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ABSTRACT

Context. High-contrast imaging is currently the only available teiciue for the study of the thermodynamical and compositiona
properties of exoplanets in long-period orbits, compardblthe range from Venus to Jupiter. The SPICES (Spectrarifutric
Imaging and Characterization of Exoplanetary Systems)eptds a coronagraphic space telescope dedicated to tharepe
polarimetric analysis of gaseous and icy giant planets disassuper-Earths at visible wavelengths. So far, studiehifjh-contrast
imaging instruments have mainly focused on technical b#lityi because of the challenging playstar flux ratio of 108-1071° re-
quired at short separations (200 mas or so) to image coldaxeis. However, the main interest of such instruments,ehathe
analysis of planet atmosphearface properties, has remained largely unexplored.

Aims. The aim of this paper is to determine which planetary prage@PICES or an equivalent direct imaging mission can nreasu
considering realistic reflected planet spectra and ingniriimitation.

Methods. We use numerical simulations of the SPICES instrument quiraoel theoretical planet spectra to carry out this perfocea
study. We also define a criterion on the signal-to-nois® maitthe measured spectrum to determine under which condi&®ICES
can retrieve planetary physical properties.

Results. We find that the characterization of the main planetary ptogee(identification of moleculesfiect of metallicity, presence
of clouds and type of surfaces) would require a median sigpabise ratio of at least 30. In the case of a solar-typesi® pc,
SPICES will be able to study Jupiters and Neptunes upg@nd~2 AU respectively, because of the drastic flux decrease with
separation. It would also analyze cloud and surface coeeshguper-Earths of radius 2.5 Earth radii at 1 AU. Finallg, determine
the potential targets in terms of planet separation, raghigsdistance for several stellar types. For a Sun analoghove that SPICES
could characterize Jupiters (W30 Earth masses) as small as 0.5 Jupiter radiZafU up to 10 pc, and super-Earths at 1-2 AU for
the handful of stars that exist within 4-5 pc. PotentiallpISES could perform analysis of a hypothetical Earth-siaegt around

a Cen A and B. However, these results depend on the planetacgrapwe use, which are derived for a few planet parametstsras
ing a solar-type host star. Grids of model spectra are nefededfurther performance analysis. Our results obtaine&fICES are
also applicable to other small (1-2 m) coronagraphic spelesdopes.

Key words. planetary systems — methods: numerical — techniques: mghtlar resolution — techniques: image processing — tech-
nigues: imaging spectroscopy

1. Introduction from radial velocity surveys (Mayor etial. 2011, hereaft®) R
and transit surveys (e.d., Léger etlal. 2009; Charbonniealu e

O P 1. 1 P
The exoplanetfield in astrophysics is extremely rich anédidig. anO:r;)’ %gaael?i::;lbriz:sl;]r(?:éucgéteégle' dzg\ﬁ ’ Ji?ﬁ rtieaﬁet?a c():
From detection to characterization, many techniques areggbe y P 9 y

: ion biases of the current methods (RV, transits, imaging, m
used or developed to address _the fundamental questions alé S'Iensing) that several instrumefmtss (sions will be neegegto
planetary formation and evolution. Exoplanets span a numbge

of categories much larger than the Solar System’s planets 8§"er the whole field. Methods such as RV and transits ap-

Since the first discovery, several unexpected types of ; pear to be fiective at probing for large close-in exoplanets, and

L ._gurrent gforts are to expand their sensitivity to longer-period
were found from the hot Jupiters (Mayor & Queloz 1995) whicf - -
are very close to their host starsq.05 AU) to the population and smaller exoplanets (Udry & Santos 2007; Seager & Deming

of super-Earths (massive telluric planets) which staremerge 2010). The detection and characterization of long-pewate-
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orbit (=1 AU) planets are, however, stillfiicult to accomplish. ets, Traub|(2003) suggested that for planets too faint fecsp
On the one hand, it requires long-duration monitoring wighyw trometry, even coarse colors could help to distinguish betw
stable instruments to detect them from a RV or transit survelanet types. Cahoy etlal. (2010) showed that while a coler cr
On the other hand, direct imaging has to tackle the high eshtrterion could not be a means to uniquely distinguish between
at small angular separation that exist between the plarmeitsin planet types, due to the intertwined contributions of fexguch
host star. as metallicity and planet-star separation, colors wouldpsb-

An extrapolation of the period distribution of giant plasetvide some constraints on possible planet types.
discovered by RV surveys suggests that a large population of Among all of these space coronagraph concept missions,
these objects at separations larger than 5 AU still remainsthe most recent, SPICES (Spectro-Polarimetric Imaging and
be revealed (Marcy et al. 2005). These planets, in partithea Characterization of Exoplanetary Systems) was submittéokt
population between 5 and 20 AU, are very important for co=SA Cosmic Vision call for medium-class missions in 2010 by a
straining theoretical mechanisms of planetary formatgimge consortium of European institutes with American and Japane
it may reside at the boundary between the core-accretion gratticipationd (Boccaletti et all 2012). SPICES has a twofold
disk instability regimes_(Alibert et al. 2011; Bass 2011)h&h motivation: J the systematic atmospheric characterization of gas
it comes to the atmospheric characterization of these fan&nd ice giants as well as super-Earths in the solar neigbbdrh
direct imaging will probably be the most productive techrdiq and 2 the development and validation of key technologies in or-
Since 2005 (Chauvin et al. 2005; Neuhauser gt al.|2005¢yakv der to prepare future direct imaging projects dealing wititE
massive giant planet candidates were imaged around yoairsy stwins spectral characterization. The science objectivesthe
(<200 Myrs), the most emblematic being the four planets aroutethnical concept of SPICES are described in_Boccaletti et a
HR 8799|(Marois et al. 2008; Marois etlal. 2010) gfictorisb (2012). The main science driver is the study of planetariesys
(Lagrange et al. 2009, 2010). We note that the planetaryr@atas a whole for the understanding of planet formation anduevol
of the Fomalhaut companion_(Kalas etlal. 2008) has been tion. With a maximum imaged field of view 0f13”, SPICES
cently questioned (Janson et al. 2012). Following thesmdar-  will focus on targets previously identified using other nueth
ies, spectra were obtained for a few planets (e.g., Mohdral e (planets and circumstellar disks), but can also detect rianp
2007; | Janson et al._2010; Patience etlal. 2010; Bowler etells such as outer planets in known planetary systems and exo-
2010). A first generation of instruments precisely optirdifer zodiacal disks<100 zodis. A preliminary estimation of the num-
the detection and spectral characterization at near- amd nther of characterizable planets gives an order of magnittitie®
infrared (IR) wavelengths of young giant planets will sestfir objects for an allocated time of three years over the fivegear
light in the present decade: SPHERE (Beuzit et al. 2008), Géfithe mission|(Boccaletti et al. 2012). The main purposénef t
(Macintosh et al._2008), HICIAO_(Hodapp et al. 2008), P164idstrument is to obtain flux and polarization spectra atblesi
Phase Ili(Hinkley et al. 2011) and FLAO (Esposito et al. 2010yavelengths of colenature exoplanets, especially those previ-
on ground-based telescopes, and JWST (Clampin/2010) ancly discovered by RV surveys (Udry & Santos 2007) or as-
SPICA Coronagraph Instrument (Enya et al. 2011) in space.tometry with GAIA (Casertano et al. 2008). These surveyk wi
the next decade, planet finders on Extremely Large Telescog@ovide the orbital elements and minimum mass of planets, bu
such as EPICS (Kasper ef al. 2010) and PFI (Macintosh etradt the radius which determines the amount of reflected light
2006), may @er the ability to observe mature gas giants, icegether with the albedo. It is therefore essential to perfac-
giants and possibly super-Earths in the near-IR. Detailed-s curate measurements of spectra to possibly distinguisheest
ies were performed to consider the feasibility of large aper planet types.
coronagraphs and large baseline interferometers for tteede  In this work, we have developed a numerical simulation to
tion of Earth twins from space. These studies identified saremodel the instrument concept of SPICES. Under realistic as-
of technological development that need to be first addressedmptions of noise, instrument performance and reflected ex
which will delay the realization of Terrestrial Planet Femanis- planetary spectra, we test the ability to distinguish betwapec-
sions until~2025-2030. Meanwhile, observations have demofa of planets dfering in surface gravity' atmospheric compo-
strated the extreme diversity of planets. This led to a gngwi sition, metallicity, cloud coverage and surface type. Wendb
consensus within the community that we will need to studyonsider polarized light in this paper and leave such a stoidy
all planet types in order to have a complete understandingfature work. Our primary goal is not to refine the instrumearic
their formation and evolution (Schneider et al. 2008). Tdrads cept given in_Boccaletti et al. (2012). Firstly, we investig the
some parts of these questions, a family of small space missi@xoplanet detection space realistically, and then we mayus
(mainly coronagraphs) have been proposed (Guyonlet alt201fsults to update the design. Our work will also be benefioial
Trauger et dl. 2010) for analyses of ice giants and supeh&ar other space coronagraph proposals. In $éct. 2, we deshgbe t
The study of these missions has mainly focused on technig@imerical model and the assumptions we use for our study. In
feasibility, as it is a challenge to achieve large contrdsse Sect[B, we analyze thefects of speckle noise, read-out noise,
to a bright starl(Trauger & Tralb 2007; Guyon etlal. 2010@xozodi and photon noise on the performance. We specify what
Belikov et al.| 2010). Another area of study is the estimatednds of planets can be detected in each case. We then steidy th
number of observable exoplanets of a given type (Traugdr etignpact of the spectral type of the host star. In 98ct. 4, wedei
20107 Guyon et al. 2010b), based on assumptions of theiitglengriterion that gives the required flux accuracy that therimsent
distribution..Cahoy et al. (2009) consider signal-to-eaiatios has to produce in order to disentangle spectra for simikmegi
(SNRs) of broad-band (R5) photometric measurements as-
Sions, the almospheric characterization. however, haairam | ., O°% Palis (CESIA, LUTh, LERWA, GEPI), CESAD, IPAG,

