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Foreword

he existence of other habitable worlds and the possible development of life elsewhere in the Universe

have been among mankind’s fundamental questions for thousands of years. Already in antiquity,
the presence of planets like Earth, orbiting other stars and hosting a biological activity, was speculated
(Epicurus, 300 B.C.). These interrogations, which remained philosophical for at least 2300 years, are
today at the dawn to be answered in scientific terms. The key year was 1995 with the discovery of the first
extrasolar planet orbiting around a solar-type star (namely 51 Peg b, Mayor and Queloz 1995). About
350 extrasolar planets are known today and the recent detection of Earth-mass planets suggests that low
mass extrasolar planets do exist. The possibility to identify habitable worlds and even life among them
currently contributes to the growing interest about their nature and properties. In particular, another
milestone in the quest for life elsewhere in the Universe has been reached in 2007 with the conclusive
detection of water vapor (presumably necessary for the emergence of life) in the atmosphere of hot giant
extrasolar planets (Grillmair et al. 2008). While it is unlikely that life exists on such planets, this result
supports the idea that significant quantities of water could exist in extrasolar planetary systems.

Detecting 7 Most known extrasolar planets have been detected indirectly by measuring the effects
they induce on their parent star. Except in very specific favorable cases, indirect detections generally do
not enable the characterisation of planetary atmospheres, mandatory to search for traces of biological
activity. Indeed, directly detecting planets around distant stars is a very challenging task due to both
the high contrast and the small angular separation between the host stars and their environment. To
tackle this fantastic observational challenge, infrared interferometric techniques have emerged during the
past decades. The principle of interferometry is to synthesise the resolving power of a large monolithic
telescope by combining the light collected by several smaller telescopes, separated by a distance equivalent
to the required diameter of the large telescope. In addition to providing the required spatial resolution,
this technique can also allow to strongly reduce the stellar emission by combining the light from two
telescopes in phase opposition (so that a dark fringe appears on the line of sight). This technique
first proposed by Bracewell (1978), is referred to as nulling interferometry. Whereas it is already used
in several ground-based instruments, ambitious projects of space-based nulling interferometers promise
outstanding science in a relatively near future. In particular, discovering other worlds like Earth and
probing their atmosphere for evidence of life seem within reach with future exo-Earth characterisation
nulling interferometry missions. By observing in the mid-infrared (6-20 um), these space-based nulling
interferometers would enable the spectroscopic characterisation of the atmosphere of habitable extrasolar
planets orbiting nearby main sequence stars. The ability to study distant planets will however strongly
depend on exozodiacal clouds around the stars, which can hamper the planet detection. In that respect,
several proposals have been made, using the simplest nulling scheme composed of two collectors (i.e., the
original Bracewell interferometer), in order to characterise the circumstellar dust clouds around nearby
main sequence stars. Two of these projects are named PEGASE and FKSI. They are conceived as scientific
precursors and technological demonstrators for these future exo-Earth characterisation missions. Their
main scientific goals would be to enable the high-angular resolution study of extrasolar planets and
exozodiacal dust clouds at infrared wavelengths.

The present dissertation is devoted to the characterisation of extrasolar planetary systems using the
high angular resolution and dynamic range capabilities of infrared interferometric techniques. After
reviewing the state of extrasolar planetary science in Chapter 1, the second part of the present work
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is devoted to the detection of warm dust within the first few astronomical units of massive debris
discs around nearby stars with current interferometric facilities (Chapters 2 and 3). In Chapter 4, the
principles of nulling interferometry are presented, together with existing facilities. The prospects for the
detection and characterisation of circumstellar dust around nearby main sequence stars is then presented
in Chapter 5, as well as a performance comparison with the main ground-based projects.

The last two chapters are dedicated to the search for extrasolar planets from space. In Chapter
6, we investigate the performance of planet detection with PEGASE and FKSI with a special focus
on hot giant and super-Earth extrasolar planets. Two ambitious Bracewell interferometers are also
discussed and investigated: an enhanced version of PEGASE (namely PEGASUS) and an upgraded version
of FKSI. Compared to PEGASE and FKSI, these enhanced concepts are particularly efficient to probe
the habitable zone of nearby main sequence stars for super-Earth extrasolar planets. Finally, in Chapter
7, the simulated performance of DARWIN/TPF is given, in terms of the number of planets for which a
robust detection of biological activity could be performed. The last part of this work is dedicated to the
impact of exozodiacal discs on the performance of future life-finding space missions, the goal being to
characterize extrasolar planets with sizes down to that of Earth.



Part 1

Extrasolar planetary science
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Abstract. The study of extrasolar planets and the search for other habitable worlds are just begin-
ning. About 350 extrasolar planets are known today and the recent detection of planets with masses
approximately 2 times that of Farth confirms that low mass extrasolar planets exist. The possibility to
identify habitable worlds and even life among them currently contributes to the growing interest about
their nature and properties. Daunting questions about their formation, their evolution, and their ability
of sustaining life, are asked more than ever before. These interrogations have triggered the emergence
of new technological concepts and a strong will for pushing existing technologies to their limit, with the
purpose of tackling the fantastic observational challenges that are implied. In the coming decades, next
generation space instruments will directly detect photons from planets in the habitable zone of nearby
stars, opening the era of comparative planetology. After a brief overview of the current observational
results for extrasolar planets and circumstellar discs, this chapter presents the main instruments which
promise exceptional breakthroughs in the field of exoplanetary science.

1.1 Extrasolar planets

Extrasolar planets became reality in the 1990s with the first discoveries by Wolszczan and Frail (1992)
and by Mayor and Queloz (1995). Since then, the observational field of extrasolar planet search has
seen a rapid evolution leading to numerous additional discoveries of planets orbiting other stars. Several

5
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instruments are now operational or foreseen for the near future and first dedicated space-based telescopes
are currently finding planets. So far, about 350 extrasolar planets have been reported!, suggesting that
planetary systems are very common in our galaxy. Some of these discovered planets, and multiple plan-
etary systems, were totally unexpected. After the surprise that planets exist around pulsars (Wolszczan
and Frail 1992), the first extrasolar planet detected around another solar-type star (namely 51 Peg)
unveiled a new type of planets: hot Extrasolar Giant Planets (EGPs). Unlike any planet in our Solar
system, “51 Peg b” is a Jupiter-mass planet (minimum mass of 0.468 Mj) with a very short orbital period
(4.23 days). This corresponds to a semi-major axis of 0.052 astronomical unit (AU) which is much closer
than Mercury from the Sun (0.39 AU). Due to this proximity to its parent star, “51 Peg b” is heated
up to about 1000 K and is often referred to as “hot Jupiter”. The existence of such a massive planet
that close of its parent star was not predicted by theoretical models on planetary system formation. An-
other interesting discovery was the extrasolar planetary system with three Neptune-mass planets around
HD 69830 (Lovis et al. 2006; Alibert et al. 2006). These discoveries have triggered numerous theoretical
studies about the formation and evolution of these planets. Key physical processes in planet formation
and evolution could be identified whose importance was not fully realized in previous works based on
the Solar system alone.

1.1.1 Planet population in our galaxy

Most of the planets discovered so far, i.e. 327 out of 353 planets, were indirectly detected by the so-called
radial velocity (RV) technique in which the wobble of the star moving around the center of mass of the
star-planet system is measured with spectral Doppler information. This provides a measurement of
M sin i, where M is the planetary mass and ¢ the planetary system inclination with respect to the plane
of the sky. The latter being generally unknown, only a lower limit can be inferred for the planetary
mass. To date, the lowest mass planet detected by RV is the newly discovered Gliese 581e (Mayor
et al. 2009b), which has a minimum mass of 1.9 Mg. This planet orbits at 0.03 AU around a star 3
times less massive than the Sun and causes a radial velocity deflection of about 1.2 meters per second
(m/s). Note that to detect Earth-mass planets in the middle of the habitable zone (see the definition
in Section 1.1.4), the accuracy on velocity measurements has to be at least a factor 10 better, since
Earth causes a reflex motion of order 0.1 m/s in the solar spectrum. Another successful technique for
extrasolar planet detection relies on the dimming of the apparent stellar flux as the planet transits in
front of the stellar photosphere. Even though the probability to detect such a transit is rather low, 59
hot planets have either been found or confirmed using this technique. From space, transit measurements
have recently unveiled CoRoT-7b, a 1.68-Rg planet orbiting at 0.017 AU around a G9V star located at
140 pc (Léger et al. subm) while from the ground, transit measurements have enabled the detection of a
Neptune-mass planet (GJ436b, Butler et al. 2004; Gillon et al. 2007; Figueira et al. 2009). The transit
method has the advantage to provide the radius of the extrasolar planet, which allows to constrain the
planet bulk composition if the planet mass is known by radial velocity measurements.

The success of these two techniques is however biased towards the detection of high mass/short orbital
period planets. For RV detection, high mass and short orbital period planets are likely to produce a
large Doppler shift of the stellar light (depending on the orbital inclination). For the transit technique,
massive planets occult a large fraction of the stellar light with a probability inversely proportional to
the orbital period. This observational bias explains why among the 353 planets detected so far, about
100 have been found with semi-major axes smaller than 0.1 AU (see Figure 1.1, left), i.e. with orbital
periods shorter than about 10 days. The mass distribution of the detected planets is shown in Figure 1.1
(right), with masses ranging from the deuterium-burning limit of 13 Mj (Chabrier et al. 2000) down
to 2 Earth masses (1 Earth mass ~ 0.0031 Mj). These planets are found in orbits ranging from less
than 0.05 AU out to 670 AU with a wide range of orbital eccentricities. The dearth of companions with
M sini larger than 13 Mj, confirms the presence of a “brown dwarf desert”, at least for companions with
orbital periods up to about 10 days.

!see Schneider (2009) for an up-to-date list
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Figure 1.1: Left: Extrasolar planet population synthesis, distributed as minimum mass versus semi-
major axis. Hot regime planets are concentrated at the left of the dotted line. Right: number of detected
extrasolar planets versus minimum mass. The lack of companions with M sin ¢ larger than 13 M} confirms
the presence of a “brown-dwarf desert” (data taken from Schneider 2009).

There are several reasons to expect that many more small planets exist, and will be detected with
more sensitive instruments (see Section 1.1.2). Despite this inevitable observational bias, remarkable
statistical properties have emerged from the 353 known planets:

e The incidence of planets around solar-type stars has been estimated by Lineweaver and Grether
(2003). At least ~9% of Sun-like stars have planets in the mass and orbital period ranges
M sin i > 0.3 My and P < 13 years, and at least ~22% have planets in the larger range M sin i > 0.1
Mj and P<60 years. This large area of the log(mass)-log(period) plane covers less than 20% of
the area occupied by our planetary system, suggesting that this estimate still constitutes a lower
limit of the true fraction for Sun-like stars with planets.

e 36 multiple systems have also been detected so far presenting a tendency for the inner planets to
be less massive, which can be interpreted either as suppressed accretion from the outer disc or as
a mere selection effect (Marcy et al. 2005).

e The median semi-major axis is about 0.8 AU, partly reflecting an instrumental bias towards smaller
values, but also showing that giant planets mostly exist much closer to their parent star than would
be expected from our Solar system case. The inference is that they have migrated from larger
distances, which in turn raises many questions about what started and stopped the migration,
what happened to planets that were in the migration path, and whether the stars without such
migrated planets in fact have terrestrial planets instead (see Section 1.1.2 for further details).

Further statistical investigations have also revealed correlations between stellar metallicity and planet
occurrence rate, suggesting that planets form more easily in a metal-rich environment (e.g., Marcy et al.
2005; Santos et al. 2005). Other unexpected behaviors are the prevalence of high eccentric orbits. This
is in sharp contrast with the planets of our Solar system. These observational results provide strong
reasons to believe that extrasolar planets are formed by a different mechanism than low-mass companion
stars and are thereby putting strong constraints on the planetary formation theories.

1.1.2 Principles of planet formation

Understanding the formation and evolution of planetary systems has become one of the biggest challenges
in astronomy, since the imaging of a debris disc around [ Pictoris in the eighties (Smith and Terrile
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Figure 1.2: Timeline for planet formation and evolution of circumstellar discs (Figure from Roberge et
al. 2009). Above the arrow, the main theoretical phases in planetary formation are shown. Below, three
classes of circumstellar discs are identified. A coronagraphic image of a disc from each class is shown; AB
Aurigae at left (Grady et al. 1999), HD 141569A in the center (Clampin et al. 2003), and AU Microscopii
at right (Krist et al. 2005).

1984) and the discovery of the first extrasolar planet around the Sun-like star 51 Peg during the nineties
(Mayor and Queloz 1995). The current paradigm for formation of a mature planetary system has three
main phases: formation of gas giant planets, formation of terrestrial planets, and removal of most leftover
planetesimals (i.e., asteroids and comets). This timeline is represented in Figure 1.2. Observations have
revealed three classes of circumstellar discs that appear to roughly correspond to each phase: primordial
discs which are massive and gas-rich, transitional discs which appear to be clearing material from their
inner discs and debris discs which are made of material produced by the destruction of planetesimals
(see Section 1.2 for further details). The discovery of such discs around nearby stars has provided the
opportunity to study planet formation in real time, rather than extrapolating backward from completed
or mature systems like the Solar system. These different phases are described hereafter.

Giant planet formation

The presence of planets orbiting other stars is a natural consequence of the process of stellar formation
(see e.g., Bodenheimer 1997; Mannings et al. 2000; Boss 2003). Stars are formed out of interstellar
clouds of gas and dust where turbulent processes lead sufficiently dense regions to collapse, leading to
an embedded pre-stellar core and a circumstellar disc, which retains most of the angular momentum of
the cloud. The planets are believed to form from the material in the circumstellar disc, which is in this
stage referred to as the “protoplanetary” disc. This material consists in micron-size particles of rocky or
icy dust, which makes up about 1% of the mass of a typical protoplanetary disc.

At this stage, two representative models have been proposed to explain the planetary formation
process; the core-accretion scenario (Pollack 1984) and the disc instability scenario (Cameron 1978).
According to the core-accretion scenario, a heavy element core is first assembled by the accretion of
planetesimals in the outer part of protoplanetary discs, beyond the snow line? (Sasselov and Lecar
2000). As these cores grow, they eventually become sufficiently massive to gravitationally bind the
nebular gas. While this gas accretion proceeds slowly in the early phases, it eventually runs away when
a critical mass is reached (the so-called cross-over mass, typically at around 10 Earth masses), allowing

2The snow line refers to the distance from the star at which the mid-plane temperature of the protoplanetary disc drops
below the sublimation temperature of ice.
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the formation of a gas giant within 10 Myr (Pollack et al. 1996). Because this timescale is uncomfortably
close to the typical lifetime of protoplanetary discs, believed to be of the order of 1-10 Myr (Haisch et
al. 2001), a long-discarded mechanism, based on local gravitational collapse of the protoplanetary disc,
has been reevaluated by Boss (1998) to allow for a more rapid formation of giant planets. In this disc
instability scenario, the discs fragment into a dense core if it is sufficiently massive. Such clumps can
contract to form giant gaseous planets in several hundred years. Gas giants are quickly formed before
the gas in the disc depletes. Unfortunately, this model is unable to account for the period-eccentricity
relations of the observed systems.

In any case, formation scenarios require giant planets to be formed in the outer part of protoplanetary
discs. These theories are obviously incompatible with the observation of giant planets orbiting close to
their parent star, where a sufficient amount of gas is not available to form such large bodies and the
temperature far too high to allow the condensation of solid particles. This apparent contradiction is
now understood in the framework of migrating planets, a process already suggested in the eighties in
which planetary orbits evolve subsequent to planet formation (Goldreich and Weber 1980). Migration
involves the tidal interaction between the protoplanet and the gas in the surrounding protoplanetary
disc by means of angular momentum exchange and density waves that propagate on both sides of the
planet orbit (Goldreich and Tremaine 1979; Lin et al. 1996). Three types of migration mechanisms can
be distinguished:

e type I migration, for which planetary embryos embedded in a protoplanetary disc suffer a decay in
semi-major axis due to the asymmetric torques produced by the interior and exterior wakes raised
by the body (Ward 1997). The increased amount of mass outside the planetary orbit causes the
planet to lose angular momentum as the material outside its orbit is moving more slowly. The
planet then migrates inwards on timescales short relative to the million-year lifetime of the disc;

e type II migration, for which the planet is sufficiently massive (more than about 10 Earth masses)
to open a gap in the protoplanetary disc (Goldreich and Weber 1980; Lin and Papaloizou 1986).
As material enters the gap over the timescale of the larger accretion disc, the planet and the gap
move inward over the accretion timescale of the disc. This is presumably how hot EGPs form;

e type III migration, which is a new form of potentially fast migration applicable to massive discs
that could be driven by orbital torques (Ward 2004).

Comparison with observations shows that 90% of the detected planets are consistent with the core-
accretion model regardless of the spectral type (Matsuo et al. 2007). The remaining 10% are not in the
region explained by the core-accretion model, but are instead explained by the disc instability model.
Extended core-accretion models, including in particular migration, disc evolution and gap formation,
lead to a much more rapid formation of giant planets, making it compatible with the typical disc
lifetimes inferred from observations of young circumstellar discs (Alibert et al. 2005). This speed up is
due to the fact that migration prevents the severe depletion of the feeding zone as observed in classical
core accretion simulations. Hence, the growing planet is never isolated and it can reach the cross-over
mass over a much shorter timescale. Based on this extended model, synthetic planet populations can
be computed, allowing a statistical comparison with observations (see Figure 1.3). Several studies have
shown that the distribution of observed planets in orbital radius and planetary mass is broadly consistent
with theoretical expectations based on disc migration within an evolving protoplanetary disc (Armitage
et al. 2002; Trilling et al. 2002; Ida and Lin 2004; Mordasini et al. 2009). While these models are
not specific to terrestrial planets (they are initialized with a mass of 0.6 Mg), they demonstrate that
if planetary embryos can form, only a small fraction of them will grow sufficiently fast and large to
eventually become giant planets. Given that EGPs orbit around about 7% of the stars surveyed, there
must be plenty of terrestrial planets out there. According to Mordasini et al. (2009), the planets detected
so far might represent only 9% of all the existing planets.
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Figure 1.3: Left: extrasolar planet population predicted by the extended core accretion scenario and
that are potentially detectable by radial velocity technique (with a 10 m/s accuracy). The big dots
represent planets actually detected orbiting solar type stars. Right: Underlying population of planets.
Most embryos do not grow to become gas giants, leaving many potentially detectable lower-mass planets
(Figures from Mordasini et al. 2009).

Terrestrial planet formation

Earth-like planets form in the wake of giants. Kenyon and Bromley (2006) have developed models of
planetesimal disc evolution that indicate that terrestrial planet formation begins near the star, where the
disc surface density is the highest, and propagates outward with time. Terrestrial embryos, being closer
to the star, have less material available and hence they empty their feeding zone before growing massive.
They must then rely on distant gravitational perturbations to induce further collisions. As a result, the
growth of terrestrial planets occurs over longer timescales than for the giants. Simulations have revealed
that Earth-like planets can be formed with some help from a wandering giant. In particular, a study
has shown that planet formation can occur after a giant planet has migrated through the “habitable
zone” (Raymond et al. 2006), suggesting that migration does not suppress the formation of Earth-like
planets by either capturing protoplanetary material or causing the material to be ejected from the
habitable zone. Migration could even support the creation of Earth-like planets by concentrating water
and heavier materials into the habitable zone. Since about 40% of known planetary systems may have
undergone a migration, more than one third of all known planetary systems would include Earth-like
planets.

Terrestrial planets have not yet been detected but low-mass companions are discovered at an acceler-
ating pace, with the detection of so-called “hot Neptunes” or “super-Earths”. These planets have masses
2-10 times larger than Earth and are mainly found on close-in orbits with periods of 2-15 days. These
detected intermediate-mass planets raise the question of their possible internal composition. In this re-
spect, the diversity of the discovered systems so far was fully unexpected and new kinds of planets have
been imagined such as “ocean planets” (Léger et al. 2004) and “carbon planets” (Kuchner and Seager
2005). It is interesting to note that ocean planets would rather be easily detectable by transit space
missions (CoRoT, Kepler, Selsis et al. 2007).
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1.1.3 Characterisation by transit and direct imaging
Theoretical planet emission

From a theoretical point of view, the total emergent flux from a planet can be decomposed as the sum
of three contributions (Chabrier et al. 2004):

- the emission due to the reflection of starlight by the atmosphere and the surface of the planet,
which strongly depends on the star-planet distance. The reflected-light luminosity (L;elﬁ) is given

by
refl WR?A

with Ay the planet Bond albedo®, L, the luminosity of the star, Ry, the planet radius and a the
distance from the planet to the star. Depending on the proximity of the planet to its parent star,
the Bond albedo can take various values ranging from 0.02 to 0.8 for giant planets (Sudarsky et
al. 2000). Physical processes taking place in the atmosphere of irradiated giant planets have been
investigated by several authors (e.g., Barman et al. 2001; Sudarsky et al. 2000, 2003; Burrows et
al. 2004, see Fig. 1.4).

- the thermal emission of the planet (L;?), which strongly depends on the spectral type of the

star and is characterised by spectral features, mostly due to CH4 and HoO absorption bands
(Fig. 1.4), commonly found in spectra of Saturn mass objects up to brown dwarfs (0.3 - 30 Mj).
The corresponding luminosity is given by

Lot = 4mRY x 0Ty, (1.2)

where T¢q is the equilibrium temperature of the planet given by

R,

Teq =T x (1 — Ap1)1/4 X 5y

(1.3)
where T, and R, are respectively the temperature and the radius of the star. Approximating the
thermal emissions from the star and the planet by the equivalent blackbody emissions at effec-
tive temperatures 7T, and Ty respectively, this equilibrium temperature results from the balance
between the received and the emitted fluxes (Paczynski 1980).

- the intrinsic emission of the planet, due to residual cooling after their formation
f 2 4
L(E)l = 47TRpl X O'Teﬁ' 5 (14)

where T is the intrinsic effective temperature of the planet. In the absence of external irradiation,
the photosphere of a gaseous planet would cool down to an intrinsic temperature of about 100 K
in a few Gyr (Baraffe et al. 2003). The equilibrium temperature of hot EGPs is therefore much
higher than their intrinsic temperature (Chabrier et al. 2004). Under such conditions, the surface
temperature is simply equal to the equilibrium temperature.

The left part of Figure 1.5 shows the relative fluxes of Earth and Jupiter with respect to the Sun
from the visible to the thermal infrared wavelengths. The reflected flux is dominant at short wavelengths
(in the visible) where the star is brighter while the thermal emission is dominant in the thermal infrared.
The right part of Figure 1.5 shows the corresponding flux ratio with respect to the Sun, showing the
difficulty of high contrast imaging of extrasolar planets. Indeed, the flux reflected by Earth-like planets
is not expected to represent more than a few 1070 of the stellar flux in the visible range, while its
thermal emission should amount to a few 107 of the stellar flux around 10 um, where it peaks.

3The Bond albedo is defined as the ratio between the total reflected and total incident powers.
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Figure 1.4: Left: Jupiter spectral contrast, dominated by methane features notably at 1.65 um (Mawet
2006). Right: Peg 51b (EGP) expected spectral contrast, very different from that of Jupiter (Sudarsky et
al. 2003).

Based on the above expressions, the wavelength-dependent infrared flux emitted by the planet and
actually detected by an Earth-based observer reads:

mR? 7TR2 7TR127
() = A\ ByT)(0) 2 + T By(T,) (1.5)
where B)(T) represents the surface brightness per wavelength unit for a blackbody at temperature T, d
the distance to the target star, Ay the albedo and ®(©) a phase function affecting the reflected emission
only. Such phase variations have been observed by the Spitzer space telescope (Werner et al. 2004) at
24 pum, revealing a temperature difference between day and night faces of several EGPs (e.g., Barman
et al. 2005; Harrington et al. 2006; Knutson et al. 2009, see Figure 1.6). Such observations help in
constraining the temperature, radius, and albedo of the planets and enable the study of the weather on
distant planets. Two techniques have chiefly allowed the characterization of extrasolar planets: direct
imaging and transit. The main results obtained so far with these techniques are described in the following
sections.

Characterisation by transit

Characterising the composition of extrasolar planets is a huge observational challenge because it requires
to distinguish the planet spectrum from the stellar light. Whereas the radial velocity technique is not
appropriate for such a task, physical and atmospheric characteristics of transiting extrasolar planets can
be inferred when the contrast is not too large. The first method consists in measuring the absorption of
starlight passing through the planet atmosphere during transit. This tells us the composition and scale
height of the extrasolar planet atmosphere (e.g., Charbonneau et al. 2002; Swain et al. 2008b; Pont et al.
2009). Another successful technique relies on the fact that almost all planets that transit their stars will
also pass behind the star at a given time. Measuring the system before or after this secondary eclipse?
gives the light of the star plus its planet, but a measurement of the system when the planet is behind
the star gives the stellar light in isolation. Subtracting one measurement from the other reveals the
contribution of the planet. This technique has allowed the physical characterisation of several transiting
planets with the detection at infrared wavelengths® by the Spitzer Space Telescope (e.g., Charbonneau
et al. 2005; Deming et al. 2005; Burrows et al. 2006; Grillmair et al. 2007; Richardson et al. 2007; Swain

4The secondary eclipse is the phase during which the planet is occulted by its host star.
®Since the planet emergent radiation peaks in the infrared spectral range, secondary eclipse measurements rely primarily
on observations in the infrared.
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Figure 1.5: Left: Comparison between Sun, Jupiter and Earth spectral fluxes from the visible to thermal
infrared wavelengths. Right: Flux ratio for Jupiter and Earth with respect to the Sun (Figures from Mawet
2006).

et al. 2008a). Using the secondary eclipse technique with Spitzer, Grillmair et al. (2008) have reported
the unequivocal signature of water vapour in the atmosphere of HD 189733b, the brightest transiting
exoplanet yet detected. Previous results from primary transit observations of HD 189733b using Spitzer
had already been published but led to two different conclusions: Tinetti et al. (2007) concluded that
water vapor was detected in the atmosphere of the planet, whereas Ehrenreich et al. (2007) claim that
uncertainties on the measurements are too large to draw any firm conclusion. Independently, a detection
of water, carbon monoxide and carbon dioxyde has also been obtained using observations from the
Hubble Space Telescope (HST, Swain et al. 2009). While it is unlikely that life exists on HD 189733b,
these results support the idea that significant quantities of water could exist in extrasolar systems.

The different geometries of transit and secondary eclipses provide distinct clues on the atmospheric
composition: transit spectroscopy probes the atmospheric interface between the day and night hemi-
spheres of a tidally-locked planet (Swain et al. 2008b), whereas secondary eclipse measurements probe
the emergent spectrum of the dayside. Moreover, measurements of transiting systems can be extended
well beyond the times of transit and eclipse, to include observations in the combined light of the star
and the planet at a large range of orbital phases. For instance, such measurements can be inverted if
the planet is tidally locked to its orbit to yield the distribution of emergent intensity versus longitude on
the planet (Knutson et al. 2007). The observational techniques used for transiting systems can also be
extended to non-transiting systems, so it is valuable to consider a generalisation of the transit technique,
namely exoplanet characterisation in combined light. Without a transit, the planet radius cannot be
measured directly, but much can be learned, from observing fluctuations in IR intensity that are phased
to the planet known radial velocity orbit (e.g., Harrington et al. 2006).

Characterisation by direct imaging

Whereas the ability to find planets using radial velocity and transit techniques rapidly decreases for
semi-major axes beyond about 5 AU, direct imaging of extrasolar planets is a powerful technique that
can reveal giant planets in wider orbits and enable the detailed characterisation of their atmospheres.
Imaging detections are challenging because of the combined effect of small angular separation and large
luminosity contrast between a planet and its host star. The first image of a planetary mass companion
in a different system than our own has been reported 10 years after the detection of Peg 51b by Chauvin
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Figure 1.6: The Spitzer telescope has detected the thermal emission of the EGP companion of Upsilon
Andromedae, throughout the entire 4-day period. The solid curve shows a model of a tidally locked planet
with a sub-stellar point that is considerably hotter than the backside due to the relatively poor global
circulation of winds.

et al. (2005a) who presented deep VLT®/NACOT infrared imaging observations of the young, nearby
brown dwarf 2MASSWJ1207334-393254. Around this 25-Mj brown dwarf located 70 pc from Earth,
Chauvin et al. (2005a) identified a very faint companion at an angular separation of 778 mas (55 AU).
The characteristics of the planet according to evolutionary models are a mass of about 5 My and effective
temperature of about 1250 K.

Since the discovery of Chauvin et al. (2005a), several other companions have been imaged around
low-mass stars (e.g., Neuhduser et al. 2005; Chauvin et al. 2005b; Biller et al. 2006). Most of these imaged
companions are only a few Myr old so that they are generally much brighter than older sub-stellar objects
because of on-going contraction and possibly accretion. In addition, they orbit a low luminosity star
so that the contrast is favorable and the imaging of these objects much easier. The planetary status of
these companions is not yet clearly established since the derived mass of these objects is very close to
13.6 My (the mass threshold dividing planets from brown dwarfs).

More recently, several authors have reported the imaging of low-mass companions around A stars
(e.g., Kalas et al. 2008; Marois et al. 2008; Lagrange et al. 2009). So far, A stars have been mostly
neglected due to their higher stellar luminosity (and thus less favorable contrast). However, main se-
quence A-type stars have some other advantages. The higher-mass A stars can retain heavier and more
extended discs and thus might form massive planets at wide separations, making their planets easier to
detect. The most famous detection was made by Kalas et al. (2008) around Fomalhaut, a bright A star
located at about 8 pc from Earth, and harboring a belt of cold dust with a structure consistent with
gravitational sculpting by an orbiting planet (see Figure 1.7). Using HST, Kalas et al. (2008) imaged
Fomalhaut b lying about 119 AU from the star and 18 AU from the dust belt, matching predictions of
its location (Kalas et al. 2005). Dynamical models of the interaction between the planet and the belt
indicate that the mass of the planet is at most three times that of Jupiter; a higher mass would lead to
gravitational disruption of the belt.

SVLT stands for “Very Large Telescope”. This observatory of the European Southern Observatory (ESO) is installed in
Cerro Paranal (Chile).

"NACO stands for NAOS-CONICA, i.e., Nasmyth Adaptive Optics System Coronagraphic Near-Infrared Camera. This
adaptive optics system is installed on the VLT’s fourth Unit Telescope (UT4, Yepun).
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Figure 1.7: HST coronagraphic image of Fomalhaut at 0.6 um, showing the location of Fomalhautb
(white square) 12.7 arcsec radius from the star and just within the inner boundary of the dust belt. The
yellow circle marks the location of the star behind the occulting spot. The yellow ellipse has a semi-major
axis of 30 AU at Fomalhaut (3.9 arcsec) that corresponds to the orbit of Neptune in our Solar system. The
inset is a composite image showing the location of Fomalhautb in 2004 and 2006 relative to Fomalhaut
(Kalas et al. 2008).

1.1.4 Searching for life

The habitable zone (HZ) is defined as the region around a star within which a planet can sustain liquid
water on its surface, a condition necessary for photosynthesis. Within the HZ, starlight is sufficiently
intense for a greenhouse atmosphere to maintain a surface temperature above 273 K, and low enough
not to initiate runaway greenhouse conditions that can vaporize the whole water reservoir, allowing
photo-dissociation of water vapor and the loss of hydrogen to space (Kasting et al. 1993). If the region
remains habitable for a duration longer than 1 Gyr, the HZ is then referred to as “continuous”. For the
Sun, the continuous habitable zone extends roughly from 0.76 to 1.6 AU. The limits of the continuous
HZ as a function of the stellar mass is represented in Figure 1.8.

Planets located inside the HZ are not necessarily habitable. For instance, planets which are too small,
like Mars, cannot maintain active geology since most of their atmosphere escapes in space. They can not
either be too massive, like HD 69830d, that accreted a thick Ho-He envelope below which water cannot
be liquid (Lovis et al. 2006). Anyhow, planet formation models predict abundant Earth-like planets with
the right range of masses (0.5-8 Mg) and water abundances (0.01-10% by mass, Raymond et al. 2006).

In order to determine if a planet in the HZ is actually “inhabited”, its atmosphere has to be probed
to search for the spectral features that are specific to biological activity, the biosignatures. According
to Lovelock (1975), the simultaneous presence of large amounts of reducing and oxidizing gases in an
atmosphere out of thermodynamic equilibrium can be a criterion for the presence of biological activity.
All planetary atmospheres are out of thermodynamic equilibrium because their photochemistry is driven
by UV photons from their parent star. For instance, Owen (1980) argued that a large-scale biological
activity on a telluric planet necessarily produces a large quantity of oxygen (O2). By analogy with Earth,
the following elements are considered as potential biosignatures :

e Water vapor (H20). A baseline sign, indicating the presence of liquid water, a requirement of
known life;

e Carbon dioxide (CO3). Although it can be created by biological and non-biological processes,
it is necessary for photosynthesis and it may indicate the possible presence of green plants;
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Figure 1.8: Continuous Habitable Zone (blue region) around M, K, G, and F stars. The region around
the Sun that remains habitable during at least 5 Gyr extends from approximately 0.76 to 1.63 AU.

e Methane (CHy,). It is considered as suggestive of life, it can also be made both by biological and
non-biological processes;

e Oxygen (O2) and its tracer, Ozone (O3). The best indicator of biological modification of a
planetary atmosphere.

Unless molecular oxygen in the Earth atmosphere is constantly replenished by photosynthesis, it is
quickly consumed in chemical reactions, in the atmosphere, on land and in seawater. So the presence
of a large amount of oxygen in an extrasolar planet’s atmosphere would be a sign that it might host an
ecosystem like that of present-day Earth. Concerning methane, detecting it on a distant world would
not automatically indicate the presence of life, although it is often biogenic. For instance, Jupiter and
Saturn have traces of it. However, a sufficiently high methane level (around 1000 ppm) may have been
produced as a waste byproduct by primitive microorganisms. Even if methane is largely considered as
a suggestive but not convincing biosignature, finding oxygen along with methane might constitute the
most convincing biosignature.

In addition, the reliability of O and Ogs as signatures of biological activity has been thoroughly
addressed by Léger et al. (1999) and Selsis et al. (2002). Considering various abiotic production processes,
such as photo-dissociation of CO2 and HoO, and the possible escape of hydrogen from the atmosphere,
they conclude that a simultaneous detection of a significant amount of HoO and Ogs in the atmosphere
of a planet in the habitable zone presently stands as a criterion for large-scale photosynthetic activity
on the planet. Such an activity on a planet illuminated by a Sun-like star is likely to be a significant
indication that there is local biological activity. Detecting O3 in addition to HoO seems to be a robust
biosignature because no counter example has been identified. This is not true for Os for which false
positive could be detected (Selsis et al. 2002).

To reveal the effects of these biosignatures, low-resolution mid-IR (6-20 pm) observations are par-
ticularly suited. As shown in Figure 1.9, the wavelength range displays the 9.6 ym Os band, the 15
pum COg band, the 6.3 ym HsO band and the H2O rotational band that extends longward of 12 pm.
The visible wavelength range presents also the main biosignature features but the planet-star contrast is
much less favorable than in the mid-IR (see Figure 1.9, left). Note also that a low-resolution spectrum
spanning the 6-20 um region has the advantage to allow the measurement of the effective temperature of
the planet, and thus its radius and albedo. For all these reasons, the mid-IR range is currently considered
as an optimal observation window for the future life-finding missions.

The atmosphere spectrum also depends on the distance between the planet and its host star. Within
the HZ, the partial pressure of CO2 and HoO at the surface of an Earth-like planet is a function of
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Figure 1.9: Left: Earth spectral contrast in the visible. Spectral features of biosignatures like Oy, O3
and HsO clearly appear. Note that the COs feature is absent in the visible. Right: Earth spectral contrast
in the thermal infrared where the COs feature is present (figure from Mawet 2006).

the distance from the star. Water vapour is a major constituent of the atmosphere for planets between
0.84 AU (inner edge of the HZ) and 0.95 AU. Figure 1.10 shows the estimated evolution of the HoO, O3
and CO, features in the spectra of an Earth-like planet as a function of its location in the HZ. Carbon
dioxide is a tracer for the inner region of the HZ and becomes an abundant gas further out.

Considering the solar system, the right part of Figure 1.10 shows the spectra of Venus, Earth and
Mars. For instance, Venus, closer to the Sun than the HZ, has lost its water reservoir and accumulated
a thick CO9 atmosphere. Planets like Venus can be identified as uninhabitable by the absence of water
and by the high-pressure CO9 absorption bands between 9 and 11 pum. The Earth’s spectrum is also
clearly distinct from that of Mars which does not present any HoO and Og feature. According to Segura
et al. (2003), the ozone absorption band is observable for Og concentrations higher than 0.1% of the
present terrestrial atmospheric level. Concerning the Earth spectrum, it has displayed this feature for
the past 2.5 Gyr (Kaltenegger et al. 2007b). Other spectral features of potential biological interest include
methane (CHy at 7.4 pm), and species released as a consequence of biological fixation of nitrogen, such
as ammonia (NHs3 at 6 and 9-11 pm), nitrous oxide (N2O at 7.8, 8.5 and 17 pm) and nitrogen dioxide
(NOg at 6.2 um). The presence of these compounds would be difficult to explain in the absence of
biological processes.

1.2 Circumstellar discs

The presence of dust around a mature main sequence star is a reminder that the star was born by
accretion in a dense protostellar disc of gas and dust and that any planet orbiting the host star was born
out of that same material (see Section 1.1.2 for further information on planet formation). In the process
of star and planet formation, circumstellar discs represent different evolution stages between spherical
collapsing clouds and fully assembled main sequence stars surrounded by planets. Disc evolution is
typically divided into four observationally-determined evolutionary classes (0, I, II, and IIT)%:

- Class 0 objects are thought to be protostars surrounded by roughly spherical collapsing envelopes
from which forming young stars are still accreting substantial fractions of their final mass. Because

8This classification scheme was originally defined based on infrared spectral index and the ratio of sub-millimeter to
bolometric luminosity (Lada et al. 1984; Wilking et al. 1984; Lada 1987).
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Figure 1.10: Left: Synthetic spectra of an Earth-like planet computed at different orbital distances
across the solar habitable zone (courtesy J. Paillet). Right: Mid-IR spectra of Venus, Earth and Mars as
seen from a distance of 10 pc.

of the very high columns of cold dust in these envelopes, these objects emit most of their radiation
at sub-millimeter wavelengths.

- Class I objects are still deeply embedded and have high mass accretion rates. At this time, bipolar
outflows appear and start to clear away material from the polar regions. These sources are still
not directly visible, and emit most of their radiation at far-IR wavelengths due to reprocessing of
the stellar radiation by warm dust.

- Class II sources or Young stellar objects (YSO), including Herbig Ae/Be” and T Tauri stars
10 respectively with masses above and below 2 Mg, are optically-visible young stars, which have
probably already assembled almost all of their final mass. They show excess emission at infrared
and millimeter wavelengths indicative of optically-thick circumstellar discs.

- Class III sources appear to be pre-main sequence stars that have already depleted most of the
gas reservoir in their circumstellar discs so that the accretion has stopped, leaving planetesimals
and forming planets in a more tenuous disc. This marks the end of the protoplanetary disc phase
and the start of the debris disc phase, which is likely replenished by collisions of planetesimals.

While the first image of a circumstellar disc was obtained from scattered light by a dust disc around
the nearby main sequence star 5 Pic (Smith and Terrile 1984), images of protoplanetary discs around
young pre-main sequence stars have now been obtained as well (e.g., Koerner and Sargent 1995; Dutrey et
al. 1996; Malbet et al. 1998; Millan-Gabet et al. 1998). The current observational results are summarised
below for the protoplanetary and debris disc phases separately. Photometric and interferometric results
are also presented separately for each case, the latter allowing to investigate the inner disc properties
which is of utmost importance for understanding the initial conditions and steps of planet formation.

1.2.1 Protoplanetary discs

Studying gas-rich protoplanetary discs is very important since relatively modest amounts of gas could
strongly affect the dynamics of small dust grains, leading to the formation of azimuthally symmetric
structures such as cleared zones or dust rings (Takeuchi and Artymowicz 2001). This conclusion is

9Herbig Ae/Be stars are pre-main sequence stars (younger than 10 Myr) of spectral types A and B, still embedded in
gas-dust envelopes and surrounded by a circumstellar disc.

10T Tauri stars are a class of variable stars named after their prototype, T Tauri. They are found near molecular clouds
and identified by their optical variability and strong chromospheric lines.
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supported by other modelling (Klahr and Bodenheimer 2006), which also showed that such gas-formed
structures can persist after the gas is completely gone. Gas-rich circumstellar discs around YSOs have
now been demonstrated convincingly in several cases. Infrared excess emission from Herbig Ae/Be and T
Tauri stars was initially detected by photometric surveys (e.g., Mendoza V. 1966; Rydgren et al. 1976).
It was originally explained by the presence of geometrically thin, optically thick discs (Lada and Adams
1992; Hillenbrand et al. 1992), a model that has been modified to include central-star irradiation (Calvet
et al. 1991), disk flaring (Chiang and Goldreich 1997; Kenyon and Hartmann 1987), and other structures
to explain features in the spectral energy distributions, such as an inner hole, innerwall heating, and self-
shadowing (Dullemond et al. 2001, 2002). Alternative explanations for circumstellar emission take the
form of dusty envelope models (Hartmann et al. 1993; Miroshnichenko et al. 1999), as well as optically
thin “halos” in combination with discs (Vinkovi¢ et al. 2003, 2006). The Orion nebula (M42, NGC1976)
has been the most observed and studied area, harboring one of the richest and youngest clusters in the
solar neighborhood, spanning the full spectrum of masses (from stellar to a few Mj, Lucas and Roche
2000). Since the early 1990s, HST observations of the Orion nebula have been fundamental for clarifying
the main characteristics of YSOs and their protoplanetary discs. Disc-like brightness distributions have
been imaged directly at optical wavelengths, showing flattened distributions of dust and gas in the Orion
nebula (e.g., McCaughrean and O’dell 1996; O’dell and Wong 1996). Following these discoveries, other
HST programs have increased the number of known objects (e.g., Bally et al. 1998, 2000; O’Dell et al.
2001; Smith et al. 2005), and a total of about 200 discs in the Orion nebula are known so far (Ricci et al.
2008). In the meantime, a wealth of information has been obtained on YSOs by stellar interferometry.
The main results are presented hereafter.

Interferometric view

During the last decade, the study of circumstellar discs by stellar interferometry has been mostly limited
to YSO surrounded by significant amounts of dust and gas arranged in optically thick accretion discs. In
particular, infrared interferometers directly probe the temperature and density structure of gas and dust
within the first few AU of YSO discs, which are relevant parameters driving the planet formation process.
The discoveries brought by interferometry have been strongly supported by major advances in theoretical
models of YSO in the past ten years, which have seen simple accretion scenarios of passively-heated discs
be complemented by a richer set of phenomena (Hartmann et al. 1993; Chiang and Goldreich 1997).

The first YSO observed by stellar interferometry was achieved with the Palomar Testbed Interfer-
ometer (PTI, see Section 2.3 for further details) on FU Ori, a rare type of T Tauri star whose emission
is dominated by accretion luminosity (Malbet et al. 1998). The disc size was then found to be roughly
consistent with expectations from a simple flat disc model. Four T Tauri stars were then resolved at
PTI, revealing a larger near-infrared emitting region than predicted by simple accretion models (Akeson
et al. 2000). This result was confirmed two years later (Akeson et al. 2002) by additional observations
of T Tau and SU Aur, and by the first scientific observations of the Keck-I on DG Tau (Colavita et
al. 2003). In the meantime, the first Herbig Ae/Be star was resolved by interferometry using the IOTA
interferometer (see Section 3.1.1, Millan-Gabet et al. 1998). The near-infrared emission of AB Aur was
found to be much larger than expected from theoretical models. This discovery was then confirmed by a
survey of 15 similar stars at IOTA (Millan-Gabet et al. 2001). In addition, no variation of the visibilities
was observed while the baseline orientation was changed, favouring a spherical envelope for the dust
emission. The same survey, complemented by observations of T Tauri stars, was used by Monnier and
Millan-Gabet (2002) to produce a diagram showing a significant correlation between the size of the near-
infrared excess emission and the luminosity of the star, as one would expect for an inner dust disc (or
envelope) truncated by dust evaporation close to the star. An optically thin cavity was thus suggested
around YSOs, while the classical model assumed the presence of optically thick gas. This result was
later confirmed by additional observations at the Keck-I (Monnier et al. 2005).

Based on these observations, new models have been built, including disc flaring and puffed-up inner
rims as proposed by Dullemond et al. (2001) except for the most massive Herbig Be stars. Further
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observations at PTI (Eisner et al. 2004; Akeson et al. 2005a) and Keck-I (Eisner et al. 2005) are generally
in agreement with these revised models, and show that the presence of gas within the sublimation radius
of dust, probably extending down to the magnetospheric truncation radius, can also be a significant
component to the inner disc flux. Unlike the previous one, the survey of (Eisner et al. 2004) allowed for
a determination of the disc inclination for most targets, which reconciles the interferometric view with a
disc-like geometry. A range of inner dust disc properties have been recently suggested by Akeson et al.
(2005b) with the Keck-I, possibly related to the various evolutionary statuses of the target sources. These
observations also have important implications for planet formation scenarios, as the measured inner dust
radii (typically ranging from 0.04 to 0.3 AU) prove the presence of dust in the habitable zone (near 1 AU)
at early stages of planet formation. This suggests that giant planets can penetrate the sublimation zone
by migration mechanisms triggered by the large quantity of gas. Finally, observations of FU Ori (Malbet
et al. 2005) have confirmed that, unlike most T Tauri stars, this source is compatible with a standard
disc model, i.e., geometrically flat and optically thick. This may be due to the enhanced accretion rate,
as suggested by Eisner et al. (2005) on another accretion-dominated source. Such a behaviour has also
been observed on massive Herbig Be stars Eisner et al. (2004). However, observations of three FU Orionis
objects by Millan-Gabet et al. (2006) contradict these conclusions, as a simple accretion disc does not
reproduce the low visibilities measured with the Keck Interferometer. A significant contribution to the
near-infrared flux might come from scattering in the upper atmosphere of the disc (the presence of an
optically thin inner disc is very implausible in the case of FU Orionis objects). This scenario is supported
by recent models where circumstellar haloes account for both infrared spectroscopic and imaging data
(Vinkovié et al. 2006).

The VLTI has also recently obtained important results on Herbig Ae/Be stars. In particular, the
MIDI instrument has provided the first spatially and spectrally resolved mid-infrared view of these
objects, with characteristic sizes of 1 to 10 AU for the mid-infrared emitting regions (Leinert et al.
2004). Although in qualitative agreement with the predictions from passively heated models, the data
show quantitative discrepancies with these models and therefore ask for a next step in the modelling
of circumstellar discs. This study supports the phenomenological classification of Herbig Ae/Be stars
into categories by their mid-infrared colour and the distinction of these categories by flaring-dominated
versus non flaring-dominated circumstellar dust distributions. The spectroscopic capabilities have also
contributed to the study of these stars, showing the dust in the innermost regions of the disc to be highly
crystallised and to be dominated by olivine, while outer regions have a lower degree of crystallinity (van
Boekel et al. 2005). These observations imply that silicates crystallise before any terrestrial planets are
formed. Other results obtained from VLTI are observations with the AMBER instrument of MWC 297,
an embedded Be star, which have shown the star to be surrounded by a possibly still accreting flat
equatorial disc and an outflowing wind presenting a much higher velocity in the polar region than at the
equator (Malbet et al. 2005). More recently, the radial structure of the circumstellar inner disc around
AB Aur has been directly determined by MIDI, revealing a flared inner disc (di Folco et al. 2009)

Finally, nulling interferometry has also been used to observe YSOs, reporting conclusive resolved
warm dust surrounding three objects: HD 100546, AB Aur, and HD 179218 (Hinz et al. 2001; Liu et
al. 2003, 2005, 2007). Assuming a Gaussian disc or a ring, the spatial extent of the emitting region
in the resolved systems ranges from 15 to 30 AU in diameter. Both HD 100546 and AB Aur show a
significant variation of the null versus the position angle of the emitting region semi-ajor axis, evidencing
an elongated structure such as an inclined disc. For HD 179218, little variation of null was detected,
consistent with an axisymmetric distribution (such as a face-on disc) for the dust, although a significant
inclination cannot be ruled out given the lack of accuracy in the measurements (Liu et al. 2007).

1.2.2 Debris discs

First discovered by the InfraRed Astronomical Satellite (IRAS), the “Vega phenomenon” characterises
main sequence stars presenting a significant deviation from their expected Rayleigh-Jeans emission (Au-
mann et al. 1984). These photometric excesses are now commonly understood as the signature of dust
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surrounding the stars, analogous to the zodiacal cloud and/or the Kuiper belt in our own solar system
(Backman and Paresce 1993). This dust originates mainly from collisions between small bodies or from
outgassing comets (Beust et al. 1996), and has a limited lifetime due to physical effects such as radiation
pressure, collisions and drag. Extrasolar systems with IR excess presumably have their own supply of
large, solid planetesimals and, perhaps, large planets like those in our system. The gravitational influence
of such planets is suspected to be at the origin of the structures (like rings, warps and gaps) observed
in the handful of visible and sub-millimetric images of debris discs that have been obtained during the
last decade (Augereau and Papaloizou 2004).

Characterisation of warm circumstellar dust (> 300 K) in the inner part of debris discs is particu-
larly important to understand the physical and dynamical properties of the discs, including planetary
formation and evolution mechanisms in the regions where terrestrial planets are supposed to be located.
In fact, the few resolved images of debris discs obtained so far in the visible (e.g., Heap et al. 2000; Kalas
et al. 2004, 2006) and sub-mm (e.g., Holland et al. 1998, 2003; Greaves et al. 2004) regimes have revealed
the presence of extended structures associated with a void of matter in the central region (< 50 AU).
Warps, gaps and clumpy structures have been repeatedly detected and attributed to the gravitational
influence of planets, which may also be the cause for the apparent void of matter in the inner region
(e.g., Wyatt and Dent 2002). Several studies have already searched for warm dust in these cavities using
mid-IR photometry, but with poor results. For instance, Fajardo-Acosta et al. (1998) have only found
5 systems with weak 10 um excess, suggesting the presence of dust between 1 and 10 AU with median
grain temperatures ranging between 200 and 350 K. Such an excess is most of the time not detectable by
classical aperture photometry because both the photometric accuracy and the precision on the mid-IR
photospheric fluxes are of the order of or larger than the excess to be measured.

One of the main questions is whether inner dust reservoirs can survive the suspected planetary migra-
tion, and continue to replenish the inner disc at advanced ages. It is in fact expected that planetesimals
trapped in mean motion resonances with the migrating planet could be pushed towards the innermost
regions as the planet migrates inwards during the early system evolution, and thereby constitute a
significant reservoir of solid bodies.

Photometric view

The surveys performed by IRAS, ISO and more recently by the Spitzer Space Telescope have shown that
about 15% of mature solar-type stars (FO - KO) harbour cold debris discs (Beichman et al. 2006¢). These
observational results have greatly improved our understanding of the incidence of exozodiacal clouds as
a function of age, spectral type and metallicity. For instance, older stars tend to present less infrared
excess than younger ones. Specific programs focused on main sequence stars with planetary companions
have shown that this proportion increases to 24 + 10% for old (~ 5 Gyr) planet-bearing stars, while the
overall frequency of excesses at similar ages is about 10% (Beichman et al. 2005b). On the contrary, the
established correlation between stellar metallicity and the presence of extrasolar planets is not observed
in the case of debris discs (Greaves et al. 2006). All these elements raise the question of how planets,
planetesimals and dust grains interact and evolve in extrasolar systems.

