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Preface

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

have been among fundamental questions of mankind 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. One 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 400 extrasolar planets are known today and the recent detection of Earth-mass planets suggests
that low mass extrasolar planets exist in abundance. 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 extrasolar life 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 (Tinetti et al. 2007; 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.

Most known extrasolar planets have been detected indirectly by measuring the effects they induce on
their parent star. Except for bright transiting systems, indirect detections generally do not enable the
characterization 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 a star and its 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 within the next
decades. In particular, discovering other worlds similar to the Earth and probing their atmosphere for
evidence of life seem within reach with future exo-Earth characterization nulling interferometry missions.
By observing in the mid-infrared (6-20 um), these space-based nulling interferometers would enable the
spectroscopic characterization of the atmosphere of habitable extrasolar planets orbiting nearby main
sequence stars. The ability to study distant planets will however strongly depend on exozodiacal dust
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 characterize 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 future exo-Earth characterization missions. Their main scientific
goals would be to enable the high-angular resolution study of extrasolar planets and exozodiacal dust
clouds at infrared wavelengths.



2 Preface

The present dissertation is devoted to the characterization of extrasolar planetary systems using
the high angular resolution and dynamic range capabilities of infrared interferometric techniques. After
reviewing the current status of extrasolar planetary science in Chapter 1, the second part of this work
focuses on 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 a review of existing facilities. The prospects for
the detection and characterization of circumstellar dust around nearby main sequence stars are then
presented in Chapter 5, as well as a performance comparison between major ground- and space-based
projects.

The last two chapters are dedicated to the search for extrasolar planets from space. In Chapter 6, we
investigate the performance for planet detection with PEGASE and FKSI, focusing on hot giant and super-
Earth extrasolar planets. Two ambitious Bracewell interferometers, which have been tuned to probe the
habitable zone of nearby main sequence stars, are also discussed and investigated: an enhanced version
of PEGASE (namely PEGASUS) and an upgraded version of FKSI. Finally, we investigate in Chapter 7
the performance of future exo-Earth characterization missions, and address particularly two major noise
sources: exozodiacal dust and instability noise. Considering a space-based infrared nulling interferometer
in the Emma X-array configuration, we derive an upper limit on the tolerable exozodiacal dust density,
and review the constraints on the instrument stability. We conclude the study by reporting the science
performance predictions for future life-finding space mission, the ultimate goal being to characterize the
atmosphere of Earth-like extrasolar planets.
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he study of extrasolar planets and the search for other habitable worlds are just beginning. About 400

extrasolar planets are known today and the recent detection of planets with masses approzrimately 2
times that of Earth 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. 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 plane-
tology. 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
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seen a rapid evolution leading to numerous additional discoveries of planets orbiting other stars. Several
instruments are now operational or foreseen for the near future and first dedicated space-based telescopes
are currently finding planets. So far, about 400 extrasolar planets have been reported', suggesting
that planetary systems are very common in our galaxy. Some of these discovered planets 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 more than 1000 K
and is often referred to as a “hot Jupiter”. The existence of such a massive planet that close of its
parent star was not predicted by theoretical models of planetary system formation. Another 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. 377 out of 404 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, 62
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 (Leger et al. 2009) 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 toward 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 404 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 My (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

!'see Schneider (2009) for an up-to-date list.
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Figure 1.1: Left: Extrasolar planet population synthesis (August 2009), 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 sini larger than 13
M3 confirms the presence of a “brown-dwarf desert” (data taken from Schneider 2009).

out to 670 AU with a wide range of orbital eccentricities. The dearth of companions with M sin ¢ larger
than 13 Mj, suggests the presence of a “brown dwarf desert”, at least for companions with orbital periods
up to about 10 days.

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 404 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 Myand P < 13 years, and at least ~22% have planets in the larger range M sin 7 > 0.1
My 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 About 40 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 toward smaller
values, but also showing that a large number of giant planets 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 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.
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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).

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 S Pictoris in the eighties (Smith and Terrile
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
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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 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:

o 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

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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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).

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.

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 even in the presence of 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
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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).

1.1.3 Characterization 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):

e 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 and the spectral type of the host star. The
reflected-light luminosity (L;‘iﬂ) is given by

7TR21
747“; (1.1)

with Ap; the planet Bond albedo®, L, the luminosity of the star, R, 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).

Lfﬁﬂ(t) = Ap x Ly x

e the thermal emission of the planet (L;?), which strongly depends on the spectral type of the
star and is characterized by spectral features, mostly due to CH4 and H2O 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

4
L;? = 47rRI231 X 0Tey (1.2)

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

R,
% )
where Ty 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 Ty and Ty respectively, this equilibrium temperature results from the balance
between the received and the emitted fluxes (Paczynski 1980).

Toq = Ty x (1 — Ap)/% x (1.3)

e the intrinsic emission of the planet, due to residual cooling after their formation
ff 2 4
L(E)l = 47TRp1 X O'Teﬁ' 5 (14)

where T.g 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.

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).

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 10710 of the stellar flux in the visible range, while its
thermal emission should amount to a few 10~7 of the stellar flux around 10 um, where it peaks.

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

TR2 7TR2 R2
S BAT)(0) 2 + P BA(T,), (15)

4a? d?
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 pm, 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

Fp()‘) A—5

sections.

Characterization by transit

Characterizing 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
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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).

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 characterization 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
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 (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 (see Figure 1.6). 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 generalization
of the transit technique, namely exoplanet characterization 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).

“The 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 1.6: 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 (Harrington et al. 2006).

Characterization 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 characterization 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
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 Mj 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 Mj (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

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 Fomalhaut b (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).

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.

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.
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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 (adapted
from Kasting 1998)).

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 (Oz). 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;

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

e Oxygen (0O2) and its tracer, Ozone (0O3). 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 Og 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 H2O, and the possible escape of hydrogen from the atmosphere,
they conclude that a simultaneous detection of a significant amount of HoO and O3 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
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Figure 1.9: Left: Earth spectral contrast in the visible. Spectral features of biosignatures like Oz, O3 and
H,O clearly appear. Note that the COs feature is absent in the visible. Right: FEarth spectral contrast in
the thermal infrared where the COq feature is present (Figure from Mawet 2006).

indication that there is local biological activity. Detecting O3 in addition to H20O seems to be a robust
biosignature because no counter example has been identified. This is not true for Oy for which false
positive could be detected (Selsis et al. 2002).

To reveal the effects of these biosignatures, low-resolution mid-IR (6-20 um) observations are par-
ticularly suited. As shown in Figure 1.9, the wavelength range displays the 9.6 ym Os band, the 15
pm CO2 band, the 6.3 um H2O band and the HoO 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 HyO at the surface of an Earth-like planet is a function of
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 COq 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 CO2 atmosphere. Planets like Venus can be identified as uninhabitable by the absence of water
and by the high-pressure COg2 absorption bands between 9 and 11 pym. The Earth’s spectrum is also
clearly distinct from that of Mars which does not present any HoO and O3 feature. According to Segura
et al. (2003), the ozone absorption band is observable for O 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 pum), 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
(NO2 at 6.2 um). The presence of these compounds would be difficult to explain in the absence of
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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-TR spectra of Venus, Earth and Mars as seen
from a distance of 10pc (Léger and Herbst 2007).

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)®:

e 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
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
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

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).
“Herbig 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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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 8 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 sum-
marised 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 proper-
ties 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
supported by other modelling effects (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 detected 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
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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 3.2, 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-1 (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
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
(Vinkovi¢ 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
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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 elon-
gated 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” characterizes
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
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 infrared excess presumably have their own supply
of large, solid planetesimals and, perhaps, large planets like those in our system. 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-millimetric (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).

All these elements raise the question of how planets, planetesimals and dust grains interact and
evolve in extrasolar systems. One of the main questions is whether inner dust reservoirs can survive
the suspected planetary migration, 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 toward the innermost regions as the planet migrates inwards during the early system evolution,
and thereby constitute a significant reservoir of solid bodies.

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, by photometry missions like IRAS, ISO and
more recently the Spitzer Space Telescope. 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 belt. Characterization of warm circumstellar dust (> 300 K) in the
inner part of debris discs is particularly 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. Several studies have already searched for warm dust in these cavities
using mid-infrared 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. More recent mid-infrared photometric
surveys revealed a few hot inner debris discs (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,
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even around stars known to be surrounded by large amounts of cold dust in Kuiper Belt-like structures.
During the last few years however, infrared interferometry has enabled the detection of hot (1000-1500 K)
dust populations around several main sequence stars known to harbor cold (< 200K) debris discs (e.g.,
Absil et al. 2006b; Di Folco et al. 2007; Absil et al. 2008b; Akeson et al. 2009; Absil et al. 2009). In the

following, we briefly review the main results of photometric and interferometric surveys separately.

Photometric view

The surveys performed by IRAS, ISO and the Spitzer Space Telescope have greatly improved our un-
derstanding on the incidence of debris discs as a function of age, spectral type and metallicity. About
15% of mature solar-type stars (FO - K0) have been shown to harbour cold debris discs (Beichman et al.
2006b). This proportion does not seem to vary significantly for planet-bearing stars (Bryden et al. 2009),
nor with respect to the stellar metallicity (Greaves et al. 2006), but rather with the age of the star (older
stars usually present less infrared excess than younger ones, Beichman et al. 2005b).

At 70 pm, Spitzer is sensitive to levels of exozodiacal emission in the range of 35 - 75 K dust with
Lgisc/ Ly ~ 1075 to 1072, or roughly 10 - 100 times the expected level of emission of our own Kuiper Belt.
A wide variety of Spitzer programmes have found the following characteristics of debris disc emission:

e Approximately 14 + 3% of mature, solar type stars (spectral type in the F5-G5 range) have
detectable 70 um debris disc emission at a level of Lgisc/Lx = 1077 to 107% (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. 2006a). 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
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 pm, 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. 2006a). While a few individual objects, including A stars like 5 Pic and S 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 Debris disc emission is both more intense and more frequent (up to 30% at 24 pm) 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 debris disc 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 debris disc 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
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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 = Laisc/Ly = 107 (Figure from Wyatt et al. 2007).

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, Lqisc/Lx, a few 1077, The
10-AU and 30-AU cases predict a higher level of debris disc 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).

Interferometric view

Due to the limited spatial resolution of photometry missions, the localization 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 4.4.1, 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).

Interferometric observations of Vega with the FLUOR (Fiber Linked Unit for Recombination) instru-
ment at the CHARA array (ten Brummelaar et al. 2008) have revealed the expected near-IR signature
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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 evap-
oration 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 ¢ Agl, 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 characterized 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, 8 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  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).

Recently, nulling interferometry has also been used at the MMT to observe debris disc stars. Liu
et al. (2009) reported 10-um observations of six nearby main sequence stars (o CrB, a Lyr, 8 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 3-0 upper limits on dust density of these systems ranging from 220
to 10* zodi.

1.3 Detection and characterization techniques

1.3.1 Overview

To detect and characterize 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
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are presented.

1.3.2 Indirect detection methods

Asindicated in the previous paragraph, almost all planets discovered so far have been detected 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 observations,
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

data are also used to detect planets. These techniques are briefly described hereafter.

e 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 characterizing 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
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Figure 1.12: Diagram of detection and characterization 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.



26

Chapter 1. Extrasolar planetary science

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 directed
toward or away from the observer, and hence it is only possible to measure the minimum mass of
the planet (M, x sini).

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-period 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.

Since its first detection in 2007 (CoRoT-1b, a 1.8-Rj 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 Rj, 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, Leger et al. 2009). Corot-7b is a 1.7-Rg,/<11-Mg planet orbiting at 0.017 AU around a KOV
star located at 140 pc.
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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 reveal 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 et al. 2009).

o GAIA is an ESA mission which intends to measure 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 GAIA will detect between 10000 and 50000 extrasolar planets (Sozzetti et al. 2003).

GATA 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. 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 facility at the VLT Interferometer (Cerro Paranal, Chile), currently under commissioning. With
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 characterization 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
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e — e :

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).

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 (GATA, 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 characterize 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 by 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 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
and SPHERE will detect giant extrasolar planets in the outer regions (beyond 5 AU 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 and 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.
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for terrestrial planets in the habitable zone (Figure from Lawson and Traub 2006).

1.4 Prospects for future observations

1.4.1 Extrasolar planets

Companion Mass (Mg)

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
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,
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so that nearby objects can be resolved. 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, some of the
main space-based mission projects using one of these techniques are presented.

e EPIC/PECO/SEE-COAST are similar projects for a visible coronagraph. EPIC (Extrasolar
Planetary Imaging Coronagraph), PECO (Pupil-mapping Exoplanet Coronagraphic Observer), and
SEE-COAST (Super-Earth Explorer - Coronagraphic Off-Axis Space Telescope) consist of ~1.5-
m class coronagraphic telescope aimed at delivering high-contrast images of extrasolar systems,
and low resolution spectra of the gas giant planets. In particular, these missions should be able
to image dozens of Jupiter-like planets in the 1-5 AU range around nearby stars (within 15 pc).
Low-resolution spectroscopic capabilities will permit a first characterization of their atmosphere in
the visible, searching for HoO, CHy and NH3.

e FKSI (Fourier-Kelvin Stellar Interferometer, NASA) is a project consisting of a structurally con-
nected infrared space interferometer with 0.5-m diameter telescopes on a 12.5-m baseline, and
passively cooled down to 60K (Danchi et al. 2006). The FKSI operates in the thermal infrared
from 3-8 pm in a nulling mode for the detection and characterization of extrasolar planets, debris
discs, exozodiacal dust, and for high angular resolution astrophysics. FKSI 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
characterize 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 um) to
the mid-IR (28 pm, Clampin 2007). With a diameter of 6.57m, 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 project of mission presenting a 3.5
x 8-m elliptical single-aperture telescope and using a coronagraph to suppress the stellar emission
(Traub et al. 2006). TPF-C would 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/TPF-I (Terrestrial Planet Finder Interferometer) is an infrared nulling interferometry
project, aimed at the detection and characterization of Earth-like extrasolar planets. During
a mission lifetime of 5 years, over 200 Earth-size planets could be detected with a spectroscopic
characterization (COs2, O3 and H20) for about 20 of them. DARWIN/TPF-I 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.
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Figure 1.15: Detection limits for a G5V star located at 20 pc, following the Bryden et al. (2006) approach.
The assumed 1-o0 fractional flux accuracies are 20% for Spitzer/MIPS at 70 um, 2.5% for Spitzer/IRS at
32 ym, 10% for PACS at 100 pm (i.e., SNR=10), and 100% for PACS at 160 pm (SNR=1).

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
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 um, 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 um 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 t0 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, the Large Binocular Telescope Interferometers (LBTI, see Section 4.4.3), will be able to
measure the 10-pum exozodiacal emission that arises in the HZ. European projects such as ALADDIN
(see Section 4.5.2) is also very promising to measure the near-infrared emission of the circumstellar disc
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inner regions to an unprecedented level. From space, the FKSI project could reach the detection of
zodiacal cloud analogs in the near infrared (between 3 and 8 um, see a performance comparison of these
instruments in Chapter 5). With Herschel measuring excesses from 70 to 200 yum 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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D uring the last two decades, optical stellar interferometry has become an important tool for astro-
nomical observations, providing a spatial resolution well beyond that of traditional telescopes. After
a brief historical review, 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 de-
scription 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 toward 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 8 = 1.22\/D, where X 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 20pc is 50mas 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

35
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extrasolar systems can hardly be 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 synthesise 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 (see Figure 2.1). 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 W4(5) and a time-dependent propagation term, according to the Maxwell

equations: ‘
U(5,) = 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:

Vi(5,1) = V/Py(3)U4(5, t) exp Rt (2.2)

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

15.8) = ([0 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

1(5t) = <

N N <\I’z‘1’}‘> ‘
— ZL“FZ?\/ITIJ‘% explek(TitCi)—eh(7i+()]
i=1 i<j \/<|\Ijl|2> <|\1,;‘2>

N N
_ Zli + ZQ\/E% |:Vij exp*iCk(TﬂrCrTj*Cy‘)} 7 (2.4)
=1

1<j

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
high angular information. ¥} is the complex conjugate of ¥; and V;; is defined as the complex visibility
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(which is identical to the complex degree of coherence) such that:

Yy = <‘Wﬁ> (2.5)

W] |25

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

N N
I(g,t) = ZL; —i—ZQ\/Iin |Vij|COS [Ck(Ti + G —T; — CJ) + ¢ — ij]

i=1 i<j
N N

= Y L+ 2v/Lj, (2.6)
=1 1<j

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

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):
Imax - Imin

v Imax + Imin ’ (27)
where Inax and I, 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 VZQJ 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 (T
¢ = 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,
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this technique is limited by the presence of a sufficiently bright source angularly close to the target.
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— g2 —ck(C1—C+ 71— T2) (2.9)
23 = ¢2— ¢3—ck(Ca—(3+ 72 —T3) (2.10)
w31 = ¢3—¢1—ck((3—CG +73—71), (2.11)

so that their sum is insensitive to the phase corruption introduced by atmospheric turbulence (¢). The
phase closure (PC) 12 + a3 + 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; Schéller 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).
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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).

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
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(x,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
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relates V with the Fourier transform of the brightness distribution, i.e.:

+o00  ptoo o
V= / / I(z,y) exp P+ dody | (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,
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

2J1(7T9UDbL/>‘):| ? 7 (2.13)
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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 yp=1.22\/b; .
The star is then said to be resolved.

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

(kb )?
4571;] (2.14)

V(bJ_a )\7 GG) = exXp |:
e Binary source: If two binary components have an intensity (/3 and I3) and a visibility profile
(V1 and V), the complex visibility depends on the component separation vector § as.

. LV + 13V, eXp_ikgg
V(§) = Lo, , (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.
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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).

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 IIT  Mount Wilson (USA) 1986 Astrometry

ISI Mount Wilson (USA) 1988 10 pm 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 4x8.2m + 4x1.8m

MRO Magdalena Ridge (USA) 2010 6x1.4m, Bpax=340m

LBT Mount Graham (USA) 2011 6x1.4m in single mount

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 & 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 Interféromeétre & 2 Télescopes” (GI2T, 1985)
at the “Observatoire de la Cote d’Azur”. With its two innovative 1.5-m telescopes, GI2T was used to
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 I1I 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 IIT 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 pym, 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.

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

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 characterized 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 3.2. With similar apertures (40 cm) combined pair-wise in the near-infrared, PTI 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 330m,
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

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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Table 2.2: Performances of beam combiners at CHARA.

Instrument Faintest magnitude Wavelength R Visibility ~CP accuracy
reached [em] AJAN 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

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).

The Keck Interferometer (KI, 2001) is a NASA-funded ground-based interferometer located
at the summit of Mauna Kea, Hawaii (see Figure 4.8, 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 5mas at 2.2 ym, and 24 mas at 10 yum. 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.
Since 2004, KI offers H- and K-band fringe visibility measurements, in addition to a 10-um nulling
mode, for which first nulling data were collected in 2005 (further details on the nulling mode are
given in Section 4.4.2).

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. 2008a).
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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).

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 4.8, 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 4.4.3).
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 characterization of exozodiacal dust around nearby stars and the direct detection of thermal
emission from giant extrasolar planets.

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).
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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). Optical interferometry has been also widely used to study binary systems, and provided accurate
measurements of their physical properties, such as component masses and luminosities or the possible
presence of a third companion (e.g., Boden et al. 2000, 2005; Muterspaugh et al. 2005, 2006; Tango et al.
2009). 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 mea-
surements with asteroseismic observations has also proven very successful to test the evolutionary status
of various stars (Kervella et al. 2003; Creevey et al. 2007). The study of Cepheids has also much ben-
efited from interferometric measurements. Thanks to precise measurements of their angular diameters
and pulsations, the distances to several of these “standard candles” have been precisely determined (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 interferom-
etry: direct measurements of stellar winds (van Boekel et al. 2003), the study of evolved stars which has
provided more precise models for these stars and their environments (Perrin et al. 2004), first estimations
of the gravity darkening coefficient (e.g., Domiciano de Souza et al. 2005; McAlister et al. 2005), 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 spin-orbit alignment of the Fomalhaut planetary system (Le Bouquin et al. 2009).

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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s 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 B Leo) obtained 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 Scientific context and goals of the study

Studying the inner parts of debris discs, the extrasolar counterparts of the zodiacal dust cloud, is of prime
importance to characterize the global architecture of planetary systems. Furthermore, the presence of
large quantities of warm dust around nearby main sequence stars represents a significant challenge for

47
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future space missions dedicated to the direct detection and characterization of Earth-like planets. The
occurrence of bright exozodiacal discs around solar-type stars is currently mostly unknown. 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 belt. The main challenge with the study of inner debris discs comes
from the high requested 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 to 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.

