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Exo-planet detection t+ measurement
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1. redial velocity (Lathow, Magor, Mavey +Buler, Nayes, )
2, asfvowe‘frj (siM, FANME, ...)

3. occultation (Charbowmeaw , KEPLER, ...)

%. pulsar '\“\uiug (Taglov,...) |

S. visible - infvrared shift (?rouul-k“ed interfermwetry, Keck,
6. veflected light

T. transwitted light [Sa:selov; »

8, auvoval ewmissian (Marina Galand,-..)

4. vadio ewissim  ( Bastien,...)

0, laser tvomswission ( Horowits , Towwues, -.-)

. gravitatimal |eu:c‘u3

1. disk :inner hole, omuuli, warp, Hickness , wakes, asymnetry
( Burrows, Devmitt, -.-)

13, HST or NGST ihaainj (R-Bmwu, Tmuaw, ) |
4., TPF or DARWIN imginj ( Angel, Leger, .-.-)
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Fig. 2.— Shown are the data from figure 1 binned into 5 m averages, phased according to our best-fit orbit,
plotted as a function of time from T.. The RMS variation at the beginning of the time series is roughly 1.5
mmag, and this precision is maintained throughout the duration of the transit. The increased scatter at the
end of the timeseries is due to increasing airmass which occured at roughly the same time for both transits,
since the two occured very nearly one week apart. The solid line is the transit shape that would occur for
our best fit model, Ry, = 1.27 Rjyp, ¢ = 87.1°. The lower and upper dashed lines are the transit curves that
would occur for a planet 10% larger and smaller in radius, respectively. The rapid initial fall and final rise of
the transit curve correspond to the times between first and second, and between third and fourth contacts,
when the planet is crossing the edge of the star; the resulting slope is a function of the finite size of the
planet, the impact parameter of the transit, and the limb darkening of the star. The central curved portion
of the transit is the time between second and third contacts, when the planet is entirely in front of the star.

D.Charbonnear oo, , 1999,
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Fig. 2.— Upper plot: the normalized in-transit minus out-of-transit spectra, i.e. percent occulted area of
the star. In this model the cloud base is at 2.4x10~2 bar. Rayleigh scattering is important in the UV.
Lower plot: a model with cloud base at 0.2 bar. The stellar flux passes through higher pressures, densities,
and temperatures of the planet atmosphere compared to the model in the upper plot. In addition, a larger
transparent atmosphere makes the line depth larger. Observations will constrain the cloud depth. See text
for discussion.
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Fig. 1.— The flux of HD 209458 (upper curve) and the transmitted flux through the planet’s transparent
atmosphere (lower curve). Superimposed on the transmitted flux are the planetary absorption features: Na I
resonance lines at 285.4 nm, 342.8 nm, and the doublet at 589.4 nm, the K I resonance doublet at 767.0 nm,
and the He I triplet line at 1083 nm. The H50O and CH4 molecular absorption dominates in the infrared.
The dotted line is a blackbody of 1350 K representative of the CEGP’s thermal emission, but the  thermal
emission can be larger than a blackbody blueward of 2000 nm.
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Fig. 1.— Lambert sphere light curves and polarization curves for CEGP systems with different D and
Rp = 1.2R;. In descending order the curves are for D = 0.042 AU (HD 187123 b), D = 0.0462 AU (r Boo
b), D = 0.051 AU (51 Peg b), D = 0.059 AU (v And b), and D = 0.11 AU (55 Cnc b). For other Rp the
curves can be scaled — the light curves approximately and the polarization curves exactly — by the factor
(Rp/1.2R;)?. Am = 2.5 pumag corresponds approximatley to a flux ratio of 1078 (see equation (4)).
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Fig. 2.— Flux of 51 Peg A and b. The upper curve is the model flux of 51 Peg A at the surface of the
star, and the lower curve is the model flux of 51 Peg b with a homogenous MgSiO3 cloud with particles of
7 = 0.01 um. The dotted line is a blackbody with the same Teg as the planet model, 1170 K. In 51 Peg b,
the features in the blue and UV (< 5000 A) are reflected stellar features, the absorption features between
5000 A and 1 um are alkali metal lines from the planetary atmosphere, and the absorption features > 1 um
are water and methane absorption bands.
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Figure 10.7 CO, concentrations for the past 250 years. (a) The
early data are from air trapped in ice in Antarctica. The recent
data data are from Mauna Loa, Hawaii, taken by Keeling et al.
(1989). (b) Recent data (monthly mean) from Mauna Loa. Af-
ter J. T. Houghton et al., 1991, editor, Intergovernmental Panel
on Climate Change, 1990, Climate Change: the IPCC Scientific
Assessment, and 1992, Climate Change 1992: Supplement to the
IPCC Scientific Assessment (Cambridge: Cambridge University
Press).
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Figure 10.9 CHy4 concentrations in the atmosphere. (a) Varia-
tions in the past centuries from air trapped in ice, (b) Global
distribution of atmospheric CH4 and recent trend. After J. T.
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k | 6.2 The terrestrial planets 285

Imission spectrum from a cloudy area (Hanel et al., 1972¢).
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sand. The comparison spectrum from an area covered by vegetation
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band at 1042 cm™ (Hanel et al., 1972¢).
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Figure 1. Diagram (Kasting and Toon 1980 illustrating the faint young Sun problem for
Earth. Solid curve i(sm]aﬁuminmity relaf.i:!.-e to today’s value, as calgﬁatad by Cough
(1981). Dashed curves represent effective radiati temperature, T, and mean global
surface temperature, T, as calculated by a o ional climate model, assuming
constant atrnospheric CO; fixed relative humidity, and no cloud feedback.
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Figure 8.1 Altitude profile of
temperature and pressure at 30°
latitude for the atmosphere of Venus,

based on the standard atmosphere.
After Seiff, A., 1983, ‘‘Models of
Venus’ Atmospheric Structure,”” in
Hunten et al. (1983; cited in section
8.1), p. 1045, as quoted by Prinn,