At 70 pm, Spitzer is sensitive to levels of exozodiacal emission in the range of 35 - 75 K dust with
Lgise/ Ly ~ 1079 to 1075, or roughly 5 - 10 times the expected level of emission of our own Kuiper Belt.
A wide variety of Spitzer programmes have found the following characteristics of exozodiacal emission:

e Approximately 14 + 3% of mature, solar type stars (spectral type in the F5-G5 range) have
detectable 70 um zodiacal emission at a level of Lgis./Ly = 107> to 1076 (Bryden et al. 2006).
This rate is somewhat higher among A and early F stars (+ 25%) and smaller for stars later than
K (< 4%) (Beichman et al. 2006b). A more recent study including 350 main sequence AFGKM
stars has shown that the incidence of debris discs is about 4.2% at 24 um for a sample of 213
Sun-like (FG) stars and about 16.4% at 70 ym for 225 Sun-like (FG) stars. The excess rates for
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Figure 1.11: Models of the evolution of the total exozodiacal emission as a function of time for different
total disc masses (left) and disc locations (right). After a few Gyr, solar-type stars with discs interior to
10 AU reach zodiacal levels comparable to our own, f = Lgisc/L, = 1077 (figure from Wyatt et al. 2007).

A, F, G, and K stars are statistically indistinguishable, but with a suggestion of decreasing excess
rate toward the later spectral types, suggesting an age effect (Trilling et al. 2008).

e Emission at 10 um, corresponding to dust in the HZ and thus most relevant to DARWIN/TPF, is
very rare at the Spitzer sensitivity level for mature stars. However, the unfavorable contrast ratio
at this wavelength means that Spitzer can detect emission only at a level + 1000 times brighter
than our own zodiacal cloud. Initial estimates based on Infrared Astronomical Satellite (IRAS,
Mannings and Barlow 1998; Fajardo-Acosta et al. 2000) and Infrared Space Observatory (ISO,
Laureijs et al. 2002) observations were that < 2% of systems have detectable discs at 10 pm, while
the largest Spitzer sample studied to date of 150 stars suggests a rate less than 1% (Beichman et
al. 2006b). While a few individual objects, including A stars like # Pic and 3 Leo and the 2-4 Gyr
old KO star HD 69830 (Beichman et al. 2005a), show bright emission from small grains in the HZ,
such stars are very rare.

e Zodiacal emission is both more intense and more frequent (up to 30% at 24 um) at ages less than
~ 150 Myr (Rieke et al. 2005; Siegler et al. 2007; Hillenbrand et al. 2008), but at stellar ages longer
than about 1 Gyr, the incidence of exozodiacal emission shows little dependence with age.

These observational results can begin to guide the expectations for the amount of zodiacal emission
around the majority of mature main sequence stars. Models based on collisions between planetesimals
can be developed to reconstruct the evolution of debris discs and confronted with the properties of the
emerging population of Sun-like stars that have hot dust. Considering a solar type star, the curves in
Figure 1.11 show the evolution of f = Lgisc/ L+ as a function of time depending on the mass and location
of the parent disc (Wyatt et al. 2007).

The predicted level of zodiacal emission drops well below 10 times that of our system by the time
the star reaches a few Gyr. The right-hand curves show the variation of the expected emission for
different disc sizes (1, 3, 10, 30 AU). The 3-AU case corresponds to the location of our asteroid belt
and reproduces almost exactly the level of emission in our own solar System, Lgisc/ Ly, a few 107, The
10-AU and 30-AU cases predict a higher level of zodiacal emission than is presently seen in the solar
system. Nevertheless, this model ignores the clearing action of the Jupiter and Saturn which would
either have incorporated much of the planetesimal material into a solid core, or ejected the material.
While the theoretical understanding is far from complete, these results, once validated by present and
future observations of discs, should give confidence that the expected level of emission required for the
detection of terrestrial planets around many nearby stars (see Chapter 7).
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Interferometric view

Due to the limited spatial resolution of Spitzer, the localisation of the grains cannot be accurately
inferred in the region where physical and dynamical processes need to be studied. Resolving the star-
disc system is therefore the most reliable way to assess the presence of small quantities of warm dust
around solar-type stars and only infrared interferometry can investigate the inner disc in a thorough
manner.

The first attempt to detect a debris disc was performed at the Palomar Testbed Interferometer
(PTI) by Ciardi et al. (2001) on the prototypical debris disc star Vega. A simple debris disc model,
accounting for 3 to 6% of Vega’s near-infrared flux and emanating from a region within 4 AU, was
proposed. However, the determination of the circumstellar disc emission was rather imprecise due to the
limited and inappropriate spatial frequency range. A second, more thorough study, was then performed
by Di Folco et al. (2004) with the VINCI instrument at the Very Large Telescope Interferometer (VLTI)
on five Vega-like stars. Due to the limited precision of the VLTI observations at that time, and to
the unavailability of short baselines, this study did not allow an unambiguous detection of warm dust
around these stars. Finally, a study on debris discs has been performed by nulling interferometry using
the BracewelL Infrared Nulling Cryostat (BLINC) instrument at the Multi-Mirror Telescope (MMT, see
the description in Section 4.3.1, Liu et al. 2004). The nulling ratio measured on Vega in the N band was
found to be consistent with the point-source calibrators within an uncertainty of 0.7%. This allowed for
an upper limit of 2.1% to be placed on the circumstellar emission of Vega relative to its photosphere at
10.6 pm, valid for separations larger than 0.8 AU (equivalent to the resolution of BLINC at MMT).

Finally, interferometric observations of Vega with the FLUOR (Fiber Linked Unit for Recombination)
instrument at the CHARA array (ten Brummelaar et al. 2008) have revealed the expected near-IR
signature of a faint debris disc, accounting for 1.3% of the stellar flux in the K band (Absil et al. 2006b).
The resolved excess seems to emanate mostly from hot sub-micron carbonaceous grains located within
1 AU from the photosphere, close to their sublimation limit. Because such grains have a very short
lifetime (a few tens of years at most), this result can be interpreted as a possible evidence for massive
evaporation of cometary bodies. A dozen of comets similar to Hale-Bopp should be currently orbiting
in the star’s vicinity in order to permanently replenish the disc. Migration of giant planets in the young
(350 Myr) Vega system could trigger such a cometary shower, in a mechanism similar to the Late Heavy
Bombardment in the solar system (Gomes et al. 2005). Further observations with the CHARA /FLUOR
interferometer have brought new detections of circumstellar emission excess. First, Di Folco et al. (2007)
reported the detection of warm dust around the 10-Gyr old sun-like star 7 Cet (G8V) with an emission
excess as high as 1-2% of the stellar flux at 2 um. At the same time, no excess was detected for the
sun-like star € Eri (K2V), with a similar precision of about 0.25 %.

A somewhat larger survey was then reported by Absil et al. (2008b), focusing on a sample of six
bright A- and early F-type stars with CHARA /FLUOR. These observations brought to light the presence
of resolved circumstellar emission around one of the six target stars (¢ Aql, AOV) at the 5-0 level.
However, the morphology of the emission source cannot be directly constrained because of the sparse
spatial frequency sampling of the interferometric data. The latter are in agreement either with the
presence of hot dust within 10 AU from ¢ Aqgl, producing a total thermal emission equal to 1.694+0.31%
of the photospheric flux in the K band, or with the presence of a low-mass companion characterised by
a K-band contrast of four magnitudes, a most probable mass of about 0.6 Mg and an orbit between
about 5.5 AU and 8 AU from its host star. Recent observations with CHARA /FLUOR of two A-type
stars, § Leo and ¢ Lep, have shown visibility deficits of a few percent likely due to the presence of dust
grains located within several AU of the central star (Akeson et al. 2009). For 3 Leo, the NIR excess-
producing grains are spatially distinct from the dust which produces the previously known mid-infrared
excess while for ¢ Lep, the NIR excess may be spatially associated with the MIR excess-producing
material. Finally, thermal emission from hot dusty grains located within 6 AU from Fomalhaut (A4V)
and producing a relative flux of 0.88% =+ 0.12% with respect to the stellar photosphere has been detected
using VINCI/VLTI (Absil et al. 2009).
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Recently, nulling interferometry has also been used at the MMT to observe debris disc stars. Liu et
al. (2009) reported 10-pum observations of six nearby main sequence stars (o CrB, o Lyr, 3 Leo, v Ser, €
Eri, and ¢ Lep) for which no evidence for a positive detection of warm debris in the habitable zone was
detected. These results place a 3-o upper limits on dust density of these systems ranging from 220 to

10* zodi.
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1.3 Detection and characterisation techniques

1.3.1 Overview

To detect and characterise extrasolar planets, several techniques exist and the most successful have
already been partly described in Section 1.1.1. Some techniques achieve the detection indirectly by
measuring the effects induced by the planet on its host star (such as radial velocity) and others directly
by detecting the photons from the planet (such as coronagraphy and interferometry). They can be
classified into four main families, represented by the diagram in Figure 1.12, according to the way they
can lead to the detection of a planet by: (1) monitoring the photometric signals, (2) observing dynamical
effects on the host star, (3) microlensing effects (astrometric or photometric), (4) miscellaneous effects
(such as magnetic super-flares or radio emission). Each method has its own advantages and drawbacks.
Figure 1.12 summarizes the results of each method in terms of planets detected. Dashed lines indicate
techniques which are not yet available to detect extrasolar planets. They should provide complementary
discoveries in the next years. In the coming section, some ongoing and foreseen observational instruments
are presented.

1.3.2 Indirect detection methods

As indicated in the previous paragraph, almost all planets discovered so far have been evidenced by
indirect methods, which rely on effects induced by the planet on its parent star. The most successful
technique relies on precise measurements of the host star’s radial velocity through spectroscopic obser-
vations, showing small shifts in the stellar spectral lines (typically one tens of meters per second) as the
star moves back and forth due to the gravitational pull of its planet. Another successful technique relies
on the dimming of the apparent stellar flux as the planet transits in front of the stellar disc. Astrometric
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Figure 1.12: Diagram of detection and characterisation methods for extrasolar planets (updated in
August 2009 from Perryman 2000). The lower extent of the solid lines indicates, roughly, the detectable
masses that are in principle within reach with the available instruments. The expected level of detection
of future instruments is shown by the dashed lines (see the mass scale on the left). The miscellaneous
signatures to the upper right are less well quantified in mass terms. Solid arrows indicate (original)
detections according to approximate mass, while open arrows indicate further measurements of previously
detected systems. A question mark indicates uncertain or unconfirmed detections.
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data are also used to detect planets. These techniques are briefly described hereafter.

- Astrometry consists in measuring the periodic displacement of the apparent position on the sky
of a star, due to the planetary gravitational influence. It is the oldest search method for extrasolar
planets and originally popular because of its success in characterising astrometric binary star
systems. The first extrasolar planet discovered by astrometry has been reported very recently.
Using the 5-m Hale telescope at the Palomar Observatory, Pravdo and Shaklan (2009) detected a
6.5-Mj planet orbiting one of the smallest known star (VB 10, a very small M-type red dwarf star
located about 6 pc away from Earth).

- Radial velocity or “Doppler shift” method has been the most successful extrasolar planet detection
method to date, detecting the vast majority of planets. Radial velocity variations cause a wobble
in the parent star so that very high precision spectral line measurements (one part in a hundred
million of a spectral line width) can be performed by superimposing a comparison spectrum with
many lines on to the stellar spectrum for a precise measurement of a periodic displacement in the
star spectral lines. The spectral line variations only measure the component of the motion directly
towards or away from the observer, and hence the mass of the planet causing the reflex motion of
the star is a minimum mass measurement for the planet (M, x sin4).

- Pulsar timing revealed the first planetary-mass objects around another star. Unexpectedly, the
detected objects were closer to terrestrial-mass than to jovian-mass planets, a 2.8-Mg planet with
a period of 98.22 days and a 3.4-Mg body with a period of 66.54 days (Wolszczan and Frail 1992).
The parent star was the pulsar PSR B1257+12, located 500 pc from Earth. The detection method
consists in precisely measuring the radio pulse rates of pulsars (seconds to milliseconds) and their
stability (variations in pulse timing on the order of only about a trillionth of a second per year).
If a planet is present, the pulsar moves around the planet-pulsar barycentre so that a delay of the
periodic variations in the timing of the pulsar pulses can be precisely measured.

- Transit method relies on the dimming of the apparent stellar flux as the planet transits in front
of the stellar photosphere. The main advantage of the transit method is that the size of the planet
can be determined from the lightcurve. When combined with the radial velocity method (which
determines the planet mass), the density of the planet can be inferred, and hence we can investigate
the planet’s physical structure. Even though the probability to detect such a transit is rather low
(about 10% for a hot Jupiter), 60 planets have been either found or confirmed using this technique.

From the ground, radial velocity measurements are currently limited to the detection of planets about
2 times as massive as Earth in short orbits around Sun-like and low-mass stars (Mayor et al. 2009a)
while the transit method is limited to Neptune-size planets (Gillon et al. 2007). Thanks to the very high
precision photometry enabled by the stable space environment, ongoing space missions promise to push
the detection level down to Earth-size planets for semi-major axes as large as a few AU. Future space-
based astrometry missions will complete the survey of low-mass extrasolar planets by unambiguously
providing their mass. The main missions are briefly described hereafter:

e CoRoT (Convection Rotation and planetary Transits) is a space mission led by the French Space
Agency (CNES) in conjunction with the European Space Agency (ESA) and other international
partners (Baglin et al. 2007). Launched in 2006, the mission has two objectives: searching for
extrasolar planets and performing asteroseismology by measuring solar-like oscillations in stars.
CoRoT consists in a 27-cm aperture telescope with a 3.5 deg? field of view (cf. Figure 1.13, left).
For the planetary programme, five fields containing approximately 12000 stars will be continuously
monitored during at least 150 days. CoRoT is expected to detect over 10000 planets in the 1 to
5 Rg range within 0.3 AU, assuming all stars have at least one such a planet (Bordé et al. 2003).
More realistic simulations show that CoRoT will detect about 100 transiting planets down to a
size of 2 Rg around GOV stars and 1.1 Rg around MOV stars.
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Since its first detection in 2007 (CoRoT-1b, a 1.8-Ry hot EGP orbiting at 0.03 AU around a sun-like
star located at about 450 pc), CoRot has detected several other planets. Because the transit signal
is proportional to the planet projected surface, the first published CoRoT results (e.g., Barge et
al. 2008; Alonso et al. 2008; Moutou et al. 2008) were focused on the population of rather massive
planets, one of which has even been quoted as “the first inhabitant of the brown-dwarf desert”,
with a well-defined mass (20+£1 Mj) and a well-defined radius (1.0£0.1 Ry, Deleuil et al. 2008).
However, and fortunately, CoRoT has the capability of detecting significantly smaller planets, as
proven by the recent detection of the first transiting Super-Earth with a measured radius (CoRoT-
7b, Léger et al. subm). Corot-7b is a 1.7-Rg /<11-Mg planet orbiting at 0.017 AU around a KOV
star located at 140 pc.

e Kepler is a discovery mission of NASA (National Aeronautic and Space Administration) designed
to determine the frequency of Earth-size and smaller planets in and near the HZ of about 100000
main sequence stars (Borucki et al. 2007). The instrument consists of a 0.95-m aperture telescope
(cf. Figure 1.13, right) able to perform high precision photometry in order to evidence the sign of
a transiting planet. After 4 years, this mission (launched in March 2009) should have discovered
several hundred terrestrial planets (i.e. planets up to twice the diameter of Earth) with periods
between one day and 400 days if such planets are common. In particular, about 100 Earth-size
planets in the HZ could be discovered. This number increases to 650 planets if most terrestrial
planets have a size of 2 Rg. A null result would imply that terrestrial planets are rare.

Aside from detecting Earth-size planets in the HZ, Kepler will advance the hot Neptune and hot
Earth studies started by CoRoT, detecting up to hundreds of them down to a size as small as
that of Mercury. Both Kepler and CoRoT will reveal exciting extrasolar giant planet science
with tens of transiting giant planets with semi-major axes in the 0.02-1 AU range and even giant
planets in orbits beyond 1 AU can be detected. Very recently, a phase variation of the dayside
thermal emission (plus reflected light) from the previously known giant transiting extrasolar planet
HAT-P-7b has been detected during the commissioning phase (Borucki and Koch 2009).

e GAIA is an ESA mission which intends at measuring stellar positions with a pas precision in
order to make the largest and most precise three-dimensional map of the Milky Way (Crifo and
The French Gaia Team 2006). For stars within a distance of approximately 50 pc from the Sun,
GAIA is expected to find every Jupiter-size planet with an orbital period of 1.5 - 9 years. Estimates
suggest that GATA will detect between 10000 and 50000 extrasolar planets (Sozzetti et al. 2003).

GAIA is the acronym of Global Astrometric Interferometer for Astrophysics, a name that reflected
the optical technique of interferometry, originally planned for use on this telescope. Even if the
working method has now changed, the name of GAIA has remained.

e SIM (Space Interferometry Mission) is an astrometric mission that will be able to search for
terrestrial planets in the HZ of nearby stars with 1-uas relative astrometric accuracy (Shao 2006).
The instrument combines the light from two 30-cm aperture telescopes structurally-connected and
separated by 9m. It will use precise measurements of fringe positions to determine orbits of planets
with masses 0.5-5.0 times that of Earth around 220 of the closest stars. If every star had an Earth-
twin orbiting in the star’s HZ, then SIM could detect 6 of these Earth-twins; if the planet’s mass
were twice the Earth’s mass, SIM could detect 30 of them. Around at least 15 stars, the detectable
planets would be considered Earth twins. It will also perform a broader survey of over 2000 stars
to look for planets the size of Neptune and larger. Note that a somewhat reduced version of SIM
(namely SIM-lite) has been recently proposed. This down-scoped version presents a 6-m carbon
boom (instead of 9-m) that allow the search for 1-Mg, extrasolar planets in mid-habitable zone
locations around about 60 nearby stars (S/N=5.5, using roughly 50% of the mission time).

In addition, note that the PRIMA (Phase-Referenced Imaging and Micro-arcsecond Astrometry)
instrument will use astrometry to detect extrasolar planets (Reffert et al. 2006). PRIMA will be an
ESO’s facility at the VLT Interferometer (Cerro Paranal, Chile), currently under commissioning. With
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Figure 1.13: Left: CoRot, a 27-cm aperture telescope aimed at detecting short orbital period transiting
planets down to the size of Earth. Right: Kepler, a 0.95-m aperture telescope aimed at detecting Earth-size
planets in the habitable zone (see text for details).

PRIMA /VLTI, it will then be possible to perform relative astrometry with an accuracy of the order of
10 pas over angles of about 10”. The main science driver for this astrometric capability is the detection
and characterisation of extrasolar planets, including the observation of known radial velocity planets
and planetary systems to fully constrain their orbital geometry and accurately determine the mass of
the planet, a search for extrasolar planets around stars which are less suitable for the radial velocity
method (for example young and active stars as well as early type stars), and a systematic search around
the most nearby stars to detect low mass planets (Uranus or Neptune masses).

Figure 1.14 summarizes the sensitivity of the different ongoing or planned observational instruments,
described in the previous paragraphs. In particular, it shows the improved sensitivity of Kepler with
respect to CoRoT and the complementarity between radial velocity surveys and astrometric measure-
ments. The planets of the solar system are indicated by the first letter of their name written on a blue
filled circle. Extrasolar planets already detected are also represented. Space-based instruments become
critical to search for terrestrial planets in the habitable zone. Although these instruments for transit
searches (CoRoT, Kepler) or astronomic surveys (GAIA, SIM) are expected to push the detection limit
down to a few Earth masses (see Figure 1.14), they will still be mostly restricted to the measurements
of orbital parameters and will therefore provide limited information on the physics of these supposedly
rocky bodies. Indirect techniques still have many bright years ahead, but will gradually be complemented
and replaced by direct techniques, which aim at extrasolar planet imaging and could eventually lead to
the detection of biosignatures.

1.3.3 Direct detection methods

Direct imaging in the visible or infrared consists in collecting the photons of the planet rather than
measuring indirect effects induced by the planet on its host star. Although it is obviously the most
promising way to characterise extrasolar planets, direct imaging is very challenging due to the huge
contrast (see Figure 1.5) and the small angular separation between the planet and its host star. To date,
direct imaging of extrasolar planets has been reported in only 11 (favorable) cases where the star-planet
contrast was not too high (a few hundredths) and the angular separation not too small. These discoveries
have first been made possible with the advent of adaptive optics (AO) systems on large ground-based
telescopes and then completed by space-based observations with HST and Spitzer (see Section 1.1.3).
However, only massive giant planets in wide orbits have been directly imaged so far. To go beyond
and directly image lower mass planets, the next major step will be taken by ground-based high-contrast
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adaptive optics systems such as the Gemini Planet Imager (GPI, Macintosh et al. 2008) and Spectro-
Polarimetric High-contrast Exoplanet Research at VLT (SPHERE Beuzit et al. 2008). GPI/SPHERE
will detect giant extrasolar planets in the outer regions (beyond 5AU from the star) of the planetary
systems of nearby main sequence stars. By probing large semi-major axis separations that are currently
inaccessible to indirect methods, GPI/SPHERE will reveal the zone where the majority of gas giant
planets are expected to reside. In particular, this will show whether or not the architecture of our own
planetary system with gas giants located between 5-10 AU is unique.

1.4 Prospects for future observations

1.4.1 Extrasolar planets

The focus of exoplanet research is now shifting towards finding planets that are the most promising
candidates for supporting life, and searching for indicators of biological processes (biosignatures, see
Section 1.1.4) in their visible and infrared spectra. Coronagraphy and interferometry are generally the
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two techniques considered to achieve this huge observational challenge. A coronagraph is an instrument
designed specifically to block the starlight, either by an occulting disc or by an appropriate phase mask,
so that nearby objects can be resolved without being burned out by their parent stars. Phase mask
coronagraphs are transparent but induce spatially-distributed phase shifts with the goal of destructively
rejecting the starlight (see Mawet 2006 for a detailed description of phase-mask coronagraphs). Nulling
interferometry is a technique in which the beams coming from two telescopes are combined in phase
opposition so that a dark fringe appears on the line of sight, which strongly reduces the starlight emission.
This technique is thoroughly addressed in chapter 4. The prospects for detecting extrasolar planets with
space-based nulling interferometry is one of the main purpose of this thesis (see Chapters 6 and 7). In
the following paragraphs, main space-based mission projects using one of these techniques are presented.

e FKSI (Fourier-Kelvin Stellar Interferometer, NASA) is a structurally connected infrared space
interferometer with 0.5-m diameter telescopes on a 12.5-m baseline, and is passively cooled down
to 60K (Danchi et al. 2006). The FKSI operates in the thermal infrared from 3-8 pum in a
nulling mode for the detection and characterisation of extrasolar planets, debris discs, exozodiacal
dust levels, and high angular resolution astrophysics. The FKSI sciencecraft will have the highest
angular resolution of any space instrument operating in the thermal infrared ever made with a
nominal resolution of 40 mas at a 5 um center wavelength. This resolution exceeds that of Spitzer
by a factor of 38 and JWST by a factor of 5. The FKSI mission is conceived as a “probe class”
or “mid-size” strategic mission that utilizes technology advances from flagship projects like JWST,
SIM, Spitzer, and the technology programs of DARWIN/TPF. FKSI will be able to detect and
characterise a large variety of extrasolar planets, including super-Earths in the habitable zone of
nearby M stars (see Chapter 6 for further details).

e JWST (James Webb Space Telescope, NASA and ESA) will by 2015 be the largest telescope
operating in space, providing a wide and continuous spectral coverage from the visible (0.6 ym) to
the mid-IR (28 pm, Clampin 2007). With a diameter of 6.57 m, the main objectives of JWST are
to improve our understanding of the evolution of the Universe, the birth and formation of stars and
their planetary systems. Using phase-mask coronagraphy, JWST is expected to enable the direct
imaging of giant extrasolar planets with a temperature higher than 400 K and orbiting nearby stars
at typical distances of 5-10 AU (Baudoz et al. 2006; Hanot et al. 2009).

e TPF-C (Terrestrial Planet Finder Coronagraph) is a NASA mission presenting a 3.5 x 8-m ellip-
tical single-aperture telescope and using a coronagraph to suppress the stellar emission (Traub et
al. 2006). It will observe nearby Sun-like stars in the visible to search for Earth-like planets able to
support life. It will be deployed beyond the Moon’s orbit for a mission lifetime of 5 years, possibly
extended to 10 years.

e DARWIN is an ESA infrared nulling interferometry project, aimed at the detection and character-
isation of Earth-like extrasolar planets. During a mission lifetime of 5 years, over 200 Earth-size
planets could be detected with a spectroscopic characterisation (COz, O3 and Hs0) for about 20
of them. DARWIN achieves this sensitivity by using four 2-m telescopes operating in the infrared.
The DARWIN mission and its expected performance are described in details in Chapter 7.

e TPF-I (Terrestrial Planet Finder Interferometer) is the interferometric version of NASA Terrestrial
Planet Finder missions. TPF-I is today conceived as an international collaboration with ESA’s
DARWIN project. Alike DARWIN, TPF-I consists in 4 telescopes working as a nulling interferometer.
It has the potential to detect and characterise Earth-like planets in the infrared (Beichman et al.
2006a).

1.4.2 Circumstellar discs

These prospects for extrasolar planets will be completed by complementary observations of circumstellar
discs. Launched in 2009, Herschel (the ESA far-infrared and sub-millimeter space observatory) is of
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Figure 1.15: Left: Overview of the Herschel telescope, presenting a 3.5-m effective telescope diameter,
the largest mirror ever built for a space telescope. Right: Detection limits for a G5V star located at
20 pe, following the Bryden et al. (2006) approach. The assumed 1-o fractional flux accuracies are 20%
for Spitzer/MIPS at 70 um, 2.5% for Spitzer/IRS at 32 um, 10% for PACS at 100 um (i.e., SNR=10), and
100% for PACS at 160 um (SNR=1).

particular interest for the study of the cold circumstellar material around young and main sequence stars.
With a 3.5-m effective telescope diameter, Herschel is the largest mirror ever built for a space telescope
until the JWST flies. Onboard instruments (namely, PACS and SPIRE) offer imaging photometry at 70,
100, 160, 240, 350, and 500 pm, providing an unprecedented sensitivity for the detection of circumstellar
material down to Kuiper belt analogs (see Figure 1.15, right).

JWST will also have a large impact on disc research, by probing the overall evolution of extrasolar
planetary systems whith a sensitivity about 30-100 times better than Spitzer. Operating in the infrared
(0.6 to 5 um for NIRCam and 5 to 28 ym for MIRI), it will be able to image the faint outer disc structure
beyond 100 AU where at least one planet was detected (Fomalhaut b, Kalas et al. 2008) and substantial
evidence was gathered for structures such as spiral arms and arcs (e;g., Grady et al. 1999). It will also be
able to probe the vertical disc structure and underlying gas-dust physics through combined spectroscopy
and imaging, as well as studying debris discs that may be in the terrestrial planet forming phase.

The pictures provided by Herschel and JWST of the outer parts of circumstellar discs will be com-
pleted by observations with interferometric facilities. In the submillimeter and millimeter wavelength
ranges (from 0.3 to 9.6 mm), the “Atacama Large Millimeter Array” (ALMA) will determine the dynamics
of dust-obscured protostellar accretion discs, the rate of accretion and infall from the nascent molecular
clouds, the mass distribution over the disc, and the structure of molecular outflows. In the infrared
regime, several instrument will directly probe the habitable zone of nearby main sequence stars. On the
American side, ground-based interferometers, such as the Keck Interferometer (KI, see Section 2.3) and
the Large Binocular Telescope Interferometers (LBTI, see Section 4.3.3), will be able to measure the 10-
pm exozodiacal emission that arises in the HZ. From space, FKSI will reach the detection of exozodiacal
cloud analogs in the near infrared (between 3 and 8 um). European projects such as ALADDIN (see
Section 4.4.2) is also very promising to measure the near-infrared emission of the circumstellar disc inner
regions to an unprecedented level (see a performance comparison of these instruments in Chapter 5).
With Herschel measuring excesses from 70 to 200 um down to Kuiper belt analogs, KI, LBTI, ALADDIN
and FKSI pushing to Solar system levels in the near-and mid- infrared, we will have a global view to
understand the physics of circumstellar discs and confirm that a population of stars with low levels of
zodiacal emission does indeed exist.
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Abstract. During the last two decades, optical stellar interferometry has become an important tool
for astronomical observations, providing a spatial resolution well beyond that of traditional telescopes.
After a brief historical review of stellar interferometry, this chapter introduces the principles of stellar
interferometry and the required mathematical background for the next chapter, as well as some technical
aspects. Then, a brief description of current interferometric facilities is given together with a selection of
important astrophysical discoveries made with them. Finally, we discuss the main features of upcoming
facilities.

2.1 The need for interferometry

As adaptive optics (AO) systems are already pushing towards the theoretical diffraction-limit of a single-
dish telescope, a conceptual move has to be taken to gain further resolution in optical astronomy. Indeed,
the angular resolution of monolithic optical instruments is limited due to the wave nature of light which
is embodied in the Rayleigh criterion, stating that the angular resolution of a telescope is ultimately
diffraction limited according to 6 = 1.22\/D, where A is the wavelength and D the aperture diameter. For
instance, the angular separation between an Earth-like planet orbiting at 1 AU from its host star located
at 20 pc is 50 mas which requires at least a 30-m diameter telescope to resolve the system in the N band
(8-13 pm). Similar conclusions can be drawn for the observations of the inner part of circumstellar discs.
The need for higher angular resolution has led to the development of instruments with larger and larger
mirrors, finally reaching 10 m with the most recent telescopes (see the Keck description in Section 2.3).
Adaptive optic systems have been designed to achieve the full potential of these giant telescopes in
terms of angular resolution, overcoming the harmful perturbations of atmospheric turbulence. However,
in the mid-infrared regime, the desired angular resolution to resolve extrasolar systems can hardly be

35
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accomplished with current monolithic telescopes, where the angular resolution is limited to about 250
mas. Large telescopes, up to 100-m aperture diameter, are currently being studied but, as such large
apertures are not expected to be feasible in space, they will still be limited by the presence of the
Earth’s atmosphere which degrades the images and restricts the observations to the infrared transparency
windows (e.g., the N band).

Another way to achieve high angular resolutions without building gigantic telescopes is to combine
light beams from several telescopes in order to synthetise a larger aperture. The resolution of the
instrument is then equivalent to the resolution of a single-dish telescope with a diameter equivalent to
the distance between the individual telescopes. The most basic principles of optical (i.e., visual and
infrared) interferometry were already formulated in 1868 by Fizeau, who proposed to place a mask with
two holes in front of a telescope aperture Fizeau and Foucault (1868). Fizeau suggested measuring the
diameter of stars by finding the hole separation at which the formed interference pattern (the fringe)
vanished. This technique was used five years later by Stéphan to obtain an upper limit on the diameter
of some stars and was successfully applied by Michelson to measure for the first time the diameter of
the Galilean moons (Michelson 1891). In 1919, Michelson enhanced the resolution of the 2.5-m Hooker
telescope at the Mount Wilson Observatory by mounting a 20-foot beam on top of it, resulting in the
first measurement of a stellar diameter (Michelson and Pease 1921). Another milestone was reached in
1974 when Antoine Labeyrie succeeded in combining in the visible the light of two separate telescopes,
located 12 m apart (Labeyrie 1975). At this stage, the radio astronomy community had already developed
important concepts for long baseline radio interferometry which could be adopted to optical wavelengths.
Some important contributions were the development of Earth rotation aperture synthesis (e.g., Ryle and
Hewish 1960) and the concept of the phase closure (Rogers et al. 1974), allowing to obtain accurate phase
information even in presence of strong atmospheric perturbations. The first optical aperture synthesis
images were presented by Buscher et al. (1990) and Baldwin et al. (1996), who imaged the surface of
Betelgeuse and the binary star Capella, respectively. Today, interferometry has become a widespread
technique used in several instruments and projects.

2.2 Basics of stellar interferometry

Optical stellar interferometry consists in recombining the light collected by different telescopes in order to
produce information with high angular resolution. The expression of the monochromatic light collected
by each telescope and emitted by the same object can be written as the product of a stationary planar
wave U,(5) and a time-dependent propagation term, according to the Maxwell equations:

W(5,t) = Uy(3) exp (k) (2.1)

where k = 27v/c = 27/) is the wave number, ¢ the phase of the wave, ¢ the speed of light in vac-
uum, v the frequency, and A\ the wavelength. For long-baseline interferometry, each telescope collects
a sample of the same electromagnetic wave W. While propagating throughout the optical system, the
wave experiences optical path differences, which are taken into account by including a delay term 7; for
each spatially filtered wave front. In addition, the phase of the wave is also rapidly changing due to
the atmosphere (this effect is taken into account by (;). Therefore, the wave reaching the detector from
aperture i, can be written as:

wl(ga t) = Pl(§)\I/2(§’ t) eXp_iCk(Tﬁ_Ci) ) (22)
where P;(5) is the pupil function of aperture i (including transmission). The intensity I; of the light

from this telescope is then given by the absolute square of the complex wave-function ;. Due to the
finite sampling time, we compute the time-averaged intensity with

1(5.8) = (J0i(E D) = P3) ([0:(5, 0 ) (23
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Figure 2.1: Schematic representation of a two-telescope stellar interferometer (Figure from Millour,
2009).

If light from N apertures is superimposed, the measured signal is then given by

N 2
I1(5,t) = <Zw7¢(§,t) >

=1

Sy | )
i—1 i<j \/<\‘I’z\2> <]\I!;‘\2>

N N
= Y Li+> 2/LLR [Vij eXP_iCk(Ti+Ci_Tj_gj)} , (2.4)
=1

1<J

i[ck(Ti+C) —ck(Ti+¢5)]

exp

where the first term corresponds to the constant continuum (which has generally to be removed in the
data reduction process) and the second term corresponds to the interference pattern which contains the
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high angular information. W7 is the complex conjugate of ¥; and V;; is defined as the complex visibility
(which is identical to the complex degree of coherence) such that:

Vij = (v:0;) (25)

W3] [P

The fringe pattern ;; at the detector shows a cosine modulation, with an amplitude given by the
visibility (|V1]’)

N N
I(3t) = > L+ 2/LI; [Vij|cos [ck(ri + G — 75 — §) + di — ¢)]
i—1

1<j

N N
= ZIH—Z?%‘J'\/E, (2.6)
i=1

i<j

where 7;; equals to |V;| cos [ck(T; + (G — 75 — () + ¢i — ¢5].

2.2.1 Interferometric observables
Fringe visibility

The fundamental observable in interferometry is the fringe contrast, given by the amplitude of the
complex visibility (see definition in 2.5). The fringe contrast is defined as the ratio between the fringe

amplitude and the average intensity. For a two-telescope interferometer, the fringe contrast is given by
(from Eq. 2.6):

V= Imax - Imin ’ (27)
Imax + Imin

where . and [, are respectively the maximum and minimum intensity of the fringes. While the
phase of V;; is strongly affected by atmospheric perturbations, the atmospheric (and instrumental) effects
on the fringe amplitude vary rather smoothly and can be corrected using measurements on calibrator
stars. Therefore, it is common to use the (phase independent) absolute square of the complex visibility as
observable ij This quantity can be extracted from the interferogram power spectrum and ij estimators
that properly take into account the noise bias can be constructed (Perrin 2003).

Phase closure and phase referencing

Besides the fringe amplitude (i.e., V2, as defined in equation 2.5), the phase of the complex visibility
carries additional information about the source brightness distribution. The Fourier phase ¢ of the
complex visibility is given by @
1 S(Z
¢ = arg(V) = tan RO) (2.8)
However, extracting this quantity from ground-based measurements is generally difficult because it is
completely corrupted by the piston introduced by the turbulent atmosphere (see equation 2.2). The
rms atmospheric phase shift is generally larger than 1 radian and even after averaging over many states
of the atmosphere does not provide an estimate of the intrinsic source phase (Monnier 2000). One
possibility for overcoming this phase corruption is phase referencing, which consists in using a reference
object to determine the atmospheric phase and to correct the phase of the target source accordingly.
For this technique to work, the target and reference sources must be affected by the same atmospheric
turbulence, i.e., be separated by an angle smaller than the isoplanetic angle (the angle over which image
distortions are correlated). Because the isoplanetic angle is only a few arcseconds in the optical regime,
this technique is limited by the presence of a sufficiently bright source angularly close to the target.
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It has been applied to narrow-angle astrometry where fringe phase information is used to determine
precise relative positions of nearby stars (Shao and Colavita 1992) and will be used for the VLTI with
the PRIMA fringe tracker (Delplancke 2008). Note that this technique can also be used to increase the
effective atmospheric coherence time, allowing longer integrations on the target source.

Another possibility to retrieve (part of) the phase information makes use of the fact that for ob-
servations with three or more apertures, the atmospheric disturbance terms ¢ cancel out when adding
the phase terms in a closed triangle telescope configuration. Considering the case for 3 telescopes and
combining them in pairs, we obtain the following interferogram phases:

Y12 = ¢1 — 2 — ck(G1 — G+ 71 — )
023 = 2 — p3 — ck(Co — (3 + T2 — T3)
031 = ¢3 — 1 — ck((3 — Q1+ 713 —T71), (2.11)

so that their sum is insensitive to the phase corruption introduced by atmospheric turbulence (¢). The
phase closure (PC) @12 + @23 + @31 therefore only depends on the brightness distribution of the source,
so that one third of the phase information can be retrieved from measurements on a single triplet of
telescopes. Due to this property, phase closures are also self-calibrating; i.e., no calibrator measurements
are needed to monitor changes in the atmospheric conditions (as required for V2 measurements). For an
array of N telescopes, the number of independent closure phases measured on triplets of telescopes is
given by (N — 1)(N — 2)/2, equivalent to holding one telescope fixed and forming all possible triangles
with that telescope (Monnier 2000). Because there are N(N — 2)/2 independent Fourier phases, the
information provided by closure phase measurements is incomplete, and given by (N — 2)/N. For
instance, this corresponds to 60%, 80% and 96% of the phase information for 5, 10 and 50 telescopes
respectively (if the baselines are not redundant).

Differential observables

From spectrally dispersed interferograms, differential observables can be extracted in addition to the
above-mentioned absolute observables. In analogy to the V? estimator, the differential visibility measures
the relative change of the visibility in adjacent spectral channels. The differential phase is also very
interesting. One of its remarkable feature is that, for non resolved (i.e., smaller than A\/b) sources,
it is proportional to the variation of the photocenter of the source (Petrov 1989). Given a sufficient
SNR, the photocenter variation with A can be measured on very unresolved sources with many very
rich astrophysical applications (e.g., circumstellar discs, imaging of unresolved spotted stars). Similar
to the CP, differential observables are self-calibrating; i.e., they do not require a calibrator measurement
to compensate for atmospheric effects. They can be measured for instance with AMBER (Petrov et al.
2007).

2.2.2 Fringe signal coding

In order to ensure a coherent recombination of the light coming from different telescopes, two distinct
strategies can be used: co-axial or multi-axial (Malbet et al. 1999; Scholler et al. 2000). While the
co-axial combination scheme superimposes the beams on one pixel of the detector and modulates the
delay between them (temporal coherence), the multi-axial combination scheme records the interferogram
at one time, but spread in space (spatial coherence).

Co-axial beam combination

The co-axial combination scheme consists in superimposing pair-wise the beams on a 50/50 beam splitter.
The principle of this technique is illustrated in the left part of Figure 2.2. The signals from the beam
combiners are focused at a detector so that the fringes are encoded temporally on two single-pixel
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Figure 2.2: Basic principles used in the current generation of optical interferometric beam combiners.
Left: Coaxial beam combination. Right: Multiaxial beam combination (figure from Kraus 2007).

detectors placed at each output of the beam splitter. To temporally modulate the signals, the OPD is
systematically modified by introducing an additional delay of known amplitude. Technically, this can be
realized, for instance, using piezo-electric scanners, which introduce a delay on N — 1 of the N baselines
(at one baseline the delay is kept fixed).

Co-axial beam combination is similar to the one applied in the Michelson-Morley interferometer
(Michelson and Pease 1921) and is today the most widely used technique (e.g., IOTA, CHARA /FLUOR,
VLTI/VINCI, VLTI/MIDI).

Multi-axial beam combination

In multi-axial beam combination, the beams are brought together at a common focus from various
directions, producing the equivalent of Young’s fringes. The principle of this technique is illustrated in
the right part of Figure 2.2. The fringe signal is recorded at one time (in one exposure), but is spread
in the image plane over many pixels on the detector plane. The spatial fringe coding is achieved by
placing the exit pupils at certain distances to each other and then to superimpose the beams using, for
instance, a lens, introducing geometric path differences. For N > 2 telescopes, confusion between the
fringes can be avoided by placing the corresponding exit pupils at varying distances to each other. This
results in different frequencies in the carrying waves, which allows one to separate the interferograms
from the different baselines during data reduction. This method has been implemented at GI2T and is
nowadays used at VLTI/AMBER (see Section 2.3 for a description of this stellar interferometer).

2.2.3 Van Cittert-Zernike theorem

Under certain assumptions (source incoherence and small-field approximation), the complex visibility
(as defined in equation 2.5) can be related to the source brightness distribution I(z,y) through the van-
Cittert-Zernike theorem, which provides the basic theory for any modeling of interferometric data. In
fact, the visibility is exactly proportional to the amplitude of the image Fourier component corresponding
to the spatial frequency (u = b/\) related to the baseline b. Also, the phase of the fringe pattern is equal
to the Fourier phase of the same spatial frequency component. Then, the van-Cittert-Zernike theorem
relates V with the Fourier transform of the brightness distribution, i.e.:

+0o0 o0 o
V:/ / I(z,y) exp”Fu+vy) oy (2.12)

where u and v are coordinates measured in the frequency space. For a point source (unresolved) V=1,
whereas for uniformly bright background emission filling the whole field-of-view (over-resolved source)
V=0. In practice, interferometric fringes never have a perfect contrast (¥ = 1), even for a point source,
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because of atmospheric and instrumental effects. One must therefore accompany each measurement of
the target by a similar measurement of an unresolved calibration source. The true visibility of the object
is then the observed visibility of the object divided by the observed visibility of the calibrator.

Based on the van-Cittert-Zernike theorem, it is straightforward to compute the visibility profile for
arbitrary brightness distributions. The visibilities for a uniform disc, a gaussian disc and a binary source
are commonly used. The derivation of these analytic descriptions can be found in the literature (Boden
et al. 2000; Millan-Gabet et al. 2001).

e Uniform disc (UD): The visibility function for a disc with diameter fyp and of uniform brightness
I, depends on the projected baseline as

2.J; (WHUDbL/)‘)>2 7 (2.13)

mOupb1 /A

where b is the length of the baseline vector projected onto the sky plane and J; denotes the
Bessel function of first kind and first order. For an unresolved star (fyp « A/b_ ), the visibility is
close to 1. It decreases for increasing baseline lengths and finally reaches zero for Ouyp=1.22A/b .
The star is then said to be resolved.

V(bi,\b0up) = <

e Gaussian Brightness Distribution: If we consider a Gaussian brightness distribution of full
width half maximum (FWHM) diameter 6, the visibility profile is given by

—(k:H(;bl)Q]

2.14
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e Binary source: If two binary components have an intensity (I; and I) and a visibility profile
(V1 and V), the complex visibility depends on the component separation vector 3 as.

I+ Vs eXp_ikgg
B I+ 1

V(5) , (2.15)

where b is the baseline vector.

From the measurements of Fourier components (amplitude and phase) in the spatial frequency plane,
it is in principle possible to reconstruct the image , provided that the sampling of the (u,v)-plane
is sufficiently dense. Reconstruction algorithms such as CLEAN (Hogbom and Brouw 1974) or the
maximum entropy method (MEM, Skilling 1984) are routinely used in radio-interferometry. A good
sampling of the (u,v)-plane can be achieved either by repeating the interferometric measurements with
various telescope pairs or by using the Earth’s diurnal rotation. The latter method, called supersynthesis,
has been extensively used in the past years as most interferometric facilities are composed of a limited
number of fixed telescopes. By observing the same star at different moments in time with the same
(fixed) telescopes, one obtains information at different spatial frequencies since the projected baseline
length (b, ) and orientation changes due to the Earth rotation.

2.3 Applications of stellar interferometry

2.3.1 First and second generation

After the successful application of interferometry to distant telescopes with the “Interféromeétre a Deux
Télescopes” (12T, Labeyrie 1975), various interferometric projects have been initiated around the world.
The first one was the successor of 12T, namely the “Grand Interférométre a 2 Télescopes” (GI2T, 1985)
at the “Observatoire de la Cote d’Azur”. With its two innovative 1.5-m telescopes, GI2T was used to
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Name Location Year Comments
2T Obs. Cote d’Azur (France) 1974 Fringes with separate telescopes
Mark I~ Mount Wilson (USA) 1979  Fringe tracking
GI2T Obs. Cote d’Azur (France) 1985 Interferometric spectroscopy
Mark III  Mount Wilson (USA) 1986  Astrometry
ISI Mount Wilson (USA) 1988 10 pum heterodyne
SUSI Narrabi (Aus) 1992  Bax—640m
COAST  Cambridge (UK) 1991 5x40cm
IOTA Mount Hopkins (USA) 1993 3x4.45cm
NPOI Anderson Mesa (USA) 1995 Imaging and astrometry
PTI Mount Palomar (USA) 1995 Dual-star astrometry
CHARA Mount Wilson (USA) 2001 6x1m
KI Mauna Kea (USA) 2001 2x10m, nulling
VLTI Paranal (Chile) 2001 4x82m + 4x1.8m
MRO Magdalena Ridge (USA) 2010 6x1.4m, Bpax=340m
LBT Mount Graham (USA) 2011 6x1.4m in single mount

Table 2.1: Selected optical/infrared interferometers given with their date of first fringes (see main text
for further details, table adapted from Quirrenbach 2009).

develop interferometric spectroscopy. It has been successful in studying the circumstellar environment
of active hot stars (Be stars, Stee 2003) and the stellar magnetism (Rousselet-Perraut et al. 2004). GI2T
has been dismantled in 2006 due to several mechanical problems on the telescopes.

In the meantime, active fringe tracking was first demonstrated by the Mark I interferometer on
Mount Wilson (Shao and Staelin 1980), which evolved later into the Mark II and Mark III instruments
(Shao et al. 1988). The Mark III was specifically designed to perform wide-angle astrometry, but a
variable baseline that could be configured from 3m to 31.5m provided the flexibility needed for various
astronomical programs. Thanks to the full computer control of the siderostats and delay lines, almost
autonomous acquisition of stars and data taking were allowed so that the Mark III could observe up to 200
stars in a single night. This capability was an important factor for the calibration of instrumental effects,
and for the scientific productivity of the instrument. The Mark III was scientifically very productive,
yielding stellar diameter and limb darkening measurements (e.g., Quirrenbach et al. 1996; Mozurkewich
et al. 2003), binary orbits (e.g., Hummel et al. 1994a), the geometry of Be star discs (Quirrenbach et al.
1997), and a demonstration of wide-angle astrometry (Hummel et al. 1994b).

In the mid-infrared, interferometry was pioneered with the Infrared Spatial Interferometer (ISI, Hale
et al. 2000). Located on Mount Wilson, ISI uses heterodyne techniques!'! similar to those familiar from
radio facilities. Using three 1.65-m telescopes, ISI operates at wavelengths from 9 to 12 um, using a COq
laser as local oscillator. The ISI has mostly been used to study dust shells around evolved late-type stars
(e.g., Danchi et al. 1994; Weiner 2004) and accurate angular diameter measurements (e.g., Weiner et al.
2000, 2003). ISI was also used to image the dust discs around young stars (Tuthill et al. 2002).

The first closure-phase images from an optical synthesis array, showing the two components of the
binary system Capella, were produced by the Cambridge Optical Aperture Synthesis Telescope (COAST,
Baldwin et al. 1996). With five 40-cm siderostats arranged in a Y-shaped configuration, COAST was the
first interferometer to produce true synthesis images at optical wavelengths (visible and near-infrared).
The power of synthesis imaging in the near-infrared was also demonstrated by Tuthill et al. (1999), who
were able to reconstruct the dust distribution in the Wolf-Rayet'? binary WR 104 from data obtained
by masking the entrance aperture of the Keck telescope with a non-redundant arrangement of holes.

"The heterodyne technique consists in detecting a signal by non-linear mixing with radiation of a reference frequency
(likely a laser).

12Wolf-Rayet stars are evolved, massive stars (over 20 M), which are losing mass rapidly by means of a very strong
stellar wind, with speeds up to 2000 km/s.
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In addition to these pioneering instruments, a number of permanent interferometric facilities have
been built in the nineties: the Sydney University Stellar Interferometer (SUSI, 1992), the Infrared-
Optical Telescope Array (IOTA, 1993), the Navy Prototype Optical Interferometer (NPOI, 1994), the
Palomar Testbed Interferometer (PTI, 1995), the Mitaka optical and InfraRed Array (MIRA, 1998).
They are generally characterised by small aperture telescopes and operation in the visible or near-
infrared domains (see Table 2.1 for the main characteristics). PTI and IOTA have been particularly
scientifically productive. Using three 45-cm siderostats arranged on short baselines (< 40m), IOTA has
been extensively used to measure the diameters of Mira and supergiant stars (e.g., Perrin et al. 2004).
The study of YSOs has also greatly benefited from the IOTA capabilities, with the important result
that the characteristic sizes of the near-infrared emitting regions are larger than previously thought
(Millan-Gabet et al. 2001). The addition of a third telescope and of a new 3-way integrated optics beam
combiner (IONIC) has improved the facility with imaging capabilities. IOTA will be described in more
detail in Section 3.1.1. With similar apertures (40 cm) combined pair-wise in the near-infrared, PTT has
obtained important results on high-precision astrometric measurements of multiple stars (Muterspaugh
et al. 2005; Lane and Muterspaugh 2004) as well as on the oblateness of rapidly rotating stars (van Belle
et al. 2001).

2.3.2 A new generation

Based on the success of the first and second generation facilities, new interferometers with improved
performances have been built. The major design driver of new generation arrays has followed two
different tracks: larger baselines to get higher angular resolutions and larger telescope diameters to
reach fainter magnitudes. The Keck-I and the VLTI, which combine both large baselines and large
apertures, are leading the way. Both have obtained their first fringes in 2001 and are equipped with
various instruments with a wavelength coverage from the near- to the mid-infrared. Another facility,
more modest yet very performing, is the CHARA array which presents long and numerous baselines with
1-m class telescopes. Technical details related to these facilities are given hereafter.

e Center for High Angular Resolution Astronomy (CHARA, 1998) is an interferometric
array located on Mount Wilson, commissioned in 1999 but extensively used for science only since
2004 (ten Brummelaar et al. 2005). The array consists in six 1-m class telescopes arranged on
a non-redundant Y-shaped configuration. The maximum baseline length of the array is 330 m,
corresponding to an angular resolution of 0.3 to 1mas from visible to near-infrared respectively.
The first beam combiner available at CHARA was CHARA Classic, a simple bulk-optics, pupil-
plane combiner capable of combining two telescopes at a time, operating from 1.5 to 2.5 ym. Several
other beam combiners have followed (namely FLUOR, MIRC, PAVO, and VEGA, see Table 2.2
for more details).

During the past few years, the CHARA array has produced unique science in the two-telescope and
four telescope configuration. Notably it has provided the first detection of gravitational darkening
in a rapidly rotating star (McAlister et al. 2005; van Belle et al. 2006), the first detection of warm
circumstellar dust around a main sequence star (Absil et al. 2006b), measurement of the diameter
of an extrasolar planet using transit and interferometric diameter of the host star (Baines et al.
2007), the first image of a main sequence star (Monnier et al. 2007) and the first image of an
interacting binary (Zhao et al. 2008).

e The Keck Interferometer (KI, 2001) is a NASA-funded ground-based interferometer located
at the summit of Mauna Kea, Hawaii (see Figure 4.7, left). KI combines light from the two 10-m
aperture telescopes of Keck (the world’s largest optical telescopes). The mirrors are composed of
36 hexagonal segments that work in concert as a single piece of reflective glass. KI presents a 85-m
baseline length, corresponding to a spatial resolution of 5 mas at 2.2 ym, and 24 mas at 10 ym. The
sub-systems of the interferometer include adaptive optics, laser metrology to control optical delay
lines, and fringe tracking to measure the interference in the combined light from the two telescopes.
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Instrument Faintest magnitude Wavelength R Visibility CP accuracy
reached [em] A/AN accuracy [degree]

CHARA Classic 7.5 1.50-2.50 NA 5-10% NA

FLUOR 6.0 2.20 NA 1% NA

MIRC 4.5 1.50-2.20 40,150,400 10% 0.1-0.5

VEGA 7.4 0.45-0.90  30000,5000,1700 3% TBD

PAVO 8.2 0.66-0.95 40 2% TBD

Table 2.2: Performances of beam combiners at CHARA.

