
Towards new breakthroughs in 
exoplanet science with ELT/METIS
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METIS instrument baseline
= coronagraphic capabilities
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ALL MODES WORKING AT 
ELT’S DIFFRACTION LIMIT 

USING SCAO

Detectors & fields-of-view



• ~ 700 FTE


• ~ 25 M€ hardware budget


• 14 yrs development

Extremely large … 
instrument!
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METIS timeline

first light

mid-2029

now: working on  
subsystems MAIT

ST videocon meeting E-MIN-NOVA-MET-1020 252 11/04/2024

3.5 Class B/C/D CRE/RfW/NCR = System/Sub-System/Supplier (see Polarion):

● 1 ‘Configuration Verified’, 1 ‘Approved’, 8 ‘Ready for Approval’, 22 ‘Draft’→ includes
METIS-11037 on IMG Envelope update

4  GENERAL DISCUSSION ITEMS

4.1 Request by ESO concerning day-time calibration requiring low vibrations

● Roy will establish a list of day-time calibration activities that could be sensitive in

principle. RvB: I have it, I will send it directly to Peter Hammersley with Adrian in cc.

4.2 Re-commissioning activities after cryostat or WCU intervention

MET-1736: Lists tasks to be carried out for recommissioning after WCU or cryostat
METIS recommissioning activities after intervention.

5 STATUS UPDATES SUBSYSTEMS / SYSTEM LEADS

5.1 CFO

● BBRMRR 80% on Monday, April 15th.
● CFO BBT has been coated (Alodine 1200S).
● Mirrors FM1, FM2, FM3, FM4, and FM-SCAO ready for SPDT next week.
● Demonstrator Chopper received and under revision by JPE.
● PPS-CFO2 design being finalised in order to send drawings to the manufacturing

supplier next week.
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Phase B (PDR)
Phase C (FDR)

Phase D1 (SubSys MAIT)
Phase D2 (Sys MAIT)

On-site Assy

PDR FDR PIP FDR Start SysAIV PAE
Comm

Integration hall getting ready @ LeidenCryostat @ Zürich

Vortex phase mask @ Liège

Derotator @ Dwingeloo



High-contrast imaging modes
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Wavefront control strategy
๏ SCAO provides > 90% Strehl at LMN bands


๏ NCPA minimised by design, monitored with focal-plane WFS

• water vapour seeing → chromatic wavefront errors, acting like NCPA

adaptive 
optics

non-common 
path aberrations

wavefront measured here

wavefront matters here
focal-plane 
wavefront  
sensing

Dry air +  
WV seeing

RTC



WV seeing adding to AO residuals
AO only AO + WV (L band) AO + WV (N band)

~25 nm RMS additional WFE ~300 nm RMS additional WFE~140 nm RMS WFE

Absil+2022 (SPIE)



End-to-end HCI simulations

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

12,000 SCAO 
residual phase 

screens

PROPER

12,000 
instantaneous 
coronagraphic 

PSFs

Observing 
sequence  

(12,000 frames)

+ field rotation (40°)

Raw contrast + 
ADI contrast 

curves

VIP

COMPASS

ScopeSim

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

WV seeing, 
NCPA, etc

Delacroix+2022 (SPIE)

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


METIS vs 10-m class telescopes @ L band

on-sky data

simulations



Famous systems, revisited…

๏ Characterise planets with dynamical  
mass measurements  
(cf Lacour & Franson’s talks)

• follow-up of Gaia and RV planets

• METIS will detect a handful of each kind 

(Quanz+2015, Wallace+2021)

• tidally heated super-eccentric planets 

also look promising (Dong+2013)


๏ Follow-up directly imaged planets at 
R=100,000

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…

… now imagine feeding that to R=100,000 IFS!



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+2014 Snellen+2014

Doppler tomography with high-resolution IFS (R = 100,000)

Your weather forecast on beta Pic b, starting 2029, and much more  
(cf Xuan’s talk)



Targeted survey(s): ice-line giant planets
๏ Goal: constrain the long-

period end of RV planet 
distribution


๏ METIS can resolve the water 
ice line up to ~100 pc

• better sensitivity than NIRCam 

within 10 au


๏ Two kinds of mini-surveys

• nearby moving groups: targeted 

search, sensitive to beta Pic c 
and HD 206893 c analogs


• Sco-Cen: star-hopping RDI 
strategy on a larger population

Courtesy S. Hinkley

RV planet 
distribution



A shot at Earth-like planets?
๏ Terrestrial regime accessible at N band around ⍺ Cen, if WV seeing corrected

