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Abstract: With the recent discovery of extrasolar planets (exoplanets) around nearby stars by
indirect methods, one of the next goals of the exoplanet study is to directly detect the giant exo-
planets and to make photometry and spectroscopy. The next decade will be the time to move from
discovery to characterization of exoplanet systems. This, however, requires all of high sensitivity,
high spatial resolution, and high dynamic range observations at infrared wavelengths, which will
be diÆcult to achieve from the ground. In this paper, we describe a coronagraphic camera and
spectrometer for the HII/L2 mission for mid- and far-infrared astronomy and show the photometry
and spectroscopy of exoplanets to be one of the most important scienti�c aims for this mission.
The proposed HII/L2 coronagraph will cover the wavelength between 4 and 27 �m, optimized at
5 �m. The plate scale is about 0.06 arcsec, covering a �eld-of-view of about 1 arcmin by 1 arcmin
with a 1024�1024 array detector. Occulting masks of diameter greater than 0.72 arcsec will be
available, which enables the observations of exoplanets beyond �2 AU around nearby (d �5 pc)
stars. The coronagraph greatly takes advantage of the single (non-segmented) mirror of the HII/L2
telescope design. A high-eÆciency Ge or CdTe grism with a resolution of a few hundreds will be
installed for the coronagraphic spectroscopy of the exoplanet atmosphere. Rich spectral features
at mid-infrared wavelengths enable us to study various atmospheric components and to make a
comparative study of the exoplanets and our solar system planets.

1. EXOPLANETS AND BROWN DWARFS

For centuries human beings have wondered if there are planets elsewhere in the universe and
if there is any life on those planets. As the space programs such as the Voyager mission revealed
the details of the distant planets in our solar system, we found that most of our planets are not
suitable for life except for the Earth. We then naturally are interested in more distant planets,
that is, extrasolar planets circling around other stars. In spite of decades of intensive search,
there was not a single credible claim for an exoplanet in middle of 1995. However, since the �rst
discovery report of 51 Peg B by Mayor and Queloz in 1995, about 50 giant exoplanet candidates
whoseM sin i is less than 13MJUP have been discovered so far (MJUP = 1 Jupiter mass � solar
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mass/1000). They were discovered around the F, G, K, and M-type main-sequence stars. Most
of them have been detected by the radial velocity measurements, one of the most successful
\indirect" methods for exoplanet detection. This method spectroscopically measures the star's
velocity along the line of sight to the Earth as it moves about the center of mass of the star-
planet system. It has long been used to search for binary companions. With the introduction
of precise wavelength calibration techniques such as gas cells, the velocity measurements have
reached enough precision to detect giant planets around nearby stars. Minimum-mass, semi-
major axis, orbital period, and eccentricity derived from these measurements range from 0.16
MJUP, from 0.04 to 3.3 AU, from 3 to 2500 days, and from 0 to 0.7, respectively.

Statistical studies based on the radial velocity measurements of about 500 nearby stars
further suggest that about a few percent of the sample stars are associated with exoplanet can-
didates with M sin i < 7 MJUP, while very few sources are detected with 10 < M sin i/MJUP<

80 (Marcy et al. 1999). Although the current sample is still limited (by time span) to com-
panions relatively near the central star (roughly < 5 AU), this paucity is regarded as real and
called as a \brown dwarf desert". About 2/3 are very close to the central star with semi-major
axis less than 0.3 AU. Thus the new planetary systems can be very di�erent from our own.
Although this is to some extent due to the observational bias of the radial velocity method,
some pile-up e�ects such as planet migration from outside to inside orbit are conjectured (Lin
et al. 1996; Ward 1997).

