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ABSTRACT

The Darwin and TPF-I space missions will be able to study the atmosphere of distant worlds similar to the Earth.
Flying these space-based interferometers will however be an extraordinary technological challenge and a first step
could be taken by a smaller mission. Several proposals have already been made in this context, using the simplest
nulling scheme composed of two collectors, i.e., the original Bracewell interferometer. Two of these projects, viz.
Pegase and the Fourier-Kelvin Space Interferometer, show very good perspectives for the characterisation of hot
extra-solar giant planets (i.e., Jupiter-size planets orbiting close to their parent star). In this paper, we build on
these concepts and try to optimise a Bracewell interferometer for the detection of Earth-like planets. The major
challenge is to efficiently subtract the emission of the exo-zodiacal cloud which cannot be suppressed by classical
phase chopping techniques as in the case of multi-telescopes nulling interferometers. We investigate the potential
performance of split-pupil configurations with phase chopping and of OPD modulation techniques, which are
good candidates for such a mitigation. Finally, we give a general overview of the performance to be expected
from space-based Bracewell interferometers for the detection of extra-solar planets. In particular, the prospects
for known extra-solar planets are presented.
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1. INTRODUCTION

Nulling interferometry is one of the most promising techniques to study extra-solar planets. The simplest way
to implement it is to use a Bracewell interferometer.! The principle is to combine the beams coming from two
telescopes in phase opposition so that a dark fringe appears on the line of sight, which strongly reduces the
starlight emission while letting through the light from an off-axis source by adjusting the baseline length. This
concept is used in several space mission projects, like Pegase? and the Fourier-Kelvin Stellar Interferometer,?
aiming at studying extra-solar giant planets (EGP) located close to their parent star. The detection of Earth-like
planets is much more challenging due to the higher star/planet contrast. It requires a higher nulling stability
over a longer period and specific methods of modulation to suppress the emissions of the local and exo-zodiacal
clouds. This should be achieved by the Darwin* and TPF-I° projects, which are based on a more complex
scheme of nulling using at least three collectors. These missions will achieve direct detection and atmospheric
characterization of Earth-like planets orbiting in the habitable zone (HZ) of nearby main sequence stars (within
~ 30 pc). They will be fantastic tools to search for biological signatures in our vicinity.® Beyond these ambitious
objectives, the scientific goals of these missions also include the origin of the planetary systems, its evolutionary
history and its future development. The study of hot EGP with Pegase or the Fourier-Kelvin Space Interferometer
(FKSI) would already be very fruitful in that respect, but it would be interesting to know what could be achieved
with a more advanced Bracewell concept. Improving the specifications of these missions, such as the size of the
telescopes, could increase the sensitivity and give additional information on smaller planets. The goal of this
study is to assess the performance of such a mission.
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2. INSTRUMENTAL CONCEPT

2.1 Overview of the Pegase design

This study considers the CNES formation flying demonstrator Pegase as a baseline.? Pegase consists in a two

40-cm diameter apertures interferometer observing in the near-infrared (2.5-5 pm) and formed of three free
flying spacecrafts orbiting at the Lagrange point L2. Thanks to this location, the spacecrafts and the focal plane
assembly can be passively cooled down to respectively 90 £ 1 K and 55 £+ 0.1 K. Visibility measurements and
recombination in nulling mode are both possible with a spectral resolution of about 60. The formation flying
constraints allow baseline lengths from 40 m to 500 m giving an angular resolution in the range of 0.5 mas to 30
mas. The fine-tuning of the optical path difference (OPD in the following) is performed by a dedicated control
loop based on a fringe sensor measuring the observed central target in the 0.8-1.5 pym range and an optical delay
line. The intensity control is performed by a fine pointing loop using a field relative angle sensor operating in
the 0.6-0.8 pm range. This implementation allows to control the OPD down to a level of 2.5 nm rms and the
tip/tilt errors to a value of 30 mas rms, corresponding to a nulling ratio of 10~* stable at the level of 1075.2

