SPICES: a 1.5-m space coronagraph for spectro-polarimetric
characterization of cold exoplanets

Anne-Lise Maire®, Anthony Boccaletti®, Jean Schneider?, Raphaél Galicher®, Pierre Baudoz?,
Daphne Stam?, Wesley Traub€, Pierre-Olivier Lagage/, Raffaele Gratton?,
and the SPICES team

*LESIA, Paris Observatory, CNRS, 5 pl. J. Janssen, 92195 Meudon, France;
bLUTh, Paris Observatory, CNRS, 5 pl. J. Janssen, 92195 Meudon, France;
“Herzberg Institute of Astrophysics, 5071 West Saanich Road, Victoria, BC VIE 2E7, Canada;
4SRON, Sorbonnelaan 2, 3584 CA Utrecht, The Netherlands;
¢JPL, California Institute of Technology, 4800 Oak Grove Drive, Pasadena, CA 91109, USA;
fSAp, CEA Saclay, 91191 Gif-sur-Yvette, France:
IINAF-Padova Observatory, Vicolo dell’Osservatorio 5, Padova, Italy, 35122-1

ABSTRACT

The study of the physico-chemical properties of wide-separated exoplanets (> 1 AU) is a major goal of high-
contrast imaging techniques. SPICES (Spectro-Polarimetric Imaging and Characterization of Exoplanetary
Systems) is a project of space coronagraph dedicated to the spectro-polarimetric analysis of gas and ice giant
planets, super-Earths and circumstellar disks in visible light at a spectral resolution of about 40. After recalling
the science cases of the mission, we describe the optical design and the critical subsystems of the instrument.
We then discuss the SPICES performance that we derived from numerical simulations.

Keywords: high angular resolution techniques, high-contrast imaging techniques, exoplanets, integral field
spectro-polarimetry

1. INTRODUCTION

The field of exoplanets in astrophysics is extremely rich and diverse. From detection to characterization, many
techniques are being used or developed to address the fundamental questions about planetary formation and
evolution. Some are more efficient to build statistics on the planet frequency and parameters (radial velocities,
microlensing?) while others provide information on the composition and structure of planetary atmospheres
(transits,® direct imaging®). Direct imaging is currently the only available technique for the spectral characteri-
zation of long-period planets, from a few tenths to several hundreds of astronomical units (AU). In the present
decade, planet-finder instruments on 8-10-m class telescopes will analyze young and/or nearby jovian planets
in near-infrared spectroscopy and visible polarimetry. In the 2020s, extremely large telescopes (E-ELT®) and
space observatories (JWST,% SPICA”) will be sensitive to lighter and colder giant planets. Possibly, the former
will detect super-Earths but will not be able to perform spectral analyses of such faint planets in great details.
Conceptual studies were carried out to consider the feasibility of large aperture coronagraphs and large baseline
interferometers for the detection of Earth twins from space. These studies identified areas of technological de-
velopment that need to be first addressed, which postpone the realization of Terrestrial Planet Finder missions
in ~2025-2030. Several missions, mainly small coronagraphs,®? have been proposed to 1/ get colors and/or
low-resolution spectra of ice giants and super-Earths in the solar neighborhood (<20 pc) and 2/ validate the key
technologies required for the realization of larger instruments for the characterization of Earth twins. SPICES
(Spectro-Polarimetric Imaging and Characterization of Exoplanetary Systems) belongs to this family of projects
but differs from them in several aspects. First, it will measure the spectro-polarimetric information of a planet
at a spectral resolution of 40 while the others will provide colors and spectro-photometry at a resolution <15.8:9
Then, since accurate spectral measurements are time demanding (from a tens of hours to a few hundred hours'?),
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it will focus on planetary systems previously discovered by other instruments instead of performing discovery
surveys. This proposal was submitted to the ESA Cosmic Vision call for medium-class missions in 2010 by a
consortium of European institutes with American and Japanese participations.!’ We briefly review the science
cases of the mission in Sec. 2. Then, we describe the optical design, the pointing issues and the mission profile in
Sec. 3. Finally, Section 4 illustrates the instrument performance that we derived from numerical simulations. We
refer the reader to a companion paper published in these proceedings and to Maire et al.'® for a more detailed
description of the results of this last section.