During the last few years, infrared interferometry has enabled the detection of hot (1000-1500K)
dust populations (bright exozodiacal discs) around several main sequence stars known to harbor cold (<
200 K) debris discs. These dust grains, located within the first AU from their parent stars, are thought to
be produced by collisions between larger rocky bodies and /or by the evaporation of comets, as in the solar
zodiacal disc. The detected discs are however much hotter and more massive than the zodiacal cloud.
Their grain populations would be expected to be expelled from the inner planetary system by radiation
pressure within only a few years, which indicates inordinate replenishment rates. In practice, the steady
state collisional grinding of a massive asteroid belt cannot be at the origin of these hot populations,
which are most likely produced by isolated catastrophic events (e.g., major asteroid collision, break-up
of a massive comet), or by major dynamical perturbations such as the “falling evaporating bodies"’
phenomenon in the § Pictoris inner disc (Beust and Morbidelli 2000) or the Late Heavy Bombardment
that happened early in the history our own planetary system (Gomes et al. 2005).

These discoveries have been recently made possible thanks to high-accuracy K-band interferometric
measurements with CHARA /FLUOR and VLTI/VINCI. The detection of hot dust populations, residing
in the first AU around nearby main sequence stars, has now been reported for five main sequence stars:
the A-type stars Vega (Absil et al. 2006b), ¢ Aquilae (Absil et al. 2008b), 5 Leo (Akeson et al. 2009),
Fomalhaut (Absil et al. 2009), and the G-type star 7 Ceti (Di Folco et al. 2007). More detections of
this kind are currently being investigated by an on-going survey at the CHARA array, with several more
candidates identified to date (Absil in prep.).

Even though these observations are only providing an estimation of the integrated flux of the inner
disc in the K band, radiative transfer modeling allows first predictions to be made on the grain prop-
erties. It suggests in particular that the grains are submicron-sized, and contain significant fractions of
carbonaceous species. However, due to the absence of observations of these exozodiacal discs at other
wavelengths, the conclusions are still very speculative. 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 observa-
tions, starting with an introduction on IOTA/IONIC and a description of the method used to detect
exozodiacal dust discs.

3.2 The IOTA/IONIC instrument

The TOTA 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-
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Figure 3.1: Left: The 3-telescope IOTA interferometer located atop Mount Hopkins (Arizona, USA).
Right: Array geometry given with the available stations. Stations used during the observations presented
in this chapter are in red. Telescopes A and C can move on stations located along the 35 m north-eastern
arm, while telescope B can move along the 15m south-eastern arm.

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 um). 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
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 3.3.1). The PICNIC detector array is a
256 x 256 pixel array, arranged in four quadrants of 128 x 128 pixels and sensitive to the 0.8-2.5 pm
wavelength region. The pixel readouts are performed in a non-destructive way, so that the value of the
accumulated charge does not change on the pixel.

3.3 Principle of interferometric observations

3.3.1 Extracting visibility measurements

The method to obtain visibility measurements from the raw interferograms in a single-mode interferome-
ter follows the principles described by Coudé 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 pho-
tometry simultaneously to the interferometric signal. Two-telescope beam combiners (like FLUOR,
VINCI, or MIDI) or multiaxial beam combiners (like AMBER) obtain this photometric information by
separating a certain fraction of the light before combining the beams and recording the photometry in
separate channels. However, if three or more telescopes are combined pairwise, the photometric infor-
mation can also be extracted from the interferometric signal without additional channels. Indeed, there
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is a relation between the signal measured on a pixel (I, where k is the pixel number) and the input flux
on each telescope (Fj, where i is the telescope number):

N N
I = > wwiFi+ Y 2y kit Fi F

i=1 1<J
— I]iCncoh + Igoh’ (31)

where the x coefficients define the transfer matrix, which is proportional to the overall gain of the detector
and the transmission of the coupler (Coudé 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 = kiaFa+ rkipFB +kicFo+ 2y gV k1akiBFaFs (3.2)
Iy = koaAFA+ kepFp + koo ko + 27,5V koakeFaFp (3.3)
Is = k3aFa+ k3pFp + kscFo + 2y ksakscFaFc (3.4)
Iy = kyaFA+ kaBFp + kacFo + 27,0/ kaakacFaFc (3.5)
Iy = ksaFa+ kspFB + kscFo + 2940V ksprsc FeFe (3.6)
Is = keaFa+ kepFB + kecFo + 2vp0V KeBrec FBFC (3.7)

where A, B and C denote the three telescopes. The coherence factors corresponding to the same baseline
(7; 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 x coefficient corresponding to the telescope which
does not contribute to a certain output (e.g., k1¢ for I1) 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 the
k coefficients which have the opposite sign than the & for the contributing telescopes.

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

I/\/Eiak1B + I2/\/k2aR2B Fa
I3/ \/k3aksc + Io/\/kaakac | =M x | Fp | , (3.8)
Is/\/ksBRsc + Is/\/KeBReC Fo

KiA + koA KiB + k2B Kic + Lplel
K1B K2B K1A K2A VE1AK1B VK2AK2B
_ /K34 [Kaa K3B K4B /K3c /Kac
M = K3C + Kac VE3AK3C + VKaAK4C K3A + K4A ’ (3'9)
K5A__ 4 __hea Ksp | [KeB Ksc 4 [ KeC
VEsBK5C VE6BK6C K5C KeC K5B K6B

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
the light from all the 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

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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obtained photometric information, the interferograms can be corrected for photometric fluctuations. For
instance, the coherence factors of the two first pixels ('ij and 7, 5) can be easily obtained from Egs. 3.2
and 3.3:

+ D —riaFa—rkipFp — kicke

_ , 3.10
s 2/riarin Al (310
Iy — koaFA — kopFp — koo ke (3.11)

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:
+ —
YaB — 7

Nap = JAB > AB (3.12)
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.

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,
V2).

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).

3.3.2 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 20m) in the near-infrared,
while the photosphere is only resolved at long baselines (a few hundreds meters). Using the visibility of
a 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 (m0upby /\) 2
WHUDbL/)\ + deISC(bJ_7 )‘) ) (313)

assuming that the disc contributes a fraction f of the total flux of the system and has a visibility
Viise(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

VE(by,A) = |(1—f)
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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).

completely resolved, we have Vgisc = 0 (equivalent to a purely incoherent emission) and thus, assuming
that the star is not resolved (fyp < A\/b,) and a small flux ratio (f < 1):

2J1 (r0upb. /N
W@UDbL/A .

Vb, \) = (1—2f){ (3.14)
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
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Table 3.1: Fundamental parameters and estimated angular diameter for Vega and 5 Leo. These values
are mainly taken from Absil et al. (2008b) and Akeson et al. (2009), respectively for Vega and 8 Leo. The
H-band magnitude (mg) is taken from (Cutri et al. 2003). The 1-o errors are given in superscript.

Name HD Type Dist. Mass  Age vsing my  my  Mean 01p
bl [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 50-520 110 214 192 1.3410013

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 a
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
a precision is not achieved, one precise measurement of the flux ratio between the star and the 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.

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

3.4.1 The targets: Vega and /5 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 detected 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 f 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 /IONIC.
The results are described in section 3.4.4 and a brief overview of the targets is given hereafter.
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Table 3.2: Summary of the data obtained with IOTA/IONIC in June 2006. The columns 1 and 2 give
the date and UT timespan of the observations of the target star given in column 3. Column 4 gives the
stations used in accordance to Fig. 3.1. The calibrators are given in the last column.

uT Array PICNIC
Date timespan Target config. [A,B,C] mode Calibrators
2006,/06/09 4h-5h B Leo NEO07-SE05-FIX 1L4R 0 Leo, 27 Com
5h-12h  Vega NEO7-SE05-FIX 1LIR & Lyr, A Lyr, 7 Her, 6 Her
2006/06/10 3h30-5h 5 Leo NEO7-SE05-FIX 1L4R 0 Leo, 24 Com

5h-12h  Vega NEO7-SE05-FIX  1LIR & Lyr, A Lyr, 7 Her, 6 Her
2006/06/13 8h-12h  Vega NE10-SE15-FIX 1LIR & Lyr, A Lyr, 7 Her, 6 Her
2006/06/14  Th-12h Vega NE10-SE15-FIX  1L1R & Lyr, A Lyr, = Her, 6 Her

e 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 um) 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 analysis 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 pm 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 um 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 by 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 previously found with a radius of the disc of 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 suggests 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).

e 3 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
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Vega’s outer debris disk as seen by submm imaging
Credit: W. Holland (Nature 322, 1998)

Ariist impressi‘on'of'Vega’s inner debris disk
Credit: O. Absil (A&A 452, 2006)
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Figure 3.3: The Vega system as viewed in the sub-millimeter (left, Holland et al. 1998) and the near-
infrared (right, Absil et al. 2006b).

telescope using the Infrared Spectrograph (IRS) observed § 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 due to 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 constraints 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 um) 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. 5 Leo has also been observed in the N band but no significant constraint
on the thermal emission was derived (Liu et al. 2009).

3.4.2 The observations

Interferometric observations of Vega and 8 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
have been obtained in the H band whereas the CHARA /FLUOR ones 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 3.2. 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 3.3.
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Table 3.3: Calibrator stars used for this programme given with their HD number, spectral type, H mag-
nitude, 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 mpyg  6Oip 1o wy  Target

7 Her 156283 K3l -0.112  5.29905 0420 Vega
6 Her 163770 K111 1.056  3.15%9%  0.403  Vega
A Lyr 176670 K2.5I1T  1.743 2410926 (0415  Vega
k Lyr 168775 K2III  1.989  2.2800%% (0410 Vega
d Leo 97603 A3V 2.191  1.165°922 0.192 S Leo
27 Com 111067 K3III  2.051 2.05%922 0420 S Leo
24 Com 109511 K2IlI 2538  1.62993 0410 S Leo

3.4.3 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 3.3.1. The statistical error
on the estimation of the final visibility, related to the detection process, is expected to be of the order
of 1%. The instrumental transfer function is estimated by observing calibrators before and after each
target data point. The calibrator stars used during these observation are given in Table 3.3, 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 3.2). 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 give enough flux to saturate the detector, the sum of
the three may produce a significant saturation, and therefore produce a smaller total flux than the sum of
the three individual photometries. This phenomenon is particularly pronounced for the first polarization
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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 x Lyr (H =
1.9) in black.
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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 accounted for 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
AQV 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,?g is given by:

mean [Ik(az)] .
mean |10 (z)] ’

pe = (3.15)

where Iy(z) and I*°P(z) are respectively the flux and the incoherent flux measured on the pixel k
(given by Eq. 3.1). The incoherent flux is computed using the simultaneous photometry, so that the
photometric agreement writes:

mean [Ik(x) — Zfil Fu’kipz‘(ff)]
mean [Z?Ll szpz(x)]
mean [ZZ]\LJ 25 \/%z%gﬂ(@ﬂ(@]
mean [ZZJL K'kz-Pl(l‘)i|

ag  _
P° =

; (3.16)

where £;; is the transfer coefficient from telescope i to pixel j and P;(z) the simultaneous photometry
from telescope i computed by matrix inversion. As explained in section 3.3.1, the transfer matrix (k;;)
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. 3.1) are equivalent so that the photometric
agrrement becomes:

mean [I{°"(z)]

mean [0 (z)] ’

P = (3.17)

so that the photometric agreement is expected to be close to 0 (see Eq. 3.1). However, if some pixels
enter in a nonlinear regime, the flux measured on pixel k£ takes the following form:

@@:§ym ZmMkammmmm

1<J

Y +mem%ummw, (3.18)
1=1

1<J
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Figure 3.5: Photometric agreement as a function of flux for June 10. Data from June 9 present a similar
behaviour. Vega is represented by red asterisks, and the calibrators by cross signs (7 Her in blue, 6 Her in
light blue, A Lyr in green, and x Lyr in orange).
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Figure 3.6: Photometric agreement as a function of flux for June 14. Data from June 13 present a similar
behaviour. Vega is represented by red asterisks, and the calibrators by cross signs (7 Her in blue, § Her in

light blue, A Lyr in green, and x Lyr in orange).
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where sj(z) is the saturation law of pixel k and rj;(z) = rgjsk(z). Consequently, the simultaneous
photometry computed by inversion of the matrix (using the x;; and not the Iifj) is wrong and affected
by the saturation law of each pixel. Using the expressions 3.17 and 3.18, the photometric agreement
becomes:

mean | i (51 (@)Fi(x) = Pi(@)] + 0% 23w, (@)rf, (@) Fi() Fy ()|

mean [Zfil nkiskPi(x)}

Pe = , (3.19)

where P; is now the wrong simultaneous photometry. Because some pixels have entered in a nonlinear
regime, the first term in Eq. 3.19 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 (June 10 data)
and Figure 3.6 (June 14 data), as a function of the flux, for the two different polarizations. Data from
June 9 (resp. June 13) present a similar behaviour as 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 3 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 in the previous analysis 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 m Her data cannot be correlated (or at least not entirely) to the presence of saturation,
because 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 7 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). It must be noted that fringes can still be
seen despite the average made over the 200 scans. This indicates the exceptional atmospheric stability
during this night, as well as the good ability of coherencing of the IOTA fringe tracker. 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. This drop comes from the non-destructive readout mode of the
camera, for which the rate of accumulated charge decreases as pixels enter in an nonlinear regime (under
a constant flux).

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
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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 m Her (right). The solid lines indicate the flux measured in the interferometric files
(averaged over the 200 scans) while the dotted lines indicate the sum of the fluxes in the matrix files
(averaged over the 50 scans).

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
(those corresponding to the A-C baseline and the first polarization in June 9 and June 10 data) 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 remain 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 3.3.1, the transfer matrix indicates the part of the incoming flux
from 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.
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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
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Figure 3.10: Raw squared visibilities with their error bars as a function of the photometric agreement for
June 10. Each pixel is related to a specified baseline for a given polarization.

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 3.3.1, 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. 3.12). 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 and 3.11 show the raw squared visibilities with
their error bars as a function of the photometric agreement for June 10 and June 14 respectively. 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 polarization state have been merged (following Eq. 3.12). This figure shows
that there is a correlation between the reduced squared visibilities and the photometric 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 3.19, 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 si(x) of each pixel, and then computing the simultaneous photometry with the corrected
transfer matrix (s7;). 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:
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Figure 3.11: Raw squared visibilities with their error bars as a function of the photometric agreement for
June 14. Each pixel is related to a specified baseline for a given polarization.

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 5 Leo data.

3.4.4 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 only keep the data corresponding to hour angles ranging
between -2 and 2hours. 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 8 Leo data, we keep both polarizations from 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.
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Figure 3.12: Squared visibilities with error bars as a function of the baseline, recorded for Vega (left)
and (8 Leo (right) for 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.

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 3.3.2. 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 (Hanbury Brown et al. 1974):

=N UA>2 [(1 - uA)Jlix) L VT Jaya(@) (3.20)

2 — - =
Vi, A) = ( 2 3 V2 a3z |7

where u) is the linear limb-darkening coefficient and x = 7wfgb, /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 weighing factor
and taking into account the instrumental transmission of IOTA /IONIC (see Di Folco et al. 2007).

Using expression 3.20 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 3.12 for Vega (left) and 8 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 polarization 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 they are much closer 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 3.13 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. 3.14). 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 y2. The
second term in the error budget is related to the uncertainty on the photospheric models, both for the
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Figure 3.13: 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 rep-
resented 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 unfilled data points, while the second polarization
is represented by filled data points.
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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 /5 Leo are discussed separately hereafter:

e For Vega, the fitting procedure gives an H-band flux ratio of 1.36 & 0.02 £ 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 8x10~8 Mg and a fractional luminosity
of about 5 x 1074

e For 3 Leo, the best-fit model gives an H-band flux ratio of 0.42 & 0.06 & 0.00%, with a x2 of 1.65.
This relatively small excess in the H-band 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). More recent observations at CHARA /FLUOR
show however a somewhat reduced excess with smaller error bars (0.95 £ 0.25 £ 0.06%, Absil (in

prep.)).

3.4.5 Interpretation of the data

As done in previous similar studies, we will model these IOTA observations with the radiative transfer
code originally developed by Augereau et al. (1999) 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
carbonaceous 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
instruments (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 grain 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.

3.5 Ongoing work and prospects

3.5.1 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
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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 northern 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 on the hot debris disc phenomenon in order to investigate a
possible correlation with either stellar or cold dust population properties. By increasing the statistics,
it will be possible to set 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 (Hanot and Serabyn in prep.).

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 (Absil in prep.):

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.

3.5.2 Prospects with the Keck nuller

The Keck Interferometer Nuller (KIN, see section 4.4.2) 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

" This might partially change with the new version of amdlib 3.0 — TBC.
5The Fiber Nuller is a so called rotating nulling interferometer developed at the Jet Propulsion Laboratory (JPL/NASA).
This transportable instrument is used on the Hale telescope of the Palomar Observatory.
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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 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.

We recently submitted a proposal to observe debris disc stars during the 2010A semester. This
programme includes 5 new objects, which have not been observed during the Key Science program, and
which are known to have hot inner dust from K-band interferometric measurements.

3.5.3 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 missions. 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, LBTI is expected
by 2011 to improve the detection limit down to a few tens of zodis in the northern hemisphere (Hinz
et al. 2008b). The ALADDIN project (see Section 4.5.2) is expected to provide similar performances from
Antarctica in 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 topics of this thesis (see chapter 5).
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fter reporting the major advances in the study of debris discs enabled by infrared stellar interfer-

ometry, this chapter introduces the basic principles of a specific promising technique referred to as
“nulling interferometry”. In addition to providing the required spatial resolution, this technique offers an
improved dynamic range with respect to classical stellar interferometry, and open the path towards the de-
tection of faint circumstellar discs similar to the solar zodiacal disc. After a theoretical introduction, the
first ground-based experiments currently under development in the United States are presented with their
scientific results. Furopean ground-based projects are also briefly discussed, with a particular attention
on the prospects for exozodiacal disc detection with a dedicated Antarctica-based nulling interferometer.

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

75
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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 () 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.

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 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 line of sight, 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 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” interferometer, meaning a two-telescope nulling
interferometer.

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
consists of a single value: the total intensity in the diffraction-limited field-of-view. At the output of the
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Figure 4.2: Schematic of a generic nulling interferometer and target system. The two angular coordinates
(0, ) denote the position in the sky plane.

interferometer, the total detected photon rate (excluding stray light'6) can be written as:

N = /9 /a Buy (s)R(s)P(s) 0dfda (4.1)

where Bgyy is the brightness distribution on the sky for a spectral channel centered on wavelength A and
a bandwidth A\ < 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:

r(s) = Z Ajexp [z <¢;~ + %xj : s)] , (4.2)

where j is the index identifying the collector, 4 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), d>; is the relative phase shift for collector j and x;
the vector position for the center of collector j. The transmission map is then given by:

R(s) = "= {Zj:Aﬂ'eXP [2 <¢}+2;\ij-s>] } X {Zk:Akexp |:—z' <¢;€+2;\Txk.s>} }
= Z;AJAWOS <¢9—¢2+2;T(XJ—X1<)'S>- (4.3)

J

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 for a factor \/b fixed
at 5x10~7 (corresponding for example to A=10 ym 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).

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,
the transmission of a single Bracewell interferometer (2 telescopes, ¢1=0, ¢ = 7w, Aj=As=A) writes:

R(f, o) = 4A%sin? <7Tb)\9 cos oz) , (4.4)

taking into account that (xg —x71)-s=bf cos @ 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 = \/(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 pum 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 A2/(bA)) due to the effect of the finite bandwidth.

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

N = Z Z AjAk{ cos(¢; — o) // Bgiy sym (60, a) P(6) cos <2;r[bjk cos a]) 0dhdo
Jj k

= sin(0; — 1) [ [ Busaoym (6 )P(6) x s (T[bjk cos a]> ededa} , (45)
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where bj, = (x?k + y?-k)o'“r’ is the length of the projected baseline between collectors j and k and Bgyy sym
(resp. By 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-
of-view taper, which are denoted by a horizontal bar:

N =3 AjAy[cos(d; — dk)Buky,jisym — sin(é; — é) Boiey jicasym] - (4.6)
7 k

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 (IV}), star (V.), exo-zodiacal cloud (Ngz), local zodiacal cloud (Nrz),
stray light and any solar photons that are scattered into the instrument (Ngyay), and instrumental
thermal emission (Niperma1). Therefore, it can also be written as:

N = Np+N*+NEZ+NLZ+Nstray+Nthermal
N, + 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 (/N,) and the additional photon rate that
is due to perturbations (J/N, 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 Eq. 4.5 and has both symmetric and
asymmetric components:

N, =F, Z Z AjAk{ cos(¢j — ¢x) cos <2;\T[bjk0p cos ap])
ik

_ sin(¢; — ) sin <2A”[bjk9p cos ap]> } , (4.8)

where F), is the flux from the planet and (6,, o) its position on the sky.

o If the star is assumed center symmetric, the stellar contribution to the detected photon rate is
given by:

Ny~ Y > " AjAy cos(¢; — ¢r)Baji - (4.9)
j ok

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*jkzzF*L( = >/ 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.
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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 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 habitable zone (HZ). The detected photon
rate can be calculated with Eq. 4.6:

Nez =) ) AjArcos(6; — or) Brzjp - (4.11)
i k

assuming here again that the brightness distribution is center symmetric.