R. G., 1985, ‘“The Photochemistry of
the Atmosphere of Venus,”’ in Levine
(1985; cited in section 8.1). p. 281.
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ALTITUDE (km)

65—
UPPER MOOE 1

o CLOUD

—_— MODE 2 Figure 8.2 Altitude profile of the mass density of

TR three modes of cloud particles in the middle
59 %Ai%ouf ! | atmosphere of Venus. After Knollenberg, R., and
. y, Hunten, D. M., 1980, ‘‘The Microphysics of the

N itk '——_~ \ Clouds of Venus: Results of the Pioneer Venus

————————— = Particle Size Spectrometer Experiment.”” J.
45 MODE 3 Geophys. Res. 85, 8039, as quoted by Prinn, R. G,,

""""" 1985, ““The Photochemistry of the Atmosphere of
el L L L L vepus, in Levine (1985; cited in section 8.1).
log,o[mg(cloud)/m3(cir)] p. 281.

Table 8.2 Composition of the atmosphere of Venus

Species Mole fraction References and remarks
CO; 96.5 + 0.8%
N, 3.5+0.8%
H;0 2% 1073 surface
6 x 103 22 km
1.5x 10™4 42 km
Ar 7+25%1073
co 1.7+1x 10 surface
3.0+ 1.8 x 1073 42 km
45+1x 1073 cloud top
1x 103 100 km
M
0 <3x1077 (2); cloud top
He 1232 x 107°
Ne 743 x10-%
HCl 6 x 1077 (3); cloud top
COS 3 x 10~7 )
SO, 5-100x10~° )
Kr - 2.5 x 10~8
SO 2+1x10"8 (6)
HF 545 x107° 3)
Xe 1.9 x 10~°

Unless otherwise stated, the composition data is taken from von Zahn et al.

in Hunten et al., eds. (1983).

(1) See discussion in Yung and DeMore (1982); (2) Trauger, J. T. and Lunine,
J. 1., 1983, Icarus 55, 272; (3) Connes, P. et al., 1967, Astrophys. J. 147, 1230;
(4) Crisp, D. et al, 1990, Nature 345, 508; (5) Zasova, L. V. et al., 1993,
Icarus 105, 92; (6) Na, C. Y. et al., 1990, J. Geophys. Res. 95, 7485,
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Figure 7.11 (a) Mixing raties of CO,, CO, O,, H,, and O. (b) Mixing ratios of O3, O,
and O('D). From Nair, H., Allen, M., Anbar, A. D., Yung, Y. L,, and Clancy, R. T,
1994, ‘A Photochemical Model of the Martian Atmosphere.’’ Icarus 111, 124,
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SPECIFIC INTENSITY (Wem2sr-V/em™!)

Fig. 6.2.8 Martian emission spectra r

ecorded by Mariner 9 early in the

mission with large amounts of Ldust

in the atmosphere (Hanel er al.,

19724): (a) mid-latitude spectrum; (b) south polar spectrum.
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Figure 5.8 A model of the clouds of Jupiter based on cosmic abundances of the ele-
ments. The main cloud layers, composed of aqueous NH3 solution plus H,O ice, solid
NH4SH, and solid NHa, are formed by condensation of H,O, NH3, and H,S, which
are stable in the lower atmosphere. After Weidenschilling, S. J., and Lewis, J. 8., 1973,
*‘Atmospheric and Cloud Structures of the Jovian Planets.’’ Icarus 20, 465.
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Fundamental requirements for visible light (0.6 p) imaging

Separate planet from
moon
Baseline: 1km

Collecting area:
4-6 10m-telescopes

25 by 25 pixels 100 by 100 pixels
Baseline: 400km Baseline:
Collecting area: Collecting Area

25 60m-telescopes



Alternate Designs for Array Elements

* thin Fresnel lens with
occulter

* large single mirror
with coronograph



Fundamental Requirements for IR (10 ) Imaging

Separate planet
from moon
Baseline: 17 km

Collecting area:
4-6 10m-telescopes

25 by 25 pixels 100 by 100 pixels
Baseline: 6600 km Baseline:
Collecting area: Collecting area:

25 60m-telescopes



Possible Design for a 25 by 25 pixel imager

® array of ~25 elements
collectors each ~3000 m?

* baseline ~6000 km

» starlight nulled at each
collector

» array configuration
independent from design
of individual element

Example of possible array element:
Nulling interferometer
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'Fig. 2.'Example of -hyper-telescope
optics. Multiple mirrors form a
sparse paraboloidal giant mirror,
and a'lens (FL) in the focal plane
formsa ipupil image on a pair of
:lenszarrays L} ‘andiL2;-having:short
and"long/focal lengths; respectively:
This setup-enlarges. thesstbpupils:in
theexit-aperture compared-to:those
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a usable image on:the camera. -

A-Lebeyrie , Sdewce , 1299 ov 2000



Effect of pupil _;Ieformation

Computer simulation (Auillans 1999). The interferometric field of
view is reduced whith increased pupil positioning errors.




Image of double star Castor, Mv=1. Separation = 3.97"
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