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Agenda	

We	  have	  received	  28	  key	  program	  ideas	  from	  ISDT!	  

•  Necessary	  Instruments	  for	  exoplanet	  key	  programs	  

•  Summary	  of	  proposed	  key	  programs	  by	  instruments	  

•  Some	  maIers	  to	  be	  noted	



Necessary	  Instruments	  for	  Exoplanet	  Studies	

•  First	  Light	  Instruments	  (WFOS,	  IRMS,	  IRIS+NFIRAOS)	  

•  High	  Dispersion	  Spectrographs	  
–  NIRES	  

–  HROS	  

•  High	  Contrast	  Imagers	  

–  PSI	  

– MICHI	  



Key	  Program	  Ideas:	  WFOS	  &	  IRMS	

•  MOS	  capability	  of	  WFOS	  and	  IRMS	  are	  useful	  for	  
transmission	  spectroscopy	  of	  transi1ng	  exoplanets	  

•  Probing	  atmospheres	  of	  transi1ng	  exoplanets	  

discovered	  by	  K2	  and	  TESS	  



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	



Key	  Program	  Ideas:	  WFOS	  &	  IRMS	
•  WFOS	  (op1cal)	  

–  planets	  in	  super-‐Earth	  /	  mini-‐Neptune	  boundary	  

–  disintegra1ng	  (evapora1ng)	  planets	  

•  IRMS	  (NIR)	  
–  secondary	  eclipse	  mapping	  for	  hot	  planets	  

ü but	  may	  overlap	  with	  JWST	  science	  

•  TMT’s	  merits	  
–  narrower	  wavelength	  binning	  (higher	  spectral	  resolu1on)	  
–  higher	  SNR	  for	  faint	  host	  stars	  
–  beIer	  1me	  resolu1on	



Key	  Program	  Ideas:	  IRIS+NFIRAOS	

•  Microlensing	  follow-‐up	  to	  resolve	  source	  and	  lens	  stars	  

•  Astrometric	  search	  for	  planets	  around	  brown	  dwarfs	



Ground	  &	  Space	  Microlens	  Survey	



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:	  
ü Dependency	  as	  a	  func1on	  of	  stellar	  mass	  

ü Bulge	  vs.	  Disk	  

ü Metal	  Rich	  vs.	  Metal	  poor	  



Precision Astrometry with TMT+IRIS Enables Astrometric 
Surveys of Brown Dwarfs for Orbiting Exoplanets 

 

	  

•  Exoplanet	  mass	  sensi1vity	  curves	  (5-‐sigma)	  for	  a	  5-‐year	  astrometric	  survey	  for	  exoplanets	  
orbi1ng	  L/T	  brown	  dwarfs	  

•  Distance	  =	  2-‐20	  pc	  
•  0.02	  –	  0.04	  mas	  TMT+IRIS	  precision	  
•  200	  m/s	  RV	  precision	  (brown	  dwarf	  hosts)	  

RV	  

TMT+IRIS	  

median	  

best	  case	  

GAIA	  



Key	  Program	  Ideas:	  NIRES	  &	  HROS	  (I)	

•  Probing	  atmospheres	  and	  dynamics	  of	  planets	  

•  Search	  for	  oxygen	  molecule	  on	  habitable	  planets	  

•  Doppler	  imaging	  and	  mapping	  of	  directly	  imaged	  and	  

short-‐period	  planets	  
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NIRES/HROS	  can	  probe	  planetary	  
atmospheres	  and	  dynamics	



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

Schneider	  1994;	  
Webb	  &	  Wormleaton	  2001;	  
Snellen+2013	  

Rodler+Lopez-‐Morales	  2014	  



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	  func(on	  of	  longitude	



Key	  Program	  Ideas:	  NIRES	  &	  HROS	  (II)	

•  Search	  and	  characteriza1on	  of	  planets	  around	  white	  
dwarfs,	  brown	  dwarfs,	  and	  young	  stars	  

•  RV	  follow-‐ups	  of	  especially	  interes1ng	  targets	  

discovered	  by	  Kepler,	  K2,	  TESS,	  PLATO	  



Requests	  for	  NIRES	  &	  HROS	

•  Spectral	  resolu1on:	  ~100,000	  is	  desirable	  (~50000	  
minimum)	  

•  RV	  measurement	  capability:	  astro-‐comb,	  stable	  

environment	  

•  Simultaneous	  capability:	  NIRES+HROS	  can	  be	  the	  
most	  efficient,	  can	  reduce	  systema1c	  errors	  



Key	  Program	  Ideas:	  PSI	

Note:	  PSI	  =	  PFI	  +	  SCExAO	  +	  SEIT	  

•  Search	  for	  young	  planets	  in	  planet	  forming	  regions	  

•  Search	  for	  exomoons	  around	  directly	  imaged	  planets	  

•  Detect	  small	  planets	  in	  HZ	  around	  nearby	  M	  dwarfs	  

•  HCI	  +	  NIRES	  for	  probing	  directly	  imaged	  planetary	  

atmospheres	  



PSI	  is	  capable	  to	  detect	  sub-‐Suturn	  mass	  
planets	  in	  planet	  forming	  regions	Ground-Based Direct Imaging



Search	  for	  exomoons	  around	  directly	  
imaged	  Jovian	  planets	

ExoMoons PRV

• NIR High-contrast imaging instrument + 
PRV NIR spectrograph?!