2.2 Modifying Pegase

If Pegase was pointed towards a Solar system located at 20 pc, it would be inefficient for Earth-like planet detec-
tion for several reasons. The main show-stopper is the starlight cancellation which is not sufficiently stable and
requires a better control of the OPD. Of minor relevance when observing hot EGPs, the local and exo-zodiacal
clouds become very problematic for Earth-like planets and will be major sources of noise in the final budget.
A way to improve the sensitivity of the instrument is to optimise the wavelength range of observation. Since
Earth-like planets are cooler than hot EGPs, their maximum brightness is shifted toward longer wavelengths.
For example, at 10 pm, the emission of an Earth is about 30 times larger than at 2.5 pym while the flux of the
exo-zodiacal cloud increases only by a factor 4. In addition, the stellar flux decreases and is 10 times lower at 10
pm than at 2.5 pm. Nevertheless, increasing the observation wavelength is limited by the thermal emission of
the instrument which becomes dominant at long wavelengths. The thermal specifications of Pegase would cause
overwhelming background fluctuations for Earth-like planets detection. To reach this objective, the instrument
has to be cooled down and more thermally stable. This is part of the optimisation presented in this study. The
parameters used in our simulations are listed in Table 1.

Spectral
Wavelength 10 pm
Resolution 60
A
Target system
Distance 20 pc @ @
Star radius 1 Rsun
Star eff. temperature 5770 K Brin= 2,
Star flux 0.56 Jy
Planet radius 1 Rgarth
Planet angular offset 50 mas Q
Planet eff. temperature 265 K T
Planet flux 6.00E-8 Jy y L
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Local zodi brightness 1.13E+7 Jy/sr
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Table 1. Parameters used in this study



The observing scenario is based on the one of Pegase. Since the inclination and the position angle of the
planetary orbit are unknown, three observations with baselines separated by 60° will be obtained on each target.
By consequence, the bright fringe will be closer than 30° from the actual planet position angle for at least one
observation and the planet flux will be reduced by a maximum of 5% in the worst case. In addition, since the
ephemeris of the planet is unknown, 3 different sets of observations along the orbit are necessary to reach a high
level of confidence in case of non detection. A duty cycle of 50% is also considered.

Finally, assuming a minimum anti-collision baseline length of 20 m (dyin), the linear configuration of Pegase
with a central beam combiner is not convenient to survey the habitable zone of most F and G stars of the
Darwin catalogue”™® which require baselines shorter than 40 m at 10 pm. To solve this problem, a triangular
flying configuration is considered, with the beam combiner spacecraft at equal distance from collector spacecrafts
(see Figure 1).

3. SIGNALS AND NOISES IN SPACED-BASED INTERFEROMETRY
3.1 Instrumental stellar leakage

In nulling interferometry, a key quantity is the null depth which determines the level of on-axis stellar rejection.
This null depth undergoes fluctuations due to instrumental imperfections such as co-phasing errors, wavefront
errors or mismatches in the intensities of the beams. The influence of all these contributions is called instrumental
leakage, which acts both as bias, by introducing an additional amount of unwanted signal in the nulled output,
and as a noise through its instability. Assuming that the instrument behaves in the same way during the three
successive observations of the same system, the average instrumental stellar leakage can be calibrated and only
instability noise (including long-term drifts) and shot noise associated to the mean stellar leakage have to be
considered in the total noise budget.

Leakage due to the OPD

Since the actual power spectral densities of instrumental perturbations are not available, the estimation of
instability noise will be made assuming that the rms leakage is equal to its mean value. This assumption is
supported by the results obtained on the GENIE and ALADDIN studies.®'© The contribution of the residual
OPD error to the stellar leakage can be estimated using the following formula:!!