2. SCIENCE CASES

The main science driver of SPICES is the study of planetary systems as a whole for the understanding of
planet formation and evolution. This includes of course cold planets, which are definitely the main goal of the
mission, but also planets with longer periods (>10 AU) around young stars (found by planet finders on the
ground) and circumstellar disks (from protoplanetary to debris disks). SPICES also potentially offers discovery
capability through surveys around bright /nearby stars. Importantly, SPICES can detect exozodiacal light, which
is famously known to hamper the detection of Earth-like planets, down to a few zodis. Therefore, the census
SPICES will carry out will be crucial for future space nulling interferometers.'?: 3

SPICES direct imaging and spectro-polarimetry (R = 40) will give us information on:

e the composition of planetary atmospheres (absorbing gases);

e the presence and character of clouds/hazes;

e the structure of planetary atmospheres (e.g. vertical distributions of gases, clouds and hazes);

e the composition and structure of planetary surfaces (if present and visible through the atmosphere);

e temporal variations in the composition and structure of planetary atmospheres and surfaces (e.g. due to
seasons, orbital eccentricity, chemical non equilibrium);

e the rotation rate of a planet (only for slow rotators with high-contrast surface features);

e the orientation of planetary orbits (yielding the true masse for planets detected with the radial velocity
method);

e the presence of unknown exoplanets in known planetary systems;

e the properties (density, microphysical characteristics) of exozodiacal dust;

the morphology of circumstellar dust and debris disks.

In the remainder of this section, we focus on the main science cases of SPICES, namely the spectro-
polarimetric analysis of cold planets and the expected number of targets.

2.1 Visible spectro-polarimetry of cold extrasolar planets

Old planets are cold, and at visible wavelengths, they shine with the starlight they reflect. SPICES will measure
the polarized flux from 0.45 to 0.90 pm. The reflected planet flux is a function on its radius, its distance to the
star, its distance to the observer and its albedo. The latter is dependent on the composition and structure of
the planetary atmosphere and surface (if present and visible through the atmosphere), the wavelength, and the
planetary phase angle (i.e. the angle star-planet-observer).
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Figure 1. Left: Albedo spectra of model Jupiter and Neptune planets at separations of 0.8 AU (red and blue respectively)
and 2 AU (green and cyan respectively). Rayleigh scattering is clearly seen for the 0.8-AU model because the atmosphere
temperature is too warm for the cloud formation. The 2-AU models are cold enough to allow water to condensate into
clouds, which greatly increases the amount of reflected light and the contrast between the molecular bands and the
continuum. Right: Albedo spectra of Venus (yellow), the Earth with clouds (purple), the Earth without clouds and an
ocean (black) and Mars (red) (Tinetti et al.'”). The spectra differ strongly because of different compositions, cloud optical
thicknesses and type surfaces.

2.1.1 Gas and ice giants

The left panel of Fig. 1 shows albedo spectra for models of Jupiter-like (red and green curves) and Neptune-like
(blue and cyan curves) planets, for a spectral resolution of 40. Even at such a low resolution, SPICES will be
able to distinguish between gas and ice giants. Indeed, the atmosphere of the Neptune-like planets contains more
methane which absorbs light at all wavelengths for a separation of 0.8 AU, and especially in the methane bands
for 2 AU (0.54, 0.62, 0.73, 0.79 and 0.89 pm). Measuring absorption bands at different wavelengths allows to
infer the gas abundances, if the cloud top altitudes can be derived from a known gas which is well mixed in
the atmosphere.!* The atmospheric composition and structure of gas and ice giants depend strongly on their
formation history and evolution.!® For extrasolar planets with typical ages of 200 Myr to 10 Gyr and masses of
1 to 5 Jupiter masses (Mj), the expected atmospheric effective temperature ranges from about 500 K to below
100 K.'® The planets with temperatures too high for condensation to take place will be relatively cloud-free.
These planets will show a strong Rayleigh scattering feature at short wavelengths, and will be relatively dark
at longer wavelengths (red and blue curves). With decreasing temperatures, the first clouds to appear in the
skies are water clouds. Their high albedo enhances the planet flux in the continuum and increases the contrast
of molecular absorption bands (green and cyan curves). In the Solar System, we also see differences between
spectra of gas and ice giants, in particular the former are darker at blue wavelengths because of absorption by
photo-chemical hazes. This is not seen in the 2-AU Jupiter spectra (left panel of Fig. 1, green curve) because
the photo-chemical hazes are not accounted for.

