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ABSTRACT

In the context of exoplanet detection, a large majority of the 400 detected exoplanets have been found by indirect
methods. Today, progress in the field of high contrast and angular resolution imaging has allowed direct images of
several exoplanetary systems to be taken (cf. HR 8799, Fomalhaut and β Pic).1–4 In the near future, several new
instruments are going to dramatically improve our sensitivity to exoplanet detection. Among these, SPHERE
(Spectro Polarimetric High contrast Exoplanet REsearch) at the VLT, MIRI (Mid Infra-Red Instrument) onboard
JWST and EPICS at the ELT will be equipped with coronagraphs to reveal faint objects in the vicinity of nearby
stars. We made use of the Lyon group (COND) evolutionary models of young (sub-)stellar objects and exoplanets
to compare the sensitivities of these different instruments using their estimated coronagraphic profiles. From this
comparison, we present a catalogue of targets which are particularly well suited for the different instruments.
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1. INTRODUCTION

Extrasolar planets are being nowadays routinely detected by radial velocity and transit surveys around G-K
dwarfs,5 while first significant results on early and late type dwarfs are starting to emerge.5,6 The statistical
study of the distribution of planets has considerably changed our view of extrasolar planetary systems. Extending
the planet search towards sub-Jupiter mass planets at long periods in a statistically meaningful way would provide
additional constraints on planet forming scenarios (e.g., core accretion vs. disk instability), including the role of
planetary migration. Direct imaging is a very appropriate technique to extend this statistical study for planets
with long periods and for all stellar spectral types.
Young main sequence stars hold a key place in the study of planetary systems with direct imaging. With ages
typically between 10 and 100 Myr, the optically thick protoplanetary discs originally surrounding these stars
have been cleared out by various physical processes and only optically thin disks are still present. Therefore, it
provides a direct view of young planetary systems. At such ages, giant planets have just formed and have not yet
had the time to cool down to their final equilibrium temperature. They are thus significantly brighter than their
old counterparts.7,8 Theoretical models for the early cooling and contraction of giant planets are however poorly
constrained, and high uncertainties are affecting the first tens of Myr in their cooling history. In particular, the
sensitivity to initial conditions is strongly affecting the cooling models during the first 10-100 Myr for planets
with masses larger than that of Jupiter (see Figure 1). The direct detection and characterisation of extrasolar
planets with well-defined ages below 100 Myr therefore represent a much-needed observational constraint for
these models.
During the past decade, a series of young stellar kinematic groups have been identified in the solar neighbourhood
(< 100 pc), with ages ranging from about 8 to 200 Myr.10 Searching for planets around such stars has become
a very active topic in extrasolar planet studies during the past decade. Dedicated observing campaigns have
been undertaken in all major observatories (especially with 10-m class telescopes), and the forthcoming advent
of 2nd generation planet imaging instruments equipped with extreme adaptive optics (such as VLTI/SPHERE,
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Figure 1. Planetary thermal evolution models from Fortney et al. 2008 (solid lines, core-accretion model) and from Baraffe
et al. 2003 (dotted line, hot start model), showing planetary radius and temperature as a function of time (in yr). From
Fortney et al. 2008.9

Gemini/GPI and Subaru/HiCIAO) will further improve the sensitivity of ground-based telescopes to giant planets
in nearby young associations, especially for semi-major axes in the 5-100 AU range (where most giant planets
are supposed to be found). However, such instruments will achieve their ultimate performance only on relatively
bright stars (V ≤ 10). For fainter stars, the AO systems will generally fail to provide high-quality wave front
correction due to the limited sensitivity of wave front sensors. Consequently, ground- and space-based imaging
instruments will be very complimentary as they will have optimal performances for different type of stars.
MIRI/JWST will provide a tremendous sensitivities to giant planets around M dwarfs in nearby associations,
which have V > 10 in almost all cases while ground-based facilities will give the full potential of their high
angular resolutions around young and bright stars.
Current RV and transit surveys are detecting planets with orbital distances below 5 AU, and larger separations
(5-100 AU) are still to be explored. Improving our understanding of planetary formation at such distances will
also bring much-needed constraints on the formation of terrestrial planets in the habitable zone of such stars,
which are expected to be prime targets for the search of bio-signatures. In this context, the new high contrast
imagers have a decisive role to play, because they provide both the sensitivity and the angular resolution to
unveil a whole new population of low-mass planets in the 0.5-100 AU region around nearby young stars.