A
oopp < —V N;, (1)

where N; is the required stability for the instrumental nulling ratio. This means that a stability at the level of
oopp < 1 nm is required to cancel the star emission by a factor of 107 at an observing wavelength of 10 pm.
Very encouraging results have been obtained recently with the adaptive nuller'? at Jet Propulsion Laboratory
with the demonstration of a broadband null of 1.2 x 10~° over a 32% bandwidth centered in the 8-12 ym band*.
Reaching a stability of 1 nm at 10 um is still challenging but should be realistic in the near-term future.'® This
value will be considered in this study. Note however that Eq. 1 is a first order estimation and does not take into
account the non-linear second order error terms which are expected to dominate the instrumental leakage.'

Leakage due to tip/tilt errors

The other major contributors to the stellar leakage are the wavefront errors and the intensity mismatch between
the beams. Because modal filtering is used, wave front errors will be traded against intensity errors which are
less severe source of instrumental leakage and add to the true intensity mismatch. In fact, true intensity errors
are not expected to be a significant source of intensity mismatch and will be neglected in the following discussion.
The instrumental nulling ratio N; due to the tip-tilt error can be estimated with the following formula, taking
into account the modal filtering process:'?

(rDaog)*

Ne= "o ®

*see the adaptive nuller website: http://planetquest.jpl.nasa.gov/TPF-1/adaptiveNuller Testbed.cfm



where D is the telescope diameter and oy the residual tip/tilt error. The tip-tilt control device which will be
implemented in Pegase should reach a typical residual of 30 mas rms.? At 10 ym and for 1-m size telescopes, a
tip/tilt residual below 22 mas rms is necessary to get an SNR of 5 for an Earth located at 20 pc. The use of larger
telescopes in combination with a two-stage control loop implementation will improve the pointing accuracy with
respect to the Pegase nominal value (30 mas rms). Without an appropriate system study, it is difficult to give
an accurate estimation of this value but a tip/tilt residual of 20 mas rms should not be too optimistic and will
be assumed in this study.

3.2 Geometric stellar leakage

Because of the finite size of the target star, a residual stellar flux appears in the nulled output. This deterministic
part of the stellar leakage is called the geometric leakage and is given by:!?

where b is the baseline length and 6, the stellar angular radius. At 10 pm, the contribution of geometric leakage
for a Sun-like star located at 20 pc is about 125 times larger than the flux of the planet in the nulled output.
To reveal the hypothetic planetary companion, the most straightforward method relies on the knowledge of the
target star angular radius, which is the only unknown parameter in Eq. 3. The angular radii of Darwin target
stars can be determined with a typical accuracy of 1% which gives a precision of 2% on the estimation of the
stellar leakage.'® This level of calibration is however not sufficient to get a SNR of 5 for an Earth located at 20

pc.

3.3 The thermal background and its fluctuations
Exo-zodiacal dust emission

An exo-zodiacal cloud similar to the local zodiacal disk is much brighter than an Earth-like planet with an
integrated flux about 400 times larger at 10 pm. Filtered through the interferometer transmission map, the
residual contribution does not exceed 30% of the total flux for a disk located at 20 pc. In addition, since several
observations of the same system will be performed, the morphology of the dust cloud can be constrained and
model-fitted. Taking into account both contributions, a conservative value of 10% is assumed in this study for
the residual exo-zodiacal emission. To go further, fast modulation techniques have been developed in the context
of Darwin/TPF but they require the use of at least 3 collectors.!17 More specific methods such as the split-pupil
configuration and the OPD modulation have to be used for a single Bracewell.!® 19 These good candidates are
reviewed by Hanot?° and briefly discussed in section 5.3.