2.1.2 Super-Earths

Super-Earths are defined as objects which are not dominated by an atmosphere (by contrast to giants) and
have masses up to 10 Earth masses (Mg). As May 2012, there are 9 super-Earths within 7 pc in the exoplanet
database.'® None of them is observable with SPICES because of the proximity to their star (<0.06” while the
SPICES resolution is ~0.12"” at the smallest wavelength). However, radial velocities surveys are still limited to
separations of a few tenths of AU and specific surveys are on-going to discover rocky planets on wider orbits.'®

The spectra of the largest terrestrial planets in the Solar System (Venus, Earth, Mars) do not resemble each
other because of differences in composition, cloud optical thickness and coverage, and surface type (Fig. 1, right).
In the spectral range of SPICES (0.45-0.9 pm), the spectra of Venus and Mars do not show strong molecular
bands because they contain mainly carbon dioxyde (COsz), which have absorption bands beyond 1 pm. On



the contrary, the spectra of the Earth show prominent broad features in the visible domain, in particular the
Chappuis band of ozone O3z (0.54-0.64 pum), the oxygen Oz A and B bands (0.69 and 0.76 pum) and water HoO
bands (0.72 and 0.82 pm). SPICES will be able to detect large terrestrial planets (up to 2.5 Earth radii) with
Earth-like albedos around a few stars within ~5 pc (see the companion paper published in these proceedings
and to Ref. 10). In favorable circumstances, SPICES could detect the most obvious spectral features (Sec. 4).
SPICES will see the lowest possible scattering surface of a planet atmosphere. This surface might be the top of
clouds or the solid/liquid surface. Sensing the actual surface will only be possible if the planet atmosphere is
optically thin, like that of Mars, or if the cloud coverage is sparse enough, such as on Earth. SPICES can make
the difference between various cloud coverage and surface type (forest, ocean and forest-ocean mix) due to very
strong spectral effects in the visible.!® Observations of a planet at different locations in its orbit could reveal
seasonal effects provided they are strong, as they might be for a planet in a highly elliptical orbit or with a large
obliquity.

2.2 Expected targets

The SPICES target sample relies mainly on previously detected objects. Currently, almost 30 planets (all giants)
match the fundamental limitations of the instrument (resolution of ~0.1” at 0.45 pm). The on-going and near-
term detection programs will provide appropriate targets for SPICES although it is difficult to predict the exact
number. However, we can make estimations based on the current performances and the progression rate of
discoveries. The majority of the SPICES targets will come from two methods, radial velocities and astrometry.
For radial velocities, the current precision of HARPS?? has already allowed to identify some 20 telluric planet
candidates (unpublished yet) in the range of 4-10 Mg at short periods (0.05-0.5 AU). In addition, a few Neptune-
like candidates (still unpublished) at longer periods (1-5 AU) are also known with masses larger than 10-50 Mg.
There is no doubt that HARPS and its successor ESPRESSO?! will push further these numbers of detection
in the appropriate range for SPICES (~1 AU). It is now a matter of temporal coverage rather than precision.
As for giant planets (>1 Mj), Wittenmeyer et al.?? concluded that 3.3% of stars have planets in the 3-6 AU
range. This translates to about 60 giants observable with SPICES within 20 pc. As for super-Earths, Mayor et
al.?3 determined that ~50% of solar-type stars have close-in planets with masses <50 Mg, while Howard et al.!
found 6.5% but for a smaller range of mass 10-30 Mg. If the rate of discovery follows the current trend, we can
reasonably predict of the order of 100 long-period planets observable with SPICES. As for astrometry, there is
no planet detected so far while a very few are confirmed. Nevertheless, we anticipate that the next European
astrometric mission Gaia (launch in 2013) will open up a new discovery space (unbiased spectral types, all sky,
volume limited) towards long-period giant planets, perfectly suitable for SPICES. Given some assumptions about
planet probability,* Gaia can observe hundreds of stars within 20 pc (6<V<13) and should detect a dozen of
giants (more massive than Saturn) with 0.5-4.5 AU semi-major axis.

