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type stars (Pallé et al. 2011), it has not been considered
in the context of the reflection light in detail. Recently
several missions to aim to detect the habitable planets
around late-type stars have been proposed (e.g. Matsuo
& Tamura 2010; Kasper et al. 2010). Key concept to de-
tect the habitable planet on ground is the combination
of the coronagraph and the subsequent post processing
(e.g. Hinkley et al. 2011) . Although the key technology
of ExAO, coronagraphs and post-processing is still under
development and does not come up with sufficient level
to detect the habitable planet, it is crucial for astrobiol-
ogy of the exoplanets to know what kind of science at the
habitable planet is possible by ground-based telescopes
assuming that such detector is reality in near future.
In this paper, we focus on the 1.27 micron oxy-

gen absorption band imprinted in reflection lights as a
biomarker of oxygenic photosynthesis and examine its
detectability with the above 30-40 m class telescopes (Ex-
treme Large Telescopes; ELTs) with near-future idealized
instruments against the speckle noise.
The rest of the paper is organized as follows. We first

describe the outline of the absorption detection and clar-
ify the main source of noise in §2. In particular we es-
timate the intensity of the sky background by analyzing
the real data of the sky on Mauna Kea. With several
nearby star catalogues, we estimate the feasibility of the
oxygen 1.27 micron detection assuming an Earth-twin
at the inner edge of habitable zone (IHZ) in §3. In §4,
we discuss the availability of the stellar radiation to use
the oxygenic photosynthesis for our sample. Finally we
summarize our results in §5.

2. DIRECT IMAGING OF EARTH-LIKE PLANETS BY
GROUND-BASED TELESCOPES

The detectability of the planet itself and the detection
of absorption lines are different. The former is in many
cases dominated by the speckle noise from the leakage
of the main star (Left Panel of Figure 1). Thus, the
signal-to-noise ratio is fp/σL, where fp is the flux of the
planet and σL is the standard deviation of the leakage
fp. The sky background is expected to be uniform on
the detector plane, and its non-uniformity and photon
noise are negligible compared with the speckle noise. On
the other hand, once the planet has been detected, the
photon noise of the skybackground fsky , the planet sig-
nal, and the leakage is the main source of the statistical
error of the band detection (Right panel of Figure 1).
In this section, we concentrate on the detectability on
ground of the 1.27 micron band assuming that planets
themselves are detectable. We will discuss the relation
between the detectability of planets and the oxygen band
with the nearby star catalogue in §3.

2.1. Signal-to-Noise Ratio of Detection of the
Absorption Band

Here we summarize our observational strategy to de-
tect biomarker absorption bands. The flux within the
solid angle of the aperture ∆Ω where the planet is lo-
cated is expressed as

fA(λ) = T (λ)fp(λ) + fsky(λ) + T (λ)fL(λ), (3)

where T (λ) indicates the atmospheric transmission,
fp(λ) is the reflection light from the planet, fL(λ) is
the leakage from the main star (speckle noise and halo),
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Figure 1. Schematic view of the planet detection (left) and the
absorption band detection (right). The photons from the planet,
the leakage of the main star, and the sky background (airglow) are
painted by blue, orange, and green, corresponding to their flux fp,
fL, and fsky. Green and Red arrows indicate the range for the
absorption bands and that for the continuum determination.

fsky(λ) = Ssky∆Ω is the sky background within the aper-
ture due to the night airglow, and Ssky(λ) is the surface
brightness of the sky background.
The simultaneous observation of the planet and the

main star is essential for this strategy to eliminate the at-
mospheric transmission. This requirement is achievable
for nulling coronagraph (e.g. Shao et al. 2004; Murakami
& Baba 2010). The flux from the observation of the main
star is expressed as

fB(λ) = T (λ)f!(λ) + fsky(λ) ≈ T (λ)f!(λ), (4)

where f!(λ) is the stellar flux. Since fsky(λ) can be si-
multaneously obtained on the outer side of the detector
plane, we can estimate the summation of reflectivity and
the contrast difference

J(λ)≡ fA(λ)− fsky(λ)

fB(λ)
(5)

≈ fp(λ)

f!(λ)
+ CX(λ), (6)

CX(λ)≡ fL(λ)

f!(λ)
(7)

Here we assume CX(λ) does not make absorption-like
feature. We discuss this possibility in §2.5.
Since the photon noise in fA(λ) dominates the statis-

tical noise of J(λ), we define the signal to noise ratio of
the absorption band as

(S/N)abs ≡
Nabs√

Nsky +Np +NL
, (8)

where Nsky, Np, and NL are the photo-electrons of the
sky background, the planet, and the leakage within the
absorption band width ∆λ at the band center λc. The
photo-electrons in the absorption band Nabs (Fig. [1]
right) are related to the equivalent width of the band
Wline as

Nabs=Np
Wline

∆λ

(
1− Wline

∆λ

)−1

, (9)

where Wline is the equivalent width of the band.
Equation (8) implicitly assumes that the continuum

level, as indicated by red arrows in Figure 1, can be de-
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MoBvaBon	


•  Science	
  goal:	
  	
  Search	
  for	
  
indicators	
  of	
  biological	
  acBvity.	
  	