• An Earth-mass planet around a few Jupiter 
mass planet has an RV of ~10 m/s



1 λ/D 
λ=1600nm 
D = 8m 

1 λ/D 
λ=1600nm 
D = 30m 

1	  Re	  rocky	  planets	  in	  HZ	  for	  
stars	  within	  30pc	  (6041	  stars)	  

M-‐type	  stars	  

G-‐type	  stars	  

K-‐type	  stars	  

F-‐type	  stars	  

Angular separation (log10 arcsec) 

log10 contrast 

Around about 50 stars (M type), 
rocky planets in habitable zone 
could be imaged and their 
spectra acquired 
[ assumes 1e-8 contrast limit, 1 
l/D IWA ]   

Earth-‐like	  planets	  around	  nearby	  M	  dwarfs:	  
characteriza(on	  of	  Earth-‐sized	  planets	  with	  TMT	



Key	  Program	  Ideas:	  MICHI	

•  MICHI	  (L	  &	  M	  &	  mid-‐infrared)	  for	  small	  planets	  

around	  nearby	  M	  dwarfs	



L,	  M,	  Mid-‐IR	  bands	  are	  also	  capable	  to	  detect	  
Earth-‐sized	  planets	  around	  nearby	  M	  dwarfs	  	

Direct detection of exoplanets in the 3 – 10 micron range with E-ELT/METIS 7

Fig. 2.— First order estimate of the parameter space of small planets that METIS can probe at di↵erent wavelengths. All plots show the
flux density of di↵erent kinds of small planets as a function of their distance from the Sun and are organized as follows: Analyses for the
L band (top row), M band (middle row), and N band (bottom row); planets with 1 R� (left column), 2 R� (middle column), and 3 R�
(right column). The di↵erent colors correspond to di↵erent blackbody temperatures of the planets (see legends in the left column). The
arrows and the letters below them indicate out to what distance a planet with a given size and temperature can be detected around a star
with a certain mass, i.e., spectral type (see text). At distances greater than this limit the assumed IWA is insu�cient to spatially resolve
the star-planet system in the given sensitivity limits. The dash-dotted lines denote the 5-� detection limit in 3 hours of telescope time for
each filter (see, Table1).

1–2 R�. The rest has radii > 2R� and is increasingly
likely to host a substantial gaseous envelope (cf. Marcy
et al. 2014). The expected T

eq

of the smaller planets is
⇠ 100 K higher than for the larger planets. This is a se-
lection e↵ect: In our simulations, larger planets (& 4R�)
are seen mainly in reflected starlight (even in M band);
smaller planets, however, must emit relatively more ther-
mal radiation to climb above the sensitivity threshold,
and so thermal radiation comprises up to ⇠ 50% of their
observed flux. For the L and M band the most likely
range of equilibrium temperature is 300 – 500 K, while,
statistically, in the N band a couple of planets in the 200

– 400 K range should be found.
For the results shown in Table 3 we changed the per-

spective and analyzed which stars in our sample are the
best targets for planet searches. We only list objects
where the probability of detecting a planet - regardless
of size or temperature - is at least 10% in one of the ob-
servational bands. Table 3 emphasizes that, according to
our simulations, the L band is the best wavelength range
to search for planets, but it also shows that - based on
the Kepler planet occurrence statistics - for some stars
there is a fair chance to detect planets in more than one
band.
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1–2 R�. The rest has radii > 2R� and is increasingly
likely to host a substantial gaseous envelope (cf. Marcy
et al. 2014). The expected T

eq

of the smaller planets is
⇠ 100 K higher than for the larger planets. This is a se-
lection e↵ect: In our simulations, larger planets (& 4R�)
are seen mainly in reflected starlight (even in M band);
smaller planets, however, must emit relatively more ther-
mal radiation to climb above the sensitivity threshold,
and so thermal radiation comprises up to ⇠ 50% of their
observed flux. For the L and M band the most likely
range of equilibrium temperature is 300 – 500 K, while,
statistically, in the N band a couple of planets in the 200

– 400 K range should be found.
For the results shown in Table 3 we changed the per-

spective and analyzed which stars in our sample are the
best targets for planet searches. We only list objects
where the probability of detecting a planet - regardless
of size or temperature - is at least 10% in one of the ob-
servational bands. Table 3 emphasizes that, according to
our simulations, the L band is the best wavelength range
to search for planets, but it also shows that - based on
the Kepler planet occurrence statistics - for some stars
there is a fair chance to detect planets in more than one
band.

Quanz	  et	  al.	  2014	  



Summary	
•  Exoplanet	  ISDT	  requires	  all	  FL	  instruments	  and	  2nd	  

genera1on	  instruments	  

–  High	  dispersion	  spectrographs	  (NIRES,	  HROS)	  

–  High	  contrast	  imager	  (PSI,	  MICHI)	  

•  NIRES	  received	  the	  highest	  demand	  

•  Precise	  RV	  capability	  is	  requested	  

•  Simultaneous	  capabili1es	  of	  NIRES+HROS	  and	  NIRES

+PSI	  are	  also	  requested	  


