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ABSTRACT

Context. Earth-sized planets around nearby stars are being deflectéx first time by ground-based radial velocity and spaased
transit surveys. This milestone is opening the path towlaeddefinition of missions able to directly detect the liglinfrthese plan-
ets, with the identification of bio-signatures as one of tl@mwobjectives. In that respect, both the European Spacedyg&ESA)
and the National Aeronautics and Space Administration (NAve identified nulling interferometry as one of the mastrpising
techniques. The ability to study distant planets will hoerestepend on the amount of exozodiacal dust in the habitalisle af the
target stars.

Aims. We assess the impact of exozodiacal clouds on the perfoenainen infrared nulling interferometer in the Emma X-array
configuration. The first part of the study is dedicated to tiiect of the disc brightness on the number of targets that cauiveyed
and studied by spectroscopy during the mission lifetimeh&second part, we address the impact of asymmetric stesciu the
discs such as clumps anéfset which can potentially mimic the planetary signal.

Methods. We use theDarwindM software which was designed and validated to study the peéice of space-based nulling in-
terferometers. The software has been adapted to handlesedgxozodiacal discs and to compute the correspondingdidated
signal.

Results. For the nominal mission architecture with 2-m aperturesipes, centrally symmetric exozodiacal dust discs ab@it 1
times denser than the solar zodiacal cloud can be tolerateddier to survey at least 150 targets during the missiomirtif2
Considering modeled resonant structures created by ah-Batplanet orbiting at 1 AU around a Sun-like star, we shbat this
tolerable dust density goes down to about 15 times the sotliazal density for face-on systems and decreases withighéndlina-
tion.

Conclusions. Whereas the disc brightness onljets the integration time, the presence of clumpgisebare more problematic and
can seriously hamper the planet detection. The upper lionitde tolerable exozodiacal dust density derived in thepanust be
considered as rather pessimistic, but still give a realestimation of the typical sensitivity that we will need &ach on exozodiacal
discs in order to prepare the scientific programme of futumatElike planet characterisation missions.

Key words. Instrumentation: high angular resolution — techniquetgrferometric — circumstellar matter

1. Introduction Transits) has detected its first extrasolar planets (eaggdet all.

2008;/ Alonso et al. 2008; Léger et al. subm.) and is expected
The possibility of identifying habitable worlds and eveodig- to unveil about 100 transiting planets down to a size of;,2R
natures from extrasolar planets currently contributesh® taround GOV stars and 1.1LRaround MOV stars over its entire
growing interest about their nature and properties. Sihee tiifetime for short orbital period$ (Moutou etlal. 2005). lrahed
first planet discovered around another solar-type star B619in 2009, Kepler will extend the survey to Earth-sized plaret
(Mayor & Queloz| 1995), nearly 370 extrasolar planets havgited in the habitable zone of about®Ifain sequence stars
been detected and many more are expected to be unveilediByrucki et al.[ 2007). After 4 years, Kepler should have dis-
ongoing or future search programmes. Most extrasolar fangovered several hundred of terrestrial planets with perioe-
detected so far have been identified from the ground by indiveen one day and 400 days. After this initial reconnaissanc
rect techniques, which rely on observabléeets induced by by CoRot and Kepler, the Space Interferometry Mission (SIM
the planet on its parent star. From the ground, radial vlocPlanetQuest) might provide unambiguously the mass of Earth
measurements are currently limited to the detection ofgiansized extrasolar planets orbiting in the habitable zoneeafiy
about 2 times as massive as the Earth in orbits around Setars by precise astrometric measurements. With CoRoT and
like and low-mass stars_(Mayor et al. 2009) while the transitepler, we will have a large census of Earth-sized extrasola
method is limited to Neptune-sized planets (Gillon et aD?0 planets and their occurrence rate as a function of varials st
Thanks to the very high precision photometry enabled by thg properties. However, even though the composition ofihe
stable space environment, the first space-based dedicased fer atmosphere of transiting extrasolar planets can beegrob
sions (namely CoRoT and Kepler) are now expected to revealavorable cases (e.d., Richardson éf al. 2007), noneeskth
Earth-sized extrasolar planets by transit measuremem&is missions will directly detect the photons emitted by thenpls
Launched in 2006, CoRoT (Convection Rotation and planetary
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which are required to study the planet atmospheres andwevent
ally reveal the signature of biological activity.

Detecting the light from an Earth-like extrasolar planet is
very challenging due to the high contrastlQ’ in the mid-
IR, ~10'° in the visible) and the small angular separatien (
0.5urad 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 fliculties is nulling interferometry (Bracewell
1978). The basic principle is to combine the beams coming fro
two telescopes in phase opposition so that a dark fringesappe
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 spacing4f. By adjusting
the baseline lengthbf 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 aictatray
configuration, because their emission is dominated by tae 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 signalhem t
be retrieved by synchronous demodulation. However, a nrapid
tation of the array would be flicult to implement and as a re-

sult the detection is highly vulnerable to low frequencyitdin  _ . .
the stray light, thermal emission, and detector gain. A nembfi9- 1. Representation of the ARwiv/TPF space interferometer

of interferometer configurations with more than two cokest IN.itS baseline “Emma X-array” configuration (Leger & Hetbs
have then been proposed to perform faster modulation and 0v¢207)- It includes 4 telescopes and a beam combiner spéicecra
come this problem by using phase chopping (Angel & Woo eployeq and_ obsgrvmg at the Sun-Earth Lagrange point L2.
1997:[Mennesson & Mariotti 1997; ABsil 2001). The principlé\t @ny given time, it can observe an annular region on the sky
of phase chopping is to synthetize twafdient transmission etween 46 and 83 from the antl-solar_dlrecuon. During one
maps with the same telescope array, by applyirigdint phase Ea(th year, this ann_ulus rotates and gives access to alrtost a
shifts in the beam combination process. Bffetiencing two dif- '€gions of the celestial sphere.

ferent transmission maps, it is possible to isolate thegibay

signal from the contributions of the star, local zodiacalud,

exozodiacal cloud, stray light, thermal, or detector g&hase

chopping can be implemented in various ways (e.g. inhergagsessment studies of thedvin mission, carried out by EADS
and internal modulation, Absil 2006), and are now an essehstrium and Alcatel-Alenia Space. Two array architecturage

tial part of future space-based life-finding nulling inendme- been thoroughly investigated during these industrialisgidhe

try missions such as ESAsARwiv (Fridlund et all 2006) and four-telescope X-array and the Three-Telescope NulleNTT
NASA's Terrestrial Planet Finder (TRFE, Lawson ef al. 2008)e  [Karlsson et al. 2004). These studies included the launakineq
purpose of this paper is to assess the impact of exozodiasal dnents, payload spacecraft, and the ground segment duriie wh
discs on the performance of these missions. After desgrihi@ the actual mission science would be executed. Almost sanult
nominal performance of Bkwin/TPF, the first part of the study neously, NASAJPL initiated a similar study for the Terrestrial

is dedicated to centrally symmetric exozodiacal discs tvhie Planet Finder Interferometer (TPE-1, Lawson et al. 2008ese
suppressed by phase chopping and only contribute throegh tiefforts on both sides of the Atlantic have finally resulted ina-co
shot noise. If they are too bright, exozodiacal discs caredhie vergence and consensus on mission architecture, the leal-cal
integration time and we investigate the corresponding ochpa non-coplanar or Emma-type X-array (represented in[Hig. 1).

the number of planets that can be surveyed during the mission

lifetime. In the second part, we address the impact of asyimm
ric structures in the discs (such as clumps afidat) which are
not canceled by phase chopping and can seriously hamper i@ baseline design consists of four 2-m aperture collector
planet detection process. spacecraft, flying in rectangular formation and feedingtlitp

the beam combiner spacecraft located approximately 1200m
above the array. This arrangement makes available baseine

to 70 m for nulling measurements and up to 400 m for the gen-
Considerable ffort have been expended in the past decade byal astrophysics programme (constructive imaging). Nodé
both ESA and NASA to design a mission that provides the rthe size of the collecting apertures has not yet been fixed and
quired scientific performance while minimizing cost anchigie  will influence the final cost of the mission. The optical layou
cal risks. After the investigation of several interferopredrchi- separates the nulling and imaging functions, the shorast-b
tectures, thesedrts culminated in 2005-2006 with two parallelines being used for nulling and the longest ones for imaging

Angle of Regard
betwean 46° and 83

46

Anti-Sun
Direction

S.l. Instrumental concept

2. DARWIN/TPF overview
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Telescope 1 Telescope 3

Table 1. Instrumental parameters considered in this study for

DarwiN/TPF.
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
Detector temperature [K] 8 Transfer Transfer Transfer Transfer
uantum éicienc 70% i i i i
IQnstrument througyhpat 10% op[t © op[t © op[t i op[hcs
Science wavebandiin] 6.0-20.0
Modal filtering wm]b 6.0-11.311.5-20.0 ODL |4 oDL t::::::;‘ ‘;:::::1 ODL }| oDL
Spectral resolution 60 I I o I I
Instrumental stability Tip-Tilt || Tip-Tilt | » Tip-Tilt || Tip-Tilt
-rms OPD error [nm 15 mirror mirror 1 } } 1 mirror mirror
- rms amplitude érrog 0.05% L L L [
Zizzll;:icntigoidé]azl beam combiner losses and couplifigiency. Adaptive |} Adaptive t:::::ﬁ ﬁ::i Adaptive || Adaptive
¢ see sectiopn 34. Ti")_t‘m
sensor
OPD
This configuration has the advantage of allowing optimairtgn sensor
of the shorter dimension of the array for starlight suppogss
while keeping a significantly longer dimension to providepid phase || Ophase nphase || 0phase
modulation of the planet signal as the array rotates. TherXya [ [ [ [
design is also appropriate to implement various technidoies [ Beamcombiner | [ Beam combiner |
removing instability noise, which is one of the dominants#oi
contributor (see appendiXA). The assessment studiesdeittl 12 f‘hase |—»{ Cross
an imaging to nulling baseline ratio of 3:1, based on sdienti P compiner
and instrument design constraints. A larger ratio of 6:1ldou Modal
nonetheless improve performance by simplifying noise cedu f“teI”“Q
tion in the post-processing of science images (Lay 2006¢ Th Science
optical system architecture is represented by the bloajrdia detection

in Fig.[2 with the following elements in the optical path:
9.2 g P P Fig. 2. Block diagram of the Rrwin/TPF optical layout. Feed-

— four spherical primary mirrors located on a virtuaback signals driving the tip-tf©PD control are represented by
paraboloid and focusing the beam at the paraboloid’s fédashed lines.

cal point. The virtual parabola focal length has been set to

1200 m, resulting from a tradeffcbetween dferential po-

larisation efects and inter spacecraft metrology capability, [2007) and silver halide fibres can be used for modal filtering
as well as to enable the implementation of longer baselines jn at least the 10.5-17/&m spectral range (further investiga-
for an imaging mode; ) tions are however necessary to demonstrate that they are us-
transfer optics consist of all the equipment needed to col- apje in the 17.5-20.0m wavelength range, Ksendzov et al.

lect and redirect the incoming beams towards fixed direc-
tions whatever the interferometer configuration. This in—_
cludes mainly tip-tilt mirrors to handle array reconfigimat

a derotator to handle the array rotation and a common two or
three mirror telescope to achieve beam collimation;
optical delay lines (ODL) to adjust the optical patHfei-
ences (OPD);

fast steering mirrors to correct for tip-tilt errors;

2008);
a detection assembly controlled at a temperature of 8 K and
connected to the fibres.