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

Nz =Brz Y AZAQ;, (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 Eqs. 4.9,
4.11 and 4.12:

N, = N,—N,

= Z Z AJAk COS(¢]‘ - ¢k)(§*]k + EEij) + Brz Z AJQAQ] . (4:13)
J ok 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)

27bo., 2
4\ ’

N, = 4F, A* <

taking into account that Ji(x)/z ~ 1 — (z/4)? for * < 1. Useful quantities to characterize a nulling
interferometer are the geometric nulling ratio G, defined as the ratio between the transmitted flux and the
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initial flux at the input of the beam-combiner (flux coming from both telescopes), and the corresponding
rejection factor pg, defined as the inverse of the nulling ratio:

N, w00\ EENEYA%
G_2F*A2_4<)\>’ Pa=\ ) (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.

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 Eq. 4.9 to the second order:

ON, ON, 8N* ON, 1 92N,
6N, =~ Z{ SA; + —26p; + 5% i 5yj}+zz{ T §AGA,
J

DA; dp; 20A;0A,
ON. 1 92N,
A, a¢k5 300k + 2 9¢; 00y, 5¢J5¢k]
~ Y (Chjdaj + Chio¢; + Chidwy + Crioy;) + Y [Chagdasdar + Chyjpdaiody
J Jj ok
+C34k00i00k] (4.16)

defining da;=30A;/A; and C*, the sensitivity coefficients for the star which can be written as:

ON,

Ch = AQ§7~2A ZAkcosqb ®k) Bk » (4.17)
ON.
Cij = ==~ =245 Apsin(g; — dn)Bujp, (4.18)
0¢; k#j
X = ~2Y A;A J :
Cr; 52, zk: k cos(¢j — ¢k) oz, (4.19)
ON, 6B*jk
cy = 52, NQZA A cos(¢j — o) y; (4.20)
. 1 52N
Chnjr = §AjAk5Aj5;1k~AAkCOS(¢ ¢1) Bujik » (4.21)
52N,
Clhgjn = A5 A 50r
. {QAjAkSin(¢j_¢k)B*jk J#Fk (4.22)
—2A; % Arsin(¢; — ¢)Bu j=k
1 02N,

Clom = 250,50

{ AjAgcos(dj — ¢p)Buje  J#k (4.23)
—Aj > Arcos(dj — @) Bam j =k '

Q



82 Chapter 4. Owerview of nulling interferometry

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” dN is given by

ON =~ Z (Cajoa; + Cyjd0; + Cypjdx; + Cy;i0y;) + Z Z[CAAjkéajéak + Cagjrda;ooy
+ C¢¢jk6¢j5¢k] , (4.24)

where C'is the global sensitivity factor, which can be computed similarly for other sources with Egs. 4.17
to 4.23. As illustrated 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
Eq. 4.24 while the null-floor perturbations arise from the nonlinear terms.

Phase chopping techniques (described in the following section) allow for the subtraction of the null-
floor leakage, which is the same in the two chop 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 polarization angles of the electric fields from each telescope. Instability noise is discussed in
more details in Section 4.3, and addressed in the context of DARWIN/TPF in Chapter 7.

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 4.5). 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 7.3.2 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 “chop states”). Taking the difference of the photon rates obtained in the two chop states gives the
chopped response of the array (R.), given by:

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



4.2. The need for chopping 83

Chopped state 1

~

z
| ——gp T I
5 i — - e os
£ 3 — =~
2 -— aw O F
Constructive Des¥uctive 100 £ g — =| BN
0 - - g
5 £ —— —| 0.0 >
- o ! - =
—-200 < i -02 2
-200 -100 0 100 200 p— - =0.4 “5'
At [ - e Rot
L om—__ o W o
0 100 200
Aa [mas]
Constructive Destfuctive
H Point Spread Function
£ 200 T ks T 1.0
3 = - o hs
— - 0.6
100 — -— 1 ™ Corr
= . A 0.2
8 -
E o = - 1
3 o N, .
. - —-0.4
- 3
100 - - -0.6
-
— - -0.8
-
=200 I 1 L =-1.0

Figure 4.5: Overview of phase chopping for the X-array configuration, the current baseline for the
DARWIN/TPF mission (see Chapter 7). Combining the beams with different phases produces two conju-
gated transmission maps (or chop states), which are used to produce the modulation map. Array rotation
then locates the planet by cross-correlation of the modulated chopped signal with a template (Courtesy
O. Absil).

where Ry, and Rp are the two chop 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 4.6 (right). The left
part of Figure 4.6 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).

The variation of the chopped planet photon rate with the rotation angle of the array appears in
Figure 4.6 (right). 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 4.6. 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.
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Figure 4.6: Left: modulation map of the X-array configuration in polar coordinates. Right: Corresponding
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).

4.3 Instability noise

Instability noise is defined as the component of the demodulated nulled signal that arises from phase,
amplitude and polarization errors (Lay 2004). Telescope vibrations, fringe tracking offset, control noise,
longitudinal chromatic dispersion, and birefringence are at the origin of the phase errors whereas tip/tilt,
defocus, beam shear, and differential transmission produce amplitude errors. These phase, amplitude
and polarization errors induce a time-dependent asymmetry between the two chop states so that the
modulation map does not remain centered on the nominal position of the line of sight (i.e. the position
of the star). Hence a fraction of the starlight survives the modulation process and mixes with the planet
photons. Using Eq. (4.24) and assuming that the perturbations in amplitude and phase for each collector
beam train are mutually independent, the variance of the demodulated output is given by:

02 ZCA] (da; >+ZC¢J (3¢ >+Z(Jm (8, >+ch] <5yj
+ZZCAA]k <5a]5ak +ZZCAW 503001, +ZZC¢W 5900k ). (4.26)

where C' is the global sensitivity factor defined in Section 4.1.3, and the wide-hat notation designates
the demodulated output signal. Using the cross-correlation method, the demodulated output signal is
given by

— 1 /T
N = /O Nyndt, (4.27)

where 7 is the template function, which is normalized to have a root-mean square value of one. Instability
noise corresponds to the square-root of <O§ys> The factors within the angular braces in Eq. 4.26 indicate
the extent to which each contributor to instability noise mimics the planet signal. The power spectra
of these instrumental effects mix with each other so that perturbations at all frequencies, including DC,
have an effect. 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 (Lay 2004).

Four independent studies (Lay 2004; D’Arcio 2005; Chazelas et al. 2006; Defrére et al. in press)
have reviewed the instrumental requirements on the DARWIN/TPF mission that reduce the instrumental
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Figure 4.7: 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).

stellar leakage 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. This is discussed in more details in Chapter 7.

4.4 First ground-based nulling instruments

4.4.1 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 4.7).
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 interesting 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 (o CrB, o Lyr, 8 Leo, v Ser, € Eri, and ¢ Lep). These results place a 3-0 upper
limits 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.
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4.4.2 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 initial objective was 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 pum. 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 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, a rapidly 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).

4.4.3 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 pm. 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
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Figure 4.8: Left: Picture of the Keck interferometer (Mauna Kea, Hawaii). Right: Artist concept of the
fully assembled Large Binocular Telescope Interferometer (LBTI, Mount Graham, Arizona).

LBTI 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 characterizing 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.

4.5 The European projects

4.5.1 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 scientific and technologic 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 operational point of view, the goal was to advance and mature the experience on
designing, manufacturing and 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), adaptive optics, delay lines, fringe
sensors and a beam combiner laboratory. The overall capabilities of the instrument heavily depend
on the performance of all VLTI 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 interferometry 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 100
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 Eq. 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.
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Figure 4.9: Artist impression of the ALADDIN infrastructure installed at Dome C (Antarctica, Courtesy
Vincent Coudé du Foresto). A ~40-m rotating truss bearing two 1-m diameter telescopes is mounted on a
18-m high structure (© AMOS). The light beams collected by the two telescopes are routed towards the
nulling instrument cryostat by fixed relay optics.

4.5.2 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 most favorable ground-based site for high dynamic range infrared interferom-
etry). Dome C offers several interesting features in the context of infrared interferometry:

An extremely low turbulence above the boundary layer;

e An increased sky transparency, which improves and enlarges the atmospheric windows in the near-
to mid-infrared;

A reduced thermal background, from both the sky and the optical train;

A reduced water vapour content.

ALADDIN consists of two moveable siderostats are located on a ~40-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 4.9). In that manner, the baseline is always perpendicular to the line of
sight so that neither long delay lines nor dispersion correctors are needed. Moreover, polarization issues,
which are especially harmful in nulling interferometry, are mitigated by this fully symmetric design. 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 K higher than during winter, while the instrument
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 32m and is optimized for each source to obtain the
best compromise between angular resolution and stellar leakage. The baseline can also be reverted for
calibration purposes. Operating in the L-band (ranging from 2.8 to 4.2 um), ALADDIN provides a
maximum angular resolution of 10 mas, which is ideal to probe the inner region of exozodiacal discs,
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and study the HZ around DARWIN/TPF-I candidate targets (typically separated by a few 10 mas from
their parent star, see Figure 5.2). Thanks to the exceptionally low turbulence of the free air 18 m above
the ground, ALADDIN presents an improved sensitivity with respect to GENIE and should be able
to detect exozodiacal discs at the level of 30zodis (Absil et al. 2007). Within one winter-over on the
high Antarctic plateau, ALADDIN could identify suitable candidate targets for direct Earth-like planet
detection in the southern hemisphere, and allow to tune the design of future space missions to cope with
the statistical occurrence of bright exozodiacal discs.
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PEGASE and FKSI are two projects of space-based Bracewell interferometers conceived as scientific
precursors and technological demonstrators for future exo-Earth characterization missions. Their
main scientific goals would be to enable the high-angular resolution study of EGPs and exozodiacal discs
at infrared wavelengths. Characterization of exozodiacal discs with interferometry has been recently rec-
ommended 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 ezozodiacal disc detection. Comparison with ground-based instruments
1s also provided.

5.1 Introduction

Characterization 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

91
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systems. Photometric surveys primarily with TRAS, 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
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 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-
terization. Observing in the infrared (6-20 um), these missions would enable the spectroscopic charac-
terization 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 detection of
habitable terrestrial planets would be seriously hampered for stars presenting warm (~300K) exozodi-
acal dust more than 15 times as dense as our solar zodiacal disc (Defrére et al. in press). 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. 2006b). 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 rec-
ommendations related to dust disc detection. In the near term (1 to 5 years), they recommended
that the community to 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 performance at
ground-based sites.

5.2 Instrumental concepts

Prcase and FKSI are space-based Bracewell interferometers, conceived as scientific and technological
precursors to DARWIN/TPF. They present similar architectures, the main difference 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
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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%)

formation flying demonstrator mission. CNES performed a Phase 0 study in 2005 and concluded that the
mission is feasible within an 8 to 9 years development 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 the phase A level based on the two-telescope design
described here.

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, 1.2, 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
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 10~4 stable at the level of 10~°. 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 (Mg and M3), with an optical magnification which
will be a trade-off between dynamics of the tip-tilt errors, the available stroke of the fast steer-
ing 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).
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Figure 5.1: Optical layout of the PEGASE nulling interferometer (adapted from Le Duigou et al. 2006).

e Two achromatic 7-phase shifters using field reversal by reflections (Serabyn 1999, M4 and M;).

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 um. 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
8 pum, 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
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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).

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) survey prospective
targets for future exo-Earth characterization missions for levels of exozodiacal dust, (2) detect and
characterize the atmospheres of nearby extrasolar planets, including those currently known and those
that may be discovered by this technique, and (3) measure resonant structures in exozodiacal discs, their
flux levels, and the chemical evolution of the material they contain. The survey of brown dwarfs and
active galactic nuclei (AGN) is also expected to be very fruitful. These objectives are briefly reviewed
hereafter.

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. A Gap can particularly be observed in a bright protoplaneraty disc, as it is the case
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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.).

for FU Ori objects'” due to the (see Figure 5.3). The gap is detected by an accurate measurement of
the visibility function. 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-infrared (K-band) thermal emission
at the ~ 1% photospheric level has already been isolated in the vicinity of several main sequence stars with
ground-based interferometers (Absil et al. 2006b; Di Folco et al. 2007; Absil et al. 2008b; Akeson et al.
2009; Absil et al. 2009). Providing detectability for higher contrast environments (up to 10000:1) and at
longer wavelengths, PEGASE/FKSI 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 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.

17Tn stellar evolution, FU Ori objects are pre-main sequence stars which display an high accretion rate and an extreme
change in magnitude and spectral type.
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Exozodiacal light characterization in the context of future exo-Earth characterization 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 characterization 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 characterization 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 is also the main design driver, is to perform a spectro-
scopic characterization 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 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), FKST 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 de-
termine how many known extrasolar planets can be characterized 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 characterize 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
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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 constructive visibility mode have to take into account the instrumen-
tal characteristics 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 tem-
perature 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
25 mas 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 advantage 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 follow-
ing 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 characterization of different classes of rapid radial pulsators, (4)
disc formation and evolution of active hot stars.

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 4.5.1). 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.

'8 GENIEsim is available on request from Olivier Absil (absil@astro.ulg.ac.be).



5.4. Performance for exozodiacal disc detection 99

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 interfer-
ometer (see Eq. 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 astro-
physical 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
“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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5.4.2 Vibrations in the ambient space environment

To enable the simulation of a space-based nulling interferometer, only a few modifications were necessary
thanks to the versatility of GENIEsim. Discarding all atmospheric effects and the VLTI 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 environment.

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.
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Figure 5.4: Block diagram showing the top-level architecture of the GENIEsim software (Figure from
Absil 2006).




5.4. Performance for exozodiacal disc detection 101

First approach

A recent comparative study concludes that the ambient space environment causes OPD no larger than
the disturbances induced by on-board equipments for DARWIN/TFP, 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
Svib — 167T4m2f4 Sin, (51)

where m is the mass of the spacecraft, f the frequency, Sin the Power Spectral Density (PSD) of the
total disturbance force in N?/Hz and Sy, 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 (Sout) decays linearly with a slope of -40 dB/dec. The relative displacement induced by
internal disturbances (rmsyip) should not exceed 1 pm rms as indicated by the PEGASE phase 0 study
performed by CNES in 2005. Based on this value, the PSD of the spacecraft tip-tilt before correction
(rmsy) can be computed as:

M
rmsi; = ﬁrmsvib , (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” rms. This value does not take into account an additional
noise of 10 mas/ \/ZH z) 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 filtering.

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.
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Figure 5.5: Simplified block-diagram of a fringe tracking system (adapted from Absil 2006).

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 harmful 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 (Sgy and Sgt), which is applied at the input of the associated
block. Sensor noise (Sgy) depends on the number of available photons in each elementary measurement
(shot noise and detector noise), while actuator noise (S,ct) depends on the particular design of the
actuator. The input and residual vibrations are described by their PSDs (Syib and Syes).

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 space-
and ground-based nulling interferometers for exozodiacal disc detection. Besides their main scientific
goal (characterizing hot giant extrasolar planets), the space-based nulling interferometers PEGASE and
FKSI would be very efficient to assess the level of circumstellar dust in the habitable zone around nearby
main sequence stars down to the density of the solar zodiacal cloud (and thereby outperform any ground-
based instrument). These space-based interferometers are complementary to ALADDIN in terms of sky
coverage and would be ideal instruments to prepare future life-finding space missions.

9PID stands for “Proportional, Integral and Differential” which is a basic controller device for closed-loop control
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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 | 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
(TPE-1, Beichman et al. 2006a). Observing in the mid-infrared
(6-20 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
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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,p) 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 My,,) with a
final S VR 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 15 nm 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 [pm] 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
“VIBy” 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 1.7nm @ 60 Hz 2nm @ 65 Hz <4nm
Inter-band disp. 44nm @300Hz 70nm @0kHz Onm @ 0kHz 0nm @ 0 kHz <4nm
Intra-band disp. 1.0nm @300Hz 7.4nm @ O Hz 0Onm @ 0 kHz 0Onm @ 0 kHz <4nm
Tip-tilt Ilmas @ 1kHz 7mas @ 1 kHz 15mas @ 85 Hz 20mas @ 60 Hz (see intensity)
Intensity mismatch 4% @ | kHz 1.2% @ 0 Hz 0.02% @ 0 kHz 0.04% @ (O Hz <1%
Total null 62x107* 22x107* 1.0x 1073 3.0x107° f(b, )
Instrumental null 1.5x 107* 1.3x107* 1.0x107° 7.0% 1076 105
rms null 2.0x 10°¢ 3.5%x10°° 1.1x 107 6.9x 1078 103
- . PEG‘ASE OPD control “OOp ‘ indicates the total residue after correction by the FSU, limited
at low frequencies (below ~2 Hz) by the non-perfect control of
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Fig. 3. Power spectral density of OPD errors at the input (VIBy) and
at the output (OPDgyr) of the PEGASE control loop. The PSDs of the
fringe sensing unit (FSUjy, 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 (ODL;y). 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.

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 PaperI), the
ALADDIN instrument working on 1-m telescopes at Dome C
(results taken from PaperIl), 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 OHz 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 10~* 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 3.0 x 107>. 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 pm, 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] um
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 m respectively 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 Paper]), it can be calibrated. Here, we assume a typical
precision (A6, ) 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
0.01 Hz.

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

Stellar signal [e-] 1.5%x107 6.6x107 1.8x10° 50x107 3.5x10° 3.0x10°
Raw instr. leakage [e-] 83x 10" 3.6x10> 12x10* 27x10> 19x10° 2.1x10*
Total stellar leakage [e-] 22x100 1.0x10° 6.1x10° 6.6x10> 54x10° 1.1x10°
20-zodi signal [e-] 1.0x10° 4.1x10° 49x10* 27x10° 14x10* 29x10*
Background signal [e-] 28x 102 73x102 97x102 1.8x 10> 25x10> 2.5x10?
Calibrated geom. leakage [e-] 4.3 x 10" 1.9x 10> 12x10° 80x10° 7.0x 10" 1.8x 10
Calibrated instr. leakage [e-] 72x 10" 23 x10* - 44%x10" 13x10*> 19x10°
Instability noise [e-] 1.0x10° 43x10° 1.8x10> 14x10° 12x10" 1.9x10?
Shot noise [e-] 47x10" 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" 4.6x10" 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 FKSI.
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 SNR 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 II), 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 FKST 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 PEGASE40m FKSI
Targets zodi A [um] zodi A [um] zodi A [um]
KOV-05 pc 10 5.9-6.0 40 5.9-6.0 26 7.6-8.0
G5V-10pc 4.2 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 55 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 Papers1 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 4.2 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 '/2 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 diftferent 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-oft between inte-
gration time, feasibility and performance.
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Fig.9. Simulated performance of PEGASE and FKSI in terms of ex-
ozodiacal disc detection for different pupil diameters, considering an
uncertainty on the stellar angular diameter of 1% (A8,) and 5 min of
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 instrumentin a 1-year observation window. Counting
the stars in each frame, GENIE can observed 1069 targets (90 E,
191 G, 405 K, 383 M stars), ALADDIN 514 (52 F, 98 G, 204 K,
160 M stars), PEGASE 677 (53 E, 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 um, 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/TPFE.
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5.5 Summary

Studying the inner part of debris discs is of prime importance to characterize the global architecture
of planetary systems, and to prepare future exo-Earth characterization missions. In this chapter, we
investigate the performance of two infrared space-based Bracewell interferometers (namely PEGASE and
FKSI), that have been intensively studied the past few years, for exozodiacal dust cloud detection. Even
though they have been initially designed for the characterization of hot extrasolar giant planets, we show
that PEGASE and FKSI would be very efficient to probe the inner region of circumstellar discs, where
terrestrial habitable planets are supposed to be located. In 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 to outperform any ground-based instrument. FKSI can achieve this sensitivity
for most nearby F-, G-, K- and M-type main sequence stars, while PEGASE becomes less sensitive for the
closest targets with detectable density levels of about 40 times the solar zodiacal cloud. In terms of sky
coverage, PEGASE and FKSI are complementary to ALADDIN and would be able to survey about 50%
of nearby F-, G-, K- and M-type main sequence stars. The sky coverage reaches 80% if they are used
in combination with ALADDIN. Beyond the technical demonstration of nulling interferometry in space,
these results suggest that PEGASE and FKSI would be ideal instruments to prepare future life-finding
space missions. Indeed, we will see in Chapter 7 that the characterization of habitable terrestrial planets
would be seriously jeopardized for stars presenting warm exozodiacal dust more than about 15 times as
dense as our solar zodiacal dust cloud.
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EGASE and FKSI are space-based Bracewell interferometer projects dedicated to the exploration of

the faint environment (including habitable zone) around nearby main sequence 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 characterization of extrasolar planets. In addition
to PEGASE and FKSI, two ambitious Bracewell interferometers are discussed and investigated: an en-
hanced 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 in the habitable zone of nearby main sequence stars.
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6.1 Science case

6.1.1 Hot extrasolar giant planets

The original goal of PEGASE/FKSI, which was also their main design driver, was to perform a spec-
troscopic characterization of hot EGPs. Such planets generally consist in Jupiter-mass gaseous bodies
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 have been detected in our neighbourhood (< 150 pc), generally by means of
radial velocity surveys, which allow the characterization 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 prop-
erties (see section 1.1.3). For a few cases, the detections of the secondary eclipse has 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, very few spectral observations 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 2000 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 the same face of the planet is permanently irradiated,
leading to a complex circulation within the atmosphere. Even though 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 three 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 (1-5um) 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 CHg, CO (whose depth is a tracer
of cloud thickness) and especially HoO at 2.6 um, difficult to detect from the ground. Collision-induced
absorption by Hs can also potentially be detected between 2.5 and 3.0 pym. 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
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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 1000K (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 pum.

temperature is calculated to lie between 430 and 650 K. Doppler spectroscopy also revealed three other
planets with a minimum mass less than 10 Mg: GJ 581c and d, with minimum 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 (Leger et al. 2009). Corot-Exo7b is a
1.68-Rg planet orbiting at 0.017 AU around a KOV star located at 140 pc.