Since 2004, KI offers H- and K-band fringe visibility measurements, in addition to a 10-pgm nulling
mode, for which first nulling data were collected in 2005 (further details on the nulling mode are
given in Section 4.3.2).

The Very Large Telescope Interferometer (VLT-I, 2001) located at the Cerro Paranal
Observatory (Chile) is one of the most advanced optical telescopes worldwide (see Figure 2.3). It
currently consists in four 8-m reflecting Unit Telescopes (UTs) and four 1.8-m Auxiliary Telescopes
(ATs). The UTs are set on fixed locations while the ATs can be relocated on 30 different stations,
providing baselines ranging from 47m to 130 m with the UTs and 8 m to 202 m with the movable
ATs. The telescopes can be combined in groups of two or three. After the light beams have
passed through a complex system of mirrors and the delay lines, the combination at near- and
mid-infrared is performed by the instruments AMBER and MIDI, and a test instrument called
VINCI, which obtained the first VLTI fringes in March 2001. A complex and high performance
dual-feed system PRIMA that allows phase-referenced imaging and pm-astrometry is currently
under commissioning. The VLTI infrastructure also comprises a number of subsystems improving
the global performance of the facility. First, the four UTs are all equipped with an adaptive optics
system called MACAO (Arsenault et al. 2004), providing typical Strehl ratios of 50% in the K-band,
while tip-tilt correction is performed on the ATs with the STRAP system. FINITO, a three beam
fringe tracker operating in the H band, provides beam co-phasing with a residual OPD as small as
150 nm rms (performance routinely achieved on the ATs but not yet on the UTs, Le Bouquin et
al. 2008). Finally, an infrared tip-tilt tracker (IRIS) is available in the interferometric laboratory
and corrects for tip-tilt perturbations in the delay line tunnel at the 10 mas level and a frequency
of 10 Hz.

2.3.3 Upcoming facilities

e Large Binocular Telescope (LBT) is a ground-based interferometer currently under develop-

ment by the University of Arizona and collaborators (Mount Graham, Arizona, Hinz et al. 2008).
LBTI combines the infrared light from two 8.4-m telescopes placed side by side (14.4m apart) on
a single rigid alt-azimuth mount (see Figure 4.7, right). The resulting instrument will have a max-
imum baseline of 22.8 meters. In addition to its Fizeau mode, LBTI will also host a nulling beam
combiner with 14.4 m baseline (further details on the nulling mode are given in Section 4.3.3).
Both instruments will strongly benefit from the original design of the LBT, where delay lines are
not needed and a small number of mirrors are required to propagate the light to the (cryogenic)
interferometric beam combiner. The instrument was delivered and installed on the telescope in
July 2008 and is presently undergoing initial testing. Plans call for the instrument to be re-installed
in 2010 after the first adaptive secondary is commissioned. Scientific operations will likely start
sometime in early 2011.

The main goal of LBTI will be the study of extrasolar planetary systems. LBTI will focus on
the characterisation of exozodiacal dust around nearby stars and the direct detection of thermal
emission from giant extrasolar planets.
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Figure 2.3: Panoramic view of the ESO/VLT on Cerro PAranal in Chile showing the four UTs (Unitary
Telescopes) and three of the four ATs (Auxiliary Telescopes).

e Magdalena Ridge Observatory Interferometer (MROI) is nominally a 10-element 1.4-m
aperture optical and near-infrared interferometer being built on Magdalena Ridge (New Mexico,
Creech-Eakman et al. 2008). The interferometer layout is an equilateral Y-shaped configuration
with baselines extending from 8 to 400 m. The main science goals are the study of the environments
of nearby AGN, stellar formation and the earliest phases of planet formation. The first fringes are
expected in late 2010.

In addition, new extensions of current facilities are foreseen within the next few years. For 2012-
2015, VLTI will be equipped with second-generation instruments: GRAVITY (Eisenhauer et al. 2008),
MATISSE (Lagarde et al. 2008) and VSI (Malbet et al. 2008) which will be capable of exploiting the
imaging capability of the array by combining four beams for the first and second and six for the third.

2.3.4 Major scientific results

Optical interferometers have made substantial contributions in several areas, such as astrophysics of stars,
circumstellar environments and Active Galactic Nuclei (AGN). This section is divided in two major areas,
astrophysics of stars and general astrophysics, for which the major scientific results are presented. The
main results for circumstellar environments have been previously discussed (see Section 1.2).

Astrophysics of stars

The most fruitful area of investigation of optical interferometers has been stellar astrophysics, in par-
ticular the study of nearby single stars. In the last decades, several parameters of stars have been
investigated providing a new way to test the formation and evolutionary models of stars.

One of the earliest identified applications of optical interferometry was to directly measure the ef-
fective temperature and diameter of stars. The effective temperature scale for a wide variety of stars
is now well-established, and hundreds of the diameter measurements have been obtained by many in-
terferometers (e.g., Mozurkewich et al. 1991; Nordgren et al. 1999; Ségransan et al. 2003; Baines et al.
2008). In particular, oblateness measurements of Be stars have provided new insights on the Be star
disc formation due to rapid rotation, opening new perspectives in basic problems in stellar physics such
as rotationally enhanced mass loss of early-type stars (e.g., Domiciano de Souza et al. 2003). Coupling
diameter measurements with asteroseismic observations has also proven very successful to test the evolu-
tionary status of various stars (Kervella et al. 2003; Creevey et al. 2007). The study of Cepheids has also
much benefited from interferometric measurements. Thanks to precise measurements of their angular
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diameters and pulsations, the distances to several of these “standard candles” have been precisely deter-
mined (e.g., Kervella et al. 2004b; Mérand 2008). These observations have enabled for the calibration
of the period-radius and period-luminosity relations (Kervella et al. 2004a), which are at the basis of
extragalactic distance measurements.

Other important results regarding the astrophysics of stars have been achieved by optical interfer-
ometry: direct measurements of stellar winds (van Boekel et al. 2003), first estimations of the gravity
darkening coefficient (e.g., Domiciano de Souza et al. 2005; McAlister et al. 2005), the spin-orbit align-
ment of the Fomalhaut planetary system (Le Bouquin et al. 2009), the first image of a main sequence
star (Monnier et al. 2007), the first image of an interacting binary (Zhao et al. 2008), and the study of
evolved stars which has provided more precise models for these stars and their environments (Perrin et
al. 2004).

General astrophysics

Another major breakthrough is related to the observations of extragalactic objects. In the near-infrared,
the KI has revealed an unexpectedly compact source of <0.1pc for NGC 4151 (Swain et al. 2003), sug-
gesting that the emission mainly originates in the central accretion disc. Measurements with the VINCI
instrument at VLTI resolved the complex structure of NGC 1068 consisting of a hot partially resolved
component of approximately 0.7 pc and a warm resolved component of a few pc in size (Wittkowski et al.
2004). Additional observations of NGC 1068 obtained with MIDI at VLTI have revealed warm (320 K)
dust in a structure 2.1 pc thick and 3.4 pc in diameter, surrounding a smaller hot structure (about 800K,
1.35pc long, Jaffe et al. 2004; Raban et al. 2009). Such a configuration requires a continual input of
kinetic energy to the cloud system from a source coexistent with the AGN.
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As explained in the previous chapter, ground-based infrared stellar interferometry is nowadays the
best suited technique to probe the inner parts of extrasolar planetary systems. Investigating this region
around nearby stars is not only relevant for our understanding of the planetary formation and evolution
but also for preparing future exo-Earth characterization missions. In this chapter, we report observations
of two A-type stars (namely Vega and 3 Leo) with the Infrared-Optical Telescope Array (IOTA). Unlike
previous studies of these two stars, the observations discussed here have been carried out in the H band.
This will provide additional information to further constrain the models describing the circumstellar dust
surrounding these stars and considerably improve our understanding of the nature of the detected resolved
emission. This chapter ends by a short overview of the ongoing work and prospects for exozodiacal dust
detection.

3.1 Principle and goals of the study

As explained in the previous chapter, studying the inner part of debris discs around nearby stars provide
relevant and unique information to understand the formation and evolution of planetary systems. It is
also crucial for future space-based exo-Earth characterization missions. So far, debris discs have mostly
been observed on relatively large spatial scales, probing material located tens to hundreds of AU from
their host star. These circumstellar regions are more analogous to our solar system’s dusty “Kuiper belt”,
located beyond our planetary belt, than to the AU-scale zodiacal disc inside our solar system’s asteroid

47



these: version du mercredi November 4, 2009 a 20 h 04

48 Chapter 3. Debris disc detection with IOTA/IONIC
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Figure 3.1: Left: The 3-telescope IOTA interferometer located atop Mount Hopkins (Arizona, USA).
Right: Array geometry given with some of the available stations. Telescopes A and C can move on stations
located along the 35 m north-eastern arm, while telescope B can move along the 15 m south-eastern arm.

belt. The main challenge with the study of inner debris discs comes from the high contrast, generally
larger than 100 in the near-infrared, in addition to the small angular separation between the star and
the disc. Over the last few years however, photometric surveys have revealed a few hot inner debris
discs in the mid-infrared (e.g., Stapelfeldt et al. 2004; Beichman et al. 2005b) but they do not have the
required accuracy to detect the signature of these discs in the near-infrared, even around stars known the
be surrounded by large amounts of cold dust in Kuiper Belt-like structures. Owing to its high dynamic
range and high angular resolution, stellar interferometry is currently the best way to peer into these faint
circumstellar structures. After the pioneering detection of a resolved near-infrared emission around Vega
(Absil et al. 2006b), a survey of nearby main-sequence stars has been initiated, and several additional
detections have been reported (Di Folco et al. 2007; Absil et al. 2008b, 2009; Akeson et al. 2009). The
grain populations derived from these observations are quite intriguing, as they point toward very high
dust replenishment rates, high cometary activity or unlikely major collisional events. In that context,
observations of debris disc stars have been performed in June 2006 with the IOTA /IONIC instrument.
The main objective of these observations was to confirm the exozodiacal disc around Vega, and provide
additional constraints on the dust properties with a multi-color analysis. We report in this chapter the
results of these observations, starting with an introduction on IOTA /IONIC and a description of the
method used to detect exozodiacal dust discs.

3.1.1 The IOTA/IONIC instrument

The IOTA interferometer (Infrared-Optical Telescope Array, see Fig. 3.1) is a three telescope interfer-
ometer located at the Fred Whipple Observatory atop Mount Hopkins (Arizona, USA). It was jointly
constructed by the Smithsonian Astrophysical Observatory, Harvard University, the University of Mas-
sachusetts, the University of Wyoming, and the MIT /Lincoln Laboratory (Traub et al. 2003). The
telescopes of IOTA are movable among several stations along an L-shaped track (telescopes A and C can
move along the 35 m north-eastern arm, while telescope B moves along the 15 m south-eastern arm, see
Fig. 3.1), allowing an aperture of 35m x 15m to be synthesized (corresponding to an angular resolu-
tion of about 5-12mas at 1.65 ym). The collecting optics consist of 0.45m Cassegrain primary mirrors,
which are fed by siderostats. Tip-tilt servo systems mounted behind the telescopes compensate for the
atmospherically induced motion of the images while delay lines actively track the fringes by adjusting
the optical path delay between the different baselines. All the beams are deflected by a series of mirrors
into the laboratory, where they are coupled into single-mode fibers. The fibers then feed the spatially
filtered signal into the IONIC3 integrated optics beam combiner (Berger et al. 2003), which combines the
beams coaxially and pairwise with a ratio of 50:50. For each baseline, the beam combination produces
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two complementary outputs, which are shifted in phase by 7 with respect to each other, and which
are recorded on a PICNIC camera (Pedretti et al. 2004). Although the information recorded by these
two channels is in principle redundant, it is used to remove residual photometric fluctuations simply by
subtracting the signals from the two channels (see section 3.1.3).

3.1.2 Strategy for near-infrared debris disc detection

The strategy for near-infrared debris disc detection has been extensively described elsewhere (Absil 2006)
and we remind here the main principles, which are necessary for the understanding of this chapter. The
idea is that an extended structure (a debris disc typically) and a compact source (such as the stellar
photosphere) have very different signatures in the Fourier spatial frequency plane: a debris disc is resolved
at much shorter baselines than its host star. For instance, the angular diameter of the photosphere of an
A-type star located at 20 pc is typically around 1 mas, while the circumstellar disc extends beyond the
sublimation radius of dust grains (at around 10 to 20 mas for black body grains sublimating at 1500 K).
The debris disc is therefore generally fully resolved at short baselines (10 to 20 m) in the near-infrared,
while the photosphere is only resolved at long baselines (a few hundreds meters). Using the visibility of
an uniform disc given by Eq. 2.13, the squared visibility of a star-disc system is given by the weighed
sum of the two components:

2J1(m0upb . /N 2
: 1
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assuming that the disc contributes a fraction f of the total flux of the system and has a visibility
Viisc (b1, A). Because it is resolved at shorter baselines, the disc has a lower visibility than the star, and
thus reduces the visibility of the system compared to a single star. For the baselines at which the disc is
completely resolved, we have Vgisc & 0 (equivalent to a purely incoherent emission) and thus, assuming
that the star is not resolved (uyp < A/by) and a small flux ratio (f < 1):
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showing a visibility deficit of twice the flux ratio with respect to a single star. This is illustrated in
Figure 3.2 for various morphologies of the debris disc, using a flux ratio f = 1% between the stellar pho-
tosphere and the integrated disc brightness in all cases. For instance, a uniform circumstellar emission,
spread over the entire field-of-view, produces a smooth visibility deficit as it acts as a purely incoherent
source and therefore produces a relative deficit of 2% at all baselines. On the other hand, a ring-like
structure produces sinusoidal fluctuations of the visibility deficit around its mean, because it is more
compact.

The strategy to detect the presence of a debris disc is then to compare short-baseline data with a
simple stellar model to detect a potential deficit of squared visibility related to the resolved circumstellar
disc (the deficit is then equal to twice the flux ratio between the star and the circumstellar disc). A simple
uniform disk (UD) stellar model can be derived using visibilities obtained at long baselines (in the lower
first lobe and/or second lobe), which provide a precise and almost unbiased estimation of the stellar
angular radius. In fact, the contribution of the circumstellar emission at these spatial frequencies is
generally negligible as compared to other effects appearing at high frequencies, such as limb-darkening,
spots, or even bandwidth smearing. Moreover, it does not affect the position of the first null in the
visibility curve.

Even at short baselines, detecting the signature of a debris disc requires a very good precision on
the measured visibilities (about 1% in the case illustrated here). Given the fact that IOTA has been
dismantled, CHARA /FLUOR is today the only stellar interferometer worldwide able to achieve such
precision (see Table 2.2). With an even better precision (a few 0.1%), observations at various baselines
would potentially be sufficient to study the morphology of the circumstellar emission. Even if such



these: version du mercredi November 4, 2009 a 20 h 04

50 Chapter 3. Debris disc detection with IOTA/IONIC

1.0 "“«-,,'\ T T " T T T T T T T T T 1
- \\\ ———  Star only -

osl N e Star + uniform emission ]

O N Star + uniform ring 4

=< - \\\ —————— Star 4+ zodiacal disk .

© B N _

+ 0.6 AN ]

— L AN -

O N

o N ]

S 04 N .

~ N\

- i ]
0.2 _|
00 v v v T ]

1ttt E
A E
fad E l/\ /N g
O 0.0ZETilmes, | E
5 B T 3
© El s -
o 001 T~ 3
H- = . =
o0k . . . oy Ty E

0 50 100 150 200 250

Baseline [m]

Figure 3.2: Squared visibility of a star surrounded by circumstellar emission compared to the visibility
of the star only (an AOV star at 10pc for this illustration), observed in the K-band. Three different
morphologies have been assumed for the circumstellar emission: a uniform emission spread over the whole
field-of-view, a ring-like structure located between 0.2 AU (sublimation radius) and 0.3 AU from the star,
and a more realistic debris disk model similar to the solar zodiacal disk. All have been scaled so that their
integrated brightness represents 1% of the photospheric emission (Figure from Absil 2006).

precision is not achieved, one precise measurement of the flux ratio between the star and disc at a given
near-infrared wavelength is already sufficient to estimate some of the major parameters of the inner debris
disc, such as its mass and fractional bolometric luminosity. In combination with upper limits on the
disc brightness provided at other wavelengths by single-aperture photometry, some physical properties
of the dust grains can also be inferred, but with rather large uncertainties due to the poor constraints
provided by photometry. Of course, obtaining interferometric measurements at different wavelengths
greatly helps to improve the modelling of the discs.

Note also that the possible inclination of the system can potentially be a problem as a debris disc
does not have the same signature when it is inclined with respect to the line of sight (it will appear
more compact along one direction). Baselines with different orientations will therefore measure different
visibility deficits. Such a behaviour can be easily confused with the signature of an oblate stellar photo-
sphere, which has different angular diameters along the equatorial and polar directions. In fact, a large
fraction of Vega-type stars are expected to be elongated as they are usually of rather early spectral type
(typically A type) and often show a significant rotational velocity.

3.1.3 Extracting visibility measurements

The method to obtain visibility measurements from the raw interferograms in a single-mode interfer-
ometer follows the principles described by Coude Du Foresto et al. (1997). The first step consists
in correcting the recorded interferograms (see Eq. 2.6) for photometric fluctuations. This requires to
record the photometry simultaneously to the interferometric signal. Two-telescope beam combiners (like
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FLUOR, VINCI, or MIDI) or multiaxial beam combiners (like AMBER) obtain this photometric in-
formation by separating a certain fraction of the light before the beam combination and recording the
photometry in separate channels. However, if three or more telescopes are combined pairwise, the pho-
tometric information can also be extracted from the interferometric signal without additional channels.
Indeed, there is a relation between the signal measured on a pixel (I, where k is the pixel number) and
the input flux on each telescope (F;, where i is the telescope number):

N N
I, = Z K 5 + Z Q’Yij\/likilﬁkjFiFj , (3.3)

i=1 i<j
— I]iﬁncoh + ]l;:oh 7 (34)
where the x coefficients define the transfer matrix, which is proportional to the overall gain of the detector

and the transmission of the coupler (Coude Du Foresto et al. 1997). For a three-telescope interferometer
like IOTA, this corresponds to the following system of 6 equations (one for each output of the coupler):

I = k1aFa + k1BFB + kicFo + 2y gV k1akiBFAFE (3.5)
Iy = KoAFA + kopFB + kacFo + 27, g/ K2akepFAFR ; (3.6)
Iy = k3aFa + k3pFp + k3o Fo + 27k o/ ksaksc FaFc (3.7)
Iy = KaaF A + kapFB + kacFo + 29 oV Kaakac FaF o ; (3-8)
Is = k5aFa + k5Fp + k5o Fo + 2750V ksprsc FFC (3.9)
Is = keaFA + kepFB + kecFo + 275V keBrec FBEC (3.10)

where A, B and C denotes the three telescopes. The coherence factors corresponding to the same
baseline ('y:; and Yij ) are complementary outputs of IONIC and are shifted in phase by 7 with respect
to each other, so that ’y;;- =" For a perfect detector, the k coefficient corresponding to the telescope
which does not contribute to a certain output (e.g., k1 for I7) is equal to zero. However, the PICNIC
detector is known to exhibit detector biases due to the fact that some pixels on the detector are not
completely independent (Pedretti et al. 2004). When focusing a bright star on a target pixel, the bias
corresponds to a small constant signal on the adjacent pixel in the same row of the detector 3. If we
stay in the linear regime (no saturation), the bias on the adjacent pixel is assumed to be proportional
to the incoming flux on the telescope which does not contribute to the considered output. This is taken
into account by x coefficients which have the opposite sign than the x for the contributing telescopes.

By adding the outputs from each beam-combiner pairwise, the coherence factors disappear and the
input fluxes on each telescopes can be easily computed by inversion of the following system:

5Ii/\/kiak1B + I2/\/Raakap Fy
I3/\/k3ak3c + I2/\/kaakac | =M x | Fp | , (3.11)
Is/\/ksBksc + Is/\/keBReC Fo

Ve e A i
M| e e e JRSVES | (312)
Gt e REeyE JEee ke
in which the diagonal terms (upper right to lower left) correspond to the detector bias terms and are
equal to 0 for a perfect detector. The inversion of this matrix gives access to the simultaneous photometry

provided that the k coefficients are known. These are generally obtained by using four calibration files
which are acquired after each observation. One of these files measures the camera background signal with

with

13Note that when the pixel well is depleted, it is known that there is an increased constant signal on the adjacent pixel.
The magnitude of the increase is roughly 15% of the target signal. The cause is currently not known.
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the light from all telescopes blocked out (this is required for subtraction of the thermal background).
For the other three files, the beams coming from two telescopes are blocked out alternately. Using the
obtained photometric information, the interferograms can be corrected for photometric fluctuations. For
instance, the coherence factors of the two first pixels (fij and 7, 5) can be easily obtained from Egs. 3.5
and 3.6:

+ D —riaFa—ripFp — kicFe

_ , 3.13
s 2 Al (319
Iy — koaFA — kopFp — koo Fo (3.14)

TaB = 2V koakopFaFp

The remaining photometric fluctuations, due to errors in the estimation of the simultaneous photometry,
can be removed by subtracting the two channels, yielding the final interferograms. For the AB baseline,
the final interferogram is given by:
Yip — VaB
_ 3.15

. (3.15)
The coherence factors for the other baselines can be obtained similarly. An important advantage of
obtaining the photometry from the interferometric measurements is the reduced complexity of the optical
design and the increased flux in the interferometric channels.

YAB =

After correcting for intensity fluctuations and subtracting out bias terms from read noise, residual
intensity fluctuations, and photon noise, the computation of the visibilities from the OPD-modulated
interferograms is performed in the frequency domain (i.e., by measuring the fringe power in the power
spectrum of the coherence factors). The advantage of this frequency-domain approach is that the power
spectra of an arbitrary number of interferograms can be averaged, even if the fringe packet moves due
to the influence of atmospheric piston. In the averaged power spectrum, the fringe power can be easily
obtained by integrating the power over the fringe peak to estimate the fringe amplitude (squared visibility,

V?).

Note that other approaches have been proposed and used to extract the visibility from an interfero-
gram. For instance, a technique widely used is the continuous wavelet transform which decomposes the
signal into a localized mother wavelet function. This has the advantage that the information about the

position of the fringe in the OPD is conserved, and can be used to effectively separate the fringe from
underlying non-localized signals (Kervella et al. 2004c; Kraus 2007).

3.2 Observations of two A-type stars with IOTA /TONIC

3.2.1 The targets: Vega and [ Leo

Debris discs are the most visible signposts of extrasolar planetary systems, representing direct evidence
for the presence of larger bodies. They are generally detected by their infrared or submillimeter flux,
which can be detected photometrically if it represents a large enough fraction (typically at least 5-10%)
of the photospheric flux of their host star. In that context, the two A-type target stars considered
in this study (namely Vega and [ Leo) have been extensively observed during the past decades by
a successive generation of instruments (IRAS, ISO, Spitzer and ground-based stellar interferometers),
which have evidenced significant excesses at various wavelengths in the infrared regime. The dust found
around these main-sequence stars cannot be primordial material left over from the star-forming stage,
because the timescale to remove primordial material (about 10 Myr) is too short compared to the age
of these stars (Vega and (3 Leo are estimated as 350 and 50-520 Myr old). Hence, the dust must be
resupplied and second generation dust in such systems is thought to arise primarily from collisions
between planetesimals and from cometary activity. In order to further constrain the properties of the
inner debris disc surrounding these stars, data in the H band have been obtained with IOTA /TONIC.
The results are described in section 3.2.4 and a brief overview of the targets is given hereafter.
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Table 3.1: Fundamental parameters and estimated angular diameter for Vega and § Leo. These values
are mainly taken from Absil et al. (2008b) and Akeson et al. (2009), respectively for Vega and 3 Leo. The
H-band magnitude (myg) is taken from (Cutri et al. 2003). The 1-0 errors are given in superscript.

Name HD Type Dist. Mass  Age vsini my  mpg  Mean 0rp
pe] (Mo [Myr]  [kms~!] [mas]

Vega 172167 A0V 7.8 230 350 22 0.03 -0.03 3.3120067

B Leo 102647 A3V 11.1 2.0 50-520 110 214 1.92 1.3410013

- Vega (HD 172167, A0V, 7.76 pc) is one of the most studied stars in astrophysics, and has been
used as a photometric standard for more than a century (Hearnshaw 1996). It was first identified to
have an infrared excess (beyond 12 pm) with respect to its expected photospheric flux in the eighties
(Aumann et al. 1984). This was initially interpreted as the thermal emission from a circumstellar
disc of cool dust located at about 85 AU from Vega, and then re-interpreted as a dust envelope
with a radius of 140 AU (van der Bliek et al. 1994). The latter analyze concludes that a significant
fraction of the dust grains is larger than 0.1 gm, but smaller than 10 um. ISO observations show a
smooth, resolved, face-on disc with a radius of about 80 AU at 60 um and about 145 AU at 90 um
(Heinrichsen et al. 1998). Mauron and Dole (1998) attempted to detect Vega’s disc through optical
scattered light by using linear photopolarimetry. Their upper limit implies that the debris around
Vega contains a very small number of 0.01-0.3 pm grains. Sub-millimeter observations (850 pm,
see Figure 3.3) with the Submillimeter Common-User Bolometer Array (SCUBA) have shown an
elongated bright central region oriented north-east south-west with a bright peak offset about
70 AU at the north-east of Vega’s position (Holland et al. 1998). Observations at 1.3 mm resolved
dust emission peaks offset from the star, appearing to be associated with a ring of emission at a
radius of 60-95 AU (Koerner et al. 2001; Wilner et al. 2002). Observations with the Spitzer space
telescope revealed an angular size much larger than found previously with a radius of the disc at
least of 330 AU, 543 AU, and 815 AU in extent at 24, 70, and 160 pum, respectively (Su et al. 2005;
Rieke et al. 2005). This study also shows a circular and smooth disc at all three wavelengths, with
an inner boundary at a radius of 86 AU and containing about 3 x 1073Mg, of dust grains.

Photometric observations of the outer parts of Vega’s disc have been recently complemented by
infrared interferometric observations of the warm inner parts. The first attempt was made by
Ciardi et al. (2001), who observed Vega with the PTI interferometer on a 110-m long baseline
in dispersed mode. The poor spatial frequency coverage of their observations did not allow clear
conclusions, although a simple model of a star and a uniform dust disk with a 3-6% flux ratio was
proposed to explain the observations. A more thorough study of Vega with the CHARA array has
evidenced a K-band flux ratio between the stellar photosphere and the debris disc of 1.29 & 0.19%
within the FLUOR field-of-view (about 7.8 AU, Absil et al. 2006b). Using a more realistic model
for the stellar photosphere (Aufdenberg et al. 2006), this flux ratio has been revisited and amounts
now to 1.26 + 0.27 £ 0.06% (Absil et al. 2008b). In the N band, the best constraint on the thermal
emission from warm dust has been obtained by nulling interferometry, with no resolved emission
above 2.1% of the level of stellar photospheric emission at separations larger than 0.8 AU (Liu et
al. 2009).

- [ Leo (HD 102647, A3V, 11.1 pc) was identified as having an infrared excess from IRAS obser-
vations (Aumann and Probst 1991). Mid-infrared imaging has not resolved the disk (Jayawardhana
et al. 2001), although differences between the IRAS and ISO fluxes have suggested that the disc
emission may be somewhat extended in the ISO beam (Laureijs et al. 2002). The Spitzer space
telescope using the Infrared Spectrograph (IRS) observed 3 Leo and found a featureless continuum
spectrum consistent with dust at about 120 K and located at 19 AU from the central star (Chen
et al. 2006). Recently, a near-infrared excess of 1%-2% has been detected by interferometric ob-
servations at the CHARA array using the FLUOR beam combiner (Akeson et al. 2009). The data
are interpreted as the presence of a thin ring of dust grains at (or near) the sublimation radius in
addition to the previously known mid-infrared emitting belt. These observations allow some con-
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Vega's outer debris disk as seen by submm imaging
Credit: W. Holland (Nature 322, 1998)

Artist impression of Vega’s inner debris disk
Credit: O. Absil (A&A 452, 2006)

0.5 AU

200 AU ~(1/2 Earth orbital radius)

(2x solar system diameter)

Figure 3.3: The Vega system as view in the sub-millimeter (left, Holland et al. 1998) and the near-
infrared (right, Absil et al. 2006b).

straints to be put on the dust composition and morphology. Small non-silicate grains are required
to be consistent with the near- and mid-infrared excesses. The minimum grain size required (about
0.1 pm) is an order of magnitude smaller than the nominal radiation pressure blowout radius for
spherical grains, and therefore requires a high production rate of small grains. This near-infrared
excess cannot arise from dust generated by the planetesimal belt which produces the mid-infrared
excess. 3 Leo has also been observed in the N band but no significant constraint on the thermal
emission was derived (Liu et al. 2009).

3.2.2 The observations

Interferometric observations of Vega and [ Leo were obtained with IOTA/IONIC in June 2006. The
particularity of the IOTA/IONIC data with respect to CHARA/FLUOR is twofold. First, the data
has been obtained in the H band whereas the CHARA /FLUOR data have been obtained in the K
band. Secondly, light was split in two orthogonal polarization axes with a Wollaston prism after beam
combination and have been recorded simultaneously. This choice was initially made to improve the
stability of the data and thus, their quality since the change in visibility is expected to be very small
(of the order of 1%). An overview of the observations is shown in Table 3.3. It gives the date of the
observations (first column), the target star (second column), the array configuration (third column), the
UT timespan (fourth column), the PICNIC detector read-out mode (fifth column) and the calibrators
used (last column). The characteristics of the calibrator stars are given in Table 3.2.

3.2.3 Data analysis

In this section, we perform several tests on the data described in the previous section in order to
check their sanity and select the best sample for the data reduction. These tests include checking the
photometry consistency between the interferometric and matrix files, the photometric stability during
the scans and the k matrix. Tests on the impact of saturation on the measured squared visibilities
are also reported. Reduction of the data was carried out using established IDL routines described by
Monnier et al. (2004, 2006), and following the method outlined in section 3.1.3. The statistical error on
the estimation of the final visibility, related to the detection process, is expected to be of the order of
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Table 3.2: Calibrator stars used for this programme given with spectral type, HD number, H magnitude,
limb-darkened disc (LD) angular diameter (in milliarcsec) and limbd-darkening H-band coefficient (Cohen
et al. 1999; Bordé et al. 2002; Cutri et al. 2003; Mérand et al. 2005). The 1-0 errors are given in superscript.

Identifier HD number Sp. type mpg  Oip + 1o wy  Target

7 Her 156283 K3I -0.112  5.2990% 0420 Vega
6 Her 163770 K111 1.056  3.15993% 0403  Vega
A Lyr 176670 K2.5I11  1.743  2.41002%6 0415  Vega
Kk Lyr 168775 K2III  1.989 2289925 (0410 Vega
§ Leo 97603 A3V 2.191  1.165°922 0.192 S Leo
27 Com 111067 K3III  2.051 2.05%922 0420 g Leo
24 Com 109511 K2IIT  2.538  1.62003 ? 3 Leo

Table 3.3: Summary of the data obtained with IOTA /IONIC in June 2006. The columns 1 and 4 give
the date and UT timespan of the observations of the target star given in column 2. Column 3 gives the
stations used in accordance to Fig. 3.1. The calibrators are given in the last column.

Array UT PICNIC
Date Target  config. [A,B,C] timespan  mode Calibrators
2006/06/09 (3 Leo NEO05-SE07-FIX  4h-5h 1L4R 0 Leo, 27 Com
Vega  NEO05-SEO07-FIX  5h-12h 1L1R &k Lyr, A Lyr, m Her, 6 Her
2006/06/10 (3 Leo NEO05-SE07-FIX  3h30-5h 1L4R 0 Leo, 24 Com

Vega  NEO05-SEO07-FIX  5h-12h 1L1R &k Lyr, A Lyr, m Her, 6 Her
2006/06/13  Vega  NE10-SE15-FIX  8h-12h 1L1IR  k Lyr, A Lyr, = Her, 6 Her
2006/06/14  Vega  NE10-SE15-FIX  7h-12h 1LIR &k Lyr, A Lyr, = Her, 6 Her

1%. The imperfect knowledge of the instrumental transfer function, which was estimated by observing
calibrators before and after each target data point. The calibrator stars used during these observation
are given in Table 3.2, and were mainly chosen from two catalogues developed for this specific purpose
(Bordé et al. 2002; Mérand et al. 2005).

Photometry consistency

The first test consists in comparing the photometry of the interferometric measurements (all shutters
open) with the cumulated photometry of the 3 matrix files (one shutter opened for each). Since the
matrix files are saved just after the interferometric files, it is expected that their sum is not significantly
different from the flux in the interferometric files. The photometry is averaged over the whole scan and
for the 200 scans of the interferometric files (resp. 50 scans for the matrix), so that the fringe pattern is
smeared in the case of the interferometric measurements. The total flux is therefore equal to the sum of
the three telescopes in both cases, except that the three telescopes are recorded simultaneously for the
interferometric files and sequentially for the matrix files. The results are presented in Figure 3.4 for the
2006/06/10 data.

Each of the twelve boxes in Figure 3.4 represents a different pixel on the camera. The first column
is associated to the first polarization and the second column to the second polarization. The 6 pixels
per column correspond by pairs to the 3 baselines of IOTA: the first two pixels to the A-B baseline, the
third and fourth pixels to the A-C baseline and the last two pixels to the B-C baseline (see the baselines
of IOTA in Figure 3.1 and the configuration used in Table 3.3). Looking at the Vega data (in green),
there is a large difference between the photometry of the interferometric (circles) and the matrix files
(stars). This discrepancy might be due to saturation of the illuminated pixels, which then present a
nonlinear regime in which the amount of detected photo-electrons is not proportional to the incoming
flux. Whereas each individual telescope does not gives enough flux to saturate the detector, the sum of
the three may produce significant saturation, and therefore produce a smaller total flux than the sum of
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Figure 3.4: Flux in ADU in the twelve illuminated pixels as a function of UT time (2006/06/10 data).
The circles and stars represent the photometry of the interferometry and matrix files, respectively. Vega
is in green, 7 Her (H = 0.1) in blue, § Her (H = 1.2) in magenta, A Lyr (H = 1.8) in grey and s Lyr (H
= 1:9) in black.
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the three individual photometries. This phenomenon is particularly pronounced for the first polarization
in the case of the A-C and B-C baselines. However, the behaviour of Vega and its calibrators is quite
different regarding this criterion: the two photometries are generally in agreement for the calibrators.
This could be due to the fact that saturation is reached only in the Vega (H = 0.0) data. However,
the photometric level (roughly 100-150 ADU) and magnitude of 7 Her (H = 0.1, in blue) are similar to
those of Vega, while the behaviour of these data points are not pathologic. This strange behaviour of the
photometry is therefore not completely explained by the possible presence of saturation. The behaviour
of the photometry seems to be better explained by a colour-dependent effect, as Vega is an AOV star
while the calibrators are all K giants. Further tests are performed in the following to address this issue.

Photometric agreement

The photometric agreement provides another way to check the validity of the photometry. Instead of
comparing the photometry in the interferometric files and the matrix files, the photometric agreement
consists in comparing the flux in the interferometric files with the simultaneous photometry. For the
pixel k, the photometric agreement P* is given by:

mean [Ij(x)]

ag _
B = mean |17 (z)]

—1, (3.16)

where [j,(x) and 11"} (z) are respectively the flux and the incoherent flux measured on the pixel & (given
by Eq. 3.3). The bar indicates the mean value computed over the entire scan. The incoherent flux is
computed using the simultaneous photometry, so that the photometric agreement writes:

mean [I(x)] — mean [Zfil /{kiPi(aj)}

B® mean [Zf\il :‘ikzpz(@(m)] o
_ mean [Zf\ij 245 \/lilgmkjFi(CB)Fj (93)} (3.18)

B mean [Zf\il szPZ(x)(a?)] | |
(3.19)

where £;; is the transfer coefficient from telescope ¢ to pixel j and P;(z) the simultaneous photometry
from telescope i computed by matrix inversion. As explained in section 3.1.3, the transfer matrix (x;;)
is determined at each change of target by blocking all beams but from one telescope and measuring the
intensity on each pixel (using then r;; = I;/ > . I;). We will assume here that the detector stays in
the linear regime during the measurements of the x;; coefficients (each pixel collects twice less photons
than in the coherent mode). If all the illuminated pixels stay in the linear regime, the simultaneous
photometry (P;) and the actual photomotry (F; in Eq. 3.3) are equivalent so that the photometric
agrrement becomes:

mean [I°"(z)]
mean [ /I (z)]’

so that the photometric agreement is expected to be close to 0. However, if some pixels enter in a
nonlinear regime, the flux measured on pixel k takes the following form:

P& — (3.20)

N N
Iy(x) = Z Krisk(x) Fi(z) + Z 2vi; \/ﬁklsk(:c)nkjsk(x)ﬂ(a:)ﬂ(a:) ,
i=1

1<j

N N

= Y RRE@) + Y 2w ()R, (@) (@) Fy(a) (3.21)
i=1 i<j

where sp(x) is the saturation law of pixel k and K (x) = Kijsk(x). Consequently, the simultaneous

photometry computed by inversion of the matrix (using the x;; and not the mfj) is wrong and affected
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Figure 3.5: Photometric agreement as a function of flux for the 10 June. Data from the 9 June present
a similar behaviour. Vega is represented by red asterisks, and the calibrators by -+ signs (7 Her in blue,
6 Her in light blue, A Lyr in green, and s Lyr in orange).
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Figure 3.6: Photometric agreement as a function of flux for the 14 June. Data from the 13 June present
a similar behaviour. Vega is represented by red asterisks, and the calibrators by + signs (7 Her in blue,
0 Her in light blue, A Lyr in green, and x Lyr in orange).
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Figure 3.7: Typical flux in ADU in the twelve illuminated pixels as a function of time during the scan
for Vega (left) and = Her (right). The solid lines indicate the flux measured in the interferometric files
(averaged on the 200 scans) while the dotted lines indicate the sum of the fluxes in the matrix files
(averaged on the 50 scans).

by the saturation law of each pixel. Using the expressions 3.17 and 3.21, the photometric agreement
becomes:

mean [Zf\;l Kii(sk(x)Fi(z) — Pi(x)) + Zf\ij 2%3\/Iizz(x)mzj(x)Fz(x)F](x)

mean ZZIL nkiskPZ-(a:)]

pE = ,(3.22)

where P; is now the wrong simultaneous photometry. Because some pixels have entered in a nonlinear
regime, the first term in Eq. 3.22 is not null anymore and the photometric agreement is different from 0.
By systematically computing the photometric agreement, it is then possible to reveal that some pixels
are in a nonlinear regime.

The photometric agreement of our Vega observations is represented in Figure 3.5 (10 june data)
and Figure 3.6 (14 June data), as a function of the flux, for the two different polarizations. Data from
June 9 (resp. June 13) present a similar behaviour than data from June 10 (resp. June 14). On the
pixels corresponding to the A-C baseline and the first polarization, there is a high correlation between
the photometric agreement and the stellar flux for the data of June 10, confirming that these data are
affected by saturation problems. Data from June 14 seem healthy, which is not completely surprising
since the instrumental setup has been changed between June 10 and June 13 nights. The data obtained
on (8 Leo, which present significant lower fluxes, seem healthy as well. We will show in the following
that saturation can introduce biases in the computed squared visibilities, which is very problematic for
our high-accuracy application.

Photometric stability

The presence of saturation revealed by the analysis presented above does not explain alone the behaviour
in Figure 3.4. The flux difference between the matrix and interferometry files seen in the Vega data and
not in the 7 Her data cannot be correlated (or at least not entirely) to the presence of saturation, because
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Figure 3.8: x coefficients for telescope 1 (left) and telescope 2 (right). Vega is in green, 7 Her (H=0.1) in
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these two stars have the same H-band magnitude. To better isolate this lack of correlation, we have
directly looked at the flux measured during the fringe scan. This is illustrated by the solid curves in
Figure 3.7 for Vega (left) and 7w Her (right), showing the evolution of the flux during the scans in the
interferometric files (averaged over 200 scans, see the solid curves) compared to the flux in the matrix
files (averaged over 50 scans, see the dotted curves). The plots clearly show a drop in the continuum for
some of the pixels, particularly for the pixels corresponding to the A-C baseline in the first polarization.
Plotting the mean flux with respect to the mean of the difference between two adjacent points (i.e. the
slope), Figure 3.9 shows that the higher the flux, the steeper the slope for Vega and their respective
calibrators. This is another proof that pixel response becomes more and more nonlinear as the input
flux increase (i.e., a behaviour akin to saturation). It must also be noted that the nonlinear regime is
also reached in some matrix files, especially for the two outputs of the A-C baseline and the first output
of the B-C baseline in the first polarization, which seem to be recorded on pathologic pixels (with a low
saturation level compared to the others). However, this loss of flux induced by such slopes during the
scan is not significant enough to explain the flux discrepancy between the interferometric and matrix
files in the Vega data (see Figure 3.4). Looking again at Figure 3.7, a significant discrepancy between
the initial photometric levels in the matrix and interferometry files can be noted in the Vega data. This
behaviour is predominantly affecting the saturated pixels but is not present in the case of m Her data
(and the other calibrator stars). This suggests that the discrepancy between the initial photometric
levels in the matrix and interferometry files is a color-dependent side-effect of saturation. The origin of
this discrepancy is not well known but is clearly related to a colour-depend response of pathologic pixels
on the PICNIC camera.

Finally, it is interesting to note that the second polarization has significantly lower fluxes compared
to the first one, and that the saturation is almost absent according to this test. One can still see a
trend in the slope-flux diagram (Figure 3.7), but the data mostly remains within 1o, except for the A-C
baseline which seems a bit more problematic (this is also the baseline with the highest flux, which partly
explains the higher slope).

Analysis of the transfer matrix

The discrepancy between the photometry in the interferometry and matrix files could find its origin in
the transfer matrix. As described in section 3.1.3, the transfer matrix indicates the part of the incoming
flux on one telescope which makes it to a specific pixel. By checking the transfer matrix for the different
stars, it is possible to identify a possible flux unbalance as a function of the target color and brightness.
The transfer matrix for the night of June 10 is shown in Figure 3.8 (one of the three telescopes), with
the same conventions as before. The k coefficients of Vega and its calibrator are consistent so that the
origin of the discrepancy has to be searched elsewhere. The transfer matrix from June 9 shows the same
behaviour, whereas the transfer matrices from June 13 and 14 June are perfectly stable.

Impact of saturation on the squared visibility

After the various analyses on the photometry healthiness performed in the previous sections, we focus
in this section on the main observable, i.e. the squared visibility, and we investigate the impact of
saturation. As explained in section 3.1.3, the major step in order to compute the squared visibilities is
to measure the fringe power in the power spectrum of the corrected interferogram (see Eq. 3.15). The
situation is complicated if some pixels enter in a nonlinear regime, since the photometric variations are
not fully corrected and some extra power might contribute to the fringe power.

To investigate this possible behaviour, Figure 3.10 shows the raw squared visibilities with their error
bars as a function of the photometric agreement for June 10 (upper figures) and June 14 (lower figures).
The notations and layout for this figure are the same as before, except that the two pixels corresponding
to the same baseline and the same polarisation state have been merged (following Eq. 3.15). This
figure shows that there is a correlation between the reduced squared visibilities and the photometric
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Figure 3.9: Flux as a function of the slope of the photometry during the scans (2006,/06/10 data). Vega
is in green, m Her (H = 0.1) in blue, § Her (H = 1.2) in magenta, A Lyr (H = 1.8) in grey and « Lyr (H
= 1:9) in black. The circles and stars represent the photometry of the interferometry and matrix files,
respectively.
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agreement. This indicates that the detector nonlinearities are affecting the squared visibilities, which is
very problematic for our scientific programme. This behavior can be partly explained by the expression
3.22, which shows that the photometric agreement is proportional to the coherence factor (7).

It is in principle possible to retrieve squared visibilities for the saturated data, by determining the
saturation law s (z) of each pixel, and then computing the simultaneous photometry with the corrected
transfer matrix (nfj) The core of the problem is thus to determine these saturation laws, which are
different for each pixel. The most straightforward solution would be to fit a polynomial function to the
flux measured on each pixel. However, this approach could seriously jeopardize the data quality and we

gave up it given the accuracy required for our scientific programme.

Conclusions

From the various tests and investigations presented in this section, several conclusions can be drawn
about these data:

1. A nonlinear regime of the detector, probably related to partial saturation effects, is observed for
several pixels in the Vega data from June 9 and June 10. This nonlinearity arises only on the pixels
corresponding to the first polarization, which presents significantly higher fluxes than the second
one. This behaviour is not observed in the data of June 13 and June 14 in both polarizations.

2. Saturation affects the measured squared visibilities. This bias could possibly be estimated by
determining the saturation law of each pixel and then computing the simultaneous photometries
with an adapted transfer matrix. However, determining the saturation law of each pixel would not
be easy (all the more that IOTA has been dismantled and the PICNIC detector is now used for
other applications) and the recovered data would most probably not be sufficiently precise for this
scientific programme.

3. There is a color-dependent response in the nonlinear regime of pathologic pixels. This discrepancy
does not have an impact on the squared visibilities.

4. This nonlinear behaviour is not present in the 8 Leo data.

3.2.4 Data reduction

Based on the various tests presented in the previous section, we decided to disregard the first polarization
in the Vega data from June 9 and June 10, which has been shown to present serious saturation problems,
and only keep the second polarization. For the nights of June 13 and June 14, we keep both polarizations
which are healthy and consistent with each other. In order to achieve a sufficiently good precision on the
measured squared visibilities, we also decide to keep only the data corresponding to hour angles ranging
between -2 and 2 hours. We obtain a lot of data on Vega, covering a wide range of hour angles, and this
selection process largely improves the stability of the transfer function which significantly decreases for
large hour angles (particularly if Cirri are present as it was the case during the nights of June 13 and June
14). For the  Leo data, we keep both polarizations in each night as explained in the previous section.
No selection on the hour angle was applied since the sky was mostly clear during the observations.

Given our best sample of data, the strategy to detect the presence of circumstellar emission around
the target stars follows the method described in section 3.1.2. The interferometric measurements are
compared to the expected squared visibility of the stellar photosphere in order to detect a possible deficit
of V2. The visibility of the bare stellar photosphere is computed taking into account the limb-darkening
profile of the star. Assuming a linear limb darkening law, the monochromatic stellar visibility is given

by (?):

_92 x
V2(bi, ) = <1 - 1;*) [(1 —u— ) Jlf”) + “i/? J‘Q;fj/g ) (3.23)
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Figure 3.10: Raw squared visibilities with their error bars as a function of the photometric agreement

for June 10 (6 upper figures) and 14 (6 lower figures). Each pixel is related to a specified baseline for a
given polarization.
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Figure 3.11: Squared visibilities with error bars as a function of baseline, recorded for Vega (left) and
£ Leo (right) on the various IOTA baselines. The best-fitted model of a limb darkened photosphere
surrounded by a uniform circumstellar emission is represented by the black solid line.

where u), is the linear limb-darkening coefficient and = wfgb, /A, with 0 the limb-darkened diameter of
the star along the direction of the baseline. If the orientation of the photosphere is unknown, the possible
difference between the major and minor angular radii is considered as an additional uncertainty on the
stellar diameter along the IOTA baseline. The wide-band visibilities are then computed by integrating
the above expression on the IONIC bandpass, using the stellar spectrum as a weighting factor and taking
into account the instrumental transmission of IOTA /IONIC (see Di Folco et al. 2007).

Using expression 3.23 and the values for the limb-darkened diameter listed in Table 3.1, it is straight-
forward to compute the expected squared visibility of the bare photosphere. It is represented as a
function of the baseline by the black dotted curve in Figure 3.11 for Vega (left) and 3 Leo (right). The
measured squared visibilities are also shown, with the data from June 9 and June 10 plotted in blue
and the data from June 13 and June 14 in red. Each polarizations can be distinguished by a different
tone of the color. For Vega, these measured squared visibilities are clearly below the expected level of
the bare photosphere, whereas they are at the same level for 8 Leo. To better illustrate the deficit of
squared visibility in the case of Vega, the data are also represented as a function of the hour angle in
Figure 3.12 for each baseline. In order to assess the amount of incoherent emission needed to explain
this visibility deficit, a diffuse emission uniformly distributed across the field-of-view has been added
to the model to the stellar photospheric model (see Eq. 3.2). The only parameter to be fitted is then
the flux ratio between the integrated circumstellar emission and the photosphere. The best-fit model is
represented by the solid black curve, together with the statistical error bar and the reduced y?. The
second term in the error budget is related to the uncertainty on the photospheric models, both for the
science target (uncertainty on the diameter and orientation of the photosphere) and for the calibrator
stars (uncertainty on the stellar diameters, which induces a systematic error on the estimation of the
interferometric transfer function). The results for Vega and ( Leo are discussed separately hereafter:

e For Vega, the fitting procedure gives an H-band flux ratio of 1.36 £ 0.02 4 0.01%, with a x2 of 2.70.
This confirms the CHARA /FLUOR detection of hot circumstellar emission, which was shown to
account for a K-band excess of 1.26 &+ 0.27 £ 0.06% (Absil et al. 2008b). Even though the H-band
flux ratio derived here is very close to the K-band one, its value is somewhat surprising since the
model for the exozodiacal dust around Vega predicts a flux ratio much lower (about 0.6%). This
result will help us to refine this current model, which is suspected to be mainly composed of sub-
micronic highly refractive grains presenting a total mass of 8x10™8Mg, and a fractional luminosity
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of about 5 x 10~

e For 3 Leo, the best-fit model gives an H-band flux ratio of 0.10 4 0.11 4 0.0%, with a x? of 0.97.
The non detection of an H-band excess around this target is very intriguing, since previous K-band
observations with CHARA /FLUOR have confirmed the presence of warm dust accounting for 2.4
+ 1.3% of the stellar flux (Akeson et al. 2009). Further observations of 5 Leo would be necessary
to confirm this result.

3.2.5 Interpretation of the data

As it has been done in previous similar studies, we will model these IOTA observations with the radiative
transfer code originally developed by 7 for cold debris discs, and adapted to the case of exozodiacal
discs (e.g., Absil et al. 2006b; Di Folco et al. 2007; Absil et al. 2008b, 2009). The model considers a
population of dust grains with a parametric surface density profile and size distribution, and calculates
the thermal equilibrium temperature of the grains exposed to the stellar radiation. The code handles
complex chemical compositions for the grains in order to investigate for instance the fraction of car-
bonaceous or silicate material contributing to the observed emission. A specific attention is given in
the model to the treatment of the exozodiacal disc close to the sublimation radius, to account for the
size-dependent position of this radius. The model calculates the thermal and scattered light emissions,
and produces both images and spectral energy distributions to combine observations from different in-
struments (CHARA /FLUOR, Spitzer/IRS, broad-band fluxes). The code allows a broad exploration of
the parameter space. These include the disc properties: surface density profile and mass, and the dust
properties: size distribution and chemical composition. It allows to go beyond a blackbody approach
that poorly constrains the actual location of the dust, and does not permit any discussion of the dust
mass nor of the grains properties and dynamics.

The multi-color (H and K bands) interpretation of the data should significantly reduce the possibilities
on the dust properties allowed by the fit and based on the sole K band. This work is currently under
progress. A Fizeau grant has been attributed to this study and will allow me to spend few weeks at
the “Laboratoire d’Astrophysque de 1’Observatoire de Grenoble” (LAOG) to work with Jean-Charles
Augereau on the dust models for Vega.