Local zodiacal dust emission

The local zodiacal dust cloud produces a foreground through which the interferometer will observe. Its thermal
emission is estimated by the zodiacal disk model of Kelsall.?! The model takes into account the dust in the line
of sight of the interferometer located at the Lagrange point L2 and pointing in the anti solar direction. At 10
pum, the total background emission associated with the local zodiacal disk is about 2 x 10~# times larger than the
flux coming from an Earth at 20 pc and received by an 1-m telescope. This emission presents a slow variation
with typical periods of 13, 27, 36, 47, 52, and 72 days?! which are very problematic for long integration times.
However, for integration times of the order of some hours, the variation of this emission can be considered as
negligible?? and remains below the residual contribution of the exo-zodiacal cloud.

Instrumental background

The thermal emission of the instrument is modelled as a grey body emission, i.e. a black-body emission multiplied
by a constant emissivity factor related to the optical train. The mean value of the instrumental background can be
removed with the three inclined observations and only the fluctuations remain. In order not to induce significant
variations of the background emission, a high thermal stability is therefore required. To detect at 10 ym an
Earth located at 20 pc (SNR of 5), the thermal stability has to be as low as 0.1 K rms for an instrument cool
down to 45 K.



4. ANALYSIS FOR AN EARTH AT 20 PC

Following the previous discussion, Table 2 shows the different requirements on a 1-m Bracewell to achieve at 10
pm an SNR of 5 when observing an Earth located at 20 pc. It also shows the specifications considered for this
study and the minimum size of the planet (located in the middle of the HZ) detectable with it.

Req. Spec. | Rgarth

OPD [nm] 047 1 2.1
Tip/tilt [mas] 22 20 0.8
Stellar radius knowledge [%] 0.8 1 3.6
Exo-zodiacal subtraction [%] 0.05 10 11.2
Instrument temperature [K]  45.3 45 1
Integration time [days] 3000

20 surveys/year [h] - 24 5.7

50 surveys/year [h] - 10 7.2

100 surveys/year [h] - 5 8.5

Table 2. First column: requirements on an 1-m Bracewell to detect an Earth-like planet located at 20 pc at 10 pm.
Second column: specifications of the 1-m Bracewell considered in this study. Third column: minimum radius of the
planet detectable with it. The shot and detector noises impose a lower limit on the integration time and the three last
rows give the minimum radius of the planet detectable in 5, 10 or 24 hours (corresponding respectively to 100, 50 or 20
systems surveyed per year).

Due to the limited suppression of the exo-zodiacal emission, a 1-m aperture single Bracewell could not detect
planets smaller than Jupiter (about 11 Rgarn) and orbiting in the middle of the HZ of a Sun located at 20 pc.
With an appropriate method to subtract the exo-zodiacal emission, 7 Earth-radii planets would be possible to
detect in 10 hours which corresponds to 50 systems surveyed per year. In 24 hours, the detection of 6 Earth-radii
planets could be achieved and potentially 4 Earth-radii planets for a longer integration time. The reason is that
the limitation coming from the integration time is due to the shot and detector noises which can be minimized
by a sufficiently long integration time as shown by Eq. 4, giving the SNR per spectral channel:

F,-t
(NZ+ Nt + (0 + 0c + op)t

SNR,, = (4)
where F), is the planet’s flux, N, the shot noise, Ny the detector noise, o; the instrumental nulling noise, o,
the instrumental calibration noise, o the background fluctuation noise and ¢ the integration time. Shot noise
is dominated mainly by the stellar leakage and the contribution from the local zodiacal cloud. The detection
unit features a Si:As focal plane array with a read out noise assumed to amount to 10 electrons per pixel. Dark
current is supposed to be negligible by cooling down the detector to an appropriate temperature (a few K). The
SNR per spectral element is represented by the solid line in Figure 2 with respect to the wavelength.