The scientific interest of these planets lies in the fact that super-Earth planets share common geo-
physical attributes with the Earth, like oceans/continents, plane tectonics, volcanism and habitability.
Active volcanoes produce large quantities of gases, primarily HoO, CO2, and SO2, 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 H2O, 49% of COq, 12%
of SO2. 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 SOs 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, CH4, CO, and CO3 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, high angular resolution system
such as PEGASE/FKSI.
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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 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 extract its signal from 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.

6.2.1 Concept overview

PEGASUS 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
focusing on the habitable zone of nearby stars (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.

PrEcASUS 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 pm).

than 40m 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. The waveband ranges from 9 to 13
pm with a spectral resolution of 60. In the nulling mode, control loops have to stabilise the OPD to
an rms value of 1nm 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 um, 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 1 AU. 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):
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Figure 6.4: Principle of the pupil division technique (“split-pupil Bracewell”). The corresponding trans-
mission maps are given in Figure 6.5.

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 maps of the total instrument are illustrated in Figure 6.5, where the left top figure
corresponds to a phase shift of 7/2 and the right top 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 background subtraction can benefit both from the variation of coherent signals in each output
and from the fact that two complementary outputs are available.

The modulation map, proportional to the difference between the transmission maps (see Eq. 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 subtraction, 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.

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 for 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 with only a little increase of the system
complexity: 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.
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Figure 6.5: Top row: monochromatic transmission maps of a split pupil interferometer with 2-m collectors
for a factor \/b fixed at 2x1076 (corresponding for example to A=10 um and a baseline length of 5 m).
The left figure corresponds to ¢(t)=m/2 while the right figure to ¢(t)=3n/2. Bottom row: corresponding
modulation map (left) and rotational modulation efficiency (right).

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
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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 fi0d, 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) .

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 7.3.1 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). Performance comparisons with the GENIEsim software
indicate however similar results.

6.3.1 The simulation software

The initial simulation tool was a static excel worksheet, similar to the one described 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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e The “instrument” block describes the interferometer with its fundamental parameters such as col-
lector 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 Eq. 4.15 while the instrumental rejection is computed using
Egs. 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 Eq. 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 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
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(\/D)2 The emission of the exozodiacal cloud is 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 produced 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%. 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
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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.

Tau Boob 55 Cncb 51 Pegb 55Cnce 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 G8 YV 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) [My] 3.90 0.78 0.47 0.05 0.02
Radius [Rj] 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 87E-07 1.2E-05 14E-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+05 6.7E+05 3.5E+05 3.5E+05 6.7E+05
Exo zodi [Ty /s] 1.2E405 11E+05 1.6E+05 LI1E+05 1.8E4+05
Instr. brightness [Jy/st] 41E+01  14E+04 1.0E+03 1.0E+03 1.4E-+04
Rms bckg fluctuations [Jy/sr] | 1.6E+00  4.6E+02 3.7E+01 3.7E+01 4.6E+02
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 1.1E4+00 3.8E4+00 1.8E4+00 2.2E+00
Detector noise [ph-el/s’-9] 1 1 1 1 1
Instr. leakage noise [ph-el/s] 2.7E-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 61.6 474 28.2 28.5
Calibration SNR 46.9 30.7 5.5 4.4 34
Bckg fluctuation SNR 1.3E+06 1.6E4+02 84E+03 1.5E+03 1.2E402
Final SNR 36.4 13.4 4.6 3.3 2.7
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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 trial and error, 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.

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 inter-
ferometers. In particular, PEGASE and PEGASUS are addressed and their sensitivity for the detection
of known extrasolar planets compared. The performance of PEGASUS to survey the HZ of nearby main
sequence stars 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 um 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 107°.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 pym, the emission of an FEarth is about 30 times larger than at 2.5 um 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 pum. Nevertheless, increasing the observation wavelength is limited by the thermal emission of
the instrument which becomes dominant at long wavelengths. The thermal specifications of Pegase would cause
overwhelming background fluctuations for Earth-like planets detection. To reach this objective, the instrument
has to be cooled down and more thermally stable. This is part of the optimisation presented in this study. The
parameters used in our simulations are listed in Table 1.

Spectral
Wavelength 10 pm
Resolution 60
A
Target system
Distance 20 pc @ @
Star radius 1 Rsun
Star eff. temperature 5770 K Brie= 20
Star flux 0.56 Jy
Planet radius 1 Rearth
Planet angular offset 50 mas Q
Planet eff. temperature 265 K T
Planet flux 6.00E-8 Jy
Exo-zodi dust 1 solar system zodi @ @
Local zodi brightness 1.13E+7 Jy/sr
b..< 2d

min min

B 11 ificati
racewell specifications Figure 1. Above: nominal linear flying configuration of Pe-

Telesc.:ope diameter 1 m gase with a central beam combiner. Bottom: modified fly-
Baseline length 20 m ing configuration of Pegase allowing a shorter interferometric
Throughput ™% 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 um. 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 < ;\/Ni, (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 1075 over a 32% bandwidth centered in the 8-12 pym band*.
Reaching a stability of 1 nm at 10 um is still challenging but should be realistic in the near-term future.!®> This
value will be considered in this study. Note however that Eq. 1 is a first order estimation and does not take into
account the non-linear second order error terms which are expected to dominate the instrumental leakage.'*

Leakage due to tip/tilt errors

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

(7Daog)*
6404

*see the adaptive nuller website: hitp://planetquest.jpl.nasa.gov/TPF-1/adaptive Nuller 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.?2 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:!°

w2 /b, 2
v=T (%) Q
where b is the baseline length and 6, the stellar angular radius. At 10 pm, the contribution of geometric leakage
for a Sun-like star located at 20 pc is about 125 times larger than the flux of the planet in the nulled output.
To reveal the hypothetic planetary companion, the most straightforward method relies on the knowledge of the
target star angular radius, which is the only unknown parameter in Eq. 3. The angular radii of Darwin target
stars can be determined with a typical accuracy of 1% which gives a precision of 2% on the estimation of the

stellar leakage.'® This level of calibration is however not sufficient to get a SNR of 5 for an Earth located at 20
pc.

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

An exo-zodiacal cloud similar to the local zodiacal disk is much brighter than an Earth-like planet with an
integrated flux about 400 times larger at 10 pm. Filtered through the interferometer transmission map, the
residual contribution does not exceed 30% of the total flux for a disk located at 20 pc. In addition, since several
observations of the same system will be performed, the morphology of the dust cloud can be constrained and
model-fitted. Taking into account both contributions, a conservative value of 10% is assumed in this study for
the residual exo-zodiacal emission. To go further, fast modulation techniques have been developed in the context
of Darwin/TPF but they require the use of at least 3 collectors.!*17 More specific methods such as the split-pupil
configuration and the OPD modulation have to be used for a single Bracewell.'® ' 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 ym an
Earth located at 20 pc (SNR of 5), the thermal stability has to be as low as 0.1 K rms for an instrument cool
down to 45 K.



4. ANALYSIS FOR AN EARTH AT 20 PC

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

Req' Spec. REarth

OPD [nm] 0.47 1 2.1
Tip/tilt [mas] 22 20 | 08
Stellar radius knowledge [%] 0.8 1 3.6
Exo-zodiacal subtraction [%] 0.05 10 11.2
Instrument temperature [K] 453 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 pum.
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 Rgartn) and orbiting in the middle of the HZ of a Sun located at 20 pc.
With an appropriate method to subtract the exo-zodiacal emission, 7 Earth-radii planets would be possible to
detect in 10 hours which corresponds to 50 systems surveyed per year. In 24 hours, the detection of 6 Earth-radii
planets could be achieved and potentially 4 Earth-radii planets for a longer integration time. The reason is that
the limitation coming from the integration time is due to the shot and detector noises which can be minimized
by a sufficiently long integration time as shown by Eq. 4, giving the SNR per spectral channel:

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

SNR,, = (4)
where F, is the planet’s flux, N, the shot noise, Ny the detector noise, o; the instrumental nulling noise, o,
the instrumental calibration noise, o, the background fluctuation noise and t the integration time. Shot noise
is dominated mainly by the stellar leakage and the contribution from the local zodiacal cloud. The detection
unit features a Si:As focal plane array with a read out noise assumed to amount to 10 electrons per pixel. Dark
current is supposed to be negligible by cooling down the detector to an appropriate temperature (a few K). The
SNR. per spectral element is represented by the solid line in Figure 2 with respect to the wavelength.

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

1/2

SNRiot = | 3 SNR;| (5)

MNindep

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 gm (about 0.16 pm wide)
and we will assume than only 10% of the channels are noise independent (about 1.6 pum wide). The percentage
of noise independent spectral channels is denoted 7 in the following.
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Figure 2. Individual SNRs contributing to the total SNR (solid line) for an Earth-like planet located at 20pc with respect
to the wavelength, after 10 hours of integration and 1-m diameter collectors.

5. DETECTION THRESHOLD
5.1 Planet signal

In good approximation, the flux emitted by an extra-solar planet and detected by an Earth-based observer
writes: !0

TR? R2 mR2
Fy) = 470y (1,)0(0) 15 + 2 (O)BA(T,). ©)

where By (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:'®

R. 1/2
T, = T, (1 — Ay)'/* (%> : (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-pm 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 um. 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.2? A full investigation of these techniques will be the object of an upcoming paper.

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

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

formula:26 )
T, R,
= — 8
THZ (T@) R@ ) ( )

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-pum wide wavelength range with n=1. Note that according to Eq. 4, only the part
of the SNR due to the shot and detector noises can be improved by increasing the integration time. Targets for
which o; + 0. + 0, > 5F), cannot reach an SNR of 5 and are thus not considered. The integration times of the
remaining targets are then sorted by increasing values and added till the sum reaches the mission lifetime. The
results are presented in Figure 4 which indicates the number of stars around which a planet of a given radius
can be detected during the mission lifetime.
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Figure 4. Number of stars around which a planet of a given radius can be detected with respect to the mission lifetime.



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

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

5.5 Application to known extra-solar planets

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

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

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



Star Planet SNR
spectral dist. eclipt. s-mayj. Min. mass Teq | Peg. 1-m 1-m+
type [pc] lat. | axis [AU] Miup) K]
Ups And b F8V 13.5 289 0.06 0.69 1570 2 3 4
Ups And ¢ F8V 13.5 289 0.83 1.98 420 2 18 41
Ups And d F8V 13.5 289 2.53 3.95 240 0 4 14
Tau Boo b Frv 156  26.5 0.05 3.90 1270 | 36 79 85
55 Cnc b G8V 134 104 0.12 0.78 560 13 47 76
55 Cnc c G8V 134 104 0.24 0.22 390 1 10 22
55 Cnc d G8V 134 104 5.26 4.00 80 0 0 0
55 Cnc e G8V 134 104 0.04 0.05 980 3 7 8
70 Vir b G5V 181 213 0.48 7.44 500 6 39 59
51 Peg b G2V 154  25.2 0.05 0.47 1290 5 8 9
HD 69830 b Kov 126 -0.55 0.08 0.03 830 2 4 5
HD 69830 c Kov 126 -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 ¢ M4V 4.7 -6.6 0.13 0.56 270 1 22 53
Gliese 876 d | M4V 4.7 -6.6 0.02 0.02 680 3 7 9

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

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

6. SUMMARY AND CONCLUSION

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

Around a Sun located at 20 pc, the Bracewell interferometer presented in this study could detect in one year
about 50 Neptune-like planets (M ~ 0.05 Mjyp) 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
all the extrasolar planets known within 25pc (in September 2007) and gives the expected SNRs at the
optimum wavelength and for the different instrumental configurations. Note that several targets located

Star Planet SNR
spectral  dist. eclipt. s-maj. Min. mass Teq | Peg. 1-m 1-m+
type [pc]  lat. | axis [AU] [M;] K]
HD 33564b F6 V 21.0 - 1.10 9.10 294 1 13 45
Tau Boo b Frv 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 39091b G1IV 20.6 -76.0° 3.29 10.35 221 0 4 9
HD 142b G1IV 20.6 -44.5° 0.98 1.00 272 0 3 8
51 Peg b G2Iv 154 -19.8° 0.05 0.47 1286 5 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 4 10
HD 160691c G3V 153 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 G5V 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 Cyg b G5V 214 7.56° 1.67 1.68 269 0 4 8
HD 190360b G6IV 159 48.9° 3.92 1.50 203 0 1 2
HD 190360c G6IV 159 48.9° 0.13 0.06 1125 0 1 1
GJ3021b G6V 17.6 -43.1° 0.49 3.32 363 2 18 60
55 Cnc b G8V 134 10.4° 0.12 0.78 563 13 47 76
55 Cnc ¢ G8V 134 10.4° 0.24 0.22 389 1 10 22
55 Cnc d G8V 134 10.4° 5.26 3.92 83 0 0 0
55 Cnc e G8V 134 10.4° 0.04 0.05 979 3 7 8
HD 114783b 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
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Star Planet SNR
spectral dist. eclipt. s-maj. Min. mass Teq | Peg. 1-m 1-m+
type [pc]  lat. | axis [AU] [M;] [K]
HD 62509b 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
G186 b KOV 109 -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 69830b KOV 126 4.72° 0.08 0.03 833 2 4 5
HD 69830c KOV 126 4.72° 0.19 0.04 541 1 5 7
HD 69830d KOV 126 4.72° 0.63 0.06 294 0 2 3
HD 164922b | KOV 21.9 - 2.11 0.36 165 0 0 0
HD189733b | K1-K2 19.3 - 0.03 1.15 1143 | 12 28 30
HD 27442b K21v 181 -76.3° 1.18 1.28 528 0 2 2
Gam Cep b K2V 11.8  64.7° 2.04 1.60 393 0 3 3
Eps Eri b K2V 3.2 -5.95° 3.39 1.55 123 0 1 1
HD 99492b K2v 18.0  33.0° 0.12 0.11 594 2 9 11
HD 192263b | K2V 19.9 4.72° 0.15 0.72 522 6 22 37
GJ674b 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
G1581b M3 6.3 - 0.04 0.05 506 3 13 18
Gl581c M3 6.3 - 0.07 0.02 379 0 4 7
Gl1581d M3 6.3 - 0.25 0.02 205 0 0 1
GJ 849b 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
SCR1845b | 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.

beyond 25 pc could also be surveyed by PEGASE and PEGASUS (as shown by Absil 2006).

The results of Table 6.2 are discussed in Section 5.5 of 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
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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.

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 pm, 3 pm and 5 um (according to
Eq. 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).

6.4 Performance predictions for FKSI

In this section, the performances of FKSI for super-Earth extrasolar planet detection and characterization
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
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
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 13 pc. 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
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Figure 6.8: Simulated signal-to-noise ratio as a function of the baseline length of PEGASUS for three
different wavelengths (1.5 pm, 3 pm and 5 pum), and for the observation of the hot giant planet 51 Peg b.
A total integration time of 10 hours has been considered.

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 have been proposed 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 telescope array moves 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
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 52, which gives 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 40307b,
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
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Figure 6.9: Signal-to-noise ratio provide by FKSI 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.

Table 6.3: Comparison between the position of the maximum transmission (3<A<8 pm) and the charac-
teristic 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

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 40307b, HD 40307¢, HD 40307d,
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 is adressed 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 8pc, 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 from the KOV star located at 8 pc, the
GOV star at 10 pc and the FOV star at 15 pc respectively. 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-
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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 upgraded FKSI.

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 (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), the left part of
Figure 6.10 shows that the SNR is about 2 for the MOV star located at 5pc, and well below 1 for
the three others fiducial targets. 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 5 pc 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 um 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 Goddard Space Flight Center (GSFC)is currently studying an enhanced FKSI mission concept with
1-2m class telescopes (see Fig. 6.11) 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 40K so that the system could operate at longer wavelengths (5-15pum). 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.

20 According to Kasting et al. (1993), the position of the habitable zone expressed in AU is given in good approximation
by ruz—(T./T5)> Ry/Ro.



6.5. Summary 147

Deployable

IMOBA Boom,
Dimensions in mm

Aperture
Door 1

Deployable
IMOBA
Sunshade

Sunshade
S/CBus
Volume

Figure 6.11: Overview of the enhanced version of FKSI, presenting two 1-2m class telescopes located
20m from each other on a boom (Courtesy Richard Barry).

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 5pc, a KOV star at 8pc, a GOV star at
10 pc, and an FOV star at 15 pc. Compared to the nominal FKSI (see the 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 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.

6.5 Summary

After the performance study for exozodiacal dust cloud detection reported in Chapter 5, we investigate in
this chapter the performance for planet detection of PEGASE and FKSI. Considering the nominal mission
designs, we show that these space-based Bracewell interferometers would be able to study most extrasolar
planets known so far. In a second step, we investigate the performance of enhanced versions of PEGASE
and FKSI, which have been specifically tuned to probe the habitable zone of nearby main sequence stars.
We show that these enhanced concepts would be very efficient to study “super-Earth” extrasolar planets
(~ 2 — 10 Mg) orbiting M stars located within 10pc. Performance improvements are also considered
by addressing specific modulation techniques (namely the split-pupil and OPD modulation techniques)
to mitigate the harmful exozodiacal emission. In order to enable the spectroscopic characterization of
Earth-like extrasolar planets around F-, G- and K-type stars, more complex nulling interferometers have
been defined. We report in the next chapter a performance study of such an instrument.
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E’ arth-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 comprising 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 (10°) is more favourable than in the visible (10*°), and where
suitable atmospheric signatures (COa, H2O, 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 characterization. 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 (Leger et al. 2009) and the Three-Telescope Nuller (TTN, 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

149
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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 (Courtesy P. Lawson).

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-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 of the paper given in Section 7.3.2). Beam combination takes place on a series of optical
benches arranged within the beam combiner spacecraft. The necessary optical processing includes:

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 1.2).
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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.

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°
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 7.3).

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 (CO2, H20, CHy,
O3, see Section 1.1.4 and Figure 1.8). The observing scenario of DARWIN/TPF consists in two phases,
detection and spectral characterization, 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
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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).

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:

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 Instability noise

Instability noise is defined as the component of the demodulated nulled signal that arises from phase,
amplitude and polarisation errors (see Section 4.3). The power spectra of these instrumental effects
mix with each other so that perturbations at all frequencies, including DC, have an effect. Spacecraft
vibrations, fringe tracking offset, control noise, longitudinal chromatic dispersion, and birefringence are at
the origin of the phase errors whereas tip/tilt, defocus, beam shear, and differential transmission produce
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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).

amplitude errors. These phase and amplitude errors induce a time-dependent asymmetry between the
two chop states so that the modulation map does not remain centered on the nominal position of the line
of sight (i.e. the position of the star). Hence a fraction of the starlight survives 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 (Lay 2004).

Four independent studies (Lay 2004; D’Arcio 2005; Chazelas et al. 2006; Defrére et al. in press)
have reviewed the instrumental requirements on the DARWIN/TPF mission that reduce the instrumental
stellar leakage 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) with
4-m aperture telescopes operating at 10 um, Lay (2004) shows that a null depth of ~ 1075 is generally
sufficient to control the level of shot noise from the stellar leakage, but that a null depth of ~ 1070 is
required to prevent instability noise from becoming the dominant source of noise?'. In particular, a 1076
null requires rms path control to within about 1.5nm, and rms amplitude control of about 0.1%.

Since instability noise is directly proportional to the stellar flux (see Eq. 4.26), the constraints on
the instrument stability is expected to be even more stringent at wavelengths downwards 10 ym. In that
respect, we applied the analytical method of (Lay 2004) to the new baseline design of DARWIN/TPF
(an Emma X-array as described in the previous section), and derived the constraints on the instrument
stability such that instability noise is dominated by shot noise by a factor 5 at 7 um over one rotation
period (tyor) of 50000 seconds (with a spectral resolution of 20). Considering 1/f-type PSDs, we showed
that this corresponds to residuals rms OPD and amplitude errors of about 1.5 nm and 0.05% respectively
(see Section 7.3.2). Although our computation has been done at 7 pum where instability noise is much
higher than at 10 ym, 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 square root of the stellar flux while the planetary

2!The current state-of-the-art for broadband nulling experiments is a 10™° null which has been recently demonstrated
at 10 um (AX/lambda=34%) with the adaptive nuller (Peters. et al. 2009).
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signal and instability noise are 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 frequencies, where the instability noise is lower assuming 1/f-type PSDs.