. ! ) ! LAM, SRON, Univ. Utretch, Obs. Padova, Univ. Exeter, Univ.
hlghly unexplored so far. Cahoy et al. (2010) analyze caos Cambridge, NASA (JPL, Ames, GSFC), MIT, Univ. Arizona, INTA
coarse spectra (R5 and R= 15) of Jupiter and Neptune atmo-cs|c CAB, Obs. Torino, Obs. Geneva, ONERA, UC Berkeley, STSc
sphere models, but without including instrumentlimitasuch CalTech, IFSI Roma, NAOJ, Univ. Hokkaido, Univ. Liége, MPUniv.
as throughput and noise. From the colors of Solar System pl#tel and Obs. Vienna with support from Astrium and CNESSO.
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types (Jupiters, Neptunes or super-Earths), but witeidint val- Telescope
ues of physical parameters (composition, metallicity audl |
and surface coverage). We conclude that our instrumeniigulfi

these constraints for most of the considered cases. INHawt Polarization
generalize our results to other stellar types to define anpeter modulator
space of potential targets. [
Deformable

2. Models mirror
2.1. Numerical model of the instrument |

. _ _ _ Coronagraph
The instrument concept of SPICES is designed to provide po-
larimetric and spectroscopic measurements in the 0.46+0n9 |
range (Fig[dl and Boccaletti et/al. (2012)). To achieve hig-c Integral field
trasts required to exoplanet characterization, SPICESawan spectro—polarimeter
a high-quality df-axis telescope, high-accuracy wavefront con-
trol, a broad-band coronagraph with small inner workinglang

(IWA; the angular separation of 50% throughput), and optica ‘ Detector + Wavefrontsensoﬂﬁ

elements and detectors to collect the polarimetric andtepec _. .

scopic information. As for the telescope, very low Wavefrorf'g' 1.SPICES conceptual baseline.

aberrations have already been demonstrated for GAIA pyimar

mirrors (~ 8 nm rms on surf nd SPICE n benefit from : :

the gafn (e ?echnolos 0 Tilja v?aa\%?roitscorgrolsigzmrggvg dtmsh extraction from the IFS data is perfect, but correctly actou
binati fat gy'l | front d a defolenab for flat field impact at step 2 (Seft. 2.2).

combination of a focal plane wavelront Sensor and a delolenab_ giej 2: The normalization of the star and planet spectra, and

mirror (DM). The wavefront sensing is achieved with a self- ;.- ion of noi hoton noise. zodi. exozodi. read-
coherent camera (SCC, Galicher etal. 2008), which is a very n;iggufcl:z;toﬁetl)d). oise (photon noise, zodi, exozodi, reati-o

simple modification in the coronagraph design. The SCC spa- gyay 3: The SCC speckle calibration of the images recorded
tially modulates speckles (residual stellar light) tha&t@corded at step 2 and the measurement of the planet spectra

in the science image (no additional channel) and can aadyrat '
retrieve the wavefront errors (phase and amplitude) trthide In Fig.[2, we show an example of simulated images with-
these speckles. It then drives a DM to correct for them. As tlgit detection noise for a single spectral channet 0.675um,
correction is never perfect, the speckle noise is stronggna A1~0.013um), after the coronagraph (Figl 2, left) and after
uated, but residual speckles still remain in the image. TDE S the speckle calibration (Figl 2, middle and right). The imag
provides a means to calibrate them and extract the companiofield is limited to the zone corrected by the DM (644 (1/D)?

disk information, without prior information on the speatiof \vhich corresponds te6 x 6 arcse at 1 = 0.675um). The cor-

the latter (Baudoz et al. 2006; Galicher et al. 2010) The BMl i rected zone size is set by the linear number of DM actua-
64x64 actuator mirror, as a larger number of actuators @&s&@® tors [Galicher et al. 2010). As we introduce both amplitude a
the field of view which can be corrected. A vortex coronagragdhase aberrations in the entrance pupil of the instrumedt an
in the focal plane applies an azimuthal phase ramp to the cgP|CES uses a sole DM, the speckles are corrected only in
rected incident wavefront to cancel the starlight (Mawetlet one half of the field of view (right half in the images). After
2005). The vortex coronagraph can be made achromatic o¥geckle calibration, the contrast is enhanced as shownein th
a wide spectral bandwidth~60%, [Mawet et &ll_2010). This middle and rightimages. With the current SCC, the calibrais
type of coronagraph was successfully used by Serabyn etbre dficient in a diagonal because of the chromatism limitation
(2010) to re-image the HR8799 multi-planet system. FinallfGalicher et al. 2010). A new version of the technique is unde
an integral field spectrograph (IFS) based on a micro-lens gtudy to calibrate speckles in all directions. In the leti amiddle

ray (Antichi etal. 2009) allows recording of a dispersed@®a images of Fig 2, we added two jovian planets of contrasts®

of the corrected field of view. Once a (x4),data cube is recon- and~10° at 2.2 and 5.4/D (red circles). The closest planet
structed from the detector image, the SCC speckle caltrédi s detected in the coronagraphic image (left) with a SNES.
applied to every spectral channel separately, therefastidelly The farthest planet can be seen in this image if its positon i
reducing the chromaticity of this device (Galicher et all@0In  known. However, it is not possible to claim a detection irsthi

the current design, the beam is divided into two branchesd) eamage (SNRx 5), whereas it is detected with a SNRS00 after
assigned to a state of polarization and half of the spectiatib calibration (middle).

An achromatic modulator, at the very beginning of the instru
ment, selects the linear polarization direction on the $laf is )
analyzed by the polarizer in each branch. 2.2. Instrument assumptions

We built a numerical code, written in the Interactive Datg, toymsg of contrast, SPICES has to reach values as low#s 10
Language (IDL), to model the instrument concept and to simys - A/D and 10%° at 4 1/D (Boccaletti et all 2012) to pro-

late the SPICES performance. Our code operates in thre stefce interesting science results. Such performance iewethi

— Step 1: The simulation of non-coronagraphic and coron@SUming the parameters and the requirements on noise that
graphic image cubes of on-axis (the star) afidaais (the are listed in Tabl¢ll. We consider these values in the numer-
planet(s)) sources. The third dimension of the cubes repf@l Simulation and discuss some of them in this section. The

sents the spectral channels. We assume that the image }jBE iS assumed to be perfectly centered onto the cororiagrap
focal plane mask. Since the pointing accuracy is a critisal a

2 httpy/sci.esa.inscience-gvww/objectindex.cfm?fobjecti¢47688 pect, SPICES will include a dedicated procedure for a peecis
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2.0x107°
1.8x10°°

1.6%x10°°
1.4x10°°
1.2%x10°°

Contrast

1.0x10°°
8.0x107"°
6.0x1071°

Fig. 2. Central part of images without detection noise producedbystmulation, after the coronagraph (left) and after treckie
calibration by the self-coherent camera (middle and rightg image size is64x 64 (1/D)? (1= 0.675um). In the two leftimages,
there are two jovian planets of contrasts0~8 and~10~° (red circles). In the right image, we indicate the calcolatarea of the
profiles shown in Sedfl 3 with a white dotted line. The intgnstales are linear and identical.

Table 1. Assumptions used for the instrument simulations.  stop is used for the coronagraph (95% of the pupil diameter).
We consider that the vortex coronagraph performance isachr

Parameter Value matic for SPICES’ spectral bands. Current vortex coronatggsa
Telescope diameter 1.5m are limited to contrasts of4 x 1078 for a 20% bandwidth, but
Spectral bandwidth 0.45-0.90n strong dforts have been made in the past few years to develop
Spectral resolutioR (1=0.675um) 50 them in laboratory, test them on the sky and further improve
Number of spectral channels 35 their performance (Serabyn eilal. 2011). 15 monochromatic i
AA per channel ~0.013um ages are co-added to simulate each spectral channel image. T
C\//gvzf?rrgm'g?r;t&i%r%75um) isplr)l(rilsrms ( PSDY) SCC requires an oversampling with respect to Shannon&-crit
Amplitude aberrations 0.1% & PSD) rion. The_ plxel number per spatial resolut[on elemelm_m is3
Number of actuators on the DM 6464 at the minimum wavglength. The SCC fringes are tllt(_ad at 45
Phase estimation by the SCC perfect with respect to the pixel grid. We use @fpower law (f is the
Throughput 23% spatial frequency of the optical defect) for the power spéct
Quantum &iciency 70% density (PSD) of the phase aberrations, since it quite veell r
Maximum integration time 200 h produces the aberrations measured on the VLT and HST mirrors
Read-out noise 0.2 e- rms per pixel (Bordé & Trauh 2006). Simulations indicate that the anojolé