  

•  Difficult	
  to	
  explain	
  presence	
  of	
  
O3,	
  CH4,	
  NH3,	
  and	
  N2O	
  in	
  
habitable	
  planets	
  without	
  
biological	
  process	
  	
  	
  

•  Simultaneous	
  detecBons	
  of	
  O3	
  
(9.6µm),	
  CH4(7.4µm),	
  and	
  NH3	
  
(9-­‐11µm)	
  bands	
  in	
  a	
  habitable	
  
planet	
  indicate	
  biological	
  
acBvity.	
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  lines	
  formed	
  by	
  species	
  such	
  as	
  H2O,	
  CO2,	
  O3,	
  
CH4,	
  NH3,	
  and	
  N2O	
  in	
  the	
  mid-­‐infrared.	
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  spectra	
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  Earth,	
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and	
  Mars	
  (Cockell	
  et	
  al.	
  2009)	
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•  A	
  target	
  system	
  composed	
  of	
  host	
  star,	
  Exo	
  Zodi,	
  Local	
  Zodi,	
  an	
  analog	
  Earth.	
  	
  

•  Star/planet	
  ~	
  10^(7)	
  at	
  10µm.	
  

•  An	
  analog	
  Earth	
  embedded	
  in	
  exo	
  zodi	
  and	
  local	
  zodi.	
  	
  

	
  	
  	
  	
  	
  	
  (even	
  if	
  a	
  star	
  perfectly	
  removed)	
  

Very	
  hard	
  to	
  detect	
  an	
  analog	
  Earth	
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The	
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  integraBon	
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  Earth-­‐diameter	
  B.B.	
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  Te=265K.	
  	
  	
  
• 	
  	
  LZ	
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  based	
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  et	
  al.	
  1995.	
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  2m	
  collectors.	
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These	
  noises	
  included	
  in	
  our	
  simulaBon.	
  
(These	
  noise	
  levels	
  are	
  approximately	
  	
  	
  	
  
	
  	
  	
  	
  same	
  to	
  the	
  previous	
  studies.)	
  



TPF-­‐I/Darwin	

•  ConfiguraBon:	
  	
  
	
  	
  	
  	
  	
  -­‐	
  Dual	
  Bracewell	
  configuraBon,	
  

composed	
  of	
  two	
  single	
  nulling	
  
interferometers.	
  	
  

	
  	
  	
  	
  	
  	
  -­‐	
  Phase	
  chopping	
  and	
  a	
  spectrometer	
  
with	
  R=3	
  (detecBon)	
  and	
  R=20	
  
(spectroscopy)　	
  

•  Imaging	
  method:	
  	
  
	
  	
  	
  	
  	
  -­‐	
  Maximum	
  correlaBon	
  method	
  with	
  

rotaBon	
  of	
  the	
  arrays	
  	
  
  A	
  modulated	
  signal	
  by	
  a	
  planet	
  as	
  it	
  

moves	
  in	
  and	
  out	
  of	
  the	
  	
  
	
  	
  	
  	
  	
  	
  interferometer	
  fringe	
  pawern.	
  

•  Problem:	
  	
  
	
  	
  	
  	
  	
  -­‐	
  incompleteness	
  of	
  Co-­‐phasing	
  

during	
  rotaBon	
  of	
  the	
  array	
   20	
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New	
  method	
  for	
  direct	
  detecBon	
  of	
  
exoplanets	
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New	
  approach	


ConBguous	
  observing	
  
wavelength	
  in	
  space	
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Image	
  of	
  a	
  
planetary	
  	
  system	
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RotaBon	
  of	
  the	
  array	
  
by	
  90degrees	


0.6AU	
 0.8AU	


4	
  hours	
  integraBon	
  for	
  each	
  baseline	


Model	
  of	
  a	
  target	
  system	


EZ,	
  LZ	
  included.	
  	




Spectrum	
  of	
  an	
  analog	
  Earth	

•  The	
  spectrum	
  of	
  the	
  analog	
  Earth	
  successfully	
  obtained	
  

•  35	
  days	
  required	
  for	
  spectrum	
  of	
  an	
  analog	
  Earth	
  with	
  
R=100	
  around	
  a	
  Sun-­‐like	
  star	
  (G2V)	
  at	
  10pc.	
  

	
  	
  	
  	
  	
  (45	
  days	
  required	
  with	
  R=20	
  in	
  previous	
  study)	
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Far-­‐infrared	
  Interferometer	
  Telescope	
  
Experiment	
  (FITE)	
  

-­‐  Precursor	
  to	
  space	
  infrared	
  interferometer	
  
-­‐  First	
  flying	
  interferometer	
  	




Motivation 
（Present	
  condiBon）	

Compared	
  to	
  other	
  wavelengths,	
  the	
  spaBal	
  	
  
resoluBon	
  is	
  insufficient	
  in	
  the	
  FIR.	
  	
