
IAU 293 - Beijing, China

Anthony Boccaletti 
Paris Observatory -France

Anne-Lise Maire (Paris Observatory - France)
Raphaël Galicher (NRC-HIA - Canada)
Pierre Baudoz (Paris Observatory - France)
Dimitri Mawet (ESO - Chile)
John Trauger (JPL/NASA - US)
Jean Schneider (Paris Observatory - France)
Wes Traub (JPL/NASA - US)
Pierre-Olivier Lagage (CEA/SAp - France)
Raffaelle Gratton (Padova Observatory - Italy)
Daphne Stam (SRON - Netherland
... and the SPICES Team 

(70 members from EU/US/Japan)

Cold planets, warm stars  !!!



IAU 293 - Beijing, China

PROPOSAL

former proposal SEE COAST (Schneider et al.) in 2007 to ESA 
Cosmic Vision M1/2 (450M€, 2017-18)

second proposal SPICES (Boccaletti et al.) in 2010 to ESA Cosmic 
Vision M3 (450M€, 2020-22): 

Small coronagraph observing in the visible ....

Science cases, technical aspects : 
Boccaletti et al. 2012, Exp. Astronomy 34, 355

Performance assessment :
Maire et al. 2012, A&A 541, 83
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TOP-LEVEL SCIENCE

1. characterization of known mature giants 
planets to Super Earths

2. characterization of known young giants 
planets + new detections

3. characterization of known disks 
(protoplanetary, debris, exozodii) + new 
detections

1 objective : Study planetary systems as a whole

SPICES stands for :

Spectro-Polarimetric Imaging and Characterization of Exoplanetary Systems
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SCIENCE - GIANTS
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atmospheric information 
is rich in the visible:

molecules CH4, H2O .. 
Rayleigh scat., 

metallicity effect ... 

Karkoschka (1994) 
Cahoy et al. (2010) 

Schmidt et al. (2010) 

from Stam (2004) 
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SCIENCE - TELLURICS

The Earth some Earths

atmospheric information is rich in 
the visible:
molecules O3, O2, H2O .. Rayleigh 
scat.
surface effect : vegetation, clouds

Woolf et al. (2002) 

from Stam (2008) 
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INSTRUMENTAL RECIPE

The recipe : 
Our concern => a single concept where all sub-subsystems are intimately integrated all-together

- a high optical quality telescope (5-10 nm on M1) optimized for high contrast 
- coronagraph for high rejection but to mitigate stellar leakage: Optical Vortex 4 (Mawet et al. )
- wavefront sensing: Self Coherent Camera (Baudoz et al. 2006, Galicher et al. 2010)
- wavefront correction: Xinetics 64x64
- polarimetric device: modulator (rotating half-wave retarder) and analyzer (beam-splitter cube) 
compatible with OVC4
- spectroscopic device: BIGRE-like Integral Field Spectrograph (Antichi et al. 2009), compatible with SCC

High Optical 
Quality 

Telescope:
5-10 nm on M1

wavefront correction: 
Xinetics DM 64x64

wavefront sensing: 
Self Coherent 

Camera 
(Baudoz et al. 2006, 
Galicher et al. 2010)

Coronagraph with 
small Inner 

Working Angle:
Optical Vortex 4 

(Mawet et al. )

Polarimetric device:
modulator / analyzer 

compatible with OVC4

Spectroscopic device:
Integral Field 
Spectrograph 

compatible with SCC
(Antichi et al. 2009)
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MISSION PARAMETERSSPICES 17

Table 3 Overall requirements for the payload.

Parameters Values

Telescope diameter (D) 1.5 m
Bandwidths 450 - 900 nm (goal: 400 - 950 nm)
Equivalent spatial resolution 62 - 120 mas (goal: 55 - 127 mas)
Blue channel / Red channel 450 - 700 nm / 650 - 900 nm
Observable Stokes parameters I, Q, U
Contrast at 2 lambda/D a few 10−9

Contrast at 4 lambda/D a few 10−10

Deformable mirror, nb. of elements 64 × 64 actuators
FOV corrected blue/red channel 6” / 8”
FOV imaged blue/red channel 9” / 12”
WFE static 20 nm rms
WFE DM 10 pm rms
Final pointing accuracy 0.5 mas (goal 0.1 mas)
Polarimetric sensitivity 10−3