2.3 Science requirements

Table 1 summarizes the science requirements used to design the instrument concept described in the next section.

Table 1. Summary of the science requirements.

Quantity Science requirement Instrument Requirement
Star-to-planet contrast 1 Ry at 3 AU with 50% albedo < 5x10°

Angular resolution Planets at a>1 AU at 10 pc 100 mas at 0.6 pm
Field of view Inner part of disks (10-50 AU) >5" (goal 10”)

Flux accuracy Typical spectral signatures of giants | 1%

and super-Earths
Degree of polarization accuracy | Typical polarimetric signatures of | 1-5%
giants and super-Earths
Spectral range CHy, H20, Os, Rayleigh 0.45-0.90 pm (goal 0.40-0.95 pm)
Spectral resolving power CHy4, H20, O3, Rayleigh R =40
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Figure 2. Conceptual design of the SPICES payload showing the main blocks: telescope, polarimeter, coronagraph and
IFS. Only the main optics are shown here for sake of clarity (see text for details).

3. THE MISSION
3.1 Instrument concept

The general problem to image directly extrasolar planets near bright stars is well known and emblematic tech-
niques like coronagraphy and wavefront control have been developed over the last 15 years to enable high-contrast
imaging. The bottom line is to get rid of the diffraction pattern from the star to allow the detection of the faint
planets. Nevertheless, SPICES has to tackle star/planet brightness ratio of typically 105-10'°, which is 100 to
1000 times the contrast achieved with the next planet-finder instruments on the ground. Therefore, this chal-
lenging mission requires a specific instrumentation, which is not available on any other facility present or future.
Moreover, this very high contrast has to be achieved at angular separations of ~0.2”. Since SPICES has a small
telescope (diameter 1.5 m), coronagraphs with small inner working angles (IWA) are required. Only phase-mask
coronagraphs meet this constraint. We chose the vector vortex coronagraph [25, VVC], which offers a very high
throughput (>90%). This has a strong impact on the instrument concept which is presented in Fig. 2. The
instrument has an off-axis telescope with a good optical quality in order to limit the sensitivity of the VVC to
mirror obscuration and wavefront aberrations. However, we need active wavefront correction with deformable
mirrors (DM) to reach the contrast requirement (Sec. 4). Since SPICES will observe known planetary systems
instead to search for new planets, the optical design is based on one DM only. A single DM will correct the
wavefront aberrations in one half of the field of view, which will be adjusted to match the planet position. As
VVC is a phase coronagraph, it is chromatic by definition, so we split the whole bandwith (0.45-0.9 pm) into



L\ W
X N n -
w.-. @ ;T2 SR QM
L\ A ontoN
' P09 = [QH) + VO /109
FP() =[P F U2 /T
. JLL10).

Figure 3. Illustration of the SPICES measurement concept. Data cubes (z, y, A) are reconstructed for the blue and red
IFS channels. Four sequences are obtained at different times T1, T2, T3, T4. At a given time the polarization directions
are orthogonal between the channels. The direct sum of T1 and T2 data gives the intensity spectrum while two more sets
of data (with 45° and 135° orientations) are needed to build Stokes vectors U and Q which define the polarized flux.