Figure 2 shows that the optimum wavelength is effectively near 10 ym and that the exo-zodiacal emission
is dominant in the 5-12 pm band. In order to improve the detection capability, one can combine the spectral
channels, using Eq. 5:14

1/2

SNRiot = | > SNR} : (5)

Nindep

where the sum is performed over the noise independent spectral channels. Determining their number would
require a full analysis and is beyond the scope of this paper (some clues are given in the paper of Lay'?). For
the time being, with a spectral resolution of 60, the spectral channels are narrow at 10 pum (about 0.16 pm wide)
and we will assume than only 10% of the channels are noise independent (about 1.6 pum wide). The percentage
of noise independent spectral channels is denoted 7 in the following.
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Figure 2. Individual SNRs contributing to the total SNR (solid line) for an Earth-like planet located at 20pc with respect
to the wavelength, after 10 hours of integration and 1-m diameter collectors.

5. DETECTION THRESHOLD
5.1 Planet signal

In good approximation, the flux emitted by an extra-solar planet and detected by an Earth-based observer
writes:16 ) )
R TR
b T FO)BAT,), (6)
where B, (T) represents the surface brightness per wavelength unit for a blackbody at temperature T', d is the
distance to the target star, a the semi-major axis of the planetary orbit and R, the planetary radius. ®(©) and
f(©) are the phase function affecting respectively the reflected and the emitted emissions. A, is the Bond albedo,
defined as the ratio between the total reflected and total incident powers. The first term in Eq. 6 represents the
reflected part of the stellar spectrum while the second term represents the thermal emission of the planet. T, is
the equilibrium temperature of the planet and can be calculated by the following formula:'®

Fyp(A) = Ay—5=BA(T3)2(0©)

1/4 (B H2
T, = To(1— Ay)" <2a> : (7)
The Bond albedo used to compute the equilibrium temperature depends on several parameters such as the
chemical composition of the planet’s atmosphere and surface. The results presented in this paper assume a
Bond albedo of 0.306 for rocky planets by analogy to the Earth’s albedo, although the surface and the potential
atmosphere are probably not the same. This value has also the advantage to be intermediate among the Bond
albedos of the Solar system rocky planets (0.119 for Mercur and 0.750 for Venus). For the giants planets, a value
of 0.10 is assumed as derived by Baraffe?® for hot EGPs instead of Jupiter’s classical value of 0.342, since the
regions close to the star will mostly be investigated. Finally, following the simulations of core accretion reported
by Ida,?* the limit between gaseous and rocky planets will be considered around 15 Earth masses.

5.2 Results for a Sun at 20 pc

The purpose of this section is to extend the analysis presented in the previous sections by considering planets
with different orbits. This general approach requires numerical simulations which have been done by adapting
a top-level performance prediction tool developed by O. Absil for Pegase!® and using several routines from the
Darwin science simulator, DARWINsim.?®> A crucial parameter in the performance assessment is the distance



between the planet and its parent star. In accordance with Eq. 6 and Eq. 7, the closer the planet is to its parent
star the brighter it is, which improves also the contrast with the background sources. The optimum wavelength
is also modified since the planet becomes hotter. Optimizing the wavelength in agreement with the semi-major
axis of the planet’s orbit, the detection threshold, i.e. the minimum size of the planet detectable, is represented
in Figure 3 for a Sun-like star located at 20 pc (the detection threshold for detection is set at a global SNR of
5). For practical reasons (it is difficult to cover the full wavelength range with one set of glasses and single-mode
spatial filters), the width of the total wavelength band has been set to 4 pm.
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Figure 3. Sensitivity of Pegase (dotted), 1-m Bracewell with respectively 10% (dashed) and 100% (dash-dot) independent
spectral channels and without exo-zodiacal cloud (solid) for 10 hours integration time and observing a Sun-like star located
at 20 pc. For each semi-major axis, the sensitivity is computed in the optimum 4-um wide wavelength band.