Full well capacity 300000 e- aberrations will have to bg0.1% in order to meet SPICES’ re-
Time per single exposure 1000 s quirements if they follow af: PSD, but this value will be more
Flat field accuracy 0.5% stringent if the law exponent is1 (Galicher 2009, chap. V.2,
Zodiacal light V=23.1 mag arcset Fig. IV.2.2). SPICES’ optical aberrations are expected/e
Exozodi level 1 zodi

very slowly with time. SPICES will be located at the L2 point,
which is believed to be a very stable environment. This may be
Notes.The parameter values are discussed in Secid. 211, 2[Zand 3.zonfirmed by the GAIA and JWST missions. Assuming such a
@ f is the spatial frequency of the optical defect, PSD referpawer stable environment, we plan to allocate a significant amofint
spectral density. time at the beginning of the mission for the purpose of adelya
estimating SPICES’ aberrations. Then, the DM will compémsa
for the slow variations. In our simulation, the SCC perfgctl
control of the coronagraph alignment at the levek6t2 mas estimates for the_ wavefront aberra_tlons .(phase and ardp)itu
(Boccaletti et al. 2012). Our simulations showed that tlikig The pgrfectly estimated wavefront_ IS p_rOJe_cteq onto th&. 64
keeps the speckle noise at a level f0-10 between 2 and PMusing the method of energy minimization in the pupil plane
4 2/D, which is below the photon noise (SEEEI3.3). In the o Bordé & Traub 2006). The DM mfluet\ce functions are modeled
tical design of the instrument, the whole spectral band i s y adapting th_e f_ormula (.)f Huang et al. (2'.)08) to fit 'ghe param-
into two branches, the first branch covering the 0.45¢0r7 cters of a realistic DM. Finally, the numerical noise inwiodd
band A1/ ~ 43%) and the second branch the 0.65-frtband by the extraction of |nd|y|§iual spectra from the IFS to bulkta
(A1/1~32%). The overlapping is for calibration purposes. \/\@Ubes is assumed negligible.
assume that all phase and amplitude aberrations are loitated In step 2, blackbody spectra for the star and planetary spec-
planes conjugated to the instrument pupil and we use the ntra fromCahoy et al! (2010) and Stam (2008) for the planets ar
trix direct Fourier transform._(Soummer et al. 2007) to propantroduced. The latter are discussed in detail in $ect.Phéton
gate the light. Fresnel propagatioffeet will be included us- and read-out noise, flat field variations, and zodiacal armd ex
ing the PROPER library (Krist 2007). The main impact will beodiacal light are accounted for. The instrument througligpu
a partial modification of the speckle pattern with waveléngtset to 23%, consideringl5 optical surfaces of reflectivity 90%
(Marois et all 2006). This will not impact the SCC wavefrontrom the primary mirror to the detector, and the quantum ef-
estimation since each spectral channel is treated sepyatate ficiency of the detector is 70%. Using an algorithm to correct
it will reduce the diciency of the wavefront correction with afor cosmic ray contamination, Robberto (2009) found that si
sole DM (Shaklan & Green 2006). A slightly undersized Lyogle exposures of 1 000s will keep cosmic-ray induced glgche
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negligible with respect to a read-out noise level of a fewnes r
per pixel. We adopt this single exposure for our simulatiomnd

we do not account for glitches. The detector flat field is mod-
eled as gaussian noise with a mean of 1 and a rms of 0.5%. The o Jupiter
IFS spreads the spectrum of an object point dfedént detec- 0.6 ————— Neptune

. . | ————  Cloudy forest Earth
tor pixels. As a consequence, every pixel of the (X)ycube Clear forest Earth

is affected by a specific flat field. We use the measured values
of zodiacal light from_Giavalisco et al. (2002). An exo-zackl
disk with a 60-inclination with respect to a face-on orbit and
a 45-orientation from the horizontal direction is simulated us
ing the Zodipic algorithm (Kuchner 2004). The inclinaticedwe

is the statistical median assuming a uniformly random adaien
tion. The orientation corresponds to the SCC fringe. Thaact
scientific strategy of SPICES requires prior knowledge @f th
orientation of the planet orbit. This has to be achieved by-co
bining astrometric measurements with RV data. The preseht a
near-future instruments like VI/PRIMA and GAIA (we note
that stars with \k 6 are too bright for the latter) can in principle
provide the information. We also plan to use a new version of
the SCC that could enlarge the high-contrast part of the @nag
and thus, could relax the constraints on the orbital knogded

o
I

Arbitrary units

o
)

(O R0} TN [ Loy (T [ Leodardoos

0.4 0.5 0.6 0.7 0.8 0.9 1.0
Wavelength (um)

Fig. 3. High-resolution albedo spectra of Jupiter, Neptune
_ _ _ (Cahoy et all 2010) and two Earth analogs (Stam 2008). The
2.3. Selecting spectral bandwidth and resolution curves of the Jupiter and Neptune are vertically shiftedhwet

In this section we discuss thefiiirent parameters we have tSPect to the actual albedo for the sake of clarity. The dakbed

take into account for the choice of SPICES’ spectral bantiwidIZontal lines indicate the reference position for the Japipec-
and resolution. To determine the spectral bandwidth, wé ﬁttgum (black) and the Neptune spectrum (red).
examine theoretical spectra representative of Jupiteptuie

and terrestrial atmospheres (Fig. 3, giant planet models: fr syre thatit is related to vegetation, because minerals mesgpt
Cahoy et al.[(2010) and Earth models from Stam (2008)). Thesimilar feature but at ffierent wavelengths. From the compar-
spectra are calculated for visible wavelengths: 0.3brilfor json of widths of SPICES’ spectral channels and of molecular
Cahoy et al..(2010) and 0.3+ foriStam|(2008). We note thatpands, we find that a spectral resolution of at least 50 isiredju

a 0.45-0.9Qum bandwidth @fers a good compromise and enyg jgentify the main bands of the spectra of giant planetsels w

ables to measure Rayleigh scattering at the blue wavelergth a5 super-Earths (Tablgs 3 did 4 and Fiys. 4and 5). Our analysi
well as the molecular absorption bands in the red part. Bttt confirms previous results (Schneider €f al. 2009).

off for the long-wavelength cutfbresults from a technological )

limitation, since visible detectors have wedki@encies above

0.90 um. Therefore, SPICES will not measure the wide and4- Planetary atmosphere models

strong water absorption band at 084 in the.spectrum of Earth The following sections 2.4.1 aid 2:%.2 describe the models w
gnalqgs (F'QEB)' Although deep absorption bands are ea%gfein our simulation. In this paper, we consider two setsad-m
identifiable in model spectra, their depth would be hard tameel's, one for giant planets and one for telluric plariets. @ahal.

sure given the SPICES performance. However, other but sha ; ) ;
lower water bands at 0.72 and 0,82 are also present in pIanh(ﬁow) s models cover a large range of star-planet sepaafi

etary spectra, Similarly, giant planets feature a stronth “and planet metallicities. Stam (2008)'s models assurfieréint

: ' ‘ are planet surfaces and atmospheric structures (cloudy aad ate
band at 0.89um at the boundary of SPICES’ bandpass, b = : : )
there are weaker bands at, for instance, 0.62, 0.73 and@n79 LH‘lospheres). Tabld 2 summarizes the main parameters we con

. ¢ . sider for these models. We set a maximum mass of 10 Earth
Measuring absorption bands atferent wavelengths allows 10 b, 55qe4 () for the super-Earths, which corresponds to a maxi-
infer the gas abundances, if the cloud top altitudes can be {ﬂ?u y

. S . . m radius of 2.5 Earth radii @ from the mass-radius relation
rived from a known gas which is well mixed in the atmospherg; 5 ascet et Al (2009). Recall that Stam’s atmosphere Imode
(Stam (2008, and references therein). Polarimetry combin )

with flux could also help to break the degenerecy (Stamlet al. gg&iﬂfﬁgg{gsgg?pngﬁa of Figs. 4 Bhd 5 (see[Sekt. 2.3 for
2004). For the teIIunc planets,. Des Marais €t al. (2002)raefi the discussion of the spectral resolution), the platat contrast

thga s_pectral bandwidths and list the molecules that exeplarig expected to be 10-8-1010 for Jupiters and- 10-9—10"11 for
MISSIONS Should Fa]ddres(s:: moI%cuIarboxygle@)_é@zoCne ('I'Qh) Neptunes and super-Earths, depending on the separation fro
water (F0O), methane (Ci) and carbon dioxide (C9. The no'star and on the wavelength. Note that Cahoylet al. (2010)

spectral range of SPICES (0.45-0,88) permits to measure all 5, {si2 1y (2008) present geometric albedo spectra, whiléae p
these molecules except GQn addition to atmospheric gases g trast curves using the following formula:

Seager et al. (2005) have emphasized the scientific intefrst
detection of surface features like the “red edge” (the risthe R2

clear Earth spectrum beyond Quin in Fig.[3). Nevertheless, C(1) = A(4, a) —5 (1)
several studies showed that this measurementfticut for a

the Earth itself (e.g., Woolf et al. 2002; Arnold et al. 2002yhere2 is the wavelengthC() is the plangstar contrast spec-
Montafies-Rodriguez etlal. 2005). Seager et al. (2009 thatt trum, A(2, @) is the planet albedo spectrum at phase angle
the “red edge” should be detected with molecular oxygen to B is the planet radius aralis the star-planet separation. Phase
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Table 2. Parameters of the exoplanetary atmosphere models used peiber.