two spectral channels (0.45-0.70 pum / 0.65-0.90 pm) to reduce this issue. Each spectral channel includes a DM,
a VVC and a micro-lenses based integral field spectro-polarimeter (IFS) with a 4kx4k detector. The IFS is
similar to those developed now on the ground.?® The measurement of the aberrations is directly obtained at the
focal plane so that no differential aberrations occur and no supplementary channel for the wavefront sensing is
needed. The IFS offers the capability to sense the wavefront in each spectral channel so that both phase and
amplitude can be corrected accross half of the field of view. The wavefront control is achieved with the Electric
Field Conjugation,?” a specific algorithm to measure the aberrations, which provides a wavefront correction with
a quality/stability of the order of tens of picometers. As a goal, we propose a new concept, the Self Coherent
Camera [28, SCC], for wavefront sensing that is being evaluated in the lab, but not yet at TRL 5 unlike our
baseline algorithm. However, this device is very simple to implement and allows a better discrimination of plan-
ets and speckles (see Refs. 29,30, and the communication by Mazoyer et al. published in these proceedings).

Table 2. Overall requirements for the payload.

Parameters

Values

Telescope Diameter (D)

Bandwidths specs (goal)

Equivalent spatial resolution (goal)
Blue channel / Red channel
Observable Stokes parameters
Planet/Star contrast at 2 A/D
Planet/Star contrast at 4 A/D
Deformable mirror, nb. of elements
Corrected field of view (blue/red channel)
Imaged field of view (blue/red channel)
Static wavefront errors

DM wavefront errors

Final pointing accuracy

Polarimetric sensitivity

1.5 m

0.45-0.90 pm (0.40-0.95 pm)
62-120 mas (55-127 mas)
0.45-0.70 pm / 0.65-0.90 pm
LQ,U

a few 107°

a few 10710

64 x64 actuators

6// / 8//

9// / 12//

20 nm rms

10 pm rms

0.5 mas (goal 0.1 mas)

1073
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Figure 4. Top: General optical layout showing the implementation of the main components. Most of the optical elements
are located below the M1-M2 segment while the IFS is deported at the back of the primary mirror. Bottom: detailed
view of the instrument, as seen from above.

The integration times will be long, from some ten hours for a close Jupiter around a nearby bright star to one
hundred of hours for a super-Earth.'® The frequency of wavefront sensing together with polarimetric modulation
will be faster to ensure a very high calibration and wavefront correction (from a few hours to 1 day).

Polarimetry is implemented in the design by inserting a rotating half-wave retarder as a modulator and a
polarizing beam-splitter cube as an analyzer. They are placed after the primary mirror and some fold mirrors
compensating the polarization of the former. Each channel has a polarimetric orientation assigned but the
modulator allows to rotate a direction of polarization on the sky to the direction that the analyzer filters. The
effect is that half of the light is sent to the detector at once, but the other half is used to sense the star position on
the coronagraph with a precision of 0.1 mas. Therefore, the full coverage of the spectral band and polarimetric
vectors requires four sets of observations with four positions of the modulator (Fig. 3). All SPICES sub-systems
are close or above TRL 5. A full optical design is proposed in Fig. 4 but more work will be needed to provide a
definitive concept. However, this is beyond the scope of this paper.



Figure 5. Opto-mechanical views of the telescope with the payload, showing in particular the L-shape base plate on which
the optical elements are fixed. The dimension of the main telescope (without the platform) is 3350 x 1850 x 1540 mm.
Design : Astrium-France.

3.2 Pointing strategy

The pointing requirement is an important aspect of the SPICES concept. At the instrument level, the alignment
of the star onto the coronagraph must be very good to avoid stellar leakage and achieve the largest contrast.
From simulations, we obtained a requirement of 0.1 mas at the level of the coronagraph over a timescale that is
representative of the instrument stability. In addition, a telescope pointing of typically 2—-10 mas is required to
avoid beam walk on the primary and secondary, which would otherwise cause an unacceptable decorrelation of
the wavefront over time. This value is similar to the JWST requirement.?! To meet these demanding accuracies,
we propose a three-stage procedure. First, a coarse pointing is achieved by the spacecraft service module, within
an accuracy of a few arcseconds (similar to Gaia and Herschel). In the second stage, the spacecraft attitude
control system (ACS) refines the pointing to a precision of 10 mas using the star position measurement provided
by the payload itself (therefore limiting differential effects). Two solutions are considered: either the use of the
light reflected by the filters as shown in Fig. 2 (saving thus all the light unused by the science channels), or the
use of the starlight rejected by the coronagraph at the Lyot stop (achieving numerically a precision as good as
0.05 mas). Finally, the third stage of pointing corrects for the small tip tilt variations down to a precision of
0.1 mas using the error signal on the pointing detector. The usual way to do this is to make use of a fine steering
mirror. A preferable solution for SPICES is to use a tip/tilt mount holding the DM, so that tip/tilt and higher
order corrections are performed by the same optical element. The ACCESS proposal® demonstrates the ability
of the telescope ACS to achieve the pointing specifications of stages 2 and 3.