Each curve represents the detection threshold for an integration time of 10 hours (about 50 surveys per year).
The dotted curve shows the sensitivity domain of Pegase assuming a perfect combination of the spectral channels
(n=1) in the 2.5-5 ym wavelength range. The best sensitivity arises for planets located very close to the star
with 4 Earth-radii planets detectable at about 0.05 AU and Jupiter-size planets detectable till 0.4 AU. Including
the exo-zodiacal emission, the dash-dot curve shows the improvement of the capabilities by considering a 1-m
Bracewell working at 10 pm. Jupiter-size planets are detectable till about 1.6 AU while in the middle of the
HZ, Neptune-size planets could be detected. Rocky planets are detectable in the close vicinity of the star (~
0.1 AU). Going further, the solid curve shows the potential of the concept on the basis of 10 hours integration
time, assuming a perfect subtraction of the exo-zodiacal emission in addition to the perfect combination of the
spectral channels (n = 1). Small Neptune-like planets orbiting around a Sun located at 20 pc are detectable
within 10 hours in the middle of the HZ. Shot noise is now the limiting factor and a longer integration time is
required to improve the sensitivity.

Finally, a more realistic assessment of the capabilities is given by the dashed curve, plotted considering that
only 10% of the spectral channels are independent. This curve gives also an approximation of the minimum size
of planets for which spectroscopy can be performed. As expected from the previous section, the performance
would be limited to Jupiter-size planets in the middle of the HZ.

5.3 Removing the exo-zodiacal emission

As shown by Table 2, the residual of the exo-zodiacal emission is the main limiting factor. The level of perfor-
mance could be considerably improved (4 Earth-radii instead of Jupiter-size planets detectable) by removing it
from the nulled output. The basic method to modulate the planet signal against the exo-zodiacal emission is to



rotate the interferometer along the line of sight but this can generally not be performed sufficiently fast and the
planet signal is easily corrupted by long term drifts. Fast modulation can be implemented with the split-pupil
configuration'® or with OPD modulation.!? In the case of split-pupil, both telescopes are divided in two parts,
creating two independent Bracewell interferometers. The outputs of these two interferometers are then combined
with a time-varying phase shift which allows to remove all point-symmetric emissions (in the ideal case). The
division of the pupil introduces however significant additional complexity.!® The principle of OPD modulation is
to sweep back and forth the dark fringe of the transmission map by modulating the pathlength in one arm of the
interferometer.'® In that manner, all centro-symmetric sources are modulated at twice the modulation frequency.
If the baseline length is chosen such as the planet locates on a grey fringe, the planet signal will be modulated at
the modulation frequency and can be retrieved by using synchronous coherent demodulation. In principle, OPD
modulation could be implemented at little increase of the system complexity. For both methods, only 50% of
the planet signal is generally retrieved which reduces the actual performance. In his master thesis, Hanot shows
that the split-pupil technique leads to better SNRs than the OPD modulation but remains pessimistic about the
ability of both methods to reveal Earth-like planets in presence of instrumental errors and typical asymmetries
of the cloud.?? A full investigation of these techniques will be the object of an upcoming paper.

5.4 Study of the habitable zone: application to the Darwin catalogue

The application to the Darwin catalogue”® allows to extend the study to stars of different spectral types. The
prime targets of the catalogue, i.e. the single star systems, amount to 628 stars (43 F, 100 G, 244 K and 241
M stars), in our close neighbouroud (<25 pc). Around each of these stars, a planet is supposed to be present in
the middle of the HZ. Expressed in AU, the position of the HZ is given in good approximation by the following

formula;26 ,
T, R,
— 8
e <T®> Ry’ (®)

which corresponds to 2.3, 1.3, 0.7 and 0.2 AU for FOV, GOV, KOV and MOV stars respectively. To estimate
the performance of a 1-m Bracewell, the integration time required to reach an SNR of 5 for each target of the
Darwin catalogue is computed. The SNRs are computed with the assumption that there is no exo-zodiacal
emission so that the full potential of methods described in section 5.3 can be reached. The spectral channels are
combined in the optimum 4-pym wide wavelength range with n=1. Note that according to Eq. 4, only the part
of the SNR due to the shot and detector noises can be improved by increasing the integration time. Targets for
which o; + 0. + 0, > 5F), cannot reach an SNR of 5 and are thus not considered. The integration times of the
remaining targets are then sorted by increasing values and added till the sum reaches the mission lifetime. The
results are presented in Figure 4 which indicates the number of stars around which a planet of a given radius
can be detected during the mission lifetime.
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Figure 4. Number of stars around which a planet of a given radius can be detected with respect to the mission lifetime.