(PM) of SPICES can be directly inherited from the GAIA mirrors, which have very
similar specifications and achieve a Wave Front Error (WFE) of 7-8 nm rms (on the
surface). GAIA is also a cold telescope (200 K) with a high degree of stability (at
a level of 15 pm), similar to what is envisaged for SPICES. Then two fold mirrors
(M4 + M5) are used to balance the polarization induced by the telescope before
entering the polarimetric modulator and the polarizing beam-splitter cube. The
beam is then separated into two channels dedicated to the 450-700 nm and 650-900
nm bands. On each arm, a DM (including the tip-tilt function in its mounting) is
located in the close pupil image plane, then a first stage provides an image plane
for the Vortex (F/60) with a WFE (RMS) = λ/100 on the edge and λ/2500 on
center (at 450 nm). A following second stage provides a 10 mm pupil image for the
coronagraphic diaphragm, a broadband filter and a polarization filter, and finally a
third camera stage provides a telecentric image plane (F/290) to feed the IFS with
a WFE (RMS) = λ/150 (at 450 nm). Based on OAP and fold mirrors, the whole
optical design is very flexible for further optimization with respect to chromaticity
(Fresnel propagation) and the mechanical implementation of the DM, the vortex,
the SCC option or the exact IFS locations. Figure 10 shows the proposed optical
layout.

3.4 Coronagraph

Coronagraphy is essential in the SPICES design to get rid of the stellar photon
which in turn attenuates the impact of the photon noise. The main science require-
ments of SPICES translate into high contrast (108−109) and small Inner Working
Angle (IWA, < 2λ/D). Phase masks gather such advantages [34] and have been
intensively studied and implemented in the lab [30, 9, 6] and on the sky [10, 31]
in different forms. The Vortex Coronagraph (OVC, VVC) is an evolution of this
concept [32], which in addition improves the discovery space. The advantages of
an optical vortex coronagraph are that it can provide imaging very close to the
star (<2 λ/D) and high throughput (>90%). The first generation of optical charge
4 VVC (TRL 6) has demonstrated 10−7 contrast levels over 10% bandwidth using

!
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GENERIC CONCEPT

see Boccaletti et al. 2012 
in Exp. Astron. for details 
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OBSERVING SEQUENCE

2 observations for 
Intensity

4 observations for 
Intensity and 
Polarization
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RAW CONTRAST

Instrumental simulations developed at 
Obspm by R. Galicher and A.L. Maire

Ideal speckle suppression

Realistic speckle suppression with SPICES

output: x, y,  data cube
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PERFORMANCE: MATURE PLANETS

intensive simulations to assess the characterization capabilities (not just 
detection !!!) 

Fake planets injected in data cubes

Gas / Ice Giants : Cahoy et al. (2010) models

Telluric :  Stam (2008) models

SNR-based criterion to distinguish between models
A.-L. Maire et al.: Exoplanet characterization using space high-contrast imaging

Fig. 5. Same as Fig. 4 but for the terrestrial atmosphere models
of Stam (2008).

Table 4. Same as Table 3 but for the terrestrial planet models of
Fig. 5.

Molecule Approximate λ (µm) Note
O3 0.5 − 0.7 the Chappuis band
O2 0.69 B-band
H2O 0.72
O2 0.76 A-band
H2O 0.82

the metallicity increase produces larger differences between the
Jupiter spectra than between the Neptune spectra for separations
of 5 and 10 AU. Methane bands dominate the spectra over all the
bandwidth (e.g., 0.62, 0.73, 0.79 and 0.89 µm). Their depths de-
pend on the nature of the light-scattering particles (gases, clouds,
aerosols).

2.4.2. Theoretical spectra of telluric planets

In this section we summarize the main features of the telluric
planet models. Stam (2008) uses a pressure-temperature verti-
cal profile of the Earth to derive flux and polarization spectra
for several surfaces and cloud coverages and for a spectral range
between 0.3 and 1 µm. We recall that we do not consider polar-
ization effects in this paper and that these models are relevant for
a separation of 1 AU around a solar-type star. Stam (2008) con-
siders atmospheres with and without a horizontal homogeneous
water cloud layer and surfaces completely covered by either for-
est or black ocean with a Fresnel reflecting interface (Fig. 5).
The water clouds are optically thick and located in the tropo-
sphere. The atmospheric absorbers are water, molecular oxygen
and ozone (Table 4). The model albedo of vegetation presents
two main features: a local maximum between 0.5 and 0.6 µm
which is due to two absorption bands of chlorophyll at 0.45 and
0.67 µm and an increase of the albedo beyond 0.7 µm which
is known as the “red edge” (Seager et al. 2005). The appear-

Table 5. Star-planet separations for giant planets extrapolated to
other stellar types assuming Eq. (3). The values for the solar-type
star are those modeled by Cahoy et al. (2010).