2. INSTRUMENTAL OVERVIEW

The direct imaging of exoplanetary systems is a difficult task to accomplish because of both the small angular
separation between the planet and its star and the high contrast ratio between them. To do so, it is therefore
mandatory to use large telescopes working at their diffraction limit and to dim the strong on-axis starlight
to reveal the presence of a planet. Actual telescopes are limited to the imagery of giant planets at relatively
large orbital distances. Indeed, on one side, space-based telescopes are limited by the size of their apertures
and therefore by their resolution. On the other side, ground based telescopes dispose of larger apertures but are
limited by the atmospheric turbulence that blurs the images and decreases the sensitivity of high contrast imaging
instruments. Before the end of the decade, a new generation of ground and space based facilities will come online
and dramatically increase the sensitivity of exoplanetary imaging and spectroscopy. Among the ground based
imagers let us cite SPHERE on the VLT,11 GPI on Gemini South,12 HiCiAO at Subaru, Project 1640 at Palomar
observatory13 but also the future extremely large telescopes such as the Thirty Meter Telescope (TMT),14 the
Giant Magellan Telescope (GMT)15 and the European Extremely Large Telescope (E-ELT).16 The spaceborne
planetary imagers will be led by the James Webb Space Telescope equipped with the Mid InfraRed Instrument
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Figure 2. This graph compare the sensitivity of different instruments for exoplanet detection as a function of the separation
between the star and its planet. For MIRI, SPHERE and EPICS, the results correspond to the observation of young
closeby stars (10Myr). Indeed it is for these particular stars that those instruments are the most sensitive. The integration
time has been set to 1h. For the three other curves (COROT, KEPLER and Radial Velocities), the sensitivities correspond
to observations of exoplanets around main sequence stars.

(MIRI),17 the Near InfraRed Camera (NIRCam)18 and the Tunable Filter Imager (TFI).19 In this paper, we
particularly focus on the comparison of three of these instruments that can be considered as representative of
the three categories: SPHERE/VLT and EPICS/E-ELT for the ground-based instruments and MIRI onboard
JWST.

2.1 Description of the different instruments

In order to describe the main technical particularities of the three instruments that we envision to compare, let
us split these instruments into two natural categories: the ground and the space-based telescopes.

2.1.1 Ground based instruments

Ground based telescopes have to face a major problem in order to perform high contrast imaging: the Earth
atmosphere. The atmosphere indeed strongly limits the possibilities for exoplanet detection for two reasons.
First, the introduced turbulence prevents the telescope from producing sharp, diffraction limited images and
limits the achievable contrast as the PSF residuals of the central star are spread over a large area in the field
of view. Second, ground-based observatories are limited to wavelengths smaller than typically ∼ 4µm. For
longer wavelengths, even though some ground based imagers exist, the thermal background strongly limits their
sensitivities. On earth, we are therefore limited to wavelength ranges across which the exoplanet/star contrast
is not very favorable. Indeed, for an Earth-like exoplanet around a solar type star, the contrast is 10−10 in the
visible and near-IR while it is ”only” 10−7 in the thermal infrared.
To correct for wavefront errors introduced by the atmospheric turbulence, many developments have been done
in the field of Adaptive Optics (AO). With a high density of actuators (1600 actuators for the 8m telescope of
SPHERE and 44521 actuators for the 42 m telescope of EPICS), both SPHERE and EPICS will be able to use
the full potential of their large apertures as they will reach the so called Extreme AO (XAO) regime with Strehl
ratios ≥ 90%. With such a sharp image on large telescopes, these two imagers will be able to reach very high
contrasts down to ∼ 10−6 for SPHERE in both H and K bands and even 10−9 for EPICS [0.95,1.65]µm. To reach