During the first year of the mission, about 9 Earth-like or 36 two Earth-radii planets could be detected. A
planet is considered detected when a total SNR of 5 is reached for at least one of the three observations for
each position on the orbit. The gain by increasing the mission lifetime is not significative, particularly for the
smallest planets. These detected planets are mainly around M stars as illustrated in Figure 5, showing the total
integrated SNR for a rocky planet of 2 Earth radii and an integration time of 10 hours.
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Figure 5. Total SNR for a two Earth-radii planet orbiting in the middle of the HZ of Darwin targets and for an integration
time of 10 hours (assuming no exo-zodiacal cloud).

While an SNR of 5 is out of reach for F stars, all M-star planets within ~10 pc could be detected as well as
several K-star and 1 G-star planets. M stars have been identified as relevant targets for future HZ planet search
programs®’ and would therefore be very good candidates to survey. Note also that all 2 Earth-radii planets
located beyond 10 pc would not be detectable. In conclusion, the Bracewell interferometer presented in this
study would be a convenient instrument to search M stars located within 10 pc for planets of 2 Earth-radii.
Some K and G stars might also be added to the target list.

5.5 Application to known extra-solar planets

Whereas 246 extra-solar planets have been discovered so farf, only 61 of them are in our close vicinity (closer
than 25 pc). Considering a sample of these 61 favorable targets, Table 3 gives the SNRs achievable by Pegase,
the classic Bracewell with 1-m diameter telescopes including the noise contribution of the exo-zodiacal emission
(1-m Bracewell) or not (1-m+ configuration), in the optimum spectral element and for an integration time of 10
hours. By definition, the 1-m+ configuration gives upper limits on the actual SNRs that we could expect from
the split-pupil configuration and the OPD modulation technique.

Defining the good candidates for spectroscopy as those for which an SNR of 5 can be achieved in the optimum
spectral element, Pegase could perform spectroscopy on 9 of the 61 targets (about 15%), including 3 planets in
the hot regime (closer than 0.1 AU from its parent star, see for instance 7 Boo b and 51 Peg b in Table 3) and
6 cooler planets like 70 Vir b and 55 Cnc b. These results suggest that the Pegase target list could be extended
to a significant number of planets outside the hot regime (see the master thesis of Defrére® for the SNRs of the
full target list).

Tsee http://exoplanet.eu/catalog.php or hitp://exoplanets.org/ for an up-to-date list.



Star Planet SNR
spectral dist. eclipt. S-maj. Min. mass Teq | Peg. 1-m 1-m+
type [pc] lat. | axis [AU] (Mjup) K]
Ups And b F8V 13.5 289 0.06 0.69 1570 2 3 4
Ups And ¢ F8V 13.5 289 0.83 1.98 420 2 18 41
Ups And d F8V 13.5 289 2.53 3.95 240 0 4 14
Tau Boo b Frv 156  26.5 0.05 3.90 1270 | 36 79 85
55 Cnc b G8V 134 104 0.12 0.78 560 13 47 76
55 Cnc ¢ G8V 13.4 10.4 0.24 0.22 390 1 10 22
55 Cnc d G8V 134 104 5.26 4.00 80 0 0 0
55 Cnc e G8V 134 104 0.04 0.05 980 3 7 8
70 Vir b G5V 181 213 0.48 7.44 500 6 39 59
51 Peg b G2V 154 252 0.05 0.47 1290 5 8 9
HD 69830 b KOV 12.6  -0.55 0.08 0.03 830 2 4 5
HD 69830 ¢ KoV 12.6  -0.55 0.19 0.04 540 1 5 7
HD 69830 d KOV 12.6  -0.55 0.63 0.06 290 0 2 3
GI 581 b M3 6.26 10.26 0.04 0.05 675 3 13 18
GI 581 ¢ M3 6.26 10.26 0.07 0.02 510 0 4 7
GI 581 d M3 6.26  10.26 0.25 0.02 205 0 0 1
Gliese 876 b | M4V 4.7 -6.6 0.21 1.93 220 0 18 47
Gliese 876 c M4V 4.7 -6.6 0.13 0.56 270 1 22 53
Gliese 876 d | M4V 4.7 -6.6 0.02 0.02 680 3 7 9