In order to relax these very stringent requirements, several techniques have been investigated and
are briefly discussed hereafter:

e A first solution, proposed by Lay (2006), consists in stretching the array and applying a low-
order polynomial fit to the instability noise (as a function of wavelength). By stretching 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 wavelength, the planetary signal
transmitted by the interferometer 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/X). Therefore, by removing a low-order polynomial fit to the detected signal as a function of
wavelength, the instability noise contribution 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 removed. Because
this method strongly relies on the separation of the nulling and imaging baselines, it can only be
efficiently applied with the X-array architecture.

e Another solution, based on the coherence properties of starlight, has been proposed by Lane et al.
(2006) to separate 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 mismatches in the input beams can be extracted from the fringe pattern, allowing the
reconstruction of the the stellar leakage.

e 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 order to derive
the actual position of the minimum in the transmission 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
amplitude or by modulating its amplitude as in the case of the OPD. The frequency at which
this process is carried out depends 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 interferometer. This
technique can theoretically be applied to any nulling configuration, but its efficiency decreases as
the number of beams increases.

Others possible approaches (e.g. application of closure phase techniques, new chopping processes,
exploiting correlations between 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 assumption that the instability noise present an 1/f-type power spectrum. In fact, the shape of
the instability noise spectrum strongly depends 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 levels for
tip/tilt, the resulting residual phase and intensity fluctuations 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. In particular at low
frequencies, where the planetary signal is modulated and the instability noise arises, the 1/f spectrum
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diverges, while the flat spectrum increases linearly. In practice, the situation might even be better, as
predictive or Kalman filtering may be used to remove low-frequency power. A complication, 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 result 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 precision 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 instability 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.

7.3 Science performance predictions

7.3.1 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 7.3 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,
DARWINsim first selects the stars which are observable during one year. For instance, among the 1132
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
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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 (Figures from den Hartog 2005a).

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
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, CO2 and H3O to a specified SNR. For the
spectroscopy of CO2 and Oz (without H20), 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
H»0, CO2, 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 pum, could be discarded.

DARWINSsim 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 characterization phase. Accounting again for a certain fraction of overhead loss, the targets
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are sorted on ascending integration time, terminated where the cumulative time exceeds the length of
nominal characterization period.

7.3.2 Paper: Nulling interferometry: Impact of exozodiacal clouds on the perfor-
mance of future life-finding space missions

The following paper presents the detailed performance simulations for DARWIN/TPF, and has been
accepted for publication in A&A (Defrére et al. in press). The first part of the paper is dedicated to the
nominal performance for planet detection and spectroscopic characterization. The second part is focused
on the impact of exozodiacal clouds on the performance of the mission. 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. Observing in advance
circumstellar discs around nearby main sequence stars is therefore mandatory in order to prepare future
exo-Earth characterization missions. Note that new constraints on instrumental stability are derived in
the appendix. These new constraints have been specifically computed to enable the 7-pm 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 thienfrby ground-based radial velocity and space-based
transit surveys. This milestone is opening the path toward the definition efangsable to directly detect the light from these plan-
ets, with the identification of bio-signatures as one of the main objectivahatrrespect, both the European Space Agency (ESA)
and the National Aeronautics and Space Administration (NASA) have idshtifilling interferometry as one of the most promising
techniques. The ability to study distant planets will however depend on tharrof exozodiacal dust in the habitable zone of the
target stars.

Aims. We assess the impact of exozodiacal clouds on the performanceinfrared nulling interferometer in the Emma X-array
configuration. The first part of the study is dedicated to tiiece of the disc brightness on the number of targets that can be surveyed
and studied by spectroscopy during the mission lifetime. In the seconhdngaddress the impact of asymmetric structures in the
discs such as clumps anéfget which can potentially mimic the planetary signal.

Methods. We use thedDarwinSM software which was designed and validated to study the performangaoé-$ased nulling in-
terferometers. The software has been adapted to handle imageszotimaal discs and to compute the corresponding demodulated
signal.

Results. For the nominal mission architecture with 2-m aperture telescopes, iestranmetric exozodiacal dust discs about 100
times denser than the solar zodiacal cloud can be tolerated in order ®ysainleast 150 targets during the mission lifetime.
Considering modeled resonant structures created by an Earth-liket jpldoiting at 1 AU around a Sun-like star, we show that this
tolerable dust density goes down to about 15 times the solar zodiac#lydensace-on systems and decreases with the disc inclina-
tion.

Conclusions. Whereas the disc brightness onfjezts the integration time, the presence of clumpdisebare more problematic and
can seriously hamper the planet detection. The upper limits on the tolesaddledtacal dust density derived in this paper must be
considered as rather pessimistic, but still give a realistic estimation of tieabgensitivity that we will need to reach on exozodiacal
discs in order to prepare the scientific programme of future Earth-likeeptzharacterisation missions.

Key words. Instrumentation: high angular resolution — techniques: interferometiicewstellar matter

1. Introduction planets (e.g., Barge et al. 2008; Alonso et al. 2008dr et al.
subm.) and is expected to unveil about 100 transiting ptanet
The possibility of identifying habitable worlds and evendig- down to a size of 2 Raround GOV stars and 1.LRround MOV
natures from extrasolar planets currently contributese@tow- stars over its entire lifetime for short orbital periods (Mou
ing interest about their nature and properties. Since tis¢ fiet al. 2005). Launched in 2009, Kepler will extend the survey
planet discovered around another solar-type star in 198f@¥ to Earth-sized planets located in the habitable zone oftat@u
& Queloz 1995), nearly 370 extrasolar planets have been @gain sequence stars (Borucki et al. 2007). After 4 years|dtep
tected and many more are expected to be unveiled by ongoingsRbuld have discovered several hundred of terrestrialepdan
future search programmes. Most extrasolar planets dettscte with periods between one day and 400 days. After this initial
far have been identified from the ground by indirect techegju reconnaissance by CoRot and Kepler, the Space Interferpmet
which rely on observablefiects induced by the planet on its parpMission (SIM PlanetQuest) might provide unambiguously the
ent star. From the ground, radial velocity measurementswife mass of Earth-sized extrasolar planets orbiting in thethhls
rently limited to the detection of planets about 2 times assiv@  zone of nearby stars by precise astrometric measuremeitts. W
as the Earth in orbits around Sun-like and low-mass stary¢Ma CoRoT and Kepler, we will have a large census of Earth-sized
et al. 2009) while the transit method is limited to Neptureed extrasolar planets and their occurrence rate as a functiearo
planets (Gillon et al. 2007). Thanks to the very high prexisi jous stellar properties. However, even though the comiposit
photometry enabled by the stable space environment, tite fisthe upper atmosphere of transiting extrasolar planaisbea
space-based dedicated missions (namely CoRoT and Keper)gobed in favorable cases (e.g., Richardson et al. 200 no

now expected to reveal Earth-sized extrasolar planetsamgitr of these missions will directly detect the photons emittgdHe
measurements as well. Launched in 2006, CoRoT (Convection

Rotation and planetary Transits) has detected its firsasatar
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planets which are required to study the planet atmospheits a
eventually reveal the signature of biological activity.

Detecting the light from an Earth-like extrasolar planet is
very challenging due to the high contrast1(’ in the mid-
IR, ~10' in the visible) and the small angular separatien (
0.5 urad for an Earth-Sun system located at 10 pc) between the
planet and its host star. A technique that has been proposed t
overcome these fficulties is nulling interferometry (Bracewell
1978). The basic principle is to combine the beams coming fro
two telescopes in phase opposition so that a dark fringeaappe
on the line of sight, which strongly reduces the stellar siois
Considering the two-telescope interferometer initialtggosed
by Bracewell, the response on the plane of the sky is a series
of sinusoidal fringes, with angular spacing . By adjusting
the baseline lengthb} and orientation, the transmission of the
off-axis planetary companion can then be maximised. However,
even when the stellar emission idistiently reduced, it is gen-
erally not possible to detect Earth-like planets with aistatray
configuration, because their emission is dominated by tée th
mal contribution of warm dust in our solar system as well as
around the target stars (exozodiacal cloud). This is theorea
why Bracewell proposed to rotate the interferometer sottieat
planetary signal is modulated by alternatively crossirghtand
low transmission regions, while the stellar signal and thekb
ground emission remain constant. The planetary signalteam t
be retrieved by synchronous demodulation. However, a rapid
tation of the array would be fficult to implement and as a re-
sult the detection is highly vulnerable to low frequencyftdrin

Angle of Regard
between 46° and 83°

Anti-Sun

Diraction

: P : Fig. 1. Representation of the ARwin/TPF space interferometer in its
the stray light, thermal emission, and detector gain. A nem aseline “Emma X-array” configuration éger & Herbst 2007). It in-

ﬁf mterr]ferobmeter conflgL(ljratlonsfwnh fmore thag tIW‘.) Co”ﬁgt cludes 4 telescopes and a beam combiner spacecraft, deployed-and ob
ave then been proposed to perform faster modulation anel 0V&ing at the Sun-Earth Lagrange point L2. At any given time, it can

come this problem by using phase chopping (Angel & Wooljserve an annular region on the sky betweerad@l 83 from the anti-
1997; Mennesson & Mariotti 1997; Absil 2001). The principfe solar direction. During one Earth year, this annulus rotates and gives

phase chopping is to synthetize twdfdient transmission mapsaccess to almost all regions of the celestial sphere.

with the same telescope array, by applyinfjetent phase shifts

in the beam combination process. Byfdiencing two dierent

transmission maps, it is possible to isolate the planetaryas

from the contributions of the star, local zodiacal cloudhzpdi- assessment studies of thedwin mission, carried out by EADS
acal cloud, stray light, thermal, or detector gain. Phasppimg Astrium and Alcatel-Alenia Space. Two array architecturage
can be implemented in various ways (e.g. inherent and iakertveen thoroughly investigated during these industrialisgidhe
modulation, Absil 2006), and are now an essential part efréut four-telescope X-array and the Three-Telescope NulleNTT
space-based life-finding nulling interferometry missisosh as Karlsson et al. 2004). These studies included the launakineeq
ESAs Darwin (Fridlund et al. 2006) and NASAs Terrestrialments, payload spacecraft, and the ground segment duriich wh
Planet Finder (TPF, Lawson et al. 2008). The purpose of #is ghe actual mission science would be executed. Almost sanult
per is to assess the impact of exozodiacal dust discs on the peously, NASAIPL initiated a similar study for the Terrestrial
formance of these missions. After describing the nominal pd°lanet Finder Interferometer (TPF-1, Lawson et al. 2008gse
formance of Drwin/TPF, the first part of the study is dedicatecfforts on both sides of the Atlantic have finally resulted ina-co
to centrally symmetric exozodiacal discs which are supmges vergence and consensus on mission architecture, the Iso-cal
by phase chopping and only contribute through their shateoi non-coplanar or Emma-type X-array (represented in Fig. 1).

If they are too bright, exozodiacal discs can drive the iraggn
time and we investigate the corresponding impact on the eam
of planets that can be surveyed during the mission lifetimghe

second part, we address the impact of asymmetric strudtureshe baseline design consists of four 2-m aperture collector
the discs (such as clumps anfiset) which are not canceled byspacecraft, flying in rectangular formation and feedingtlitp
phase chopping and can seriously hamper the planet detecti§e beam combiner spacecraft located approximately 1200 m
process. above the array. This arrangement makes available baseime

to 70 m for nulling measurements and up to 400 m for the gen-
eral astrophysics programme (constructive imaging). N

the size of the collecting apertures has not yet been fixed and
Considerable fort have been expended in the past decade byl influence the final cost of the mission. The optical layou
both ESA and NASA to design a mission that provides the reeparates the nulling and imaging functions, the shoriest-b
quired scientific performance while minimizing cost anchige lines being used for nulling and the longest ones for imaging
cal risks. After the investigation of several interferogredrchi- This configuration has the advantage of allowing optimairtgn
tectures, thesefi®rts culminated in 2005-2006 with two parallelof the shorter dimension of the array for starlight suppoess

B’.l. Instrumental concept

2. DARWIN/TPF overview
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Table 1. Instrumental parameters considered in this study for | r4escope 1 Telescope 3
DArRwIN/TPF.
- Tel 2 Tel 4
Instrumental parameters Emma X-Array Design @ @

Max. baselines [m] 400 67

Telescope diameter [m] 2.0

Field of regard 46t0 83

Optics temperature [K] 40

gfl':r::ttl? rrnteﬁin;%enrgt/ure [K] 7008A) Tran_sfer Tran_sfer Tran_sfer Tran_sfer

Instrument throughpét 10% Optics Optics Optics Optics

Science wavebangifn] 6.0-20.0

Modal filtering [um]® 6.0-11.311.5-20.0 obL 5:::::::; FIIIIE

Spectral resolution 60 + P

Instrumental stability Tip-Tilt 4 77777 I

- rms OPD error [nm] 15 mirror mirror 77777 L TTTTT
- rms amplitude error 0.05% +

a excluding ideal beam combiner losses and couplifigiency. Adaptive | | Adaptive | ____ 5 pi---os Adaptive
b see section 3.2. nuller nuller i i i i nuller
c . [

see section 3.4. N W ‘ ¢

Nl 7
A N > opD 7 v
while keeping a significantly longer dimension to providejid ' ﬁ@i )
modulation of the planet signal as the array rotates. Ther&ya

11 phase
shift

0 phase
shift

11 phase
shift

Beam combiner

design is also appropriate to implement various technidoes
removing instability noise, which is one of the dominantseoi
contributor (see appendix A). The assessment studiesdeitl
an imaging to nulling baseline ratio of 3:1, based on sdienti
and instrument design constraints. A larger ratio of 6:1lcdou w2 PhaseH Cross
nonetheless improve performance by simplifying noise cedu chop combiner
tion in the post-processing of science images (Lay 2006¢. Th
optical system architecture is represented by the blodjrdm filtering
in Fig. 2 with the following elements in the optical path:
detection

— four spherical primary mirrors located on a virtual ) ) )
paraboloid and focusing the beam at the paraboloid’s fbig- 2.Block diagram of the Brwiy/TPF optical layout. Feed-back sig-
cal point. The virtual parabola focal length has been set R@'s driving the tip-tiltOPD control are represented by dashed lines.
1200 m, resulting from a tradeffabetween dierential po-
larisation dfects and inter spacecraft metrology capability,

as well as to enable the implementation of longer baselines tions are however necessary to demonstrate that they are us-

for an imaging mode; ) able in the 17.5-20.@m wavelength range, Ksendzov et al.
— transfer optics consist of all the equipment needed to col- 2008);

lect and redirect the incoming beams towards fixed direc= 3 detection assembly controlled at a temperature of 8K and

tions whatever the interferometer configuration. This in- connected to the fibres.

cludes mainly tip-tilt mirrors to handle array reconfigimat

a derotator to handle the array rotation and a common two or Darwiv/TPF would be placed around the second Lagrange

three mirror telescope to achieve beam collimation; point (L2) by an Ariane 5 ECA vehicle. L2 is optimal to achieve
— optical delay lines (ODL) to adjust the optical pattfei- passive cooling of the collector and beam combiner spaftecra

ences (OPD); down to 40 K by means of sunshades. An additional refrigerato
— fast steering mirrors to correct for tip-tilt errors; within the beam combiner spacecraft cools the detectonasse

— deformable mirrors to compensate for quasi-static errdpdy to 8 K. Due to the configuration of the array and the need for
such as defocus and astigmatism which are due to the g&éar avoidance, the instantaneous sky access is limitead 4-
of spherical mirrors; nulus with inner and outer half-angles of*4énd 83 centred on

— achromaticr phase shifters to produce the destructive intethe anti-sun vector (see Fig. 1, Carle 2005). This annuaustts
ference of on-axis stellar light (using Fresnel Rhombs fdhe entire ecliptic circle during one year, giving accesaltoost
instance, Mawet et al. 2007); the entire sky.

— 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; The main scientific objectives of ARwin/TPF are the detection

— coupling optics to focus the outputs of the cross-combinef rocky planets similar to Earth and the spectroscopicyeisl
into single mode fibres. Chalcogenide fibres can cover swaf-their atmospheres at mid-infrared wavelengths (6 u20.
cessfully the wavelength range 6.0-1&h (Ksendzov et al. In addition to presenting an advantageous/ptanet contrast,
2007) and silver halide fibres can be used for modal filteringis wavelength range holds several spectral featuregaretéor
in at least the 10.5-17 f&am spectral range (further investiga-the search of biological activity (CQH.O, and Q). The ob-

5.2. Scientific objectives
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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 acebalitable zone
Exozodiacal density Three times our solar system, based on Kelsadll ificelsall et al. 1998)
Mission duration 5 years (2 years for survey and 3 years for ctersation)

Retargeting time 6 hours

Integration diciency 70% (accounting for overhead loss)

Target stars Darwin All Sky Survey Catalogue (DASCC, Kalteneggat. 008)
Earth-like planet per stan{) 1

Habitable zone 0.7 - 1.5 AU scaled witt'2

Time allocation 10% F, 50% G, 30% K and 10% M stars

Array rotation period 50000 seconds (not scaled with the array basetigth)

SNR threshold for detection 5

SNR threshold for spectroscopy 5 (§03) and 10 (CQ,03,H,0)

serving scenario of Erwin/TPF consists of two phases, detecThe duration of detection and spectroscopy phases can be ad-
tion and spectral characterisation, whose relative dumatan justed to optimise the scientific return and is nominallytee2

be adjusted to optimise the scientific returBuring the detec- and 3 years respectively. The parameters and assumptieds us
tion phase of the mission (nominally 2 yearsyeiiv/TPF will  are summarized in Table 2.

examine nearby stars for evidence of terrestrial planetduA

ration of 3 years is foreseen for the spectroscopy phase for .

total nominal mission lifetime of 5 years. An extension to 1§-1:1- Déetection phase

years is possible and will depend on the results obtaineid@lur The starting point of the simulations is the target starlogtze.
the 5 first years. Such an extension could be valuable toebsegsiven a specific interferometer architecture, the simuléitet
more M stars (only 10% of the baseline time being attributed fgentifies the stars which are observable from L2. For each of
them), search for big planets around a significantly largens these observable stars, the basic calculation consista asa
ple of stars, and additional measurements on the most#titege sessment of the required integration times to achieve an use
targets already studied. . specified SNR for broad-band detection of a hypotheticait=ar

_ The DarwiN/TPF target star list has been generated from thge planet located inside the habitable zone. The halgitabhe
Hipparcos catalogue, considering several criteria: tistadce s agssumed to be located between 0.7 and 1.5 AU for a G2V star
(< 30 pe), the brightness<(12 V-mag), the spectral type (F, G,and is scaled with the square root of the stellar luminosityy.
K, M main sequence stars), and the multiplicity (no compasio sjnce the location of the planet around the star is a priofi un
within 1”). The corresponding star catalogue contains 1229 sighown, the integration time is computed from the requiremen
gle main sequence stars of which 107 are F, 235 are G, 536 arer$y it should ensure the detection of a planet for at lea% 90
and 351 are M type (Kaltenegger et al. 2008). The survey of thethe possible locations in the habitable zone. Assumiag-pl
DarwiN/TPF stars and the possible detection of terrestrial plagrs uniformly distributed along habitable orbits, thisuigs the
ets will start a new era of comparative planetology, esilgdi®  computation of the probability distribution for finding aapiet
studying the relationship between habitability and stedlear- gt 5 certain angular distance from the star. For each planeta
acteristics (e.g. spectral type, metallicity, age), planesystem qsition, the maximum SNR is computed by optimisation of the

characteristics (e.g. orbit), and atmospheric compasitio baseline length. The thermal flux of the habitable planesis a
sumed to be identical to that of Earth irrespective of théadise

3. Simulated performance to the star. The exozodiacal clouds are simulated by asgumin
a nominal dust density 3 times larger than that in the solsr sy

3.1. The science simulator tem and a dust sublimation temperature of 1500 K. Under the as

The performance predictions presented in this paper hae b umption that the exozodiacal emission is symr_netric arobed
computed using the Bxwin science SlMulator developed at arget star, itwill be suppressed by phase chopping, anelitite

ESAESTEC DarwinSIM, den Hartog 2005b). This SimulatoronIy contributes to shot noise. The noise sources includetha

has been subject to extensive validation the past few years %?;ctarll?:llzi;sonat\rr:zﬂtrlnggirf;gnmta?tﬁ;?;rfsgzgiy :gﬁﬁldmgx
its performance predictions were recently reconciled wisim- ’ 9

ilar mission simulator developed independently at NABA noise is also present and is partly mitigated by phase chgppi

for the TPF mission (Lay et al. 2007). The two simulation SOOIA complete l.'SF can be fou_nd In s

have shown a very good agreement in SNR, giving similar inte- After the initial integration time assessment for deter,t.the
gration times for all the Darwjfi PF targets with a discrepancy, argets are sorted by ascending integration time, remdwng
lower than 10% in average (Defie et al. 2008b). These twothe list the targets for which the total integration timeeagis the
simulators have the same basic purpose. For a given ingtrum tal time during Wh'ch they are visible from L2. COHSI_d@’Iﬂ

tal configuration and target catalogue, they assess theerohb slew time for re-targeting (nominally 6 r:)ours) and dfoency
terrestrial planets that can be detected in the habitabie pb for the remaining observing time of.70.A), the SO”e.d list it cu
nearby main sequence stars and the number of possible fo':_ﬂ& at the moment when the cumulative integration time exceeds

up spectroscopic observations during a nominal missioe.tin{ €. nominal survey period. Accounting for a specific time-ll
PSP P 9 cation for each spectral type (10% F, 50% G, 30% K and 10% M

1 The detection phase might not be necessary if the targets are idgi@rs), the resulting list defines the number of targetschiate
tified in advance by radial velocity or astrometric surveys. surveyed during the detection phase. The actual numbeanf pl
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ets found will then depend on the number of terrestrial glane

present in the habitable zone of target stags.( ) o )
Coupling efficiency of Darwin/TPF
L B B B B

——: on—axis

3.1.2. Spectroscopy phase

. off—axis

The number of targets which can be characterised by spec-
troscopy in a given time is computed similarly. Thefelience
with the detection phase is that the integration times ame-co
puted for a given position in the habitable zone. The proper
procedure would be to take into account all possible passtio
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, thaltot
integration time is determined by the requirement to detteet 0.75
absorption lines 0D3;, CO, andH,0 to a specified SNR. For
the spectroscopy ofO, and O3 (without H,O), an SNR of
5 would actually be dfticient for a secure detection (Fridlund 0.0 ‘ ‘ ‘ ‘ ‘ ‘
2005). Considering the spectroscopyHfO is relatively more e s o . s e T
complex. Recent results suggest that, using a spectrdltieso Wavelength [m]

greater than 20, an SNR of 10 from 7.2 toi@f would be suf-

ficient for H,O, CO,, andO; spectroscopy (private communica+ig-3. Coupling dficiency for Diewin/TPF with respect to the wave-
tion with F. Selsis, L. Kaltenegger and J. Paillet). In parr, length for an on-axis source an_d for a source with a fix@awis angle, _
these results suggest that tHeO band located below 7;2m, _correspondlng to an Ear;h orbit around a Sun at 10 pc. The coresradiu
which is much more time-consuming than tHgO band beyond is chosen so as to stay single-mode on the whole wavelength.
17.2um, could be discarded.