such contrasts, they will make use of high contrast imaging techniques to strongly dim the starlight. SPHERE
will be equipped with Four Quadrant Phase Mask Coronagraphs and Apodized Lyot Coronagraphs (APLC)20–23

while the current baseline of EPICS design considers the use of a simple apodizer to mitigate the chromaticity
effects.24,25 These systems are combined to differential imaging techniques (spectral, polarimetric and angular)
to reach the desired level of contrast. Their discovery space, defined by the Inner Working Angle (IWA) and
by the outer Field of View (FOV) of the instruments are respectively [0.1”, 5.5”] (limited by the detector FOV)
for SPHERE and [0.02”, 0.4”] for EPICS. Figure 2 illustrates the sensitivity of the two instruments inside their
respective FOV. The price to pay to get such an image quality despite the atmospheric turbulence is a relative
lack of sensitivity. Indeed, in order to leave very small wavefront error residuals, AO systems must be fed by
relatively bright stars with visual magnitudes V ≤ 10.

2.1.2 Space-based instruments

Space-based telescopes have completely different constraints. The main limitation comes from the size of the
telescope that can fit inside a launcher. JWST will be the largest scientific telescope ever launched with a 6.5
m segmented mirror. The MIRI instrument proposes 4 different wavebands for its coronagraphic mode that
are respectively centered on 10.65, 11.4, 15.5 and 23µm. While the latter channel will be equipped with a
standard Lyot coronagraph, the three other ones will use FQPM coronagraphs, which compensate for the lack
of angular resolution compared to ground-based facilities.26,27 Indeed, such coronagraphs have a much smaller
IWA than standard Lyot coronagraphs. For the three ”short” wavelength channels, the discovery space will be
comprised between ∼0.2” and ∼13” (see Fig. 2). The strong point of MIRI is of course its sensitivity to low-mass
companions as it operates at thermal infrared wavelengths with low background levels, where warm planets are
bright.

3. SENSITIVITY ESTIMATION

3.1 Simulations

Our simulations are based on a three step process:

• We choose young stars with known ages among the closest young moving groups.

• Using the coronagraphic profiles of the different instruments as a function of the angular separation of the
companion and of the brightness of the source, we derive the contrast that can be achieved on each selected
target.

• Knowing the age and brightness of the sources as well as the achievable contrasts, we derive the corre-
sponding masses of the companions using the COND evolutionary models.

The goal of this study is to compare the three instrumental performances under simple conditions and
assumptions. These assumptions must be chosen to obtain a fair comparison between the three instruments,
even though they do not use the same technologies. As for the integration time we adopt a generic value of 1h
even though in the reality this can be modulated depending on the instrument and the star magnitude. Longer
integrations will be needed for fainter stars and/or to reach larger contrasts as long as the systematics remain
low. However, for surveys on such instruments under high scientific pressure, it is probably not realistic to
consider 10h of observation for dozens of stars. As a comparison, only the relative sensitivities do matter. The
other assumptions are the following:

• For MIRI, we use for the coronagraphic profile, contrasts corresponding to the use of the FQPM at 11.4
µm and a simple reference subtraction. The reason for choosing this wavelength is because there is less
chance to see the planetary signal being dimmed by an absorption line (cf. Ammonia at 10.65 µm) and
the angular resolution is significantly better than at 15.5 µm.

