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METIS TIMELINE

~ 670 FTE & 20 M€ hardware budget over 13 yrs 

first light: end of 2028

today

FDR documentation deadline!



HIGH-CONTRAST IMAGING MODES

(Ring-Apodized) 
Vortex Coronagraph

Apodizing 
Phase Plate

ELT VC APPRAVC

ELT



WAVEFRONT CONTROL STRATEGY

๏ SCAO provides > 90% Strehl at LMN bands 

๏ NCPA minimized by design + focal-plane WFS

adaptive 
optics

non-common 
path aberrations

wavefront measured here

wavefront matters here

focal-plane 
wavefront  
sensing

Dry air +  
WV seeing



POINTING CONTROL WITH QACITS

๏ Tailored to vortex 
coronagraph 

๏ Measure asymmetry 
in coronagraphic PSF 

๏ Reconstruct pointing 
error with nonlinear 
model 

๏ Demonstrated 
accuracy ~0.01 λ/D
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Huby et al. 2015, Maire et al. 2020



NCPA CONTROL WITH PSI

๏ Reconstructed PSF ≠ measured PSF due to NCPA 

๏ Use SCAO residuals as source of diversity to infer 
pixel-wise amplitude and phase of NCPA

WFS

SCIENCE 
CAMERA

reconstruction

short exposure

Codona & Kenworthy 2013





WATER VAPOR SEEING

๏ Variable column density of water 
vapor above telescope 

๏ Blown by wind —> water vapor 
seeing 

๏ Highly chromatic in mid-IR —> 
SCAO correction not good at 
LMN bands 

๏ QACITS + PSI need to run at 1 Hz

wind

wind

K band

L band N band

AO only AO + WV (L band) AO + WV (N band)

Normalized refractive index 
(moist air)



END-TO-END HCI SIMULATIONS

12,000 SCAO 
residual phase 

screens

PROPER

12,000 
instantaneous 
coronagraphic 

PSFs

Observing 
sequence  

(12,000 frames)

+ field rotation (40°)

Raw contrast + 
contrast curves

VIP

COMPASS

SimMETIS

Optical propagation 
library (python)

HCI image processing 
package (python)

1-hr simulation @ 1 kHz 
1 screen saved every 300 ms

Lmag = 6 star: 7.3 × 108 e-/s 
L bckg: 2.7 × 105 e-/s/pix 
DIT = 300 ms, no detector noise

HEEPS
(https://github.com/vortex-exoplanet/HEEPS)

WV seeing, 
NCPA, etc

https://github.com/vortex-exoplanet/HEEPS


EXPECTED PERFORMANCE (L BAND)

METIS SHOULD REACH < 10−5 AT 0.1’’
Carlomagno et al. 2020



METIS VS 10-M CLASS TELESCOPES

on-sky data

simulations

(SPHERE-IRDIS)

background level



RECOGNIZE ME?

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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METIS L-band simulations

shoulda put a slit on it!



2D MAPS OF EXOPLANET ATMOSPHERES

 
Exoplanet Science Case Issue: xx 

Date: xx 
Page: 6 

 
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 

From brown dwarf cloud maps… to clouds in giant planets atmospheres!

Crossfield et al. 2014 Snellen et al. 2014

Even better: put an image slicer on it!  
(R = 100,000)

Your weather forecast for beta Pic b, starting 2029



ALSO A DISK & PROTOPLANET MACHINE

��� ��� ��� ��� ���� ���� ����
Ƌ5$>�@

����

����

����

���

���

���

���

Ƌ
'

HF
>�

@

���DX

���������HSRFK�

6LPXODWLRQ�/


��� ��� ��� ��� ���� ���� ����
Ƌ5$>�@

����

����

����

���

���

���

���

Ƌ
'

HF
>�

@

���DX

���������HSRFK�

6LPXODWLRQ�/

MWC758 with NIRC2 (simulation) MWC758 with METIS (simulation)

Simulation credits: C. Baruteau + V. Christiaens



A SHOT AT EARTH-LIKE PLANETS?

๏ N-band performance critical 
to reach temperate rocky 
planets 
• control of WV seeing is key 

• here assume SCAO-limited (still 
working on N-band PSI 
performance simulations) 

• Earth-like planet within reach 
around ⍺ Cen in ~5 hours 

๏ Terrestrial regime potentially 
accessible around a handful of 
stars

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

⍺ Cen after 5-h ADI

Bowens et al. 2021

Two 1 REarth planets injected



USING HCI+IFS ON PROXIMA CEN

๏ R = 100,000 IFS 
coupled with  
vortex and APP 

๏ Proxima b: 10−8 
contrast at 2 λ/D 
• challenging, but 

within METIS 
background limit 

• gain of combining 
HCI+IFS not well 
known yet at such 
contrasts

Simulation credits: I. Snellen



EXPECT THE UNEXPECTED!

(and let’s keep our fingers crossed until then)


