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Exoplanets galore!



but… still far from this level of details!



Detections mostly indirect
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Why direct imaging is key

๏ Indirect techniques have limited characterization power


๏ Direct imaging gives access to more information

measure spectrum  
= chemical composition

observe outer 
planetary systems, 
mostly inaccessible 
by indirect methods

probe planet formation and evolution



Direct imaging: a major challenge

Huge brightness ratio and very small separation

… like detecting a firefly next to a lighthouse, 1000 km away

(note: the star never turns off)



Yet, here we are!



Enabling technologies:  
where engineering meets astronomy

10-m class telescopes: resolving power Adaptive optics: turbulence correction

Coronagraphy: cancelling the blinding stellar light

on-axis vortex



Figure 8: SPHERE (Left) and expected SPHERE+ (Right) detection probabilities from the SHINE sample of
young (⇠ 100Myr), nearby (⇠ 50 pc) stars compared to the current population of exoplanets detected with
all techniques: transit (yellow dot), radial velocity (red arrow), µ-lensing (black dot), and direct imaging (pink
dot). The Gaia detection limits that will be available with the Data Release 4 in 2022 for a solar-type star at
50 pc are overlaid.

• Systematic surveying of the young, nearby stars observed during the SHINE campaign but at
closer physical separations to explore the demographics of giant planets down to 3 au, in par-
ticular, with a deeper exploration between 3 to 20 au, a parameter space that is only partially
explored with SPHERE (and other techniques). SPHERE+ will serve here as a survey instru-
ment providing further statistical constraints on the occurrence and distributions of giant planets
in overlap with complementary techniques as radial velocity and astrometry. These efforts will
identify the most interesting young, planetary systems and exoplanets for further in-depth char-
acterization with SPHERE+ itself, ERIS, Gravity/Gravity+, JWST and the ELT. As the ELT will
not devote a significant number of nights for large-scale systematic surveys, it is vital now to
reduce the sample of potential ELT targets and identify the most important systems for in-depth
followup. Carrying out this survey in service observing mode will be particularly important in
order to take advantage of the best seeing and coherence time conditions and thus fully optimize
the exploitation of SPHERE+.

3.1.2 Measuring the mass - luminosity of young Jupiter for the first time! (sci.req.1)

Building on the synergy of SPHERE+ with other techniques like radial velocity and astrometry, a
fundamental scientific goal beyond the discovery of young giant planets down to the snow line is the
accurate determination of their physical properties, which remains highly uncertain at young ages.
Direct imaging yields photometry, luminosities and the spectral energy distributions of exoplanets, but
does not directly measure exoplanet masses.

As directly imaged exoplanet masses have not been measured, we must rely on mass predictions
from evolutionary models that are not calibrated at young ages (Marley et al. 2007). In addition
to the system age uncertainty, the predictions highly depend on the formation mechanisms and the
gas-accretion phase that forms the exoplanetary atmosphere. Whether the accretion shock on the
surface of a young accreting protoplanet is sub- or super-critical during the phase of gas runaway
accretion will drive the initial entropy or internal energy, and hence strongly influence its initial phys-
ical properties (luminosity, effective temperature, surface gravity and radius) and their evolution with
time (Marleau & Cumming 2014). These different physical states are described by the so-called hot-
start (sub-critical shock), cold-start (super-critical shock), and warm-start (intermediate case) models.
These models predict luminosities that spread over several orders of magnitudes for young, massive
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Only a dozen exoplanets imaged:  
10m is not enough!

corrected for geometric distortion (Konopacky et al. 2014). The
data cubes are then aligned to a common center calculated using
the four satellite spots (Wang et al. 2014). The satellite spots are
copies of the occulted central star, generated by the use of a
regular square grid printed on the apodizer in the pupil plane
(Marois et al. 2006; Sivaramakrishnan & Oppenheimer 2006;
Macintosh et al. 2014). The satellite spots also help convert the
photometry from contrast units to flux units. No background
subtraction was performed since the following steps of high-pass
filtering and point-spread function (PSF) subtraction efficiently
remove this low-frequency component.