3.3 Ongoing work and prospects

3.3.1 Debris disc programme at the CHARA array

Following the pioneering detection of a faint circumstellar dust disc around Vega (Absil et al. 2006a),
a survey of near-infrared excesses around bright Vega-type stars has been initiated. The initial goal
was to cover both the northern and southern hemispheres, with CHARA /FLUOR and VLTI/AMBER.
However, the analysis of data obtained during three runs of observations with VLTI/AMBER shows that
the required precision on the squared visibilities for exozodiacal disc detection (about 1%) cannot be
currently achieved'¥. The survey was then focused on the observations of the nothern hemisphere with
CHARA /FLUOR. The target stars were selected through the presence of significant mid- to far-infrared
emission in excess to the expected stellar photospheric flux and identified by infrared space missions.
One of the main objectives of the survey is to identify new targets with significant near-infrared excess
(> 1%), which will then be observed in more details at various wavelengths and spatial resolutions, and
control a sample consisting of stars with no cold dust detected so far. A detailed model of the discs will
then be derived from the available constraints on the SED. With a sufficient sample of targets, it also
become possible to constrain the statistics of the hot debris disc phenomenon in order to investigate a
possible correlation with either stellar or cold dust population properties. By increasing the statistics,

!4 This might partially change with the new version of amdlib 3.0 - TBC.
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Figure 3.12: Squared visibilities with error bars as a function of hour angle, recorded for Vega on
the various IOTA baselines. The blue region represents the 1-0 box defined by the photospheric model.
The best-fitted model of a limb darkened photosphere surrounded by a uniform circumstellar emission is
represented by the black solid line, while the dotted lines represent the 3-o statistical uncertainty on the
best-fit model. The first polarization is represented by empty data point, while the second polarization is
represented by filled data point.
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better constraints on the possible scenarios for the very high on-going dust replenishment rate in the
inner part of debris discs (e.g., transient event like a large asteroidal collision, or major dynamical
perturbations within the planetary system) can be established. This will already be an indicator of
the level of exozodiacal emission that one can expect around nearby main-sequence stars, which is of
crucial relevance for future life-finding space missions (see chapter 7). On the other hand, the survey
has also the objective to look for variability in the near-infrared emission of the hot dust population
to identify the dust production mechanisms. For instance, re-observing Vega several years after the
discovery observations might provide for the first time the detection of significant fluctuations in the
hot dust content, which is predicted by certain scenarios. Recent K-band observations of Vega with the
Fiber Nuller!® are currently under investigation (?).

The first results of the survey have been reported by Di Folco et al. (2007) and Absil et al. (2008b).
Several other stars have been observed since then and a total sample of 30 stars among which 17 with
known cold dust have now been observed. The sample consists in 11 A-type stars (8 with cold dust), 10
F-type stars (4 with cold dust) and 9 G- and K-type stars (5 with cold dust). Even though the data are
still under analysis, preliminary results indicate some interesting statistical properties (?):

e Frequency versus spectral type. Early type stars are more likely to present an infrared excess
with 45-64% (£14%) for A-type stars, 20-50% (£15%) for F-type stars and 11% (£17%) for G-
and K-type stars. The range of exozodi occurence depends wether marginal detections are included
or not.

e Frequency versus presence of cold dust. No significant correlation is presently found in the
sample of observations. An infrared excess has been detected around 29-47% (£11%) of stars with
cold dust and 21-36% (£13%) with no cold dust.

3.3.2 Prospects with the Keck nuller

The Keck Interferometer Nuller (KIN, see section 4.3.2) has been precisely built to detect and characterize
the inner parts of circumstellar discs around nearby stars, providing the appropriate combination of
spatial resolution and dynamic range world-wide in the mid-infrared. Whereas the discs discovered so
far by CHARA/FLUOR, VLTI/VINCI and IOTA/IONIC are typically a few thousands times more
luminous than the solar zodiacal cloud, preliminary results from shared-risk observations and from
the 2008-2009 Key Science programs show that the KIN can detect exozodiacal disks with densities
around 300 times the solar zodiacal cloud. In this context, modeling N-band observations of KIN in
conjunction with K- and H-band data previously obtained with CHARA /FLUOR, VLTI/VINCI and
IOTA/IONIC will not only provide a mere flux- (or mass-) scaling of the Solar System zodiacal cloud to
an unprecedented level, it will also easily help to characterize any significant departure from the solar
zodiacal dust distribution in these bright debris discs.

Thanks to the resolved N-band observations provided by the KIN, it will be possible to directly con-
strain the spatial distribution and temperature of the dust grains, by comparing the size and brightness
of the disc in K and N bands. This cannot be done based on either K-, H- or N-band observations
alone. In addition, obtaining resolved observations at several wavelengths from 8 to 13 um will provide
a wealth of information to detect silicate dust grains in the discs. Large silicate features would confirm
that the grains are small and hot as expected from the K-band observations. In case no silicate features
are observed, models with carbonaceous species or large silicate grains will be preferred.

5The Fiber Nuller is a so called rotating nulling interferometer developped at the Jet Propulsion Laboratory
(JPL/NASA). This transportable instrument is used on the Hale telescope of the Palomar Observatory.
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3.3.3 Further perspectives: Antarctica and space

Assessing the level of circumstellar dust in the habitable zone of nearby main-sequence stars is not only
relevant for understanding the physics of planetary systems but also of crucial importance for future
life-finding space mission. In particular, the detection of habitable terrestrial planets would be seriously
hampered for stars presenting warm (~300K) exozodiacal dust denser than about 10 to 20 times the
solar zodiacal disc (see chapter 7). In that respect, substantial efforts have been made in the past few
years to achieve the detection of fainter and fainter exozodiacal discs. In addition to KIN, which enables
the detection of exozodiacal discs down to a density of a few hundreds zodis, LBTT is expected by 2011 to
improve the detection limit down to a few tens of zodis for the northern hemisphere (7). The ALADDIN
project (see Section 4.4.2) is expected to provide similar performances from Antarctica for the southern
hemisphere. To go beyond this sensitivity, space-based nulling interferometers are particularly promising
to measure the near-infrared emission of exozodiacal discs down to the density of the solar zodiacal cloud.
The performance study of space-based nulling interferometers is one of the major topic of this thesis (see
chapter 5).
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Abstract. After reviewing why interferometry is essential in modern astronomy, this chapter presents
the basic principle of a specific promising method: nulling interferometry. In addition to provide the
required spatial resolution, this technique offers an elegant solution to explore faint regions around a bright
object (e.g., a planet around a star), relaxing the high dynamic range constraints. After a theoretical
introduction, the first ground-based experiments currently under development in the United States are
presented with their preliminary scientific results. Finally, two major Furopean ground-based projects
are described: the Antarctic L-band Astrophysics Discovery Demonstrator for Interferometric Nulling
(ALADDIN) and the Ground-based European Nulling Interferometer Experiment (GENIE).

4.1 Principle of nulling interferometry

In addition to the high angular resolution necessary to study extrasolar systems, another major difficulty
comes from the luminosity contrast between the science target (e.g., planet, disc) and the host star. For
instance, the luminosity contrast between Earth and the Sun is about 107'° in the visible and 1077
in the mid-infrared. Unfortunately, the dynamic range of state-of-the-art stellar interferometers, a few
0.1% (Absil 2006), is not sufficient, and thus only bright debris discs can be investigated.

In this context, Bracewell (1978) proposed nulling interferometry as a solution to directly detect
extrasolar planets. The basic principle of nulling interferometry 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 (see Figure 4.1). The response of this simple interferometer on the plane
of the sky is a series of sinusoidal fringes, with an angular spacing of A\/b which transmits the light

73
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Figure 4.1: Schematic configuration of a Bracewell interferometer (left Figure, from Absil 2006) with
the corresponding response on the sky (right figure). The beam-combining system produces a destructive
interference by applying an achromatic 7 phase shift to one of the two input beams and by superposing
them in a co-axial way. At an angular distance A/2b (X is the wavelength and b the baseline length) from
the line-of-sight, the interference is constructive and the flux from a planet located at this position is fully
transmitted.

from an off-axis source by adjusting the baseline length (see Figure 4.1, right). As the baseline is
rotated in the plane perpendicular to the star direction, the star remains nulled, and the planet moves
through peaks and nulls of the response, giving an output photon rate that is modulated in time.
Appropriate demodulation of this output gives the flux of the planet and its position relative to the star.
The rationale of the Bracewell’s proposal was already based on the limited performances of indirect
techniques (astrometry, radial velocity) and on the inability of “direct photography” to detect small and
faint extrasolar planets around bright stars. The purpose of the initial proposal was the detection of
Jupiter-like planets in the far-infrared (40 pm) with a moderate interferometer baseline (7.7 m), altought
the key features of future missions for Earth-like planet detection were already included.

The idea proposed by Bracewell has led to the definition of the so-called “Bracewell” interferome-
ter, meaning a two-telescope nulling interferometer. The primary disadvantage of the single Bracewell
configuration is that the response on the sky is symmetric on either side of the star. As a result, the
planet position angle has a 180° ambiguity, it is difficult to separate the planet signal from other sources
of emission and it is not possible to implement phase chopping (see section 4.2). A number of interfer-
ometer configurations with more than two collectors have been proposed to overcome these limitations
(Angel and Woolf 1997; Mennesson and Mariotti 1997; Absil 2001). In the following section, the generic
response of these configurations is presented.

4.1.1 Instrument response

The method described in this section to derive the instrument response relies on the full analytical
study of Lay (2004). This method has the advantage to be easily applicable to any interferometer
configuration, represented in a generic way in Figure 4.2. The final detection of output photons of a
nulling interferometer can be performed either in a pupil plane or in an image plane. In the first case, a
single-pixel detector is sufficient to record the total flux in the output pupil, coming from all the sources
in the diffraction limited field-of-view. In the latter, an image similar to that of a single telescope is
formed, except that the relative contribution of each source is affected by the interferometer’s intensity
response at its location. In any case, no fringe is formed nor recorded, and the final output generally
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Sky plane

AN

Interferometer plane

Figure 4.2: Schematic of a generic nulling interferometer and target system. The two angular coordinates
(0, ) denote the position in the sky plane.

consists of a single value: the total intensity in the diffraction-limited field-of-view. At the output of the
interferometer, the total detected photon rate (excluding stray light') can be written as:

N:/Q/QBsky(s)R(s)P(s) Ododa , (4.1)

where Bgyy is the brightness distribution on the sky for a spectral channel centered on wavelength A and
a bandwidth AX < 1 (units in photons/s/m?), s is a unit vector whose direction represents the position
on the sky, P(s) is a field-of-view taper function resulting from the size of a collecting aperture and the
input response of the single-mode spatial filter (equal to 1 on axis) and R(s) is the intensity response of
the interferometer on the sky (excluding the taper), the so-called transmission map.

To deduce the transmission map, the first step is to compute the expression of the electrical field
produced by a point source of unit flux at position s. Due to the linearity of Maxwell equations, the
result is simply given by the sum over the contributions from each collector:

) 27
r(s) = ;Aj exp [z <¢; + Sl s)] , (4.2)
where j is the index identifying the collector, 7 is the imaginary unit, A; is the electric field amplitude

response for collector j, scaled such that Ajz represents the detected photon rate from a source with a

flux of 1 photon/m? (including the beam combiners), ng;- is the relative phase shift for collector j and z;
the vector position for the center of collector j. The transmission map is then given by:

o = =l (125 {5
= D> AjAxcos (¢;~—¢z+2§<xj—xk>-s) . (43)
j k

This expression represents the interference pattern and defines which parts of the field-of-view are trans-
mitted by constructive interference, and which are blocked by destructive interference. To be specific,

16Stray light is made of the photons originating from outside the interferometer and which do not follow the nominal
route to the detector. It includes scattered light from the target and thermal photons from the instrument.
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Figure 4.3: Left: Monochromatic transmission map for a Bracewell interferometer formed by two 2-m
telescopes for a factor \/b fixed at 5x10~7 (corresponding for example to A=10 pm and a baseline length
of 20 m). The transmitted parts of the field are indicated by bright stripes while those that are indicated
by dark stripes, including the central dark fringe, indicate the blocked parts. Right: Monochromatic
transmission map for a 4-telescope nulling interferometer with 2-m mirrors with an aspect ratio of 4 (the
long baseline length is 4 times larger than the short one). This configuration is referred to as X-array and
is the current configuration for the Darwin mission (see Chapter 7 for more details).

the transmission of a single Bracewell interferometer (2 telescopes, ¢} =0, ¢, = m, A;=As=A) writes:

b
R(f, o) = 4A%sin? (7?/\ cos a> , (4.4)

taking into account that (xg —x1)-s=bf cos a with b the baseline length and (0, &) denoting the position
in the sky plane. The resulting transmission map is represented in Figure 4.3 (left) for a Bracewell
interferometer with 2-m telescopes. The baseline length which would locate a planet (at an angular
distance 6}, from its host star) is then given by b = A/(26,,).

The right part of Figure 4.3 shows the transmission map of a 4-telescope nulling interferometer with
2-m mirrors. This configuration is referred to as X-array and is the current baseline configuration for
the DARWIN/TPF mission (see Chapter 7 for more details). For both transmission maps, the ratio A/b
has been fixed at 5x10~7 representing for example a nulling interferometer working at 10 pm with a
nulling baseline length of 20 m. In theory, there is no real limitation to the field-of-view of a nulling
interferometer, although the crests and troughs of the transmission map wash out for angular distances
larger than A?/(bA)) due to the effect of the finite bandwidth.

Substituting the expression of the transmission map (see Equation 4.3) in Equation 4.1, the expression
of the output intensity writes:

N = zj: zk: AjAk{ cos(d; — k) / / By sy (6, @) P(8) cos <2;[bjk cos a]) 0doda
~5in(6; ~ ) [ [ Bayiom(8,0)P(0) x sin (i”[bjk a1) ededa} , (45)

where bj, = (ﬂfik + yjz»k)o":’ is the length of the projected baseline between collectors j and k and By sym
(resp. Bgky asym) is the symmetric (resp. asymmetric) part of the sky brightness distribution. The double
integrals are two-dimensional Fourier transforms of the sky brightness distribution, including the field-
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of-view taper, which are denoted by a horizontal bar:

N = Z Z A]Ak [COS(¢j - (bk)ESky,jk,sym - Sin((bj - ¢k)§sky,jk,asym] . (46)
ik

The total photon rate is therefore a sum over all possible pairs of collectors. If a baseline has a phase
difference of 0, + 7 or £ 27, then its contribution to the photon rate comes entirely from the symmetric
brightness distribution while a baseline with a phase difference that is an integer multiple of 7 /2 couples
entirely to the asymmetric brightness distribution (like a planet). This total output photon rate contains
the contributions from the planet (Nplanet), star (Ny), exo-zodiacal cloud (NNgz), local zodiacal cloud
(N1z), stray light and any solar photons that are scattered into the instrument (Ngtray), and instrumental
thermal emission (Niperma1). Therefore, it can also be written as:

N = Nplanet + Ni + NEZ + NLZ + Nstray + Nthermal
Ny + 0N, (4.7)
where the second equality indicates that the photon rate at the detector can be written as the sum of
the photon rate for an ideal instrument without perturbations (V,) and the additional photon rate that

is due to perturbations (JV, the “perturbation leakage”). These two terms are addressed separately in
the following sections.

4.1.2 Main noise sources

Even for an ideal instrument, photons from the different sources leak through the interferometer (as
illustrated in Figure 4.4, left). The main sources have characteristic contributions described hereafter:

e The planet can be represented by a point-like § function in Equation 4.5 and has both symmetric
and asymmetric components:

N, =F, Z Z AjAk{ cos(¢j — ¢x) cos (2; (b0 cos ap]>
ik

2
— sin(¢; — ¢y,) sin <;[bjk9p cos ap]> } , (4.8)
where F), is the flux from the planet and (6,, o) its position on the sky.

e [f the star is assumed center symmetric, the stellar contribution to the detected photon rate is
given by:
N* ~ Z Z A]Ak COS(¢j — ¢k)B*jk . (4.9)
ik
Assuming also that the stellar brightness is distributed over a uniform circular disc, the Fourier

transform is then given by:
— 27,10, 2mb ;10
B*jk:2F*J1< = >/ e (4.10)

where F is the stellar flux at wavelength A over the bandwidth A\, J; is the first kind Bessel
function and 6, is the stellar angular diameter.

e The exozodiacal dust emission is several orders of magnitude fainter than the one from the star,
but cannot be nulled efficiently since it extends into the HZ. The detected photon rate can be
calculated with Equation 4.6:

Niy ~ Z Z AjAg cos(¢p; — dr)Brzik - (4.11)
ik

assuming here again that the brightness distribution is center symmetric.
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Figure 4.4: Schematic representation of different contributions to the detected photon rate on the output
of a nulling interferometer (figure adapted from Lay 2004, see main text for further information).

e The local zodiacal dust is a uniform and incoherent foreground source of photons. It can be
calculated with the symmetric part of Equation 4.5, leading to:

Nipz =Brz Y AIAQ, (4.12)
J

with AQ; being the effective solid angle of the collector beam pattern. For the local zodiacal dust,
the photon rate only depends on the amplitudes (no phase or baseline dependence).

Finally, the geometrical leakage (IVy) is defined as the part of the sky brightness distribution that
“leaks” through the ideal instrument (except the planetary signal, N,) and can be derived using Equations
4.9, 4.11 and 4.12:

N, = N,-N,
= Z Z Aj Ay cos(¢; — i) (Bsjk + Bezjk) + Brz Z ATAQ; . (4.13)
- -

J J

Considering a Bracewell interferometer and assuming that the emissions of the exozodiacal and local
zodiacal clouds are negligible with respect to that of the star, the geometrical leakage is given by:

(4.14)

N A2(27rbc9*>2
gi * )

4N

taking into account that Jy(z)/z ~ 1 — (x/4)? for # < 1. Useful quantities to characterise a nulling
interferometer is the geometric nulling ratio GG, defined as the ratio between the transmitted flux and the
initial flux at the input of the beam-combiner (flux coming from both telescopes), and its corresponding
rejection factor py, defined as the inverse of the nulling ratio:

N, 72 (b6, \? 4 (A/b\?
G = g _ _ * . = . 4.15
2F, A2 4()\)’ Ps w2(0*> (4.15)
These quantities depend on two parameters: the wavelength-baseline ratio, which sets the angular res-

olution of the interferometer, and the angular radius of the star (6,). The rejection factor decreases for
longer baselines (or shorter wavelengths) as the stars get more and more resolved.
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4.1.3 Sensitivity to perturbations

If the instrument were ideal, the total photon rate on output of a nulling interferometer would be given
by the sum of expression 4.13, the geometrical leakage, and expression 4.8. In practice, the photon
rate is affected by instrumental perturbations, such as intensity, Optical Path Difference (OPD) and/or
pointing errors. For the stellar emission, the contributions of each perturbation can be assessed by
deriving Equation 4.9 to the second order:

AN, 8]\7* ON, 1 92N,
SN, ZL?A ¢5¢J o, +8yj6y]}+;;{2814814k5145k
0?N, 1 0?N,
T oA 060 0% T 5 55 0 0010 ¢’“]
Y (Chydas + Chio¢; + Criowy + Crioys) + > Y [Chadaidar + Chyirda;oox
J Jj ok
+C54i10050¢%] , (4.16)

defining da;=3dA;/A; and C*, the sensitivity coefficients for the star which can be written as:

ON,
C:U = AJH ~ 2A ZAk Ccos ¢ ¢k) xjk (417)
ON,
C;j = ~ —24; ZAksmqﬁ ®%)Bajk » (4.18)
0¢; k#j
. _ - 41
Cr; 5m] QZA Ay, cos(p; — ér) oz, (4.19)
SN OB,
= “x2) AGjA = ) 4.2
Cr; 5, zk: A cos(¢; — dx) y; (4.20)
. 1 52N,
Chaje = §AjAk A0, ~ Aj A cos(¢; — ¢r)B x5k 5 (4.21)
52N,
Chgjr = AJW
- { 24 Apsin(¢; — ¢p)Buje  JF#k (4.22)
—2A;> 7, Aysin(¢; — @) Ba j =k
. 1 62N,
Cootk = 355,000
N { Aj Ay cos(¢p; — ¢k)§*jk7 JjF#k (4.23)
—A; > Ajcos(¢j — ¢))Baw J =k

The second order is necessary since the amplitudes and phases are chosen to null the stellar photon
contribution, leading to first order derivatives close to 0. Considering the other contributors to the
photon rate, the “perturbation leakage” N is given by

SN =Y " (Cajdaj + Cyjod; + Cujox; + Cyidy;) + > Y [Canjebajdar + Cagirda;dcy,
J j ok

where C' is the global sensitivity factor, which can be computed similarly for other sources with Equa-
tions 4.17 to 4.23. Asillustrated in Figure 4.4, the perturbations lead to two classes of leakage : “geometric
leakage perturbations” and “null-floor leakage”. Geometric leakage perturbations arise from the linear
terms in Equation 4.24 while the null-floor perturbations arise from the nonlinear terms.
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Phase chopping techniques (described in the following section) allow for the subtraction of the null-
floor leakage, which is the same in the two chopped states provided that there is no systematic difference
between them. The null floor will therefore contribute only as an additional source of shot noise. On
the other hand, most of the instrumental noise is not suppressed by phase chopping, as proven by Lay
(2004). This contribution, referred to as instability noise (previously “systematic error” or “variability
noise”), is dominated by nonlinear, second order terms related to the perturbations in the amplitudes,
phases and polarisation angles of the electric fields from each telescope. Three independent studies have
been dedicated to instability noise (Lay 2004; d’Arcio 2005; Chazelas et al. 2006), which is also briefly
discussed in the context of DARWIN/TPF in section 7.2.2.

4.2 The need for chopping

Even if the stellar emission is sufficiently reduced, it is generally not possible to detect Earth-like planets
with a static array configuration, particularly due to the dominant exozodiacal emission. This is the
reason why Bracewell proposed to rotate the interferometer such that the planet signal would then
be temporally modulated by alternatively crossing high and low transmission regions, while the stellar
signal and the background emission remain constant. The planetary signal could then be retrieved by
synchronous demodulation. The first array configurations designed to separate the planetary signal
from the exozodiacal emission have been proposed by Angel and Woolf (1997) and by Mennesson and
Mariotti (1997). The former relied on the strong modulation of the exozodiacal emission at twice the
interferometer rotation frequency (due to its symmetry), while the latter suggested to break the central
symmetry of the interferometer, for example by using five telescopes regularly located on a circle or on an
ellipse. However, since the rotation of the array can not be implemented sufficiently fast, this observing
scenario is highly vulnerable to low frequency drifts in the stray light, thermal emission, and detector
gain. To perform faster modulation and overcome this problem, the technique of phase chopping has
been proposed in 1997 by J.-M. Mariotti (Mennesson et al. 2005). The principle of phase chopping is
to synthetise two different transmission maps with the same telescope array, by applying different phase
shifts in the beam combination process (see Figure 4 in Section 7.2.2). By quickly switching between
the two different transmission maps, it is possible to modulate the planet signal without modulating the
stellar, local zodiacal cloud, exozodiacal cloud, stray light, thermal, or detector gain contributions to the
noise. Phase chopping can be implemented in various ways (e.g., inherent and internal modulation, see
Absil 2006), and are now an essential part of the future space-based life-searching space missions.

Figure4 in section 7.2.2 illustrates the principle of phase chopping. The outputs of two Bracewell
interferometers are combined with opposite phase shifts (+ 7/2) to produce two transmission maps (or
“chopped states”). Taking the difference of the photon rates obtained in the two chopped states gives
the chopped response of the array (R.), given by:

Ro(0,0) = %[RL(H, o) — Ru(6,a)], (4.25)

where Ry, and Rp are the two chopped states. The factor 1/2 accounts for the fact that the instrument
spends only half the time in each chop state. The chopped response (R.) is the so-called modulation
map, which can be negative by construction. Since the value of the modulation map varies across the
field-of-view, the position of the planet cannot be unambiguously inferred and an additional level of
modulation is mandatory. This is provided by the rotation of the interferometer (typically with a period
of 1 day). The two levels of modulation (chopping and rotation) allow to define the concept of “rotational
modulation efficiency”, which indicates the part of the incoming signal which is actually modulated and
thus retrievable by synchronous demodulation. The rotational modulation efficiency for the X-array
configuration is about 50%, depending on the radial distance as shown in Figure 4.5 (right). The left
part of Figure 4.5 shows the modulation map in polar coordinates, so that each abscissa corresponds
to a complete rotation of the interferometer. Note that the rotational modulation efficiency for several
array configurations has been investigated by Lay (2005).
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Figure 4.5: Left: modulation map of the X-array configuration in polar coordinates. Right: Corre-
sponding rotational modulation efficiency (red curve, labelled “rms signed”). The blue curve (labelled

“avg unsigned”) indicates the mean value of the modulation map absolute value (see main text for further
information).

The variation of the chopped planet photon rate with the rotation angle of the array appears at the
right of Figure 4 in Section 7.2.2. Finally, the most common approach applied to retrieve the planet
is correlation mapping, a technique closely related to the Fourier transform used for standard image
synthesis (Lay 2004). The result is a correlation map, displayed for a single point source in the low
right part of Figure 4 in Section 7.2.2. This represents the Point Spread Function (PSF) of the array.
This process, illustrated here for a single wavelength, is repeated across the waveband, and the maps are
co-added to obtain the net correlation map. The broad range of wavelengths planned for DARWIN /TPF
greatly extends the spatial frequency coverage of the array, suppressing the side lobes of the PSF.

4.3 First ground-based nulling instruments

4.3.1 BLINC at the MMT

The Bracewell Infrared Nulling Cryostat (BLINC) is a nulling interferometer installed on the Multi-
Mirror Telescope (MMT, Mont Hopkins, Arizona). It was first installed on the segmented version of
the MMT, using the beams from two of its 1.8-m segments (Hinz et al. 1998b), and produced first
scientific results on late-type giant stars around which dust outflows were detected (Hinz et al. 1998a).
After the refurbishment of the MMT in 1999, BLINC was re-installed on the new 6.5-m monolithic
telescope (Hinz et al. 2000). It uses the two parts of the MMT’s 6.5-m primary mirror to create an
interferometer with two elliptical 4.8 x 2.5-m sub-apertures and a baseline length of 4 m (see Figure 4.6).
These two sub-apertures are overlapped in the pupil plane in order to destructively interfere the central
point source in the image plane. Nulling interferometry is implemented in combination with the MMT’s
adaptive optics (AO) secondary mirror. The addition of AO has benefits for nulling, providing correction
of atmospheric wavefront aberrations in the incoming light which allows destructive interference to be
precisely tuned for the deepest possible suppression of starlight. However, despite adaptive optics, the
performance of BLINC is limited to a few percent in null depth because of mechanical vibrations. The
BLINC instrument has obtained nice results on YSO and Vega-type stars (Liu et al. 2003, 2004, 2005,
2007). Recently, a survey of nearby main sequence stars to search for evidence of exozodiacal dust has
been initiated. First results show no evidence of warm debris in the habitable zone of six nearby main
sequence stars (a CrB, a Lyr, 8 Leo, v Ser, € Eri, and ¢ Lep). These results place a 3-0 upper limits
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Figure 4.6: Left: Picture of the Multi-Mirror Telescope (MMT, Mount Hopkins, Arizona). Right:
Division of the MMT pupil by the BLINC instrument to artificially produce a baseline of 4 m between
two oval sub-pupils and perform destructive beam combination (figure from Absil 2006).

on dust density of these systems ranging from 220 to 10* zodi (Liu et al. 2009). Note that the BLINC
instrument has also been used in the southern hemisphere, at the Magellan I (Baade) telescope.

4.3.2 Keck Interferometer Nuller (KIN)

The Keck Interferometer nuller is part of the KI previously described (see Section 2.3). Following
laboratory development and testing, the addition to KI of the hardware to implement the nuller mode
began in June 2004, and first 10-pm measurements were performed later that year. The first null
measurements took place in early 2005, with first stabilized nulls in mid 2005. Shared risk observations
began in October 2005 in parallel with continued nuller development. The KIN is implemented as a
four-beam system operating at a wavelength of 10 um. The two Keck telescope apertures are split into
left (“primary”) and right (“secondary”) halves at a dual-star module (DSM) at each telescope (Colavita
et al. 2008). Accounting for diffraction, the beam size on the sky at 10 um is approximately 0.45-0.50
arcsec. Two modified Mach-Zehnder nullers combine the light from the left halves and right halves on the
85-m long baseline. The outputs of the two long baseline nullers are combined in a Michelson combiner
with a short 4-m effective baseline. The output of the cross combiner feeds the nuller mid-IR camera.
Nulling on the long baseline is used to suppress the central star in order to detect surrounding extended
emission, while modulation on the short baseline allows fringe detection in the presence of the strong
thermal background. Because of the limited control bandwidths achievable with the integration times
required to observe faint 10-pm sources, phasing and tilt stabilization rely upon feed-forward from two
2-pm fringe trackers (i.e., phase-referencing, or cophasing), as well as tilt feed-forward from the KI angle
tracker operating at 1.2 or 1.6 um. Laser metrology and accelerometer feed-forward is used to stabilize
against non-atmospheric disturbances. A distributed real-time control system checks the various servos
and interconnections, aided by high-level sequencers.

The objective is to achieve exozodiacal disc detection at the 30-zodi level around G2V stars located
at 10 pc. This level of performance requires a deep and stable instrumental null depth of at least 0.1%
at 10 ym. First science results with the KIN have been recently reported (Serabyn et al. 2006). In
2007 a series of performance validation tests were completed in preparation for a NASA call for nuller
key science teams to participate in an intensive observing programme to be carried out in 2008 and
2009. First results have been published very recently: observations of the nova RS Ophiuchi (RS Oph)
approximately 3.8 days following the most recent outburst that occurred in 2006, supporting a model in
which the dust appears to be present between outbursts and is not created during the outburst event
(Barry et al. 2008). Other results are related to the observations of 51 Ophiuchi (51 Oph), a rapidly
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Figure 4.7: Left: Picture of the Keck interferometer (Mauna Kea, Hawaii). Right: Artist concept of the
fully assembled Large Binocular Telescope Interferometer (LBTI, Mount Graham, Arizona).

rotating star located at 131 pc showing a large infrared excess in its spectral energy distribution due to
dust emission from a circumstellar disk (Stark et al. 2009).

4.3.3 Large Binocular Telescope Interferometer (LBTI)

The Large Binocular Telescope Interferometer (LBTI) is a ground-based interferometer currently under
development by the University of Arizona and located at Mont Graham, Arizona (see Section 2.3.3 for
further details). The Nulling Camera (NIC) will present a science channel between 8 and 13 ym. NIC
is composed of two different science channels, a long wavelength channel, called the Nulling Optimized
Mid-Infrared Camera (NOMIC) and a short wavelength channel, called LMIRcam. The long wavelength
channel can be diverted to an intermediate set of optics, called NIL (Nulling Interferometer for the
LBT) or relayed directly to NOMIC. The components of NIC are housed within a single cryostat. The
design has been optimized to minimize the volume of the cryostat and to allow cooling with a single
mechanical cooler. The cryostat also houses a K-band fast readout camera (Phasecam) to sense phase
variations between the LBT apertures and carry out closed loop correction. The optical design uses
diamond-turned biconical mirrors to realize diffraction-limited performance in a compact space. A range
of cryogenic actuators and alignment mechanisms have been developed to carry out a fine alignment of
the interferometer and to feed the spectral channels of NIC.

The characterization of habitable environments is the primary goal and key science deliverable of the
LBTTI project. LBTI will accomplish this in two ways. First, by detecting zodiacal dust, it will probe the
HZ of nearby stars to search for exozodiacal dust emission. Secondly, by detecting Jupiter-like planets
and characterising their orbits, LBTI will identify which stars have gas giants similar to those of our
solar system and determine whether these planets provide a dynamically stable or unstable HZ. These
science objectives are of crucial importance for future searches for Earth-like planets.

4.4 The European projects

4.4.1 GENIE

GENIE (Ground-based European Nulling Interferometer Experiment, Gondoin et al. 2004) is a nulling
interferometer conceived as a focal instrument for the VLTI. It has been studied by ESA at the phase A
level. GENIE was intended as a next step toward DARWIN/TPF but has been unfortunately put on hold
by ESA and ESO. The objectives of the GENIE project were twofold. From a technological and opera-
tional point of view, the goal was to advance and mature the experience on designing, manufacturing and



these: version du mercredi November 4, 2009 a 20 h 04

84 Chapter 4. Qverview of nulling interferometry

Figure 4.8: Overview of the ALADDIN infrastructure. A 32-m rotating truss bearing two 1-m diameter
telescopes is mounted on a 18-m high structure. The light beams collected by the two telescopes are
routed towards the nulling instrument cryostat by fixed relay optics (© AMOS).

operating a nulling interferometer, employing DARWIN/TPF representative concepts and technologies.
From a scientific point of view, the objective was to perform a systematic survey of candidate targets for
DARWIN/TPF in order to detect bright exozodiacal dust discs around nearby solar type stars. GENIE
would have benefitted from the existing VLTI infrastructure including 8-m Unit Telescopes (UT) and
1.8-m Auxiliary Telescopes (AT) with chopping, adaptive optics, delay lines, fringe sensors and a beam
combiner laboratory. The overall capabilities of the instrument heavily depend on the performance of
all VLTT sub-systems and in particular on the adaptive optics and co-phasing sub-systems. The GENIE
optical bench within the VLTI laboratory would have provided the functions specific to the nulling inter-
ferometry technique, namely photometry and amplitude control, polarization matching, phase shifting,
beam combination and internal modulation, spatial filtering, spectrometry, detection, electronics and
cryogenics.

Considering the DARWIN/TPF targets, GENIE/UT could have detected exozodiacal discs about 50
times as dense as the solar zodiacal cloud (Absil et al. 2006a). Thanks to the shorter available baselines,
GENIE/AT would have also been valuable to observe the closest stars for which GENIE/UT is strongly
limited by the geometric leakage (see Equation 4.15). Further information on the capabilities of GENIE

is given in Chapter 5, reporting the comparison of performance with other nulling instruments such as
ALADDIN which is described hereafter.

4.4.2 ALADDIN

ALADDIN (Antarctic L-band Astrophysics Discovery Demonstrator for Interferometric Nulling, Coudé
du Foresto et al. 2006) is a Bracewell interferometer with two 1-m collectors, foreseen to be installed at
Dome C (Antarctica). The two moveable siderostats are located on a 32-m long rotating truss installed
on top of an 18-m tower and are able to move on a circular path to maintain the source at the meridian
of the baseline (see Figure 4.8). In that manner, the baseline is always perpendicular to the line of
sight so that neither long delay lines nor dispersion correctors are needed. This design has also the
advantage to benefit from the exceptionally low turbulence of the free air 18 m above the ground. The
whole nulling instrument is assumed to be enclosed in a cryostat, in order to improve its overall stability
and to mitigate the influence of temperature variations between seasons at the ground level (the mean
temperature during the austral summer is about 40° C higher than during winter, while the instrument
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should be usable during the whole year). The lower temperature of the optics inside the cryostat (77
K) also further decreases the background emission produced by the instrument. The available baseline
lengths range from 4 to 30 m and provide a maximum angular resolution of 10 mas in the L band (ranging
from 2.8 to 4.2 um).

The L band has been chosen in relationship with the main scientific goal of ALADDIN which is to
investigate the inner region of exozodiacal discs. The 10-mas maximum angular resolution provided by
this wavelength range is largely sufficient to study the HZ around DARWIN/TPF-I candidate targets,
since they are typically separated by a few 10mas from their parent star (see Figure 5.2). ALADDIN
presents an improved sensitivity with respect to GENIE and should be able to detect exozodiacal discs
at the level of 30 zodis. The capabilities of ALADDIN have been studied in detail and compared to those
of GENIE (Absil et al. 2007) and PEGASE/FKSI (Defrére et al. 2008, see Chapter 5 for more details).
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Abstract. PEGASE and FKSI are space-based single Bracewell interferometers conceived as scientific
precursors and technological demonstrators for future exo-Farth characterisation missions. Their main
scientific goals would be to enable the high-angular resolution study of EGPs and exozodiacal discs at
infrared wavelengths. Characterisation of exozodiacal discs with interferometry has been recently recom-
mended as one of the priorities in the medium term (6-10 years) by the recently completed report of the
Ezoplanet Task Force (2008). After a brief overview of PEGASE and FKSI, this chapter is dedicated to
their performance simulation for exozodiacal disc detection. Comparison with ground-based instruments
18 also provided.

5.1 Introduction

Characterisation of debris discs around nearby stars is an important complement to planet finding for
several reasons. Primarily, the existence of planets is intrinsically linked to circumstellar discs and
observing them provides an efficient way to study the formation, evolution and dynamics of planetary
systems. Photometric surveys primarily with IRAS, ISO, and Spitzer have revealed the presence of
micron-sized grains around a large number of main sequence stars (e.g., Trilling et al. 2008; Hillenbrand
et al. 2008). This is interpreted as the presence of planet building material, the production of grains

87
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believed (by analogy with the zodiacal cloud in our solar system) to be sustained by asteroid collisions
and outgassing of comets in the first tens of AU. Indeed, in a gas-poor disc, debris material is believed
to be cleared away through collisional destruction, radiation pressure, or Poynting-Robertson drag on
relatively short timescales compared to those of planet formation or the planetary system itself (see
section 1.1.2 for further details). Therefore, the presence of dust indicates that larger parent bodies
must also be located in the system. Thus, the detection of dust, in tandem with the detection of the
massive planets in the system allows the development of a more complete observational picture of the
architecture of a planetary system. In fact, information obtained from disc structure can be used to
detect planets that would otherwise be too faint or have a mass that is too low to be detected using
other techniques. Similarly, the presence of small body populations in a habitable zone could affect
habitability through the frequency of large impact events.

In addition, for the ultimate goal of detecting and characterizing an Earth-like extrasolar planet,
debris discs can decrease the significance of the detection and hamper the planet detection and charac-
terisation. Observing in the infrared (6-20 um), these missions would enable the spectroscopic charac-
terisation of the atmosphere of habitable extrasolar planets orbiting nearby main sequence stars. This
ability to study habitable distant planets strongly depends on the density of exozodiacal dust in the
inner part of circumstellar discs, where the planets are supposed to be located. In particular, the de-
tection of habitable terrestrial planets would be seriously hampered for stars presenting warm (~300 K)
exozodiacal dust more than 15 times as dense as our solar zodiacal disc (Defrére et al. subm). Assessing
the level of circumstellar dust around nearby main sequence stars is therefore a necessary pre-requisite
to prepare the observing programme of DARWIN/TPF by reducing the risk of wasting time on sources
for which exozodiacal light prevents Earth-like planet detection.

However, the presence of warm dust can generally not be unequivocally determined from photometric
surveys because the typical accuracy on both near-infrared photometric measurements and photospheric
flux estimations is a few percent at best, limiting the sensitivity to typically 1000 times the density of
our solar zodiacal cloud (Beichman et al. 2006c). Photometric measurements are therefore generally
not sufficient to probe the innermost regions of the discs and interferometry is required to separate the
starlight from the disc emission. Good examples are given by the detection of hot dust around several
nearby main sequence stars with classical interferometry at the CHARA array and VLTI (e.g., Absil et
al. 2006b; Di Folco et al. 2007; Absil et al. 2008a; Akeson et al. 2009; Absil et al. 2009).

In that context, the recently completed report by the Exoplanet Task Force (2008) made two recom-
mendations related to dust disc detection. In the near term (1 to 5 years), they recommended that the
community invest in a census of exozodi systems around exoplanet target stars, and in the medium term
(6 - 10 years) that the community implement next generation high spatial resolution imaging techniques
on ground-based telescopes: AO for direct detection of young, low-mass companions, and interferometry
for disc science. This chapter presents the prospects for exozodiacal disc detection with space-based
nulling interferometry and compares the results with those expected at ground-based sites.

5.2 Instrumental concepts

5.2.1 Pegase

Following the phase 0 study, the optimum instrumental parameters of PEGASE have been determined.
The baseline concept for the mission consists in a two-telescope interferometer composed of three free
flying spacecraft orbiting around the second Lagrangian point, L2, and pointing in the anti-solar direction
within a 4+ 30° cone. Thanks to this location, the spacecraft and the focal plane assembly can be passively
cooled down to respectively 90 + 0.1 K and 55 + 0.1 K. In its nominal configuration, PEGASE consists
in two 40-cm siderostats and a beam combiner flying in linear formation (see Figure 1 in Section 5.4.4,
right). Visibility measurements and recombination in a nulling mode (Bracewell interferometer) are
both possible with a spectral resolution of about 60. The formation flying constraints allow baseline
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Table 5.1: Instrumental parameters for PEGASE and FKSI considered in this study.

Instrumental parameters PEGASE FKSI
Baselines [m]| 40-500 12.5
Telescope diameter [m] 0.40 0.50
Field of regard + 30° + 20°
Optics temperature K| 90 65
Detector temperature [K] 55 35
Science waveband [pm] 1.5-6.0 3.0-8.0
Spectral resolution 60 20

Fringe sensing waveband [pm] 0.8-1.5  0.8-2.5 (80%)
Tip-tilt sensing waveband [pm]  0.6-0.8  0.8-2.5 (20%)

lengths from 40 to 500 m leading to an angular resolution in the range of 0.5-30 mas. The fine-tuning
of the optical path difference (OPD) is performed by a dedicated control loop based on a fringe sensor
measuring the observed central target in the 0.8-1.5 pm 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 and fast steering mirrors based on piezoelectric devices. 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 107°. The instrumental parameters of PEGASE are summarized
in Table 5.1.

The optical arrangement is represented in Figure 5.1 with the following elements along the optical
path:

e Two afocal telescopes, composed of two mirrors (see My and Ms), with an optical magnification
which will be a trade-off between dynamics of the tip-tilt errors, the available stroke of the fast
steering mirrors, the actuation noise, the mechanical constraints and the polarization limitations.
A magnification of the order of 20 is today considered as a good starting value.

e Two fast steering mirrors to correct for the tip-tilt errors. They are placed as close as possible
to the afocal telescopes in order to minimize the optical space where the tip-tilt errors are not
corrected, and hence reduce differential polarization effects (possible location are Mg or My).

e Two achromatic m-phase shifters using field reversal by reflections (Serabyn 1999, see for instance
M4 and Ml).

e Two optical delay lines placed after the active mirrors to operate in a tip/tilt corrected optical
space.

e Dichroic beam splitters which separate the signal between the science wave band and the tip-
til/OPD sensing wave bands.

e A Modified Mach Zehnder (MMZ) to achieve the combination. Another MMZ might be necessary
to cover the full wavelength range, depending on the coating feasibility.

e Small off axis parabolas focus the four outputs of the MMZ into single mode fibres. A fluoride
glass fibre can cover the spectral range 1.5-3 pm. A chalcogenide fibre is required for the spectral
range 3-6 pm.

5.2.2 The Fourier-Kelvin Stellar Interferometer (FKSI)

Resulting from several dedicated studies during the past few years, the FKSI design nowadays consists
in two 0.5-m telescopes on a 12.5-m boom. The wavelength band used for science ranges between 3 and
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Figure 5.1: Optical layout of the PEGASE nulling interferometer (adapted from Le Duigou et al. 2006).

8 um, which corresponds to an angular resolution ranging between about 25 and 66 mas (sufficient to
probe the habitable zone of nearby stars, see Figure 5.2). The instrument is foreseen to be launched
to L2 where it will be passively cooled down to 65 K. The field of regard is somewhat smaller than the
one of PEGASE with possible angles of + 20° around the anti-solar direction (vs £+ 30° for PEGASE).
This value depends on the size of the sunshields considered in the present design and could eventually
be increased. The optical arrangement is similar to that of PEGASE and follows the description given in
Section 5.2, with some differences explained hereafter. OPD stabilization is performed by a FSU using
the observed central target in the 0.8-2.5 um range and feeding an ODL. Unlike PEGASE, tip/tilt control
is performed in the same wavelength range as the OPD control. After separation from the science signal
with dichroic beam splitters, 80% of the light in the 0.8-2.5 pm range feeds the FSU and 20% the tip/tilt
sensor. One hollow-glass fibre is used as modal filter in the 3.0-8.0 pm wavelength range at each of the
two destructive outputs of a symmetric Mach Zehnder beam combiner (Barry et al. 2006). The fibre
outputs are focused on the science detector, cooled down to a temperature of 35 K. Note that photonic
crystal fibres are also considered and provide a promising solution for single mode propagation on a
wider spectral band. The instrumental parameters of FKSI are listed in Table 5.1.

5.3 Main scientific objectives

With their high dynamic range, PEGASE and FKSI are particularly well suited to observe faint targets
in the proximity of a bright source. They will focus on three main science goals for further study of
utmost importance to the direct detection of extrasolar planets in the infrared, namely (1) measure
resonant structures in exozodiacal discs, their flux levels, and the chemical evolution of the material they
contain, (2) survey prospective flagship TPF /Darwin target stars for levels of exozodiacal dust, and (3)
detect and characterize the atmospheres of nearby extrasolar planets, including those currently known
and those that may be discovered by this technique. The survey of brown dwarfs and active galactic
nuclei (AGN) is also expected to be very fruitful. These objectives are briefly reviewed hereafter.
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Figure 5.2: The extent of the Habitable Zone for the single main sequence stars (F,G stars on left panel,
and M, K stars on right panel) within 30 pc from the Sun (Kaltenegger et al. 2008).

5.3.1 Circumstellar disc science
Protoplanetary discs

As discussed in Chapter 1, planets form in a protoplanetary disc well before the parent star reaches
the main sequence. The probable migrations of the extrasolar planets from their birth places, proba-
bly external to the snow line towards the inner regions, produce wide gaps in the circumstellar discs.
Hence, looking for gaps created by transiting planets inside the disc is very important to understand the
formation of planetary systems and early dynamics of planets, including migration and orbital interac-
tions. The gaps create a non-uniformity in the disc which can be detected by high accuracy visibility
measurements. Among all types of stars and discs, gaps can particularly be observed in the case of FU
Ori discs!” (see Figure 5.3). The gap is detected by an accurate measurement of the visibility function.
Preliminary simulations have shown that a 0.05 AU gap would lead to variations of the visibility by a
few percent (Herwats, in prep.). In particular, around Herbig Ae/Be stars, the transition between the
photospheric emission of the star and the disc emission can be observed. This observation of the internal
part of the disc where the dust grains sublimate (0.1 to 0.4 AU) is relevant to constrain models. Around
T Tauri stars, it is possible to constrain the size of the magnetosphere of the star and to observe the
inner part of the disc, allowing the study of matter transfer from the internal disc to the stellar surface.

Debris discs

The next step in understanding planetary formation is the study of debris discs. Infrared interferometry is
a very appropriate tool as it can provide sub-AU spatial resolution and spatially separate the contribution
of the warm dust from that of the stellar photosphere. Indeed, near IR (K-band) thermal emission at
the ~ 1% photospheric level has already been isolated in the vicinity of Vega and 7 Ceti with the
CHARA/FLUOR ground-based interferometer (Absil et al. 2006a; Di Folco et al. 2007). Providing
detectability for higher contrast environments (up to 10000:1) and at longer wavelengths, PEGASE will
be able to probe a much wider range of inner debris discs. Beyond the mere photometry of warm dust,
an interferometer can provide very useful information about its spatial distribution. Most of the near-IR
flux is expected to be emitted by a thin ring region whose radius corresponds to the sublimation limit
of the dust. Measuring the sublimation radius strongly constrains the type of mineralogy of the grains.
This, however, requires the capability to address arbitrarily any point in the (u,v) plane, a feature
that distinguishes PEGASE from ground-based interferometers. In addition, the presence of planets in a
circumstellar disc creates structures (not only gaps but also large scale structures) that can be detected

"In stellar evolution, FU Ori objects are pre-main sequence stars which display an extreme change in magnitude and
spectral type.
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Figure 5.3: Variation of the measured fringe visibility as a function of the gap in a FU Ori disc. The
gap is modelled by a break in the temperature distribution. The baseline is equal to 500 m (Herwats, in

prep.).

with a high angular resolution, high dynamics instrument. Such observations of debris discs should
provide useful information on the existence and major parameters of planets (e.g., mass, orbit, current
location) as well as the location of planetesimal belts, comparable to the Kuiper belt.

Exozodiacal light characterisation in the context of future exo-Earth characterisation mis-
sions

The study of the amount and distribution of exozodiacal dust around main sequence stars has a particular
relevance in the context of future exo-Earth characterisation missions. The emission of dust particles
within the HZ around the target stars is a key parameter for the performance of a nulling interferometer,
as it is likely to be the brightest component (after the star itself) of an extrasolar system. For example
in the solar system, the zodiacal light is two orders of magnitude brighter than Earth at mid-infrared
wavelengths. Warm exozodiacal cloud could thus become a dominant source of noise and hamper the
detection of faint planets. Irregularities in the dust cloud (such as clumps) may also be confused with
a planet. PEGASE and FKSI will have the capability of providing a statistically significant survey of
the amount of exozodiacal dust in the HZ around nearby main sequence stars, and its prevalence as a
function of other stellar characteristics (e.g., age, spectral type, metallicity, cold debris disc). It will be
used to streamline the input source catalogue of future exo-Earth characterisation missions (reducing the
risk of observing sources for which exozodiacal light prevents Earth-like planet detection) and optimize
the mission profile before the launch. The dust density tolerable around nearby main sequence stars for
future life-searching nulling interferometry missions is discussed in more detail in Chapter 7.

5.3.2 Sub-stellar objects

Extrasolar planets

The main scientific goal of PEGASE/FKSI, which was initially the main design driver, is to perform a
spectroscopic characterisation of extrasolar planets. With a minimum baseline length of 40 m, PEGASE
could directly survey most hot Jupiter-like planets (M > 0.2 Mj) within 150 pc with a good signal-
to-noise ratio (SNR) as well as several favourable hot Uranus-type planets (0.04 My < M < 0.2 Mj)
with a final SNR ranging between 1 and 6 (Absil 2006). In particular, PEGASE will be able to perform
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spectroscopy for about 15% of the extrasolar planets known so far within 25 pc, including several planets
outside the hot regime (further than 0.1 AU from the host star, Defrére et al. 2007). The working method
of FKSI is slightly different from that of PEGASE. Due to its relatively small baseline length (12.5m),
FKSI uses a two-color method (based on the ratio of measurements at two wavelengths) to account for
the fact that the planetary signal is likely to fall partly within the central dark fringe (Danchi et al.
2003). Using this method, an earlier version of FKSI would be able to detect at least 25 EGPs, obtain
low resolution spectra of their atmosphere and make a precise determination of their orbital parameters
(Barry et al. 2006). This previous version of FKSI presented an 8-m boom length, assumed 15nm rms
OPD errors and considered a sample of 140 known extrasolar planets. With the current version of FKSI,
as discussed here (12.5-m boom length and ~2-nm OPD errors), and considering a much larger available
sample of known extrasolar planets (~350), this value should be of the order of 100. Work is in progress
to determine how many known extrasolar planets can be detected with FKSI, as well as the possibility
of detecting super-Earths (i.e.,~10 Mg). Further details about the capabilities for planet detection are
given in Chapter 6.

Brown dwarfs

With moderate baseline lengths, PEGASE/FKSI could also be used to characterise the atmospheres of
binary brown dwarf stars by using the nulling mode. Spectroscopic studies of brown dwarfs provide
constraints on their surface temperature, radius and the composition of their atmosphere (especially for
CHy and for the clouds). In addition, observing bounded brown dwarfs has the advantage of giving an
accurate estimate of the mass of the companion (thanks to the observation of the companion trajectory
and its likely adherence to Kepler’s laws) and its age (thanks to the spectroscopic study of the parent
star), compared to free floating objects where these parameters have to be estimated using theoretical
models. PEGASE/FKSI would provide the required angular resolution and dynamic range to study
bounded brown dwarfs (the contrast between a Sun-like star and a brown dwarf typically ranges between
10% and 10° for a 1 Gyr-old system). Furthermore, the study of brown dwarfs of various ages will help
to constrain evolutionary models of these objects.