Planet Separations (AU) Radius  Metallicity (solar units) tmaspheric structure Surface type
Jupiter 0.8,2,5and 10 1R land3 - -
Neptune 0.8,2,5and 10 R 10 and 30 - -
Super-Earth 1 25R - 0, 50 and 100% clouds Forest, ocean and forest-ocean mix

Notes.R;, Ry and R: refer to Jupiter, Neptune and Earth radii respectively.
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Wavelength (um) Wavelength (um)

Fig. 4. Theoretical models of Jupiter-like (left panel) and Nepgtlike (right panel) atmospheres degraded to the resolwdfo
SPICES (models adapted from Cahoy et al. 2010).

angle is the angle star-planet-observer: when the planeg-is Table 3. List of molecules observable at=:50 in the Jupiter
hind the starr =0°, and when the planet is in front of the staand Neptune models of Figl 4.
a=180C. In this work, we only consider the case of a planet at

its maximum elongation from the star= 90°. The flux reflected Molecule  Approximatel (um) Note
by a planet depends on both its albedo and its radius [Eq. (1)) CH,4 0.54
To determine the albedo from observations, we need to inde- CH, 0.62
pendently estimate for the radius. We can use theoreticasma H,0O 0.65 for 0.8-AU models
radius relations (e.gl, Fortney ef al. 2007; Beet al. 2008; CH, 0.66
Grasset et al. 2009). The polarimetric capabilities of FFBC g:“ 8-;3
could also help to establish the planetary properties withdgor 4 '
. . ) . 3 H,O 0.82 for 0.8-AU models
information about the planet’s radius (Stam et al. 2004 Sta CH 0.84
. . . . 4 .
2008). This will be subject for future work. When we will stud CH, 0.86
SPICES’ ability to retrieve the planet properties from meed
spectra in Secf]4, we assume that the radius is known.
2.4.1. Theoretical spectra of Jupiter and Neptune analogs mal radiation, the star-planet separation drasticallgralthe

structure and composition of mature planetary atmospheres
We use the models of Cahoy et al. (2010), who calculate atnitherefore, a simple scaling of the amount of reflected ligiktih w
spheric structures of old-@.5 Gyr) Jupiter and Neptune analogslistance is not dticient to model realistic spectra and to derive
in radiative equilibrium with the radiation of a solar-typest the actual performance of a mission like SPICES. If planets a
star at separations of 0.8, 2, 5 and 10 AU, fadffetient metal- too warm for any molecules to condense into clouds, theicspe
licities and for optical wavelengths (0.35 touin). This range tra are dominated by Rayleigh scattering. This is illustafior
matches the separations of the planets that small space ctine case of a separation of 0.8 AU in Hig. 4. At 2 AU, bright wa-
nagraphs can potentially observe. Tdble 3 lists the main-spéer clouds form and dominate the atmospheric opacity alt ove
tral bands observable with a spectral resolution of 50. Gévethe spectrum. At 5 AU, ammonia clouds form above the water
theoretical spectra of Jupiter and Neptune analogs arershadouds. At 10 AU, the same clouds form but at a deeper pres-
in Fig.[4. Unlike young planets, which are dominated by thesure level, and Rayleigh scattering again dominates thectefl
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Table 5. Star-planet separations for giant planets extrapolated to
other stellar types assuming Eg. (3). The values for the-$pte
star are those modeled by Cahoy etlal. (2010).

107}
Spectral type  Luminosity (&) Separations (AU)
A0 28 42 106 265 53.0
FO 4.8 1.8 44 11.0 219
G2 1 0.8 2 5 10
KO 0.45 0.5 1.3 3.4 6.7
MO 0.09 0.24 0.6 15 3

10710 .

Fplanet/Fstar

water cloud layer, and surfaces completely covered by efitine
est or black ocean with a Fresnel reflecting interface (Big. 5
The water clouds are optically thick and located in the tropo

Forest

Forest—ocean .
: Ocean sphere. The atmospheric absorbers are water, moleculgeoxy
[ 100% clouds ] and ozone (Tablgl4). The model albedo of vegetation presents
----------- 50% clouds two main features: a local maximum between 0.5 andudng
| T 0% clouds which is due to two absorption bands of chlorophyll at 0.48 an
B — b b bt 0.67um, and the increase of the albedo beyond@ifdue to the
0.5 0.6 0.7 0.8 0.9 “red edge” (Sec{_2]13). The appearance of the “red edge”dn th
Wavelength (um) planet spectra depends strongly on the cloud thickness@nd c

. . . erage, but it still alters the spectrum shape for a partialctcov-
Fig. 5. Same as Fid.]4 but for the terrestrial atmosphere modglrl%ge despite their large of)tical thickngss (E]gPS, sesjbe-
ofiStam (2008). tra of the 50% cloudy ocean and 50% cloudy forest planets in

blue and green dashed lines respectively). At short wagéhen
Table 4. Same as Tablg 3 but for the terrestrial planet models Riyleigh scattering dominates while at long wavelengthtiec

Fig.[5. ing by clouds is the most important process. $tam (2008) aises
weighted sum of homogeneous models to simulate a quasi hori-

Molecule  Approximatel (um) Note zontally inhomogeneous model representative of the EZ8#i0(
O3 0.5-0.7 the Chappuis band of the surface covered by ocean and 30% by forest) with dif-

O, 0.69 B-band ferent cloud coverages. In this paper, we ustedént weighted
H,0 0.72 sums for simulating three cloud coverages (0, 50 and 100%) an

Hoi) g'gg A-band three surface types (forest, forest-ocean equally mix @edio),

2 ' as indicated in Tablél 2.

2.4.3. Planet contrasts as a function of the stellar type

flux at short wavelengths. The planetid times fainter than the The atmospheric structures of the models were calculategby

Jupiter at 5 AU, as expected in the case Wher? the flux decre&ﬁ%ing~4.5-6yr planets in radiative equilibrium with the flux of
follows an inverse square power law of separation. Forgﬂdj/ a Sun-like parent star. These models can be transposedeo oth
planets (2, 5 and 10. AU)’ the clouds are optically th|pk. Th&ellar types assuming flux conservation with the standard f
Neptune spectra exhibit the same but stronger absorptmxdsbamula_
as the Jupiter spectra. Increasing the planet metallictially '
decreases its albedo. The exception is the 2-AU Jupiter moge 2 14 _ (1- Ag) 1 R L @)

p leq P A7 a2

for short wavelengths because for this case the water claneds

high in the atmosphere and thick. Cahoy etlal. (2010) note thgere R is the planet radiusy is Stefan’s constanteq the

the metallicity increase produces largeffeliences between theplanet atmosphere equilibrium temperatukg the planet Bond
Jupiter spectra than between the Neptune spectra for $&para 5)pedo and., the host star luminosity. This formula does not
of 5 and 10 AU. Methane bands dominate the spectra over all ount for the fects of the wavelength dependence of the star

bandwidth (e.g., 0.62, 0.73,0.79 and_O;Bﬁ). 'I_'heirdepths de- emission on the atmosphere (Marley et al. 1999; Fortney et al
pend on the nature of the light-scattering particles (gaesds, 2007).

aerosols). Because we are using models with discrete values (especiall
separations and stellar luminosity), we cannot extrapatias

calculate the correspondence between separations alad ktel
In this section, we summarize the main features of the telluminosity, consideringl; and Ag only depend on the incident
planet models. Stam (2008) uses a pressure-temperature V8fe||ar flux at the planet positioh, /a2 Therefore, Eq.[{2) be-
cal profile of the Earth to derive flux and polarization sp&cticgmes:
for several surface and cloud coverages and for a spectrgéra
between 0.3 and Am. We recall that we do not consider polarL, «< a®> = as, = ac /Lsp (3)
ization dfects in this paper and that these models are relevant for
a separation of 1 AU around a solar-type star. Stam (2008) cavhereas_ is the star-planet separation for a star of spectral type
siders atmospheres with and without a horizontal homogene&,, as, the star-planet separation for a G2 star agdthe star
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Speckle—limited profiles for all channels A—averaged speckle—limited profiles
"""" LI I I I LI IR L L L B A L B N
10-4}{ Before SCC calibration —— | 104k Jupiters O |
After SCC calibration -----=mimimimeme- Neptunes ¥
super—Earths ¢
----------- zodiacal light
—mrmmmmm 1—zodi exodisk
5 107° o 107°F star @ 3 pc
0 ok star @ 10 pc
® ® star @ 20 pc
® I .
£ 107 g 1078p
C C .
S 6
O O
107" 10701
10721 1072 e,
0 10 20 30 40 0 2 4 6 8 10
Angular separation (A\/D) Physical separation (AU)

Fig. 6.5-0 detection profiles of the instrument contrast achievdeg. 7.5-0 detection profiles of the instrument contrast averaged

by SPICES for all spectral channels, before (blue soliclimad over the SPICES bandpass (solid lines) and compared to aver-

after (red dashed lines) the SCC speckle calibration. aged planet contrasts calculated for a solar-type starl{sigh
For comparison, we also plot the mean contrast of the zodiaca
light (horizontal dashed line) and a 1-zodi exodisk (datkdad
curve), both for a star at 10 pc.

luminosity in solar units. For example, a Jupiter at 2 AU from

a solar-like star would have the same atmospheric strueisire

a Jupiter at~10.5 AU from an AOQ star. Tablg 5 gives the corre3.1. Impact of speckle noise

spondences for fferent star-planet separations and stellar typeél‘gure[@ shows SPICES’ contrast curves against angular sepa