Further steps to remove quasi-static speckles and large-scale
structures were executed outside the DRP. Each data cube was
filtered using an unsharp mask with a box width of 11 pixels.
The four satellite spots were then extracted from each
wavelength slice and averaged over time to obtain templates
of the star PSF. The Linear Optimized Combination of Images
algorithm (LOCI; Lafrenière et al. 2007) was used to suppress
the speckle field in each frame using a combination of
aggressive parameters: dr = 5 px, NA = 200 PSF FWHM,
g = 0.5, and N 0.5 0.75=d – FWHM for the three data sets,
where dr is the radial width of the optimization zone, NA is the
number of PSF FWHM that can be included in the zone, g is
the ratio of the azimuthal and radial widths of the optimization
zone, and Nδ defines the maximum separation of a potential
astrophysical source in FWHM between the target and the
reference PSF. The residual image of each wavelength slice
was built from a trimmed (10%) temporal average of the
sequence.

Final K1 and K2 broadband images were created using a
weighted mean of the residual wavelength frames according to
the spectrum of the planet, examples of which can be found in
Figure 1. These broadband images were used to extract the
astrometry of the planet in each data set thanks to a higher
signal-to-noise ratio (S/N) than in individual frames. To do so,
a negative template PSF was injected into the raw data at the
estimated position and flux of the planet before applying LOCI
and reduced using the same matrix coefficients as the original
reduction (Marois et al. 2010). The process was iterated over
these three parameters (x position, y position, flux) with the
amoeba simplex optimization (Nelder & Mead 1965) until the
integration squared pixel noise in a wedge of 2×2 FWHM
was minimized. The best-fit position was then used to extract

the contrast of the planet in each data set. The same procedure
was executed in the noncollapsed wavelength residual images,
varying only the flux of the negative template PSF and keeping
the position fixed to prevent the algorithm from catching
nearby brighter residual speckles in the lower S/N spectral
slices. To measure uncertainties, we injected the template PSF
with the measured planet contrast into each data cube at the
same separation and 20 different position angles. We measured
the fake signal with the same extraction procedure. The
contrasts measured in the 2015 November 06 and 2016 January
28 K1 data sets agreed within the uncertainties, the latter
having significantly better S/N, and were combined with the
weighted mean to provide the final planet contrasts.

Table 1
Observations of 51Erib

Date Instrument Filter Total Int. Field Averaged Averaged Averaged
time (minutes) Rot. (°) air mass DIMM seeing (as) MASS 0t (ms)

2015 Jan 30 GS/GPI Ja 70 23.8 1.15 0.52 3.26
2014 Dec 18 GS/GPI Ha 38 37.7 1.14 L L
2015 Nov 06 GS/GPI K1b 55 30.5 1.17 0.38 1.56
2015 Dec 18 GS/GPI K2b 103 71.7 1.22 0.69 0.94
2016 Jan 28 GS/GPI K1b 97 55.5 1.15 0.86 4.40
2015 Oct 27 Keck/NIRC2 LP

b 100 74.2 1.10 L L
2016 Jan 02 Keck/NIRC2 MS

b 139 115.7 1.18 L L
2016 Jan 21 Keck/NIRC2 MS

b 174 116.0 1.21 L L
2016 Feb 04 Keck/NIRC2 MS

b 148 101.4 1.21 L L
2016 Feb 05 Keck/NIRC2 MS

b 142 102.1 1.21 L L

Notes.
a Macintosh et al. (2015).
b This work.

Figure 1. Final PSF-subtracted images of 51Erib. Top: LOCI-reduced GPIES
images at the K1 (2016 January 28, left) and K2 bands (2015 December 18,
right). Bottom: pyKLIP-reduced NIRC2 images, smoothed with a box of
width 2 pixels, at LP (2015 October 27, left), and a combined image of all four
MS data sets (right). The images are scaled linearly, but are different in each
panel in order to saturate the core of the planet PSF.
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The Astronomical Journal, 154:10 (20pp), 2017 July Rajan et al.