Darwin/TPF would be placed around the second Lagrange

point (L2) by an Ariane 5 ECA vehicle. L2 is optimal to achieve
passive cooling of the collector and beam combiner spaftecra
down to 40 K by means of sunshades. An additional refrigerato
deformable mirrors to compensate for quasi-static erromdthin the beam combiner spacecratft cools the detectonasse

such as defocus and astigmatism which are due to the l¢to 8K. Due to the configuration of the array and the need for

of spherical mirrors;

solar avoidance, the instantaneous sky access is limitzad ao-
achromaticr phase shifters to produce the destructive intefulus with inner and outer half-angles of*4fnd 83 centred on

ference of on-axis stellar light (using Fresnel Rhombs fdfe anti-sun vector (see FIg. 1, Carle 2005). This annuustts

instance, Mawet et &l. 2007);

science waveband and the waveband used for metrology;
a Modified Mach Zehnder (MMZ/ _Serabyn & Colavit
2001) beam combiner;

the entire ecliptic circle during one year, giving accesalinost
dichroic beam splitters to separate the signals between the entire sky.

82 2. Scientific objectives

coupling optics to focus the outputs of the cross-combin&he main scientific objectives of ARwin/TPF are the detection

into single mode fibres. Chalcogenide fibres can cover suaf-rocky planets similar to Earth and the spectroscopicyeisl
cessfully the wavelength range 6.0-ith (Ksendzov et al. of their atmospheres at mid-infrared wavelengths (6 u81).
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Table 2. Parameters adopted for the performance simulations.

Parameter

Configuration Emma X-Array Design with a 6:1 aspect ratie@ (sabld_1)

Planet Earth-sized planet with a constant temperature ®K2&cross the habitable zone
Exozodiacal density Three times our solar system, basedetsalkmodel (Kelsall et al. 1998)
Mission duration 5 years (2 years for survey and 3 years faradierisation)

Retargeting time 6 hours

Integration diciency 70% (accounting for overhead loss)

Target stars Darwin All Sky Survey Catalogue (DASCC, Kadtgmer et al. 2008)
Earth-like planet per stan{) 1

Habitable zone 0.7 - 1.5 AU scaled wit}'E

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

Array rotation period 50000 seconds (not scaled with thayabaseline length)

SNR threshold for detection 5

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

In addition to presenting an advantageous/ptanet contrast, ber of terrestrial planets that can be detected in the Habita
this wavelength range holds several spectral featuregariéor zone of nearby main sequence stars and the number of possible
the search of biological activity (CQH,O, and Q). The ob- follow-up spectroscopic observations during a nominakiois
serving scenario of Erwin/TPF consists of two phases, detectime. The duration of detection and spectroscopy phaseb&an
tion and spectral characterisation, whose relative duraten adjusted to optimise the scientific return and is nominadiyts

be adjusted to optimise the scientific reflirBuring the detec- 2 and 3 years respectively. The parameters and assumpsieds u
tion phase of the mission (nominally 2 yearsyriv/TPF will  are summarized in Tablé 2.

examine nearby stars for evidence of terrestrial planetsuA
ration of 3 years is foreseen for the spectroscopy phasea fo
total nominal mission lifetime of 5 years. An extension to 1

years is possible and will depend on the results obtainedgiurthe starting point of the simulations is the target starlogtze.
the 5 first years. Such an extension could be valuable to wbsegsiven a specific interferometer architecture, the simulfitst
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 largem-s these observable stars, the basic calculation consists aa
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 hypotheticatEar

~ The DarwiN/TPF target star list has been generated from tiyge planet located inside the habitable zone. The hatsitabhe
Hipparcos catalogue, considering several criteria: tistadCe s assumed to be located between 0.7 and 1.5 AU for a G2V star
(< 30 pc), the brightness<(12 V-mag), the spectral type (F, G,and is scaled with the square root of the stellar luminosity?j.
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 sigyown, the integration time is computed from the requiremen
gle main sequence stars of which 107 are F, 235 are G, 536 arerfgt it should ensure the detection of a planet for at lea% 90
and 351 are M type (Kaltenegger etlal. 2008). The survey of thethe possible locations in the habitable zone. Assumiag-l
DarwiN/TPF stars and the possible detection of terrestrial plagrs uniformly distributed along habitable orbits, thisuizgs the
ets will start a new era of comparative planetology, esfighi  computation of the probability distribution for finding aaplet
studying the relationship between habitability and stedlear- 5t 3 certain angular distance from the star. For each plgneta
acteristics (e.g. spectral type, metallicity, age), planesystem position, the maximum SNR is computed by optimisation of the

.1.1. Detection phase

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 theadise

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

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

. o umption that the exozodiacal emission is symmetric ardbad
The performance predictions presented in this paper hawe b§ L .
. : arget star, it will be suppressed by phase chopping, ameftre
computed using the kwiv science SIiMulator developed at ; : ; ;
ESAESTEC DarwinSIM, den Hartod 2005b). This SimulatoronIy contributes to shot noise. The noise sources inclutetha

has been subject to extensive validation the past few yeats %?;Ctarr(é'ks)igsn;gzﬂgg?rir:gnmtaﬁtﬂ;?;rfgﬁggi’ Irgﬁ";l d?arm%ex
its performance predictions were recently reconciled &igim- ! g ty

ilar mission simulator developed independently at NABA noise is also_present and is partly mitigated by phase chgppi
for the TPF mission (Lay et &l. 2007). The two simulation H)OIA complete l.'SF can be fou_nd n Talile 3.

have shown a very good agreement in SNR, giving similar in- After the initial integration time assessment for detettibe
tegration times for all the DarwimPF targets with a discrep- targets are sorted by ascending integration time, remduing

ancy lower than 10% in average (Defrére e{al. 2008b). Theb list the targets for which the total integration timeesds the
two simulators have the same basic purpose. For a givermmsltto al time during which they are visible from L2. Consideyia

’ : slew time for re-targeting (nominally 6 hours) and dhoéency
mental configuration and target catalogue, they assesithe nfor the remaining observing time of 70%, the sorted list is cu

1 The detection phase might not be necessary if the targetdeme Off at the moment when the cumulative integration time exceeds
tified in advance by radial velocity or astrometric surveys. the nominal survey period. Accounting for a specific time-all
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cation for each spectral type (10% F, 50% G, 30% K and 10% M
stars), the resulting list defines the number of targetsdiatbe

surveyed during the detection phase. The actual numbeanf pl . ‘C‘Ou‘p‘“”‘g‘ eff"cfe‘”?y‘ Of‘D‘OTW‘m‘/TPF‘ .

ets found will then depend on the number of terrestrial glane :

present in the habitable zone of target stgg.( r —t on—oxis
[ : off—axis

o

o

n
I

3.1.2. Spectroscopy phase

The number of targets which can be characterised by spec-
troscopy in a given time is computed similarly. Thetdience
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 pastio L
for the planet in a similar way to the detection phase but this  0.75
would be far too time consuming. The strategy is then to con- I
sider only the most likely angular separation. Then, thaltot
integration time is determined by the requirement to deteet o0l ‘ ‘ ‘ ‘ ‘ ‘
absorption lines 03, CO, andH,0 to a specified SNR. For e . o . e s o

the spectroscopy o£0O, and Oz (without H,O), an SNR of Wavelength [pm]

5 would actually be dficient for a secure detection (Fridlund

2005). Considering the spectroscopyHtfO is relatively more Fig. 3. Coupling éficiency for Dsrwin/TPF with respect to the
complex. Recent results suggest that, using a spectrdliteso wavelength for an on-axis source and for a source with a fixed
greater than 20, an SNR of 10 from 7.2 to;20 would be suf- off-axis angle, corresponding to an Earth orbit around a Sun at
ficient for H,O, CO,, andOs spectroscopy (private communica-10 pc. The core radius is chosen so as to stay single-modeon th
tion with F. Selsis, L. Kaltenegger and J. Paillet). In parar, whole wavelength.

these results suggest that tHeO band located below 72n,

which is much more time-consuming than tHgO band beyond

Coupling efficiency
o
=)
o

17.2um, could be discarded. _ . wavelength. Increasing the number of fibers improves the cou

~ Two types of spectroscopic analysis are considered: the sigling efficiency but at the expense of complexity. In particular,
ing spectroscopy, where the array is kept in a position seah tit has been shown that the loss of targets for detection agtt sp
the planet resides on a peak of the modulation map, and the #@scopy is about 5% between the optimised 2-band and 3-band
tating spectroscopy, where the array keeps on rotating ith cases|(den Harthg 2005a). Considering the use of two fibers (r
spect to the target system so that the p_Ianet moves in an_d ou§dectively on the 6.0-12m and 12-2Q:m wavelength ranges),
the peaks of the modulation map. Staring spectroscopy i® meig.[3 shows the couplingiéciency for an on-axis source and for
efficient in terms of signal acquisition, but requires an adeuraa source with a fixedf6-axis angle, corresponding to an Earth or-
knowledge of the planetary orbit. As for the detection ph&®® pjt around a Sun at 10 pc. The couplinffj@ency remains above

total spectroscopy integration time should not exceed dka t 709 over the whole wavelength band of each fiber.
time during which the target is visible during the charaster

tion phase. Accounting again for a given fraction of ovethea . o
loss, the targets are sorted with respect to ascendingratteg 3.3 Modulation efficiency

time, terminated where the cumulative time exceeds thetrhenq.he modulation of the planetary signal during the obseoveit

of the nominal characterisation period. The number of gkane, . . A
that can be characterised is then given with the assumgtain & direct consequence of the chopping process which is manda-