Substituting Eq.[(8) into EqL1), we obtain the contrast of gyion (1, = 0.675um) for all spectral channels, before and af-
planet around a host star of tySg: ter the speckle calibration by the SCC. We see that the speckl
subtraction is necessary to reach the requirementl@° at
a few1/D (Sect[Z.R). The wavelength dispersion of the perfor-
C(A) = A, @) —— (4) mance is due to the phase aberration dependence on wavelengt
g s, (<271 and the SCC calibration dependence on spectral reso-
) ) lution (Galicher et gl. 2010). Recall that we set the samelban
We use Eqs[(3) andl(4) to derive the star-planet separaimhs width for all channels so spectral resolution increasels wive-
contrasts in SecL]3. While this calculation is a fairly gasd |ength. The steep increase of the detection limit around/Z2
timation for the giant and cloudy tgallurlc planet modelsisit corresponds to the DM cutfitspatial frequency. This cutfoand
less accurate for the clear terrestrial models. For standero the more icient SCC calibration at small separations explain
than the Sun, Wolstencroft & Raven (2002) suggest that & “rine degradation with angular separation.
edge” could indeed be shifted towards wavelengths redder th 1o have a clear and simple view of the performance, we plot
1 um, if the photon number involved in the photosynthesis preagdial profiles averaged on all the spectral channels agthias
cesses is greater than for the mechanism operating on Eagthysical separation in AU for three star distances in [Fig:te
If this hypothesis is verified, the “red edge” will be outsidgerformance is limited at short separations by the coraayyr
th_e bandwidth covered by SPICES and un_dgtectable. Howevegya (~2 1/D, Sect[Z]1), and at large separations by the size of
Kiang et al. (2007) warn that a theory predicting the “rededg the DM corrected area (cutfoat 32.1/D). As we express the
wavelength for a given stellar type assuming the same mechegxis in AU, the contrast curve scales with the star distanc
nism as on Earth is still missing. We also plot the positions of Jupiter of 1 solar metalliciyda
1 Jupiter radius (B, Neptune of 10 solar metallicities and 1
Neptune radius (R, and 2.5-R cloudy planets. We assume that
3. Performance in detection the super-Earth properties do not evolve with separatiothie
considered range. We recall that Stam (2008) uses a teraperat
The instrument model presented in SECil 2.1 provides amasti pressure profile of the Earth so the model is relevant for a sep
tion of the achievable contrast map in the field of view forteaaration of 1 AU. For stars at 20 pc, the farthest Jupiters (b an
spectral channel. In this section, we estimate the average c10 AU) and Neptunes (5 AU) are detected with SNR The
trast that is reached in the darkest area of the field of vieaa(a 10-AU Neptune is below the curve (SNRL.5). For a 10-pc star,
contained by the dotted lines in Fig. 2) as a function of thguan the same planets are still detected as well as planets asados
lar separation from the central star. As we explained in.888f 2 AU. For the closest star we consider (3 pc), planets as aese
we assume that the planet orbital parameters are knownandLitAU are very well detected and characterized (§éct. 4).ifn th
position can be matched with the orientation of the coriectease, the 10-AU Jupiter and 5-AU Neptune are not detected wit
area. the current instrument design because of the speckle atbbr
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A—averaged profiles A—averaged profiles
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Fig. 8. 5-0- detection profiles accounting for the photon noise dfig. 9. 5-0 detection profiles for a Sun analog at 3 and 10 pc and
G2 star at 3 (blue lines) and 10 pc (red lines), and for read-axo-zodiacal intensities ranging from 1 to 1 000 zodis, assg
noise levels from 0 to 3 e- rms per pixel. a 0.2 efpixel rms read-out noise and photon noise.

degradation with angular separation. Solutions may eaight
prove the detection at these large angular separatigh®A/D) number), we estimate the total integration time requiredeo
such as spectral deconvolution (Sparks & ord 2002). tect a super-Earth at SNR5, for typical values of distance and

In addition, we plot the averaged contrast levels for zodigontrast accessible to SPICES. Itis 200 h for a planet ofrasht
cal light and a 1-zodi exodisk (star distance of 10 pc). Rec&.5x 10719 at 2 AU around a solar-type star at 5 pc. No detailed
that they increase as the square of the star distance. Athostudy of the maximum integration time per target has been car
the instrument concept can reduce speckle noise below a cti@d out to date for SPICES. In this paper, we set the maximum
trast of 109, the final performance is limited by these extendegtegration time per target to 200 h. This is a good traffése-
background sources. The considered exo-zodiacal diskalimitween achieving high contrasts and observing a large nuofber
tion is at the level of Neptunes and super-Earths. Thergfore targets during the mission.
obtain a correct estimation of planet fluxes, the zodiacdlexo- We present the impact of photon and read-out noise on
zodiacal contributions must be carefully calibrated amdoeed. SPICES’ performance for the case of a G2 star at 3 and 10 pcin
The exo-zodiacal disk intensity has been identified ascaliti Fig.[d. We note that the read-out noise is a major limitation f
for Earth-twin detection. To address this question, exsidur- the furthest star but not for the closest. This is due to thetfat
veys have been recommended to prepare target lists of fahw full well capacity of the detector (Talile 1) is not fillftea a
exo-disks for space nulling interferometers like the Tetriel 1 000-s exposure in both cases. The number of single exposure
Planet Finder Interferometer and Darwin (Lunine et al. 2008nd read-out noise level are thus the same, but the photai cou
Coudé du Foresto etlal. 2010; Hatzes et al. 2010). In theafasés greater for the closest star. We note that the dozen of ltar
SPICES, the problematic isftiérent as we do single-aperturecated within 3 pc have types later than G (the exception being
imaging. The exact procedure to account for zodiacal and exgirius). Thus, the read-out noise will not be a fundameintzt |
zodiacal contributions remains to be defined although itdata tation for close stars. We base the read-out noise requireone
reduction issue, which is beyond the scope of this papehdn the farthest star and set its value to 0.2 e- rms per pixettiie
following, we consider the model distribution of both zozid multiplying CCDs can achieve such a low read-out noise, and
and exo-zodiacal intensities can be subtracted from tlee @ae  a large set of devices have been qualified for space during the
photon noise of these contributions may still limit the cast GAIA preparation|(Smith et al. 2006).

performance (Sedf. 3.2). As indicated in the previous section, an exo-disk can pre-
vent the detection of faint planets if its photon noise beesm
too important. To help to prepare a target list, we estimiage t
exozodi level that may hamper the detection of SPICES' targe
Due to a small primary mirror (typically 1.5 m in diameter) toFigure[® presents the performance foffelient exozodi levels
gether with a spectral resolution#50, space coronagraphs likeand two distances of a solar-type star. The read-out noisetis
SPICES will be limited by photon noise (from the stellar backo 0.2 e- rms per pixel. We assume that the exo-disks have no
ground and the planet) or read-out noise for most of the tatructure and can be subtracted out from the data to thespraci
gets, because very long exposures would be required to reanposed by photon noise. We find that the exo-disk photorenois
the instrument limitation at 101°. For instance;~10000 h are does not significantly limit the performance up to 10 zodig, b
needed to achieve107° at 50 for a G2 star at 10 pc. From begins preventing the Neptune and super-Earth detecti@mwh
this exposure time and assuming that the noise follows tloe pltarger than 100 zodis. For exposures shorter than 200 h (more
ton noise behavior (proportional to the square root of thetq@ih dominant photon noise), the acceptable exozodi level igtow

3.2. Impact of detection noise
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els for three stars of type G2, A0 and MO and several dis-

Jupiters O i -
Neptunes ¥ tances (3, 10, and 20 pc). We consider the star-planet separa

super—Earths © tions given in Tablgl5 (they scaled by'E), and we apply Eq[{4)
2@ 3pc | to find the wavelength-averaged planet contrasts. For a &2 st
G2 @ 10 pc | (Fig.[10, top), SPICES can potentially access jovian paney
62 @ 20 pe giants and super-Earths with separations smallertar 3 and

/ ~2 AU respectively. No planetis detected at distances lahger

107*F

1076

~10 pc. The detectability of the closest planets (0.8 to 2 AU)
will be limited by the coronagraph IWA~2 /D) for stars at
4 to 10 pc. As for an AO parent star (FIg.]10, middle), Jupiter-
I A 1 like planets are not detected when further than 10 AU forsstar
10-10 ° o within 20 pc. The separation ranges considered by Cahoy et al
(2010) and_Stam (2008) in the case of a G2 star do not allow to
T, = 200 h 1 study planets at separations shorter thdnAU around an AO
e star. Nonetheless, we can roughly e_stimate that Nepturiegma
0 5 4 5 s 0 and super-Earths can be detected in thg range 2-4 AU for stars
Physical separation (AU) closerthan 10 pc. There are no A stars within 5 pc (excephfor t
———— Sirius binary system) so we do not plot the 3-pc curve. Fnall
Jupiters O the very close M stars (Fig. L0, bottom) at 3-5 pc are of great
107 Neptunes ¥ ] interest for detecting Jupiter-like planets in the 0.5-4 ialdge
super—Earths © as well as super-Earths in close orbits at 0.5-1 AU.
A0 @ 10 pc | From the current exoplanet database (Schneiderlet al. 2011)
A0 @ 20 pc we assess that only a handful of known extrasolar planetshmat
the limitations described here. However, we note that RVes
are not complete in the case of early and late stellar types(A
M in particular, Udry & Santos 2007) and at long periods (a few
AUSs) even for nearby stars.

Contrast @ 5¢

1078

Contrast @ 5¢

/g0 4. Performance in spectrometry
X o * In this section, we analyze the SPICES performance more-in de
T = 200 h ] tail, by estimating SNRs of the measured planetary spettme.
1020 objective is to set the constraints on the SNR to allow the dif
0 5 4 6 8 10 ferentiation between planetary models: impact of physital-

Physical separation (AU) planet separation and metallicity for the Jupiter and Negtu
-------- R ASASAMIMscoaaasssosaasssssnasss s analogs (Sectk. 4.2 ahd}.3), and variations due to cloudwand
Jupiters O face coverage for the rocky planets (SEcil 4.4).