0.55 au

1.1 au

⍺ Cen after 5-h ADI,  
WV seeing perfectly corrected

two 1 REarth planets injected

⍺ Cen after 5-h ADI,  
WV seeing not corrected



Impact of WV seeing at N band
๏ Ability to correct for WV seeing in real time will be driving rocky planet yield

• simulations below assume partial correction of WV seeing for various conditions

background noise, alpha Cen, 5 hours

~10% of time (TBC) ~50% of time (TBC)

N-band simulation with WV seeing assuming 10-Hz correction of first 20 Zernike modes (focal-plane WFS)

~90% of time (TBC)



Is the detection of a temperate planet likely?
๏ Using Kepler occurrence rates (Bowens+2021)

• 50+% chance of finding a low-mass temperate 

planet around ⍺ Cen in two 1h visits


• 1-night blind survey of six most promising nearby 
stars yields 1+ temperate mini-Neptune on averageA&A 653, A8 (2021)

Fig. 5. Heat map of detected planet temperature versus radius, sepa-
rated by band in the SCAO-only case with a 1 h integration per star and
only one epoch observed. The cells give the percentage of planets for
the corresponding band found within the temperature-radius range. The
expected yield per band over the whole survey is also presented. It can
be used in combination with the heat maps to determine the expected
yield per cell.

The second substantial caveat is the Kepler occurrence rates
used. At the time of SAG13, factors of greater than 2 between
di↵erent occurrence rates were seen between studies originating

Fig. 6. Increase in planet yield for ↵ Centauri A with repeat observa-
tions at ideal times for the SCAO-only case. Each bar shows what frac-
tion of the average number of planets generated around ↵ Centauri A
have been observed at least once. This process determines the next best
observation time from the previous one based on increase in yield (see
Table 4).

Table 4. Optimized observation plan for the candidate stars in the N2
band.

Star Observation number Month Yield increase

↵ Cen A 1 – 0.477
Sirius 1 – 0.277
↵ Cen B 1 – 0.263
Sirius 2 3 0.083
Procyon 1 – 0.061
↵ Cen A 2 3 0.050
↵ Cen B 2 3 0.045
Altair 1 – 0.043
Sirius 3 6 0.038
↵ Cen A 3 6 0.027
Procyon 2 2 0.022
↵ Cen B 3 4 0.020
Sirius 4 11 0.018
↵ Cen A 4 9 0.018
↵ Cen B 4 6 0.015
Altair 2 2 0.014
Procyon 3 4 0.010
⌧ Ceti 1 – 0.008
Altair 3 4 0.006
Procyon 4 6 0.005
Altair 4 6 0.002

Notes. The list includes the initial observation (month) and three obser-
vations at later dates based on a maximum increase in yield each date for
the top five stars. Certain stars benefit more from repeat observations, in
part because the benefits of repeat observations are inclination depen-
dent. As the chart shows, observing ⌧ Ceti for the first time provides
very low yield. Summing yield prior to ⌧ Ceti results in an expected
yield of 1.48 planets in the N2 band. This observation plan would take
approximately 34 h to perform in N2 only if we assume 50% e�ciency.

from catalog or data product di↵erences (while factors less than
2 could originate from di↵erent estimation methods or extrap-
olation; see the SAG13 report). As seen in Fig. 1, the highest
yield cells mainly consist of those towards the bottom right of
the occurrence rate table. If any of these were to change by a

A8, page 8 of 10

A&A 653, A8 (2021)
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from catalog or data product di↵erences (while factors less than
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yield cells mainly consist of those towards the bottom right of
the occurrence rate table. If any of these were to change by a
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Bowens+2021



Rocky planet atmospheres with IFS+HCI (L band)
๏ Proxima b potentially accessible using HCI+CCF at R=100,000 in 10 hours

• HDO could even be detected if photon-noise limit can be reached (Mollière & Snellen 2019)


๏ A couple more promising targets

We choose planets with radii between 1 and 2 R⊕ because
they are more likely to have an Earth-like atmosphere, which is
consistent with our choice of template spectra (Section 3.1.1).
The imposed contrast limit of 10−7 is consistent with Wang &
Jurgenson (2020).

A 647 K equilibrium temperature limit allows for the
possibility of liquid water on the planetary surface (Selsis et al.
2007). We use equilibrium temperatures from NEA when
available. For cases in which the equilibrium temperature is
unknown, we use the following equation to calculate the
equilibrium temperature Teq:

( ) ( )T T
R
a

A
2

1 , 2eq
1 4

= -*

where Tå is the effective temperature of the star and R* is the
radius of the star.