; ; , . tory to get rid of background noise sources such as exozaldiac
tsr:aerrzls_cir)le terresrial planet in the habitable zone of earget and local zodiacal cloud emission. For the X-array configura
| .

tion, the outputs of two Bracewell interferometers are cimath
with opposite phase shifts(r/2) to produce two transmission
3.2. Coupling efficiency maps (or “chop states”). Berencing the two transmission maps
gives the chopped response of the interferometer, the lkdca
Coupling the optical beams into optical fibers is an esskentimodulation map, which contains positive and negative \salue
part of the wavefront correction process, which is requfid by construction (see Fi@l 4). Since the value of the modutati
deep nulling. The theoreticaffeciency of light injection into an map varies across the field-of-view, the position and fluxhef t
optical fiber depends on several parameters: the core rafliuplanet cannot be unambiguously inferred and an additievel |
the fiber, its numerical aperture, the wavelength, the diameof modulation is mandatory. This is provided by the rotatidn
of the telescope and its focal length (Ruilier & Cassaing1300 the interferometer (typically with a period of 1 day). Thamé-
The method used in the simulator consists in choosing fiest ttary signal is therefore modulated as shown on the rightgfart
core radius of the fiber so as to ensure single-mode propafas.[4. In order to retrieve the planetary signal, the moshco
tion over the whole wavelength range. The f-number of the comon approach is correlation mapping, a technique closely re
pling optics can then be optimised to give the maximum colated to the Fourier transform used for standard image synth
pling efficiency at a chosen wavelength and more importantly, $is (Layl 2005). The result is a correlation map, displayedafo
provide a roughly uniformly high couplingi&ciency across the single point source in the lower right part of Hig. 4. Thisnep
whole wavelength band. The coverage of the full science basehts the Point Spread Function (PSF) of the array. Thisgsyc
of DarwiN/TPF with one optical fiber is generally prohibitedllustrated here for a single wavelength, is repeated actios
since the coupling faciency drops rapidly with respect to thewavelength range, and the maps are co-added to obtain the net
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Fig. 4. Overview of phase chopping for the X-array configurationm®ming the beams with ffierent phases produces two conju-
gated transmission maps (or chop states), which are useddage the chopped response. Array rotation then locadgsamet by

cross-correlation of the modulated chopped signal withmeptate function.

correlation map. The broad range of wavelengths planned for Y Y Y
DarwiN/TPF greatly extends the spatial frequency coverage af 0-
the array, suppressing the side lobes of the PSF. T ,e/\ ~ " | )
After chopping and rotation, the part of the incoming sig (/ \ ‘//\ [y : h i WW ANM% f’M\m
ichi i \ [ N / MM‘/ ! Vv‘f W T e
nal which is actually modulated and retrievable by syncbren \J) W W V W W
demodulation is proportional to the “rotational modulatief-
ficiency”. It is shown for the X-array configuration in Figl 5.3
It depends on the radial distance from the star and reaches g
peak value of 0.56 with an asymptotic value of 0.44. Since the
planet position inside the habitable zone is a priori unkmgaitv 0.1
is desirable that thefective modulationficiency is as uniform
as possible across the habitable zone to avoid too many-rec6n®-° * * :
figurations of the interferometric array. Note that the tiotzal oL/ [food] 30
modulation &iciency for several array configurations has been
investigated by La 5). Fig. 5. Rotational modulationféciency for the Emma X-array
with a 6:1 aspect ratio.
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3.4. Instability noise

Instability noise is defined as the component of the demaeldia

nulled signal that arises from phase, amplitude and peltois ) )
errors E%L@@. The power spectra of these instrumefital 8170rs. There is no phase chopping scheme that can remove the

fects mix with each other so that perturbations at all fregiss, Systematic errors without also removing the planetaryadign
including DC, have anféect. Spacecraft vibrations, fringe track-  Three independent studies (Ldy 2004; d’Ardio_2005;
ing offset, control noise, longitudinal chromatic dispersiord arChazelas et al. 2006) have reviewed the instrumental requir
birefringence are at the origin of the phase errors whengdidtt ments on the Brwin/TPF mission that reduce the instrumental
defocus, beam shear, andfdrential transmission produce amstellar leakage to a fiiciently low level for Earth-like planet
plitude errors. These phase and amplitude errors indueeea ti detection. Assuming the presence ¢fftype noise, these stud-
dependent asymmetry between the two chop states so thatiéseshowed that the requirements on amplitude and phasmtont
modulation map does not remain centered on the nominal pcaie not driven by the null-floor leakage, but by instabilitise.
tion of the line of sight (i.e. the position of the star). Heracfrac- Considering a Dual-Chopped Bracewell (DGEB_L._NEOM) with
tion of the starlight survives the modulation process anxesii 4-m aperture telescopes operating apf( the diferent anal-
with the planet photons. Although a simple binary phase chgpes show that a null depth ef 107° is generally sflicient to
removes a number of these systematic errors, it hasfaot®n control the level of shot noise from the stellar leakage that a
the dominant amplitude-phase cross terms and on the caaghasiull depth of~ 1078 is required to prevent instability noise from
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Table 3. Detailed view of the various contributors to the noise bugdgieen in photo-electrons persecond over the ga20vave-
length range for Brwin/TPF in the Emma X-array configuration. The final SNRs are cdstbover a single rotation of 50000s
and for four targets representative of the target catal¢ggee main text for further information).

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

Optimum baseline [m] 25 22 22 11
Planetary modulationfgciency 0.57 0.58 0.58 0.58
Planetary couplingféciency 0.76 0.76 0.76 0.75
Stellar signal [¢/s] 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 [¢s] 0.459 0.388 0.358 0.365
- Geometric leakage [fs] 0.304 0.179 0.101 0.078
- Null-floor leakage [es] 0.019 0.017 0.013 0.017
- 3-zodi signal [e/s] 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 [e/s] 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 [s] 0.021 0.008 0.002 0.001
- Second order phase-amplitude/§- 0.014 0.012 0.007 0.012
Total noise [e/s] 0.460 0.388 0.358 0.365
Integrated SNR (one rotation) 16.0 4.4 2.1 11
Integration time for SNR5 [h] 1.36 17.9 81.8 285

becoming the dominant source of nfistn particular, a 16° alogue: an MOV star located at 5 pc, a KOV star at 10 pc, a G2V

null requires rms path control to within about 1.5nm, and rnsar at 15 pc and an FOV star at 20 pc. The noise budget of each

amplitude control of about 0.1%. source is shown in Tablg 3 for a single rotation of 50000s and
In order to relax these very stringent requirements, sévefar the optimum baseline length (computed by minimizing the
techniques have been investigated (Lay 2005; Lane et af;20Mtegration time). The dierent contributors are described here-

Gabor et al. 2008). Discussion of these mitigation techedqga  after.

beyond the scope of this paper, where we assume that iristabil

noise is stficiently low to ensure the O spectroscopy atjgm  — The stellar signal represents the total number of photo-

of an Earth-like planet orbiting around a Sun located at 15pc electrons that are generated by stellar photons detected in

Applying the analytical method of (Lay 2004) to the Emma X- both constructive and destructive outputs.

array with the parameters listed in Table 1, we derive the con- The planetary signal is the demodulated amount of photo-

straints on the instrument stability such that instabitibise is electrons that come from an Earth-like planet located at 1 AU

dominated by shot noise by a factor 5 au/m over one rota- from the star.

tion period ) of 50000 seconds (with a spectral resolution— Shot noise is due to the statistical arrival process of the

of 20). Considering /i-type PSDs defined on the /fy, 104 Hz photons from all sources. It comes from the contributions

range, this corresponds to residuals rms OPD and amplitude e from stellar leakage, the exozodiacal dust, the local zodia
rors of about 1.5 nm and 0.05% respectively. These valués wil cal cloud, the thermal emission from the telescopes, and the
be used thorough this study (see appehdix A for further ld¢tai  stray light.

Although our computation has been done anvwhere insta- — Geometric stellar leakage accounts for the imperfect fejec

bility noise is much higher than at 1n, these constraints are  tion of the stellar photons due to the finite size of the star

not far from the values derived by Lay (2004) for two reasons. and the non-null response of the interferometer for snfill o

First, the telescopes considered here are smaller so tbat sh axis angles.

noise is relatively more dominant than in the previous asedy — Null-floor leakage accounts for the stellar photons thak lea

(shot noise is proportional to the square root of the stélilar through the output of the interferometer due to the influ-

while the planetary signal and instability noise are diyepto- ence of instrumental imperfections such as co-phasing er-

portional to the stellar flux). Secondly, the interferomegten- rors, wavefront errors or mismatches in the intensitiefief t

figuration is stretched by comparison with the DCB so that the beams.

planetary signal is modulated at higher frequencies, wtere — The 3-zodi signal is the shot noise contribution from the

instability noise is lower assumingfiype PSDs. 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 spacecra#-lo
tion at L2 and the pointing direction.

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

3.5. Signal-to-noise analysis

In this section, we present thefldirent sources of noise simu-
lated byDarwinSIM and the level at which they contribute to the
final SNR for four targets representative of therdin/TPF cat-

2 The current state-of-the-art for broadband nulling experits —

is a 10° null which has been recently demonstrated aturh0
(A4/lambda=34%) with the adaptive nuller (Peters. et al. 2009).

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 tastgat,
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G2V star at 15pc (one rotation)

Table 4. Expected performance in terms of number of stars sur-

a.