Spectral type Luminosity (L") Separations (AU)
A0 28 4.2 10.6 26.5 53.0
F0 4.8 1.8 4.4 11.0 21.9
G2 1 0.8 2 5 10
K0 0.45 0.5 1.3 3.4 6.7
M0 0.09 0.24 0.6 1.5 3

ance of the “red edge” in the planet spectra depends strongly
on the cloud thickness and coverage, but it still alters the spec-
trum shape for a partial cloud coverage despite their large optical
thickness (Fig. 5, see the spectra of the 50% cloudy ocean and
50% cloudy forest planets in blue and green dashed lines re-
spectively). At short wavelengths Rayleigh scattering dominates
while at long wavelengths scattering by clouds is the most im-
portant process. Stam (2008) uses a weighted sum of homoge-
neous models to simulate a quasi horizontally inhomogeneous
model representative of the Earth (70% of the surface covered
by ocean and 30% by forest) with different cloud coverages. In
this paper, we use different weighted sums for simulating three
cloud coverages (0, 50 and 100%) and three surface types (for-
est, forest-ocean equally mix and ocean) (Table 2).

2.4.3. Planet contrasts as a function of the stellar type

The atmospheric structures of the models were calculated by as-
suming∼4.5-Gyr planets in radiative equilibriumwith the flux of
a Sun-like parent star. These models can be transposed to other
stellar types assuming flux conservation with the standard for-
mula:

4πR2p σT 4eq = (1 − AB) πR2p
L$
4 π a2

(2)

where Rp is the planet radius, σ is Stefan’s constant, Teq the
planet atmosphere equilibrium temperature, AB the planet Bond
albedo and L$ the host star luminosity. This formula does not
account for the effects of the wavelength dependence of the star
emission on the atmosphere (Marley et al. 1999; Fortney et al.
2007).

Because we are using models with discrete values (espe-
cially separations and stellar luminosity) we cannot extrapolate
the planet spectra to any separations around any stars. Instead,
we calculate the correspondence between separations and stellar
luminosity considering Teq and AB only depend on the incident
stellar flux at the planet position L$/a2. Therefore, Eq. (2) be-
comes:

L$ ∝ a2 ⇒ aS p = aG2
√

LS p (3)

where aS p is the star-planet separation for a star of spectral type
S p, aG2 the star-planet separation for a G2 star and LS p the star
luminosity in solar units. For example, a Jupiter at 2 AU from
a solar-like star would have the same atmospheric structure as
a Jupiter at ∼10.5 AU from an A0 star. Table 5 gives the corre-
spondences for different star-planet separations and stellar types.

Substituting Eq. (3) into Eq. (1) we obtain the contrast of a
planet around a host star of type S p:

C(λ) = A(λ,α) R2

a2G2 LS p

(4)

7

A.-L. Maire et al.: Exoplanet characterization using space high-contrast imaging

Fig. 10. 5-σ profiles for a 200-h exposure compared to averaged
planet contrasts for respectively G2 (top), A0 (middle), M0 (bot-
tom) type stars.

(Fig. 10, middle), Jupiter-like planets are not detected when fur-
ther than 10 AU for stars 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 study planets at separations shorter
than ∼4 AU around an A0 star but we can roughly estimate that

Table 6. Values of SNRr derived from Eq. (7).