• On SPHERE, we use two different hypotheses: (i) the use of a FQPM in H band (1.68 µm) and a simple
reference subtraction (ii) on top of the reference subtraction we use Spectral Differential Imaging28 between
the H2 (1.593µm) and H3 (1.667µm) spectral bands.29



• EPICS has unfortunately relatively different hypotheses from the two other instruments. It is due to the
way the instrument is conceived and simulated. Indeed, by default, EPICS uses more advanced subtraction
methods such as SDI, Angular Differential Imaging (ADI) and differential polarimetry. The instrument
uses wavelengths between 0.95 and 1.65 µm.

Finally, the instrumental simulations are not the only component of our study. Indeed, in order to calculate
the masses corresponding to a given magnitude at a given age, we used planetary evolutionary models. Two
categories of models are currently available (i) the so called ”hot start” cooling models7,30 and (ii) the ”core
accretion” evolutionary models.9 These two types of models show discrepancies up to a few magnitudes during
the first 10-100 Myr after their formation (see Figure 1). In our simulations, we choose the ”hot start” cooling
models7,30as these are available for planet masses < 1 MJup. In order to account for a realistic planetary
composition, we use the Z=0.1 models (where Z is the metal fraction) for masses above 0.1 MJup and the Z=0.5
models for masses below 0.1 MJup.

3.2 Results

Figure 3 shows the comparison of the instrumental sensitivities in terms of detectable companion mass for three
different stellar types (G0, K0 and M0) as a function of their age. The left-hand side plot corresponds to the
detection of planets at an angular separation of 0.2” while the right-hand side one corresponds to an angular
separation of 2”. At 0.2”, EPICS exploits at the bast the field of view of its 42 m telescope aperture while at
the other end, MIRI is working at its very inner working angle. Logically, EPICS is therefore the most sensitive
instrument for the smallest separation, no matter what the age or stellar type. Because of the relatively short
integration time, the results obtained with EPICS are background limited. This is why the sensitivities are the
same for the three stellar types. Between MIRI and SPHERE, MIRI is slightly better for the dimmest objects
(M0 stars) but SPHERE is more efficient for G0 stars. Overall, we can show that the fainter and younger the
star, the better the sensitivity in terms of companion mass. It explains why in this paper, we particularly focus
on young M stars.
At 2” the situation is very different. First of all, we are well outside the EPICS FOV so that only SPHERE and
MIRI can be used. Second, as we are at large angular separations from the star, none of the imagers are limited
by the off-axis stellar residuals anymore but rather by the background level. Therefore, because MIRI is a space
based telescope and because it operates at wavelengths where the star/planet contrast is more favorable, it is
more sensitive with sensitivities down to 0.1MJup for 10Myr old stars.

Figure 3 clearly illustrates the interest of observing young M stars rather than old stars with an earlier
stellar type. Indeed, for MIRI at 0.2”, the detection limit goes from 0.5MJup around a 10Myr old M0 star to
3MJup planets around 1Gyr old G0 stars. Therefore, we decided to select a sample of M type stars among the
closest and youngest moving groups. For all these targets, we compare the sensitivity of the three instruments.
Figure 4 shows this comparison for the best targets in our sample. The number of observable stars with the
two ground based facilities is lower because many targets are either too faint to be tracked by the AO systems
(V ≤ 10) or not observable from these observatories. On this graph, two different sensitivities have been plotted
for SPHERE: one with and one without SDI. The sensitivities with SDI clearly look better but we have to
mitigate this first impression. Indeed, one must not forget that simulations with SDI implicitly assume that the
planetary spectrum shows large variations within (at least one) of the spectral band(s) observed with SPHERE,
e.g. H2 (1.593µm) and H3 (1.667µm) for the H band. If the magnitudes of cold planets changes significantly
between these two spectral bands, it is not the case anymore for companions warmer than ∼ 500 K. Therefore,
some planets around 1 MJup that should in principle be detectable with the SDI mode of SPHERE could be in
fact below the detection limit due to their low SDI signature.