5.3.3 Additional programmes

The scientific programmes using the visibility mode have to take into account the instrumental char-
acteristics of PEGASE/FKSI and the main operational constraints. The targets of PEGASE/FKSI are
compact sources for which emission peaks in the 1.5-8 ym spectral range, corresponding to a temperature
range from 500 to 3000 K (maximum of the black body emission). In that spectral range, PEGASE /FKSI
will get the sensitivity of ISO but with an angular resolution 80 to 1000 times higher for PEGASE (about
0.5 mas, thanks to baseline from 40 to 500 m) and 5 to 20 times higher for FKSI (about 25mas due to
the interferometruc baseline of 12.5m). As a two telescope interferometer, PEGASE/FKSI will not be
able to spend a lot of time on imaging complex sources. The astrophysical targets have to be easily
characterized by simple models, symmetrical (uniform or Gaussian) or not (binaries). The great advan-
tage of PEGASE/FKSI with respect to other interferometers will be heir ability to observe continuously
with a stable configuration during a time exceeding the classical 24 hour cycle. The following programs
might take advantage of this situation to propose unique science that can be done with PEGASE/FKSI
in the future: (1) active galactic nuclei (AGN), (2) resolving images of quasars split by gravitational lens
effects, (3) temporal characterisation of different classes of rapid radial pulsators, (4) disc formation and
evolution of active hot stars.



’ these: version du mercredi November 4, 2009 a 20 h 04 ‘

94 Chapter 5. Pegase and FKSI: towards the detection of zodiacal cloud analogs

5.4 Performance for exozodiacal disc detection

In order to assess the performance of PEGASE/FKSI for exozodiacal disc detection, the GENIEsim
software!® (Absil et al. 2006b) has been adapted to enable the simulation of a space-based nulling inter-
ferometer. In particular, the expected vibrations of the telescopes along the optical path in the ambient
space environment have been implemented and all atmospheric effects discarded. The space environ-
ment is now fully integrated in GENIEsim and space-based nulling interferometers can be simulated by
switching the appropriate keywords. After briefly describing the GENIEsim software, the modifications
necessary to simulate space-based instruments are discussed in Section 5.4.2.

5.4.1 The GENIEsim software

GENIEsim is an IDL-written code which has originally been designed to simulate the GENIE instrument
at the VLTI interferometer (see Section 4.4.1). It has the advantage to benefit from extensive validation
efforts by cross-checking with performance estimates carried out by industrial partners during the GENIE
phase A study. GENIEsim performs end-to-end simulations of ground-based nulling interferometers
which include the simulation of astronomical sources (star, circumstellar disc, planets and background
emission), atmospheric turbulence (piston, longitudinal dispersion, wavefront errors and scintillation),
as well as a realistic implementation of closed-loop compensation of atmospheric effects by means of
fringe tracking and wavefront correction systems. It has been thoroughly described elsewhere (see Absil
2003), so that we only give here some important principles of the code for a better understanding of this
dissertation.

On input of GENIEsim, two text files are required to define the instrument and the science target.
These two files contain 170 global parameters which can be classified as:

e The operational parameters, detailing the configuration, the control loops, the atmosphere and the
VLTI environment;

e The observational parameters, specifying the target system and relevant observational parameters.

In addition to these two input files, GENIEsim is controlled by a set of keyword switches, by which
GENIEsim is told what are the names of the output files, what atmospheric effects and control loops to
take into account in the computation. In the last release of GENIEsim, the simulation of a nulling instru-
ment at Cerro Paranal (Chile), Dome C (Antarctica) or located in space can be performed. ALADDIN,
PEGASE and FKSI keywords are available for a direct simulation of these instruments.

Based on these inputs, GENIEsim produces an instantaneous transmission map of the nulling in-
terferometer (see Equation 4.3), taking into account all perturbations related to the instrument and its
environment. This map is projected on the plane of the sky in order to compute the transmitted flux
from all astrophysical sources located within the field-of-view of the instrument. Each individual source
is affected by the transmission map differently:

e The residual stellar emission at the destructive output of the instrument is computed in a semi-
analytical way by 2D numerical integration. This process gives a very accurate stellar leakage
estimate.

e The contribution of the exozodiacal disc is computed by multiplying a disc image, sampled over
the field-of-view by a n x n pixel grid, by a digitised transmission map of the same size. The disc
image can be computed with three different packages, depending on the target (optically thin disc,
optically thick or the solar zodiacal disc seen from outside the solar system). The size of the image
is generally 128 x 128 pixels but special attention has to be payed for configurations for which the

8 GENIEsim is available on request from Olivier Absil (absil@astro.ulg.ac.be).
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“telescope diameter/baseline length” ratio is low. In this case, the field-of-view is relatively large
and it can be necessary to increase the number of pixels in order to avoid undersampling problems,
especially when the baseline length is long.

e Potential planets are considered as point-like sources, and are thus only affected by the value of
the transmission map at the position of their centre.

e The background emission is assumed to be perfectly incoherent so that the resulting signal can be
computed by a simple integration over the field-of-view.

Taking into account all the sources in the field-of-view, GENIEsim simulates an observational run by
a number of Observation Blocks (OB), which have a duration of typically 10 to 100 seconds. For each
OB, the simulator generates time sequences for the random variables, based on their input power spectral
densities and on the transfer functions of the control loops. The initialisation of control loops is one of
the first actions performed in the time loop on OBs. The coupling efficiency is also computed in real-time
as it is affected by random perturbations as well. Finally, the output of the simulator basically consists
in time series of photo-electrons recorded by the detector at the two outputs of the nulling combiner
(constructive and destructive outputs) as a function of time and wavelength. The overall architecture of
the GENIEsim software is represented in Figure 5.4.
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Figure 5.4: Block diagram showing the top-level architecture of the GENIEsim software (Figure from
Absil 2006).
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5.4.2 Vibrations in the ambient space environment

To enable the simulation of a space-based nulling interferometer, few modifications were necessary due
to the versatility of GENIEsim. Discarding all atmospheric effects and the VLTT environment is easily
achieved by setting the appropriate keywords. The main modification was to introduce the random
sequences of OPD and tip/tilt generated by the vibrations of the telescopes in the ambient space envi-
ronment.

The vibrations of the spacecraft are a critical issue for nulling interferometry because they induce
mismatches in the optical paths and pointing errors which give rise to instability noise (Lay 2004). These
vibrations are caused by disturbance forces which can be either internal (due to on-board systems) or
external (caused by the ambient space environment). For PEGASE, the internal disturbance forces arise
mainly from the thrusters, the Optical Delay Line (ODL), the steering mirrors, and the reaction wheels.
The requirements on these on-board systems have been assessed recently by two R&D studies (Villien
et al. 2007). The external disturbance forces are mainly caused by particulate impacts, solar radiation
pressure and charging effects but these effects are not expected to be dominant at the L2 point. To derive
the perturbations in OPD and tip/tilt acting on the spacecraft, two approaches have been considered in
this study. The first approach was based on analytical models and is descirbed hereafter. The second
approach was based on a R&D study carried out by EADS Astrium and is briefly addressed here with
more details given in Section 5.4.4.

First approach

A recent comparative study concludes that the ambient space environment causes no larger OPD than
the disturbances induced by on-board equipments for Darwin and its precursor missions (Sterken 2005).
The total disturbance force can be related to the induced vibrations from the basic equation of the rigid
body motion:

1

in > 1
1674m?2 f4 S (5:.1)

Svib =

where m is the mass of the spacecraft, f the frequency, Si, the Power Spectral Density (PSD) of the
total disturbance force in N?/Hz and S, the PSD of the spacecraft displacement in m?/Hz. Assessing
the shape and magnitude of the input disturbance PSD requires a specific R&D study and is beyond the
scope of this dissertation. Following the results about the Darwin mission (Sterken et al. 2005), we will
assume that the global disturbance force is distributed as white noise, so that the PSD of the spacecraft
displacement (Soyut) decays linearly with a slope of -40 dB/dec. The relative displacement induced by
internal disturbances (rmsy;p) should not exceed 1 pm rms as indicated by the phase 0 study performed
by CNES in 2005. Based on this value, the PSD of the spacecraft tip-tilt before correction (rmsg) can
be computed as:

M

I'msi; = Ermsvib , (5.2)

where M is the magnification factor (20 according to the phase 0 study) and R the telescope radius.
This gives a rms tip-tilt error of about 35” (~ 2000 mas) rms. This value does not take into account an
additional noise of 10 mas/+/(Hz) per tip-tilt mirror which has been considered separately in GENIEsim
as an actuator noise. Finally, one should note that the frequencies at which resonances are present should
cause additional peaks in the input vibrations (for instance, due to the sun-shields) but these frequencies
have not been considered since they are not yet well defined. Their impact on the residual OPD could
however be minimised by the use of an appropriate Butterworth filter.
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Figure 5.5: Simplified block-diagram of a fringe tracking system (adapted from Absil 2006).

Second approach

An R&D study carried out by EADS Astrium in 2007 in collaboration with CNES has identified the
two main sources of perturbations: torque noise and micro-vibrations, both at the reaction wheel level
(Villien et al. 2007). The torque noise corresponds to the perturbations around the wheel rotation
axis. It is due to the wheel electronics noise, the wheel controller loop, the friction torque and the motor
defect. Microvibrations are due to the wheel mechanical defects such as rotor imbalance and ball bearing
imperfections. They correspond to harmonic perturbations, which are function of the wheel velocity and
generate both torques and forces disturbance. For FKSI, the reaction wheels are also expected to be the
main contributor to the vibrational level (Hyde et al. 2004). Another contribution comes from boom
deflections induced by thermal changes and producing low frequency OPD. The worst case occurs at
the boom resonant frequency which results in a sine wave with an amplitude of 2.4nm at 5 Hz for the
OPD perturbation and a sine wave of 0.2mas at 5 Hz for the tip/tilt perturbation. The PSDs defined
by Astrium and CNES are presented in Section 5.4.4.

5.4.3 Real-time correction of spacecraft vibrations

As indicated in the previous section, the level of OPD would be of the order of 1 um rms without an
appropriate control loop. This is very constraining for exozodiacal disc detection so that a fringe tracker
is mandatory to stabilize the OPD to a sufficiently low value. In GENIEsim, the simulation of the
control loop is achieved by a simultaneous optimisation of the repetition frequency and of the controller
parameters (a simple PID!?). The procedure is based on a description of spacecraft vibrations in terms
of its temporal PSD, while the action of control loops is expressed by means of transfer functions in
the frequency domain. The general architecture of real-time control loops is illustrated in Figure 5.5.
The three main components of the loop are the sensing unit (SU), which provides an estimation of
the perturbations to be corrected for (e.g., OPD difference for a fringe tracking loop), the controller
(C), which computes the correction applied to cancel the perturbation, and the actuator (Act), which
performs the correction (e.g., an optical delay line). Both sensor and actuator produce additional noise in
the control process, modelled by their PSDs (Sg, and S,.¢), which is applied at the input of the associated
block. Sensor noise (Sg,) depends on the number of available photons in each elementary measurement
(shot noise and detector noise), while actuator noise (Sact) depends on the particular design of the
actuator. The input and residual vibrations are described by their PSDs (Syi, and Syes).

9PID stands for “Proportional, Integral and Differential" which is a basic controller device for closed-loop control
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5.4.4 Paper: Nulling interferometry: performance comparison between space and ground-based
sites for exozodiacal disc detection

The following article (Defrére et al. 2008) presents a thorough performance comparison between PEGASE /FKSI
and ground-based demonstrators for exozodiacal disc detection. Particularly, the nulling performance

of PEGASE/FKSI is addressed and discussed. The end-to-end simulation of PEGASE/FKSI finally pro-
vides realistic estimates of its sensitivity in terms of detectable exozodiacal level, taking into account
calibration (when necessary) and data postprocessing techniques.
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ABSTRACT

Context. Characterising the circumstellar dust around nearby main sequence stars is a necessary step in understanding the planetary
formation process and is crucial for future life-finding space missions such as ESA’s DARWIN or NASA’s terrestrial planet finder
(TPF). Besides paving the technological way to DARWIN/TPF, the space-based infrared interferometers PEGASE and FKSI (Fourier-
Kelvin Stellar Interferometer) will be valuable scientific precursors.

Aims. We investigate the performance of PEGASE and FKSI for exozodiacal disc detection and compare the results with ground-based
nulling interferometers.

Methods. We used the GENIEsim software (Absil et al. 2006, A&A, 448, 787) which was designed and validated to study the
performance of ground-based nulling interferometers. The software has been adapted to simulate the performance of space-based
nulling interferometers by disabling all atmospheric effects and by thoroughly implementing the perturbations induced by payload
vibrations in the ambient space environment.

Results. Despite using relatively small telescopes (<0.5 m), PEGASE and FKSI are very efficient for exozodiacal disc detection. They
are capable of detecting exozodiacal discs 5 and 1 time respectively, as dense as the solar zodiacal cloud, and they outperform any
ground-based instrument. Unlike PEGASE, FKSI can achieve this sensitivity for most targets of the DARWIN/TPF catalogue thanks to
an appropriate combination of baseline length and observing wavelength. The sensitivity of PEGASE could, however, be significantly
boosted by considering a shorter interferometric baseline length.

Conclusions. Besides their main scientific goal (characterising hot giant extrasolar planets), the space-based nulling interferometers
PEGASE and FKSI will be very efficient in assessing within a few minutes the level of circumstellar dust in the habitable zone
around nearby main sequence stars down to the density of the solar zodiacal cloud. These space-based interferometers would be
complementary to Antarctica-based instruments in terms of sky coverage and would be ideal instruments for preparing future life-

finding space missions.

Key words. instrumentation: high angular resolution — techniques: interferometric — circumstellar matter

1. Introduction

Nulling interferometry is the core technique of future life-
finding space missions such as ESA’s DARWIN (Fridlund et al.
2006) and NASA’s Terrestrial Planet Finder Interferometer
(TPF-1, Beichman et al. 2006a). Observing in the mid-infrared
(620 um), these missions would enable the spectroscopic
characterisation of the atmosphere of habitable extrasolar plan-
ets orbiting nearby main sequence stars. This ability to study
habitable distant planets strongly depends on the density of ex-
ozodiacal dust in the inner part of circumstellar discs, where
the planets are supposed to be located. In particular, the de-
tection of habitable terrestrial planets would be seriously ham-
pered for stars presenting warm (~300 K) exozodiacal dust more
than 10 to 100 times as dense as our solar zodiacal disc, de-
pending on stellar type, stellar distance and telescope diame-
ter (Beichman et al. 2006b; Defrere et al. 2008). Assessing the
level of circumstellar dust around nearby main sequence stars is
therefore a necessary pre-requisite for preparing the observing

* Marie Curie EIF Postdoctoral Fellow.

programme of DARWIN/TPF by reducing the risk of wasting
time on sources for which exozodiacal light prevents Earth-like
planet detection. In addition, the existence of planets is intrinsi-
cally linked to circumstellar discs and observing them provides
an efficient way to study the formation, evolution and dynam-
ics of planetary systems. At young ages, essentially all stars are
surrounded by protoplanetary discs in which the planetary sys-
tems are believed to form (Meyer et al. 2008). In particular, the
detection of gaps in these protoplanetary discs is very important
for understanding the early dynamics of planets, including mi-
gration and orbital interaction. At older ages, photometric sur-
veys primarily with IRAS, ISO, and Spitzer have revealed the
presence of micron-sized grains around a large number of main
sequence stars (see e.g., Trilling et al. 2008; Hillenbrand et al.
2008). This is interpreted as the sign of planetary activity, as
the production of grains is believed (by analogy with the zo-
diacal cloud in our solar system) to be sustained by asteroid
collisions and outgassing of comets in the first tens of astro-
nomical units (AU). However, the presence of warm dust can
generally not be unequivocally determined because the typical

Article published by EDP Sciences
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Fig. 1. Left: overview of the PEGASE space-based interferometer. Two 0.4-m siderostats are flying in a linear configuration with the beam combiner
spacecraft located in the middle of the formation. Right: representation of FKSI, showing the two 0.5-m siderostats located on a 12.5-m boom.

accuracy on both near-infrared photometric measurements and
photospheric flux estimations is a few percent at best, limiting
the sensitivity to typically 1000 times the density of our so-
lar zodiacal cloud (Beichman et al. 2006¢). Photometric mea-
surements are therefore generally not sufficient to probe the in-
nermost regions of the discs and interferometry is required to
separate the starlight from the disc emission. Good examples
are given by the detection of hot dust (~1500 K) around Vega
and 7 Cet with near-infrared interferometry at the CHARA ar-
ray (Absil et al. 2006b; Di Folco et al. 2007). Nulling inter-
ferometry is a quite new technique even though it was initially
proposed in 1978 (Bracewell 1978). Several scientific observa-
tions using this technique have recently been carried out with the
Bracewell Infrared Nulling Cryostat (BLINC, Hinz et al. 2000)
instrument at the Multi-Mirror Telescope (MMT, Mont Hopkins,
Arizona), with the Keck Interferometer Nuller (KIN, Hawaii,
Serabyn et al. 2006; Barry et al. 2008; Serabyn 2008), and are
foreseen to begin in 2010 at the Large Binocular Telescope
(Mount Graham, Arizona,Hinz et al. 2008). In Europe, ESA has
initiated the study of a ground-based demonstrator for DARWIN,
the Ground-based European Nulling Interferometer Experiment
(GENIE, Gondoin et al. 2004). GENIE is a nulling interferom-
eter conceived as a focal instrument for the VLTI which has
been studied by ESA at the phase A level. Another European
project is ALADDIN (Antarctic L-band Astrophysics Discovery
Demonstrator for Interferometric Nulling, Coudé du Foresto
et al. 2006), a nulling interferometer project for Dome C, on
the high Antarctic plateau. The performance of GENIE has been
studied in detail (Absil et al. 2006a; Wallner et al. 2006) and re-
cently compared to that of ALADDIN (Absil et al. 2007). Using
1-m collectors, ALADDIN would have an improved sensitivity
with respect to GENIE working on 8-m telescopes, provided that
it is placed above the turbulence boundary layer (about 30 m
at Dome C). Circumstellar discs 30 times as dense as our local
zodiacal cloud could be detected by ALADDIN around typical
DARWIN/TPF targets in an integration time of few hours.

The low atmospheric turbulence on the high Antarctic
plateau is a significant advantage with respect to other astronom-
ical sites and one of the main reasons for the very good sensitiv-
ity of ALADDIN. However, as for any other ground-based site,
the atmosphere effects (turbulence and thermal background) are
still major limitations to the performance and active compen-
sation by real-time control systems are mandatory. Observing
from space would provide an efficient solution to improve the
sensitivity by getting rid of the harmful effect of the atmosphere.
Two infrared nulling interferometers could achieve the detection

of circumstellar dust discs from space (see Fig. 1): PEGASE, a
two-telescope interferometer based on three free-flying space-
craft (Le Duigou et al. 2006) and the Fourier-Kelvin Stellar inter-
ferometer (FKSI), a structurally-connected interferometer also
composed of two telescopes (Danchi et al. 2006). These two
missions have been initially designed to study hot extrasolar gi-
ant planets at high angular resolution in the near- to mid-infrared
regime (respectively 1.5-6.0 um and 3.0-8.0 um). Besides their
main scientific goal, they could also be particularly well suited
for the detection of warm circumstellar dust in the habitable zone
around nearby main sequence stars. The objective would be to
provide a statistically significant survey of the amount of ex-
ozodiacal light in the habitable zone around the DARWIN/TPF
targets, and its prevalence as a function of other stellar charac-
teristics (age, spectral type, metallicity, presence of a cold debris
disc, etc.). Following our performance studies of ground-based
instruments such as GENIE at Cerro Paranal (Absil et al. 2006a,
hereafter Paper I) or ALADDIN on the high Antarctic plateau
(Absil et al. 2007, hereafter Paper II), the present study addresses
the performance of space-based nulling instruments for exozo-
diacal disc detection. We have limited our comparison to instru-
ments working at similar wavelengths (ranging from 2 to 8 um),
and purposely discarded ground-based instruments working in
the N-band such as the KIN and the LBTI. The ultimate perfor-
mance of these two mid-infrared instruments essentially depends
on the spatial and temporal fluctuations of the sky and instru-
mental thermal backgrounds, which are very difficult to model
with a sufficient accuracy for our comparative study.

2. PEGASE and FKSI overview

PEGASE and FKSI are space-based Bracewell interferome-
ters, conceived as scientific and technological precursors to
DARWIN/TPE. They present similar architectures, the main dif-
ference being that the two telescopes of PEGASE are free-flying
while those of FKSI are arranged on a single boom. PEGASE was
initially proposed in the framework of the 2004 call for ideas by
the French space agency (CNES) for its formation flying demon-
strator mission. CNES performed a Phase 0 study in 2005 and
concluded that the mission is feasible within an 8 to 9 years de-
velopment plan (Le Duigou et al. 2006). However, the mission
was not selected for budgetary reasons. On the US side, FKSI
has been initially studied by the Goddard Space Flight Center in
preparation for submission as a Discovery-class mission. Several
concepts have been considered and the mission was studied to
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the phase A level based on the two-telescope design described
here.

2.1. Scientific objectives

The main scientific goal of PEGASE and FKSI is to perform the
spectroscopy of hot extrasolar giant planets (EGP). With a min-
imum baseline length of 40 m, PEGASE could directly survey
most hot Jupiter-like planets (M > 0.2 My,,) within 150 pc with
a good signal-to-noise ratio (S NR) as well as several favourable
hot Uranus-type planets (0.04 My, < M < 0.2 Mjy,,) with a
final S NR ranging between 1 and 6 (Absil 2006). In particular,
PEGASE will be able to perform spectroscopy on about 15% of
the extrasolar planets known so far within 25 pc, including sev-
eral planets outside the hot regime (further than 0.1 AU from the
host star, Defrere et al. 2007). The working method of FKSI is
slightly different from that of PEGASE. Due to its relatively short
baseline length (12.5 m), FKSI uses a two-color method (based
on the ratio of measurements at two wavelengths) to account for
the fact that the planetary signal is likely to fall partly within the
central dark fringe (Danchi et al. 2003). Using this method, an
earlier version of FKSI was estimated to be able to detect at least
25 EGPs, obtain low resolution spectra of their atmosphere and
make precise determination of their orbital parameters (Barry
et al. 2006). This previous version of FKSI presented an 8-m
boom, assumed 15nm rms residual OPD error and considered
a sample of 140 known extrasolar planets. With the current ver-
sion of FKSI, as discussed in this paper (12.5-m boom length and
2-nm rms residual OPD errors), and considering a much larger
available sample of known extrasolar planets (~250), this value
should be of the order of 75-100. Work is in progress to deter-
mine how many known extrasolar planets can be detected with
FKSI, as well as the possibility of detecting super-Earths.

The detection and characterisation of circumstellar discs are
also in the core programmes of these two missions but the perfor-
mance has not yet been carefully assessed. PEGASE and FKSI are
expected to be able to provide an accurate estimate of the dust
density from the very neighbourhood of the star up to several
AUs. They will also help providing maps of the mineralogical
composition, with a combination of spectral and spatial infor-
mation on the discs. Combined with sub-mm observations from
the ground providing the gas distribution with a comparable spa-
tial resolution, it will then become possible to study the dust-gas
interactions in young systems. Additional programmes on brown
dwarfs and active galactic nuclei are also foreseen, but only the
primary objective (the study of hot EGPs) drives the design of
the instruments.

2.2. The PEGASE instrumental concept

Following the phase O study, the baseline configuration of
PEGASE consists in a two-aperture near-infrared (1.5-6 um) in-
terferometer formed of three free flying spacecraft planned to
orbit at the Lagrange point L2, where the spacecraft and the fo-
cal plane assembly can be passively cooled down to respectively
90 K and 55 K. In its nominal configuration, PEGASE consists in
two 40 cm siderostats and a beam combiner flying in linear for-
mation. Visibility measurements and recombination in nulling
mode (Bracewell interferometer) are both possible with a spec-
tral resolution of about 60. The interferometric baseline length
ranges between 40 m and 500 m giving an angular resolution in
the range of 0.5-30 mas. Shorter baseline lengths are not allowed
due to the free-flying collision avoidance distance of 20 m. The
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Table 1. Instrumental parameters of PEGASE and FKSI considered in
this study.

Instrumental parameters PEGASE FKSI
Baselines [m] 40-500 12.5
Telescope diameter [m] 0.40 0.50
Field of regard +30° +20°
Optics temperature [K] 90 65
Detector temperature [K] 55 35
Science waveband [um] 1.5-6.0 3.0-8.0
Spectral resolution 60 20
Fringe sensing waveband [um]  0.8-1.5  0.8-2.5 (80%)
Tip-tilt sensing waveband [um]  0.6-0.8  0.8-2.5 (20%)

fine-tuning of the optical path difference (OPD) is performed by
a dedicated control loop based on a fringe sensing unit (FSU)
using the observed central target in the 0.8—1.5 um range and an
optical delay line (ODL). Intensity control is performed by a fine
pointing loop using a field relative angle sensor (FRAS) operat-
ing in the 0.6-0.8 um range and fast steering mirrors based on
piezoelectric devices. The instrumental parameters of PEGASE
are summarized in Table 1. The optical system architecture is
represented by the block diagram in Fig. 2 with the following
elements on the optical path:

— two afocal telescopes with an optical magnification which
will result from a trade-off between the dynamics of the tip-
tilt errors, the available stroke of the fast steering mirrors,
the actuation noise, the mechanical constraints and the po-
larization limitations. A magnification of the order of 20 is
considered in the present design;

— two fast steering mirrors to correct the tip-tilt errors. They are
placed as close as possible to the afocal telescopes in order
to minimize the optical path where the tip-tilt errors are not
corrected, and hence reduce differential polarisation effects;

— the achromatic  phase-shift is achieved geometrically, by
means of opposite periscopes producing field reversal by re-
flections (Serabyn 1999);

— two optical delay lines placed after the active mirrors to op-
erate in a tip/tilt corrected optical space;

— dichroic beam splitters which separate the signal between the
science wave band and the tip-tilt/OPD sensing wave bands;

— aModified Mach Zehnder (MMZ, Serabyn & Colavita 2001)
to perform beam combination. A second MMZ might be nec-
essary to cover the full wavelength range, depending on the
coatings;

— small off axis parabolas to focus the four outputs of the MMZ
into single mode fibres. A fluoride glass fibre can cover the
spectral range 1.5-3 um. A chalcogenide fibre is required for
the spectral range 3—6 um;

— adetection assembly controlled at a temperature of 55 K and
connected to the fibres.

2.3. The FKSI instrumental concept

Resulting from several dedicated studies in the past few years,
the FKSI design nowadays consists in two 0.5-m telescopes on
a 12.5-m boom. The wavelength band used for science ranges
from 3 to 8 um, which gives an angular resolution between about
25 and 66 mas. The instrument is foreseen to be launched to L2
where it will be passively cooled down to 65 K. The field of
regard is somewhat smaller than the one of PEGASE with possi-
ble angles of +£20° around the anti-solar direction (vs. +30° for
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Fig. 2. Block diagram of the PEGASE/FKSI optical layout. Feed-back
signals driving the tip-tilt/OPD control are represented by dashed lines.

PEGASE). This value depends on the size of the sunshields con-
sidered in the present design and could eventually be increased.
The optical arrangement is similar to that of PEGASE and fol-
lows the description given in Sect. 2.2, with some differences
explained hereafter (see also Fig. 2). OPD stabilization is per-
formed by a FSU using the observed central target in the 0.8—
2.5 um range and feeding an ODL. Unlike PEGASE, tip/tilt con-
trol is performed in the same wavelength range as the OPD
control. After separation from the science signal with dichroic
beam splitters, 80% of the light in the 0.8-2.5 um range feeds
the FSU and 20% the tip/tilt sensor. One hollow-glass fibre is
used as modal filter in the 3.0-8.0 um wavelength range at each
of the two destructive outputs of a symmetric Mach Zehnder
beam combiner (Barry et al. 2006). The fibres outputs are fo-
cused on the science detector, cooled down to a temperature of
35 K. Note that photonic crystal fibres are also considered and
are a promising solution for single mode propagation on a wider
spectral band. The instrumental parameters of FKSI are listed in
Table 1.

3. Nulling performance in space

In order to assess the performance of PEGASE and FKSI for
exozodiacal disc detection, the GENIE simulation software
(GENIEsim, see Paper I) has been used. GENIEsim has orig-
inally been designed to simulate the GENIE instrument at the
VLTI interferometer and has been extensively validated by
cross-checking with performance estimates done by industrial
partners during the GENIE phase A study. GENIEsim per-
forms end-to-end simulations of ground-based nulling interfer-
ometers, including the simulation of astronomical sources (star,
circumstellar disc, planets, background emission), atmospheric
turbulence (piston, longitudinal dispersion, wavefront errors,
scintillation), as well as a realistic implementation of closed-
loop compensation of atmospheric effects by means of fringe
tracking and wavefront correction systems. The output of the
simulator basically consists in time series of photo-electrons
recorded by the detector at the constructive and destructive out-
puts of the nulling combiner. To enable the simulation of a space-
based nulling interferometer, few modifications were necessary
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due to the versatility of GENIEsim. Beside disabling all atmo-
spheric effects, the main modification was to introduce the ran-
dom sequences of OPD and tip/tilt generated by the vibrations
of the telescopes in the ambient space environment. This is dis-
cussed in the following section.

3.1. Vibrations in space environment

Spacecraft vibrations are critical in nulling interferometry be-
cause they induce fluctuations in the differential optical paths
and pointing errors, which both give rise to stochastic stellar
leakage in the destructive output. These vibrations are caused by
disturbance forces which can be either internal (due to on-board
systems) or external (caused by the ambient space environment).
Internal disturbance forces arise mainly from the thrusters, the
optical delay line (ODL), the steering mirrors, the reaction
wheels and the boom in the case of structurally connected tele-
scopes. The external disturbance forces are mainly caused by
particulate impacts, solar radiation pressure and charging ef-
fects but all these effects are not expected to be dominant at the
L2 point. A recent comparative study concludes that the ambi-
ent space environment causes OPD errors no larger than the dis-
turbances induced by on-board equipment for DARWIN and its
precursor missions (Sterken 2005).

In the case of PEGASE, an R&D study carried out by EADS-
Astrium in collaboration with CNES (Villien et al. 2007) has
identified the two main sources of perturbations: torque noise
and micro-vibrations, both at the reaction wheel level. The
torque noise corresponds to the perturbations around the wheel
rotation axis. It is due to the wheel electronics noise, the wheel
controller loop, the friction torque and the motor defect. Micro-
vibrations are due to the wheel mechanical defects such as rotor
imbalance and ball bearing imperfections. They correspond to
harmonic perturbations, function of the wheel velocity and gen-
erate both torques and forces disturbances. In the present archi-
tecture, the observation is considered to be divided into a succes-
sion of 100-s phases of science and control: pulse control phases
of 100 s interrupt the science observation during which the con-
stellation is free flying (so that there is no thruster noise dur-
ing this phase). The power spectral densities (PSD) defined by
Astrium and CNES during the R&D study for OPD and tip/tilt
have been implemented in GENIEsim. The PSD of the OPD
in m?/Hz is represented in Fig. 3 by the solid curve labelled
“VIB)N” and defines the vibrational level at the input of the FSU
(about 0.18 um rms). This PSD corresponds to a wheel rotation
frequency of 1 Hz, with flexible modes at 20 Hz (due to the sun-
shield) and 40 Hz (due to the platform structure). Increasing the
rotation frequency of the wheel could reduce the torque noise
but at the expense of micro-vibrations. The shape of the tip/tilt
PSD is similar to that of OPD with a value of about 3”5 rms at
the input of the tip/tilt sensor.

For FKSI, the reaction wheels are also expected to be the
main contributor to the vibrational level (Hyde et al. 2004).
Another contribution comes from boom deflections induced by
thermal changes and producing low frequency OPD. The worst
case occurs at the boom resonant frequency which results in a
sine wave with an amplitude of 2.4 nm at 5 Hz for the OPD
perturbation and a sine wave of 0.2 mas at 5 Hz for the tip/tilt
perturbation (Tupper Hyde, private communication). Assuming
that FKSI will use the same wheels as PEGASE, we can in good
approximation use the PSD defined for PEGASE, to which we
add the resonant boom contribution at 5 Hz.
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Table 2. Control loop performance and optimum repetition frequencies computed on a 100 s observation sequence for a Sun-like G2V star located
at 20 pc. The total null is the mean nulling ratio including both the geometric and instrumental leakage contributions. The rms null is the standard
deviation of the instrumental nulling ratio for this 100 s sequence. The goal performance for exozodiacal disc detection discussed in Paper I appears

in the last column.

GENIE-UT ALADDIN PEGASE FKSI Goal
Piston 62nm @ 13kHz 10nm @ 2kHz 1.7 nm @ 60 Hz 2nm @ 65 Hz <4nm
Inter-band disp. 44nm @300 Hz 7.0 nm @ 0 kHz 0Onm @ 0 kHz 0Onm @ 0 kHz <4nm
Intra-band disp. 1.0nm @300Hz 7.4nm @ 0Hz 0nm @ 0 kHz 0nm @ 0 kHz <4nm
Tip-tilt 11 mas @ | kHz 7 mas @ 1 kHz I5mas @ 85 Hz 20 mas @ 60 Hz  (see intensity)
Intensity mismatch 4% @ 1 kHz 1.2% @ O Hz 0.02% @ 0 kHz 0.04% @ 0 Hz <1%
Total null 6.2x107* 22x107* 1.0x 1073 3.0x 1073 f(b, )
Instrumental null 1.5%x 107 1.3x 107 1.0x 1073 7.0% 107¢ 1073
rms null 2.0x 107° 3.5%x107° 1.1x1077 6.9 x 1078 1075

PEGASE OPD control loop
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Fig. 3. Power spectral density of OPD errors at the input (VIB) and
at the output (OPDqyr) of the PEGASE control loop. The PSDs of the
fringe sensing unit (FSUpy, dashed curve) and of the ODL (ODLy, dot-
ted curve) before the OPD control loop are also represented. Similar
PSDs are used for FKSI, taking into account in the input OPD pertur-
bations an additional 5-Hz contribution due to the boom.

3.2. Control loop performance

As indicated in the previous section, the level of OPD and tip/tilt
would be of the order of 0.18 um and 3”5 rms without appro-
priate correction techniques. This is prohibitive for exozodia-
cal disc detection and fine control loops are therefore manda-
tory to stabilise the OPD and the tip-tilt to acceptable values.
In GENIEsim, control loops are simulated through their transfer
function in the frequency domain. A simultaneous optimisation
is performed on the loop repetition frequency and the controller
parameters (a simple PID') in order to minimise the residual er-
rors, which are computed by integrating the corrected PSD on
the frequency domain. The PSDs of the OPD perturbation be-
fore and after fringe tracking are shown in Fig. 3 in the case of
PEGASE. At the input of the loop, the OPD perturbations come
from the wheels (VIBy), the FSU measurement noise (FSUy)
and the intrinsic ODL noise (ODLy). The PSD of the FSU noise
is computed by considering a standard ABCD algorithm to es-
timate the phase of the fringe and assuming a read-out noise of
15 electrons rms per pixel. For the ODL, a white PSD of 1 nm
rms over a 100 Hz bandpass has been assumed, as suggested by
industrial studies (Van Den Tool 2006). The output OPD PSD

! PID stands for “proportional, integral and differential” which is a
basic controller device for closed-loop control.

indicates the total residue after correction by the FSU, limited
at low frequencies (below ~2 Hz) by the non-perfect control of
the input perturbations, by the noise of the FSU between 2 and
30 Hz and by the ODL noise beyond 30 Hz. The tip/tilt control
loop is treated in a similar way, assuming a noise of 10 mas/ VHz
per tip-tilt mirror. The same assumptions have been considered
for FKSI.

The optimised control loop performances are displayed in
Table 2 for the GENIE instrument working on the 8-m Unit
Telescopes (UT) at the VLTI (results taken from Paper]), the
ALADDIN instrument working on 1-m telescopes at Dome C
(results taken from PaperII), and the space-based instruments
as presented in this paper. The observations are carried out
for a Sun-like G2V star located at 20 pc on a 100 s observa-
tion sequence using either the 47-m UT2-UT3 baseline at the
VLTI (waveband: 3.5—4.1 um), a baseline length of 20 m for
ALADDIN (waveband: 3.1-4.1 um), a 40-m baseline length for
PEGASE (waveband: 1.5-6.0 um) and the 12.5-m baseline for
FKSI (waveband: 3.0-8.0 um). As in the case of ALADDIN,
dispersion and intensity errors are expected to be very low in
space and the corresponding control loops have been disabled in
GENIEsim for simulating PEGASE and FKSI. This is indicated
by a 0Hz control loop frequency in Table 2. Fringe tracking
can be carried out at much lower frequencies than for ground-
based instruments (about 60 Hz instead of 2 kHz) and the resid-
ual OPD errors are much lower with a typical stability of about
2nm rms. Pointing errors can also be controlled at lower fre-
quencies (<100 Hz instead of 1kHz), but the residual tip/tilt
is somewhat larger. Globally, the instrumental nulling perfor-
mance is better by at least a factor 10 with respect to GENIE and
ALADDIN because OPD errors remain the dominant perturba-
tions. Taking into account geometric stellar leakage, the overall
nulling performance of PEGASE is only about 103 due to the
combined effect of the larger baseline length and the extension of
the wavelength range towards shorter wavelengths. Relaxing the
collision avoidance requirements of 20 m or flying in triangular
formation would enable shorter interferometric baseline lengths
and would therefore improve the overall nulling performance of
PEGASE (the geometric null is proportional to the baseline length
to the square). Another way to improve the overall nulling per-
formance while keeping the linear configuration is to discard the
short wavelengths. This is discussed in more details in Sect. 4.
With its 12.5-m baseline length and a wavelength range of [3—
8] um, the total null of FKST is about 3.0x 1073, Note that the re-
sults presented for GENIE and ALADDIN assume the “best case
scenario”, which takes into account pupil averaging, a physical
phenomenon reducing the power spectral density of piston and
dispersion at high frequencies (see Paper I for more details).
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Fig. 4. Maximum coupling efficiency for PEGASE and FKSI with respect
to the wavelength. The core radius is chosen so as to stay single-mode
on the whole wavelength range and the focal lengths are optimised at
wavelengths of 4.5 ym and 6 um, respectively for PEGASE and FKSI.

4. Simulated performance
4.1. Coupling efficiency

The coupling efficiency represents the fraction of incoming light
from a point-like source which is transmitted into an optical fi-
bre. It depends on the core radius of the fibre, its numerical aper-
ture, the wavelength, the diameter of the telescope and its focal
length (Ruilier & Cassaing 2001). In order to have an efficient
correction of wave-front defects, the core radius of the fibres is
chosen so as to ensure single-mode propagation over the whole
wavelength range. The focal length can then be optimised to give
the maximum coupling efficiency at a chosen wavelength and
more importantly, to provide a roughly uniformly high coupling
efficiency across the whole wavelength band. This is generally
achieved by optimising the coupling efficiency in the middle of
the wavelength range. However, for fibres covering a wide wave-
length range, this procedure can lead to a significant degradation
of the coupling efficiency at long wavelengths (where the instru-
ments are most sensitive, see Sect. 4.2). For instance, the cou-
pling efficiency of FKSI would be below 50% in the [7-8] ym
band. For PEGASE, the use of two fibres partly solves this issue
but the coupling efficiency can be further improved. Optimising
the coupling efficiency at wavelengths of 4.5 um for PEGASE
and 6 um for FKSI is particularly convenient to maximize the
coupling efficiency at long wavelengths while keeping a high
level at short wavelengths (see Fig. 4). In both cases, the cou-
pling efficiency remains around its maximum (about 80%) over
almost the whole wavelength band of each fibre and decreases to
a minimum of about 70% at the longest wavelengths. With these
assumptions, we obtained optimised focal lengths of 1.1 m and
1.4 mrespectively for PEGASE and FKSI. Note that in the case of
PEGASE, we will discard in the following study the wavelength
range corresponding to the first fibre (1.5-3.0 um), which is not
well suited for exozodiacal disc detection.

4.2. Signal-to-noise ratio analysis

In this section, we present the different sources of noise sim-
ulated by GENIEsim and the level at which they contribute to
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the final SNR in the case of a Sun-like star located at 20 pc.
Each source of noise is given on output of GENIEsim in photo-
electrons detected per spectral channel. Considering an integra-
tion time of 30 min, the detailed noise budget in the highest-S NR
spectral channel is given in Table 3 for PEGASE and FKSI (first
column). The listed sources of signal and noise are briefly dis-
cussed hereafter.

— The stellar signal represents the total number of photo-
electrons detected in both constructive and destructive
outputs.

— The raw instrumental leakage accounts for the stellar pho-
tons collected at the destructive output due to the influ-
ence of instrumental imperfections such as co-phasing er-
rors, wavefront errors or mismatches in the intensities of the
beams.

— The 20-zodi signal is the amount of photo-electrons at the
destructive output that come from the circumstellar disc, as-
sumed to be face-on and to follow the same model as in the
solar system (Kelsall et al. 1998), except for a global density
factor of 20.

— The background signal takes into account the instrumental
brightness and the emission of the local zodiacal cloud. In
the absence of atmosphere, the latter becomes the main back-
ground contributor and overwhelms the instrumental bright-
ness by a factor ~1000 at 3.5 um or ~250 at 5.5 um respec-
tively for PEGASE and FKSI.

— The geometric stellar leakage accounts for the imperfect
rejection of the stellar photons due to the finite size of the
star. Thanks to the analytical expression of the rejection rate
(see PaperI), it can be calibrated. Here, we assume a typical
precision (A8,) of 1% on stellar angular diameters so that a
calibration accuracy of 2% is reached on geometric stellar
leakage.

— The raw instrumental leakage can be decomposed into its
mean value and its variability, referred to as “instability
noise” (Lay 2004; Chazelas et al. 2006). The mean value
can be estimated by observing a calibrator star, provided
that the interferometer behaves in the same way during both
science observation and calibration. This calibration process
is obviously limited by its own geometrical stellar leakage,
instability noise, shot noise, detector noise and background
noise. Therefore, calibrating the mean instrumental leakage
is not necessarily useful for the improvement of the sensitiv-
ity. The absence of calibration is indicated by a dash sign in
Table 3.

— Shot noise is due to the statistical arrival process of the pho-
tons from all sources. It is mainly dominated by stellar leak-
age and by the emission of the solar zodiacal cloud.

— Detector noise is computed assuming a read-out noise
of 15 electrons rms and a typical read-out frequency of
0.01Hz.

— The background noise stands for the residual background
signal in the calibration process. Two off-axis fibres located
close to the “science” fibre in the focal plane are used to mea-
sure the background emission in real time. Using this tech-
nique, the background noise is reduced to the sum of the shot
noise contribution from the background itself and of the stel-
lar light coupled into the “background” fibres. Considering
fibres located at 40" from the axis and telescopes with a cen-
tral obscuration of 14%, the residual stellar light in the back-
ground fibres does not exceed about 10~ of the total stellar
flux. More details about this technique can be found in Absil
(2006).
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Table 3. Expected sensitivity of PEGASE (40-m baseline) and FKSI, given in number of zodis that can be detected around a Sun-like star located
at 20 pc in 30 min. For each instrument, the individual contributions are given in photo-electrons in three cases: in the optimum wavelength bin,
in the optimised wavelength range and in the whole wavelength range. We assume a 1% precision on stellar diameter knowledge. The dash sign

indicates that no calibration is performed.

PEGASE FKSI

Wavelength [um] 5.96 [5.7-6.0] [3.0-6.0] 7.83 [6.3-8.0] [3.0-8.0]
Bandwidth [pm)] 0.08 0.3 3.0 0.34 1.7 5.0

Stellar signal [e-] 15x107 66x107 18x10° 50x107 35x10° 3.0x 10’
Raw instr. leakage [e-] 83x 100 3.6x107 1.2x10* 27x10> 1.9x10° 2.1x10*
Total stellar leakage [e-] 22x10° 1.0x10° 6.1x10° 6.6x10>° 54x10° 1.1x10°
20-zodi signal [e-] LOX10° 41x10° 49x10° 27x10° 14x10* 29x 10*
Background signal [e-] 28x 107 73x 10> 97x 10> 1.8x10> 25x10> 25x10?
Calibrated geom. leakage [e-] 4.3 x 10" 19x 10> 12x10° 80x10° 7.0x10" 1.8x10°
Calibrated instr. leakage [e-] 7.2x 100 2.3 x 107 - 44x100 13x10> 1.9x10°
Instability noise [e-] 1.0x10° 43x10° 1.8x10*> 14x10° 12x10" 1.9x10?
Shot noise [e-] 47x 100 1.0x10> 78x10> 26x10" 73x10' 3.4x10*
Detector noise [e-] 1.8x 10" 3.6x10" 1.1x10*> 1.8x10" 4.0x10" 8.0x10
Background noise [e-] 27x 10" 46x10" 14x10*> 3.0x10" 63x10" 1.8x10*
Zodis for SNR = 5 (calibrated) 10 7.8 34 2.2 1.3 9.2

The single channel S NR can be improved by adding the signals
from different spectral channels, taking into account the possi-
ble correlation of the noises between the wavelength bins. In
this study, we assume that systematic noises such as geometrical
leakage, instrumental leakage and instability noise are perfectly
correlated between the wavelength bins so that the noise con-
tributions have to be added linearly. On the other hand, random
noises such as shot noise, detector noise and background noise
are considered uncorrelated between the spectral channels and
are thus added quadratically. Combining spectral channels is ef-
ficient to a limited extent and wide band observations give gen-
erally poor results. This is illustrated in Table 3 which details the
noise budget in the optimum wavelength range (second column)
and in the whole wavelength range (third column).

For both PEGASE and FKSI, the highest-S NR wavelength bin
corresponds to the longest wavelength of the science waveband
with an achievable sensitivity of respectively 10 and 2.2 zodis
for a Sun-like star located at 20 pc. This sensitivity is slightly im-
proved by combining the spectral channels in the [5.7-6.0] um
and [6.3-8.0] um bands respectively for PEGASE and FKSIL
Wider wavelength ranges would degrade the sensitivity as il-
lustrated by the whole band sensitivity (respectively 34 and
9.2 zodis). This is because the part of the S NVR that is due to
systematic noises is not improved by combining spectral chan-
nels and both PEGASE and FKSI are largely dominated by geo-
metric stellar leakage at short wavelengths. As a side effect, the
calibration of instrumental leakage, which is very efficient for
ground-based instruments (see Papers I and IT), would impair the
performance of PEGASE for observations performed in the whole
wavelength range. In the optimum wavelength range of PEGASE,
calibrating the instrumental leakage has only a slight influence
on the final sensitivity and the geometric stellar leakage remains
the dominant noise contributor, indicating that PEGASE would
present a better sensitivity with a shorter-baseline configuration
(for instance with the three spacecraft flying in triangular forma-
tion). For FKSI, geometric stellar leakage is less problematic due
to the shorter baseline length but remains one of the main noise
contributors. In the optimum wavelength range, the sensitivity
of FKSI is also dominated by shot noise in this particular case (a
Sun-like star located at 20 pc). In the next section, we will see
however that geometric stellar leakage is generally dominant for
brighter targets.

Table 4. Simulated sensitivity and optimum wavelength range of
PEGASE and FKSI for four representative targets of the DARWIN/TPF
catalogue, assuming 1% uncertainty on the stellar angular diameter and
an integration time of 30 min.

PEGASE-12.5m PEGASE-40m FKSI
Targets zodi A [um] zodi A [um] zodi A [um]
KOV-05 pc 10 5.9-6.0 40 5.9-6.0 2.6 7.6-8.0
G5V-10pc 42 5.6-6.0 12 5.9-6.0 1.0 7.2-8.0
GOV=20pc 3.8 5.0-6.0 7.0 5.7-6.0 0.9 6.7-8.0
GOV=-30pc 7.7 4.3-6.0 5.5 5.4-6.0 1.8 6.0-8.0

4.3. Estimated sensitivity

Following the method used for the GENIE and ALADDIN stud-
ies (see Papers I and II), the performances of PEGASE and
FKSI are presented for 4 hypothetic targets representative of the
DARWIN/TPF catalogue (Kaltenegger et al. 2007): a KOV star
located at 5 pc, a G5V located at 10 pc, a GOV located at 20 pc
and a GOV located at 30 pc. The results of the simulations are
presented in Table 4, taking into account the calibration proce-
dures (i.e., background subtraction, geometric leakage calibra-
tion and instrumental leakage calibration) when necessary. The
detection threshold is set at a global S NR of 5 in the optimised
wavelength range. Unless specified otherwise, the integration
time has been fixed to 30 min and the accuracy on the stellar
angular diameters to 1%.

FKSI is the most sensitive instrument and can detect circum-
stellar discs with a density down to the level of the solar zodiacal
cloud. For the four representative targets of the DARWIN/TPF
catalogue, FKSI can detect discs of 2.6, 1.0, 0.9 and 1.8 zodis
compared to 40, 12, 7.0 and 5.5 zodis for PEGASE (see Table 4).
For both instruments, geometric stellar leakage is the dominant
noise in all cases, except for the GOV star located at 30 pc for
which FKSI is dominated by the shot and background noises.
This explains why the sensitivity decreases for the closest tar-
gets, which have a larger angular stellar diameter and there-
fore produce more geometric stellar leakage for a given baseline
length. This also explains why the optimum wavelength range
is wider for the distant targets, for which combining the spectral
channels is more efficient due to the higher relative contribu-
tion of shot noise to the final S NR. Note also that, for the same
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Fig. 5. Simulated performance of PEGASE for four typical DARWIN/TPF
targets with respect to the baseline length, assuming 1% uncertainty on
stellar angular diameters and an integration time of 30 min.

reason, the optimum wavelength range for a given star is always
wider for FKSI than for PEGASE.

The main difference between FKSI and PEGASE is related
to the geometric stellar leakage which is much larger in the
case of PEGASE due to its 40-m baseline length. Considering
the same baseline length for both instruments, the sensitivity of
FKSI would however remain better than that of PEGASE due to
the longer observing wavelength and the lower thermal back-
ground. Indeed, observing at longer wavelengths improves the
geometric stellar rejection which is proportional to the squared
wavelength. For instance, with a hypothetic baseline length of
12.5 m, PEGASE could detect circumstellar discs of 10, 4.2, 3.8
and 7.7 zodis compared to 2.6, 1.0, 0.9 and 1.8 zodis for FKSI
(see Table 4). The feasibility of such a flight configuration is
however beyond the scope of this paper and will not be ad-
dressed.

The estimated sensitivity is represented as a function of base-
line length in Fig. 5 for PEGASE and in Fig. 6 for FKSI, where
the wavelength range is optimised separately for each baseline
length. As already suggested, the sensitivity at long baseline
lengths is dominated by geometric stellar leakage, especially for
the closest targets which have a larger stellar angular diameter.
By reducing the baseline length, the starlight rejection improves
and the sensitivity curves decrease towards a minimum, indicat-
ing the optimum baseline length. It is interesting to note that
the 12.5-m interferometric baseline of FKSI is a good compro-
mise for most stars in the DARWIN/TPF catalogue. The decrease
in performance towards longer baselines lengths is stronger for
PEGASE than for FKSI since it observes at shorter wavelengths.
At short baseline lengths, background noise becomes dominant
due to the decrease of the exozodiacal disc transmission and the
sensitivity curves rise again. The slight inflection in the sensi-
tivity curves of Fig. 5 (e.g., at a baseline length of 15 m for the
KOV star) indicates the baseline lengths at which the instrumen-
tal leakage calibration becomes useless and would not improve
the sensitivity. The difference in sensitivity between PEGASE and
FKSI decreases with the target distance since the optimum base-
line length of PEGASE is getting closer to 40 m.
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5. Discussion
5.1. Comparison with ground-based sites

In order to provide a fair comparison between ground- and
space-based nulling interferometers, we use the performance es-
timations of GENIE and ALADDIN obtained with GENIEsim
for the 4 representative targets of the DARWIN/TPF catalogue
(from PapersI and II). The detectable exozodiacal dust densi-
ties for GENIE on the unit telescopes (UT — 8 m diameter),
ALADDIN, PEGASE and FKSI are represented in Fig. 7, con-
sidering an integration time of 30 min and an uncertainty on the
stellar angular diameters of 1%. For all target stars, the space-
based nulling interferometers are the most sensitive instruments.
PEGASE (resp. FKSI) outperforms ALADDIN by a factor rang-
ing from about 1.5 (resp. 20) for the KOV star located at 5 pc to
a factor of about 10 (resp. 30) for the GOV star located at 30 pc.
This better sensitivity of space-based instruments is mainly due
to the lower thermal background and geometric stellar leak-
age, which are the dominant noises for GENIE and ALADDIN.
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Table 5. Performance comparison between GENIE, ALADDIN,
PEGASE and FKSI expressed in detectable exozodiacal disc densities
as compared to the solar zodiacal disc (for different uncertainties on the
stellar angular diameter and an integration time of 30 min).