  
  Because	
  	
  	
  	
  	
  
	
  	
  ・ atmospheric	
  transmissivity	
  
　　→　satellite,	
  rocket,	
  	
  or	
  balloon	
  
	
  	
  ・ diffracBon	
  limit	
  
     →  large	
  aperture	
  telescopes 　	


We	
  developed	
  FITE	
  as	
  the	
  first	
  awempt	
  of	
  an	
  
astronomical	
  interferometer	
  in	
  FIR	
  	
  
　・	
 Maximum	
  Base	
  line	
  is	
  20	
  m	
  	
  
Purpose	
  :	
  
A	
  spaBal	
  resoluBon	
  of	
  1	
  arcsecond	
  at	
  a	
  
wavelength	
  of	
  100	
  mm	
  with	
  the	
  maximum	
  
baseline	
  of	
  20	
  m.	
  

FITE	
  

O/IR	
  Int.	
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FITE Optical Design 

Sensor Optics 

8m 
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Telescope Side 

Cryostat 
Interferometer 

Elevation 
Driver 

Telescope 
Structure 

Hanging Train 

Primary 
Mirrors 

Control 
Gondola 

Wide-Field Camera 



Control Gondola 

Reaction Wheels (3 Sets) 

Tri-Axes 
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Li-Ion Battery 

Control 
Electronics
(6 CPUs) 

Hanging Train 

Crash Pad (6 Positions) 

Telemetry /
Command 
Antennas 

Telescope 
Structure 



First	
  Trial	
  -­‐	
  December	
  in	
  2008	
  in	
  Brazil	
  

サンパウロ	
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  Base	
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  Paolo	
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Balloon	
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CollaboraBon	
  with	
  Brazilian	
  InsBtute	
  for	
  
Space	
  Science	
  (INPE)	
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Our	
  future	
  plan	
  toward	
  TMT	
  	


Japanese	
  AO	
  for	
  high	
  contrast	
  imaging	
  are	
  5	
  years	
  	
  
behind	
  Europe	
  and	
  America	
  …	
  

	
  We	
  need	
  to	
  catch	
  up	
  with	
  them	
  unBl	
  TMT.	
  	
  	
  	


Background:	
  	




New	
  4m-­‐class	
  Telescope	


•  4m-­‐class	
  telescope	
  is	
  building	
  in	
  Japan	
  

•  Segmented	
  telescope	
  
	
  	
   One	
  of	
  the	
  precursors	
  to	
  TMT	
  

•  Lots	
  of	
  telescope	
  Bme	
  opens	
  our	
  
original	
  science.	
  	
  	
  

	
  	
   ？%	
  of	
  the	
  telescope	
  Bme	
  is	
  assigned	
  
to	
  high	
  contrast	
  tests	
  and	
  observaBons.	
  

See	
  Kurita-­‐san’s	
  talk	


Image	
  of	
  4m-­‐class	
  telescope	




Is	
  site	
  suitable	
  for	
  AO?	


•  Seeing	
  ~	
  1.1	
  arcsec	
  (norm)	
  

 D/r0	
  of	
  Subaru	
  and	
  Kyoto	
  are	
  
almost	
  same.	
  	
  

•  Window	
  speed	
  is	
  ~	
  30m/s	
  

	
  Frame	
  rate	
  of	
  correcBon	
  is	
  ~	
  	
  
1kHz	
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  site	
  is	
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  for	
  AO	
  



AdapBve	
  opBcs	
  for	
  kyoto	
  telescope	

•  StarBng	
  from	
  April	
  2012	
  

•  Purpose:	
  
-­‐  To	
  characterize	
  planets,	
  which	
  will	
  be	
  discovered	
  by	
  GAIA	
  etc.	
  
-­‐  To	
  test	
  for	
  future	
  high	
  contrast	
  programs	
  	
  

-­‐  To	
  educate	
  young	
  people	
  for	
  future	
  direct	
  imaging	
  programs	
  	
  

•  System:	
  
-­‐  Sensor:	
  Tip/Tilt	
  (PSD)	
  +	
  SH	
  +	
  （upgraded）4bin-­‐interferometer	
  
-­‐  CorrecBon:	
  Fast	
  Steering	
  (~1kHz)+DM88	
  (~500Hz)+DM1.6k	
  (~1.5kHz)	
  

Telescope	
  light	


Tip/Tilt	
DM88	
 DM1.6k	

Goal:	
  SR~0.9	
  in	
  H	


To	
  coronagraph	


>750nm	


650-­‐750nm	


Tip/Tilt,	
  SH	


750-­‐900nm	


Woofer	
 Tweeter	

4-­‐bin	
  interferometer	


Y,	
  J,	
  H	


Visible	
  high	
  contrast	
  imager	




Current	
  Testbed	

Source:	
  Halogen	
  lump	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (400-­‐2200nm)	


SpaBal	
  filter	
DM88	
  (Alpao)	

Atmospheric	
  phase	
  generator	


:	
  source	
  part	


Fast	
  Tip/Tilt	
  (PI)	


:	
  AO	
  part	


Wavefront	
  camera	
  
Zyla	
  (not	
  completed)	


Infrared	
  Imaging	
  	
  
camera	