2.1.2. Results of the Selection

We have identified 10 and 5 rocky exoplanets that meet the
requirements for ELT/HARMONI and ELT/METIS, respec-
tively, as shown in Figure 1. All of these planets are super-
Earths detected through radial velocity. Based on their radii,
these planets can be classified into two categories. The first
category of planets has radii ranging from 1 to 1.20 R⊕. The
second category of planets has radii between 1.70 and 2 R⊕.

Planets in the first category with smaller radii approximately
equal to Earth’s are thought to have lost their massive hydrogen
envelopes. The hydrogen in the atmosphere is likely to be lost
due to molecular photodissociation (Owen & Wu 2017) and/or
core-powered mass loss (Ginzburg et al. 2016, 2018; Gupta &
Schlichting 2019; Gupta et al. 2022; Owen & Schlichting
2023). Planets in this category are more likely to possess an
Earth-like atmosphere due to their similar surface gravity. The
first category of planets includes GJ 1002 c, GJ 1061 d,

Proxima b (or Proxima Cen b), GJ 1002 b, Wolf 1061 b, and
GJ 1061 c.
For planets within the second category, not only is there a

potential for the formation of an Earth-like atmosphere, but
there also exists the likelihood of establishing a H-rich
atmosphere (Miller-Ricci et al. 2009). Unlike the first type of
planet, after the formation of the planetary core, due to a larger
surface gravity, it is possible to retain hydrogen in the
atmosphere. Under favorable conditions, these super-Earths
are also deemed habitable (Haghighipour 2013; Seager 2013;
Huang et al. 2022; Phillips et al. 2023). The second category of
planets consists of GJ 667 C c, GJ 682 b, GJ 887 b, and Wolf
1061 c. We limit the scope of this work to the investigation of
Earth-like atmospheres for both categories of planets.

2.2. The Selection of ELT Instruments

We chose to simulate biosignature detectability for ELT/
METIS and ELT/HARMONI because both instruments
possess the capability of high-contrast imaging with medium-
resolution spectroscopy. The choice of medium resolution is
due to our method being applicable to medium and low
resolutions. The spatial bands covered by ELT/METIS
(3–13 μm; Brandl et al. 2018) and ELT/HARMONI
(0.47–2.45 μm; Thatte et al. 2016) coincide with our desired
range of interest (0.5–5.6 μm). Both instruments are equipped
with coronagraphs (Carlomagno et al. 2020; Jocou et al. 2022),
possess medium-resolution imaging, and are cable of directly
imaging exoplanets (Brandl et al. 2008, 2018; Kenworthy et al.
2016; Boccaletti 2018; Carlomagno et al. 2020; Houllé et al.
2021).
Among the known extremely large telescopes with high-

contrast imaging capabilities, TMT/MODHIS (Mawet et al.
2022) was not selected due to its high spatial resolution
(R∼ 100,000), while GMT/GMTIFS (Sharp et al. 2016) and
ELT/MICADO (Davies et al. 2010) were not selected because
their operating wavelengths (GMT/GMTIFS: 0.9–2.5 μm;

Figure 1. We select 10 and 5 candidate planets around nearby stars for ELT/HARMONI and ELT/METIS, respectively. As the spatial resolution of ELT/
HARMONI is smaller than the plotting range, we only show the spatial resolution for ELT/METIS as the vertical dotted blue line. Planets located to the right of the
dotted line are suitable planets for ELT/METIS. All colored points are suitable planets for ELT/HARMONI. The size of the colored point is proportional to the planet
radius. The color of the point is based on the equilibrium temperature. All colored data points are the candidate planets listed in Table 1. Selection criteria can be found
in Section 2.1. The gray points are other exoplanets from NEA that are less suitable for direct imaging with ELT.
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The Astronomical Journal, 167:37 (12pp), 2024 January Zhang, Wang, & Plummer

Simulation credits:  
I. Snellen

Zhang et al. 2024



Protoplanetary disks

๏ One of the prime 
science cases of 
METIS


๏ Probe details of disk 
structures

• monitor their 

movement

• connect with presence 

of protoplanets ��� ��� ��� ��� ���� ���� ����
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MWC758 with NIRC2 (simulation) MWC758 with METIS (simulation)

Simulation credits: C. Baruteau + V. Christiaens



Forming planets & CPDs

๏ Simulations of CPD detection at 
100 pc (Chen & Szulágyi 2022)

• 30 au protoplanet illustrated here

• looks promising for super-Jupiters


๏ CO gas line from CPD also 
detectable at R=100,000 (Oberg+2023)


๏ Next frontier: magma oceans on 
forming rocky planets in nearby 
young associations (Bonati+2019)

masked 
star

planet

Chen & Szulágyi 2024



Expect the unexpected!