_ Two types of spectroscopic analysis are considered: the Stgyscopy is about 5% between the optimised 2-band and 3-band
ing spectroscopy, where the array is kept in a position sbah tcases (den Hartog 2005a). Considering the use of two fibers (r
the_ planet resides on a peak of the modulation map, and Fheéﬁemively on the 6.0-12m and 12-2Qum wavelength ranges),
tating spectroscopy, where the array keeps on rotating @ih Fig. 3 shows the couplingciency for an on-axis source and for
spect to the target system so that the planet moves in and ouf Qoyrce with a fixedft-axis angle, corresponding to an Earth or-
the peaks of the modulation map. Staring spectroscopy i€ Mt around a Sun at 10 pc. The couplinj&ency remains above

efficient in terms of signal acquisition, but requires an adeurazoos over the whole wavelength band of each fiber.
knowledge of the planetary orbit. As for the detection phtse

total spectroscopy integration time should not exceed dted t ) o
time during which the target is visible during the charaster 3.3. Modulation efficiency
tion phase. Accounting again for a given fraction of ovethe

e s o sk et onseaUence of he ChoppINg rOCESs Wich s mands:
of th,e nominal characterisation period. The number of pgkan ory to get rid .Of background _noi_se sources such as exozz_nldiac
that can be characterised is then given. with the assumptatn ea}nd local zodiacal cloud emission. For the X-array configura
there is one terrestrial planet in the habitable zone of &aget tm_)n, the outputs of two Bracewell interferometers are CM
star fo=1) with opposite phase shifts(r/2) to produce two transmission
oT maps (or “chop states”). Berencing the two transmission maps
gives the chopped response of the interferometer, the llEmca
3.2. Coupling efficiency modulation map, which contains positive and negative &alue
by construction (see Fig. 4). Since the value of the modcarati
Coupling the optical beams into optical fibers is an essentimap varies across the field-of-view, the position and fluxhef t
part of the wavefront correction process, which is requiced planet cannot be unambiguously inferred and an additievel |
deep nulling. The theoreticalficiency of light injection into an of modulation is mandatory. This is provided by the rotatién
optical fiber depends on several parameters: the core raéliughe interferometer (typically with a period of 1 day). Theupé-
the fiber, its numerical aperture, the wavelength, the diametary signal is therefore modulated as shown on the rightgfart
of the telescope and its focal length (Ruilier & Cassaing1300 Fig. 4. In order to retrieve the planetary signal, the mosh-co
The method used in the simulator consists in choosing fiest thon approach is correlation mapping, a technique closely re
core radius of the fiber so as to ensure single-mode propalgged to the Fourier transform used for standard image synth
tion over the whole wavelength range. The f-number of the cosis (Lay 2005). The result is a correlation map, displayedafo
pling optics can then be optimised to give the maximum cosingle point source in the lower right part of Fig. 4. Thisnep
pling efficiency at a chosen wavelength and more importantly, sents the Point Spread Function (PSF) of the array. Thispsyc
provide a roughly uniformly high couplingiéciency across the illustrated here for a single wavelength, is repeated actios
whole wavelength band. The coverage of the full science bawdvelength range, and the maps are co-added to obtain the net
of Darwin/TPF with one optical fiber is generally prohibitedcorrelation map. The broad range of wavelengths planned for
since the coupling féciency drops rapidly with respect to theDarwin/TPF greatly extends the spatial frequency coverage of
wavelength. Increasing the number of fibers improves the cdbe array, suppressing the side lobes of the PSF.
pling efficiency but at the expense of complexity. In particular, After chopping and rotation, the part of the incoming sig-
it has been shown that the loss of targets for detection agct spnal which is actually modulated and retrievable by synchusn

0.85

Coupling efficiency
o
[
o
S A s o e e e e LB

N
(@]

¥ he modulation of the planetary signal during the obseoveits
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Fig. 4. Overview of phase chopping for the X-array configuration. Combitiiegoeams with dierent phases produces two conjugated transmis-
sion maps (or chop states), which are used to produce the choppehses Array rotation then locates the planet by cross-correlation of the
modulated chopped signal with a template function.

demodulation is proportional to the “rotational modulatief-
ficiency”. It is shown for the X-array configuration in Fig. 5. ©
It depends on the radial distance from the star and reache@j &5
peak value of 0.56 with an asymptotic value of 0.44. Since the

planet position inside the habitable zone is a priori unkmoitv = _ 0.4
is desirable that thefiective modulation ficiency is as uniform =
as possible across the habitable zone to avoid too many-recgno-3
figurations of the interferometric array. Note that the tiotzal
modulation diciency for several array configurations has beeg
investigated by Lay (2005). 5
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3.4. Instability noise

o
o

Instability noise is defined as the component of the demaeldila

nulled signal that arises from phase, amplitude and paléois Fig. 5. Rotational modulation féciency for the Emma X-array with a
errors (Lay 2004). The power spectra of these instrumeffital 6:1 aspect ratio.

fects mix with each other so that perturbations at all freqies,

including DC, have anféect. Spacecraft vibrations, fringe track-

ing offset, control noise, longitudinal chromatic dispersiord a
birefringence are at the origin of the phase errors wheipidtt
defocus, beam shear, andfdrential transmission produce am
plitude errors. These phase and amplitude errors induceea ti
dependent asymmetry between the two chop states so that
modulation map does not remain centered on the nominal

S'tf':’n tqfr:hef lt'ﬁe otf ?l'.g?]tt ("er' Fhe FiﬁS”l'gndOfl t?enstarr).ne(; control the level of shot noise from the stellar leakage that a

a Iraction of the starlight survives the moduiation procass depth of~ 1078 is required to prevent instability noise from
mixes with the planet photons. Although a simple binary phaﬁ oming the dominant source of ndisén particular, a 10°
chop removes a_number of_these systematic errors, it has no %ﬁ requires rms path control to within about 1.5 nm, and rms
fect on the dominant amplitude-phase cross terms and on plitude control of about 0.1% '
rcgr_np(?vaeSItrrl]ge ir;gtrgh;ggrgr:zrgovﬁph?lﬁ g?gopfér:goi?:gerg]iggqca In order to relax these very stringent requirements, sévera
tary signal, Three independent studies (Lay 2004; d’Ar€ioS, echniques have been investigated (Lay 2005; Lane et ab;200
Chazelas et al. 2006) have reviewed the instrumental ®qUIr 2 The current state-of-the-art for broadband nulling experiments
ments on the Brwin/TPF mission that reduce the instrumentgk a 105 null which has been recently demonstrated aturh0
stellar leakage to a fiiciently low level for Earth-like planet (Ai/lambda=34%) with the adaptive nuller (Peters. et al. 2009).

THetection. Assuming the presence ¢ftype noise, these stud-
ies showed that the requirements on amplitude and phasetont
‘are not driven by the null-floor leakage, but by instabilitise.
onsidering a Dual-Chopped Bracewell (DCB, Lay 2004) with
- aperture telescopes operating auf(Q the diferent anal-
Fg%'es show that a null depth ef 107° is generally sfficient to
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Table 3. Detailed view of the various contributors to the noise budget, given in phlettirons persecond over the 6:20 wavelength range for
DarwiN/TPF in the Emma X-array configuration. The final SNRs are computedaosingle 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 modulationficiency 0.57 0.58 0.58 0.58

Planetary couplingféciency 0.76 0.76 0.76 0.75

Stellar signal [gs] 2.6x 107 2.1x 10 1.3x 10 2.1x 10

Planetary signal [¢s] 5.52 1.39 0.62 0.35

Photon noise [és] 0.459 0.388 0.358 0.365
- Geometric leakage [£s] 0.304 0.179 0.101 0.078
- Null-floor leakage [&'s] 0.019 0.017 0.013 0.017
- 3-zodi signal [efs] 0.077 0.078 0.075 0.121
- Local zodiacal signal [¢s] 0.260 0.260 0.260 0.260
- Detected thermal [¢s] 0.101 0.101 0.101 0.101
- Detected stray light [¢s] 0.166 0.166 0.166 0.166
Dark current [efs] 0.063 0.063 0.063 0.063
Detector noise [¢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 [6s] 0.021 0.008 0.002 0.001
- Second order phase-amplitude/§- 0.014 0.012 0.007 0.012
Total noise [efs] 0.460 0.388 0.358 0.365
Integrated SNR (one rotation) 16.0 4.4 2.1 1.1
Integration time for SNR5 [h] 1.36 17.9 81.8 285

Gabor et al. 2008). Discussion of these mitigation techesqu —

The stellar signal represents the total number of photo-

is beyond the scope of this paper, where we assume that insta-electrons that are generated by stellar photons detected in

bility noise is stficiently low to ensure the $0 spectroscopy

at 7um 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 de-
rive the constraints on the instrument stability such thata-
bility noise is dominated by shot noise by a factor 5 girnd
over one rotation periodt{;) of 50000 seconds (with a spec-
tral resolution of 20). Consideringfitype PSDs defined on the
[1/t,0,10%] Hz range, this corresponds to residuals rms OPD and
amplitude errors of about 1.5 nm and 0.05% respectivelysé&he —
values will be used thorough this study (see appendix A for fu
ther details). Although our computation has been doneuat 7
where instability noise is much higher than a9, these con-
straints are not far from the values derived by Lay (2004) for
two reasons. First, the telescopes considered here arkesstal
that shot noise is relatively more dominant than in the previ
ous analyses (shot noise is proportional to the square fdbeo
stellar flux while the planetary signal and instability reo@re
directly proportional to the stellar flux). Secondly, theeirfier-
ometer configuration is stretched by comparison with the DCB
so that the planetary signal is modulated at higher fregesnc
where the instability noise is lower assumingtype PSDs.

3.5. Signal-to-noise analysis

In this section, we present thefidirent sources of noise simu-
lated byDarwinSM and the level at which they contribute to the
final SNR for four targets representative of therRyin/TPF cat-
alogue: an MOV star located at 5 pc, a KOV star at 10 pc, a G2V

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 fejec
tion of the stellar photons due to the finite size of the star
and the non-null response of the interferometer for snféll o
axis angles.

Null-floor leakage accounts for the stellar photons thdkt lea
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 intensitiehef t
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 th
solar zodiacal cloud, taking into account the spacecraé-lo
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 tastgt,
thermal photons from the instrument and any solar photon
that are scattered into the instrument. We assume a nominal

star at 15 pc and an FOV star at 20 pc. The noise budget of eachvalue of 10 photons per second and per spectral channel.

source is shown in Table 3 for a single rotation of 50000 s anct
for the optimum baseline length (computed by minimizing the
integration time). The diierent contributors are described here-
after.

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.
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G2V star at 15pc (one rotation)
LA L B B, S L, L S S L L

~ Table 4. Expected performance in terms of number of stars surveyed

108 ; gi‘;:e* g and planets characterised during the nominal 5-year mission for gariou
N local zodi | A telescope diameters and planet radii. All stars are assumed to host a
E 108 \ - — — — :Exozodi i planet in the habitable zone and to be surrounded by an exozodiacal
T : Stellar leak. cloud 3 times denser that in the solar system.
» r : Thermal q
> 104k — — — : Detector i .
a Telescope diameter 1-m 2-m 4-m2-m 2-m
5 L. e e Planet radiusRes] 1 1 1 15 2
S 1020 ToeecctC o oo Detection
@ T T T T T s L T T T T j Surveyed (5years) 89 303 813590 921
3 100 e T . Surveyed (2 years) 58 189 497370 564
= | et e R # F stars 3 10 35| 27 46
A # G stars 11 43 136 96 164
1072 7 #K stars 14 61 183 130 206
e L L A b e L e e L L # M stars 30 75 143 117 148
6 8 10 12 14 16 18 20 Spectroscopy
Wavelength [um] Staring C0,,05) 20 64 199| 132 234
e Rotating C0O,,05) 20 43 127 89 159
b. -1.00 #F stars 0 2 5| 4 8
0.100 | ——e T, 3 # G stars 2 7 25| 17 36
c ; T ] #K stars 2 10 40| 24 46
s i i Lo s ] # M stars 16 24 67| 44 69
q r i - © Staring H.0) 15 32 101| 71 121
) Foo 1 S Rotating H,0) 11 21 60| 48 83
< i N #F stars 0 1 21 2 4
€ 0-010¢ ] 40.10 > # G stars 0 4 11| 8 16
K i 1 g #K stars 2 5 18| 11 22
3 [ ] @ # M stars 9 11 39| 27 41
§ ,_ - ——— : Planet 4
3 T B - : Shot noise| |
0.001 3 S \SnNs'; noise
b vs o ——.40.01 signal and noise sources from 6 to/28 gives an SNR of about
6 8 10 12 14 16 18 20 2 (see table 3) so that about 6 rotations of the interferametr
Wavelength [um] array would be necessary to achieve the detection of thesplan

with an SNR of 5. For spectroscopy, the integration time bas t
) . . .. be much longer since the individual SNR in each spectral-chan
Fig. 6.Input (a) and detected (b) signals for an Earth-like planet orbltlr}gpl is significantly lower. For instance, about 150 rotagiofthe

at 1 AU around a G2V star located at 15 pc. The demodulated signla}]% rferometric arrav would be n vt hieve an SNR
are computed over a single rotation of 50000 s. 10eatelgzme C array wou € necessary (o achieve a 0

L . . }3’.6. Expected performance
— Detector noise is computed assuming a read-out noise of 4

electrons rms and a typical read-out frequency of 1 Hz.  Considering the assumptions given in Table 2, the simulated
— Instability noise has been discussed in section 3.4. Itis-coperformance of Rrwin/TPF is shown in Table 4 for various
puted for rms OPD and amplitude errors of 1.5nm armaberture sizes and planet radii. Considering Earth-raolas-
0.05% respectively (and defined offi-ype power spectra). ets within the habitable zone, about 200 stars, well spresihg
the four selected spectral types, can be surveyed duringpiine

As expected, shot noise is the dominant contributor for afial 2-year detection phase. This number reaches about B0 w
targets (we have derived the constraints on the instrumant st-m aperture telescopesaBvin/TPF will thus provide statisti-
bility so that instability noise is not dominant in sectiomt3 cally meaningful results on nearby planetary systems. resdly
The emission of the local zodiacal cloud is generally the dorindicated by Table 3, nearby K and M dwarfs are the best-duite
inant source of shot noise but geometric stellar leakagetaad targets in terms of Earth-like planet detection capabditi
exozodiacal dust also produce a significant part of it. liita For the spectroscopy phase, a required SNR of 5 has been
noise is dominated by second order phase-amplitude cnoss teassumed for the detection 600, and Os, as discussed in sec-
as pointed out by Lay (2004) and contributes weakly to the ition 3.1. For the full characterisation (i.e. searchingtfe pres-
tegrated SNR. The dependence on the wavelength is showreite ofH,0, CO,, andOs), the required SNR has been fixed to
Fig. 6 for the G2V star located at 15 pc. The upper figure ref® on the 7.2-2Qim wavelength range. With these assumptions,
resents the dierent input signals, showing that stellar leakagéO, and O3 could be searched for about 40 planets (resp. 60)
dominates at short wavelengths while the local zodiacalclowith rotational spectroscopy (resp. staring spectroscapyle
emission is dominant at long wavelengths. The lower figuié,O could potentially be detected on 20 (resp. 30) planets
represents shot noise, instability noise and the detedtgls during the 3-year characterisation phase. These valuetdwou
from the planet. The SNR is also represented and measuredierroughly halved for 1-m aperture telescopes. Although sta
the right-hand side vertical axis. It is maximum aroundutr ing spectroscopy presents (as expected) better resuliipral
where the planetary signal peaks, and decreases rapidyrdowspectroscopy is more secure since it does not rely on an accu-
short wavelengths, suggesting that the spectroscopy ae thete localisation of the planet. It is also interesting ttertbat in
wavelengths would be the most time-consuming. Integrating the case of planets with radii 1.5 time as large as that ohEart
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Fig. 7. Impact of the exozodiacal dust density on the SNR féliedént Fig. 8. Maximum number of zodis with respect to the target distance
target stars. The exozodiacal disc is assumed to follow the Kelsall mottal the Darwin/TPF target stars. The maximum number of zodis corre-
(Kelsall et al. 1998) and to be seen in face-on orientation. The horizord@onds to an increase of integration time by a factor two with respect to
dotted line corresponds to an increase of integration time by a factoth2 0-zodi case.

with respect to the 0-zodi case.