108 FEonet . veyed and planets characterised during the nominal 5-y&ar m
— | -t Local zodi | { sion for various telescope diameters and planet radii. #llss
€ 108} o ;xouzodil s are assumed to host a planet in the habitable zone and to-be sur
N i N rounded by an exozodiacal cloud 3 times denser that in ttae sol
T 104k — — — : Detector i system.
o
E T i Telescope diameter 1-m 2-m 4-m2-m 2-m
> = === === === == T Planet radiusR;] 1 1 1 15 2
= I B Detection
& 10 U Surveyed (5years) 89 303 813590 921
B S o ] Surveyed (2years) 58 189 497370 564
10-2E7 4 # F stars 3 10 35| 27 46
# G stars 11 43 13§ 96 164
6 8 10 12 14 16 18 20 # K stars 14 61 183 130 206
Wavelength [um] # M stars 30 75 143 117 148
Spectroscopy
L M Staring C0,,03) 20 64 199 132 234
' 31.00 Rotating CO,,0;) 20 43 127| 89 159
_ o.00F #F stars 0 2 5| 4 8
= # G stars 2 7 25| 17 36
> # K stars 2 10 40| 24 46
™ ° # M stars 16 24 67| 44 69
2 2 Staring H,0) 15 32 101| 71 121
T 0.010F 0,10 Rotating H,0) 11 21 60| 48 83
= F 1 o # F stars 0 1 2 2 4
- & o # G stars 0 4 11| 8 16
2 & ] ’ #K stars 2 5 18| 11 22
g S — iPlanet 14 # M stars 9 11 39| 27 41
3 [ - : Shot noise | |
- — — — — Inst. noise
0.001 el | T oNR
e e 300
6 8 10 12 14 16 18 20 emission is dominant at long wavelengths. The lower figure
Wavelength [um] represents shot noise, instability noise and the detedtghls

from the planet. The SNR is also represented and measured on

Fig. 6. Input (a) and detected (b) signals for an Earth-like plang right-hand side vertical axis. It is maximum around:&Q

orbiting at 1 AU around a G2V star located at 15 pc. The demog-
ulated signals are computed over a single rotation of 50000 s

ere the planetary signal peaks, and decreases rapidaydow

ort wavelengths, suggesting that the spectroscopy se the

wavelengths would be the most time-consuming. Integrdting

signal and noise sources from 6 to/28@ gives an SNR of about

2 (see tabl¢]3) so that about 6 rotations of the interferametr
thermal photons from the instrument and any solar phot&ffay would be necessary to achieve the detection of theeplan
that are scattered into the instrument. We assume a nomiy§h an SNR of 5. For spectroscopy, the integration time bas t
value of 10 photons per second and per spectral channel.be much longer since the individual SNR in each spectral-chan

— Dark current is the constant response produced by the det.@@LIS S|gn|f|c§1ntly lower. For instance, about 150 rotaehlohthe
tor when it is not actively being exposed to light. We conihterferometric array would be necessary to achieve an SNR o
sider a nominal value of of 4 electrons rms per read and p]sQ at 1Qum.
spectral channel.

— Detector noise is comp_uted assuming a read-out noise o4 Expected performance
electrons rms and a typical read-out frequency of 1 Hz.

— Instability noise has been discussed in sedfioh 3.4. Itis-coConsidering the assumptions given in Table 2, the simulated
puted for rms OPD and amplitude errors of 1.5nm arperformance of Brwin/TPF is shown in Tablé]4 for various
0.05% respectively (and defined off-type power spectra). aperture sizes and planet radii. Considering Earth-raolas-

ets within the habitable zone, about 200 stars, well sprewihg

As expected, shot noise is the dominant contributor for ahe four selected spectral types, can be surveyed duringptine
targets (we have derived the constraints on the instrumant snal 2-year detection phase. This number reaches about BO0 w
bility so that instability noise is not dominant in sectio@8 4-m aperture telescopesaBvin/TPF will thus provide statisti-
The emission of the local zodiacal cloud is generally the dornally meaningful results on nearby planetary systems. vesdly
inant source of shot noise but geometric stellar leakagetand indicated by Tablgl3, nearby K and M dwarfs are the bestduite
exozodiacal dust also produce a significant part of it. biita targets in terms of Earth-like planet detection capabiditi
noise is dominated by second order phase-amplitude cnoss te  For the spectroscopy phase, a required SNR of 5 has been
as pointed out by Lay (2004) and contributes weakly to the iassumed for the detection 600, and O3, as discussed in sec-
tegrated SNR. The dependence on the wavelength is showriam[3.1. For the full characterisation (i.e. searchingtfar pres-
Fig.[8 for the G2V star located at 15 pc. The upper figure repace ofH,0, CO,, andQs), the required SNR has been fixed to
resents the diierent input signals, showing that stellar leakag0 on the 7.2-2Q4sm wavelength range. With these assumptions,
dominates at short wavelengths while the local zodiacaldtloCO, and O; could be searched for about 40 planets (resp. 60)



D. Defrere et al.: Impact of exozodiacal clouds on the panrmce of future life-finding space missions 9

Emma X—array (2—m apertures) Emma X—array (2—m apertures)
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SNR(with zodi)/SNR(without zodi)
»
Tolerable exozodi density [zodi]

Fig. 7. Impact of the exozodiacal dust density on the SNR fdfig. 8. Maximum number of zodis with respect to the target dis-
different target stars. The exozodiacal disc is assumed tavfolltance for the RrwiN/TPF target stars. The maximum number of
the Kelsall model (Kelsall et &l. 1998) and to be seen in fawe-zodis corresponds to an increase of integration time by taifac
orientation. The horizontal dotted line corresponds toangase two with respect to the 0-zodi case.

of integration time by a factor 2 with respect to the 0-zodieca

time and the consequence on the number of targets that can be
with rotational spectroscopy (resp. staring spectrosgegyle  surveyed during the mission lifetime. The impact of asyninet
H,O could potentially be detected on 20 (resp. 30) planet&uctures is discussed in sectidn 5.
during the 3-year characterisation phase. These valuetdwou
be roughly halved for 1-m aperture telescopes. Although sta . o
ing spectroscopy presents (as expected) better resubitiprial  4-1. Analysis per individual target

spectroscopy is more secure since it does not rely on an acygrently, very little is known about the amount of exozo-
rate localisation ofthe.planeyl. Itis glso interesting teertbat in - §iacal dust in the habitable zone of nearby main sequence
the case of planets with rad|_| 1.5 time as large as that ohEarkiars First results have been obtained only very recesthygu

the number of planets for whidH,O spectroscopy could be per-ciassical infrared interferometry at the CHARA array (Moun
formed is doubled. Wilson, USA) and at the VLTI (Cerro Paranal, Chile). These
instruments have revealed the presence of hot dust in the in-
ner part of planetary systems around a few nearby main se-
guence stars with a sensitivity of approximately one thodsa
The amount of exozodiacal dust in the habitable zone of yeartodis (Absil et al. 2006; Di Folco et al. 2007; Absil etlal. 300
main sequence stars is one of the main design drivers R009;| Akeson et al. 2009). Recent observations using ground
the Darwin/TPF mission. Depending on their morphology antased nulling interferometry at the Keck observatory (Maun
brightness, exozodiacal dust clouds can seriously haniyger Kea, USA) have shown improved sensitivity to exozodiacatdu
capability of a nulling interferometer to detect and chtgese clouds of a few hundred zodis (Stark et al. 2009). Given tbk la
habitable terrestrial planets. Under the assumption tligten- of information on exozodiacal clouds with densities of a few
trally symmetric around the target star, the exozodiacalid! zodis, we investigate in this section the impact of exozcalia

is suppressed by the chopping process, and therefore only odust density on the performance okivin/TPF.

tributes to shot noise. An exozodiacal cloud similar to theal Considering centrally symmetric face-on exozodiacalsjisc
zodiacal disc emits 350 times as much flux aufi@than an Fig.[d shows the SNR (normalised to the SNR for no exozodi-
Earth-like planet, so that it generally drives the integratime acal cloud) integrated over the 6-20 wavelength range as a
as the disc becomes a few times denser than the local zodidaattion of the exozodiacal dust density for the 4 typicadé&t
cloud. A previous study performed for the DCB with 3-m aperstars used in sectidn_3.5. We consider the normalised SNR be-
ture telescopes observing a G2V star located at 10 pc has ¢adise it does not depend on the integration time (the plgneta
to the conclusion that detecting Earth-like planets arcustar signal is removed from the equation) which has the advantage
for which the exozodiacal cloud density is larger than 20izodo provide a common basis to compare th@edent target stars.
would be dificult (Beichman et al. 2006). Nevertheless, the tol-ooking at Fig[T, the impact of the exozodiacal dust dersity
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 sizegehstars which present the brightest exozodiacal disasthieo
target distance and spectral type. Another parameter wdgioh FOV star located at 20 pc, the normalised SNR is reduced by
affect the performance of the interferometer is the presenceaofactor of about 2.5 between the 0 and 100-zodi cases while
asymmetric structures in the exozodiacal disc such as dwnp for the MOV star located at 5pc it is only reduced by a factor
offset due to the presence of planets. These asymmetries haséabout 1.5. Assuming that the integration time should reot b
different impact on the mission performance because they inttwice longer than in the 0-zodi case (see the horizontakdott
duce a signal which is not perfectly suppressed by phase-choprve), the maximum number of zodis are about 70, 50, 50 and
ping and can mimic the planetary signal. This section is$edu 20 respectively for the MOV star located at 5 pc, the KOV star a
on the impact of the exozodiacal dust density on the integrat 10 pc, the G2V star at 15 pc and the FOV star at 20 pc.

4. Impact of the exozodiacal cloud density
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Emma X—array (2—m apertures) list, Fig.[9 shows the tolerable dust density as a functidRqgf,
R the ratio of the number of targets that can be observed during

" ] the mission lifetime in the presence of exozodiacal cloddke
given density to the number of targets that can be observed du
ing the mission lifetime in the absence of exozodiacal ckoud
The corresponding number of target stars that can be olzberve
can easily be computed using Table 4.