Neptunes %
super—Earths ¢ o o
MO @ 3 pc | 4.1. Criterion of characterization

MO @ 10 pc

107*

We first explain our characterization criterion. The unged
guestion is to know if a measured spectr8nis reproduced by
one of two model spectra not&di (i refering to the model index,
i=1,2). This depends on the noise of the measured spectrum
N = S/SNR. We define the following criteria of comparison of

" 4 Sto M;:

1078

1078

Contrast @ 50

(5)

107"k 7 crity = mediaa(

S() - Mi(/l))
N(?)

where the median is calculated over the spectral channes. W
1072 | | | | | ; H
""""""""""""""""""""""""""" choose the median because it accounts well for the overall qu
0 L 2 34 5 6 ity of a spectrum. For a given measureme® K), the model
Physical seporation (AU) which best matches the measured spectrum gives the lovirest cr
t8rion value. Substituting the definition dFf to expresgrit; as

Fig. 10. 5-0 detection profiles for a 200-h exposure compare : ; .
to averaged planet contrasts for G2 (top), A0 (middle) and Nfﬂfeu&C;:)Snu?éfgpig?grﬁsvsv:rz;}r?ﬁﬁfuer is nearly constant o

(bottom) type stars and several star distances.
S(4) — Mi(4)

S()

In this paper, we use theoretical models to assess therimstriu
Assuming a generic exposure time of 200 hours and an exmrformance and to set the SNR required to meastiierdnces
zodiacal disk of 1 zodi, we test the detectability of plarfets between them = M; andM; = M,). We consider that the mod-
several stellar types. Figute]10 presents the &etection lev- els are diferentiated when their fierence is 10 times above the

crity = mediaa( ) x SNR (6)

3.3. Impact of stellar type

10
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Table 6. Values of SNRderived from Eq.[{T7).

T —r - 11
Planet Parameter SNR Note 2 gol Jupiter models L i
Jupiter 0.8 AU 15 2 |
Jupiter 0.8 AU metallicity Bx 30 5
Jupiter 2 AU metallicity 13x 30 CH, bands S I -7
Jupiter 5 AU metallicity 13x 30 CH, bands ° g0l P _
Neptune 0.2 AU 15 ! L:

Neptune 0.8 AU metallicity 180x 30 g T X 0.8 AU, 4 pe
Neptune 2 AU metallicity 1B0x 25 CH, bands ° I PP &2 AU, 10 pc
Forest Earth 50/100% clouds 25 blue channels S 40 Bommimimimin -A5 AU, 7 pc |
Ocean Earth B0/100% clouds 25 blue channels g ; /s}’ L -05 AU, 10 pc |
Clear Earth b60/100% forests 12 red channels o , I
50% cloudy Earth  ®50¢100% forests 30 red channels 3z : <{> ____________ el i
Cloudy Earth 60/100% forests 220  red channels s 20F / b -
5 I T g @
o k! T e
£ PR
Table 7. Maximum star distance at which SPICES resolves the o
planet separation at the central wavelength of the bantiwidt 0 50 100 150 200

Exposure time (h)

Planet separation (AU)  Star distance (pc)
4

0.8 Fig.11. Evolution of the median value of SNR(see text) as

% 150 a function of exposure time for Jupiter planets (symbol$e T
5 o5 curves are power-law fits. We plotd-error bars.

4.2. Jupiter models

measured noise swit; = 10. Inverting Eq.[(6) and calling SNR We consider the models of Jupiter analogs described in
the value of the required SNR, we finally obtain: Sect[Z. 411 for several separations and metallicitiesurgigl
shows the evolution with exposure time of the median SNR mea-
1 (7) sured from the simulated data (SNRWe represent each data
median (M45-) point with its corresponding #- error bar. The SNR depen-
dence on exposure time may change from one observed planet
As an example, when we study the metallicity (Selcis. 4.2 atmlanother as a function of the planet intensity and locaition
[4.3), M; will be the lowest metallicity model anil, the high- the difraction pattern of the host star. We fit power-law curves
est metallicity model. We considerftérent spectral bandwidthssince we expect SNRto be proportional to the square root of
to determine SNR(Eqg. (7)) when analyzing ffierent plane- the integration time, if the dominant noise is the photorsapi
tary properties. For instance, metallicity strenghtereslibnds or SNR;, to be constant, if it is the speckle noise. We find that
(Fig.[4), and cloud and surface coverage alter the specttumalt exponents are close to 0.5, which corresponds to the case
blue and red wavelengths respectively (Eig. 5). We give tiie cof photon noise limitation. SNR rapidly increases with time
culated SNRin Table[® and we specify the spectral channels fior the brightest Jupiter models (separations of 0.8 and 2, AU
the last column. We stress the point that the $M&ues cor- while the growth is slower for the faintest model (5 AU). Wesus
respond to the spectrum of the brightest planet considened Fig.[11 to derive all the exposure times given in this section
each analyzed property: for instance, the low-metalligignets As long as astrometric measurements are not available, the
for the Jupiters and Neptunes (SeLts] 4.2[and 4.3) and théycloorbital inclination is unknown for non-transiting planestected
planets for the super-Earths (Séct] 4.4). by RV. We recall that we use an inclination of°6@hich is the
In the remainder of this section, we study the ability oftatistical median for random orientations (SECi] 2.2)hédigh
SPICES to disentangle planetary models. For each planet sdipect imaging is able to put constraints on this paraméter,
aration, we consider the distance at which the star-plaisé¢isr  requires several images in practice covering the orbit agld h
is resolved at quadrature (Talple 7) and we derive the expos8NRs. The fact that planets are easier to observe at quegligtu
time to achieve the SNRvalues quoted in Tablg 6. We restrairalso not particularly favorable for a precise determinatiin-
the study to the case of a solar-type star and we assume a nw@iration and then mass. Therefore, in the case of a singlereb
imum exposure time of 200 hours & days). We perform our vation, the physical separation of the planet to the staowlp
simulations for five independent realizations of specklggpa. constrained, particularly since eccentricity could alscshynif-
We then average our results to minimize the impact of an opitant (Udry & Santas 2007). We can thus confuse a giant planet
mistic or pessimistic speckle pattern. To save computimgti close to its star with a large planet at large separationeirth
we use the same five speckle patterns for all planet cases,pabjected separation is the same on the image. In addition, f
though we randomly change the photon and read-out noise. Weeccentric orbit, a planet’s albedo can depend strongthen
assume the planet position to be perfectly known. We integrarbital position: the planet can be almost cloud-free neai-p
the planet flux within apertures of diameter D for each spec- helion and covered by clouds near aphelion. The spectriascop
tral channel. This corresponds to the full width at half mmaxim  characterization could help to break degeneracies in thase
of the point spread function. Thed-error bars shown in the rameters, if the spectral ftierences are large enough to be de-
plots account for the variation of both speckle and noiskzaa tected. Considering the theoretical models, giant plapettsa
tions. mostly difer in the blue, where Rayleigh scattering dominates

SNR = 10 x
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Fig. 12. Spectra of Jupiters at 0.8 and 2 AU as they would be
measured by SPICES (symbols) and the corresponding model
spectra (curves). 2 107 E
£
2 1 R, 2 AU, 10 pc
for a planet at 0.8 AU. The application of the criterion define fx
in Eq. (Z) to giant planet spectra indicates that $NR5 per- -
mits to distinguish between the atmospheres of two giarisgat 4
and 2 AU respectively (Tablg 6). This performance is achdeve 107°F A Metallicity 1 E
in ~30 min for a distance of 4 pc (Fif.111), which corresponds - % Metalicity 3x ]
to the upper limit at which a separation of 0.8 AU is accessi- o . . . T
ble to SPICES (Tablel 7). We plot the two spectra as they would - .c.) 5 """" (') é """" (') S (') 8' """" (') 9
be measured by the instrument withrlerror bars as well as ' Wavelength (um) '
the corresponding models in Fig.]12. As expected, the blife ha e e e e
of the bandwidth is the region where the two spectra can be
distinguished with no ambiguity. SPICES will be able to mea- T = 200 B
sure Rayleigh scattering and estimate the star-planetatiga
However, we note that these measurements would be possible
for a few stars only because of the small angular resolution. N
We now study SPICES’ ability to measure the spectridibdi 2
ences between Jupiter models with 1 and 3 times the solat-meta & 10 | )
licity for star-planet separations of 0.8, 2 and 5 AU at |eweah T
order of magnitude above the noise. As indicated in Tablei§, t 2
requires SNR= 30 for all separations. For the 0.8-AU Jupiters, - 1R. 5 AU 7 oc
this value is achieved within the distance for which ourrinst ” P
ment can resolve such a plane#(pc). In particular, an inte-
gration time of 2 h satisfies the criterion for a star at 4 pd an r A Metallicity 1x
the diferences between the measured spectra are 10 times larger * Metallicity 3x
s L v | IR | IR Lov o aaaah

than the noise over the blue half of the spectra (Eig. 13, top
panel). Recall that the error bars shown in the figures arerat 1
Similarly, the SNR criterion is satisfied for the 2-AU plasiei

the maximum distance of 10 pc for an exposure time®®d h. ; ;
Metallicity effects are larger in the methane bands for this cag{%' éSS%Sa(StIéSd ésxmb(%?éjgg ;zzog?g\ci?l(ggte;)n)s ?Jicp;[irtZrOf
and we focus on the 0.7am mgthane band and the blue edg odels for 1 and 3 times the solar metallicity. The plgstat

of the 0.89xm deep band to disentangle the spectra (El§. 13yntrast scale is identical to FigJ12 for comparison exdept
middle panel). For a 5-AU Jupiter, the two metallicity caaes o hottom panel.

distinguished in 200 h at a distance of 7 pc in the methanesand

at 0.62 and 0.73m and on the blue edge of the deep feature

at 0.89um (Fig.[13, bottom panel). We note that for the 0.8-

and 5-AU cases, the metallicityffects can mimic a radius vari- metallicity enhancements as small as a factor of 3 for all&n@l
ation by shifting the whole spectrum, while for the 2-AU casg-AU Jupiter targets around solar-type stars. As planebstdd
they alter the flux specifically in the absorption bands. We-coare fainter, they will be accessible only for G2 stars withipc,
clude that for resolved systems, SPICES will be able to aalyconsidering the maximum exposure time~&00 h.