. First results have been obtained only very recently usiagsii
;gfnr]‘gmg%rocgbﬁgnem for whidh,O spectroscopy could be Pe"cal infrared interferometry at the CHARA array (Mount Witso

) USA) and at the VLTI (Cerro Paranal, Chile). These instruteen
have revealed the presence of hot dust in the inner part of pla
etary systems around a few nearby main sequence stars with
a sensitivity of approximately one thousand zodis (Absihlet
The amount of exozodiacal dust in the habitable zone of year2006; Di Folco et al. 2007; Absil et al. 2008b, 2009; Akeson
main sequence stars is one of the main design drivers firal. 2009). Recent observations using ground-baseahguitl
the Darwin/TPF mission. Depending on their morphology anterferometry at the Keck observatory (Mauna Kea, USA) have
brightness, exozodiacal dust clouds can seriously hanfiger shown improved sensitivity to exozodiacal dust clouds cha f
capability of a nulling interferometer to detect and chégeise hundred zodis (Stark et al. 2009). Given the lack of infoiorat
habitable terrestrial planets. Under the assumption thigten- on exozodiacal clouds with densities of a few zodis, we itives
trally symmetric around the target star, the exozodiacalid! gate in this section the impact of exozodiacal dust densitthe
is suppressed by the chopping process, and therefore only geerformance of Rrwin/TPF.
tributes to shot noise. An exozodiacal cloud similar to teal Considering centrally symmetric face-on exozodiacalglisc
zodiacal disc emits 350 times as much flux apufi®than an Fig. 7 shows the SNR (normalised to the SNR for no exozodi-
Earth-like planet, so that it generally drives the inteigratime  acal cloud) integrated over the 6-2 wavelength range as a
as the disc becomes a few times denser than the local zodidggattion of the exozodiacal dust density for the 4 typicatéd
cloud. A previous study performed for the DCB with 3-m apestars used in section 3.5. We consider the normalised SNR be-
ture telescopes observing a G2V star located at 10 pc has de@ise it does not depend on the integration time (the planeta
to the conclusion that detecting Earth-like planets arcaistar  signal is removed from the equation) which has the advantage
for which the exozodiacal cloud density is larger than 20igodo provide a common basis to compare th&aient target stars.
would be dfficult (Beichman et al. 2006). Nevertheless, the tol-ooking at Fig. 7, the impact of the exozodiacal dust derity
erable amount of dust around a nearby main sequence stdy highe normalised SNR is particularly harmful for the hottest t
depends on several parameters such as the telescope sizegdbstars which present the brightest exozodiacal disasthigo
target distance and spectral type. Another parameter wigioh FQV star located at 20 pc, the normalised SNR is reduced by
affect the performance of the interferometer is the presencesdfactor of about 2.5 between the 0 and 100-zodi cases while
asymmetric structures in the exozodiacal disc such as dwmnp for the MOV star located at 5pc it is only reduced by a factor
offset due to the presence of planets. These asymmetries hagé @&bout 1.5. Assuming that the integration time should reot b
different impact on the mission performance because they inti@ice longer than in the 0-zodi case (see the horizontakdott
duce a signal which is not perfectly suppressed by phase-chegrve), the maximum number of zodis are about 70, 50, 50 and
ping and can mimic the planetary signal. This section isgedu 20 respectively for the MOV star located at 5 pc, the KOV star a
on the impact of the exozodiacal dust density on the intemgrat 10 pc, the G2V star at 15 pc and the FOV star at 20 pc.
time and the consequence on the number of targets that can beThe distance of the star also plays an important role. As the
surveyed during the mission lifetime. The impact of asyntioet distance to the target system increases, the flux collected f
structures is discussed in section 5. the exozodiacal cloud decreases while the flux collectenh fro
the local zodiacal cloud remains the same for all targete Th
contribution of the exozodiacal dust cloud to the noiselleee
comes therefore relatively less important so that a higlst d
Currently, very little is known about the amount of exozediadensity can be tolerated around the target. This explairystié
cal dust in the habitable zone of nearby main sequence stargves of the G2V star and the KOV star almost coincide despit

4. Impact of the exozodiacal cloud density

4.1. Analysis per individual target
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Fig. 9. Tolerable exozodiacal dust density as a function of the numberfeifg. 10. Tolerable exozodiacal dust density foffdrent aperture sizes

targets that can be observed during the mission lifetime normaliseda®a function of the number of targets that can be observed during the

the zodi-free case (&), accounting for overheads and a specific timenission lifetime normalised to the zodi-free casgy@R The results are

allocation for each spectral type (10% F, 50% G, 30% K and 10% M)computed for the nominal mission lifetime accounting for overheads
and a specific time allocation for each spectral type (10% F, 50% G,
30% K and 10% M).

the fact that the G2V star is hotter. This behavior is illattd

in Fig. 8, showing the maximum number of zodis with respegt
. -__terms of the number of stars that have to be observed. In order
to the target distance for the wholesBvin/TPF catalogue. This :
. . . ~_to survey approximately 50% of the stars that could be oleserv
gzgmutﬁnmgu&baerf:gtéfctj\;\f’ocv?/{trﬁsrgggg;tt(:) ?ﬂé%crzeozsiecgéénr the absence of exozodiacal discs, a dust density as high as
. i - 400 zodis can be tolerated, while only 30 zodis are tolertble
depends on the iarget distance and spectral type, and can (3 gserve 90% of the stars. Considerin)é] that at least 150t8arge

value from few zodis up to several hundred zodis for the_ M%Ave to be observed during the mission lifetime (about 75% of

miﬁnﬁjﬁ?@rZ?rzﬁggfnnc?gsggsv}%t;eet:tgfatf}ﬁen;?m| the stars), exozodiacal discs with a density of about 10&zod
P ' can be tolerated around the targets stars. This tolerabtalén-

zodi constraint being more severe on F stars than on M Stasrﬁy is computed for the whole catalogue assuming that the ti
while for a given spectral type, the zodi tolerance increagi¢h allocation on each spectral type is maintained. In practize

the target distance. effect of exozodiacal dust is more pronounced for early type
stars. This behavior is illustrated in Fig. 9 for each sddype.

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.
So far we have examined the maximum exozodiacal dust d‘%1‘bnversely, in order to survey at least 75% of the stars,dhe t

sity for each target which corresponds to an integratioe i@  graple dust densities are about 10, 50, 100 and 300 zodis for F
target equal to twice the zero-zodi integration time. Ho®vev G, K and M stars respectively.

this does not tell us anything about the total number of shats These results show how important it is to observe in ad-
could be observed over the survey time of the mission. Here \ygnce the @rwin/TPF targets in order to maximize the num-
derive the exozodiacal dust density that can be tolera@ahar per of stars that can be surveyed during the mission lifetime
nearby main sequence stars so that a given number of stars §@und-based nulling instruments like LBTI (“Large Binteu
be observed during the nominal mission lifetime. Telescope Interferometer”, Hinz et al. 2008) and ALADDIN
To calculate the total number of targets that can be surveyeflntarctic L-band Astrophysics Discovery Demonstrator f
during the mission lifetime, we compute the integrationetifor  |nterferometric Nulling”, Absil et al. 2008a) would be idea
each observable target as a function of the exozodiacatiéust reach the detection of 50-zodi exozodiacal discs with a sky ¢

sity and add them in ascending order as described in secfion 3rage sfiicient to observe almost the entireuBviy/TPF cata-
Considering a slew time of 6 hours and afficency for the |ogue.

remaining observing time of 70%, the list is cuf avhen the
cumulative integration time exceeds the nominal survejoper ]
Applying this procedure to each spectral type (with the @orr4.3. Influence of the telescope size
sponding time allocation, see Table 2) and to the whole tar
list, Fig. 9 shows the tolerable dust density as a functioRf,
the ratio of the number of targets that can be observed dur
the mission lifetime in the presence of exozodiacal clodde®
given density to the number of targets that can be observed
ing the mission lifetime in the absence of exozodiacal ctou
The corresponding number of target stars that can be oluser
can easily be computed using Table 4.

As exozodiacal discs become densejpsRecreases so that 3 Detecting 150 targets has been defined by both ESA and NASA as
the tolerable dust density depends on the goal of the missiorthe minimum mission requirement foraBwiN/TPF-I.

4.2. Tolerable dust density

YRcreasing the telescope diameter hakedént influences on the

individual signal and noise sources. The planetary signal i

'Bases as Hwhile the shot noise contributions from geometric
eakage and exozodiacal cloud increase as D. The relative co
ibution from the local zodiacal cloud to shot noise is resft

or larger aperture telescopes, due to the smaller fieldeayf:

¥hce the local zodiacal cloud emission is generally onénef t
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dominant noise sources, the relative impact of the exorzatlia5.1. Methodology
cloud density on the SNR becomes therefore more signific
for larger telescopes. Using the assumptions of Table & b
havior is illustrated in Fig. 10, which shows the tolerable-e
zodiacal dust density with respect tgyRfor different aperture
sizes. N = f f Bsiy(S)R(s)P(s) fdoda Q)
0 Ja

For a given dust density, the loss of observable targets dur- . . o
ing the mission lifetime with respect to the case without-ex hereBy is the brightness distribution on the s_ky for a spec-
zodiacal disc is more important for larger aperture telpsso ral channel centered on wavelengtind a bandwidtiAl < A

For instance. the tolerable densities are 50, 30 and 15 zedis (UNIS in photons/m?), sis a unit vector whose direction repre-
spectively for 1-m, 2-m and 4-m apertures telescopes inrdode sents position on th_e sky, §(is a fl_eld-of-wew taper function
survey at least 90% of the nominal targets. These valuesmecdesumng from the size of a collecting aperture and fromrée

200, 100 and 60 zodis if 75% of the targets have to be surveyE'!;B.c’nSe of the single-mode spatial filter, &) is the intensity

Considering again that 150 targets have to be observedg:iuniﬁSponse of the interferometer on the sky (excluding therjap
the mission lifetime, dust densities as high as 100 and 6618 zo"'® ﬁot'ic"’r‘]”efﬁ‘]ragsmk'js'g” map. Expression & Cali‘ybberi""me”
can be tolerated around the target stars for 2-m and 4-m apaef'y ction of the double Fourier transtorm of the S §isi5)
tures telescopes respectively (150 targets being not taélec including the field-of-view taper, which are denoted by ai-hor
within the survey time with 1-m aperture telescopes). Due ﬁ?mal bar:

the better nominal performance achieved with 4-m aperglee t

scopes (about 500 targets surveyed during the survey tieee, S \ = AA [cost: — é)Beroi

Table 4), the maximum dust density to survey 150 targets (600 Z]: Zk: 'Ak[ 6i = 4 Buigicoym

zodis) is higher than for 2-m aperture telescopes (100 zbdis ) _

the corresponding loss of surveyed targets with respedteo t - sin; — ¢k)Bsky,j|<,asym] , (2
nominal case is much more important,{Rof 30% vs 75%). . .

In practice, larger aperture telescopes would obviouslyditer - WhereBsiysym (reSp.Bsiyasym) is the symmetric (resp. asymmet-

to maximize the scientific performance but the final choict wiic) Part of the sky brightness distribution arglthe phase re-
also result from a tradefiwith cost and feasibility. sponse of the telescopeThe total photon rate is therefore a sum

over all possible pairs of collectors. The baselines witthase
difference that is an integer multiplef{0, +r, +27) couple en-
tirely to the symmetric brightness distribution (star,dbzodia-
cal cloud, exozodiacal disc). Any asymmetric brightnessrdi
5. Impact of the exozodiacal cloud morphology bution couples entirely to baselines with a phagiedénce that
is an odd multiple ofr/2 (e.g., planet, clump). From Eg. 2, the
The previous results have been obtained assuming that the @stected photon rate from the exozodiacal disc is simplgrgiv
ozodiacal dust emission is centrally symmetric around #ne tby:
get star so that it is suppressed by phase chopping (and there _
fore only contributes to shot noise). However, exozodidils Nez = Z Z AjA [COS@ i — &K) Bezjk sym
are likely to show resonant structures or gfset with respect ik
to the central star due to the the gravitational influencenof e — sin@; — ) Bezik ] ©)
bedded planets. These resonant structures have beentededic ! Ezikasym| -
by theoretical studies (Roques et al. 1994; Liou & Zook 199%he demodulated signal from the exozodiacal disc can then be
Ozernoy et al. 2000), and similar structures have been wbsergptained (after combination of the two chop states):
in few cases around nearby main-sequence stars (e.g., 'Wilne
et al. 2002; Greaves et al. 2005; Kalas et al. 2005; Schneider 17 L R
et al. 2009). The most well-studied example of an asymmetric Oez =+ f (NE, - N&) nat, 4
disc is the solar zodiacal cloud, which exhibits severaicitires 0
interpreted as the dynamical signature of planets (Deret@t whereT is the integration time, N, (resp. N£,) the contribu-
1985, 1994; Reach et al. 1995). This trend suggests thabekoz tion of the exozodiacal disc at the output of the left (regght)
acal clouds may be full of rings, clumps, and other asymmetrichop state ang the demodulation template function. This tem-
induced by the presence of embedded planets. These asymiplete function is used to extract the planetary signal byssro
ric structures around the target star are not perfectlyeladdy correlation (Angel & Woolf 1997). It represents the timeissr
the phase chopping process and part of the exozodi signal ¢atrmalized to have a rms value of one) that would be obtained
then mimic the planetary signal. If the demodulated contribshould a planet be present at a given position. Taking into ac
tion from the exozodiacal disc is significantly higher thaatt count that the phase response of the interferometer is &ath t
of the planet, it would be dicult to isolate the planetary sig-¢- = —¢R with theg- equal to £/2, 0,x, 31/2), Eq. 3 and 4 give:
nal, whatever the integration time. As mentioned by Lay @00
asymmetric inhomogeneities at the 0.1% level of the total ex

. , . 2 . T_
zodiacal flux can be confused with a planetary signal. Thepro  o_, - = Z]: Zk: AjAcsin(; ¢k)f0 Bezjasymidt,  (5)

6}ﬂtthe output of the interferometer, the total detected phoate
(excluding stray light) can be written as (Lay 2004):

lem becomes even more serious as the dust density increases:

a 10-zodi exozodiacal disc must be smooth at the 0.01% level,

in the region to be searched for planets. Considering asymmehich shows that only asymmetric components of the brigdgne
ric exozodiacal discs, we derive in this section the tolerdiist distribution contribute to the demodulated signal. Morecip
density in order to ensure the detection of Earth-like piemdth ically, only the baselines with a “fractional- phase diference
Darwin/TPF. can produce a demodulated signal. Such baselines are rogndat
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Fig. 11. Upper: Thermal flux (6-2Qum) produced by a 10-zodi exozodiacal dust cloud around a G2\fastéour different disc inclinations (Q

30, 60° and 90) and assuming a Dohnanyi distribution of particle sizes (Dohnanyi)198@ images have been simulated assuming a Earth-mass
planet located at 1 AU on the x-axis (90 degrees clockwise from vergStatk & Kuchner 2008)Lower: Corresponding asymmetric brightness
distributions obtained by subtracting to each pixel its centrally symmetricterpart.

in order to generate odd harmonics of the rotation frequeiicy ther from the star. We used the Stark & Kuchner (2008) models
solution to mitigate the influence of the asymmetric streegin  to produce thermal emission images of inclined dis¢s 30°,
the disc is to have long imaging (“fractional) baselines that 60° and 90) with resonant ring structures. We investigated disc
resolve out the more spatially extended emission from tlee exnodels for a system with an Earth-mass planet on a circuistr or
zodi variations, leaving only the point like emission frotamp at 1 AU around a G2V star located at 15 pc and for a Dohnanyi
ets. distribution ranging in size from the blowout size up to 120
(Dohnanyi 1969). The thermal emission produced by such exo-
zodiacal discs are given in the upper part of Fig. 11 in a wave-
5.2. Impact of clumps length range of 6-20m.

The origin of some asymmetric clumpy structures, i.e. |oea- The images given in Fig. 11 can be thought of as upper-limits
sity enhancements, in exozodiacal discs may be attriboteal t t the brightness of structures due to an Earth-like pleBterrk
the gravitational influence of planets on the small dustrgrai & Kuchner (2008) ignored dust from parent bodies with large i
After their release from parent bodies via collisions or-ouglinations and eccentricities, such as comets, which wierd
gassing, dust grains experiencefient paths in the stellar sys-to wash out any resonant structure. Additionally, these etsod
tem, depending on theiffective size. Whereas the smallest paignore the dects of collisions, Wh!Ch smooth out ovgrdense re-
ticles are ejected from the planetary systems by radiaties-p gions of the disc and reduce azimuthal asymmetries (Stark &
sure in a dynamical time, larger particles slowly spiral amds Kuchner 2009). In every simulation, the parent bodies weire i
due to Pointing_Robertson drag (Robertson 1937) Wh||@i;.p|rt|a"y distributed from 35t0 45 AU in an asteroid beltdlklng

ing toward their host star, dust particles may become tearpor ' he Earth-mass planet is oriented along the x-axis (located
ily trapped in mean motion resonance with planets, extendiR6 mas on the x-axis) with a noticeable gap in the ring at its po
their lifetimes. This trapping locally enhances the péetiten- Sition. The models are truncated at half the semi-major aiis
sity, creating structures, originally described for thiasaodia- the planet, resulting in the inner holes in the images of Fig.

cal cloud as circumstellar rings, bands, and clumps (egjsafl In reality, the dust density distribution should continnevard
etal. 1998). to the dust sublimation radius in the absence of additioral p

In order to address the impact of such structures on the p%gﬁr:';sfe trr?ésaggr 'dr};‘f :,\,%Efdsgg lcjgjn?rc;\ﬂ/e\ée;nngggtggg
formance of Drwin/TPF, we use the results of Stark & Kuchnef ’ y sy

(2008), who synthesized images of circumstellar discs veith It does not contribute io the detected signal.

onant rings structures due to embedded terrestrial-magsgtsl. Introducing these images infdarwin9 M, we compute the
Among the studies that have examined the geometry of these ihopped photon rate from the exozodiacal disc as a funcfion o
onant signatures (e.g., Kuchner & Holman 2003; Moro-Iartthe array rotation angle. This is represented in the uppempa

& Malhotra 2005; Reche et al. 2008; Stark & Kuchner 2008Fig. 12 for two diferent disc inclinations (0and 60) at 10um
these images are particularly convenient for our studyesihey (left figures) and for broadband detection (6¢20, right fig-
include enough particles to overcome the limitations ofvpre ures). The density of the disc has been scaled up to 10 zodis
ous simulations, which were often dominated by variousasir and the chopped planetary signal represented for compariso
of Poisson noise, and allow for quantitative study of the mogddashed curve). In all cases, it is dominated by the chopped
eled ring structures. In addition, these images are geaveattl signal from the exozodiacal disc (solid curve) and paréidyl
terrestrial-mass planets at a few AU from the star, whereast mfor high disc inclinations. To disentangle the planetaignai
other studies concern more massive planets located much fewsm the disc signal, it is necessary to apply the crossetation
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Fig. 12. Upper: Chopped photon rate from an Earth-like planet and a 10-zodi asymndétc with respect to the rotation angle for two disc
inclinations (0 and 60) and diferent wavelength ranges (at/4® and in the full wavelength rangd)ower: Corresponding dirty map formed
from the cross correlation of the measured signal with templates of thal sigpected from a point source at each location on the sky.
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method to build the so-calledirty map. Applying cross corre- (a “false positive”). However, it could also be seen as airéut
lation of the measured signal (discplanet) with templates of way to detect the presence of a planet within the hole sincle su
the signal expected from a point source at each location @n tompact structure is expected to be created by a planet.

sky (computed using Eq. 5), the dirty maps represented in the In order to relax these stringent constraints on the exozo-
lower part of Fig. 12 are obtained. This process transfohms tdiacal dust density, more sophisticated techniques of piata
rotationally modulated signal into a map of the sky by crosgessing could be useful (e.g., Thiebaut & Mugnier 2006). The
correlation, which is equivalent to the Fourier transforsediin  capability of these techniques still needs to be investdjaind
standard synthesis imaging. The planet is located at 66 masi® beyond the scope of this paper. The only secure way to en-
the x-axis and presents a demodulated signal of about 07028 &ure the detection and characterization of Earth-likegitawith

at 10um and about 0.62 /s for broadband detection. The to-Darwin/TPF-like missions is to observe in advance the nearby
tal demodulated signal at the planet position is howeveetowmain-sequence stars in order to remove from the targethiést t
due to the negative contribution from the exozodiacal disichv  stars with a too high inclingtright exozodiacal disc. To achieve
presents a hole near the planet. The demodulation of th@edioz this goal, a space-based nulling interferometer such asl FKS
acal discs also produces main peaks which are maximum arogfiburier-Kelvin Stellar Interferometer”) would be ideaith a
30-50 mas from the host star (in agreement with the asymenetsensitivity sdficient to detect exozodiacal discs down to 1 zodi
brightness distribution in the initial images, see the lopart of (Defrére et al. 2008a).

Fig. 11). Fortunately, the high angular resolution prodidg the

long imaging baseline is fiicient to spatially distinguish these )

components from the planetary signal and only the confghut 5-3- Impact of the disc offset

from the hole around the planet significantly contributeh®

X An offset between the center of symmetry of a dust cloud and
noise level.

its host star is a natural consequence of the gravitatiotedac-

In order to ensure the planet detection, we adopt a criteriin with planets. In the solar system, the center of the acali
commonly used in AO imaging (Macintosh et al. 2003; Hinklegloud is shifted by about 0.013 AU from the Sun due mostly to
etal. 2007; Serabyn 2009). The noise level is taken to beise rJupiter (Landgraf & Jehn 2001). Thé'set can be much larger,
deviation of the pixel counts within an annulus of width equés shown in the case of the Fomalhaut system withfesebof
to the size of the PSF at half maximum. Considering a detectid> AU (Kalas et al. 2005). Even when inhomogeneities such as
threshold of 5, the results are given in Table 5 fdfefient wave- Clumps are not present, afiget cloud produces an asymmetric
lengths and disc inclinations. The tolerable disc densiyges brightness distribution such that a part of the exozodialcsd
between about 1 and 15 zodis, depending on the disc inclifégnal survives the chopping process. Using the zodipi&-pac
tion. The detection is particularly fiicult for highly inclined ag€, we produce images of solar-like zodiacal discs with a given
discs for which the asymmetric components are more domingffiset and use them to compute the demodulated signal at the
and at long wavelengths where the planetary signal is weakewtput of the interferometer. The results are presentediriB,
Combining the spectral channels to obtain a broadbandlaerreshowing the tolerable dust density with respect to the dibc o
tion map (see Fig. 12) reduces the impact of sidelobes ass@git for a G2V star located at 15 pc and foffelient wavelengths.
ated with each main peak but does not significantly improee tihe disc is assumed to be seen face-on.
results. This is because the performance are limited by tiem  As the distance between the host star and the center of sym-
peak induced by the hole near the planet rather than by sidelo metry of the exozodiacal disc increases, the tolerable aierst
Note that this hole generally induces a response 2 to 4 tingity to detect an Earth-like planet located at 1 AU becomeemo
larger the rms deviation of the pixel counts within the ansul
so that it might be marginally interpreted as a planet dietect “ http;/asd.gsfc.nasa.goyMarc.Kuchner/home.html
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Table 5. Tolerable exozodiacal dust density foiffdrent disc inclina-

! ; . . Tolerable dust density (G2V star at 15
tions and wavelengths. The detection threshold is taken to be 5 times 100 oo e el ( e pe)

T
the rms deviation of the pixel counts within an annulus of width equal L o §§O#;m
to the size of the PSF at half maximum. b 116 um
80 i ——— : Broadband |+
Fol

Discincl. 8um 10um 16um Wide

o 122 163 70 140 ERN

30 9.1 15.0 6.9 13.8 § L

60 6.1 6.8 2.1 3.8 5 [

el 1.1 1.4 1.0 2.6 S 4o |
severe and reaches less than 5 zodis forfBsebof 1 AU. For in- P RS

dividual spectral channels, the tolerable dust densitidhaple- [ - LTRs
creases to reach the value of 20 zodis at 0.05, 0.15 and 0.25 AU ol ‘ : R E—
respectively at @gm, 10um and 16um. The results for broad- 0.0 02 04 06 0.8 10
band detection are much better with a tolerable dust density Offeet [AU]

20 zodis only for a disc presenting afiset larger than 0.6 AU. Fig 13. Tolerable exozodiacal dust density with respect to et
Considering a tolerable exozodiacal dust density of 100szochetween the center of symmetry of the exozodiacal disc and the central
the dfset between the host star and the center of symmetrystdr (a G2V star located at 15 pc). The disc is assumed to be seen in
the exozodiacal disc can be as high as 0.4 AU in order to ensf#es-on orientation.

the planet detection. For arfiftset similar to that of the solar zo-

diacal cloud (about 0.013 AU), this tolerable dust densitsien

much higher (few thousand zodis).

additional planets, all of which can reduce the contrasthef t
resonant ring and improve the tolerance to the exozodiacsl d
6. Conclusions density.