As exozodiacal discs become densej,sRecreases so that
the tolerable dust density depends on the goal of the migsion
terms of the number of stars that have to be observed. In order
to survey approximately 50% of the stars that could be oleskrv
in the absence of exozodiacal discs, a dust density as high as
400 zodis can be tolerated, while only 30 zodis are tolertable
observe 90% of the stars. Considering that at least 150tfrge
have to be observed during the mission lifetime (about 75% of
the stars), exozodiacal discs with a density of about 10&zod

Fig. 9. Tolerable exozodiacal dust density as a function of tH@n be tolerated around the targets stars. This tolerabteien-
number of targets that can be observed during the missien ligity is computed for the whole catalogue assuming that the ti
time normalised to the zodi-free case{&, accounting for over- allocation on each spectral type is maintained. In pragctive
heads and a specific time allocation for each spectral ty@ (1 effect of exozodiacal dust is more pronounced for early type
F, 50% G, 30% K and 10% M). stars. This behavior is illustrated in Fig. 9 for each spdype.
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.
Conversely, in order to survey at least 75% of the stars,dhe t
The distance of the star also plays an important role. As tkeable dust densities are about 10, 50, 100 and 300 zodis for F
distance to the target system increases, the flux collected f G, K and M stars respectively.
the exozodiacal cloud decreases while the flux collecteshfro  These results show how important it is to observe in ad-
the local zodiacal cloud remains the same for all target® Thance the Rrwin/TPF targets in order to maximize the num-
contribution of the exozodiacal dust cloud to the noisellbee ber of stars that can be surveyed during the mission lifetime
comes therefore relatively less important so that a higlust d Ground-based nulling instruments like LBTI (“Large Bindau
density can be tolerated around the target. This explairysth Telescope Interferometer’, Hinz etial. 2008) and ALADDIN
curves of the G2V star and the KOV star almost coincide despitAntarctic L-band Astrophysics Discovery Demonstrator f
the fact that the G2V star is hotter. This behavior is illastd Interferometric Nulling”| Absil et al. 2008a) would be idda
in Fig.[8, showing the maximum number of zodis with respeggach the detection of 50-zodi exozodiacal discs with a sky ¢
to the target distance for the wholesbvin/TPF catalogue. This erage sfficient to observe almost the entireBvin/TPF cata-
maximum number of zodis corresponds to an increase of integue.
gration time by a factor two with respect to the 0-zodi case. |
depends on the target distance and spectral type, and caa tak ,
value from few zodis up to several hundred zodis for the ma#t3- Influence of the telescope size

distant stars. For a given distance to the target systerméx@  |,creasing the telescope diameter hatedent influences on the
mum number of zodis increases with the stellar temperatuee, i qividual signal and noise sources. The planetary signal i

zodi constraint being more severe on F stars than on M st&fgases as bwhile the shot noise contributions from geometric
while for a given spectral type, the zodi tolerance increasiéh  |oakage and exozodiacal cloud increase as D. The relative co

N

o

o
T

o
o
T

c All stars
[ . F stars
F| ---- :G stars
[ 1 K stars
‘:M stars

Maximum dust density [zodi]

0.0 0.2

the target distance. tribution from the local zodiacal cloud to shot noise is restl
for larger aperture telescopes, due to the smaller fieldiayi-
4.2. Tolerable dust density Since the local zodiacal cloud emission is generally onéef t

dominant noise sources, the relative impact of the exoratlia

So far we have examined the maximum exozodiacal dust defoud density on the SNR becomes therefore more significant
sity for each target which corresponds to an integratioe i@  for larger telescopes. Using the assumptions of Table & bii
target equal to twice the zero-zodi integration time. Ho@vev havior is illustrated in Fig_10, which shows the tolerabte-e
this does not tell us anything about the total number of steis  zodiacal dust density with respect tgu,Rfor different aperture
could be observed over the survey time of the mission. Here giges.
derive the .eXOZOdiacal dust denSiW that .Can be toleratmohar For a given dust density, the loss of observable targets dur-
nearby main sequence stars so that a given number of starsjggnthe mission lifetime with respect to the case without-exo
be observed during the nominal mission lifetime. zodiacal disc is more important for larger aperture telpsso

To calculate the total number of targets that can be surveyegk instance, the tolerable densities are 50, 30 and 15 redis
during the mission lifetime, we compute the integratioretifor  spectively for 1-m, 2-m and 4-m apertures telescopes inréode
each observable target as a function of the exozodiacatidust survey at least 90% of the nominal targets. These valuesteco
sity and add them in ascending order as described in sécfibn 300, 100 and 60 zodis if 75% of the targets have to be surveyed.
Considering a slew time of 6 hours and afficéency for the Considering again that 150 targets have to be observedgiurin
remaining observing time of 70%, the list is cuf when the the mission lifetime, dust densities as high as 100 and 6018 zo
cumulative integration time exceeds the nominal surveioger
Applying this procedure to each spectral type (with the @orr 3 Detecting 150 targets has been defined by both ESA and NASA as
sponding time allocation, see Taljle 2) and to the whole targige minimum mission requirement foraBwin/TPF-1.
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Emma X—array 0.1% level of the total exozodiacal flux can be confused with
300f ‘ P ] a planetary signal. The problem becomes even more serious as
' 1 the dust density increases: a 10-zodi exozodiacal disc beust
\ 1 smooth at the 0.01% level, in the region to be searched for pla

C ' 1 ets. Considering asymmetric exozodiacal discs, we darmitiea$
2001 O g section the tolerable dust density in order to ensure thectien
' 1 of Earth-like planets with Brwin/TPF.

mo; \ , 5.1. Methodology

Tolerable dust density [zodi]

i SN ] At the output of the interferometer, the total detected phoate
e ] (excluding stray light) can be written as (l.ay 2004):

1 2—m apertures

= :4—m apertures
oL v

00 02 04 086 08 ‘;:o N=fstky(S)R(S)P(S)Gdea/, (1)
0 Ja

Rots

whereBsyy is the brightness distribution on the sky for a spec-

Fig. 1(_). Tolerable ex_ozodiacal dust density foiffdrent aper- 5] channel centered on wavelengthnd a bandwidtiAl < A
ture sizes as a function of the number of targets that can be ?@nits in photon&/m?), sis a unit vector whose direction repre-

served during the mission lifetime normalised to t_he zmdéf_ sents position on the sky, §(s a field-of-view taper function

case (Ryg)- The results are computed for the nominal missiopygyting from the size of a collecting aperture and fromrée

lifetime accounting for overheads and a specific time atiooa sponse of the single-mode spatial filter, &(g) is the intensity

for each spectral type (10% F, 50% G, 30% K and 10% M).  yesponse of the interferometer on the sky (excluding therjap
the so-called transmission map. Expresgibn 1 can be watien
a function of the double Fourier transform of the sky brigiss,

can be tolerated around the target stars for 2-m and 4-m agBfluding the field-of-view taper, which are denoted by aihor
tures telescopes respectively (150 targets being not @elec 2ontal bar:
within the survey time with 1-m aperture telescopes). Due to
the better nominal performance achieved with 4-m aperglee t N = Z
scopes (about 500 targets surveyed during the survey teee, s =~ = £
Table[4), the maximum dust density to survey 150 targets (600 _
zodis) is higher than for 2-m aperture telescopes (100 ybdis - sin(g; - ¢k)Bsky,jk,aSym] , (2)
the corresponding loss of surveyed targets with respedido t
nominal case is much more important,(Rof 30% vs 75%). WhereBsysym (resp.Bskyasym iS the symmetric (resp. asymmet-
In practice, larger aperture telescopes would obviouslyditer ric) part of the sky brightness distribution agg the phase re-
to maximize the scientific performance but the final choickk wisponse of the telescogeThe total photon rate is therefore a sum
also result from a tradefiowith cost and feasibility. over all possible pairs of collectors. The baselines witlhase
difference that is an integer multipleof{0, +r, +2r) couple en-

] tirely to the symmetric brightness distribution (star,dbzodia-

5. Impact of the exozodiacal cloud morphology cal cloud, exozodiacal disc). Any asymmetric brightnessrdi

The previous results have been obtained assuming that E%ion ggumels. elntirglyzto baselilnes Witlh a phastedince ;ha:]
exozodiacal dust emission is centrally symmetric aroured t%i an odd multiple ofr/2 (e.g., planet, clump). From Eq. 2, the

D AA[cos6; - 3 Bsiyisym
k

J

target star so that it is suppressed by phase chopping (& cted photon rate from the exozodiacal disc is simplgrgiv
therefore only contributes to shot noise). However, exazodY:

acal discs are likely to show resonant structures or fin o —

set with respect to the central star due to the the gravitalNez = ZZAJ'AK[COS@J — ¢) Bezjk.sym

tional influence of embedded planets. These resonant stesct Ik

have been predicted by theoretical studies (Roqueslet 84;19 - sin; — ¢k)§Ez,jk,aSym] , (3)
Liou & Zook |1999; Ozernoy et al. 2000), and similar structure

have been observed in few cases around nearby main-sequdtedemodulated signal from the exozodiacal disc can then be
stars (e.g.._Wilner et al. 2002; Greaves et al. 2005; Kala$ etobtained (after combination of the two chop states):

2005; Schneider et al. 2009). The most well-studied examiple

an asymmetric disc is the solar zodiacal cloud, which exibi Oey — 1 (7 NE. — NR) 1l 4
several structures interpreted as the dynamical signafyalen- Bz = Tfo ( EZ ™ EZ)’7 L, 4)

ets (Dermott et al. 1985, 1994; Reach etal. 1995). This trend

suggests that exozodiacal clouds may be full of rings, cekimpvhereT is the integration time, E.E (resp. I\'EZ) the contribu-
and other asymmetries induced by the presence of embedtied of the exozodiacal disc at the output of the left (resght)
planets. These asymmetric structures around the targedrgta chop state ang the demodulation template function. This tem-
not perfectly canceled by the phase chopping process amnd pédate function is used to extract the planetary signal bygsro
of the exozodi signal can then mimic the planetary signal. ¢obrrelation ((Angel & Woolt 1997). It represents the timeissr
the demodulated contribution from the exozodiacal disdgs s (normalized to have a rms value of one) that would be obtained
nificantly higher than that of the planet, it would befdiult to should a planet be present at a given position. Taking into ac
isolate the planetary signal, whatever the integratioretitis count that the phase response of the interferometer is iath t
mentioned by Leay|(2004), asymmetric inhomogeneities at tbé = —¢iR with theq&iL equalto /2, 0,r, 3n/2), Eq[3 and} give:
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Fig. 11. Upper: Thermal flux (6-2Qum) produced by a 10-zodi exozodiacal dust cloud around a Gawvfar four diferent disc
inclinations (0, 3C°, 60° and 90) and assuming a Dohnanyi distribution of particle sizeshiayi 1969). The images have been
simulated assuming a Earth-mass planet located at 1 AU ondives (90 degrees clockwise from vertical, Stark & Kuclip@es).
Lower: Corresponding asymmetric brightness distributions alet&by subtracting to each pixel its centrally symmetriadetpart.
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have examined the geometry of these resonant signatures
(e.g. Kuchner & Holmah 2003; Moro-Martin & Malhatra 2005;

T ~ Q- - H
Ogz = Z Z AAsing; - ¢k)f Bezjcasyniidt,  (5) Reche et al. 2008; Stark & Kuchrer 2008), these images are par
ik 0

=

ticularly convenient for our study since they include enopgr-
ticles to overcome the limitations of previous simulatiomkich

which shows that only asymmetric components of the brigsgne/V€re often dominated by various sources of Poisson noise, an
distribution contribute to the demodulated signal. Moregp ~ &/low for quantitative study of the modeled ring structuries

ically, only the baselines with a “fractionafphase diterence 2ddition, these images are geared toward terresrial-plass
can produce a demodulated signal. Such baselines are mapdaqts at a few AU from the star, whereas most other studies con-

in order to generate odd harmonics of the rotation frequekcy C€M more massive planets located much farther from the star
solution to mitigate the influence of the asymmetric struesin Ve used the Stark & Kuchner (2008) models to produce thermal

the disc is to have long imaging (“fractional) baselines that €Mission images of inclined discs*(B0’, 60° and 90) with
resolve out the more spatially extended emission from tloe e€SOnant ring structures. We investigated disc models gysa
zodi variations, leaving only the point like emission frotarp tem with an Earth-mass planet on a circular orbit at 1 AU adoun

a G2V star located at 15 pc and for a Dohnanyi distributiogfan

ets. , :

ing in size from the blowout size up to 126 (Dohnanyi 1969).