Planet Parameter SNRr Note
Jupiter 0.8/2 AU 15
Jupiter 0.8 AU metallicity 1/3x 30
Jupiter 2 AU metallicity 1/3x 30 CH4 bands
Jupiter 5 AU metallicity 1/3x 30 CH4 bands
Neptune 0.8/2 AU 15
Neptune 0.8 AU metallicity 10/30x 30
Neptune 2 AU metallicity 10/30x 25 CH4 bands
Forest Earth 0/50/100% clouds 25 blue channels
Ocean Earth 0/50/100% clouds 25 blue channels
Clear Earth 0/50/100% forests 12 red channels
50% cloudy Earth 0/50/100% forests 30 red channels
Cloudy Earth 0/50/100% forests 220 red channels

Neptune analogs and super-Earths can be detected in the range
2–4 AU for stars closer than 10 pc. There are no A stars within
5 pc (except for the Sirius binary system) so we do not plot the
3-pc curve. Finally, the very close M stars (Fig. 10, bottom) at
3–5 pc are of great interest for detecting Jupiter-like planets in
the 0.5–4 AU range as well as super-Earths in close orbits at
0.5–1 AU.

From the current exoplanet database (Schneider et al. 2011),
we assess that only a handful of known extrasolar planets match
the limitations described here. However, we note that RV surveys
are not complete in the case of early and late stellar types (A and
M in particular, Udry & Santos (2007)) and at long periods (a
few AUs) even for nearby stars.

4. Performance in spectrometry
In this section, we analyze more in detail the SPICES perfor-
mance estimating SNRs of the planetary measured spectra. The
objective is to set the constraints on the SNR to allow the dif-
ferentiation between planetary models: impact of physical star-
planet separation and metallicity for the Jupiter and Neptune
analogs (Sects. 4.2 and 4.3) and variations due to cloud and sur-
face coverage for the rocky planets (Sect. 4.4).

4.1. Criterion of characterization

We first explain our characterization criterion. The underlying
question is to know if a measured spectrum S is reproduced
by one of two model spectra noted Mi (i refering to the model
index). This depends on the noise of the measured spectrum
N = S /SNR. We define the following criteria of comparison of
S to Mi:

criti = medianλ
(

S (λ) − Mi(λ)
N(λ)

)

(5)

where the median is calculated over the spectral channels. We
choose the median because it accounts well for the overall qual-
ity of a spectrum. For a given measurement (S , N), the model
which best matches the measured spectrum gives the lowest cri-
terion value. Substituting the definition of N to express criti as
a function of SNR and assuming the latter is nearly constant on
the measured spectrum, we can write:

criti = medianλ
(

S (λ) − Mi(λ)
S (λ)

)

× SNR (6)

10

see Maire et al. 2012 
in A&A for details 
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PERFORMANCE - SPECTRAL TYPE

limit	  in	  separa,on	  [AU]limit	  in	  separa,on	  [AU]limit	  in	  separa,on	  [AU]

Jupiter Neptune Super	  Earth

A0	  <	  20	  pc 1	  -‐	  10 1	  -‐	  3 1	  -‐	  3

G2	  <	  10pc 1	  -‐	  6 1	  -‐	  3 1	  -‐	  2

M0	  <	  7.5pc 0.5	  -‐	  4 0.5	  -‐	  1.5 0.5	  -‐	  1

M stars G stars A stars

possibly 
habitable planets
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SPECTROSCOPY - GIANTS

dist. / Rayleigh scat. metallicity
G stars only
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SPECTROSCOPY - TELLURIC

H2O

O2

O3

No clouds 50% Clouds
G stars only
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GLOBAL PERFORMANCE 

Minimal Radius achievable 
for characterization
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SUMMARY

More details about SPICES in : 

Boccaletti et al. 2012 : summary of the ESA proposal (Exp. Astron) 

Maire et al. 2012 : performance in terms of characterization (A&A)

several SPIE papers about sub-systems (SCC, IFS, DM ...)

SPICES capabilities are clarified with our simulations  :                                                                     
- which type of planets, stars, separations, distance                                                                                     
- which atmospheric properties can be measured

Polarimetric capabilites are still to be investigated 

SPICES target sample is large. A 5-year mission allows to observe ~100 targets

Target sample is provided by Radial Velocity & Astrometric programs  (ESPRESSO, GAIA)

Marginal characterization of Earth-size planet(s) is possible around the nearest star(s)
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WHAT’S NEXT ?

Anyone interested is invited to join ...

SPICES not selected in M3

Concerns raised by ESA :                                                                                        
Technology readiness / time for development / cost envelope

for the future : 

•  M4 opportunity: but other exoplanet missions were downselected 
by ESA (PLATO, ECHO, EUCLID)

• «think bigger»:  submit SPICES as L class mission: 650M€+ 
collaborations 