Recently the G0 dwarf star HD 209458, which was suggested to have a planetary companion
from the radial velocity method (Henry et al. 2000), has been con�rmed to have an exoplanet
with an independent indirect method. This method, transit, is a photometric method of de-
tecting only a few percent of stellar light dimming by the passage of a planet across the central
star. Combining the radial velocity data and the transit data, inclination, mass (not mass
lower-limit), radius, and density of the exoplanet have been determined. The derived mass and
radius are 0.63 MJUP and 1.27 RJUP, respectively, clearly showing the planet to be a gas giant
(Charbonneau et al. 2000).

By the time of the HII/L2 mission whose launch is targeted about a decade from now, using
the current and future 8-10 m class telescopes or dedicated smaller telescopes, the indirect
methods of exoplanet detection as well as future precise astrometry programs would have
vastly expanded the target sample. This will lead to an accumulation of a few hundreds of
exoplanet candidates. However, these indirect methods have certain limitations; one cannot
obtain information on luminosity, temperature, and atmosphere of those exoplanets. Therefore,
we need to \directly" observe some, if not all, of those exoplanets. A decade or so will be the
time from discovery to characterization.

In order to directly observe those giant exoplanets, high sensitivity, high resolution, and
high dynamic range or contrast at infrared wavelengths are required at the same time, which
is diÆcult to achieve from the ground. However, such discoveries as well as characterizations
toward more massive but still faint enough objects, the brown dwarfs, have just started. Brown
dwarfs are the stars too lightweight to steadily burn hydrogen. First con�dently discovered as
a cold companion to a nearby M star, Gl 229, several brown dwarfs have been discovered
both as companions and as in the �eld (as free-oating). In particular, recent sensitive all sky
surveys such as 2MASS, DENIS, and SDSS (see e.g. Kirkpatrick et al. 1998; Delfosse et al.
1999; Strauss et al. 1999) have found a signi�cant number of �eld brown dwarfs, though not
abundant enough to explain the missing mass in the galactic disk. Many young (�10 Myr)
brown dwarfs have been detected in open clusters (see e.g. Bouvier et al. 1998; Magazzu et
al. 1998). Infrared surveys toward star forming regions have also detected a number of very or



Exoplanet Photometry and Spectroscopy 5

exremely low-luminosity young stellar objects (VLL- or ELL-YSOs) that can be regarded as
even younger (�1 Myr) free-oating brown dwarf candidates (Tamura et al. 1998). Such young
brown dwarfs including several planet-mass objects have been detected both in the high-mass
star forming regions (e.g. Orion; Kaifu et al. 2000; Lucas and Roche 2000) and in the low-mass
star forming regions (e.g. Taurus, Chamaeleon, Lupus, Ophiuchus; Oasa et al. 1999; Nakajima
et al. 2000; Comeron et al. 1993; Luhman et al. 1999). Interestingly, brown dwarfs companion
to nearby normal stars are few, apparently consistent with the brown dwarf desert claimed by
the radial velocity observations; only two companion cold brown dwarfs have been discovered
so far (Gl 229 B and Gl 570 D; Nakajima et al. 1995; Burgasser et al. 2000). However, binary
brown dwarfs are not rare; three of seven L dwarfs detected in the �eld by 2MASS and DENIS
have been shown to be binary (Koerner et al. 1999). In addition several young brown dwarf
candidates in star forming regions have been shown to be associated with possible companions
(Itoh et al. 1999). Further detection and characterization of those brown dwarfs must be the
primary targets for the current 8-10 m class telescopes. Several unique instruments suitable for
this purpose have already been developed such as CIAO (Coronagraphic Imager with Adaptive
Optics) for the Subaru 8.2-m telescope (Tamura et al. 1998, 2000).