Extremely Large Telescope: the next (BIG) step

40-m class

10-m class



The ELT being built at Cerro Armazones (Chile)





METIS: an ELT first-generation instrument  
with a strong Belgian contribution
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A complex mid-IR instrument, combining  
(high-contrast) imaging and spectroscopy

light from ELT



A synergy between many disciplines

Scientists

Engineers Managers

๏ Goals

๏ Requirements

๏ Concepts

๏ Simulations

๏ Performance

๏ Operations

๏ System

๏ Optics

๏ Mechanics

๏ Cryogeny

๏ Interfaces

๏ Control

๏ Software

๏ Coordination

๏ Planning

๏ Risks

๏ Quality

๏ Procurement

๏ Budget

METIS fact sheet
๏ 13-yr project

๏ 21 tons instrument

๏ 20 M€ hardware

๏ 670 full-time equivalents

๏ ~100 M€ total budget

๏ [telescope: 1.3 B€]



New insights into giant exoplanets using 
tomographic imaging techniques

METIS Science Case E-REP-ETH-MET-1014 1 09-03-2019

Figure 3-1: Illustrating the discovery space of high contrast imaging with METIS in the L band. Top: Comparison
between a measured contrast curved obtained with VLT/NACO in the L band using the AGPM Vortex coronagraph
on the planet hosting star beta Pictoris (Absil et al. 2013, yellow curve) and predictions for ELT/METIS in the same
filter based on the end-to-end high-contrast simulator (blue curve w/o a coronagraph; red curve with a ring-apodized
vector coronagraph (RAVC) for a 1h ADI sequence). Bottom: METIS simulations of the HR8799 planetary system
in L band with the ring-apodized vortex (RAVC), in 1h of observing time. The four planets are within the METIS
FoV, but our simulations stop at 1.2” and therefore only show the inner 3 planets. The SNRs are, respectively, 49, 21,
and 19, and several diffraction rings can be seen around the planets.

.

To simulate the sensitivity to low-mass (planetary) companions using high contrast imaging with METIS,
35 early-type stars (spectral types A to F) were selected from the de Zeeuw et al. (1999) compilation of
objects in the ∼11-16 Myr Scorpius-Centaurus Star forming region (hereafter “Sco-Cen”). The selected
targets have a mean distance of 130 pc, a membership probability of >95% as determined by Rizzuto et al.
(2011), and were verified as single stars from the literature (i.e., no unresolved binary companions). An
assumed age of 11 or 16 Myr, as well as the estimated L-band contrast (cf. Figure 3-1) was assigned
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1.2.2 Long period gaseous planets 
While the exoplanets discussed in the previous section are all tidally locked to their host stars, making 
the rotational period of these objects identical to their orbital periods, METIS will also contribute 
significantly to our understanding of longer period (gas giant) planets. One decade ago, astronomers 
believed that it would take a space interferometer of several kilometers in size to resolve structures on 
exoplanets – beyond the dreams of even the biggest optimists. However, recent work with CRIRES at 
the VLT indicated that Doppler-imaging, a technique regularly used to map stars and now also a 
brown dwarf, can be applied with METIS to make 2D images of exoplanet atmospheres (see Fig. 5; 
Crossfield et al. 2014, Nature 505, 654C; Crossfield 2014, A&A 566, 130C).  

In addition to mapping the 2D structure of exoplanet atmospheres, high-dispersion spectroscopy 
showed that another new observable has emerged helping to constrain planet evolution – planetary 
spin. Observations with CRIRES show that the exoplanet β Pictoris b spins with an equatorial velocity 
of almost 100.000 km per hour, implying an 8 hour day on this world (Snellen et al. 2014, Nature 509, 
63S). Interestingly, the fact that β Pictoris b spins so fast is well in line with the trend of spin rotation 
with planet mass seen for the solar system planets (Fig. 5), and is likely a relic of the planet formation 
process during which mass and angular momentum are accreted. METIS will determine the rotation 
of dozens of exoplanets for a range of masses – an exciting new science case.  