The thermal emission produced by such exozodiacal discs are
5.2. Impact of clumps given in the upper part of Fig. 11 in a wavelength range of 6-

The origin of some asymmetric clumpy structures, i.e. Iocgpﬂm'
density enhancements, in exozodiacal discs may be atdbut
to to the gravitational influence of planets on the small dust The images given in Fid._11 can be thought of as upper-
grains. After their release from parent bodies via collisi@r limits to the brightness of structures due to an Earth-lilkeaet.
outgassing, dust grains experiencéfatent paths in the stellar|Stark & Kuchner|(2008) ignored dust from parent bodies with
system, depending on theiffective size. Whereas the smallHarge inclinations and eccentricities, such as cometschvhi
est particles are ejected from the planetary systems bgtiadi would tend to wash out any resonant structure. Additionally
pressure in a dynamical time, larger particles slowly s$pira these models ignore thdfects of collisions, which smooth out
ward due to Pointing-Robertson drag (Robertson 1937). &vhibverdense regions of the disc and reduce azimuthal asyiesietr
spiraling toward their host star, dust particles may bectenme  (Stark & Kuchner 2009). In every simulation, the parent lesdi
porarily trapped in mean motion resonance with planetgrekt were initially distributed from 3.5 to 4.5 AU in an asteroidlb
ing their lifetimes. This trapping locally enhances thetigde like ring. The Earth-mass planet is oriented along the s-é®F
density, creating structures, originally described fog #olar cated at 66 mas on the x-axis) with a noticeable gap in the ring
zodiacal cloud as circumstellar rings, bands, and clumgs, (eat its position. The models are truncated at half the senjma
Kelsall et al| 1998). axis of the planet, resulting in the inner holes in the imaafes
In order to address the impact of such structures dig.[11. In reality, the dust density distribution shoulchtoue
the performance of Erwin/TPF, we use the results ofinward tothe dust sublimation radius in the absence of amfdit
Stark & Kuchner [(2008), who synthesized images of ciperturbers. This “missing” inner disc should however nteet
cumstellar discs with resonant rings structures due to ewur results, since the inner disc would be centrally symimestr
bedded terrestrial-mass planets. Among the studies thfzéat it does not contribute to the detected signal.
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Fig. 12.Upper: Chopped photon rate from an Earth-like planet and a 10-Ryahanetric disc with respect to the rotation angle for
two disc inclinations (Dand 60) and diferent wavelength ranges (atAf and in the full wavelength rangé)ower: Corresponding
dirty map formed from the cross correlation of the measuiguas with templates of the signal expected from a point et
each location on the sky.

Introducing these images infdarwinSM, we compute the density ranges between about 1 and 15 zodis, depending on the
chopped photon rate from the exozodiacal disc as a funcfiondisc inclination. The detection is particularlyfidcult for highly
the array rotation angle. This is represented in the uppeigpa inclined discs for which the asymmetric components are more
Fig.[12 for two diferent disc inclinations (0and 60) at 10um dominant and at long wavelengths where the planetary signal
(left figures) and for broadband detection (620, right fig- weaker. Combining the spectral channels to obtain a braatiba
ures). The density of the disc has been scaled up to 10 zoclsrelation map (see Fig.112) reduces the impact of sidslabe
and the chopped planetary signal represented for comparisociated with each main peak but does not significantly iwvgro
(dashed curve). In all cases, it is dominated by the choppbe results. This is because the performance are limitedhéy t
signal from the exozodiacal disc (solid curve) and paréidyl main peak induced by the hole near the planet rather than by
for high disc inclinations. To disentangle the planetagnal sidelobes. Note that this hole generally induces a respdtse
from the disc signal, it is necessary to apply the crossetation 4 times larger the rms deviation of the pixel counts withia th
method to build the so-calledirty map. Applying cross corre- annulus so that it might be marginally interpreted as a pldee
lation of the measured signal (discplanet) with templates of tection (a “false positive”). However, it could also be seen
the signal expected from a point source at each location ®n #n indirect way to detect the presence of a planet within the
sky (computed using E@J 5), the dirty maps represented in thele since such compact structure is expected to be cregted b
lower part of Fig['IR are obtained. This process transfoimas ta planet.
rotationally modulated signal into a map of the sky by cross- In order to relax these stringent constraints on the exozo-
correlation, which is equivalent to the Fourier transforsediin  diacal dust density, more sophisticated techniques of jiata
standard synthesis imaging. The planet is located at 66 mascessing could be useful (e.g., Thiebaut & Mugnier 2006). The
the x-axis and presents a demodulated signal of about 07028 eapability of these techniques still needs to be invesitjaind
at 10um and about 0.68 /s for broadband detection. The tods beyond the scope of this paper. The only secure way to en-
tal demodulated signal at the planet position is howeveetowsure the detection and characterization of Earth-likegtkawith
due to the negative contribution from the exozodiacal disSittv  Darwin/TPF-like missions is to observe in advance the nearby
presents a hole near the planet. The demodulation of th@dkoz main-sequence stars in order to remove from the targetiést t
acal discs also produces main peaks which are maximum arogtats with a too high inclingbright exozodiacal disc. To achieve
30-50 mas from the host star (in agreement with the asymenettiis goal, a space-based nulling interferometer such asl FKS
brightness distribution in the initial images, see the lopart of (“Fourier-Kelvin Stellar Interferometer”) would be ideaith a
Fig.[13). Fortunately, the high angular resolution prodilg the sensitivity sificient to detect exozodiacal discs down to 1 zodi
long imaging baseline is flicient to spatially distinguish these(Defrére et al. 2008a).
components from the planetary signal and only the conidbut

from the hole around the planet significantly contributethi® ,
noise level. 5.3. Impact of the disc offset

In order to ensure the planet detection, we adopt a critén offset between the center of symmetry of a dust cloud and
rion commonly used in AO imaging (Macintosh et al. 2003ts host star is a natural consequence of the gravitatiotedac-
Hinkley et al. 2007} Serabyn 2009). The noise level is taken tion with planets. In the solar system, the center of the aali
be the rms deviation of the pixel counts within an annulus afoud is shifted by about 0.013 AU from the Sun due mostly to
width equal to the size of the PSF at half maximum. Consideridupiter (Landgraf & Jehin 2001). Thé&set can be much larger,

a detection threshold of 5, the results are given in Thbler5 fas shown in the case of the Fomalhaut system withftsebof
different wavelengths and disc inclinations. The tolerable di$5 AU (Kalas et al. 2005). Even when inhomogeneities such as
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Table 5. Tolerable exozodiacal dust density foffdrent disc in-

Tolerable dust density (G2V star at 15 pc)
T T T T

clinations and wavelengths. The detection threshold isrtak 100 [T »
be 5 times the rms deviation of the pixel counts within an annu o A -
lus of width equal to the size of the PSF at half maximum. sl ! ANV

Discincl. 8um 10um 16um Wide

o 122 153 7.0 140 60

30 91 150 69 138 [
60° 61 68 21 38 L
o 11 14 10 26 ori

Tolerable dust density [zodi]

clumps are not present, affget cloud produces an asymmetric L Tl
brightness distribution such that a part of the exozodidisad L e
signal survives the chopping process. Using the zodipi&{ac ol o T .
agé, we produce images of solar-like zodiacal discs with a given 00 0z O ottsot [AUL 08 1
offset and use them to compute the demodulated signal at the
output of the interferometer. The results are presentedifB, Fig. 13. Tolerable exozodiacal dust density with respect to the
showing the tolerable dust density with respect to the dic ooffset between the center of symmetry of the exozodiacal disc
set for a G2V star located at 15 pc and foffgiient wavelengths. and the central star (a G2V star located at 15pc). The disc is
The disc is assumed to be seen face-on. assumed to be seen in face-on orientation.