4. PERSPECTIVES

Direct imaging of planetary systems contributes to the understanding of planet formation while comparing
photometry and evolutionary models for instance. By observing young M stars, it is possible to constrain
theoretical models for the cooling of gas giants, especially at a few tens of Myr where the uncertainties and
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Figure 3. Left: Comparison of the instrumental sensitivities of SPHERE (with SDI), EPICS and MIRI at an angular
separation of 0.2” around G0, K0 and M0 stars as a function of the stellar age. Right: Same comparison at an angular
separation of 2”. Note that in this case, we are outside the EPICS field of view that cuts off at 0.4”.
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Figure 4. Left: Comparison of the instrumental sensitivities of SPHERE, EPICS and MIRI for an angular separation of
0.2” around the closest M stars in young moving group associations as a function of the stellar distance. Right: Same
comparison at an angular separation of 2”. Note that in this case, we are outside the EPICS field of view that cuts off at
0.4”.

discrepancies between models are still large. To this aim, any discovery with the different planet imager facilities
can be followed by means of other observations to perform photometric measurements at various wavelengths,
using the MIRI FQPM modes at 10.65 and 15.5 µm for example, as well as SPHERE observations in H or K
bands. Follow-up observations of the most massive planets ( > 1MJup) found by such surveys will provide a
direct distinction between the so-called ”hot star” cooling models7 and the ”core accretion” cooling models,9 as
they show discrepancies up to a few magnitudes during the first 10-100 Myr after their formation (see Figure 1).
For more distant planets, it will also be possible to constrain the planetary orbit as well as the dynamical mass
of the planets by taking images of the systems at two (or more) different orbital locations. Furthermore, it will
provide first constraints on the models in a very interesting mass regime where the planetary radius is expected
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Figure 5. Mass-radius relationship from the Baraffe et al. (2008)30 model at metallicity Z=0.10 for three different ages.
JWST/MIRI has the potential to probe for the first time the peak appearing at M ∼ 0.3 Mjup in the 10 Myr model.
Note that such discontinuities also appear for other metallicities, and are also predicted by the models of Fortney et al.
(2008)9 for a similar mass range.

to increase for decreasing masses (see Figure 5). Photometric measurements with MIRI alone will provide a
model-independent estimation of the planetary temperature by comparing the flux at 11.4 and 15.5 µm with a
blackbody emission, which can directly be used to constrain the cooling models. MIRI observations at 10.65 µm
will allow us to detect the presence of ammonia through its absorption band at that particular wavelength, which
could also be used to further constrain the planetary temperature. Follow-up observations with SPHERE in H
and K bands (for planets closer than 5”) or EPICS between 0.95 and 1.65µm (for planets within 0.4”) would
also greatly help in constraining theoretical emergent spectra predicted by various atmospheric models. Finally,
for planets at short enough periods (< 20 yrs), follow-up astrometric and/or RV observations could provide a
model-independent estimation of the planetary mass.

5. CONCLUSION

From the comparison of performances for exoplanet detection that we have presented in this paper, we have
identified a catalogue of targets which are particularly well suited for each instrument. Our study identifies a
very interesting niche for the MIRI instrument onboard JWST. This niche consists in the observation of nearby
M-stars located in young moving groups. Indeed in most cases, such M-stars are too faint to be used as guide
stars for the (extreme) adaptive optics systems that will equip future ground-based planet imagers. Therefore,
only MIRI will provide a good sensitivity to faint companions around these targets, down to Neptune-mass
planets in the most favorable cases. We also show that for earlier stellar types (i.e. A, F, G and K), SPHERE
and EPICS will be on par with, or will outperform MIRI. However, even for the earlier stellar types, MIRI will
be the only instrument capable of taking spectra of Jupiter mass planets in the mid-IR. We therefore conclude
that these three instruments are very complimentary for exoplanet imaging as they will probe different angular
separations and will be optimal for different types of stars.
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