3.3 Mission and spacecraft design

Section 2.2 describing the potential targets of SPICES indicates roughly that about 80-100 targets would consti-
tute the core sample of SPICES for deep spectro-polarimetric characterization. A preliminary estimation gives a
mission duration of three years.!! For thermal stability (high dimensional stability is required for the telescope
and instrument optics), target accessibility (avoidance of occultation of the sky by the Earth), and high data
rate for the full mission, SPICES will be on an orbit around the Sun-Earth L2 Lagrangian point. A target will be
accessible twice a year. The whole telescope is passively cooled at about 200 K, using special material like SiC to
ensure a good stability and will point to the same target for a long duration (thermal variations are minimized),
without any need to re-point the spacecraft for data transfer. But the current TRL5+ DMs operate at room
temperature. This implies some thermal gradients, which require a special care for the thermal insulation.
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Figure 6. Left: Central part of a simulated no-noise image provided by the SPICES instrument (DM+VVC+SCC) at a
wavelength of 0.675 pm (field of view 6x6 arcsec?, see Sec. 4 for the hypotheses). Due to amplitude aberrations, the DM
correction occurs in one half of the field of view (here the right half). The calibration of the stellar residuals by the SCC
is more efficient on a diagonal from the bottom left to the top right (see text). The white dotted line indicates the area
used for the calculation of the radial profiles shown in the right panel. Right: 5-0 detection profiles of the instrument
contrast achieved by SPICES for all spectral channels, before (blue solid lines) and after (red dashed lines) the SCC
speckle calibration.

Figure 5 shows opto-mechanical views of the spacecraft with the payload designed by Astrium-France. The
telescope core structure is constituted by a nearly SiC L-shape frame which provides easy fixation interfaces to
the primary and secondary mirrors, the focal planes and optical items of the polarimeters and coronagraphs. In
this way, the complete optical path is then fixed to this main structural frame while the whole telescope can tip
up to 30° with respect to the plane normal to the Earth-Sun direction and rotate around the Sun direction.

4. NUMERICAL PERFORMANCE

We briefly discuss in this section the instrument performance that we obtained from numerical simulations. We
refer the reader to the companion paper published in these proceedings and to Ref. 10. The main hypotheses
are the following. We simulate an off-axis primary mirror of diameter 1.5 m, an achromatic VVC, a 64x64 DM
and a SCC. The primary mirror is affected by phase aberrations corresponding to optical path differences of
20 nm rms and amplitude aberrations of 0.1%. The light is propagated with Fourier Transforms.?? We consider
the whole bandwidth instead of the two spectral channels shown in Fig. 2. We split this bandwidth into 35
channels of the same width 0.013 um. This provides a spectral resolution from 35 at the smallest wavelengths to
70 at the longest wavelengths, with a value of 50 at the central wavelength. We do not simulate the polarimeter.
We assume that the wavefront aberrations are perfectly estimated by the SCC and projected onto the influence
functions of the DM using the algorithm of Ref. 33. The wavefront aberrations will be corrected in one half of
the field of view of size (N/2)(A\/D) x N(A/D), where N is the number of DM actuators on one side so N =64
(Fig. 6, left panel). We do not simulate the IFS and assume that the data cubes (z, y, A\) are reconstructed
without numerical errors. However, we account for the flat field variations (0.5%) of the detector because the
spectra provided by the IFS are dispersed on different pixels. We assume a host star similar to the Sun and
a global throughput of 16% (instrument throughput x quantum efficiency of the CCD). We account for the
photon and read-out noise. The CCD has a read-out noise of 0.2 e- rms per pixel and a full well capacity of
300000 e-. The maximum single exposure is set to 1000 s. As mentioned in Sec. 3.1, the SCC provides a means
to calibrate further the stellar residuals after the DM correction. This device uses the coherence property of the
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Figure 7. Left: Simulated (symbols) and theoretical (solid lines) spectra of Jupiters for metallicities of 1 and 3 (solar
units). The median SNR measured on the spectrum is 30. Right: Same as the left figure but for forest super-Earths with
different cloud coverages. The measured SNR is 25. All error bars are at 1o.