As the distance between the host star and the center of sym-
metry of the exozodiacal disc increases, the tolerable dierst
sity to detect an Earth-like planet located at 1 AU becomeem
severe and reaches less than 5 zodis forfesebof 1 AU. For in-
dividual spectral channels, the tolerable dust densitidhagde-
creases to reach the value of 20 zodis at 0.05, 0.15 and 0.25
respectively at @m, 10um and 16:m. The results for broad-
band detection are much better with a tolerable dust deonsity

20 zodis only for a disc presenting affset larger than 0.6 AU. nl ; L L=
o ; : y the hole in the dust distribution near the planet sigaifily
Considering a tolerable exozodiacal dust density of 100520ng tributes to the noise level. Considering the full wangté

the dfset between the host star and the center of symmetry, ge of DrwiN/TPF, we show that the tolerable dust density is

the exozodiacal disc can be as high as 0.4 AU in order to ensife s 15 times the solar zodiacal density for face-on systerd
the planet detection. For arfifset similar to that of the solar Z0- jecreases with the disc inclination. In practice, this tai

diacal cloud (about 0.013 AU), this tolerable dust densigien might be relaxed since we examined a resonant ring model that

much higher (few thousand zodis). does not include dust from highly eccentric or inclined pare
bodies, the fects of grain-grain collisions, or perturbations by
6. Conclusions additional planets, all of which can reduce the contrastef t

o ) ) resonant ring and improve the tolerance to the exozodiacsl d
Infrared nulling interferometry is the core technique ofufie gensity,

life-finding space missions such as ESAsiN and NASAs These results show that asymmetric structures in exozodi-
Terrestrial Planet Finder (TPF). Observing in the infra@20 ca) discs around nearby main sequence stars are one of the
um), these missions will be able to characterise the atmesphgyain noise sources for future exo-Earth characterizatics m

of habitable extrasolar planets orbiting around nearbyset  gjons, A first solution to get around this issue is to have g lon
quence stars. This ability to study distant planets stpKHgt jmaging baseline architecture which resolves out the mpae s
pends on exozodiacal clouds around the stars, which candrampy|ly extended emission of the exozodiacal cloud from thiep

the planet detection. Considering the nominal missioni®@ch |ike emission of planets. The stretched X-array configorats

ture with 2-m aperture telescopes, we show that centrally- sy particularly convenient in that respect. The second smiuis
metric exozodiacal dust discs about 100 times denser thfean {8 gphserve in advance the nearby main sequence stars and re-
solar zodiacal cloud can be tolerated in order to surveyaatle moye from the Drwiv/TPF target list those presenting a too
150 targets during the mission lifetime. The actual numbier gigh dust density or disc inclination. The FKSI nulling inte
planet detections will then depend on the number of tefegstrterometer would be ideal in that respect with the possybttit
planets in the habitable zone of target systems. detect exozodiacal discs down to the density of the solar zo-

The presence of asymmetric structures in exozodiacal digg§cal cloud. Ground-based nulling instruments like LBTitla
(e.g., clumps or fiset) may be more problematic. While thea| ADDIN would also be particularly valuable.
cloud brightness drives the integration time necessaryidoe d

entangle the planetary photons from the background ndise, t

emission from inhomogeneities are not perfectly subtchbte Appendix A: Deriving instability noise constraints

phase chopping so that a part of the disc signal can mimic the . . . . .
planet. To address this issue, we consider modeled resongfgt2ddress here the instability noise and derive the contsra
structures produced by an Earth-like planet and introdbee ©ON the instrument stability required to detect an Earte-filanet
corresponding image inBarwing M, the mission science sim- orbiting at 1 AU around a G2V star located at 15 pc. The analy-

ulator. Even for exozodiacal discs a few times brighter tten SiS follows the analytical method of Lay (2004) which wageri
inally applied to the DCB configuration at Lén. The goal is to

4 http;/asd.gsfc.nasa.gov/Marc.Kuchner/home.html extend the study to the X-array architecture and to shorewav

%olar zodiacal cloud, the contribution of these asymmaetriac-
tures can be much larger than the planetary signal at theibutp
f the interferometer. Fortunately, the high angular netoh
vided by the long imaging baseline oflBviN/TPF in the
X-array configuration is dficient to spatially distinguish most
of the extended exozodi emission from the planetary signél a
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Fig. A.1. Instability noise with respect to the rms OPD errors for

different array architectures assuminftype PSDs and a rms 0.10F T ]

amplitude mismatch of 0.1% (defined on the G- frequency oosk SRk

range). The level of shot noise is represented by dottedesudor o ; :bcs |4

each configuration. The figure has been plotted for 4-m agertu = %% B

telescopes operating at Ath and a G2V star located at 15pc ¢ c.04f .

(surrounded by an exozodiacal cloud of 1 zodi). - : ]
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lengths where instability noise is the most dominant. Wengefi
the limiting rms OPD and amplitude errors such that insiiybil Fig. A.2. Upper: Chopped planet detected photon rate as a func-
noise is dominated by a factor 5 by shot noise over a singte rotion of array rotation angle for the fiiérent architectures. The
tion of 50000s. Assuming that instability noise is totallycor- planet is assumed to be located at 47 mas from a G2V star lo-
related with the rotation angle, this factor stays unchdrayer cated at 15 pd.ower: Corresponding Fourier amplitudes. Only
multiple rotations. In practice, instability noise can loerelated 0odd harmonics are present because of phase chopping.
with the rotation angle due to perturbations such as soktirig
effects but it should be possible to remove them by measuring
and correcting the amplitudes and phases at intervalsgithér 5015, In addition to the instrument throughput of 10%d.ise
rotation. _ _ . [Lay (2004), our study accounts for the couplirfi@ency (about

For sake of comparison W|1:h_ Lay (2004), we consider firstoos for the on-axis light) and for the quantutfiéiency of the
4-m aperture telescopes operating apfiland extend the re- getectors (70%). We also combine the two chop states whereas
sults to 2-m aperture telescopes operatingandn TablelA.1. the results of Lay[(2004) are given for only one. Although in-
Assuming a spectral resolution of 20, Fig. A.1 shows in$tabiaility noise is higher for the DCB configuration than foet
ity noise with respect to the rms OPD error for threffatent X-array, the limiting rms opd error is of the same order due to
configurations: the DCB as definedlin Lay (2004), the X-arrgje higher shot noise. Because instability noise is diyequtb-
with a 1:2 aspect ratio (X-ar2) and the X-array with a 1:6 agsortional to the stellar flux, the constraints are even muie-s
pect ratio (X-ar6). These curves have been computed as§umiBnt at 7um where the star is brighter and the level of shot noise
f-type PSDs for amplitude and OPD errors with rms valuggssically the same than at At (see TablEAIL). Considering an
defined on a frequency range frontd to 10 Hz, where fot i ymg amplitude mismatch of 0.1%, the OPD has to be controlled
the rotation period, and a G2V star located at 15 pc. Shoenofg 4 |evel of 0.3 nm rms for the three considered configuration
is represented by dotted curves. It is higher for the DCB duefnese constraints are slightly relaxed for 2-m apertuestepes
geometrical leakage (the nuII|_ng b_aselme is twice largantfor acause shot noise is relatively more dominant (shot nejse
the X-array) and presents a slight increase for large rms &PD portional to the squared root of the stellar flux while indtghis
rors due to instrumental leakage. Instability noise is aigher gjrectly proportional to the stellar flux). For the resultam,
for the DCB than for the X-array. This is because the playetaye yse 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 stringenasnd
stability noise is higher for/f-type noises. This is illustrated in only marginally compliant with state-of-the-art activentl, so

Fig.[A.2 showing the chopped planet detection rate witheesp that potential ways to mitigate the harmfufet of instability
to the rotation angle of the array (upper figure) and the eorrgyise have been investigated.

sponding Fourier amplitudes (lower figure).

Fig.[A.d shows that shot noise dominates instability noise- A first solution, proposed hy 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
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Table A.1.Limiting rms OPD values computed for a G2V star located atd&uyxrh that shot noise dominates instability noise by a
factor 5. The results are given atih and 1Qum, assuming a spectral resolution of 20, fdfelient rms amplitude mismatches and
shapes of the instability noise power spectrum. Three cordtgpns are shown, the X-array with an aspect ratio of 2 (X;ahe
X-array with an aspect ratio of 6 (X-ar6) and the Dual Choppeatewell (DCB, configuration used|in Lay 2004).

oopp [NM] 2-m apertures 4-m apertures
A=7Tum A=10um A=Tum 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 55 55 19 14 14
05% 43 26 26 87 7.2 72 21 1.2 1.2 33 2.4 24
1.0% 23 15 15 45 3.8 38 11 06 06 1.8 1.4 1.4
Yfnois® 0.01% 0.7 26 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 14
0.10% 05 0.5 0.7 15 1.6 20 03 03 03 05 0.5 0.6

arms values is defined on the [0-10 Hz] wavelength range
b rms values is defined on the/{3,-10* Hz] wavelength range

X-array, the interference pattern orthogonal to the ngllin  Others possible approaches (e.g. application of closiasgh
pattern shrinks. As the modulation map scales with waveechniques, new chopping processes, exploiting corogiatbe-
length, the planetary signal transmitted by the interferomtween measurements taken affelient wavelength bins) have
ter will then be a rapidly oscillation function of wavelehgt been suggested but still need to be investigated. Howédaset
On the other hand, instability noise is shown to be a lowery stringent requirements have been derived with thenagsu
order polynomial of the optical frequency/f). Therefore, tion thatthe instability noise present aff-fiype power spectrum.
by removing a low-order polynomial fit to the detected sigin fact, the shape of the instability noise spectrum strpig-
nal as a function of wavelength, the instability noise centrpends on the input spectrum of noise fluctuations. Piinedlse
bution is dficiently subtracted while preserving most of thenight in fact turn out to be a very pessimistic assumptione®@i
planetary signal. This operation can actually be performdiiat the Drwin/TPF system is designed to have three levels of
directly in the cross-correlation, by using a modified ptaneontrol loops that manage the OPD, and two control loop lev-
template where the polynomial components have been es for tigtilt, the resulting residual phase and intensity fluc-
moved. Because this method strongly relies on the sepaaations that are responsible for the instability noise ragest
tion of the nulling and imaging baselines, it can only lfie-e likely to have a flat input spectrum. This has a strong infleenc
ciently applied with the X-array architecture. on the magnitude of the phase-amplitude cross terms, wiich a

— Another solution, based on the coherence properties tbe main contributor to instability noise. For instanceg thl-
starlight, has been proposed by Lane etlal. (2006) to segaable rms OPD errors for a white spectrum defined on the [0-
rate the contributions from the planet and the instrumenttd Hz] frequency range are significantly relaxed as indit@te
leakage. The idea is to mix the electric fields of the leakadable[A.1. In particular at low frequencies, where the plane
with that of a separate reference beam, also from the starsignal is modulated and the instability noise arises, thegec-
order to form fringes (as long as the relative path delays arem diverges, while the flat spectrum increases lineanlprac-
maintained within the coherence length). The light from thiice, the situation might even be better, as predictive dnm&a
planet, being not coherent with the starlight, will not fornfiltering may be used to remove low-frequency power. A compli
fringes. Using as reference beam the bright output of a patation, in particular for the micro Hz domain, is that zeranpo
wise nulling beam combiner, the amplitude and phase miukifts of the control loops, e.g. related to electronictdrih the
matches in the input beams can be extracted from the fringensors, remain undetected, and thus uncorrected. Thieewil
pattern, allowing the reconstruction of the the stellakégge. sult in a low-frequency /£ component. A simple solution is to