Star 025% 05% 1% 1.5% Instrument
110 230 450 680 GENIE-UT
KOV-05pc 20 33 55 79 ALADDIN
12 21 40 60 PEGASE
0.9 1.4 2.6 3.9 FKSI
30 59 120 180  GENIE-UT
G5V-10pc 15 24 37 51 ALADDIN
4.7 8.3 12 17 PEGASE
0.5 0.7 1.0 1.4 FKSI
21 29 50 73 GENIE-UT
GOV-20pc 19 25 37 48 ALADDIN
2.8 42 7.0 9.5 PEGASE
0.7 0.8 0.9 1.1 FKSI
36 46 59 71 GENIE-UT
GOV-30pc 62 63 67 72 ALADDIN
3.1 3.9 5.5 7.3 PEGASE
1.7 1.7 1.8 1.9 FKSI

While the absence of atmosphere in space and the cooler op-
tics explain the lower thermal background, the longer observing
wavelength improves the geometric stellar rejection, which is
proportional to the squared wavelength.

As discussed in the previous sections, PEGASE and FKSI
are generally limited by geometric stellar leakage. Reducing
the baseline length to improve the sensitivity is not possible ei-
ther due to the free-flying constraints for PEGASE or due to the
fixed boom on FKSI. Besides reducing the interferometric base-
line length, another way to minimize the geometric stellar leak-
age is to improve the knowledge on stellar angular diameters.
Considering the four targets representative of the DARWIN/TPF
catalogue, Table 5 gives the sensitivity to exozodiacal discs of
PEGASE and FKSI for different uncertainties on the stellar angu-
lar diameter. The results of GENIE on the unit telescopes (UT
— 8 m diameter) and ALADDIN are also presented for compari-
son. Unlike the other instruments, FKSI is relatively insensitive
to the uncertainty on the stellar angular diameter, with a sensi-
tivity below 4 zodis even for a knowledge of the stellar angular
diameter of 1.5%.

5.2. Influence of integration time

Increasing the integration time has different influences on the in-
dividual noise sources. For instance, shot noise, detector noise
and instability noise (to the first order) have the classical ¢'/? de-
pendance and their relative impact on the final S NR decreases
for longer integration times. On the other hand, the imperfect
calibration of geometric and instrumental stellar leakage is pro-
portional to time, so that increasing the integration time has no
influence on the associated S NR. Since geometric stellar leakage
is generally dominant, increasing the integration time does not
improve significantly the sensitivity to exozodiacal discs. The
sensitivity as a function of the integration time is represented in
Fig. 8, using the optimum wavelength range. With a 40-m base-
line length, PEGASE is dominated by geometric stellar leakage
for the four targets and reducing the integration time to five min-
utes has almost no influence. For FKSI, geometric stellar leakage
is not dominant for the GOV star located at 30 pc and increasing
the integration time improves slightly the sensitivity (1.4-zodi
disc detectable in 60 min instead of 1.8-zodi disc in 30 min). For
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Fig. 8. Simulated performance of PEGASE and FKSI in terms of exo-
zodiacal disc detection with respect to the integration time, for an un-
certainty on the stellar angular diameter of 1% and in the optimised
wavelength range.

the other three targets, geometric stellar leakage is dominant and
integration times longer than 30 min have no significative influ-
ence on the sensitivity. Like PEGASE, an integration time of five
minutes is already sufficient to reach the maximum sensitivity
for most targets. For comparison, ALADDIN could reach a sen-
sitivity of 30 zodis after about 8 h of integration time for GOV
stars located between 20 and 30 pc (see Paper II). Due to the low
thermal background, PEGASE and FKSI achieve their maximum
sensitivity much faster than ground-based nulling instruments.

5.3. Influence of telescope diameter

Similarly to integration time, increasing the telescope diameter
has different influences on the individual noise sources. Since the
geometric nulling ratio does not depend on the aperture size, the
component of the S NR which is due to geometric stellar leak-
age is not improved by increasing the telescope diameter. Since
the geometric stellar leakage is generally dominant for an inte-
gration time of 30 min, different pupil sizes have therefore little
influence on the final sensitivity. In order to clearly show the
impact of different pupil sizes, we consider in this section an
integration time of 5 min which is generally sufficient to reach
the maximum sensitivity (see previous section). Considering an
uncertainty on the stellar angular diameter of 1% and 5 min of
integration time, the sensitivities of PEGASE (solid lines) and
FKSI (dashed lines) for different pupil diameters are presented
in Fig. 9. As expected, the sensitivity varies more significantly
for the faintest targets, which are more dominated by shot noise.
For PEGASE, the sensitivity is already close to the maximum with
the 40-cm diameter apertures and increasing the telescope diam-
eter has only a slight impact for the faintest target (GOV star
located at 30 pc). For FKSI, the sensitivity remains practically
unchanged for telescopes with a diameter larger than 30 cm, ex-
cept for the GOV star located at 30 pc. In practice, the final choice
of the pupil diameter will result from a trade-off between inte-
gration time, feasibility and performance.
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integration.

5.4. Sky coverage

In the context of DARWIN/TPF preparatory activities, another
relevant issue is the sky coverage, i.e., the part of the celestial
sphere accessible by each instrument. A representative way to
assess the sky coverage is to determine how many stars of the
DARWIN/TPF all sky target catalogue (Kaltenegger et al. 2007)
can be observed by each instrument. This value depends on the
combination of two parameters: the location of the instrument
and its pointing direction ability. For the ground-based instru-
ments, we assume that the zenith distance can not be larger than
60°. For space-based instruments, the pointing direction covers
the part of the sky with an ecliptic latitude between +30° for
PEGASE and +20° for FKSI (after 1 year of observation).

Considering the 1354 single target stars of the DARWIN/TPF
catalogue (106 F, 251 G, 497 K and 500 M stars), the results are
presented in Fig. 10 for GENIE (dark frame), ALADDIN (light
frame) and PEGASE (shaded area). The sky coverage of FKSI is
not represented for the sake of clarity but is similar to that of
PEGASE with an extension in declination of 40° instead of 60°.
The stars enclosed in a specified frame are observable by the cor-
responding instrument in a 1-year observation window. Counting
the stars in each frame, GENIE can observed 1069 targets (90 F,
191 G, 405 K, 383 M stars), ALADDIN 514 (52 F, 98 G, 204 K,
160 M stars), PEGASE 677 (53 F, 125 G, 244 K and 255 M stars)
and FKSI 443 (28 F, 74 G, 164 K and 177 M stars). These values
correspond to about 80%, 40%, 50% and 30% of the targets, re-
spectively for GENIE, ALADDIN, PEGASE and FKSI. Note that
ALADDIN and the space-based instruments cover complemen-
tary regions of the sky and are able to survey most of the targets
with a declination lower than 50°.

6. Conclusions

Nulling interferometry is a promising technique to assess
the level of circumstellar dust in the habitable zone around
nearby main sequence stars. From the ground, instruments like
GENIE (VLTI nuller, using two 8-m telescopes) and ALADDIN
(Antarctic nuller, using two dedicated 1-m telescopes) could
achieve the detection of exozodiacal discs with a density of sev-
eral tens of zodis. The high Antarctic plateau is a particularly
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Fig.10. Sky coverage after 1 year of observation of GENIE (dark
frame), ALADDIN (light frame) and PEGASE (shaded area) shown with
the DARWIN/TPF all sky target catalogue. The blue-shaded area shows
the sky coverage of a space-based instrument with an ecliptic latitude
in the [-30°, 30°] range (such as PEGASE). The sky coverage of FKSI is
similar to that of PEGASE with an extension of 40° instead of 60°.

well suited site in that context, so that ALADDIN is expected
to achieve the best sensitivity (down to 30 zodis in few hours of
integration time). Observing from space provides the solution to
go beyond this sensitivity by getting rid of the high thermal back-
ground constraining ground-based observations. In this paper,
we have investigated the performance of two space-based nulling
interferometers which have been intensively studied during the
past few years (namely PEGASE and FKSI). Even though they
have been initially designed for the characterisation of hot extra-
solar giant planets, PEGASE and FKSI would be very efficient
to probe the inner region of circumstellar discs where terres-
trial habitable planets are supposed to be located. Within a few
minutes, PEGASE (resp. FKSI) could detect exozodiacal discs
around nearby main sequence stars down to a density level of 5
(resp. 1) times our solar zodiacal cloud and thereby outperform
any ground-based instrument. FKSI can achieve this sensitivity
for most targets of the DARWIN/TPF catalogue while PEGASE
becomes less sensitive for the closest targets with detectable den-
sity levels of about 40 times the solar zodiacal cloud. This out-
standing and uniform sensitivity of FKSI over the DARWIN/TPF
catalogue is a direct consequence of the short baseline length
(12.5 m) used in combination with an appropriate observing
wavelength of about 8 yum, which is ideal for exozodiacal disc
detection. Another advantage of FKSI is to be relatively insen-
sitive to the uncertainty on stellar angular diameters, which is
a crucial parameter driving the performance of other nulling
interferometers. In terms of sky coverage, we show that these
space-based instruments are able to survey about 50% of the
DARWIN/TPF target stars. The sky coverage reaches 80% if they
are used in combination with ALADDIN, which provides a com-
plementary sky coverage. Beyond the technical demonstration of
nulling interferometry in space, the present study indicates that
PEGASE and FKSI would be ideal instruments to prepare future
life-finding space missions such as DARWIN/TPF.
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Abstract. PEGASE and FKSI are space-based two-telescope interferometer projects dedicated to the
exploration of the faint environment (including habitable zone) around nearby young and solar-type stars
in the infrared. After the detailed analysis of the performance for exozodiacal disc detection in the
previous part of this thesis, this chapter is dedicated to the detection and characterisation of extrasolar
planets. In addition to PEGASE and FKSI, two ambitious Bracewell interferometers are discussed and
investigated: an enhanced version of PEGASE (namely PEGASUS) and an upgraded version of FKSI.
Compared to PEGASE and FKSI, these enhanced concepts are particularly efficient to extend the search

zone for super-Earth extrasolar planets to the habitable zone of nearby main sequence stars.

6.1 Science case

6.1.1 Hot extrasolar giant planets

The initial goal of PEGASE/FKSI, which was also the main design driver, is to perform a spectroscopic
characterisation of hot EGPs. Such planets are generally designated by Jupiter-mass gaseous bodies

113
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orbiting close to their parent stars (0.02 to 0.1 AU, i.e., orbital periods shorter than 10 days). Up to
now, about 55 hot EGPs or hot gaseous planets have been detected in our neighbourhood (< 150 pc),
generally by means of radial velocity surveys, which allow the characterisation of orbital parameters
of the companion planet and the estimation of its mass through the product M, sini. About 15 of
these planets have also been characterised by the observation of the photometric drop as the planet
transits in front of the stellar photosphere, giving an unambiguous access to the mass and radius of
these planets. From this additional piece of information, one can constrain their nature, their evolution
and some of their atmospheric properties (see section 1.1.3). For a few cases, the detections of the
secondary eclipse have even provided some limited information on the thermal emission of these planets
(e.g., Charbonneau et al. 2005; Deming et al. 2005). Similar results have been obtained on several other
giant planets detected by photometric transits farther out in the galaxy, at about 1500 pc from our
solar system by the OGLE survey (e.g., Udalski et al. 2004). However, no spectrum with a resolution
of several tens has been obtained so far. In order to improve our understanding of the physics of hot
EGPs and to test atmospheric models, a spectroscopic study of their thermal and/or reflected radiation
is mandatory.

Studying the physics of hot EGPs is of particular interest because these objects have no equivalent
in the solar system and no theory had predicted their existence before their discovery. These hot and
highly irradiated objects (Teg < 1000 to 1500 K) are nowadays thought to have formed far from their
central star, and to have migrated inward (see section 1.1.2), where their rotation is now synchronously
locked with their revolution period. This means that a same face of the planet is permanently irradiated
leading to a complex circulation within the atmosphere. Even if all the models describe hot EGPs
as giant gaseous objects, the role of aerosols and potential clouds of dust, the level of thermalization
between irradiated and dark hemispheres of the planet and the potential existence of winds between the
hemispheres are strongly discussed. Figures 6.1 and 6.2 show 3 alternative models with and without
clouds leading to a strong difference in the spectral features depth. A spectral analysis of the objects
with a spectral resolution of several tens in the near infrared would strongly constrain the atmospheric
models. Performing spectroscopy in the near infrared has several advantages to study hot EGPs. This
spectral range contains molecular species such as CHy, CO (whose depth is a tracer of cloud thickness)
and especially HoO at 2.6 pm, difficult to detect from the ground. Collision-induced absorption by Hs can
also potentially be detected between 2.5 and 3.0 pm. Moreover, this wavelength regime gives access to
an almost unperturbed part of the continuum in the thermal emission, between roughly 3.5 and 4.3 pm,
which allows good estimates of the planetary equilibrium temperature.

6.1.2 Super-Earth extrasolar planets

Super-Earth is a term generally used for rocky planets with masses in the range of a few to 10 Earth
masses, depending on the author (Valencia et al. 2007; Fortney et al. 2007). Already a few planets with
masses smaller than 10 Mg have been detected. In 1992, two planets with masses of 2.8 and 3.4 Mg
orbiting a pulsar in almost perfect circular orbits have been discovered from precise timing measurements
(Wolszczan and Frail 1992). The microlensing technique has also demonstrated its potential to detect
low-mass planets with two detections announced: a planet of about 5.5 Mg, orbiting a low-mass star
(Beaulieu et al. 2006), and a still less massive object, of only 3.3 Mg, probably gravitationally bound
to a brown dwarf (Bennett et al. 2008). The first super-Earth detected around a main sequence star
was discovered in 2005, orbiting a M4V star named GJ 876 (Rivera et al. 2005). Its estimated mass
is 7.5 £+ 0.7 Mg and it has an orbital period of 1.94 days. It is close to the host star, and the surface
temperature is calculated to lie between 430 and 650 K. Doppler spectroscopy also revealed three other
planets with a maximum mass less than 10 Mg: GJ 581c and d, with maximum masses of 5.1 and 8.2
Mg respectively (Udry et al. 2007) and HD 181433b with a maximum mass of 7.5 Mg (Bouchy et al.
2009). GJ581 is a M3V star while HD 181433 and HD 40307 are both K dwarfs. A recent radial velocity
survey suggests that at least 30 + 10% of G and K dwarfs have Neptune or super-Earth companions in
the narrow range of periods shorter than 50 days (Mayor et al. 2009b). Note that the first transiting
super-Earth may have been discovered very recently by CoRoT (Léger et al. subm). Corot-Exo7b is a
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Figure 6.1: Example of a synthetic spectrum for a hot Jupiter located at 0.1 AU from its parent star
and heated up to 1000 K (applicable to 51 Peg, Sudarsky et al. 2003). For the sake of comparison, a Sun
located at the distance of 51 Peg would have a flux of about 8 Jy at 3 pm.

1.7-Rg /<11-Mg planet orbiting at 0.017 AU around a KOV star located at 140 pc.

The scientific interest lies in the fact that super-Earth planets share common geophysical attributes
with the Earth, like oceans/continents, planet tectonics, volcanism and habitability. Active volcanoes
produce large quantities of gases, primarily HoO, COs, and SOs, which have spectral bands in the
infrared. Although water vapor is the dominant constituent of volcanic gases, substantial quantities of
carbon dioxide and sulfur dioxide are emitted. For example, at the hot spot at the Kilauea Summit
(Hawaii, USA), the concentrations by volume percentage are: 37% of HoO, 49% of COq, 12% of SOs.
Trace amounts of molecular hydrogen gas, carbon monoxide, hydrogen sulfide, and hydrochloric acid are
also present. Sulfur dioxide has fundamental vibrational lines at wavelengths of 7.34, 8.68, and 19.30 pm,
which should be observable if sufficient quantities of atmospheric SO exist. Interestingly, emission rates
vary enormously for volcanoes on Earth, from as little as about 20 tons per day to over 10 million tons
per day. Non-equilibrium chemistry of HoO, CHy, CO, and COs in an exoplanet atmosphere could also
be indicative of volcanism. Transitory non-equilibrium atmospheric chemistry associated with exoplanet
volcanism may, in some cases, be detectable with a sensitive, very high spatial resolution system such
as PEGASE/FKSI.

6.2 PECASUS: an enhanced version of PEGASE

Pegasus was initially referred to as “DARWIN Lite” or “Super-Pegase” and is a Bracewell interferometer
built on the PEGASE mission. It has been studied to assess the relevance of a down-scoped DARWIN for
the Cosmic Vision 2015-2025 programme. The idea was to study the single Bracewell concept to assess
which of DARWIN/TPF objectives could be achieved. This has been done first by optimising the PEGASE
specifications for the detection of Earth-like planets, which requires larger telescopes, cooler optics and
an optimised wavelength range. The analysis was then extended to planets with different orbits to give
a general overview of the instrument capabilities. One of the major challenges in detecting an Earth-
like planet is to mitigate the emission of the exozodiacal cloud which cannot be subtracted by internal
modulation, as in the case of DARWIN/TPF. Specific methods for Bracewell interferometers, such as
split-pupil and OPD modulation, have been investigated. The study was performed in the framework of
the present thesis in partnership with ESA/ESTEC.
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Figure 6.2: Example of synthetic spectra for hot EGPs using different atmospheric models (Barman
et al. 2001). In the top figure, the dust is supposed to have entirely settled, leaving “clear skies”. In
the bottom figure, settling is ignored so that the dust contributes to the opacity. The planets have been
placed respectively at 0.15, 0.25 and 0.5 AU from the star in the top figure and at 0.05, 0.1 and 0.25 AU
in the bottom figure.

6.2.1 Concept overview

PECASUS consists in two 1-m diameter telescopes and one beam combiner spacecraft, free flying at least
20 m away from each other (20 m is the minimum distance to avoid the collision of the spacecraft).
The linear configuration of PEGASE with a central beam combiner is not convenient for PEGASUS since
the optimum baseline length for most of the targets in the DARWIN/TPF catalogue is shorter than 40 m
when observing the host star HZ (at 10 um, see Figure 6.3). This is particularly important for the closest
targets of each spectral type which are the targets requiring the shorter integration time.

PEGASUS is therefore better configured as being triangular, which makes baseline lengths shorter
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Figure 6.3: Optimum baseline length to observe the habitable zone of DARWIN targets with respect to
the target distance (at 10 pum).



these: version du mercredi November 4, 2009 a 20 h 04 ‘

117 6.2. PEGASUS: an enhanced version of PEGASE
. b . b
I fters] e
O.44DI p— — 10.440

Figure 6.4: Principle of the pupil division technique (“split-pupil Bracewell”). The corresponding trans-
mission maps are given in Figure 6.5.

than 40 m available (see Figure 1 in the paper presented in section 6.3.2). According to CNES, it is
conceivable to consider a minimal baseline reduced to 20 m if a triangular configuration is adopted, with
the beam combiner at one angle. In that case, the payload has to be designed with an angle of 120°
between the incoming beams instead of the 180° in the linear case. This point has still to be assessed.
The waveband ranges from 9 to 13 pum with a spectral resolution of 60. In the nulling mode, control
loops have to stabilise the OPD to an rms value of 1 nm and the pointing accuracy to 20 mas (instead
of 2.5nm and 30 mas respectively for PEGASE). An rms OPD error of 1nm is very challenging but
should be realistic in the near-term future (Lawson 2006). At 10 ym, the main challenge to detect an
Earth-like planet is nevertheless the exozodiacal emission, which can be up to 400 times brighter than
an Earth located at 20 pc. Internal modulation used in the case of DARWIN/TPF is not appropriate
since it requires at least 3 telescopes. On the other hand, modulation by rotation of the interferometer
can generally not be implemented sufficiently fast and the planet signal is easily corrupted by long term
drifts and 1/f noise. The solution to remove the exozodiacal emission (at least partially) with a single
Bracewell interferometer is rather to use one of the specific techniques described hereafter.

6.2.2 The split-pupil technique

Pupil division is a technique developed for the KIN (Serabyn et al. 2006) to perform phase modulation
with only two telescopes. In this configuration, both telescope pupils are spatially divided into two
parts, creating two independent Bracewell interferometers (see Figure 6.4). The outputs of these two
interferometers are then combined with a time-varying phase shift (¢(t)). Assuming that the final beam
combination is done in a co-axial way on a beam combiner, the same background flux will be measured
in both outputs of the beam splitter, simultaneously in time, allowing in theory a perfect background
subtraction. A review of this technique in the context of the DARWIN mission has been presented by
Hanot (2005).

There are two ways to perform the phase modulation, corresponding to two possibilities for the
modulation function ¢(t):

e Discrete phase modulation. In this method, an achromatic phase shift is applied to one of
the two nulled beams before the final combination so that the half pupils are put out of phase.
In this condition, all coherent signals will be directed to only one of the two outputs of the beam
splitter. A simple subtraction of the two detected fluxes will thus be sufficient to single out the
coherent signals. In order to avoid potential systematic errors, the role of the two outputs should
be repeatedly changed by putting the phase shift alternately in one or the other nulled beam. The
transmission map of the total instrument, including the final beam combination, is illustrated in
Figure 6.5 (top row), where the left figure corresponds to a phase shift of /2 and the right figure
to a phase shift of 37/2 between the semi-pupils.

e Continuous phase modulation. Phase modulation can also be implemented as a variation of
the OPD in one arm of the interferometer (chromatic phase modulation). In this configuration, the
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Figure 6.5: Top row: monochromatic transmission maps of a split pupil interferometer with 2-m collec-
tors for a factor \/b fixed at 2x107% (corresponding for example to A=10 ym and a baseline length of 5 m).
The left figure corresponds to ¢(t)=m/2 while the right figure to ¢(t)=3m/2. Bottom row: corresponding
modulation map (left) and rotational modulation efficiency (right).

background subtraction can benefit both from the variation of coherent signals in each output and
from the fact that two complementary outputs are available. Moreover, additional information on
the morphology of the circumstellar disc can be retrieved from the shape of the time-modulated sig-
nals. For instance, if the brightness of the disc mainly comes from the inner region, the modulation
will show steep gradients as the wide fringe pattern associated with the short baseline scans this
region. An extended disc emission, on the other hand, will produce a smooth modulation curve.
Disc asymmetries could also be detected, because they produce a slightly asymmetric modulation

curve.

The modulation map, proportional to the difference between the transmission maps (see Equa-
tion 4.25), is shown in the bottom row of Figure 6.5, displaying a maximum rotational modulation
efficiency of about 50%. Although splitting the pupil provides theoretically a perfect background sub-
traction, it also introduces significant additional complexity: instead of having only one nuller, this
configuration requires two nullers and an additional beam combiner. Most of the hardware will thus be
duplicated, including the control sub-systems, such as required for fringe tracking and intensity control.
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6.2.3 The OPD modulation technique

The principle of OPD modulation is to scan back and forth the dark fringe of the transmission map
by modulating the path length in one arm of the interferometer. In this way, all centro-symmetric
sources are modulated at twice the modulation frequency. The principle of this technique is illustrated
in Figure 6.6. Starting from a situation where the minimum of the transmission map (null) is centered
on the star, any shift either to the left or the right will increase the stellar leakage. By placing the planet
in between a crest and a valley (i.e. on the grey fringe), a shift of the transmission map to the right
will decrease the planetary transmission while a shift to the left will increase it. As a result, the stellar
leakage is modulated at twice the frequency as in any other symmetric source such as the exozodiacal
cloud whereas the planetary signal is modulated at the modulation frequency (see Figure 6.6). Hence
both signals can be separated in the frequency space, using synchronous coherent demodulation.

In principle, fast planet modulation could be implemented at little increase of the system complexity
as a simple sinusoidal offset to the zero point setting of the OPD controller. However, OPD modulation
is chromatic, i.e. the phase modulation amplitude varies as the inverse of the wavelength. The nominal
response over the full bandwidth could be restored by modulating the phase of the beams, instead of
their optical path length. At least one of the Achromatic Phase Shifter (APS) devices developed for
DARWIN/TPF could operate as an achromatic phase modulator over the required range of +0.5 radian.
Unfortunately, in presence of instrumental errors, the planetary signal is not the only signal to be
modulated at the modulation frequency. If the null in the transmission map is not exactly centered on
the star (e.g., due to a systematic offset or quasi-static residuals in the OPD between the arms), the part
of the stellar disc that is asymmetric with respect to the modulation of the transmission map will start
to act as a pseudo-planet. The instrumental errors are a severe limitation to this technique (D’Arcio et
al. 2004).

6.3 Performance predictions for PEGASE and PEGASUS

Although GENIEsim is now able to simulate the performance of PEGASE and PEGASUS for planet
detection, the results presented in this section have been obtained with another simulator. The main
reason is because this study has been conducted before the adaptation of GENIEsim to space-based
nulling interferometers. The simulation software used is built on excel work-sheets in combination with
Visual Basic for Applications (VBA). It comes from a top-level performance prediction tool developed by
O. Absil for PEGASE (Absil 2006) and several routines of the DARWIN science simulator, DARWINsim
(see section 7.2.1 for more details, den Hartog 2005b). It can be considered as an approximation of
GENIEsim, with several simplifying assumptions. In particular, the most restrictive assumption is
relative to the instability noise, only computed at the first order. This is a major limitation to the
performance assessment since it has been shown that second order effects of the instability noise are the
dominant noise contributors (Lay 2004). However, first performance comparisons with the GENIEsim
software already indicate similar results.

6.3.1 The simulation software

The initial simulation tool was a static excel worksheet which looks like that in Table 6.1, showing the
output of the software for PEGASE and for 5 representative targets (7 Boo b, 55 Cnc b, 51 Peg b, 55
Cnc e and Gl 876 d). Any modification in the instrumental configuration or in the data of the target
system results in an immediate update of the individual SNRs. The way to compute each cell value
is thoroughly discussed in the thesis of Absil (2006) and briefly reminded in the paper hereafter (see
section 6.3.2). In the following paragraphs, we give some details on the content of Table 6.1 necessary
for the understanding of the table. Each group of lines is related to one specific aspect of the SNR
computation:
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Figure 6.6: Principle of OPD modulation. By locating the planet on a grey fringe, any excursion of phase
(OPD) induces a maximum change of the planetary signal, whereby in the illustrated case an increase of
phase induces a decrease of planetary signal and vice versa. Provided the null in the transmission map
is centered on the star, any phase excursion will only induce an increase in the stellar leakage. When
the phase is modulated with a frequency fioq, the stellar leakage is therefore modulated at twice this
frequency, allowing a separation of the planetary signal from the leakage in frequency space. The more
modulation cycles are present in the data, the sharper the lines in the frequency space will become (figure
from den Hartog et al. 2004) .

e The instrument block describes the interferometer with its fundamental parameters such as collec-
tor diameter, baseline length, observing wavelength, spectral resolution, etc. The baseline length
is always optimised so as to provide an optimum SNR at the optimum wavelength (in the PEGASE
waveband in the present case). Note that the actual optimum baseline is smaller than the baseline
which would locate the planet on a maximum of the transmission map (see the planetary transmis-
sion line). This is due to the fact that the planetary transmission does not significantly decrease
when increasing the baseline, while stellar leakage is much more sensitive to the baseline length
(see section 6.3.3 for more details). The values given for the total throughput and total emissivity
both take into account the detector quantum efficiency. The instrumental rejection ratio is deduced
from the contributions of OPD and tip-tilt errors, characterised by their standard deviation.

e The target star data come from the extrasolar planet encyclopedia (Schneider 2009) when available
and otherwise from the DARWIN full extrasolar planet catalogue (Stankov 2005). The flux of the star
is computed with a blackbody model. The total stellar flux on output is computed by considering
both the geometric and the instrumental rejection ratios. The geometric rejection (the inverse of
the nulling ratio) is computed using Equation 4.15 while the instrumental rejection is computed
using Equations 1 and 2 in the paper presented in section 6.3.2.

e The planetary parameters come also from the extrasolar planet encyclopedia (Schneider 2009) and
the thermal and reflected emissions are computed according to Equation 6 in the paper presented
in section 6.3.2.

e The background block considers the emissions of the local zodiacal dust, computed using the model
of Kelsall (Kelsall et al. 1998), and of the instrumental background, computed as a grey body with
an emissivity given in the instrument block of the table. The background fluctuation is the standard
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deviation of the instrumental background and is only related to the temperature fluctuations of
the payload. The output flux is computed by multiplying these contributions by the effective field-
of-view area, i.e. 0.772(A\/D)2. The emission of the exozodiacal cloud is also taken into account
when necessary. This is the case for PEGASUS which works at longer wavelengths for which the
exozodiacal emission becomes dominant. A specific routine (“exo_zodi.pro”’) of DARWINsim has
been used to assess the level of exozodiacal emission.

e The individual noise block summarizes the contribution of each source as a function of time. Due
to its Poisson statistics, shot noise increases as the square root of time. Read-out noise shows the
same time behaviour because the individual noise realisations experienced in successive read-outs
add up quadratically. The three other sources of noise are all proportional to the time. These
contributions are in fact biases, i.e. the residues of imperfect calibration or subtraction processes.
Instrumental nulling noise and stellar leakage calibration noise are both proportional to the stellar
signal, while the background fluctuation noise is proportional to the background signal. The
knowledge of the stellar diameter is assumed to be equal to 1% which gives a calibration accuracy
for geometric stellar leakage of 2%. Note that this value is different from the one considered by
Absil (2006) (a calibration accuracy for geometric stellar leakage of 2%). In addition to the new
specifications of PEGASE, this explains the discrepancy with the previous performance assessment
of PEGASE (Absil 2006).

e Using the integration time specified in the first line of this block, the individual signal-to-noise
ratios are computed for the four noise sources. Shot noise and read-out noise are taken into account
jointly in the detection SNR. While the latter increases as the square root of time, the three others
remain the same whatever the integration time. It must be noted that, with an integration time
of 10 hours, the detection SNR is already comfortably larger than the instrumental SNR, for most
targets. Longer integration times would thus only marginally improve the final SNR.

e The final SNR has been computed from the combination of the individual SNRs, assuming that the
three biases, respectively related to calibration, instrumental errors and background fluctuations,
add up linearly. Adding them quadratically as totally uncorrelated noise sources would be too
optimistic because the stellar calibration noise is expected to be correlated with instrumental
leakage, which is itself correlated with the background subtraction noise through the instrumental
temperature fluctuations (which also produce OPD and tip-tilt errors). The final SNR should thus
be regarded as a minimum SNR.

This static worksheet is not convenient for optimisation purposes because it requires several attempts
“by hand” as well as an expert eye. For this reason, the corresponding software has been updated using
Visual Basic for Application (VBA). The software now automatically performs various optimisations
(e.g., wavelength, baseline length). For each wavelength, the optimum baseline length is computed. The
software then compares the results at different wavelengths to give the optimum wavelength-baseline
pair. This process can be executed on the whole list of known extrasolar planets as well as on the
DARWIN/TPF catalogue. After the optimisation phase, the targets are sorted by ascending integration
time, either in the optimum wavelength element (for spectroscopy) or on the full wavelength range (for
detection). Considering 50% downtime and that each system has to be surveyed three times in order to
reach a good confidence in case of non detection, the sorted list is cut off where the cumulative integration
time exceeds the nominal survey period. The resulting list defines the number of targets that can be
surveyed. Several other outputs are given such as the number of targets of a given spectral type which
can be surveyed in a given time, the list of planets sorted by increasing integration time, decreasing
SNR, etc.
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Tau Boob 55 Cncb 51 Pegb 55 Cnce GlL876d
Instrument
Diameter [m] 0.4 0.4 0.4 0.4 0.4
Optimum baseline [m] 70 50 61 89 59
Wavelength [pm] 4.5 5.5 5 5 5.5
Spectral resolution 60 60 60 60 60
Total throughput 0.042 0.042 0.042 0.042 0.042
Total emissivity 0.25 0.25 0.25 0.25 0.25
Calib. accuracy 0.02 0.02 0.02 0.02 0.02
Instrument temp. [K] 90 90 90 90 90
Rms temp. fluct. [K] 0.1 0.1 0.1 0.1 0.1
Rms OPD error [nm]| 2.5 2.5 2.5 2.5 2.5
Rms pointing error [mas] 30 30 30 30 30
Instrumental nulling 323761 485855 400754 400754 485855
Star
Distance [pc] 15.0 13.4 15.4 13.4 4.7
Spectral type F7V G8V G2 1V G8V M4V
Radius [Ro] 0.84 0.6 1.17 0.6 0.36
Angular radius [mas] 0.26 0.21 0.35 0.21 0.36
Effective temperature [K] 6309 5243 5770 5243 3500
Flux [Jy] 3.31 1.18 4.56 1.39 2.01
Geometric nulling 1039.8 4886.6 927.8 1244.5 1173.7
Total stellar nulling 1036.5 4838.0 925.6 1240.7 1170.9
Output flux [Jy] 1.3E-04 1.0E-05 2.1E-04 4.7E-05  7.2E-05
Output flux [ph-el/s] 8.48 0.65 13.07 2.98 4.56
Planet
Semi-major axis [AU]| 0.05 0.12 0.05 0.04 0.02
Mass x sin(i) [Mj] 3.90 0.78 0.47 0.05 0.02
Radius [Ry] 1.6 0.9 0.8 0.4 0.3
Bond albedo 0.1 0.1 0.1 0.1 0.1
Equilibrium temp. [K]| 1266.5 562.6 1285.7 978.7 683.9
Thermal flux [Jy]| 7.1E-03 1.8E-04  1.6E-03  2.1E-04 2.8E-04
Reflected flux [Jy] 4.4E-05 8.7E-07  1.2E-05 1.4E-06  3.6E-06
Star /planet contrast 467 6394 2768 6565 7120
Interf. transmission 0.42 0.81 0.33 0.46 0.42
Output flux [Jy]| 1.3E-04 6.3E-06 2.3E-05 4.1E-06 5.0E-06
Output flux [ph-el/s] 7.96 0.40 1.43 0.26 0.31
Background
Local zodi [Jy/sr] 1.8E+4-05 6.7E+05 3.5E+05 3.5E+05 6.7E+05
Exo zodi [Jy /st 1.2E4-05 1.1E4+05 1.6E+05 1.1E+05 1.8E+405
Instr. brightness [Jy/sr| 4.1E+01 14E+04 1.0E+03 1.0E+03 1.4E+404
Rms bckg fluctuations [Jy/sr] | 1.6E400  4.6E+02 3.7E+01 3.7E+01 4.6E+402
Output flux [Jy] 6.2E-07 4.0E-06 1.4E-06 1.4E-06 4.1E-06
Output flux [ph-el/s] 2.0E-02 1.3E-01 4.5E-02 4.5E-02 1.3E-01
Individual noises
Shot noise [ph-el/s%-] 4.1E+00 1.1E+00 3.8E4+00 1.8E+00 2.2E400
Detector noise [ph-el/s?-] 1 1 1 1 1
Instr. leakage noise [ph-el/s] 2.7TE-02 6.5E-03  3.0E-02  9.2E-03 1.1E-02
Leakage calib. noise [ph-el/s] 1.7E-01 1.3E-02  2.6E-01  6.0E-02  9.1E-02
Bckg fluct. noise [ph-el/s] 6.0E-06 2.6E-03 1.7E-04 1.7E-04  2.6E-03
Individual SNRs
Integration time [hours| 10 10 10 10 10
Detection SNR 361.4 51.3 68.8 23.9 24.3
Instrumental SNR 293.1 61.6 47.4 28.2 28.5
Calibration SNR 46.9 30.7 5.5 44 3.4
Bckg fluctuation SNR 1.3E+06 1.6E+02 84E+403 1.5E+03 1.2E402
Final SNR 36.4 13.4 4.6 3.3 2.7

Table 6.1: Details of the computation of the final signal-to-noise ratio for five extrasolar planets. Full

results are given in Section 6.3.3.
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6.3.2 Paper: Potential of space-based infrared Bracewell interferometers for planet detection

The following paper (Defrére et al. 2007) presents a performance study of space-based Bracewell interfer-
ometers. In particular, PEGASE and PEGASUS are addressed and their sensitivities towards the detection
of known extrasolar planets compared. The performance of PEGASUS to survey the HZ of DARWIN/TPF
targets is also thoroughly addressed.
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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.

Keywords: Nulling interferometry, space-based mission, extra-solar planets.

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.

* E-mail: defrere@astro.ulg.ac.be, Telephone: 003243669713



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 pum, the emission of an Earth is about 30 times larger than at 2.5 pm 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 um. 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 ]

Target system
Distance 20 pc @ @
Star radius 1 Rsun
Star eff. temperature 5770 K Brio= 20,
Star flux 0.56 Jy
Planet radius 1 Rearth
Planet angular offset 50 mas Q
Planet eff. temperature 265 K ST
Planet flux 6.00E-8 Jy
Exo-zodi dust 1 solar system zodi @ @
Local zodi brightness 1.13E+7 Jy/sr

b...< 2d

Bracewell specifications . Lo .
racew peet ron Figure 1. Above: nominal linear flying configuration of Pe-

Teles§ope diameter I m gase with a central beam combiner. Bottom: modified fly-
Baseline length 20 m ing configuration of Pegase allowing a shorter interferometric
Throughput 7% baseline length.

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 (din), 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 gum. 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 107> 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 IV; due to the tip-tilt error can be estimated with the following formula, taking
into account the modal filtering process:'®

(7Daog)*
64X%
“see the adaptive nuller website: hitp://planetquest.jpl.nasa.gov/TPF-1/adaptiveNuller Testbed.cfm

N; = (2)




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 pgm, 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 um. 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.!®1° 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.2! 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
pm, 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 pm 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] 0.47 1 2.1
Tip/tilt [mas] 22 2 | 08
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 Rgayn) 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
(N2 + Nt + (0, + 0o+ op)t

where Fj, is the planet’s flux, N, the shot noise, Vg 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.

SNR,, = (4)

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

1/2

SNRiot = | Y 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 um (about 0.16 pm wide)
and we will assume than only 10% of the channels are noise independent (about 1.6 um 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

T 2 R2 R2
F0) = 4 By(T)(0) 15 + "2 [(O)BA(T,), (©

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:!%

o (B)
T, = To(1 - A)" (%> : (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 pm 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,
_ [ 2= b, 8
iz <T@> =, (®)

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 Defréere?® for the SNRs of the
full target list).

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



Star Planet SNR
spectral  dist. eclipt. s-mayj. Min. mass Teq | Peg. 1-m 1-m+
type [pc] lat. | axis [AU] Mup] 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 F7v 156  26.5 0.05 3.90 1270 | 36 79 85
55 Cnc b G8V 13.4 104 0.12 0.78 560 13 47 76
55 Cnc ¢ G8V 13.4 104 0.24 0.22 390 1 10 22
55 Cnc d G8V 13.4 104 5.26 4.00 80 0 0 0
55 Cnc e G8V 13.4 104 0.04 0.05 980 3 7 8
70 Vir b G5HV 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 c 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 pum). 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 Mj,,,) 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.
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6.3.3 Complementary results
More detailed results

In the paper presented in the previous section, the results are given for a representative sample of known
extrasolar planets. In order to provide a more complete performance overview, Table 6.2 hereafter lists
(by spectral type) all the extrasolar planets known within 25 pc (in Septemeber 2007) and gives the
expected SNRs at the optimum wavelength and for the different instrumental configurations. Note that
several targets located beyond 25 pc could also be surveyed by PEGASE and PEGASUS (as shown by
Absil 2006).

The results of Table 6.2 are discussed at the point 5.5 in the paper presented in section 6.3.2. In order
to have a global overview of the capabilities of each instrument, Figure 6.7 gives the SNR achievable by
PEGASE (left) and PEGASUS (right) with respect to the minimum mass and the semi-major axis of each
planet. PEGASE (resp. PEGASUS) could achieve SNRs larger than 10 for 5 targets (resp. 15). Unlike
PEGASE, PEGASUS could also achieve SNRs larger than 1 for most targets.

Optimum baseline

Figure 6.8 shows the simulated signal-to-noise ratio as a function of the baseline length for three different
wavelength (1.5 pm, 3 um and 5 pm), and for the observation of the hot giant planet 51 Peg b (a total
integration time of 10 hours has been considered). Since the maximum angular separation between 51
Peg b and its host star is 3.385 mas, the baseline lengths which locate 51 Peg b on a maximum of each
transmission map should be 46 m, 91 m and 152 m, respectively at 1.5 ym, 3 pm and 5 pum (according
to Equation 4.4). However, as illustrated in Figure 6.8, the optimum baseline lengths are smaller and
correspond to interferometric transmissions not necessarily close to 1 (see Table 6.1). This behaviour
is due to the fact that the planetary transmission does not significantly decrease when increasing the
baseline, while stellar leakage is much more sensitive to the baseline length (see the discussions on the
stellar leakage in Chapter 4). This conclusion supports and reinforces the relevance of shorter-baseline
configurations, as for the detection of exozodiacal discs (see section 5.4).

O: 0<SNR<1 | F . O: 0<SNR<1 |
= T<SNR<S || L = T<SNR<S ||
: 5<SNR<10 : 5<SNR<10
e 10<SNR ] [ e 10<SNR ]
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Figure 6.7: Expected SNR at the optimum wavelength for PEGASE (left) and PEGASUS (right), given
with respect to the planetary semi-major axes and minimum masses.
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6.4 Performance predictions for FKSI

In this section, the performances of FKSI for super-Earth extrasolar planet detection and characterisation
are investigated. We consider FKSI in its nominal architecture, i.e. a structurally-connected Bracewell
interferometer with 0.5-m aperture telescopes located 12.5 m from each other and operating in the
infrared regime (3-8 pm, see a detailed description of FKSI in section 5.2.2). Unlike the previous

Star Planet SNR
spectral  dist. eclipt. s-maj. Min. mass Te¢q | Peg. 1-m  1-m+
type [pc]  lat. | axis [AU] [M;] [K]
HD 335640 F6 V 21.0 - 1.10 9.10 294 1 13 45
Tau Boo b F7vV 15.0  7.55° 0.05 3.90 1267 | 36 79 85
Ups And b F8V 13.5  -34.3° 0.06 0.69 1567 2 3 4
Ups And ¢ F8V 13.5  15.1° 0.83 1.98 418 2 18 41
Ups And d F8V 13.5  -44.7° 2.53 3.95 239 0 4 14
HD 10647b F8V 174 35.4° 2.10 0.91 205 0 1 2
HD 19994b F8V 224 24.9° 1.30 2.00 222 0 1 4
HD 210277b GO 21.3  -54.7° 1.10 1.23 268 0 3 7
47 Uma b GOV 13.7  -30.7° 2.11 2.60 212 0 2 7
47 Uma ¢ GOV 13.7  -47.5° 7.73 1.34 111 0 0 0
HR 810b GOV 15.5 -61.0° 0.91 1.94 402 1 17 30
HD 390910 G1IV 20.6  -76.0° 3.29 10.35 221 0 4 9
HD 142b G111V 20.6 -44.5° 0.98 1.00 272 0 3 8
51 Peg b G2IV 15.4 -19.8° 0.05 0.47 1286 ) 8 9
rho CrB b G2V 174  43.3° 0.22 1.04 680 7 20 31
HD 160691e | G3IV-V 153 -28.4° 0.92 0.52 311 0 5 11
HD 195019b | G3IV-V  20.0 36.6° 0.14 3.70 865 15 43 49
HD 147513b | G3/G5V 12,9 -43.6° 1.26 1.00 239 0 4 9
HD 160691d G3V 15.3  -49.3° 0.09 0.04 994 1 2 3
HD 160691b G3V 15.3  47.2° 1.50 1.67 243 0 10
HD 160691c G3V 15.3  56.9° 4.17 3.10 146 0 0 0
70 Vir b G4V 22.0 57.9° 0.48 7.44 502 6 39 59
HD 4308b GHV 21.9 -60.2° 0.11 0.05 747 1 5 6
HD 134987b GV 25.0 -7.09° 0.78 1.58 324 0 9 14
16 Cygb GHV 214 7.56° 1.67 1.68 269 0 4 8
HD 190360b Go6IvV 15.9 48.9° 3.92 1.50 203 0 1 2
HD 190560c G6IV 15.9 48.9° 0.13 0.06 1125 0 1 1
GJ3021b Go6V 17.6  -43.1° 0.49 3.32 363 2 18 60
55 Cneb G8V 13.4  10.4° 0.12 0.78 563 13 47 76
55 Cnce G8V 13.4  10.4° 0.24 0.22 389 1 10 22
55 Cned G8V 13.4  10.4° 5.26 3.92 83 0 0 0
55 Cnce G8V 13.4  10.4° 0.04 0.05 979 3 7 8
HD 114785b KO 22.0 -20.8° 1.20 0.99 199 0 1 1
HD 128311b KO 16.6 -28.3° 1.01 2.18 210 0 3 )
HD 128311c KO 16.6 -9.18° 1.76 3.21 159 0 1 1
HD 625090 KOITIb  10.3 - 1.69 2.90 500 0 2 2
HD 3651b KOV 11.1  -19.6° 0.28 0.20 439 1 12 20
Gl86 b KoV 10.9 -53.3° 0.11 4.01 679 34 52 139
14 Her b KOV 18.1  31.7° 2.80 4.64 141 0 0 0
HD 698300 KoV 12.6  4.72° 0.08 0.03 833 2 4 5
HD 69830c KOV 12.6  4.72° 0.19 0.04 541 1 ) 7
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Star Planet SNR
spectral  dist. eclipt s-mayj. Min. mass Teq | Peg. 1-m  1-m+
type [pc]  lat. | axis [AU] [My] K]
HD 69850d KOV 12.6  4.72° 0.63 0.06 294 0 2 3
HD 164922b | KOV 21.9 - 2.11 0.36 165 0 0 0
HD 1897336 | K1-K2  19.3 - 0.03 1.15 1143 | 12 28 30
HD 274420 K21V 181 -76.3° 1.18 1.28 528 0 2 2
Gam Cepb K2V 11.8  64.7° 2.04 1.60 393 0 3 3
Eps Erib K2V 3.2 -5.95° 3.39 1.55 123 0 1 1
HD 994920 K2V 18.0 33.0° 0.12 0.11 594 2 9 11
HD 1922636 | K2V 19.9 4.72° 0.15 0.72 522 6 22 37
GJG674b M2.5 4.5 - 0.04 0.04 492 3 17 23
GJ 436b M3 10.2 -23.5° 0.03 0.07 619 3 8 13
Gl581b M3 6.3 - 0.04 0.05 506 3 13 18
Gl581c M3 6.3 - 0.07 0.02 379 0 4 7
Gl581d M3 6.3 - 0.25 0.02 205 0 0 1
GJ849b M3.5 8.8 - 2.35 0.82 78 0 0 0
GJ317b M3.5 9.2 - 0.95 1.20 105 0 0 0
GJ317c M3.5 9.2 - 0.95 0.83 105 0 0 0
Gliese 876b M4V 4.7  -70.5° 0.21 1.94 216 0 18 47
Gliese 876¢ M4V 4.7  -63.6° 0.13 0.56 274 1 22 53
Gliese 876d M4V 4.7  -37.1° 0.02 0.02 684 3 7 9
SCR 1845b | M85V 3.9 - 4.50 8.50 33 0 0 0

Table 6.2: Known extrasolar planets located within 25 pc from the solar system given with the SNRs
achievable by PEGASE, PEGASUS (“1-m” row) and PEGASUS in the absence of exozodiacal clouds (“1-m+”
row). The SNRs are given per spectral element at the optimum wavelength and for an integration time

of 10 hours.
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Figure 6.8: Simulated signal-to-noise ratio as a function of the baseline length for three different wave-
lengths (1.5 pm, 3 pym and 5 pm), and for the observation of the hot giant planet 51 Peg b. A total
integration time of 10 hours has been considered.

performance predictions computed for PEGASE and PEGASUS, we use the GENIEsim software (Absil
et al. 2006a) which has been adapted to simulate space-based Bracewell interferometers and used to
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Figure 6.9: Signal-to-noise ratio with respect to wavelength for 4 known super-Earth extrasolar planets
and an integration time of 24 hours. Left and right figures show the results for a staring and a rotating
interferometer respectively.

investigate the performance of PEGASE/FKSI for exozodiacal disc detection (Defrére et al. 2008).

6.4.1 Detection of known super-Earths

Among the known super-Earths, we have chosen a representative sample of 4 planets for which we have
computed the signal-to-noise ratio (SNR). The first three planets belong to the same system and orbit
HD 40307, a K2.5V star located at 13pc. HD 40307b, HD 40307c and HD 40307d present masses of 4.2,
6.9 and 9.2 Mg and semi-major axes of 0.047, 0.081 and 0.134 AU (Mayor et al. 2009b). The fourth
extrasolar planet (HD 285968b) orbits at 0.066 AU around a M2.5V star located at 9.4 pc and has a mass
of 8.4 Mg (Forveille et al. 2009). We assume that each planetary system is seen face-on and presents
an exozodiacal cloud with the same density as the solar zodiacal cloud. The typical orbital period is
a few days so that the planet moves significantly across the transmission map during the integration
time. To cope with that, we consider two modes of observation: staring and rotating. For a staring
interferometer, the telescopes follow the orbital motion of the planet so that the signal remains at the
same position on the transmission map during the observation. This has the advantage to maintain
an optimum transmission of the planetary signal during the observation. On the other hand, this has
the disadvantage to be sensitive to geometric stellar leakage, mean instrumental leakage, background
noise and exozodiacal dust emission. Several calibration procedures are mandatory to mitigate the
impact of these noise contributors but they come with their own precision. Techniques such as OPD
modulation (D’Arcio et al. 2004) could be useful but will not be addressed here. For a rotating array,
the telescopes move around the beam combiner so that the planet signal is modulated as it crosses bright
and dark fringes of the transmission map. The advantage of rotating FKSI is that geometric leakage,
mean instrumental leakage, background noise and exozodiacal dust emission are constant during the
observation and hence not modulated. The different calibration procedures used in the case of the staring
interferometer are therefore not necessary and the planet signal is retrieved at the end by synchronous
demodulation. The results of our simulations are shown in Figure 6.9 for a staring (left) and a rotating
(right) interferometer.

For both staring and rotating FKSI, the SNR remains below 5 for all targets and all wavelengths for
an integration time of 24 hours (corresponding typically to a full rotation of the interferometer). For
the staring case, increasing the integration time would have basically no influence on the SNR which
is dominated by the non-perfect calibration of the geometric leakage at short wavelengths and by the
exozodiacal cloud emission at long wavelengths. For the rotating FKSI, increasing the integration time
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Table 6.3: Comparison between the position of the maximum transmission (3<A<8 pm) and the char-
acteristic position of the habitable zone of the target systems.

Max. trans. Pos. HZ Max. FKSI

[AU] [AU] [AU]
MOV-05pc  0.12-0.33 0.09 <0.05
KOV-08pc  0.20-0.53 0.68 0.05
GOV-10pc  0.25-0.66 1.16 0.1
FOV-15pc 0.37-0.99 2.33 0.2

would improve the SNR since the shot noise is dominant for all targets and all wavelengths. Stellar leakage
dominates the shot noise at short wavelengths while the exozodiacal dust emission and the detector noise
dominate at long wavelengths. To get an SNR of 5 for the most favorable target (HD 40307d) across the
whole wavelength range, the integration time has to be increased by a factor 5% corresponding to 25 days
of observation. Another advantage of rotating the interferometer is that the SNR is likely dominated
by shot noise so that combining the spectral channels improves the SNR. For instance, combining the
spectral channels over the whole wavelength range gives SNRs of about 3, 7, 10 and 4 for HD 403070,
HD 40307c, HD 40307d and HD 285968b respectively.