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 characterizatiss m
sions. A first solution to get around this issue is to have g lon
ﬁnaging baseline architecture which resolves out the mpae s
tially extended emission of the exozodiacal cloud from thiap
like emission of planets. The stretched X-array configarets

rticularly convenient in that respect. The second smiuis
to observe in advance the nearby main sequence stars and re-
ove from the Drwin/TPF target list those presenting a too

Infrared nulling interferometry is the core technique ofufie
life-finding space missions such as ESAsfin and NASA's
Terrestrial Planet Finder (TPF). Observing in the infraf@@0
um), these missions will be able to characterise the atmasph
of habitable extrasolar planets orbiting around nearbynrsat
guence stars. This ability to study distant planets styonigh
pends on exozodiacal clouds around the stars, which candra
the planet detection. Considering the nominal missionitach
ture with 2-m aperture telescopes, we show that centraty-sy
metric exozodiacal dust discs about 100 times denser thean lgh dust density or disc inclination. The FKSI nulling inte

solar zodiacal cloud can be tolerated in order to surveyaatles, oot \woiid be ideal in that respect with the possibttit

150 targets during the mission lifetime. The actual numtier g "oy o70diacal discs down to the density of the solar zo-
planet detections will then depend on the number of teIEdEStrdiacal cloud. Ground-based nulling instruments like LBftla

planets in the habitable zone Of target systems. . . ALADDIN would also be particularly valuable.
The presence of asymmetric structures in exozodiacal discs

(e.g., clumps or fiset) may be more problematic. While the
cloud brightness drives the integration time necessaryide dp
entangle the planetary photons from the background ndise, t
emission from inhomogeneities are not perfectly subtchbie We address here the instability noise and derive the contgra
phase chopping so that a part of the disc signal can mimic the the instrument stability required to detect an Earth-filanet
planet. To address this issue, we consider modeled resonanhiting at 1 AU around a G2V star located at 15 pc. The analy-
structures produced by an Earth-like planet and introdbee tsis follows the analytical method of Lay (2004) which wageri
corresponding image intParwind M, the mission science sim-inally applied to the DCB configuration at 1@n. The goal is to
ulator. Even for exozodiacal discs a few times brighter ttien extend the study to the X-array architecture and to shorewav
solar zodiacal cloud, the contribution of these asymmetriac-  lengths where instability noise is the most dominant. Wengefi
tures can be much larger than the planetary signal at theibutihe limiting rms OPD and amplitude errors such that insiigbil

of the interferometer. Fortunately, the high angular nesoh noise is dominated by a factor 5 by shot noise over a singte rot
provided by the long imaging baseline ofuBvin/TPF in the tion of 50000 s. Assuming that instability noise is totallycor-
X-array configuration is dticient to spatially distinguish most related with the rotation angle, this factor stays unchdrmeer

of the extended exozodi emission from the planetary sigmal amultiple rotations. In practice, instability noise can loerelated
only the hole in the dust distribution near the planet sigaiftly ~with the rotation angle due to perturbations such as sokstirige
contributes to the noise level. Considering the full wamgta effects but it should be possible to remove them by measuring
range of DirwiN/TPF, we show that the tolerable dust density iand correcting the amplitudes and phases at intervalsglthen
about 15 times the solar zodiacal density for face-on systerd rotation.

decreases with the disc inclination. In practice, this taist For sake of comparison with Lay (2004), we consider first
might be relaxed since we examined a resonant ring model tham aperture telescopes operating auff0and extend the re-
does not include dust from highly eccentric or inclined paresults to 2-m aperture telescopes operatingiann Table A.1.
bodies, the ffects of grain-grain collisions, or perturbations byAssuming a spectral resolution of 20, Fig. A.1 shows in$tabi

ppendix A: Deriving instability noise constraints
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G2V star at 15 pc (4—m apertures and 10 um) G2V star at 15 pc (4—m apertures and 10 um)
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Fig. A.1. Instability noise with respect to the rms OPD errors for dif-
ferent array architectures assumintype PSDs and a rms amplitude 0,10 ]
mismatch of 0.1% (defined on the 0#18z frequency range). The level o8k . i:g;é E
of shot noise is represented by dotted curves for each configuratien. . ‘pee |1
figure has been plotted for 4-m aperture telescopes operatinguat 10 < o0.06F 7
and a G2V star located at 15 pc (surrounded by an exozodiacal dloud 0% r ]
1 zodi). £ 004 3
0.02F -
0.00 b ]
. . . . 6] 5 10 15 20
ity noise with respect to the rms OPD error for threfatent Harmonic of rotation frequency

configurations: 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 a&i9:A-2. Upper: Chopped planet detected photon rate as a function of
pect ratio (X-ar6). These curves have been computed asgumzﬁ ﬁyeé?ﬁ,aﬁgﬁ‘o?ggﬁ ;?L;hri:;efrg:; gréhz'{fgg:elg'c;zg gtl"’g;‘e'rs_ as-
l/f-_type PSDs for amplitude and OPD errors with rms Yalu%:)rresponding Fourier amplitudes. Only odd harmonics are present b
defined on a frequency range froni, to 10* Hz, where fy is cause of phase chopping.

the rotation period, and a G2V star located at 15 pc. Shoenois

is represented by dotted curves. It is higher for the DCB due t

geometrical leakage (the nulling baseline is twice largantfor

the X-array) and presents a slight increase for large rms @PD portional to the squared root of the stellar flux while ingtghis

rors due to instrumental leakage. Instability noise is &istier directly proportional to the stellar flux). For the results7am,

for the DCB than for the X-array. This is because the playetawe use the same baseline length of 20 m with the same rotation
signal is mostly modulated at lower frequencies where the iperiod of 50000 s. These requirements are very stringenaiand
stability noise is higher for/f-type noises. This is illustrated in only marginally compliant with state-of-the-art activextl, so
Fig. A.2 showing the chopped planet detection rate witheesp that potential ways to mitigate the harmfufext of instability

to the rotation angle of the array (upper figure) and the eorneoise have been investigated.

sponding Fourier amplitudes (lower figure).

Fig. A.1 shows that shot noise dominates instability noise- A first solution, proposed by Lay (2006), consists in stretch
by a factor 5 for rms OPD errors of about 0.5nm, 0.5nm and ing the array and applying a low-order polynomial fit to the
0.6 nm respectively for the DCB, X-ar2 and X-ar6. The slight instability noise (as a function of wavelength). By stretch
discrepancy that can be mentioned with Lay (2004) is duedo tw ing the array, i.e. increasing the imaging baseline of the
factors. In addition to the instrument throughput of 10%xclise X-array, the interference pattern orthogonal to the ngllin
Lay (2004), our study accounts for the couplirfic@ency (about pattern shrinks. As the modulation map scales with wave-
72% for the on-axis light) and for the quantuffieéency of the length, the planetary signal transmitted by the interfezom
detectors (70%). We also combine the two chop states whereaster will then be a rapidly oscillation function of wavelehgt
the results of Lay (2004) are given for only one. Although in- On the other hand, instability noise is shown to be a low-
stability noise is higher for the DCB configuration than fbet order polynomial of the optical frequency/q). Therefore,
X-array, the limiting rms opd error is of the same order due to by removing a low-order polynomial fit to the detected sig-
the higher shot noise. Because instability noise is diygmtb- nal as a function of wavelength, the instability noise centr
portional to the stellar flux, the constraints are even moia-s bution is dficiently subtracted while preserving most of the
gent at 7am where the star is brighter and the level of shot noise planetary signal. This operation can actually be performed
basically the same than at Ath (see Table A.1). Consideringan  directly in the cross-correlation, by using a modified ptane
rms amplitude mismatch of 0.1%, the OPD has to be controlled template where the polynomial components have been re-
to a level of 0.3 nm rms for the three considered configuration moved. Because this method strongly relies on the separa-
These constraints are slightly relaxed for 2-m apertuestepes tion of the nulling and imaging baselines, it can only lfie-e
because shot noise is relatively more dominant (shot nejset ciently applied with the X-array architecture.
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Table A.1. Limiting rms OPD values computed for a G2V star located at 15 pc suchtibahsise dominates instability noise by a factor 5. The
results are given at/#m and 1Qum, assuming a spectral resolution of 20, foffelient rms amplitude mismatches and shapes of the instability
noise power spectrum. Three configurations are shown, the X-aitiayn aspect ratio of 2 (X-ar2), the X-array with an aspect ratio of-6u®)

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

oopp [NM] 2-m apertures 4-m apertures
A=7Tum A=10um A=7Tum A=10um
oamp DCB X-ar2 X-ar6 DCB X-ar2 X-ar6 DCB X-ar2 X-ar6 DCB X-ar2 X-ar6
White noisé 0.1% 46 17 17 97 95 95 10 5.5 55 19 14 14
05% 43 26 26 87 7.2 72 21 1.2 12 33 24 24
1.0% 23 15 15 45 3.8 38 11 06 06 1.8 14 14
Yfnois® 0.01% 0.7 2.6 42 28 13 19 04 11 19 11 3.6 5.6
0.05% 0.7 0.9 15 20 2.9 41 03 04 06 0.8 0.9 1.4
0.10% 05 05 0.7 15 1.6 20 03 03 0.3 05 0.5 0.6

arms values is defined on the [0-10 Hz] wavelength range
b rms values is defined on the/f,-10* Hz] wavelength range

— Another solution, based on the coherence properties efible rms OPD errors for a white spectrum defined on the [0-
starlight, has been proposed by Lane et al. (2006) to sed@-Hz] frequency range are significantly relaxed as inditéte
rate the contributions from the planet and the instrument&ble A.1. In particular at low frequencies, where the plane
leakage. The idea is to mix the electric fields of the leakagégnal is modulated and the instability noise arises, fhepkec-
with that of a separate reference beam, also from the startiom diverges, while the flat spectrum increases lineamlprac-
order to form fringes (as long as the relative path delays aree, the situation might even be better, as predictive dméa
maintained within the coherence length). The light from thidtering may be used to remove low-frequency power. A compli
planet, being not coherent with the starlight, will not forntation, in particular for the micro Hz domain, is that zeranpo
fringes. Using as reference beam the bright output of a padlrifts of the control loops, e.g. related to electronic wrifi the
wise nulling beam combiner, the amplitude and phase m&ensors, remain undetected, and thus uncorrected. Thienewil
matches in the input beams can be extracted from the fringet in a low-frequency /£ component. A simple solution is to
pattern, allowing the reconstruction of the the stellakéege. switch the incoming beams with respect to the control loops.

— Athird solution has recently been proposed and tested at IA8e reason why this could work is that the extremely high pre-
(Gabor et al. 2008). The principle is to successively appbision required for @rwin/TPF is only on relative quantities,
two (< 4/2) opposite OPD fiisets to one of the beams in or-namely, the phase and amplitudefeliences between any two
der to derive the actual position of the minimum in the trandbeams. Absolute fisets of phase and amplitude, that apply to
mission map. In this way, one feeds back the actual ORill three beams simultaneously, do not contribute to thialils
errors to the delay line and prevents drifts from appearinigy noise, since they do nofff@ct the null. The beams must be
The same principle can be used to avoid amplitude drifts, kyitched with respect to the control inputs with a time canst
either blocking all but one beam to measure its actual amver which the drift can be considered constant. In summary,
plitude or by modulating its amplitude as in the case of theven though at present a post-processing method has not been
OPD. The frequency at which this process is carried out deentified, it is highly likely that clever and careful engéring
pends on the input power spectra of the noise sources. It Imagy already reduce instability noise to harmless levels.
been demonstrated experimentally in the lab that this goce )
eficienty suppresses thef3ype noise generally present Infipuissrmens Toe aulor o guten » Lis Kelanegoer (mard
the stellar contribution at the output of a Bracewell |nter?atalogue’ Jean Surdej (IAGLF)), Yo Mggette (glAGL), B ot

ferometer. This technique can theoretically be appliech{o a(nasA/IPL), Peter Lawson (NASAPL), Oliver Lay (NASAJPL), Pierre Riaud
nulling configuration, but itsféiciency decreases as the nuUm@AGL) and Virginie Chantry (IAGL). This research was supfed by the
ber of beams increases. International Space Science Institute (ISSI) in Bern, Zgvland (“Exozodiacal
Dust discs and Darwin” working groupitp:/Amww.issibern.chteamsexodusy/).
. L DD and CH acknowledge the support of the Belgian Nationaleism®
Ot.hers possible approaches (e.g. apphca'tl.on of ClOSLH.SEphFoundation (“FRIA"). OA acknowledges the support from a BRFNRS
techniques, new chopping processes, exploiting coroglatde- Postdoctoral Fellowship. DD and OA acknowledge supportmfrahe
tween measurements taken aff@lient Wavelength bins) haveCommunal# francaise de Belgique - Actions de recherche cogéesrt-
been suggested but still need to be investigated. Howéeset Academie universitaire Wallonie-Europe.
very stringent requirements have been derived with thenagsu
tion that the instability noise present gffi-iype power spectrum.
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7.4 Summary

In this last chapter, we investigated the performance of future life-finding nulling interferometry missions,
and address in particular two major noise sources: exozodiacal dust and instability noise. Considering a
space-based infrared nulling interferometer in the Emma X-array configuration, we derived an upper limit
on the tolerable exozodiacal dust density, and reviewed the constraints on the instrument stability. Using
modeled resonant structures created by an Earth-like planet orbiting at 1 AU around a Sun-like star, we
showed in particular that the tolerable dust density is about 15 times the solar zodiacal dust density.
Finally, we concluded this study by reporting the science performance predictions, and showed that
a 4-telescope space-based nulling interferometer would be able to detect about 200 Earth-like planets,
among which 25 could be characterized by spectroscopy within a five year mission.



Conclusion

Objectives and results

he study of extrasolar planetary systems is nowadays among the most rapidly evolving topics in

astrophysics. Since the discovery of the first extrasolar planet orbiting a solar-type star (Mayor
and Queloz 1995), about 400 extrasolar planets have been detected. The possibility to identify hab-
itable worlds and even life among them largely contributes to the growing interest about their nature
and properties. Whereas Earth-size extrasolar planets are currently being detected for the first time
by ongoing ground-based radial velocity and space-based transit surveys, the characterization of their
atmosphere, mandatory to search for biological signatures, is much more challenging since it requires
both a very high dynamic range and a high angular resolution. During the past decade, a large effort
has been carried out to define the shortest pathway toward the discovery of Earth-like planets. In that
context, infrared interferometry is a very promising technique, since it provides the required angular
resolution to separate the emission of a star from that of its environment.

During the last few years, infrared interferometry has enabled the detection of circumstellar dust in
the inner parts of debris discs, the extrasolar counterparts of our zodiacal dust cloud. In addition to be
of prime importance to characterize the global architecture of planetary systems, the presence of large
quantities of warm dust around nearby main sequence stars could seriously jeopardize the ability of future
space missions to characterize Earth-like planets. In this dissertation, we contributed to the ongoing
effort to characterize exozodiacal dust around nearby main sequence stars with observations using state-
of-the-art infrared interferometers, performance studies for next generation space-based instruments, and
a detailed analysis about the impact of exozodiacal dust on future exo-Earth characterization missions.

As a first contribution, we reported the detection of warm dust in the first few astronomical units
around two A-type stars (Vega and 5 Leo) with the IOTA infrared stellar interferometer. Unlike previous
studies of these two stars, the observations have been carried out in the H band. The multi-color
interpretation of the data is currently under progress, and should significantly reduce the possibilities
on the dust properties previously established on the sole K band.

As the sensitivity of state-of-the-art stellar interferometers is currently limited to the detection of
exozodiacal discs about 1000 times denser than our zodiacal dust cloud, a specific technique of interfer-
ometry, referred to as nulling interferometry, has emerged to improve the dynamic range capabilities.
The second part of this dissertation is dedicated to the performance study of two space-based nulling
interferometers that have been intensively studied during the past few years (namely PEGASE and FKSI).
We showed that PEGASE and FKSI would be very efficient to probe the inner region of circumstellar
discs, with the sensitivity to detect exozodiacal discs down to the density level of our solar zodiacal
cloud, and thereby outperform any ground-based instrument.

Another contribution of this dissertation is the investigation of the performance for planet detection
of various space-based nulling interferometers. As a first step, we showed that PEGASE and FKSI would
be able to characterize most extrasolar planets known so far. In addition, we addressed enhanced versions
of these interferometers, which have been tuned to probe the habitable zone of nearby main sequence

177



178 Conclusion

stars. We showed that these concepts would be very efficient to characterize “super-Earth” extrasolar
planets (~ 2 — 10 Mg) orbiting in the habitable zone of M stars located within 10 pc.

Finally, we investigated the performance of future exo-Earth characterization missions and address
in particular two major noise sources: exozodiacal dust and instability noise. Considering a space-
based infrared nulling interferometer in the Emma X-array configuration, we derived an upper limit
on the tolerable exozodiacal dust density, and reviewed the constraints on the instrument stability. For
exozodiacal discs not brighter than about 15 times our solar zodiacal cloud and an instrument sufficiently
stable, we showed that a 4-telescope space-based nulling interferometer would be able to detect about
200 Earth-like planets, and perform the spectroscopic analysis of the atmosphere for 25 of them within
a five year mission.

Prospects

The characterization of Earth-like extrasolar planets orbiting nearby main sequence stars, and the search
for biosignatures in their atmosphere are among top-priority objectives in the long-term science plan of
both ESA and NASA. In that respect, infrared nulling interferometry has been clearly identified as one
of the most promising techniques, and both agencies are currently pursuing a roadmap toward ambi-
tious space-based interferometers by funding many R&D activities. The present dissertation contributes
directly to this roadmap, both from scientific and technological point of views. The ongoing survey of
nearby debris discs, using state-of-the-art ground-based interferometers, is currently providing impor-
tant results about the dust properties, and first statistical information on the occurrence of warm dust
around nearby main sequence stars. The future generation of ground-based infrared interferometers
will complement these results with observations at other wavelengths, and the ability to detect fainter
exozodiacal dust clouds. Within the next decades, space-based nulling interferometers are expected to
enable the characterization of Earth-like extrasolar planets around nearby stars. The quest for other
habitable worlds is just beginning.



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 pum
K band from 2.0 to 2.4 um
L band from 2.8 to 4.2 pym
N band from 8 to 13 um
Units
arcmin (or ') minute of arc (2.90888 x 10~* radian)
arcsec (or ) second of arc (4.848137 x 10~° radian)
mas milli-arcsec (1073 arcsec)
pas micro-arcsec (1079 arcsec)
AU Astronomical Unit (1.495978 x 10! m)
pc parsec (3.085678 x 10'7 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
Mg Mass of the Sun (1.98892 x 1039 kg)
R Radius of the Sun (6.96 x 10% m)
Lo Luminosity of the Sun (3.846 x 10?6 W)
My Mass of Jupiter (1.8987 x 1027 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)
M,, T,, L, 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 Earth-like planets
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Acronyms

ADU
AGN
ALADDIN
ALMA
AMOS
AO
APS
AT

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

IAS

12T
I0TA
IRAS
ISI

ISO
JPL
JWST
KI

KIN
LBTI
MIPS
MIRA
MMT
MMZ
MIRI
MROI
NACO
NA

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

Extrasolar Planetary Imaging Coronagraph

European 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 & 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 Applicable
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NASA
NPOI
OB
ODL
OopPD
PC
PECO
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

National Aeronautics and Space Administration

Navy Prototype Optical Interferometer

Observation Block

Optical Delay Line

Optical Path Difference

Phase Closure

Pupil-mapping Exoplanet Coronagraphic Observer

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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