Another aspect of high-resolution spectroscopy is that a planet signal can be monitored along a large 
part of its orbit, thus tracing also seasonal as well as rotational changes in molecular signals (from the 
morning-side to the evening-side of the planet, revealing possible photochemical processes or 
variations in the atmospheric temperature structure).  

 

  
Fig. 5: Left: Illustration of the Doppler Imaging technique with VLT/CRIRS showing a 2d map of the nearby 
brown dwarf Luhman 16 B (from Crossfield et al. 2014, Nature 505, 654C). Right: Comparing the spin velocity 
of the exoplanet β Pictoris b, as measured from high-dispersion spectroscopy, with the spin of the Solar System 
planets (from Snellen et al. 2014, Nature 509, 63S). 
 
 
Finally, as mentioned above, METIS will be able to directly detect dozens of cool and warm gas giant 
planets around nearby stars. Spectroscopic observations in the L and M band of these objects with a 
spectral resolution of up to a few thousand, as provided by METIS, will allow us to constrain their 
atmospheric composition and cloud properties (e.g., Lee, Heng & Irwin 2013, ApJ 778, 97L) and to 
search for chemical dis-equilibrium (Fig. 6; e.g., Fortney et al. 2008, ApJ 683, 1104F). In particular 
the L band has proven to be a key wavelength range in the investigation of gas giant planet 

weather patterns on giant exoplanets



Witness the birth of planets  
around young stars
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A first short at imaging Earth-like planets

METIS Science Case E-REP-ETH-MET-1014 0D2 07-03-2019

Figure 3-7: Feasibility study to investigate if METIS can detect an Earth-twin around α Cen A at quadrature. Given
the higher luminosity of the star an Earth twin (i.e., same size and emission spectrum) would be located at ∼1.1
AU around alpha Cen A. Top: The green solid line shows the 5-σ contrast (in the N2 filter) achievable with the
classical vortex coronagraph in a 1h ADI sequence according to simulations with the end-to-end METIS high-contrast
simulator. These simulations assume an ELFN-free Aquarius detector. With the ELFN the 1h detection limit would
correspond to the dashed line and significantly longer integration times are required to achieve sufficient sensitivity
to detect the planet. Bottom: Corresponding simulations (5h observing time; no ELFN) carried out with the METIS
end-to-end high-contrast simulator. In this case, 2 Earth-like (i.e., Earth radius and albedo) were inserted, one at 1.1
AU and one at 0.55 AU. Both planets are detected with an SNR of 6.3 and 10.6, respectively.

Monte Carlo simulations for the nearby stars α Cen A and B, Sirius A and Procyon A. These simulations
are based on the Monte Carlo tool presented in Kammerer & Quanz (2018) which simulates planetary
systems around a given set of target stars based on the statistics for planetary sizes and orbital periods
derived from the Kepler mission. The planets’ are randomly put on circular orbits and also their Bond and
geometric albedo are randomly drawn from an allowed range of possible values. The host star’s luminosity,
the Bond albedo and the star-planet separation determine the planets’ equilibirum temperature. Knowing
the distance to the star and assuming black-body emission for the planets’ SEDs the expected fluxes can be
easily computed and compared with METIS’ expected performance for senstivity and/or contrast. Figure 3-
8 shows that for the selected group of very nearby stars deep imaging with the N2 filter allows for the
detection of small, terrestrial planets in the background-limited regime, which can be reached at separations
smaller than 1 AU in these cases (cf. Figure 3-7). The time it will take to achieve the required sensitivity
will depend on the final choice of the N band detector.
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0.55 au

1.1 au

Simulation of ⍺ Centauri 5-h observation
(two 1 REarth planets injected in simulated data)



Towards a large sample of rocky planets  
& thorough atmospheric characterization

Concept considered by ESA for the 2040’s



The future is bright for exoplanet science