0.5 0.6 0.7 0.8 0.9
Wavelength (um)
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Fig. 16. Same as Fid._13 but for the measurement of metallic-
Wavelength (um) ity effects between 10 and 30 times the solar metallicity of the
0.8-AU (top) and 2-AU (bottom) Neptunes. The vertical sdale
Fig. 15.Same as Fid. 12 but for the 0.8- and 2-AU Neptunes. identical to Fig[Ib for comparison.

4.3. Neptune models tral measurements are degenerate for redder waveleng#s gi

Figure[12 is similar to Fig_1 but for the Neptune analogsiandthe noise level.

used to derive the integration times mentioned below. Adiogr We then test if SPICES can distinguish metallicitjeets

to Table[®, the distinction between the 0.8- and 2-AU plarets between Neptunes of 10 and 30 times the solar metallicity
quires SNR~ 15 in the blue part of the spectral range. SimilarlyTable [2). We recall that these values are those studied by
to the Jupiter spectra, the spectrum of very close-in NeggturCahoy et al.[(2010). The required SNR~30 over the full spec-

will feature a negative spectral slope, due to Rayleighteda, tral range for disentangling the 0.8-AU spectra. I+B5 in the
which noticeably diers from the nearly flat spectrum of a farmethane bands for the 2-AU planet spectra (Table 6). For.8ie 0
ther planet. For the maximum distance of 4 pc at which a 0.8-AAU planets, a~200-h exposure is requested to measure metallic-
Neptune is angularly resolved by SPICES, this value is regchty variations for distances as far as 4 pc. The spectfigmdinces

in ~50 h. Therefore, the same analysis can be performed foe detected over the blue channels up@65um (Fig.[16, top
closer solar-type targets (as we explained in the previectia, panel). For a separation of 2 AU, the bottom panel of Eig. 16
Rayleigh scattering would be measurable for a few objedig on shows that the metallicity signatures mainly impact thehapée

The simulated measurements for the 4-pc Neptunes at 0.8 dadids at 0.62 and 0.66n as well as on the edges of the 0,79

2 AU are plotted in Figd_T5. The 0.8- and 2-AU Neptune spectrdeep band. We find that SPICES can distinguish the spectra for
differences can be measured fior 0.58um, whereas the spec- stars within~6 pc.
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. . ing theoretical spectra. The vertical scale is identicaFign [18
Fig. 18.Measured (symbols) and model (lines) spectra of 2:5-K - comparison.

forest planets at 1 AU for cloud coverage of 0, 50 and 100%.

Wavelength (um)

. and SNR~ 25 (Tabld 6) is needed to measure thgettence be-
4.4. 2.5-Re planet models tween 0, 50 and 100% clouds. At the maximum distance of 5 pc,
In this section, we analyze SPICES’ capability to measuee tthis performance is met 150 h for a super-Earth entirely cov-
properties of super-Earths, and in particular tifeets of cloud ered with forest around a G2 star (Figs] 17 18). Systems
and surface coverage for planets at 1 AU (their parameters aloser than 5 pc will also be accessible for the charactéoiza
given in TableR). FigurE_17 represents the SN&olution as of the cloud coverage. We do not compute the exposure time for
a function of the exposure time for several models of planetarfaces covered by ocean, but it will be similar since SNB5
discussed in this section. The labels “clear” and “cloudsfer (Table[®) and the cloudy spectra are nearly identical fohbot
to the models with 0% clouds and 100% clouds respectively. Thurfaces (green and blue dotted lines in Elg. 5). Fifuife 48 al
star distance is limited to 5 pc (Talile 7) to allow the plandieé shows that the main atmospheric gases #86d HO) are quite
angularly separated from the star. A few G-type stars wduld t well retrieved whatever the cloud coverage (SNR5 and> 15
be accessible to SPICES. respectively). The broad ozone signature is mostly ddiézxta
We first investigate the impact of cloud coverage for bottvhen the cloud coverage is large (SNR23). We recall that
forest and ocean surfaces. The influence of clouds is more ithe band wavelengths are given in TdHle 4.
portant in the blue (Fid._18, for surfaces entirely coverethw Information about the planet surface can be obtained for
forest), because of the strong “red edge” reflection in thie renoderate cloud coverage, because it produces noticegle-si
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Table 8. Maximum star distance at which SPICES resolves the

planet separation at the central wavelength of the bantviidt 121 62 stor ]
the case of a MO host star. [ '
10F .
Planet separation (AU)  Star distance (pc) I
0.24 12 sl - ]
0.3 1.5 > [
0.6 3 = | P
1.5 75 o Ol ]
3 15 i

-7 Jupiter 0.8 AU ——
- Jupiter 2 AU -
- Jupiter 5 AU —me

tures (Fig[IB). The dierences between surface types are larger [ NZE&?E 2a- ]
for a clear atmosphere, especially in the half red part o§fiee- ot ., CloudyBortn TAU — |
tral range. We consider three generic cases of planets with a 5 4 6 8 10
ocean, an equally mixed surface of ocean and forest, and a for Star distance (pc)
est. To separate these cases, SNR2 (Table€6) is required on T T T ]
the forest model and SNR> 12 is achieved in a200-h obser- 12 e
vation for the worst case of a G2 star at 5 pc (Eid. 19, top panel I ]
SPICES can distinguish these three cases for any terigaaia 10k ]
ets on a 1-AU orbit within 5 pc. If we consider 50% cloud cov- [ ]
erage, surfaceffects are more dicult to distinguish and would sl b
require SNR~ 30 in the red part (Tablel 6). The exposure time ~ Ot
exceeds the limit of 200 h for a target at 5 pc, which ratheitdim £ | ]
the sample to 4 pc (Fig_19, bottom panel). Molecular oxygen o B[ AQ stor 7
and water absorptions as well as the “red edge” can still ke me [ ]
sured. On the contrary, 100% cloud coverage definitely prtsve ar b
the identification of surfaces since it would require SNR20. ] 1
This performance that is out of reach of a small telescope lik 2 y
SPICES in a reasonable amount of time. In the favorable dase o [ Jupiter 4.2 AU —— |
a Sun-like star at 2 pe{Cen A is the sole known case), the in- ol . v ]
strument achieves SNNR- 110 and allow to distinguish between 5 10 15
cloudy planets totally covered with ocean and forest retbyedy. Star distance (pc)
""""" LA LA LAY LA ALY LAY RALARLALA

121 .
5. Potential targets [
In this section, we extend the results obtained above inrorde or ]
to determine the minimum planet radius accessible to SPICES [ ]
for each planet category studied in the previous sectioraléde 8/ b
study the volume of the planet sample which can be character- S o ]
ized (metallicity, cloud coverage, surface type) with SPEC L 6 MO stor -
The models used are the gas giants with metallicity 1, the ice LT Lusiter 0.6 AU ]
giants with metallicity 10, the cloudy forest Earths for theud 4L 7 Jupiter 1.5 AU S
coverage measurement, and the forest Earths with 0 and 50% [ ﬁiﬂfiﬁfo&g AU ST
clouds for the surface type analysis. We consider that theqbl i Neptune 1.5 AU e ]
flux increases as the square of its radius and that the atragsph 2t G s T
composition and structure remain the same. We set the fiolipw 0 e L . B0% cloudy Eorth 0.6 AU ----- ]

values of SNR 30 for all Jupiters and Neptunes and 25, 12 and
30 respectively for the Earths (Talile 6). We assume a maximum
exposure time of 200 h and three host stars of type G2, A0 and
MO. We carry out this study for the four models of Jupiter anBlig. 20. Minimum radius of model planets for which character-
Neptune at 0.8, 2, 5 and 10 AU and the Earth model at 1 Aization is possible (see text) forftirent star types: G2 (top),
We recall that these separations are relevant for a G2 sthr &0 (middle) and MO (bottom). We slightlyftset for clarity the
the corresponding separations for AO and MO stars are givercurves of the 0.8-AU Jupiter (top) and 0.6-AU Jupiter (botjo
Table[B. We consider the following radius ranges for the@igin Note that for lack of space, we do not indicate the labels Hor a

— Ry <2.5 R for the Earthsl(Grasset et al. 2009). Earths in the top panel, but they are the same as those of the

— 0.5 Ry<Rp<1.5 Ry for the Neptunes. The lower limit is bottom panel exceptfor the planet separation.
the radius for the maximum mass we consider for the Earths
(10 Mg). The upper value corresponds to a maximum mass
of 30 Mg in the mass-radius relation|of Fortney et al. (2007).

— 0.5 RR<Ry<1.1 R for the Jupiters. We derive the lower  Gyr planet at 1 AU in_Fortney et al. (2007). We note that
value from the upper mass limit we assume for the Neptunes. transit measurements find potentially larger planets (up to
The upper limit corresponds to the maximum radius of a 4.5- 1.4 Ry), but very close to the star. The inflated radius of these

1 2 3 4 o) 6 7 8
Star distance (pc)
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Table 9. SPICES performance summary for exoplanet spectroscopiacterization. We strongly encourage the reader to refer t
the rest of the paper to access the assumptions and theafatelstudies.