Due to the fixed baseline, the planet signal falls mostly into the null rather than on the maximum of
the transmission map for these known super-Earth extrasolar planets. Consequently, only a few percents
of the planetary signal make it to the nulled output. For instance, the maximum transmission is only
of about 1%, 4%, 12% and 6% for HD 40307a, HD 40307c, HD 40307d, and HD 285968b respesctively.
The modulation efficiency, indicating the part of the signal which is retrievable by synchronous demod-
ulation, is also very weak (about 0.5%, 1.3%, 3.3% and 1.2% for HD 403507b, HD 40507c, HD 403074,
and HD 285968b respesctively). The maximum transmission and the modulation efficiency are obviously
better for planets with a larger semi-major axis. However, the improvement has to be mitigated by the
lower planetary emission at larger star-planet distances. We discuss this issue in the next section.

6.4.2 General sensitivity

In this section, we investigate the sensitivity of FKSI in the rotating mode for a hypothetic 2-Rg, super-
Earth planet orbiting around 4 different targets: a MOV star located at 5pc, a KOV star at 8 pc, a GOV
star at 10pc and a FOV star at 15pc. These fiducial targets have been chosen to cover the 4 spectral
types present in the DARWIN/TPF catalogue (Kaltenegger et al. 2008) and at distances favorable for
our purpose. The results are shown in Figure 6.10 which gives the integrated SNR with respect to the
semi-major axis of the planet for an integration time of 24 hours.

Considering an SNR of 5 as the criterion of detection, FKSI could detect within 24 hours all the 2-Rg
extrasolar planets orbiting closer than about 0.3, 0.5 and 0.7 AU the KOV star located at 8 pc, the GOV
star at 10 pc and the FOV star at 15 pc respectively. For the MOV star located at 5 pc, the SNR remains
below 5 but increases downwards 0.05 AU. The shape of the sensitivity curves is driven by the decrease
of the modulation efficiency at short semi-major axes and the decrease of the planetary temperature
at long semi-major axes. The maximum of the sensitivity curve shifts towards longer semi-major axes
with the stellar temperature since the planet becomes brighter for a given position. The maximum SNR
is however smaller for hotter stars due to the higher geometric stellar leakage. In all cases, the SNR
is maximum for semi-major axes shorter than the region where the response of the interferometer is
optimum, suggesting that the SNR could be further improved by considering a longer baseline length
(see Table 6.3). A trade-off with the increase of the geometric leakage has to be made to define the
optimum baseline length.

Considering the characteristic position of the habitable zone (HZ?’, see Table 6.3), Figure 6.10 shows

20 According to Kasting et al. (1993), the position of the habitable zone expressed in AU is given in good approximation
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Figure 6.10: Left: Signal-to-noise ratio with respect to the semi-major axis for a 2-Rg planet orbiting
each of the 4 fiducial stars. Right: Same figure computed for the enhanced FKSI.

that the SNR is at best about 2 for the MOV star located at 5 pc. To detect 2-Rg planets in the middle
of the habitable zone, longer integration times are necessary: 4 days for the MOV star located at 5pc
and more than 100 days for the three other targets. To reduce this integration time, there are several
possibilities. The most efficient ways are to consider larger aperture telescopes and a wavelength range
extended to 10 um, where the planet brightness peaks for Earth-like planets located in the middle of the
habitable zone. Increasing the baseline length, on the other hand, would have a negative impact on the
integration time for planets located in the middle of the habitable zone. This is because the geometric
leakage increases with the baseline length and the modulation efficiency does not vary significantly
beyond the first bright fringe (the HZ is likely located at larger distances than the position of the first
bright fringe, see Table 6.3). These results are in agreement with a previous study reporting that a
1-m aperture Bracewell interferometer operating at 10 ym would be efficient to detect 2-Rg extrasolar
planets around M stars located within 10 pc (Defrére et al. 2007).

6.4.3 An enhanced version of FKSI

The GSFC is currently studying an enhanced FKSI mission concept with 1-2m class telescopes to
increase the sensitivity to low-mass extrasolar planets located in the habitable zone of nearby main
sequence stars. This enhanced FKSI would be passively cooled down to 40 K so that the system could
operate at longer wavelengths (5-15 um). Using GENIEsim, the performance of this enhanced version of
FKSI (1-m telescopes, 40 K, 20-m baseline and 5-15 um wavelength range) has been investigated. The
results are presented in the right part of Figure 6.10.

Figure 6.10 shows that the enhanced FKSI can detect (with SNR>5) 2-Rg planets at semi-major axes
less than 0.1, 0.7, 1.0, and 1.4 AU for an MOV star at 5 pc, a KOV star at 8 pc, a GOV star at 10 pc, and
an FOV star at 15 pc. Compared to the nominal FKSI (see left part of Figure 6.10), the maximum SNR
is higher and shifted towards longer semi-major axes so that the sensitivity for extrasolar planets located
in the habitable zone is largely improved. Note however, that we have assumed a perfect modulation
by rotation, i.e. rotation is sufficiently fast to get rid of the low-frequency instrumental leakage. At
this point, we need a better model for OPD perturbations than the one provided by CNES for 0.4-m
apertures. Using this model with 1-m telescopes, GENIEsim computes a very optimistic residual RMS
OPD error of 0.8 nm so that instrumental leakage is underestimated. Further investigations are necessary
in that respect.

by ruz=(T./T5)* R /Ro.
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Abstract. FEarth-sized planets around nearby stars are now being detected by ground-based radial
velocity and space-based transit surveys. In order to detect directly the light from these planets, both ESA
and NASA have identified nulling interferometry as one of the most promising techniques. Based on the
recent convergence between ESA and NASA on the mission architecture, a concept presenting /4 telescopes
has emerged (Emma X-array). This nulling interferometer will operate in the mid-infrared regime (from
6 to 20 um), where the star/planet contrast (107 ) is more favourable than in the visible (10'°), and where
suitable atmospheric signatures (COy, HyO, O3) can be found to assess the presence of biological activity
on the detected planets. After a brief introduction of the instrumental concept, this chapter presents the
simulated performance for Earth-like planet detection and characterisation. The impact of exozodiacal
cloud on the mission performance is specifically addressed.

7.1 The Darwin/TPF mission

7.1.1 Instrumental concept

Considerable efforts have been carried out in the past decade by both ESA?! and NASA to define a
mission design that provides excellent scientific performance while minimizing cost and technical risks.
After the investigations of several interferometer architectures, these efforts culminated in 2005-2006 with
two parallel assessment studies of the DARWIN mission, carried out by EADS Astrium and Alcatel-Alenia
Space. Two array architectures have been thoroughly investigated during these industrial studies: the
four-telescope X-array (Léger et al. subm) and the Three-Telescope Nuller (T'TN, Karlsson et al. 2004).
These studies included the launch requirements, payload spacecraft, and the ground segment during
which the actual mission science would be executed. Almost simultaneously, NASA /JPL initiated a
similar study for the Terrestrial Planet Finder Interferometer (TPF-I). These efforts on both sides of
the Atlantic have finally resulted in a convergence and consensus on mission architecture, the so-called
non-coplanar or Emma-type X-array (represented in Figure 7.1). The baseline design consists in four

2'DARWIN is a mission that has been under study by the European Space Agency since 1996.
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Figure 7.1: Artist impression of the DARWIN/TPF space interferometer in its “Emma X-array” baseline
configuration. It presents 4 telescopes and a beam combiner spacecraft, deployed and observing at the
Sun-Earth Lagrange point L2.

2-m aperture collector spacecraft, flying in rectangular formation and feeding light to the beam combiner
spacecraft located approximately 1200 m above the array. This arrangement makes available baselines up
to 170 m for nulling measurements and up to 500 m for the general astrophysics programme (constructive
imaging). Note that the size of the collecting apertures has not yet been fixed and will depend mainly
on the final cost of the mission.

The optical layout of the X-array configuration separates the nulling and imaging functions, the
shortest baselines being used for nulling while the longest are dedicated to imaging. This configuration
has the advantage to allow optimal tuning of the shorter dimension of the array for starlight suppression
while keeping a relatively longer dimension to resolve the planet. The X-array design is also appropriate
to consider techniques for removing instability noise, a key limit to the sensitivity of DARWIN (see
appendix in the paper given in Section 7.2.2). Beam combination takes place on a series of optical
benches arranged within the beam combiner spacecraft. The necessary optical processing includes:

e Transfer optics and spacecraft metrology;

Correction and modulation, including optical delay lines, tip-tilt, deformable mirrors;

Mirrors, wavefront sensors and beam switching;

Spectral separation, if necessary, to feed the science photons into 2 separate channels;

Phase shifting, beam mixing;

Recombination, spectral dispersion and detection.

DARWIN/TPF is foreseen to be placed at the second Lagrange point (L2) by an Ariane 5 ECA
vehicle (the total mass is significantly less than 6.6 tons, the launcher capability for delivery to L2).
This placement at L2 is ideal to achieve passive cooling below 50 K of the collector and beam combiner
spacecraft by means of sunshades. An additional refrigerator within the beam combiner spacecraft cools
the detector assembly to below 10 K. Due to the configuration of the array and the need for solar
avoidance, the instantaneous sky access is limited to an annulus with inner and outer half-angles of 46°
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Figure 7.2: Observational constraints of the Emma X-array. At any given time, it can observe an annular
region on the sky between 46° and 83° from the anti-Sun direction. During one Earth year, this annulus
executes a complete circle, giving access to amost all regions of the celestial sphere.
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and 83° centred on the anti-sun vector (Carle 2005, see Figure 7.2). This annulus transits the entire
ecliptic circle during one year, giving access to almost the entire sky (see section 7.2).

7.1.2 Scientific objectives

The main scientific objectives of DARWIN/TPF are the detection of rocky planets similar to Earth and
performing the spectroscopic analysis of their atmosphere at mid-infrared wavelengths (6 - 20 pm, Frid-
lund et al. 2006). In addition to presenting the most advantageous star/planet contrast, this wavelength
range holds several spectral features relevant for the search of biological activity (COa, HoO, CHy,
O3, see section 1.1.4 and Figure 1.8). The observing scenario of DARWIN/TPF consists in two phases,
detection and spectral characterisation, whose relative duration can be adjusted to optimise the scien-
tific return. During the detection phase of the mission (nominally 2 years), DARWIN/TPF will examine
nearby stars for evidence of terrestrial planets. A duration of 3 years is foreseen for the spectroscopy
phase, for a total nominal mission lifetime of 5 years. An extension to 10 years is possible and will
depend on the results obtained during the 5 first years. Such an extension could be valuable to observe
more M stars, only 10% of the baseline time being attributed to them, search for big planets around a
significantly larger sample of stars, and additional measurements on the most interesting targets already
studied.

The target star list has been generated from the Hipparcos catalogue, considering several criteria:
the distance (< 25 pc), the brightness (< 12 V-mag), the spectral type (F, G , K, M main sequence
stars), and the multiplicity (no companion within 1”). The corresponding star catalogue contains 758
targets, including 54 F stars, 114 G stars, 240 K stars and 350 M stars (Kaltenegger et al. 2007a).
Some features of these stars are shown in Figure 7.3. The survey of the target stars and the possible
detection of terrestrial planets will open a new era of comparative planetology, especially by studying
the relationship between habitability and stellar characteristics (e.g., spectral type, metallicity, age),
planetary system characteristics (e.g., orbit), and atmospheric composition.

In addition to its primary goals, DARWIN /TPF could provide a wealth of information on the following
topics:
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Figure 7.3: Size of the habitable zone for the different spectral types of DARWIN/TPF target (left), and
color-magnitude diagram for the same stars (right). Dark circles indicate the stars hosting EGPs (Figures
from Kaltenegger et al. 2007a).

e Planetary formation. DARWIN/TPF will be able to spatially resolve structures below 1 AU in
nearby star forming regions, allowing to witness directly the formation of terrestrial planets in
the thermal infrared (see Figure 7.4 for an overview of the imaging capabilities of DARWIN/TPF
with respect to JWST). In particular, DARWIN/TPF will be very efficient at studying gaps and
determining if the clearing is due to the influence of already-formed giant planets or to another
mechanism (e.g., viscous evolution, photo-evaporation).

e Formation, evolution, and growth of massive black holes. DARWIN/TPF will be able to
probe the immediate environments of very different black holes (BH), ranging from very massive
BH in different types of Active Galactic Nuclei (AGN), to the massive black hole at the centre of
the Milky Way, down to BH associated with stellar remnants.

e Galaxy formation and evolution. With its high angular resolution, DARWIN/TPF will be able
to measure the detailed spatial structure of very distant galaxies, which places essential constraints
on galaxy formation models.

7.2 Science performance predictions

7.2.1 DARWINsim, the Darwin science simulator

The DARWINsim science simulation tool is an IDL-written code developed at ESA/ESTEC by R. den
Hartog to assess the scientific return of the DARWIN/TPF mission (den Hartog 2005b). For given
instrumental configuration and target catalogue, DARWINsim computes the number of stars that can
be surveyed for the presence of habitable planets and the number of possible follow-up spectroscopic
observations during a nominal mission time.

The basic calculation in DARWINsim consists in an assessment of the required integration times
for each individual target to fulfil user-specified SNR values for detection and for different spectroscopy
scenarios. Note that the catalogue used in DARWINsim at the time of the simulations presented in
section 7.2 is larger than the new DARWIN/TPF target list (Kaltenegger et al. 2007a) as it contains
1132 stars (114 F, 200 G, 417 K and 401 M stars). In accordance with the interferometer architecture,
DARWINSsim first selects the stars which are observable during one year. For instance, among the 1132
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Figure 7.4: Simulation of a hot accretion disc in Taurus (140 pc) as seen by JWST (left) and
DARWIN/TPF in its imaging mode (Right). Simulated JWST and DARWIN/TPF images are based on
scaled models by D’Angelo et al. (2006) for the formation of a planet of one Jupiter mass at 5.2 AU,
orbiting a solar type star. The most prominent features in the model are a gap along the planet’s path
and spiral wave patterns emanating from the Lagrangian point, only visible with DARWIN/TPF (courtesy
C. de Vries).

stars of the catalogue, 625 are observable by the Emma X-array (43 F, 100 G, 241 K and 241 M stars).
This constitutes significantly more targets than with a planar configuration (about 440 stars observable
during one year). For each of these observable stars, the baseline length is optimised to obtain the
minimum integration time for a given SNR, taking into account shot noise contributions from stellar
leakage, local and exozodiacal clouds, and instrumental infra-red foreground. The instability noise is
also thoroughly implemented using the analytical method of Lay (Lay 2004, see section 4.1.1 for a brief
overview of the method). All these noise contributors are described in detail in the documentation of
DARWINsim (den Hartog 2005b).

Detection phase

The observational strategy implemented in DARWINsim is different from the one discussed in sec-
tion 6.3.1 for PEGASE (3 observations, assuming that the planet is located in the middle of the HZ and
at maximum elongation). Since the location of the planet inside the HZ is a priori unknown, three
independent detections are necessary and each integration time is multiplied by three. For the same
reason, the integration time (for one of the three observations) is computed from the requirement that
it should be long enough to ensure the detection of a planet at 90% of the possible locations. As a first
step, the probability distribution for finding a planet at a certain angular distance from the star has
to be computed (see Figure 7.5). Note that it is necessary to consider a non-uniform distribution of
orbit inclinations in order to get a uniform distribution of orbital axes on the celestial sphere (edge-on
systems are more probable). For each position the maximum SNR is then computed, obtained by the
simultaneous optimisation of the baseline length and the wavelength range. Note that tests performed
by R. den Hartog indicate that a reconfiguration to other baselines to perform two or more shorter
integrations is never advantageous compared to one single optimised baseline.

After the initial integration time assessment for detection, the targets are sorted by ascending inte-
gration time, removing from the list the targets for which the total integration time exceeds the total
time during which they are visible from L2. Considering a slew time for re-targeting (nominally 6 hours)
and some efficiency for the remaining observing time (nominally 70%), the sorted list is cut off where the
cumulative integration time exceeds the nominal survey period. The resulting list defines the number of
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targets that can be surveyed.

Spectroscopy phase

The number of targets which can be surveyed for spectroscopy in a given time is computed similarly
to the method described in the previous section for the detection phase. The only difference is that
the integration times for spectroscopy are computed for the most likely position of the planet, which
corresponds to circular orbits at random inclination. Then, the total integration time is determined
by the requirement to detect the absorption lines of Oz, CO5 and H2O to a specified SNR. For the
spectroscopy of COg and Oz (without HoO), an SNR of 5 would actually be sufficient for a secure
detection (Fridlund 2005); the spectroscopy of H2O is relatively more complex. Recent results suggest
that, using a spectral resolution greater than 20, an SNR of 10 from 7.2 to 20 um would be sufficient for
H0, COg2, and O3 spectroscopy (private communication with F. Selsis, L. Kaltenegger and J. Paillet).
In particular, the HoO located below 7.2 pm, which is much more constraining than the HoO band
beyond 17.2 pm, could be discarded.

DARWINsim considers two types of spectroscopy: the staring spectroscopy, where the array is kept
in a position such that the planet resides on a peak of the modulation map and the rotating spectroscopy,
where the array keeps on rotating with respect to the target system such as the planet moves in and
out of the peaks of the modulation map. Staring spectroscopy is more efficient in terms of signal
acquisition, but requires an accurate knowledge of the planetary orbit. As for the detection phase, the
total spectroscopy integration time should not exceed the total time during which the target is visible
during the characterisation phase. Accounting again for a certain fraction of overhead loss, the targets
are sorted on ascending integration time, terminated where the cumulative time exceeds the length of
nominal characterisation period.

7.2.2 Paper: Nulling interferometry: Impact of exozodiacal clouds on the performance of
future life-finding space missions

The following paper (Defrére et al. subm) presents the detailed performance simulations for DARWIN/TPF.
The first part of the paper is dedicated to the nominal performance for planet detection and spectroscopic
characterisation. The second part is focused on the impact of exozodiacal clouds on the performance.
Whereas the disc brightness only affects the integration time, the presence of clumps is more problematic
and can seriously hamper the planet detection. Considering modeled resonant structures created by an
Earth-like planet orbiting at 1 AU a Sun-like star, we show that this tolerable dust density goes down
to about 15 times the solar zodiacal density for face-on systems and decreases with the disc inclination.
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Figure 7.5: Left, a planet orbiting in the HZ of its host star can present various apparent distances,
because the inclinations and phases of the orbits are a priori unknown. Right, probability distribution
with respect to the apparent planet-star distance (figure from den Hartog 2005a).
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Observing in advance circumstellar discs around nearby main sequence stars is therefore mandatory in
order to prepare future exo-Earth characterisation missions. Note that new constraints on instrumental
stability are derived in the appendix. These new constraints have been specifically computed to enable
the 7-pum spectroscopy of Earth-like extrasolar planets with the Emma X-array configuration.
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ABSTRACT

Context. Earth-sized planets around nearby stars are being detected for the first time by ground-based radial velocity and space-based
transit surveys. This milestone is opening the path towards the definition of missions able to directly detect the light from these plan-
ets, with the identification of bio-signatures as one of the main objectives. In that respect, both the European Space Agency (ESA)
and the National Aeronautics and Space Administration (NASA) have identified nulling interferometry as one of the most promising
techniques. The ability to study distant planets will however depend on exozodiacal dust clouds surrounding the target stars.

Aims. We assess the impact of exozodiacal clouds on the performance of an infrared nulling interferometer in the Emma X-array
configuration. The first part of the study is dedicated to the effect of the disc brightness on the number of targets that can be surveyed
and studied by spectroscopy during the mission lifetime. In the second part, we address the impact of asymmetric structures in the
discs such as clumps and offset which can potentially mimic the planet signal.

Methods. We use the DarwinSIM software which was designed and validated to study the performance of space-based nulling in-
terferometers. The software has been adapted to handle images of exozodiacal discs and to compute the corresponding demodulated
signal.

Results. For the nominal mission architecture with 2-m aperture telescopes, point-symmetric exozodiacal dust discs about 100 times
denser than the solar zodiacal cloud can be tolerated in order to survey at least 150 targets during the mission lifetime. Considering
modeled resonant structures created by an Earth-like planet orbiting at 1 AU around a Sun-like star, we show that this tolerable dust
density goes down to about 15 times the solar zodiacal density for face-on systems and decreases with the disc inclination.
Conclusions. Whereas the disc brightness only affects the integration time, the presence of clumps or offset are more problematic and
can seriously hamper the planet detection. The upper limits on the tolerable exozodiacal dust density derived in this paper must be
considered as rather pessimistic, but still give a realistic estimation of the typical sensitivity that we will need to reach on exozodiacal

discs in order to prepare the scientific programme of future Earth-like planet characterisation missions.

Key words. Instrumentation: high angular resolution — techniques: interferometric — circumstellar matter

1. Introduction

The possibility to identify habitable worlds and even life among
extrasolar planets currently contributes to the growing interest
about their nature and properties. Since the first planet discov-
ered around another solar-type star in 1995 (Mayor & Queloz
1995), nearly 350 extrasolar planets have been detected and
many more are expected to be unveiled by ongoing or future
search programmes. Most extrasolar planets detected so far have
been evidenced from the ground by indirect techniques, which
rely on observable effects induced by the planet on its parent
star. From the ground, radial velocity measurements are cur-
rently limited to the detection of planets about 2 times as massive
as the Earth in orbits around Sun-like and low-mass stars (Mayor
et al. 2009) while the transit method is limited to Neptune-
sized planets (Gillon et al. 2007). Thanks to the very high pre-
cision photometry enabled by the stable space environment, first
space-based dedicated missions (namely CoRoT and Kepler) are
now expected to reveal Earth-sized extrasolar planets by transit
measurements as well. Launched in 2006, CoRoT (Convection
Rotation and planetary Transits) has detected its first extraso-
lar planets (Barge et al. 2008; Alonso et al. 2008; Léger et al.
in prep.) and is expected to unveil about 100 transiting planets

down to a size of 2 Rg around GOV stars and 1.1 Rg around MOV
stars over its entire lifetime for short orbital periods (Moutou
et al. 2005). Launched in 2009, Kepler will extend the survey
to Earth-sized planets located in the habitable zone of about 10°
main sequence stars (Borucki et al. 2007). After 4 years, Kepler
should have discovered several hundred of terrestrial planets
with periods between one day and 400 days. After this initial
reconnaissance by CoRot and Kepler, the Space Interferometry
Mission (SIM PlanetQuest) might provide unambiguously the
mass of Earth-sized extrasolar planets orbiting in the habitable
zone of nearby stars by precise astrometric measurements. With
CoRoT and Kepler, we will have a large census of Earth-sized
extrasolar planets and their occurrence rate as a function of var-
ious stellar properties. However, even though the composition
of the upper atmosphere of transiting extrasolar planets can be
probed in favorable cases (Richardson et al. 2007), none of these
missions will directly detect the photons emitted by the planets
which are required to study the planet atmospheres and eventu-
ally reveal the signature of biological activity.

Detecting the light from an Earth-like extrasolar planet is
very challenging due to the high contrast (~107 in the mid-
IR, ~10' in the visible) and the small angular separation (~
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0.5 prad for an Earth-Sun system located at 10 pc) between the
planet and its host star. A technique that has been proposed to
overcome these difficulties is nulling interferometry (Bracewell
1978). The basic principle of nulling interferometry is to com-
bine the beams coming from two telescopes in phase opposition
so that a dark fringe appears on the line of sight, which strongly
reduces the stellar emission. Considering the two-telescope in-
terferometer initially proposed by Bracewell, the response on
the plane of the sky is a serie of sinusoidal fringes, with angular
spacing of 1/b. By adjusting the baseline length (b), the trans-
mission of the off-axis planetary companion can then be max-
imised. However, even when the stellar emission is sufficiently
reduced, it is generally not possible to detect Earth-like plan-
ets with a static array configuration, because their emission is
dominated by the thermal contribution of warm dust in our so-
lar system as well as around the target stars (exozodiacal cloud).
This is the reason why Bracewell proposed to rotate the inter-
ferometer so that the planet signal is modulated by alternatively
crossing high and low transmission regions, while the stellar sig-
nal and the background emission remain constant. The plane-
tary signal can then be retrieved by synchronous demodulation.
However, rotation of the array can generally not be implemented
sufficiently fast so that the detection is highly vulnerable to low
frequency drifts in the stray light, thermal emission, and detec-
tor gain. A number of interferometer configurations with more
than two collectors have then been proposed to perform faster
modulation and overcome this problem by using phase chop-
ping (Angel & Woolf 1997; Mennesson & Mariotti 1997; Absil
2001). The principle of phase chopping is to synthetise two dif-
ferent transmission maps with the same telescope array, by ap-
plying different phase shifts in the beam combination process.
By subtracting two different transmission maps, it is possible to
isolate the planet signal from the contributions of the star, local
zodiacal cloud, exozodiacal cloud, stray light, thermal, or detec-
tor gain. Phase chopping can be implemented in various ways
(e.g. inherent and internal modulation, Absil 2006), and are now
an essential part of future space-based life-finding nulling inter-
ferometry missions such as ESA’s DarwiN (Fridlund et al. 2006)
and NASA’s Terrestrial Planet Finder (TPF, Lawson et al. 2008).
The purpose of this paper is to assess the impact of exozodiacal
dust discs on the performance of these missions. After describ-
ing the nominal performance of DArRwIN/TPEF, the first part of the
study is dedicated to point-symmetric exozodiacal discs which
are canceled by phase chopping and contribute therefore only
through their shot noise. If they are too bright, exozodiacal discs
can drive the integration time and we investigate the correspond-
ing impact on the number of planets that can be surveyed during
the mission lifetime. In the second part, we address the impact
of asymmetric structures in the discs (such as clumps and off-
set) which are not canceled by phase chopping and can seriously
hamper the planet detection process.

2. DARWIN/TPF overview

Considerable effort have been expended the past decade by
both ESA and NASA to design a mission that provides the re-
quired scientific performance while minimizing cost and techni-
cal risks. After the investigation of several interferometer archi-
tectures, these efforts culminated in 2005-2006 with two parallel
assessment studies of the DARwIN mission, carried out by EADS
Astrium and Alcatel-Alenia Space. Two array architectures have
been thoroughly investigated during these industrial studies: the
four-telescope X-array and the Three-Telescope Nuller (TTN
Karlsson et al. 2004). These studies included the launch require-
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Fig. 1. Representation of the Darwin/TPF space interferometer in its
baseline “Emma X-array” configuration (Leger & Herbst 2007). It in-
cludes 4 telescopes and a beam combiner spacecraft, deployed and ob-
serving at the Sun-Earth Lagrange point L2. At any given time, it can
observe an annular region on the sky between 46° and 83° from the anti-
solar direction. During one Earth year, this annulus rotates and gives
access to almost all regions of the celestial sphere.

ments, payload spacecraft, and the ground segment during which
the actual mission science would be executed. Almost simulta-
neously, NASA/JPL initiated a similar study for the Terrestrial
Planet Finder Interferometer (TPF-I, Lawson et al. 2008). These
efforts on both sides of the Atlantic have finally resulted in a con-
vergence and consensus on mission architecture, the so-called
non-coplanar or Emma-type X-array (represented in Fig. 1).

2.1. Instrumental concept

The baseline design consists of four 2-m aperture collector
spacecraft, flying in rectangular formation and feeding light to
the beam combiner spacecraft located approximately 1200 m
above the array. This arrangement makes available baselines up
to 70 m for nulling measurements and up to 400 m for the gen-
eral astrophysics programme (constructive imaging). Note that
the size of the collecting apertures has not yet been fixed and
will mainly depend on the final cost of the mission. The optical
layout separates the nulling and imaging functions, the short-
est baselines being used for nulling and the longest ones for
imaging. This configuration has the advantage to allow optimal
tuning of the shorter dimension of the array for starlight sup-
pression while keeping a significantly longer dimension to fully
resolve the planetary system. The X-array design is also appro-
priate to implement various techniques for removing instabil-
ity noise, which is one of the dominant noise contributor (see
appendix A). The assessment studies settled on an imaging to
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Table 1. Instrumental parameters considered in this study for
DarRwIN/TPF.

Instrumental parameters ~ Emma X-Array Design

Max. baselines [m] 400 x 67
Telescope diameter [m] 2.0
Field of regard 46° to 83°
Optics temperature [K] 40
Detector temperature [K] 8
Quantum efficiency 70%
Instrument throughput® 10%
Science waveband [um] 6.0-20.0

Modal filtering [gm]” 6.0-11.5/11.5-20.0

Spectral resolution 60
Instrumental stability”
- rms OPD error [nm] 1.5

- rms amplitude error 0.05%
¢ excluding ideal beam combiner losses and coupling efficiency.
b see section 3.2.
¢ see section 3.4.

nulling baseline ratio of 3:1, based on scientific and instrument
design constraints. A larger ratio of 6:1 could nonetheless im-
prove performance by simplifying noise reduction in the post-
processing of science images (Lay 2006). The optical system
architecture is represented by the block diagram in Fig. 2 with
the following elements in the optical path:

— four spherical primary mirrors located on a virtual
paraboloid and focusing the beam at the paraboloid’s fo-
cal point. The virtual parabola focal length has been set to
1200 m, resulting from a trade-off between differential po-
larisation effects and inter spacecraft metrology capability,
as well as to enable the implementation of longer baselines
for an imaging mode;

— transfer optics consist of all the equipment needed to col-
lect and redirect the incoming beams towards fixed direc-
tions whatever the interferometer configuration. This in-
cludes mainly tip-tilt mirrors to handle array reconfiguration,
a derotator to handle the array rotation and a common two or
three mirror telescope to achieve beam collimation;

— optical delay lines (ODL) to adjust the optical path differ-
ences (OPD);

— fast steering mirrors to correct for tip-tilt errors;

— deformable mirrors to compensate for quasi-static errors
such as defocus and astigmatism which are due to the use
of spherical mirrors;

— achromatic 7 phase shifters to produce the destructive inter-
ference of on-axis stellar light (using Fresnel Rhombs for
instance, Mawet et al. 2007);

— dichroic beam splitters to separate the signals between the
science waveband and the waveband used for metrology;

— aModified Mach Zehnder (MMZ, Serabyn & Colavita 2001)
beam combiner;

— coupling optics to focus the outputs of the cross-combiner
into single mode fibres. Chalcogenide fibres can cover suc-
cessfully the wavelength range 6.0-12 um (Ksendzov et al.
2007) and silver halide fibres can be used for modal filtering
in at least the 10.5-17.5 um spectral range (further investiga-
tions are however necessary to demonstrate that they are us-
able in the 17.5-20.0 um wavelength range, Ksendzov et al.
2008);

— adetection assembly controlled at a temperature of 8 K and
connected to the fibres.

Telescope 1
Telescope 2

Telescope 3
Telescope 4

Transfer Transfer Transfer Transfer
Optics Optics Optics Optics
[ [ [ [
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Fig. 2. Block diagram of the DarwiN/TPF optical layout. Feed-back sig-
nals driving the tip-tilt/OPD control are represented by dashed lines.

DarwiN/TPF is foreseen to be placed around the second
Lagrange point (L2) by an Ariane 5 ECA vehicle. L2 is optimal
to achieve passive cooling of the collector and beam combiner
spacecraft down to 40 K by means of sunshades. An additional
refrigerator within the beam combiner spacecraft cools the de-
tector assembly to 8 K. Due to the configuration of the array and
the need for solar avoidance, the instantaneous sky access is lim-
ited to an annulus with inner and outer half-angles of 46° and 83°
centred on the anti-sun vector (see Fig. 1, Carle 2005). This an-
nulus transits the entire ecliptic circle during one year, giving
access to almost the entire sky.

2.2. Scientific objectives

The main scientific objectives of DARwIN/TPF are the detection
of rocky planets similar to Earth and the spectroscopic analy-
sis of their atmosphere at mid-infrared wavelengths (6 - 20 um).
In addition to presenting an advantageous star/planet contrast,
this wavelength range holds several spectral features relevant for
the search of biological activity (CO,, H,O, and O3). The ob-
serving scenario of DARWIN/TPF consists in two phases, detec-
tion and spectral characterisation, whose relative duration can
be adjusted to optimise the scientific return. During the detec-
tion phase of the mission (nominally 2 years), DARwiN/TPF will
examine nearby stars for evidence of terrestrial planets. A du-
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Table 2. Parameters adopted for the performance simulations.

Parameter
Configuration Emma X-Array Design with a 6:1 aspect ratio (see Table 1)
Planet Earth-sized planet with a constant temperature of 265 K across the habitable zone

Exozodiacal density
Mission duration
Retargeting time
Integration efficiency
Target stars
Earth-like planet per star (1) 1
Habitable zone

Time allocation
Array rotation period
SNR threshold for detection 5
SNR threshold for spectroscopy

6 hours

Three times our solar system, based on Kelsall model (Kelsall et al. 1998)
5 years (2 years for survey and 3 years for characterisation)

70% (accounting for overhead loss)
Darwin All Sky Survey Catalogue (DASCC, Kaltenegger et al. 2008)

0.7 - 1.5 AU scaled with 1.1/
10% F, 50% G, 30% K and 10% M stars
50000 seconds (not scaled with the array baseline length)

5 (C0,,03) and 10 (CO,,03,H,0)

ration of 3 years is foreseen for the spectroscopy phase, for a
total nominal mission lifetime of 5 years. An extension to 10
years is possible and will depend on the results obtained during
the 5 first years. Such an extension could be valuable to observe
more M stars (only 10% of the baseline time being attributed to
them), search for big planets around a significantly larger sam-
ple of stars, and additional measurements on the most interesting
targets already studied.

The DarwiN/TPF target star list has been generated from the
Hipparcos catalogue, considering several criteria: the distance
(< 30 pe), the brightness (< 12 V-mag), the spectral type (F, G,
K, M main sequence stars), and the multiplicity (no companions
within 1””). The corresponding star catalogue contains 1229 sin-
gle main sequence stars of which 107 are F, 235 are G, 536 are K,
and 351 are M type (Kaltenegger et al. 2008). The survey of the
Darwin/TPF stars and the possible detection of terrestrial plan-
ets will start a new era of comparative planetology, especially by
studying the relationship between habitability and stellar char-
acteristics (e.g. spectral type, metallicity, age), planetary system
characteristics (e.g. orbit), and atmospheric composition.

3. Simulated performance
3.1. The science simulator

The performance predictions presented in this paper have been
computed using the DarwiN science SIMulator developed at
ESA/ESTEC (DarwinSIM, den Hartog 2005b). This simulator
has been subject to extensive validation the past few years and
its performance predictions were recently reconciled with a sim-
ilar mission simulator developed independently at NASA/JPL
for the TPF mission (Lay et al. 2007). The two simulation tools
have shown a very good agreement in SNR, giving similar inte-
gration times for all the Darwin/TPF targets with a discrepancy
lower than 10% in average (Defrere et al. 2008b). These two
simulators have the same basic purpose. For a given instrumen-
tal configuration and target catalogue, they assess the number of
terrestrial planets that can be detected in the habitable zone of
nearby main sequence stars and the number of possible follow-
up spectroscopic observations during a nominal mission time.
The duration of detection and spectroscopy phases can be ad-
justed to optimise the scientific return and is nominally set to 2
and 3 years respectively. The parameters and assumptions used
are summarized in Table 2.

3.1.1. Detection phase

The starting point of the simulations is the target star catalogue.
Given a specific interferometer architecture, the simulator first
identifies the stars which are observable from L2. For each of
these observable stars, the basic calculation consists of an as-
sessment of the required integration times to achieve an user-
specified SNR for broad-band detection of a hypothetic Earth-
like planet located inside the habitable zone. Since the location
of the planet around the star is a priori unknown, the integration
time is computed from the requirement that it should ensure the
detection of a planet for at least 90% of the possible locations
in the habitable zone. Assuming planets uniformly distributed
along habitable orbits, this requires to compute the probability
distribution for finding a planet at a certain angular distance from
the star, For each planetary position, the maximum SNR is com-
puted by optimisation of the baseline length. The thermal flux of
the habitable planet is assumed to be identical to that of Earth
irrespective of the distance to the star. The flux of the exozodia-
cal clouds has been computed assuming a mean density 3 times
larger than that in the solar system. Under the assumption that
the exozodiacal emission is symmetric around the target star, it
will be suppressed by phase chopping, and therefore only con-
tributes to shot noise. The noise sources included are the shot
noise contributions from stellar leakage, local and exozodiacal
clouds, and instrumental infrared background. Instability noise
is also thoroughly implemented and is partly mitigated by phase
chopping. A complete list can be found in Table 3.

After the initial integration time assessment for detection, the
targets are sorted by ascending integration time, removing from
the list the targets for which the total integration time exceeds the
total time during which they are visible from L2. Considering a
slew time for re-targeting (nominally 6 hours) and an efficiency
for the remaining observing time of 70%, the sorted list is cut off
at the moment when the cumulative integration time exceeds the
nominal survey period. Accounting for a specific time allocation
for each spectral type (10% F, 50% G, 30% K and 10% M stars),
the resulting list defines the number of targets that can be sur-
veyed during the detection phase. The actual number of planets
found will then depend on the number of terrestrial planets in the
habitable zone of target stars (7g).

3.1.2. Spectroscopy phase

The number of targets which can be characterised by spec-
troscopy in a given time is computed similarly. The difference
with the detection phase is that the integration times are com-
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puted for a given position in the habitable zone. The proper
procedure would be to take into account all possible positions
for the planet in a similar way to the detection phase but this
would be far too time consuming. The strategy is then to con-
sider only the most likely angular separation. Then, the total
integration time is determined by the requirement to detect the
absorption lines of O3, CO, and H,O to a specified SNR. For
the spectroscopy of CO, and O (without H,O), an SNR of
5 would actually be sufficient for a secure detection (Fridlund
2005). Considering the spectroscopy of H,O is relatively more
complex. Recent results suggest that, using a spectral resolution
greater than 20, an SNR of 10 from 7.2 to 20 um would be suf-
ficient for H,0, CO,, and O3 spectroscopy (private communica-
tion with F. Selsis, L. Kaltenegger and J. Paillet). In particular,
these results suggest that the H,O band located below 7.2 um,
which is much more time-consuming than the H,O band beyond
17.2 um, could be discarded.

Two types of spectroscopic analysis are considered: the star-
ing spectroscopy, where the array is kept in a position such that
the planet resides on a peak of the modulation map, and the ro-
tating spectroscopy, where the array keeps on rotating with re-
spect to the target system so that the planet moves in and out of
the peaks of the modulation map. Staring spectroscopy is more
efficient in terms of signal acquisition, but requires an accurate
knowledge of the planetary orbit. As for the detection phase, the
total spectroscopy integration time should not exceed the total
time during which the target is visible during the characterisa-
tion phase. Accounting again for a given fraction of overhead
loss, the targets are sorted with respect to ascending integration
time, terminated where the cumulative time exceeds the length
of the nominal characterisation period. The number of planets
that can be characterised is then given with the assumption that
there is one terrestrial planet in the habitable zone of each target

star (ng=1).

3.2. Coupling efficiency

Coupling the optical beams into optical fibers is an essential
part of the wavefront correction process, which is required for
deep nulling. The theoretical efficiency of light injection into an
optical fiber depends on several parameters: the core radius of
the fiber, its numerical aperture, the wavelength, the diameter
of the telescope and its focal length (Ruilier & Cassaing 2001).
The method used in the simulator consists in choosing first the
core radius of the fiber so as to ensure single-mode propaga-
tion over the whole wavelength range. The f-number of the cou-
pling optics can then be optimised to give the maximum cou-
pling efficiency at a chosen wavelength and more importantly, to
provide a roughly uniformly high coupling efficiency across the
whole wavelength band. The coverage of the full science band
of DArRwIN/TPF with one optical fiber is generally prohibited
since the coupling efficiency drops rapidly with respect to the
wavelength. Increasing the number of fibers improves the cou-
pling efficiency but at the expense of complexity. In particular,
it has been shown that the loss of targets for detection and spec-
troscopy is about 5% between the optimised 2-band and 3-band
cases (den Hartog 2005a). Considering the use of two fibers (re-
spectively on the 6.0-12 ym and 12-20 ym wavelength ranges),
Fig. 3 shows the coupling efficiency for an on-axis source and for
a source with a fixed off-axis angle, corresponding to an Earth or-
bit around a Sun at 10 pc. The coupling efficiency remains above
70% over the whole wavelength band of each fiber.

Coupling efficiency of Darwin/TPF
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Fig. 3. Coupling efficiency for DarwiN/TPF with respect to the wave-
length for an on-axis source and for a source with a fixed off-axis angle,
corresponding to an Earth orbit around a Sun at 10 pc. The core radius
is chosen so as to stay single-mode on the whole wavelength.

3.3. Modulation efficiency

The modulation of the planetary signal during the observation is
a direct consequence of the chopping process which is manda-
tory to get rid of background noises such as exozodiacal and
local zodiacal cloud emission. For the X-array configuration, the
outputs of two Bracewell interferometers are combined with op-
posite phase shifts (+ /2) to produce two transmission maps (or
“chop states™). Subtracting the two different transmission maps
gives the chopped response of the interferometer, the so-called
modulation map, which contains positive and negative values
by construction (see Fig. 4). Since the value of the modulation
map varies across the field-of-view, the position and flux of the
planet cannot be unambiguously inferred and an additional level
of modulation is mandatory. This is provided by the rotation of
the interferometer (typically with a period of 1 day). The planet
signal is therefore modulated as shown on the right part of Fig. 4.
In order to retrieve the planet signal, the most common approach
is correlation mapping, a technique closely related to the Fourier
transform used for standard image synthesis (Lay 2005). The re-
sult is a correlation map, displayed for a single point source in
the lower right part of Fig. 4. This represents the Point Spread
Function (PSF) of the array. This process, illustrated here for a
single wavelength, is repeated across the wavelength range, and
the maps are co-added to obtain the net correlation map. The
broad range of wavelengths planned for DarwIN/TPF greatly ex-
tends the spatial frequency coverage of the array, suppressing the
side lobes of the PSE.

After chopping and rotation, the part of the incoming sig-
nal which is actually modulated and retrievable by synchronous
demodulation is proportional to the “rotational modulation effi-
ciency”. It is shown for the X-array configuration in Fig. 5. It
depends on the radial distance from the star and reaches a peak
value of 0.56 with an asymptotic value of 0.44. Since the planet
position inside the habitable zone is a priori unknown, it is de-
sirable that the effective modulation efficiency is as uniform as
possible across the habitable zone to avoid too many reconfig-
urations (considering different wavelengths). Note that the rota-
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Fig. 4. Overview of phase chopping for the X-array configuration. Combining the beams with different phases produces two conjugated transmis-
sion maps (or chop states), which are used to produce the chopped response. Array rotation then locates the planet by cross-correlation of the

modulated chopped signal with a template function.

tional modulation efficiency for several array configurations has
been investigated by Lay (2005).

3.4. Instability noise

Instability noise is defined as the component of the demodulated
nulled signal that arises from phase, amplitude and polarisation
errors (Lay 2004). The power spectra of these instrumental ef-
fects mix with each other so that perturbations at all frequen-
cies, including DC, have an effect. Spacecraft vibrations, fringe
tracking offset, control noise, longitudinal dispersion, and bire-
fringence are at the origin of the phase errors whereas tip/tilt,
defocus, beam shear, and differential transmission produce am-
plitude errors. These phase and amplitude errors induce an asym-
metry between the two chop states so that the modulation map
is no more centered on the nominal position of the line of sight
(i.e. the position of the star). Hence a fraction of the starlight sur-
vives the modulation process and mixes with the planet photons.
Although a simple binary phase chop removes a number of these
systematic errors, it has no effect on the dominant amplitude-
phase cross terms and on the co-phasing errors. There is no phase
chopping scheme that can remove the systematic errors without
also removing the planet signal. Three independent studies (Lay
2004; d’ Arcio 2005; Chazelas et al. 2006) have revisited the in-
strumental requirements on the DArRwIN/TPF mission in order
to reduce the instrumental stellar leakage down to a sufficiently
low level for Earth-like planet detection. Assuming the presence
of 1/f-type noise, these studies showed that the requirements
on amplitude and phase control are not driven by the null-floor
leakage, but by instability noise. Considering a Dual-Chopped
Bracewell (DCB, Lay 2004) with 4-m aperture telescopes oper-
ating at 10 um, the different analyses show that a null depth of
~ 1073 is generally sufficient to control the level of shot noise
from the stellar leakage, but that a null depth of ~ 107 is re-
quired to prevent instability noise from becoming the dominant
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Fig. 5. Rotational modulation efficiency for the Emma X-array with a
6:1 aspect ratio.

source of noise'. In particular, a 107 null requires rms path con-
trol to within about 1.5 nm, and rms amplitude control of about
0.1%.

In order to relax these very stringent requirements, several
techniques have been investigated (Lay 2005; Lane et al. 2006;
Gabor et al. 2008). Taking these mitigation techniques is be-
yond the scope of this paper, where we assume that instability
noise is sufficiently low to ensure the H,O spectroscopy at 7-um
of an Earth-like planet orbiting around a Sun located at 15 pc.
Applying the analytical method of (Lay 2004) to the Emma X-
array with the parameters listed in Table 1, we derive the con-
straints on the instrument stability such that instability noise is
dominated by shot noise by a factor 5 at 7 um over one rota-

! The current state-of-the-art for broadband nulling experiments
is a 107 null which has been recently demonstrated at 10um
(AA/lambda=25%) with the adaptive nuller (Peters. et al. 2009).
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Table 3. Detailed view of the various contributors to the noise budget, given in photo-electrons persecond over the 6-20 ym wavelength range for

7

DarwiN/TPF in the Emma X-array configuration. The final SNRs are computed over a single rotation of 50000 s and for four targets representative

of the target catalogue (see main text for further information).

MOV -05pc KOV -10pc G2V - 15pc  FOV -20pc

Optimum baseline [m] 25 22 22 11
Planetary modulation efficiency 0.57 0.58 0.58 0.58
Planetary coupling efficiency 0.76 0.76 0.76 0.75
Stellar signal [e-/s] 2.6 x 107 2.1 x 107 1.3 x 107 2.1 x 107
Planetary signal [e-/s] 5.52 1.39 0.62 0.35
Photon noise [e-/s] 0.459 0.388 0.358 0.365
- Geometric leakage [e-/s] 0.304 0.179 0.101 0.078
- Null-floor leakage [e-/s] 0.019 0.017 0.013 0.017
- 3-zodi signal [e-/s] 0.077 0.078 0.075 0.121
- Local zodiacal signal [e-/s] 0.260 0.260 0.260 0.260
- Detected thermal [e-/s] 0.101 0.101 0.101 0.101
- Detected stray light [e-/s] 0.166 0.166 0.166 0.166
Dark current [e-/s] 0.063 0.063 0.063 0.063
Detector noise [e-/s] 0.063 0.063 0.063 0.063
Instability noise [e-/s] 0.025 0.014 0.008 0.012
- First order phase term [e-/s] 0.021 0.008 0.002 0.001
- Second order phase-amplitude [e-/s] 0.014 0.012 0.007 0.012
Total noise [e-/s] 0.460 0.388 0.358 0.365
Integrated SNR (one rotation) 16.0 4.4 2.1 1.1
Integration time for SNR=5 [h] 1.36 17.9 81.8 285

tion period (#) of 50000 seconds (with a spectral resolution
of 20). Considering 1/f-type PSDs defined on the [1/tor, 1041 Hz
range, this corresponds to residuals rms OPD and amplitude er-
rors of about 1.5 nm and 0.05% respectively. These values will
be used thorough this study (see appendix A for further details).
Although our computation has been done at 7 um where instabil-
ity noise is much higher than at 10 um, these constraints are not
far from the values derived by Lay (2004) for two reasons. First,
the telescopes considered here are smaller so that shot noise
is relatively more dominant than in the previous analyses (shot
noise is proportional to the squared root of the stellar flux while
instability is directly proportional to the stellar flux). Secondly,
the interferometer configuration is stretched by comparison with
the DCB so that the planetary signal is modulated at higher fre-
quencies, where the instability noise is lower assuming 1/f-type
PSDs.

3.5. Signal-to-noise analysis

In this section, we present the different sources of noise simu-
lated by DarwinSIM and the level at which they contribute to the
final SNR for four targets representative of the DaArwIN/TPF cat-
alogue: an MOV star located at 5 pc, a KOV star at 10pc, a G2V
star at 15 pc and an FOV star at 20 pc. The noise budget of each
source is shown in Table 3 for a single rotation of 50000 s and
for the optimum baseline length (computed by minimizing the
integration time). The different contributors are described here-
after.

— The stellar signal represents the total number of photo-
electrons that are generated by stellar photons detected in
both constructive and destructive outputs.

— The planetary signal is the demodulated amount of photo-
electrons that come from an Earth-like planet located at 1 AU
from the star.

— Shot noise is due to the statistical arrival process of the
photons from all sources. It comes from the contributions
from stellar leakage, the exozodiacal dust, the local zodia-

cal cloud, the thermal emission from the telescopes, and the
stray light.

— Geometric stellar leakage accounts for the imperfect rejec-
tion of the stellar photons due to the finite size of the star
and the non-null response of the interferometer for small off-
axis angles.

— Null-floor leakage accounts for the stellar photons that leak
through the output of the interferometer due to the influ-
ence of instrumental imperfections such as co-phasing er-
rors, wavefront errors or mismatches in the intensities of the
beams.

— The 3-zodi signal is the shot noise contribution from the
circumstellar disc, assumed to be face-on and to follow the
same model as in the solar system (Kelsall et al. 1998), ex-
cept for a global density factor of 3.

— Local zodiacal signal is the shot noise contribution from the
solar zodiacal cloud, taking into account the spacecraft loca-
tion at L2 and the pointing direction.

— Thermal background accounts for the emission of the tele-
scopes.

— Stray light is made of the photons originating from outside
the interferometer and which do not follow the nominal route
to the detector. It includes scattered light from the target star,
thermal photons from the instrument and any solar photon
that are scattered into the instrument. We assume a nominal
value of 10 photons per second and per spectral channel.

— Dark current is the constant response produced by the detec-
tor when it is not actively being exposed to light. We con-
sider a nominal value of of 4 electrons rms per read and per
spectral channel.

— Detector noise is computed assuming a read-out noise of 4
electrons rms and a typical read-out frequency of 1 Hz.

— Instability noise has been discussed in section 3.4. It is com-
puted for rms OPD and amplitude errors of 1.5nm and
0.05% respectively (and defined on 1/f-type power spectra).

As expected, shot noise is the dominant contributor for all
targets (we have derived the constraints on the instrument sta-
bility so that instability noise is not dominant in section 3.4).
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Fig. 6. Input (a) and detected (b) signals for an Earth-like planet orbiting
at 1 AU around a G2V star located at 15 pc. The demodulated signals
are computed over a single rotation of 50000 s.

The emission of the local zodiacal cloud is generally the dom-
inant source of shot noise but geometric stellar leakage and the
exozodiacal dust also produce a significant part of it. Instability
noise is dominated by second order phase-amplitude cross terms
as pointed out by Lay (2004) and contributes weakly to the in-
tegrated SNR. The dependence on the wavelength is shown in
Fig. 6 for the G2V star located at 15 pc. The upper figure rep-
resents the different input signals, showing that stellar leakage
dominates at short wavelengths while the local zodiacal cloud
emission is dominant at long wavelengths. The lower figure rep-
resents shot noise, instability noise and the detected signal from
the planet. The SNR is also represented and is maximum around
10 um where the planetary signal peaks. It decreases rapidly
towards short wavelengths suggesting that the spectroscopy at
these wavelengths is the most challenging.

3.6. Expected performance

Considering the assumptions given in Table 2, the simulated
performance of DARWIN/TPF is shown in Table 4 for various
aperture sizes and planet radii. Considering Earth-radius plan-
ets within the habitable zone, about 200 stars, well spread among
the four selected spectral types, can be surveyed during the nom-
inal 2-year detection phase. This number reaches about 500 with
4-m aperture telescopes. DARwWIN/TPF will thus provide statisti-

signal / noise

Table 4. Expected performance in terms of number of stars surveyed
and planets characterised during the nominal 5-year mission for various
telescope diameters and planet radii. All stars are assumed to host a
planet in the habitable zone and to be surrounded by an exozodiacal
cloud 3 times denser that in the solar system.