Table 3. Sample of known extra-solar planets located within 25 pc from our solar system given with the SNRs achievable
by Pegase, the classic 1-m Bracewell and the 1-m Bracewell without exo-zodiacal cloud (1-m+). The SNRs are given per
spectral element at the optimum wavelength and for an integration time of 10 hours.

The use of the 1-m classic Bracewell allows to go up to 27 of the 61 targets (about 45%), including 5 of the 9
remaining planets in the hot regime (see for instance 55 Cnc e, the hot-Neptune Gliese 876 d and GI 581 b in
Table 3). Finally, with the 1-m+ configuration, spectroscopy can be performed on 38 targets, which represents
about 60% of known extra-solar planets within 25 pc. The achievable SNRs can also be much better as illustrated
by the Ups And system. More interesting, a SNR of 7 could be achieved in 10 hours on the recently discovered
planet orbiting close to the HZ of its star, GI 581 c. Since the values given for the 1-m+ configuration are only
upper limits, a realistic assessment of the capabilities of split-pupil/OPD modulation techniques would be the
ability to do spectroscopy on 45 to 60% of all known extra-solar planets within 25 pc.

6. SUMMARY AND CONCLUSION

Infrared nulling interferometry is the core technique of several projects dedicated to the study of extra-solar
planets. The most promising in terms of scientific return is undoubtedly the Darwin/TPF missions which should
enable the spectroscopy of Earth-like planets in our close vicinity (within 30 pc). The achievement of this
objective requires a complex scheme of nulling using at least 3 beam collectors. In this paper, we assess the
capabilities of a simpler version of Darwin/TPF, which apart from consisting in only two 1-m diameter telescopes,
presents Darwin-like specifications. The study is based on the infrared Bracewell interferometer Pegase, aimed
at studying known hot Jupiters located within 150 pc. The main challenge to detect an Earth-like planet is the
exo-zodiacal cloud which is 400 times brighter than an Earth located at 20 pc (at 10 pm). Specific methods
to mitigate the exo-zodiacal emission in the case of Bracewell interferometers (viz. OPD modulation and split-
pupil configuration) are addressed and results are given separately from those of the classic scheme (without the
implementation of these methods).

Around a Sun located at 20 pc, the Bracewell interferometer presented in this study could detect in one year
about 50 Neptune-like planets (M ~ 0.05 My,p) orbiting in the middle of the habitable zone. The application to
the Darwin catalogue has shown that smaller planets could be detected, with about 40 two Earth-radii planets
detectable the first year of the mission. In particular, this “upgraded” Pegase or “down-scoped” Darwin would



be

a very efficient instrument to search M stars located within 10 pc for planets of 2 Earth-radii. Finally, 45%

of the 61 known extra-solar planets in the close vicinity of the solar system (within 25 pc) could be surveyed

for

spectroscopy instead of 15% with Pegase. This value reaches 60% if the exo-zodiacal emission is efficiently

subtracted. These preliminary results need to be confirmed by detailed simulations, taking particularly into
account the continuous rotation of the array and second order effects of the instability noise.

Th
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