2. MID-INFRARED CORONAGRAPH FOR HII/L2

In order to detect and characterize the exoplanets and companion brown dwarfs, we need
high sensitivity, high resolution, and high dynamic range at the same time. Coronagraphy
is a powerful technique to suppress the halo of bright central object and to obtain a higher
contrast between the faint nearby target and the bright central object (Lyot 1939). The stellar-
coronagraphs working from the ground have already brought exciting discoveries such as the
dust disk around � Pictoris (Smith & Terrile 1984) and the cold brown dwarf associated with
Gl 229 (Nakajima et al. 1995). Infrared coronagraphs for the 8-10 m class telescopes will
further enhance such discoveries. However, the performance of the ground-based coronagraph
is generally limited by the atmospheric disturbance and the high background. In order to
overcome this diÆculty, one needs a very high-order adaptive optics coronagraph or a space
coronagraph (Angel et al. 1986; Malbet et al. 1995). As demonstrated by the HST/NICMOS
coronagraph, the dynamic range and the sensitivity of the space coronagraph is high enough
to reveal the faint objects such as the dust ring around HR 4796 A (Schneider et al. 1999) and
a possible substellar companion around TWA 5 (Lowrance et al. 1999), although the relatively
smaller aperture of the HST limited the spatial resolution.

As demonstrated in the next section, the best wavelength range for a study of exoplanets
and cold brown dwarfs might be between 4 and 30 �m. The observations at these mid-infrared
wavelengths su�er from strong background emission from the Earth atmosphere and the tele-
scope/instrument; thus no mid-infrared coronagraph has been explored from the ground. In
order to achieve high sensitivity, high resolution, and high dynamic range at the same time,
one should consider a coronagraph for a cold space telescope with a large aperture.

We propose the following speci�cation of the coronagraph for the HII/L2 mission (see
Nakagawa 2000 for a speci�cation of the HII/L2 mission itself). The instrument covers the
wavelength range from 4 to 27 �m, optimized at �5 �m. The pixel scale is 0.06 arcsec/pixel,
about one sixth of the di�raction limit at �=5 �m. The �eld-of-view of the instrument is �1
arcmin � 1 arcmin, if we employ a 1024�1024 array. Si:As BIB arrays of this size are expected
to be available by the development phase.

The main components of a stellar coronagraph are an occulting mask at the focal plane
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and the Lyot stop at the pupil plane. The masks and stops for the HII/L2 coronagraph are
both cool and their pattern will be made with metal deposition on substrate. Several sizes of
occulting mask greater than 0.72 arcsec in diameter will be available.

What is the dynamic range of the HII/L2 coronagraph? The dynamic ranges expected
for the 3.5-m HII/L2 (space) telescope and the 8-m Subaru (ground-based) telescope can be
compared based on computer simulations. In the simulations, the atmospheric turbulence and
the correction by the adaptive optics are taken into account for the ground-based coronagraph
(see Itoh et al. 1998 for details) , but the background contribution is not. At a distance of
0.7 arcsec from a central star and at a wavelength of 5 �m, the expected dynamic range of
the HII/L2 coronagraph is more than 4 orders of magnitudes while that of the ground-based
coronagraph is about 3 orders of magnitudes. If we employ an active optics technique combined
with the space coronagraph, even larger dynamic range is expected (Malbet et al. 1995). In
reality, the high background at 5 �m might limit the dynamic range of the ground-based
coronagraph.

The expected sensitivity of the HII/L2 coronagraph as a camera (1 hr, 10 �) is shown
in Figure 1, compared with the theoretical spectra for 1 MJUP object at a distance of 10 pc
(Burrows et al. 1997) and for a cold brown dwarf Gl 229 B (Tsuji et al. 1996).