Planet  Probed property Stellar type Sections
A0 G2 MO
1AU<a<4.2AU 0.25AU<ax<0.8 AU
Rayleigh scattering 5pc<d<17 pc 1.3 pxd<4pc -
Jupiter 05R<R,<1.1R 05R<R,<1lR DA, andls
1AU<a<4.2 AU 0.25 AU<a<5 AU 0.25 AU<a<3 AU
Solar metallicity 1¥3x 5pc<d<17 pc 1.3pxd<10pc 1.3 pxd<7.5pc
06R<R,<1.1R 05R=<R,<11R 05R<R,<11R
0.25 AU<a<0.8 AU
Rayleigh scattering - 1.3 pcsd<4pc -
Neptune 05R<R,<1.5R, D3, andls
0.25AU<a<2 AU 0.25AU<a<15AU
Solar metallicity 1080x - 1.3 pc<d<8.5pc 1.3 pxd<3pc
05R<R,<15R; 05R<R,<15R,
0.25AU<a<1AU 0.25AU<a<0.6 AU
Cloud coverage /80/100% - 1.3 pcsd<5pc 1.3 pxd<3pc
1Re<R,<25R 11R<R,<25Re
Earth Forest coverage/By/100% B 0.25AU<a<1AU 0.25AU<a<0.6 AU DA2[Z%, andls

clouds= 0%

Forest coverage/80/100%
clouds=50%

1.3 pcsd<5pc
11R<Ry<25R:
0.25 AU<a<1AU

1.3 pcsd<4pc
11R<R;<25R

1.3 pxd<3pc
12R<R,<25Re
0.25 AU<a<0.6 AU
1.3pxd<2.8pc
14R<R,<25R

planets could be explained by additional mechanisms te stilat a dozen of A stars are located within the upper limit ef th
lar radiation|(Fortney et &l. 2010). range. For the closest stars, the detector read-out nos&cis

Figqurel20 gi he mini | dius (in @nits) 1 the performance.

igure[20 gives the minimum planet radius (ia &nits) for

which SPICES is able to characterize the metallicity of tiam If we focus on MO stars (bottom panel), we note that the
the cloud and forest coverage of terrestrial planets. Therso cIoEd-free g|an|t planets (3'24 AU, Talile 5) are inaccesgibie
refer to the planet type (Jupiter, Neptune or Earth) anditree | {0 the IWA (Tablé8). For the Jupiters at 0.6 and 1.5 AU (Table 5

styles to the planet model (separation for the giants anadclo™V€ determine that SPICES allows the analysis of the smallest
coverage for the Earths). radius up to 3 and 4 pc respectively. The radius upper limit is

For G2 stars (Fig—20, top panel), SPICES reaches the |og‘;,;hieved at~7.5 and~4 pc for separations of 1.5 and 3 AU

est radius we consider (0.5R5.5 R:) for the 0.8- and 2-AU '€SPectively. Jupiters at 1.5 AU could be accessible~b00
Jupiters, for all stars within respectively 4 and 10 pc. Apol/! stars. For the 3-AU Jupiter case, the minimum radius that
twenty G stars could be probed for Jupiters at 2 AU, while a fely detectable de_creases as a linear functlon_ towards stsort d
stars could be searched for Jupiters at 0.8 AU. For a Jupiterf?‘ces' The minimum radius (0.5-0.Q)Rs feasible for 0.6-AU
5 AU, the upper limitin radius (1.1 R 12 Re) is reached when eptunes (W.ater clouds) at dlstanegs pC. SPICES can also
the star is at 8.5 pc. The radius linearly decreases as theista access Icy giants as far as 1.5 AU v_wth+r3 pc (~10 M stars
tance decreases down to g Bt 4 pc (flux proportional to the Satisfy this constraint). Finally, telluric planets at &8 (the
square ratio of the planet radius to the star distance). éttsh luminosity-scaled distance equwa_llent to 1 AU fr(_)m a St
distances, the deviations from the linearity are due topleelde star, Table k) are proven to befieult to detect with SPICES
noise. When the star distance decreases, the angular epard"d only reachable within 1.5 pc (Talile 8). However, since M
of the star-planet system increases and the level of thd(ha)eétars are of interest in terms of contrast, we extra}poleﬁdqh
background increases, especially towards the edges ofatke dninosity of the model at 0.3 AU out to 0.6 AU, using a simple
hole (Fig[®). As for Neptune-like planets, the minimum tej MVErSE€ Square power law. This is obviously not rigoroushas
scales nearly linearly with distance from2 to 4 R= at 0.8 AU, atrr_losp.here characteristics would change, bl.Jt it gives grou
and from 2 to 6 R at 2 AU. SPICES can characterize cloud stimation _for one of the most (_:haIIeng!ng science caseiseof t
and clear telluric planets at 1 AU around a few G2 stars up f/ssion. With such an assumption, we find SPICES can charac-
5 pc (IWA limitation). Potentially, it is able to reach Eassize terize telluric planets with radii as small as 12 Rithin 3 pc.
planets for very close stars likeCen A (~ 1.3 pc). Table[9 summarizes SPICES’ spectrophotometric perfor-
For AO stars (middle panel), the only planet SPICES canance for all planets and stellar types we considered ingerm
study among the planetary atmosphere models we consideofistar-planet separation (a), star distance (d), and planre
the cloud-free Jupiter. We already noted the lack of modwis fdius (R,) ranges. As explained in Seft. Z4.1, exoplanetary at-
separations smaller thamt AU (Sect[3.B). The shortest separamosphere albedo can drastically change with the star-péape
tion available is 4.2 AU (Tablgl5), which is angularly ressdv aration. The minimum separation at which SPICES can detect
by SPICES when the star is closer than 21 pc. For this planatplanet thus depends on the coronagraph IWA, the closest ob-
the upper limit of the detectable radius roughly followsreelir servable star for each spectral type and the planetary ptreos
law when the star distance increases from 9 to 17 pc. We natbedo. Because of the lack of atmosphere models for ctose-i
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planets, we cannot derive a precise lower limit for the ptanet ation for separations1 AU. Reflected spectral models are usu-
separation. However, we give a value that corresponds to tiby limited to solar-type stars and are derived for a fewnpeof
IWA limitation for the closest stars. For the star distanaege, the planet parameter space (mass, separation, metalfigiy.
the lower limit is set to either the distance of the closeat stTo thoroughly estimate instrument performance, we willchee
of the considered spectral type, or the distance below wihieh spectra for large ranges of planet types (gas and ice giamds,
planet is fainter than the speckle noise. The upper limiitiee  super-Earths), separations, stellar types, etc.

the maximum distance at which the planet separation isvedol  In this paper, we also consider areas for future work thdt wil
by SPICES, or the distance beyond which the planet is faintefine our results. We will include Fresnel propagation iniou
than the photon noise. strument model to study the impact of out-of pupil aberratio
on the performance. Phase and amplitude aberrations wlitev

. with the wavelength. Their calibration will be as good asythe
6. Conclusions currently are, because our focal plane wavefront sensoesian

In this paper, we presented an analysis and an estimatidreof fnate both phase and amplitude aberrations in each charthel of
performance of SPICES, a small coronagraphic space missib® independently. The DM correction may be slightly degihd
operating in the visible. From numerical simulations of ihe and an optimization of the design may be required to reach a
strument concept given [n_Boccaletti ef al, (2012), we fiest dcontrast of 10'°. We also plan to study the polarimetric perfor-
termined that the contrast reached by the instrument meets fnance of SPICES, as we expect that the combination of flux
top-level requirements-<(L0~° at 2.1/D and~1071° at 4 1/D). an_d polarlzat|op measurements can remove degeneracies tha
Then, we analyzed the impact offidirent sources of noise: de-arise when retrieving planet properties from flux measuregme
tector read-out noise, exo-zodiacal intensity and photmisen alone. Circumstellar disks are another science case tg stud
considering several stellar types. We confirmed previoadyan (dust distribution, rings, planet gaps). Finally, anothemt of
ses that exodisks might be a major limitation for the chamkct great interest would be to apply the methods we used here to a
zation of faint planets, like Neptunes and super-Earthsabse larger telescope like the Terrestrial Planet Finder Cogosyah
it biases the planet photometry (for disk intensity zodi) and gLeV|ne etall 2_009). Indeed, one of the main results of omkvvp
adds photon noisexf few 10 zodis). Exodisk intensity calibra-is that the optimal targets of SPICES would be at separations
tion and target selection will be necessary to reduce thig li 0f ~0.8-2 AU, because of the drastic decrease of the reflected
tation. Using planet models calculated for a Sun-like stat aflux. For these cases, the performance is limited by the angul
assuming flux conservation, we found that the brightessstdgsolution of the telescope and not the photon noise. Thieeho
(types AF) would not be the most favorable targets for SPICES the telescope diameter was anterior to this study andteesu
For instance, only planets with clear atmospheres will be déom a trade-& between the science objectives and the budget
tectable around AQ stars withi¥20 pc. On the contrary, stars ofallocated to a medium-class mission. We now consider to sub-
types GKM will allow the detection of a large variety of planmit a larger (2.5-3 m) instrument as a large-class missioerwh
ets as far as-12 pc for a G2 star ang7.5 pc for a MO star: a call for proposals will be issued. Besides these considesa
cloud-free, water-cloud and ammonia-cloud Jupiters,aifree such a telescope will access a larger volume of target stats a
and water-cloud Neptunes and telluric planets. After tiia-g Will be less sensitive to zodiacal and exo-zodiacal c_ontmims
eral study of contrast performance, we focused on spectramefor planet spectra measurement (Traub & Oppenheimer 2010).
abilities on planets around a solar-type star. We definedt@: Cr aqunowtedgements. The authors wish to thank the SPICES team members for
rion on the SNR of the measured spectra to determine if SPICH&&r work in the definition of the science cases and thetinsént concept. We
or an analog space mission could probe several planetapy préso thank the referee for firer constructive comments on the manuscript. This
erties by disentangling their spectra (clouds and meitgilfor ~ research has made use of the SIMBAD database, operated atSb@sbourg,
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