Table 3. Signal-to-noise ratio (SNR) measured on the main features of the spectra of Fig. 7.

Jupiter Super-Terre
Feature SNR Feature SNR
CH4 band @ 0.62 ym | >17 O3 band @ 0.54-0.64 pm | ~23 (100% clouds)
CH4 band @ 0.73 pm | >15 H50 band @ 0.72 pm ~28 (100% clouds)
CH,4 band @ 0.79 pym | >24 O3 band @ 0.76 pm >5
CHy band @ 0.86 pm | >9 H30 band @ 0.82 pum >23

stellar light to distinguish stellar residuals from planets.3? This calibration occurs in all the field of view but it
is more efficient on a diagonal as shown in the left panel of Fig. 6.

The right panel of Fig. 6 shows the radial profiles of the 5-¢ instrument contrast against angular separation
(A=0.675 pm) for all spectral channels, before and after the speckle calibration by the SCC. The radial profiles
are calculated in the area delimited by the white dotted line in the left panel of the figure. We see that the
detection limit after the DM is a few 10~?, which satisfies the contrast requirement at 2 \/D (Table 2). However,
the additional speckle subtraction achievable with the SCC is necessary to reach the requirement of ~10719 at
a few A/D (Table 2). The wavelength dispersion of the performance is due to the phase aberration dependence
on wavelength (oc A™!) and the SCC calibration dependence on spectral resolution.? The steep increase of the
detection limit around 32 A/D corresponds to the DM cut-off spatial frequency. This cut-off and the more
efficient SCC calibration at small separations explain the contrast degradation with angular separation.

To illustrate the spectrometric performance of SPICES, we briefly discuss two typical cases of planet. The
left panel of Fig. 7 compares measured (symbols) and theoretical (solid lines) spectra for Jupiters at 2 AU at
10 pc for two metallicity enhancements (models from Ref. 15). The error bars on the measurements are at 1 o.
The exposure time is determined so that the median SNR on the brightest spectrum (1 solar metallicity) is 30.
The spectra mainly show methane features that are well recovered after an exposure time of 30 h (SNR > 9,
left panel of Table 3). The metallicity effects are more important in the methane bands, in particular at 0.73
and 0.86 pm. SPICES is thus able to distinguish between gaseous giants with metallicity factors as small as 3
from their spectra. The right panel stands for super-Earths at 1 AU at 5 pc for different cloud coverage (models
from Ref. 14). The median SNR on the brightest spectrum (100% clouds) is 25. The absorption lines are due to
water, molecular oxygen and ozone. Here again the main features are recovered but for a longer exposure time



of 150 h (SNR > 5, right panel of Table 3). Our instrument can also constrain the cloud coverage of a telluric
planet because the latter alters the spectra especially in the blue part of the bandwidth.

5. CONCLUSION

We presented a space coronagraphic mission named SPICES which was submitted to the ESA Cosmic Vision call
for medium-class missions in 2010. SPICES aims to perform visible spectro-polarimetric analysis of known cold
exoplanets, from gas giants to nearby super-Earths. It combines several techniques for high-contrast imaging in
a single instrument designed to maximize the astrophysical return while reducing the risks. This mission is an
improved proposal of the former SEE-COAST proposal submitted in 2007.3* The instrument was not selected
after the two calls because it was judged too expensive (cost/time of technological developments) with respect
to the budget envelop allocated to a medium-class mission (~450 M€). We will re-submit SPICES to the next
Cosmic Vision call for proposals.
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