— Athird solution has recently been proposed and tested at IA®itch the incoming beams with respect to the control loops.
(Gabor et all 2008). The principle is to successively applijhe reason why this could work is that the extremely high pre-
two (< 4/2) opposite OPD fisets to one of the beams in or-cision required for Rrwin/TPF is only on relative quantities,
der to derive the actual position of the minimum in the transramely, the phase and amplituddfeiences between any two
mission map. In this way, one feeds back the actual ORi2ams. Absolute fésets of phase and amplitude, that apply to
errors to the delay line and prevents drifts from appearingll three beams simultaneously, do not contribute to theails
The same principle can be used to avoid amplitude drifts, ity noise, since they do nofffect the null. The beams must be
either blocking all but one beam to measure its actual arswitched with respect to the control inputs with a time canst
plitude or by modulating its amplitude as in the case of thmver which the drift can be considered constant. In summary,
OPD. The frequency at which this process is carried out deven though at present a post-processing method has not been
pends on the input power spectra of the noise sources. It identified, it is highly likely that clever and careful enggring
been demonstrated experimentally in the lab that this pocenay already reduce instability noise to harmless levels.
efficiently suppresses théefdype noise generally present in
the stellar contribution at the output of a Bracewell interAcknowledgements. The authors are grateful to Lisa Kaltenegger (Harvard-
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nulling configuration, butitstéiciency decreases as the nUMmasa/JpL), Peter Lawson (NASAPL), Oliver Lay (NASAJPL), Pierre Riaud

ber of beams increases. (IAGL) and Virginie Chantry (IAGL). This research was supigal by the
International Space Science Institute (ISSI) in Bern, Ssviand (“Exozodiacal
Dust discs and Darwin” working groujbttp:/Amww.issiber n.chteamsexodust).



D. Defrere et al.: Impact of exozodiacal clouds on the penémce of future life-finding space missions 17

DD and CH acknowledge the support of the Belgian Nationalei8m
Foundation (“FRIA”). OA acknowledges the support from a SRFNRS
Postdoctoral Fellowship. DD and OA acknowledge supportmfrahe
Communauté frangaise de Belgique - Actions de recherabecertées -
Académie universitaire Wallonie-Europe.

References

Absil, O. 2001, Master's thesis, Liege University, Li¢gdBelgium,
http: /Amww.aeos.ulg.ac.be/

Absil, O. 2006, PhD thesis, Liege University, Liege, Belg

Absil, O., Defrere, D., Coudé du Foresto, V., et al. 2008aProc. SPIE, Vol.
7013

Absil, O., di Folco, E., Mérand, A., et al. 2006, A&A, 452,23

Absil, O., di Folco, E., Mérand, A., et al. 2008b, A&A, 487041

Absil, O., Mennesson, B., Le Bouquin, J.-B., et al. 2009, kr&-prints

Akeson, R. L., Ciardi, D. R., Millan-Gabet, R., et al. 2009JA 691, 1896

Alonso, R., Auvergne, M., Baglin, A, et al. 2008, A&A, 482

Angel, J. R. P. & Woolf, N. J. 1997, ApJ, 475, 373

Barge, P., Baglin, A., Auvergne, M., et al. 2008, A&A, 482

Beichman, C. A., Bryden, G., Stapelfeldt, K. R., et al. 2086, 652, 1674

Borucki, W. J., Koch, D. G., Lissauer, J., et al. 2007, in Astmical Society
of the Pacific Conference Series, Vol. 366, Transiting Epdtar Planets
Workshop, ed. C. Afonso, D. Weldrake, & T. Henning, 369—

Bracewell, R. N. 1978, Nature, 274, 780

Carle, E. 2005, EMMA configuration: evaluation of opticatfioemances, Tech.
Rep. Issue 1, ESA (SCI{&79)

Chazelas, B., Brachet, F., Bordé, P., et al. 2006, Appl.,@pt 984

d’Arcio, L. 2005

Defrere, D., Absil, O., Coudé Du Foresto, V., Danchi, W, & den Hartog, R.
2008a, A&A, 490, 435

Defrere, D., Lay, O., den Hartog, R., & Absil, O. 2008b, imerSPIE, Vol. 7013

den Hartog, R. 2005a, DARWIN science performance predicticech. Rep.
Issue 1, ESA (SCI-/800)

den Hartog, R. 2005b, The DARWINsim science simulator, T&#p. Issue 1,
ESA (SCI-A297)

Dermott, S. F., Jayaraman, S., Xu, Y. L., Gustafson, B. A&%.iou, J. C. 1994,
in, 719-723

Dermott, S. F., Nicholson, P. D., Burns, J. A, & Houck, J. P83, in
Astrophysics and Space Science Library, Vol. 119, IAU GplR5: Properties
and Interactions of Interplanetary Dust, ed. R. H. Giese Ray, 395-409

Di Folco, E., Absil, O., Augereau, J.-C., et al. 2007, A&AH 243

Dohnanyi, J. S. 1969, J. Geophys. Res., 74, 2531

Fridlund, C. V. M., d'Arcio, L., den Hartog, R., & Karlsson,.R006, in Proc.
SPIE, Vol. 6268

Fridlund, M. 2005, Darwin Science Requirements DocumeethT Rep. Issue
5, ESA (SCI-A)

Gabor, P., Chazelas, B., Brachet, F., et al. 2008, A&A, 483

Gillon, M., Pont, F., Demory, B.-O., et al. 2007, A&A, 472,81

Greaves, J. S., Holland, W. S., Wyatt, M. C., et al. 2005, 49, L187

Hinkley, S., Oppenheimer, B. R., Soummer, R., et al. 2007, 854, 633

Hinz, P. M., Bippert-Plymate, T., Breuninger, A., et al. 80th Proc. SPIE, \ol.
7013

Kalas, P., Graham, J. R., & Clampin, M. 2005, in , 1067-1070

Kaltenegger, L., Eiroa, C., & Fridlund, C. V. M. 2008, ArXiv@ints

Karlsson, A. L., Wallner, O., Perdigues Armengol, J. M., &silbO. 2004, in
Proc. SPIE, ed. W. A. Traub, Vol. 5491, 831—

Kelsall, T., Weiland, J. L., Franz, B. A., et al. 1998, ApJ85@84

Ksendzov, A., Lay, O., Martin, S., et al. 2007, Appl. Opt., 4657

Ksendzov, A., Lay, O., Martin, S., et al. 2008, Appl. Opt., 4857

Kuchner, M. J. & Holman, M. J. 2003, ApJ, 588, 1110

Landgraf, M. & Jehn, R. 2001, Ap&SS, 278, 357

Lane, B. F., Muterspaugh, M. W., & Shao, M. 2006, ApJ, 648,627

Lawson, P. R, Lay, O. P., Martin, S. R., et al. 2008, in PrédESVol. 7013

Lay, O. P. 2004, Appl. Opt., 43, 6100

Lay, O. P. 2005, Appl. Opt., 44, 5859

Lay, O. P. 2006, in Proc. SPIE, Vol. 6268

Lay, O. P, Martin, S. R., & L., H. S. 2007, in Proc. SPIE, Vd693

Léger, A. & Herbst, T. 2007, ArXiv e-prints, 707

Léger, A., Rouan, D., Schneider, J., Alonso, B., & Samueubm., A&A

Liou, J.-C. & Zook, H. A. 1999, AJ, 118, 580

Macintosh, B. A., Becklin, E. E., Kaisler, D., Konopacky, @.Zuckerman, B.
2003, ApJ, 594, 538

Mawet, D., Hanot, C., Lenaers, C., et al. 2007, Optics Exqres, 12850

Mayor, M., Bonfils, X., Forveille, T., et al. 2009, A&A, in pss

Mayor, M. & Queloz, D. 1995, Nature, 378, 355

Mennesson, B. & Mariotti, J. M. 1997, Icarus, 128, 202

Moro-Martin, A. & Malhotra, R. 2005, ApJ, 633, 1150

Moutou, C., Pont, F., Barge, P., et al. 2005, A&A, 437, 355

Ozernoy, L. M., Gorkavyi, N. N., Mather, J. C., & Taidakova,A. 2000, ApJ,
537, L147

Peters., R., Gappinger, R., Lawson, P., & Lay, O. 2009, JRicuihent D-60326

Reach, W. T., Franz, B. A., Weiland, J. L., et al. 1995, NatGi&t, 521

Reche, R., Beust, H., Augereau, J.-C., & Absil, O. 2008, A&&0, 551

Richardson, L. J., Deming, D., Horning, K., Seager, S., &ritgton, J. 2007,
Nature, 445, 892

Robertson, H. P. 1937, MNRAS, 97, 423

Roques, F., Scholl, H., Sicardy, B., & Smith, B. A. 1994, iear108, 37

Ruilier, C. & Cassaing, F. 2001, Journal of the Optical Sycaf America A,
18,143

Schneider, G., Weinberger, A. J., Becklin, E. E., Debes,.J&Bmith, B. A.
2009, AJ, 137,53

Serabyn, E. 2009, ApJ, 697, 1334

Serabyn, E. & Colavita, M. M. 2001, Appl. Opt., 40, 1668

Stark, C. C. & Kuchner, M. J. 2008, ApJ, 686, 637

Stark, C. C. & Kuchner, M. J. 2009, ArXiv e-prints

Stark, C. C., Kuchner, M. J., Traub, W. A_, et al. 2009, 41, 501

Thiebaut, E. & Mugnier, L. 2006, in IAU Collog. 200: Direct bging of
Exoplanets: Science and Techniques, 547-552

Wilner, D. J., Holman, M. J., Kuchner, M. J., & Ho, P. T. P. 20@9J, 569,
L115



	Introduction
	DARWIN/TPF overview
	Instrumental concept
	Scientific objectives

	Simulated performance
	The science simulator
	Detection phase
	Spectroscopy phase

	Coupling efficiency
	Modulation efficiency
	Instability noise
	Signal-to-noise analysis
	Expected performance

	Impact of the exozodiacal cloud density
	Analysis per individual target
	Tolerable dust density
	Influence of the telescope size

	Impact of the exozodiacal cloud morphology
	Methodology
	Impact of clumps
	Impact of the disc offset

	Conclusions
	Deriving instability noise constraints