Fig. 1: Expected sensitivity of the HII/L2 coronagraph as a camera, compared with the theoretical
spectra for exoplanets and a brown dwarf.
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The NGST also plans to have a mid-infrared capability and its mid-infrared camera has a
coronagraph option (Serabyn et al. 1999; see also Trauger et al. 1999). However, the HII/L2
coronagraph has certain merits over the NGST coronagraph. Firstly, the single mirror of the
HII/L2 is suitable for coronagraph because of a simple Lyot stop, while the segmented mirror of
the NGST requires a complex Lyot stop for suppression of the edge di�raction of each segment.
Secondly, the HII/L2 telescope itself is cold (4.5 K) and is optimized for mid-infrared (and
far-infrared) astronomy, thus matching for the optimization of the instrument. Thirdly, the
proposed HII/L2 coronagraph aims not only coronagraphic imaging but also coronagraphic
spectroscopy. In order to achieve the spectroscopic capability, we will develop a Ge or CdTe
grism with a high eÆciency (> 80 %). Currently an eÆciency of �60 % is achieved (N. Ebizuka,
private communication). The resolving power of the grism is a few hundreds. Long-slits with
central occulting block (square in shape) will be available.

3. CORONAGRAPHIC SPECTROSCOPY OF EXOPLANET ATMOSPHERE

Spectral energy distributions of exoplanets are basically composed of the reection compo-
nent dominant at optical and near-infrared wavelengths and the thermal component dominant
at mid-and far-infrared wavelengths. For the Sun and Jupiter, the ux contrast is 9 orders
of magnitude where the reection component is dominant, and it goes down to 6 orders of
magnitude where the additional thermal component become dominant at longer wavelengths.
Although these can be regarded as a superposition of two blackbody spectra with di�erent
temperatures (e.g. about 6000 K and 140 K for Jupiter), the real spectra of planets are far
from blackbody due to rich features of the planetary atmosphere (see Figure 1). These features
are very useful for examining and characterizing the exoplanets and the cold brown dwarfs.

It is noteworthy to remember that our proposed coronagraphic spectrometer has the wave-
length coverage and the spectral resolution similar to those of the infrared spectrometer on the
Voyager spacecraft (IRIS, Infrared Interferometer Spectrometer and Radiometer). IRIS is a
Fourier spectrometer with a wavelength coverage from 4 to 56 �m and a spectral resolution of
40-600. While IRIS played an important role for revealing the atmospheric compositions of the
four giant planets of our solar system (Jupiter, Saturn, Uranus, Neptune; Hanel et al. 1979a,
b, 1981, 1982, 1986; Conrath et al. 1989), the coronagraphic spectrometer of the HII/L2 will
be an important tool for the study of exoplanets.

Notable features expected in the atmospheric spectra of exoplanets and its science are as
follows:

1. There is a remarkable peak around 4-5 �m whose ux is signi�cantly larger than the
blackbody ux. This peak corresponds to an opacity \window" for very-low mass and
cold objects and is expected to be commonly seen in any objects whose temperatures
between 100 K and 1000 K (Guillot et al. 1997). As seen in Figure 1, the planets of a
very low temperature such as the Jupiter have a peak at 5 �m, while hotter objects tend
to have a peak at 4 �m.

2. CNO abundance relative to H can be compared among the exoplanets and the solar
system planets. Notable features in the wavelength coverage of the proposed instrument
are CH4 at 7.7 �m, H2O at 6.3 �m, and NH3 at 10.7, 10.3, and 6.1 �m.

3. It is well known that the He abundance shows a large variation between giant planets
(Conrath et al. 1987): the helium mass fraction is 0.06 for Saturn, 0.18 for Jupiter, 0.26
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for Uranus, 0.32 for Neptune, and 0.28 for the proto-Sun. It will be intriguing to �nd such
a possible variation among exoplanets. One of the methods to estimate the He/H ratio
is the use of the He-H2 and H2-H2 collision-induced absorption band features around 17
�m (Gautier et al. 1981) .

4. As a way to make a distinction between brown dwarfs and exoplanets, it will be useful
to see the deuterium depletion from the CH3D feature around 8.6 �m.

5. It will also be interesting to �nd disequilibrium species such as PH3 (4.3, 8.9, 10.1 �m)
and GeH4 (4.7 �m) in exoplanets and brown dwarfs.

6. Information on the planet weather or the day/night-side spectra of the planets can be
obtained from a monitoring of the time variation of the spectra.
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