	
  

planets	
  at	
  ~1-­‐10	
  AU	
  

–  both	
  disk	
  and	
  bulge	
  
(up	
  to	
  ~8kpc)	
  

–  free-­‐floa1ng	
  planets	
  

•  ~30	
  planets	
  down	
  to	
  

~few	
  Mearth	
  published	
  

•  Two	
  order-­‐of-­‐magnitude	
  

leaps	
  expected	
  in	
  the	
  

coming	
  decade�

Microlensing	
  Planets	
  (2003	
  –	
  2014) �



Planet	
  host	
  mass	
  and	
  distance	
  need	
  follow-­‐ups�

•  So	
  far	
  lens	
  and	
  source	
  have	
  been	
  separately	
  resolved	
  
for	
  only	
  two	
  (non-­‐planetary)	
  microlensing	
  events.	
  

MACHO-­‐95-­‐BLG-­‐37:	
  
Kozlowski	
  et	
  al.	
  (2007)	
  
[~11	
  mas/yr]�

MACHO-­‐LMC-­‐5:	
  
Alcock	
  et	
  al	
  (2001);	
  	
  
Drake	
  et	
  al	
  (2004)	
  
[excep1onal	
  large	
  	
  
proper	
  mo1on:	
  
~20	
  mas/yr]�



TMT	
  IRIS+NFIRAOS	
  will	
  cri1cally	
  enhance	
  the	
  
science	
  values	
  of	
  microlensing	
  discoveries �

•  Host	
  mass	
  and	
  distance	
  measurements	
  will	
  enable:	
  

–  Accurate	
  determina1on	
  of	
  planet	
  mass	
  func1on	
  

– Many	
  target:	
  WFIRST-­‐AFTA	
  will	
  discover	
  ~3000	
  planets	
  within	
  

0.3-­‐30	
  AU	
  down	
  to	
  2	
  Moon	
  mass	
  +	
  free-­‐floa1ng	
  Mars.	
  

–  Studying	
  planet	
  distribu1on	
  for	
  different	
  stellar	
  
environments:	
  

 Dependency	
  as	
  a	
  func1on	
  of	
  stellar	
  mass	
  

 Bulge	
  vs.	
  Disk	
  

 Metal	
  Rich	
  vs.	
  Metal	
  poor	
  



Necessary	
  Instruments	
  for	
  Exoplanet	
  Studies	


•  Wide-­‐Field	
  MOS	
  Instruments	
  (MOBIE,	
  IRMS,	
  IRMOS)	
  

•  High	
  Dispersion	
  Spectrographs	
  
–  HROS	
  

–  NIRES	
  

–  (simultaneous	
  in	
  future?)	
  

•  High	
  Contrast	
  Imagers	
  

–  IRIS+NFIRAOS	
  

–  PSI-­‐like+ExAO	
  



Important	
  Instruments	
  for	
  Exoplanet	
  Studies	


•  High	
  Dispersion	
  Spectrographs	
  (R	
  ~	
  100,000)	
  
–  Exoplanet	
  community	
  definitely	
  needs	
  op1cal-­‐NIR	
  high	
  

dispersion	
  spectrographs	
  to	
  characterize	
  the	
  mass,	
  orbit,	
  and	
  

atmospheres	
  of	
  interes1ng	
  exoplanets	
  at	
  an	
  early	
  stage	
  

•  High	
  Contrast	
  Imagers	
  

–  Exoplanet	
  ISDT	
  sent	
  a	
  strong	
  requirement	
  for	
  high	
  contrast	
  

capability	
  of	
  IRIS+NFIRAOS	
  last	
  year	
  to	
  SAC	
  

–  Future	
  high	
  contrast	
  imagers	
  (PSI-­‐like+ExAO)	
  are	
  also	
  desired	




Necessary	
  2nd	
  Genera1on	
  Instruments	


1.  High	
  Contrast	
  Capability	
  of	
  IRIS+NFIRAOS	
  
–  Atmospheres	
  of	
  imaged	
  young	
  planets	
  

2.  NIRES-­‐like	
  +	
  RV	
  Capability	
  
–  Mass,	
  orbits.	
  atmosphere	
  of	
  small	
  planets	
  around	
  cool	
  stars	
  

•  HROS-­‐like	
  +	
  RV	
  Capability	
  (simul.	
  capability	
  with	
  NIRES?)	
  

–  Mass,	
  orbits	
  of	
  small	
  planets	
  around	
  Sun-­‐like	
  stars	
  

–  Oxygen	
  around	
  HZ	
  planets	
  around	
  cool	
  stars	
  

•  PSI-­‐like	
  +	
  Extreme	
  AO	
  

–  Direct	
  imaging	
  of	
  small	
  planets	
  and	
  whole	
  planetary	
  systems	




Possible	
  Key	
  Programs	


1.  Uncovering	
  exoplanetary	
  atmospheres	
  

–  via	
  transmission	
  /	
  emission	
  spectroscopy	
  

 Using	
  MOS	
  (MOBIE,	
  IRMS,	
  IRMOS)	
  

 Using	
  high	
  dispersion	
  spectrographs	
  (HROS,	
  NIRES)	
  

–  via	
  direct	
  imaging	
  +	
  IFU	
  

 IRIS	
  +	
  NFIRAOS	
  

 PSI-­‐like	
  +	
  ExAO	
  



Possible	
  Key	
  Programs	


2.  Characterizing	
  exoplanetary	
  masses	
  and	
  orbits	
  

–  Using	
  high	
  dispersion	
  spectrographs	
  +	
  RV	
  capability	
  
–  for	
  especially	
  interes1ng	
  transi1ng	
  planets	
  discovered	
  by	
  
K2,	
  TESS,	
  PLATO	
  



Timeline	
  of	
  TMT’s	
  Exoplanet	
  Studies	


•  First	
  light	
  instruments	
  

–  IRIS+NFIRAOS:	
  direct	
  imaging,	
  microlens	
  follow-­‐up	
  

– MOBIE,	
  IRMS:	
  atmospheres	
  of	
  transi1ng	
  planets	
  

•  NIRES,	
  HROS	
  
–  Follow-­‐ups	
  of	
  Kepler,	
  K2,	
  TESS,	
  PLATO	
  targets	
  
– Mass,	
  orbits,	
  atmospheres	
  of	
  discovered	
  planets	
  

•  PSI-­‐like+ExAO	
  
–  imaging	
  of	
  small	
  planets	
  and	
  whole	
  planetary	
  systems	
  

–  atmospheres	
  of	
  imaged	
  planets	




Summary	


•  We	
  definitely	
  need	
  TMT	
  for	
  exoplanet	
  studies	
  

•  NIRES,	
  HROS,	
  PSI-­‐like	
  instruments	
  are	
  desired	
  for	
  

future	
  instruments	
  