Telescope diameter 1-m 2-m 4-m | 2-m 2-m
Planet radius [Re] 1 1 1 1.5 2
Detection
Surveyed (5 years) 89 303 813 | 590 921
Surveyed (2 years) 58 189 497 | 370 564
H F stars 3 10 35 27 46
i G stars 11 43 136 | 96 164
f K stars 14 61 183 | 130 206
# M stars 30 75 143 | 117 148
Spectroscopy
Staring (C0,,05) 20 64 199 | 132 234
Rotating (C0,,05) 20 43 127 | 89 159
i F stars 0 2 5 4 8
# G stars 2 7 25 17 36
# K stars 2 10 40 24 46
# M stars 16 24 67 | 4 69
Staring (H,0) 15 32 101 | 71 121
Rotating (H,0) 11 21 60 48 83
i F stars 0 1 2 2 4
# G stars 0 4 11 8 16
# K stars 2 5 18 11 22
# M stars 9 11 39 27 41

cally meaningful results on nearby planetary systems. As already
indicated by Table 3, nearby K and M dwarfs are the best-suited
targets in terms of Earth-like planet detection capabilities.

For the spectroscopy phase, a required SNR of 5 has been
assumed for the detection of CO, and O3, as discussed in sec-
tion 3.1. For the full characterisation (i.e. searching for the pres-
ence of H,0, CO,, and 03), the required SNR has been fixed to
10 on the 7.2-20-um wavelength range. With these assumptions,
CO, and O3 could be searched for about 40 planets (resp. 60)
with rotational spectroscopy (resp. staring spectroscopy) while
H»O could potentially be detected on 20 (resp. 30) planets
during the 3-year characterisation phase. These values would
be roughly halved for 1-m aperture telescopes. Although star-
ing spectroscopy presents (as expected) better results, rotational
spectroscopy is more secure since it does not rely on an accu-
rate localisation of the planet. It is also interesting to note that in
the case of planets with radii 1.5 time (resp. 2 times) as large as
that of Earth, the number of planets for which H,O spectroscopy
could be performed is doubled (resp. quadrupled).

4. Impact of the exozodiacal cloud density

The amount of exozodiacal dust surrounding nearby main
sequence stars is one of the main design drivers for the
DarwIN/TPF missions. Depending on their morphology and
brightness, exozodiacal clouds can seriously hamper the capa-
bility of a nulling interferometer to detect and characterise habit-
able terrestrial planets. Under the assumption that the exozodia-
cal cloud is point-symmetric around the target star, it will be sup-
pressed by the chopping process, and therefore only contributes
to shot noise. An exozodiacal cloud similar to the local zodiacal
disc emits 350 times as much flux at 10 um than an Earth-like
planet, so that it generally drives the integration time as the disc
becomes a few times denser than the local zodiacal cloud. A pre-
vious study performed for the DCB with 3-m aperture telescopes
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observing a G2V star located at 10 pc has lead to the conclusion
that detecting Earth-like planets around a star for which the exo-
zodiacal cloud density is larger than 20 zodis would be difficult.
Nevertheless, the tolerable amount of dust around a nearby main
sequence star highly depends on several parameters such as the
telescope size, the target distance and spectral type. Another pa-
rameter which can drive the performance of the interferometer
is the presence of asymmetric structures in the exozodiacal disc
such as clumps or offset due to the presence of planets. These
asymmetries have a different impact on the mission performance
because they induce a signal which is not perfectly canceled by
phase chopping and can mimic the planetary signal. This section
is focused on the impact of the exozodiacal dust density on the
integration time and the consequence on the number of targets
that can be surveyed during the mission lifetime. The impact of
asymmetric structures is discussed in section 5.

4.1. Analysis per individual target

Considering centrally symmetric face-on exozodiacal discs,
Fig. 7 shows the SNR (normalised to the SNR for no exozo-
diacal cloud) integrated over the 6-20 um wavelength range as
a function of the exozodiacal dust density for the 4 typical tar-
get stars used in section 3.5. We consider the normalised SNR
because it does not depend on the integration time (the planet
signal is removed from the equation) which has the advantage
to provide a common basis to compare the different target stars.
Looking at Fig. 7, the impact of the exozodiacal dust density on
the normalised SNR is particularly harmful for the hottest tar-
get stars which present the brightest exozodiacal discs. For the
FOV star located at 20 pc, the normalised SNR is reduced by
a factor of about 2.5 between the 0 and 100-zodi cases while
for the MOV star located at 5pc it is only reduced by a factor
of about 1.5. Assuming that the integration time should not be
twice longer than in the 0-zodi case (see the horizontal dotted
curve), the maximum number of zodis are about 70, 50, 50 and
20 respectively for the MOV star located at 5 pc, the KOV star at
10 pc, the G2V star at 15 pc and the FOV star at 20 pc.

The distance of the star also plays an important role. As the
distance to the target system increases, the flux collected from
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Fig. 8. Maximum number of zodis with respect to the target distance
for the DarwiN/TPF target stars. The maximum number of zodis corre-
sponds to an increase of integration time by a factor two with respect to
the 0-zodi case.

the exozodiacal cloud decreases while the flux collected from
the local zodiacal cloud remains the same for all targets. The
contribution of the exozodiacal dust cloud to the noise level be-
comes therefore relatively less important so that a higher dust
density can be tolerated around the target. This explains why the
curves of the G2V star and the KOV star almost coincide despite
the fact that the G2V star is hotter. This behavior is illustrated
in Fig. 8, showing the maximum number of zodis with respect
to the target distance for the whole DarwiN/TPF catalogue. This
maximum number of zodis corresponds to an increase of inte-
gration time by a factor two with respect to the 0-zodi case. It
depends on the target distance and spectral type, and can take a
value from few zodis up to several hundred zodis for the most
distant stars. For a given distance to the target system, the maxi-
mum number of zodis increases with the stellar temperature, the
zodi constraint being more severe on F stars than on M stars,
while for a given spectral type, the zodi tolerance increases with
the target distance.

4.2. Tolerable dust density

So far we have examined the maximum exozodiacal dust den-
sity for each target which corresponds to an integration time per
target equal to twice the zero-zodi integration time. However,
this does not tell us anything about the total number of stars that
could be observed over the survey time of the mission. Here we
derive the exozodiacal dust density that can be tolerated around
nearby main sequence stars so that a given number of stars can
be observed during the nominal mission lifetime.

To calculate the total number of targets that can be surveyed
during the mission lifetime, we compute the integration time for
each observable target as a function of the exozodiacal dust den-
sity and add them in ascending order as described in section 3.1.
Considering a slew time of 6 hours and an efficiency for the
remaining observing time of 70%, the list is cut off when the
cumulative integration time exceeds the nominal survey period.
Applying this procedure to each spectral type (with the corre-
sponding time allocation, see Table 2) and to the whole target
list, Fig. 9 shows the tolerable dust density as a function of Ry,
the ratio of the number of targets that can be observed during
the mission lifetime in the presence of exozodiacal clouds of the
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given density to the number of targets that can be observed dur-
ing the mission lifetime in the absence of exozodiacal clouds.
The corresponding number of target stars that can be observed
can easily be computed using Table 4.

As exozodiacal discs become denser, R, decreases so that
the tolerable dust density depends on the goal of the mission in
terms of the number of stars that have to be observed. In order
to survey approximately 50% of the stars that could be observed
in the absence of exozodiacal discs, a dust density as high as
400 zodis can be tolerated, while only 30 zodis are tolerable to
observe 90% of the stars. Considering that at least 150 targets?
have to be observed during the mission lifetime (about 75% of
the stars), exozodiacal discs with a density of about 100 zodis
can be tolerated around the targets stars. This tolerable dust den-
sity is computed for the whole catalogue assuming that the time
allocation on each spectral type is maintained. In practice, the ef-
fect of exozodiacal dust is more pronounced for early type stars.
This behavior is illustrated in Fig. 9 for each spectral type. For a
dust density of 100 zodis, about 40%, 60%, 80% and 90% of the
F, G, K and M stars respectively can still be surveyed. Inversely,
in order to survey at least 75% of the stars, the tolerable dust
densities are about 10, 50, 100 and 300 zodis for F, G, K and M
stars respectively.

These results show how important it is to observe in ad-
vance the DarwIN/TPF targets in order to maximize the num-
ber of stars that can be surveyed during the mission lifetime.
Ground-based nulling instruments like LBTI (“Large Binocular
Telescope Interferometer”, Hinz et al. 2008) and ALADDIN
(“Antarctic L-band Astrophysics Discovery Demonstrator for
Interferometric Nulling”, Absil et al. 2008) would be ideal to
reach the detection of 50-zodi exozodiacal discs with a sky cov-
erage sufficient to observe almost the entire DarRwIN/TPF cata-
logue.

4.3. Influence of the telescope size

Increasing the telescope diameter has different influences on the
individual signal and noise sources. The planet signal increases

2 Detecting 150 targets has been defined by both ESA and NASA as
the minimum mission requirement for DarwiN/TPF-1.
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as D? while the shot noise contributions from geometric leakage
and exozodiacal cloud increase as D. The relative contribution
from the local zodiacal cloud to shot noise is reduced for larger
aperture telescopes, due to the smaller field-of-view. Since the
local zodiacal cloud emission is generally one of the dominant
noise sources, the relative impact of the exozodiacal cloud den-
sity on the SNR becomes therefore more significant for larger
telescopes. Using the assumptions of Table 2, this behavior is il-
lustrated in Fig. 10, which shows the tolerable exozodiacal dust
density with respect to Rqps for different aperture sizes.

For a given dust density, the loss of observable targets dur-
ing the mission lifetime with respect to the case without exo-
zodiacal disc is more important for larger aperture telescopes.
For instance, the tolerable densities are 50, 30 and 15 zodis re-
spectively for 1-m, 2-m and 4-m apertures telescopes in order to
survey at least 90% of the nominal targets. These values become
200, 100 and 60 zodis if 75% of the targets have to be surveyed.
Considering again that 150 targets have to be observed during
the mission lifetime, dust densities as high as 100 and 600 zodis
can be tolerated around the target stars for 2-m and 4-m apertures
telescopes respectively (150 targets being not detectable within
the survey time with 1-m aperture telescopes). Due to the bet-
ter nominal performance achieved with 4-m aperture telescopes
(about 500 targets surveyed during the survey time, see Table 4),
the maximum dust density to survey 150 targets (600 zodis) is
higher than for 2-m aperture telescopes (100 zodis) but the cor-
responding loss of surveyed targets with respect to the nominal
case is much more important (Rgps of 30% vs 75%). In prac-
tice, the final choice of the aperture diameter will result from a
trade-off between cost, feasibility and scientific performance.

5. Impact of the exozodiacal cloud morphology

The previous results have been obtained assuming that the exo-
zodiacal dust emission is point-symmetric around the target star
so that it is suppressed by phase chopping (and therefore only
contributes to shot noise). However, exozodiacal discs are likely
to show resonant structures or an offset with respect to the cen-
tral star due to the the gravitational influence of embedded plan-
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Fig. 11. Upper: Thermal flux (6-20 um) produced by a 10-zodi exozodiacal dust cloud around a G2V star for two different disc inclinations (0°,
30°, 60° and 90°) and assuming a Dohnanyi distribution of particle sizes (Dohnanyi 1969). The images have been simulated assuming a Earth-mass
planet located at 1 AU on the x-axis (90 degrees clockwise from vertical, Stark & Kuchner 2008). Lower: Corresponding asymmetric brightness
distributions obtained by subtracting to each pixel its point-symmetric counterpart.

ets. These resonant structures have been predicted by theoretical
studies (Roques et al. 1994; Liou & Zook 1999; Ozernoy et al.
2000), and similar structures have been observed in few cases
around nearby main-sequence stars (e.g., Wilner et al. 2002;
Greaves et al. 2005; Kalas et al. 2005; Schneider et al. 2009).
The most well-studied example of an asymmetric disc is the so-
lar zodiacal cloud, which exhibits several structures interpreted
as the dynamical signature of planets (Dermott et al. 1985, 1994;
Reach et al. 1995). This trend suggests that exozodiacal clouds
may be full of rings, clumps, and other asymmetries induced by
the presence of embedded planets. These asymmetric structures
around the target star are not perfectly canceled by the phase
chopping process and part of the exozodi signal can then mimic
the planetary signal. If the demodulated contribution from the
exozodiacal disc is significantly higher than that of the planet,
it would be difficult to isolate the planetary signal, whatever the
integration time. As mentioned by Lay (2004), asymmetric in-
homogeneities at the 0.1% level of the total exozodiacal flux can
be confused with a planetary signal. The problem becomes even
more serious as the dust density increases: a 10-zodi exozodia-
cal disc must be smooth at the 0.01% level, in the region to be
searched for planets. Considering asymmetric exozodiacal discs,
we derive in this section the tolerable dust density in order to en-
sure the detection of Earth-like planets with DarwiN/TPF.

5.1. Methodology

At the output of the interferometer, the total detected photon rate
(excluding stray light) can be written as (Lay 2004):

N = f f By (S)R(s)P(s) 8dbda €))
6 Ja
where By is the brightness distribution on the sky for a spec-
tral channel centered on wavelength A and a bandwidth Al < 4
(units in photons/s/m?), s is a unit vector whose direction repre-
sents position on the sky, P(s) is a field-of-view taper function
resulting from the size of a collecting aperture and from the re-
sponse of the single-mode spatial filter, and R(s) is the intensity

response of the interferometer on the sky (excluding the taper),
the so-called transmission map. Expression 1 can be written as
a function of the double Fourier transform of the sky brightness,
including the field-of-view taper, which are denoted by a hori-
zontal bar:

N = Z Z AjAk [COS(¢] — é) Esky,jk,sym
ik

— sin(g; — ¢ Bayjrasym| - ()

where By sym (resp. By asym) 18 the symmetric (resp. asymmet-
ric) part of the sky brightness distribution and ¢; the phase re-
sponse of the telescope j. The total photon rate is therefore a sum
over all possible pairs of collectors. The baselines with a phase
difference that is an integer multiple of 7 (0, £, +27) couple en-
tirely to the symmetric brightness distribution (star, local zodia-
cal cloud, exozodiacal disc). Any asymmetric brightness distri-
bution couples entirely to baselines with a phase difference that
is an odd multiple of 7/2 (e.g., planet, clump). From Eq. 2, the
detected photon rate from the exozodiacal disc is simply given
by:

Nez = Z Z AjA; [COS(¢j — ¢1) BEzjk sym
T x
- Sin(¢j - ¢k)§EZ,jk,nsym] P (3)

The demodulated signal from the exozodiacal disc can then be
obtained (after combination of the two chop states):

1 T
Oz = = fo (N, = NE )t

where T is the integration time, Né , (resp. NEZ) the contribu-
tion of the exozodiacal disc at the output of the left (resp. right)
chop state and n the demodulation template function. This tem-
plate function is used to extract the planetary signal by cross-
correlation (Angel & Woolf 1997). It represents the time series
(normalized to have a rms value of one) that would be obtained,
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Fig. 12. Upper: Chopped photon rate from an Earth-like planet and a 10-zodi asymmetric disc with respect to the rotation angle for two disc
inclinations (0° and 60°) and different wavelength ranges (at 10 um and in the full wavelength range). Lower: Corresponding dirty map formed
from the cross correlation of the measured signal with templates of the signal expected from a point source at each location on the sky.

should a planet be present at a given position. Taking into ac-
count that the phase response of the interferometer is such that
¢F = —¢f with the ¢} equal to (7/2, 0, 7, 37/2), Eq. 3 and 4 give:

2 . =
OEZ = ? Z] ; AjAk sm((ﬁj - ¢A) L BEZ,jk,asymrldt » (5)

which shows that only asymmetric components of the brightness
distribution contribute to the demodulated signal. More specif-
ically, only the baselines with a “fractional-7" phase difference
can produce a demodulated signal. Such baselines are mandatory
in order to generate odd harmonics of the rotation frequency. A
solution to mitigate the influence of the asymmetric structures in
the disc is to have long imaging (“fractional-z"") baselines that
resolve out the more spatially extended emission from the exo-
zodi variations, leaving only the point like emission from plan-
ets.

5.2. Impact of clumps

The origin of some asymmetric clumpy structures, i.e. local den-
sity enhancements, in exozodiacal discs may be attributed to to
the gravitational influence of planets on the small dust grains.
After their release from parent bodies via collisions or out-
gassing, dust grains experience different paths in the stellar sys-
tem, depending on their effective size. Whereas the smallest par-
ticles are ejected from the planetary systems by radiation pres-
sure in a dynamical time, larger particles slowly spiral inward
due to Pointing-Robertson drag (Robertson 1937). While spiral-
ing toward their host star, dust particles may become temporar-
ily trapped in mean motion resonance with planets, extending
their lifetimes. This trapping locally enhances the particle den-
sity, creating structures, originally described for the solar zodia-
cal cloud as circumstellar rings, bands, and clumps (e.g., Kelsall
et al. 1998).

In order to address the impact of such structures on the per-
formance of DaArRwIN/TPE, we use the results of Stark & Kuchner
(2008), who synthesized images of circumstellar discs with res-
onant rings structures due to embedded terrestrial-mass planets.

Among the studies that have examined the geometry of these res-
onant signatures (e.g., Kuchner & Holman 2003; Moro-Martin
& Malhotra 2005; Reche et al. 2008; Stark & Kuchner 2008),
these images are particularly convenient for our study since they
include enough particles to overcome the limitations of previ-
ous simulations, which were often dominated by various sources
of Poisson noise, and allow for quantitative study of the mod-
eled ring structures. In addition, these images are geared toward
terrestrial-mass planets at a few AU from the star, whereas most
other studies concern more massive planets located much far-
ther from the star. We used the Stark & Kuchner (2008) models
to produce thermal emission images of inclined discs (0°, 30°,
60° and 90°) with resonant ring structures. We investigated disc
models for a system with an Earth-mass planet on a circular orbit
at 1 AU around a G2V star located at 15 pc and for a Dohnanyi
distribution ranging in size from the blowout size up to 120 um
(Dohnanyi 1969). The thermal emission produced by such exo-
zodiacal discs are given in the upper part of Fig. 11 in a wave-
length range of 6-20 um.

The images given in Fig. 11 can be thought of as upper-limits
to the brightness of structures due to an Earth-like planet. Stark
& Kuchner (2008) ignored dust from parent bodies with large in-
clinations and eccentricities, such as comets, which would tend
to wash out any resonant structure. Additionally, these models
ignore the effects of collisions, which smooth out overdense re-
gions of the disc and reduce azimuthal asymmetries (Stark &
Kuchner in prep.). In every simulation, the parent bodies were
initially distributed from 3.5 to 4.5 AU in an asteroid belt-like
ring. The Earth-mass planet is oriented along the x-axis (located
at 66 mas on the x-axis) with a noticeable gap in the ring at its
position. The models are truncated at half the semi-major axis of
the planet, resulting in the inner holes in the images of Fig. 11.
In reality, the dust density distribution should continue inward
to the dust sublimation radius in the absence of additional per-
turbers. This “missing” inner disc should however not affect our
results, since the inner disc would be point symmetric so that it
does not contribute to the detected signal.

Introducing these images in DarwinSIM, we compute the
chopped photon rate from the exozodiacal disc as a function of
the array rotation angle. This is represented in the upper part of
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Fig. 12 for two different disc inclinations (0° and 60°) at 10 um
(left figures) and for broadband detection (6-20um, right fig-
ures). The density of the disc has been scaled up to 10 zodis and
the chopped planet signal represented for comparison (dashed
curve). In all cases, it is dominated by the chopped signal from
the exozodiacal disc (solid curve) and particularly for high disc
inclinations. To disentangle the planet signal from the disc sig-
nal, it is necessary to apply the cross-correlation method to build
the so-called dirty map. Applying cross correlation of the mea-
sured signal (disc + planet) with templates of the signal expected
from a point source at each location on the sky (computed using
Eq. 5), the dirty maps represented in the lower part of Fig. 12
are obtained. This process transforms the rotationally modulated
signal into a map of the sky by cross-correlation, which is equiv-
alent to the Fourier transform used in standard synthesis imag-
ing. The planet is located at 66 mas on the x-axis and presents
a demodulated signal of about 0.028e7/s at 10 um and about
0.62 e /s for broadband detection. The total demodulated signal
at the planet position is however lower due to the negative contri-
bution from the exozodiacal disc which presents a hole near the
planet. The demodulation of the exozodiacal discs also produces
main peaks which are maximum around 30-50 mas from the host
star (in agreement with the asymmetric brightness distribution in
the initial images, see the lower part of Fig. 11). Fortunately, the
high angular resolution provided by the long imaging baseline
is sufficient to spatially distinguish these components from the
planet signal and only the contribution from the hole around the
planet significantly contributes to the noise level.

In order to ensure the planet detection, we adopt a criterion
commonly used in AO imaging (Macintosh et al. 2003; Hinkley
et al. 2007; Serabyn 2009). The noise level is taken to be the rms
deviation of the pixel counts within an annulus of width equal
to the size of the PSF at half maximum. Considering a detection
threshold of 5, the results are given in Table 5 for different wave-
lengths and disc inclinations. The tolerable disc density ranges
between about 1 and 15 zodis, depending on the disc inclination.
The detection is particularly difficult for highly inclined discs
for which the asymmetric components are more dominant and at
long wavelengths where the planet signal is weaker. Combining
the spectral channels to obtain a broadband correlation map (see
Fig. 12) reduces the impact of sidelobes associated with each
main peak but does not significantly improve the results. This is
because the performance are limited by the main peak induced
by the hole near the planet rather than by sidelobes. Note that this
hole generally induces a response 2 to 4 times larger the rms de-
viation of the pixel counts within the annulus so that it might be
marginally interpreted as a planet detection (a “false positive”).
However, it could also be seen as an indirect way to detect the
presence of a planet within the hole since such compact structure
is expected to be created by a planet.

In order to relax these stringent constraints on the exozo-
diacal dust density, more sophisticated techniques of data pro-
cessing could be useful (e.g., Thiebaut & Mugnier 2006). The
capability of these techniques still needs to be investigated and
is beyond the scope of this paper. The only secure way to en-
sure the detection and characterization of Earth-like planets with
Darwin/TPF-like missions is to observe in advance the nearby
main-sequence stars in order to remove from the target list the
stars with a too high inclined/bright exozodiacal disc. To achieve
this goal, a space-based nulling interferometer such as FKSI
(“Fourier-Kelvin Stellar Interferometer”) would be ideal with a
sensitivity sufficient to detect exozodiacal discs down to 1 zodi
(Defreére et al. 2008a).

Table 5. Tolerable exozodiacal dust density for different disc inclina-
tions and wavelengths. The detection threshold is taken to be 5 times
the rms deviation of the pixel counts within an annulus of width equal
to the size of the PSF at half maximum.

Discincl. 8um 10um 16um Wide
0° 12.2 15.3 7.0 14.0
30° 9.1 15.0 6.9 13.8
60° 6.1 6.8 2.1 3.8
90° 1.1 1.4 1.0 2.6

5.3. Impact of the disc offset

An offset between the center of symmetry of a dust cloud and
its host star is a natural consequence of the gravitational interac-
tion with planets. In the solar system, the center of the zodiacal
cloud is shifted by about 0.013 AU from the Sun due mostly to
Jupiter (Landgraf & Jehn 2001). The offset can be much larger,
as shown in the case of the Fomalhaut system with an offset of
15 AU (Kalas et al. 2005). Even when inhomogeneities such as
clumps are not present, an offset cloud produces an asymmetric
brightness distribution such that a part of the exozodiacal disc
signal survives the chopping process. Using the zodipic pack-
age’, we produce images of solar-like zodiacal discs with a given
offset and use them to compute the demodulated signal at the
output of the interferometer. The results are presented in Fig. 13,
showing the tolerable dust density with respect to the disc off-
set for a G2V star located at 15 pc and for different wavelengths.
The disc is assumed to be seen face-on.

As the distance between the host star and the center of sym-
metry of the exozodiacal disc increases, the tolerable dust den-
sity to detect an Earth-like planet located at 1 AU becomes more
severe and reaches less than 5 zodis for an offset of 1 AU. For in-
dividual spectral channels, the tolerable dust density rapidly de-
creases to reach the value of 20 zodis at 0.05, 0.15 and 0.25 AU
respectively at 8 um, 10 um and 16 um. The results for broad-
band detection are much better with a tolerable dust density of
20 zodis only for a disc presenting an offset larger than 0.6 AU.
Considering a tolerable exozodiacal dust density of 100 zodis,
the offset between the host star and the center of symmetry of
the exozodiacal disc can be as high as 0.4 AU in order to ensure
the planet detection. For an offset similar to that of the solar zo-
diacal cloud (about 0.013 AU), this tolerable dust density is even
much higher (few thousand zodis).

6. Conclusions

Infrared nulling interferometry is the core technique of future
life-finding space missions such as ESA’s Darwin and NASA’s
Terrestrial Planet Finder (TPF). Observing in the infrared (6-20
um), these missions will be able to characterise the atmosphere
of habitable extrasolar planets orbiting around nearby main se-
quence stars. This ability to study distant planets strongly de-
pends on exozodiacal clouds around the stars, which can hamper
the planet detection. Considering the nominal mission architec-
ture with 2-m aperture telescopes, we show that point-symmetric
exozodiacal dust discs about 100 times denser than the solar zo-
diacal cloud can be tolerated in order to survey at least 150 tar-
gets during the mission lifetime. The actual number of detections
will then depend on the number of terrestrial planets in the hab-
itable zone of target systems.

3 http;flasd. gsfe.nasa.gov/Marc. Kuchnerfhome. html
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Fig. 13. Tolerable exozodiacal dust density with respect to the offset
between the center of symmetry of the exozodiacal disc and the central
star (a G2V star located at 15 pc). The disc is assumed to be seen in
face-on orientation.

The presence of asymmetric structures in exozodiacal discs
(e.g., clumps or offset) may be more problematic. While the
cloud brightness drives the integration time necessary to dis-
entangle the planetary photons from the background noise, the
emission from inhomogeneities are not perfectly subtracted by
phase chopping so that a part of the disc signal can mimic the
planet. To address this issue, we consider modeled resonant
structures produced by an Earth-like planet and introduce the
corresponding image in DarwinSIM, the mission science simu-
lator. Even for exozodiacal discs a few times brighter than the
solar zodiacal cloud, the contribution of these asymmetric struc-
tures can be much larger than the planet signal at the output of
the interferometer. Fortunately, the high angular resolution pro-
vided by the long imaging baseline of DArwIN/TPF in the X-
array configuration is sufficient to spatially distinguish most of
the extended exozodi emission from the planet signal and only
the hole in the dust distribution near the planet significantly con-
tributes to the noise level. Considering the full wavelength range
of DarwIN/TPF, we show that the tolerable dust density is about
15 times the solar zodiacal density for face-on systems and de-
creases with the disc inclination. In practice, this constraint may
be relaxed since we examined a resonant ring model that does
not include dust from highly eccentric or inclined parent bod-
ies, the effects of grain-grain collisions, or perturbations by ad-
ditional planets, all of which can reduce the contrast of the reso-
nant ring and improve the tolerance to the exozodiacal dust den-
sity. The asymmetry due to an offset between the host star and
the center of symmetry of the disc is not a concern as long as it
is not larger than a few tenth of AU.

These results show that asymmetric structures in exozodi-
acal discs around nearby main sequence stars are one of the
main noise sources for future exo-Earth characterization mis-
sions. A first solution to get around this issue is to have a long
imaging baseline architecture which resolves out the more spa-
tially extended emission of the exozodiacal cloud from the point-
like emission of planets. The stretched X-array configuration is
particularly convenient in that respect. The second solution is
to observe in advance the nearby main sequence stars and re-
move from the DarwIN/TPF target list those presenting a too
high dust density or disc inclination. The FKSI nulling inter-
ferometer would be ideal in that respect with the possibility to

detect exozodiacal discs down to the density of the solar zo-
diacal cloud. Ground-based nulling instruments like LBTI and
ALADDIN would also be particularly valuable.

Appendix A: Deriving instability noise constraints

We address here the instability noise and derive the constraints
on the instrument stability required to detect an Earth-like planet
orbiting at 1 AU around a G2V star located at 15 pc. The analy-
sis follows the analytical method of Lay (2004) which was orig-
inally applied to the DCB configuration at 10 um. The goal is to
extend the study to the X-array architecture and to a wavelength
of 7 um where instability noise is the most dominant. We define
the limiting rms OPD and amplitude errors such that instability
noise is dominated by a factor 5 by shot noise over a single rota-
tion of 50000s. Assuming that instability noise is totally uncor-
related with the rotation angle, this factor stays unchanged over
multiple rotations. In practice, instability noise can be correlated
with the rotation angle due to perturbations such as solar heating
effects but it should be possible to remove them by measuring
and correcting the amplitudes and phases at intervals during the
rotation.

For sake of comparison with Lay (2004), we consider first
4-m aperture telescopes operating at 10 um and extend the re-
sults to 2-m aperture telescopes operating at 7 um in Table A.1.
Assuming a spectral resolution of 20, Fig. A.1 shows instability
noise with respect to the rms OPD error for three different con-
figurations: the DCB as defined in Lay (2004), the X-array with
a 1:2 aspect ratio (X-ar2) and the X-array with a 1:6 aspect ra-
tio (X-ar6). These curves have been computed assuming 1/f-type
PSDs for amplitude and OPD errors with rms values defined on a
frequency range from 1/t to 10* Hz where t, is the rotation pe-
riod and a G2V star located at 15 pc. Shot noise is represented by
dotted curves. It is higher for the DCB due to geometrical leak-
age (the nulling baseline is twice larger than for the X-array) and
presents a slight increase for large rms OPD errors due to instru-
mental leakage. Instability noise is also higher for the DCB than
for the X-array. This is because the planet signal is mostly mod-
ulated at lower frequencies where the instability noise is higher
for 1/f-type noises. This is illustrated in Fig. A.2 showing the
chopped planet detection rate with respect to the rotation angle
(upper figure) and the corresponding Fourier amplitudes (lower
figure).

Fig. A.1 shows that shot noise dominates instability noise
by a factor 5 for rms OPD errors of about 0.5nm, 0.5 nm and
0.6 nm respectively for the DCB, X-ar2 and X-ar6. The slight
discrepancy that can be mentioned with Lay (2004) is due to two
factors. In addition to the instrument throughput of 10% used in
Lay (2004), our study accounts for the coupling efficiency (about
72% for the on-axis light) and for the quantum efficiency of the
detectors (70%). We also combine the two chop states whereas
the results of Lay (2004) are given for only one. Although in-
stability noise is higher for the DCB configuration than for the
X-array, the limiting rms opd error is of the same order due to
the higher shot noise. Because instability noise is directly pro-
portional to the stellar flux, the constraints are even more strin-
gent at 7-um where the star is brighter and the level of shot noise
basically the same as at 10 um (see Table A.1). Considering an
rms amplitude mismatch of 0.1%, the OPD has to be controlled
to a level of 0.3 nm rms for the three considered configurations.
These constraints are slightly relaxed for 2-m aperture telescopes
because shot noise is relatively more dominant (shot noise is pro-
portional to the squared root of the stellar flux while instability is
directly proportional to the stellar flux). For the results at 7 um,



D. Defrere et al.: Impact of exozodiacal clouds on the performance of future life-finding space missions 15

G2V star at 15 pc (4—m apertures and 10 um)

0.12
L - : X—ar2 ]
L — : X-arb i
010l . DCB ]
- [ i
o OO shot noise = DCB. i f 8
N [ i
Ky F 1
2 006 B
= [.Shot noise — X—array ol fee 7
& L i
o
2 0.041 -
< L 4
0.02 -
oo0E==—"T""" | ., ]
0.1 1.0 10.0

rms OPD [nm]

Fig. A.1. Instability noise with respect to the rms OPD errors for dif-
ferent array architectures assuming 1/f-type PSDs and a rms amplitude
mismatch of 0.1% (defined on the 0-10* Hz frequency range). The level
of shot noise is represented by dotted curves for each configuration. The
figure has been plotted for 4-m aperture telescopes operating at 10 ym
and a G2V star located at 15 pc (surrounded by an exozodiacal cloud of
1 zodi).

we use the same baseline length of 20 m with the same rotation
period of 50000 s. These requirements are very stringent and are
only marginally compliant with state-of-the-art active control, so
that potential ways to mitigate the harmful effect of instability
noise have been investigated.

— A first solution, proposed by Lay (2006), consists in stretch-
ing the array and applying a low-order polynomial fit to the
instability noise (as a function of wavelength). By stretch-
ing the array, i.e. increasing the imaging baseline of the
X-array, the interference pattern orthogonal to the nulling
pattern shrinks. As the modulation map scales with wave-
length, the planetary signal transmitted by the interferome-
ter will then be a rapidly oscillation function of wavelength.
On the other hand, instability noise is shown to be a low-
order polynomial of the optical frequency (1/1). Therefore,
by removing a low-order polynomial fit to the detected sig-
nal as a function of wavelength, the instability noise contri-
bution is efficiently subtracted while preserving most of the
planetary signal. This operation can actually be performed
directly in the cross-correlation, by using a modified planet
template where the polynomial components have been re-
moved. Because this method strongly relies on the separa-
tion of the nulling and imaging baselines, it can only be effi-
ciently applied with the X-array architecture.

— Another solution, based on the coherence properties of
starlight, has been proposed by Lane et al. (2006) to sepa-
rate the contributions from the planet and the instrumental
leakage. The idea is to mix the electric fields of the leakage
with that of a separate reference beam, also from the star, in
order to form fringes (as long as the relative path delays are
maintained within the coherence length). The light from the
planet, being not coherent with the starlight, will not form
fringes. Using as reference beam the bright output of a pair-
wise nulling beam combiner, the amplitude and phase mis-

G2V star at 15 pc (4—m apertures and 10 um)
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Fig. A.2. Upper: Chopped planet detected photon rate as a function of
array rotation angle for the different architectures. The planet is as-
sumed to be located at 47 mas from a G2V star located at 15 pc. Lower:
Corresponding Fourier amplitudes. Only odd harmonics are present be-
cause of phase chopping.

matches in the input beams can be extracted from the fringe
pattern, allowing the reconstruction of the the stellar leakage.

— A third solution has recently been proposed and tested at IAS
(Gabor et al. 2008). The principle is to successively apply
two (< A/2) opposite OPD offsets to one of the beams in or-
der to derive the actual position of the minimum in the trans-
mission map. In this way, one feeds back the actual OPD
errors to the delay line and prevents drifts from appearing.
The same principle can be used to avoid amplitude drifts, by
either blocking all but one beam to measure its actual am-
plitude or by modulating its amplitude as in the case of the
OPD. The frequency at which this process is carried out de-
pends on the input power spectra of the noise sources. It has
been demonstrated experimentally in the lab that this process
efficiently suppresses the 1/f-type noise generally present in
the stellar contribution at the output of a Bracewell inter-
ferometer. This technique can theoretically be applied to any
nulling configuration, but its efficiency decreases as the num-
ber of beams increases.

Others possible approaches (e.g. application of closure phase
techniques, new chopping processes, exploiting correlations be-
tween measurements taken at different wavelength bins) have
been suggested but still need to be investigated. However, these
very stringent requirements have been derived with the assump-
tion that the instability noise present an 1/f-type power spectrum.
In fact, the shape of the instability noise spectrum strongly de-
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Table A.1. Limiting rms OPD values computed for a G2V star located at 15 pc such that shot noise dominates instability noise by a factor 5. The
results are given at 7 um and 10 um, assuming a spectral resolution of 20, for different rms amplitude mismatches and shapes of the instability
noise power spectrum. Three configurations are shown, the X-array with an aspect ratio of 2 (X-ar2), the X-array with an aspect ratio of 6 (X-ar6)

and the Dual Chopped Bracewell (DCB, configuration used in Lay 2004).

oopp [NM] 2-m apertures 4-m apertures
A=7 um A=10 ym A=Tum A=10pm
Oamp DCB X-ar2 X-ar6 DCB  X-ar2 X-ar6 DCB X-ar2 X-ar6 DCB X-ar2 X-ar6
White noise’ 0.01% >50 >50 >50 >50  >50 >50 >50 >50 >50 >50 >50 >50
0.05% 16 9.5 9.5 >50  >50 >50 6.5 4.6 46 23 16 16
0.10% 2.4 1.0 1.0 53 4.8 4.8 0.8 0.5 0.5 3.7 2.9 2.9
1/f noise? 0.01% 0.7 2.6 42 28 13 19 0.4 1.1 1.9 1.1 3.6 5.6
0.05% 0.7 0.9 1.5 20 2.9 4.1 0.3 0.4 0.6 0.8 0.9 1.4
0.10% 0.5 0.5 07 15 1.6 2.0 0.3 0.3 0.3 0.5 0.5 0.6

“ rms values is defined on the [0-10 Hz] wavelength range
b rms values is defined on the [1/t-10* Hz] wavelength range

pends on the input spectrum of noise fluctuations. Pure 1/f noise
might in fact turn out to be a very pessimistic assumption. Given
that the Darwin/TPF system is designed to have three levels of
control loops that manage the OPD, and two control loop lev-
els for tip/tilt, the resulting residual phase and intensity fluc-
tuations that are responsible for the instability noise are most
likely to have a flat input spectrum. This has a strong influence
on the magnitude of the phase-amplitude cross terms, which are
the main contributor to instability noise. For instance, the tol-
erable rms OPD errors for a white spectrum defined on the [0-
10 Hz] frequency range are significantly relaxed as indicated in
Table A.1. In particular at low frequencies, where the planetary
signal is modulated and the instability noise arises, the 1/f spec-
trum diverges, while the flat spectrum increases linearly. In prac-
tice, the situation might even be better, as predictive or Kalman
filtering may be used to remove low-frequency power. A compli-
cation, in particular for the micro Hz domain, is that zero point
drifts of the control loops, e.g. related to electronic drifts in the
sensors, remain undetected, and thus uncorrected. They will re-
sult in a low-frequency 1/f component. A simple solution is to
switch the incoming beams with respect to the control loops.
The reason why this could work is that the extremely high pre-
cision required for Darwin/TPF is only on relative quantities,
namely, the phase and amplitude differences between any two
beams. Absolute offsets of phase and amplitude, that apply to
all three beams simultaneously, do not contribute to the instabil-
ity noise, since they do not affect the null. The beams must be
switched with respect to the control inputs with a time constant
over which the drift can be considered constant. In summary,
even though at present a post-processing method has not been
identified, it is highly likely that clever and careful engineering
may already reduce instability noise to harmless levels.
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Conclusion

Objectives and results

nfrared nulling interferometry is the core technique of several life-finding space missions such as ESA’s

DARWIN and NASA’s Terrestrial Planet Finder (TPF). Observing in the infrared (6-20 pm), these
missions will be able to characterise the atmosphere of habitable extrasolar planets orbiting around
nearby main sequence stars. This ability to study distant planets strongly depends on the density of
exozodiacal clouds around the stars, which can hamper the planet detection. As a consequence, assessing
the level of circumstellar dust around nearby main sequence stars is a necessary pre-requisite to prepare
the observing programmes of DARWIN and TPF. Several ground-based nulling instruments (e.g., KIN and
LBTI) will be dedicated to this purpose. Complementary European projects, such as the 1-m telescope
nulling interferometer for Antarctica (ALADDIN), are also under study. However, these ground-based
demonstrators will suffer from the atmospheric thermal background and its variations. Observing from
space would provide an efficient way to get round this problem. In that context, the PEGASE mission,
aimed at studying known hot extrasolar giant planets located within 150 pc, could be a valuable scientific
precursor.

The first part of this work is dedicated to the performance study of PEGASE for the detection of
exozodiacal discs. To this end, the GENIEsim software has been adapted to enable the simulation of
space-based nulling interferometers. The results obtained for four representative targets of the DARWIN
catalogue show the very attractive capabilities of PEGASE, achieving its optimum sensitivity very quickly
(in a few minutes) due to the low thermal background. In particular, the performance of PEGASE might
be significantly boosted by considering a shorter-baseline configuration (e.g., triangular rather than
linear). With a minimum baseline length of 20 m, a triangular PEGASE can detect exozodiacal discs
about 30 times denser than the solar disc and outperform ALADDIN for the most distant targets of
the DARWIN/TPF catalogue. However, ALADDIN is generally more sensitive for long integration times.
Regarding the exozodiacal disc detection around the DARWIN/TPF targets as sole objective, ALADDIN
presents a better performance/price ratio than PEGASE and should be preferred, particularly if the final
objective is to reach a sensitivity level of 20 zodis.

Another major contribution of this work is the investigation of the performance for planet detection of
PEGASE and PEGASUS. Pegasus is an upgraded version of PEGASE presenting DARWIN-like specifications
and using only two telescopes (of 1-m diameter). Considering the 61 extrasolar planets known in the
close vicinity of the solar system (within 25 pc), Pegasus could perform spectroscopy for about 45% of
them instead of 15% with PEGASE. Performance improvements are also considered by addressing specific
modulation methods (namely the split-pupil and OPD modulation techniques) to mitigate the harmful
exozodiacal emission. Further investigations of Pegasus have been carried out to assess which objectives
of DARWIN could be achieved. Observing the habitable zone of a Sun-like star located at 20 pc, Pegasus
could detect in one year about 50 Neptune-like planets (M ~ 0.05 Mj). In particular, Pegasus would be
very efficient to search for 2 Earth-radius terrestrial planets orbiting around M stars located within 10
pc. As for the exozodiacal disc detection, a short-baseline configuration presents a significant advantage
to the final number of planets which can be studied.

Finally, the performance of DARWIN is addressed. Based on the recent convergence between ESA
and NASA on the mission architecture (Emma X-array), the performance of DARWIN is computed
in collaboration with NASA/JPL, carrying out similar simulation efforts for TPF. The new baseline
configuration of DARWIN (Emma X-array) could detect about 200 Earth-like planets during the 2-year
detection phase and perform spectroscopy for about 25 of them in the remaining three years of the
mission lifetime. These performance predictions have been used as input values for the Cosmic Vision
proposal (2007).

In conclusion, an integration time of 24 hours is marginally sufficient to detect the 4 most favorable
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known super-Earth extrasolar planets. To perform the spectroscopic analysis of their atmosphere, we
require an SNR of 5 across the whole wavelength range and show that 25 days would be necessary for
the most favorable target (HD40307d). The detection of super-Earths in the middle of the habitable
zone is more challenging. Considering a sample of 4 fiducial targets, we show that FKSI could do the job
for nearby M stars in an integration time of few days. Detecting super-Earth extrasolar planets in the
middle of the habitable zone of K, G and F stars is however unrealistic as it would require integration
times longer than 100 days. Larger telescopes and a wavelength range extended to 10 um would be
particularly efficient to reduce this integration time. Further investigations are necessary to define the
optimum baseline length with respect to the wavelength range.

Prospects

The next step will be to validate the performance predictions for the extrasolar planet detection of
PecAseEa and PEGASUS with GENIEsim. Since GENIEsim is now ready to simulate the performance
of space-based nulling interferometers, this will be relatively straightforward. Another interesting study
will be to compare the performance for exozodiacal disc detection of PEGASEA with US ground-based
nulling interferometers, particularly with KIN and LBTI. For DARWIN, the follow-on activities will be
to pursue and consolidate the simulation efforts, particularly if the mission is selected by ESA as part
of the 2015-2025 Cosmic Vision plan.



these: version du mercredi November 4, 2009 a 20 h 04

Chapter 7. The exo-Earth characterisation missions 170




Notations and acronyms

Atmospheric windows

Y band from 0.95 to 1.1 ym
J band from 1.15 to 1.4 pm
H band from 1.5 to 1.8 um
K band from 2.0 to 2.4 pm
L band from 2.8 to 4.2 ym
N band from 8 to 13 pm
Units
arcmin (or ') minute of arc (2.90888 x 10~* radian)
arcsec (or ) second of arc (4.848137 x 107° radian)
mas milli-arcsec (1073 arcsec)
pas micro-arcsec (1076 arcsec)
AU Astronomical Unit (1.495978 x 10! m)
pc parsec (3.085678 x 107 m)
Myr Mega-year (one million years)
Gyr Giga-year (one billion years)
1 The imaginary unit
Jy Jansky (10726 W m~=2 Hz 1)
zodi Density unit for dust discs, equivalent to the solar zodiacal disc
Notations
M, Mass of the Sun (1.98892 x 1030 kg)
Ry Radius of the Sun (6.96 x 10% m)
Lg Luminosity of the Sun (3.846 x 1020 W)
M; Mass of Jupiter (1.8987 x 10%7 kg)
R; Radius of Jupiter (7.1492 x 107 m)
Mg, Mass of the Earth (5.97370 x 10%* kg)
Rg Radius of the Earth (6.37814 x 10% m)
My, Ty, Ly Mass, effective temperature and luminosity of a star
B, Photospheric brightness of a star
Ry, 0, Linear and angular radius of a star
rms Root Mean Square (the quadratic mean)
N Percentage of solar-type stars that have Farth-like planets
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Acronyms

ADU
AGN
ALADDIN
ALMA
AMOS
AO
APS
AT

BH
BLINC
CHARA
CNES
COAST
CoRoT
DARWIN
EGP
ESA
ESO
FWHM
FKSI
FLUOR
FSU
GAIA
GENIE
GI2T
GPI
GSFC
HST
HZ

IAS

12T
I0TA
IRAS
ISI

1ISO
JPL
JWST
KI

KIN
LBTI
MIPS
MIRA
MMT
MMZ
MIRI
MROI
NACO
NA
NASA

Analog-to-Digital Unit
Active Galactic Nuclei

Antarctic L-band Astrophysics Discovery Demonstrator for Interferometric Nulling

Atacama Large Millimeter Array
Advanced Mechanical and Optical Systems
Adaptive Optics

Achromatic Phase Shifter

Auxiliary Telescope

Black Hole

Bracewelll Infrared Nulling Cryostat

Center for High Angular Resolution Astronomy (Georgia State University)

Centre National d’Etudes Spatiales

Cambridge Optical Aperture Synthesis Telescope
Convection Rotation and planetary Transits

Not an acronym - infrared space interferometer project (ESA)
Extrasolar Giant Planet

FEuropean Space Agency

European Southern Observatory

Full Width at Half Maximum

Fourier-Kelvin Stellar Interferometer

Fiber Linked Unit fOr Recombination

Fringe Sensing Unit

Global Astrometric Interferometer for Astrophysics
Ground-based European Nulling Interferometer Experiment
Grand Interférométre & 2 Télescopes

Gemini Planet Imager

Goddard Space Flight Center (NASA)

Hubble Space Telescope

Habitable Zone

Institut d’Astrophysique Spatiale

Interféromeétre a 2 Télescopes

Infrared-Optical Telescope Array

Infra-Red Astronomical Satellite

Infrared Spatial Interferometer

Infrared Space Observatory

Jet Propulsion Laboratory

James Webb Space Telescope

Keck Interferometer

Keck Interferometer Nuller

Large Binocular Telescope Interferometer
Multiband Imaging Photometer for Spitzer

Mitaka optical and InfraRed Array

Multi-Mirror Telescope

Modified Mach Zehnder

Mid-InfraRed Instrument

Magdalena Ridge Observatory Interferometer
Nasmyth Adaptive Optics System Coronagraphic Near-Infrared Camera
Not Apllicable

National Aeronautics and Space Administration
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NPOI
OB
ODL
OPD
PC
PEGASE
PRIMA
PSD
PSF
PTI

RV
SCUBA
SEE-COAST
SIM
SNR
SPHERE
SUSI
TBD
TPF-C
TPF-I
TTN
uT
VBA
VLT
VLTI
VSI
YSO

Navy Prototype Optical Interferometer

Observation Block

Optical Delay Line

Optical Path Difference

Phase Closure

Not an acronym - infrared space interferometer project (CNES)
Phase-Referenced Imaging and Micro-arcsecond Astrometry
Power Spectral Density

Point Spread Function

Palomar Testbed Interferometer

Radial Velocity

Submillimeter Common-User Bolometer Array

Super-Earth Explorer - Coronagraphic Off-Axis Space Telescope
Space Interferometry Mission

Signal-to-Noise Ratio

Spectro-Polarimetric High-contrast Exoplanet REsearch
Sydney University Stellar Interferometer

To Be Determined

Terrestrial Planet Finder Coronograph

Terrestrial Planet Finder Interferometer

Three-Telescope Nuller

Unit Telescope

Visual Basic for Applications

Very Large Telescope

Very Large Telescope Interferometer

VLTI Spectro-Imager

Young Stellar Objects
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Abstract

The existence of other habitable worlds and the possible development of life elsewhere in the Universe
have been among mankind’s fundamental questions for thousands of years. These interrogations about
our origins and place in the Universe are today at the dawn of being answered in scientific terms. The
key year was 1995 with the discovery of the first extrasolar planet orbiting around a solar-type star.
About 350 extrasolar planets are known today and the possibility to identify habitable worlds and even
life among them largely contributes to the growing interest about their nature and properties. However,
characterising planetary systems is a very difficult task due to both the huge contrast and the small
angular separation between the host stars and their environment. New techniques have emerged during
the past decades with the purpose of tackling these fantastic observational challenges. In that context,
infrared interferometry is a very promising technique, since it provides the required angular resolution
to separate the emission of the star from that of its environment.

This dissertation is devoted to the characterisation of extrasolar planetary systems using the high
angular resolution and dynamic range capabilities of infrared interferometric techniques. The first part
of the present work is devoted to the detection with current interferometric facilities of warm dust
within the first few astronomical units of massive debris discs around nearby stars. In order to extend
the imaging of planetary systems to fainter discs and to extrasolar planets, we investigate in a second
step the performance of future space-based nulling interferometers and make a comparison with ground-
based projects. Finally, the third part of this work is dedicated to the impact of exozodiacal discs on
the performance of future life-searching space missions, the goal being to characterize extrasolar planets
with sizes down to that of the FEarth.

Keywords: circumstellar discs - extrasolar planets - high angular resolution - high contrast imaging -
infrared stellar interferometry - nulling interferometry

Résumé

L’existence d’autres mondes habitables et le développement possible de la vie ailleurs dans 1’Univers
sont des questions fondamentales de I’humanité depuis des milliers d’années. Ces interrogations & pro-
pos de nos origines et de notre place dans I'Univers sont aujourd’hui & ’aube de trouver une réponse
scientifique. L’année 1995 fut déterminante avec la découverte de la premiére planéte extrasolaire en
orbite autour d’une étoile similaire au Soleil. Environ 350 planétes extrasolaires sont connues & ce jour
et la possibilité d’identifier des mondes habitables, et méme la vie parmi ceux-ci, contribue largement
a l'intérét grandissant sur leur nature et leurs propriétés. Cependant, les difficultés de caractériser
ces systémes planétaires sont importantes en raison du grand contraste et de la faible séparation an-
gulaire entre une étoile et son environnement. De nouvelles techniques sont apparues au cours des
derniéres décennies avec pour but I'accomplissement de ce fantastique défi observationnel. Dans ce con-
texte, I'interférométrie infrarouge est une technique trés prometteuse, fournissant la résolution angulaire
nécessaire pour distinguer les émissions d’une étoile et de son environnement. Cette thése vise & carac-
tériser les systémes exoplanétaires a ’aide de la haute résolution angulaire et de la haute dynamique de
Pinterférométrie infrarouge. La premiére partie de ce travail est consacrée a la détection avec des instru-
ments existants de poussiéres chaudes parmi les premiéres unités astronomiques des disques de débris
massifs autour d’étoiles proches. En vue d’améliorer nos capacités de détection a des disques plus faibles
et aux planétes extrasolaires, nous étudions, dans la deuxiéme partie, les performances de futurs instru-
ments spatiaux et effectuons la comparaison avec des instruments similaires situés au sol. Finalement,
la derniére partie étudie I'influence des disques exozodiacaux sur les performances des futures missions
dédiées a la détection et & la caractérisation de planétes similaires & la Terre.

Mots clés: disques circumstellaires - planétes extrasolaires - haute résolution angulaire - imagerie a
haute dynamique - interférométrie stellaire infrarouge - interférométrie “annulante”
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