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METIS is a 3-19 micron imager and spectrograph...

METIS instrument baseline design 

•  Imaging at 3 – 19 micron with low/medium resolution slit spectroscopy as well as 
coronagraphy for high contrast imaging

• High resolution (R ~ 100,000) IFU spectroscopy at 3 – 5 micron including 
extended instantaneous wavelength coverage

• Work at the diffraction limit with single conjugate (SC) and eventually assisted by 
a laser tomography adaptive optics (LTAO) system

Complementary to JWST 
and other E-ELT instruments



The METIS science case is broad with exoplanets being a main driver
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ten or so directly imaged exoplanets orbit too far away from their host stars to create a detectable RV 
or astrometric signal. In selected cases we have at least some dynamical constraints on the planets’ 
mass either from RV observations (e.g., for the exoplanet β  Pictoris b; Lagrange et al. 2012, A&A 
542A, 18L) or from stability arguments (e.g., for the HR8799 planetary system; Farbycky & Murray-
Clay 2010, ApJ 710, 1408F; Moro-Martin, Rieke & Su 2010, ApJ 721L, 199M). With METIS, this 
situation will change. We updated the analysis presented and explained in detail in Quanz et al. (2015, 
IJAsB 14, 279) to estimate how many of the RV detected planets known today (based on the 
exoplanet.eu database as of May 2015) can be imaged with METIS in at least one filter. The result is 
shown in Fig. 1. For a maximum of 3 hours of telescope time per target, 10 known gas giant planets 
can be imaged in the L band assuming that METIS will be background limited at separations ≥5 λ/D; 
5 of these planet are also detectable in the M band under the same assumptions. These numbers 
increase to 26 (L band) and 14 (M band) in case METIS would already be background limited at 2 
λ/D. Fig.1 shows that the detectable planets cover a wide range of masses, semi-major axis, and 
orbital eccentricities, allowing METIS to combine mass and luminosity data for very different types 
of planets. These measurements are of utmost importance to confront theoretical models of planet 
formation and evolution as well as model atmospheres with empirical data. It is important to keep in 
mind that in the coming years the list of potential (and better!) targets will continue to increase as the 
longer time baseline of RV surveys will allow for the detection of more long-period exoplanets. Also 
ESA’s GAIA mission will very likely provide additional targets where the masses have been 
determined from the astrometric wobble the planets induce on their host stars. While being 
background-limited at very small separations is certainly a challenging goal (see below), the vast 
majority of the planets listed here have a contrast of 1e-6 or less relative to their host star in the L 
band making their detection, from a contrast perspective, feasible (see also Fig. 3). 
 
 

 
 
Fig. 1: Properties of RV-detected planets that can be directly imaged with METIS in less than 3 hours of 
telescope time in the L band (limiting magnitude of 22.4 mag at 3.6 µm assuming 20% overhead). Filled circles 
denote objects that can be imaged at separations ≥5 λ/D; open circles denote objects that would be accessible if 
METIS were background limited already at separations ≥2 λ/D. For details see text. 
 
 

1.1.2 The occurrence rate of gas giant planets at large orbital separations 
An exoplanet imaging survey conducted at the E-ELT would certainly have to be supported by a large 
fraction of the community because of the significant investment of telescope time. However, METIS’ 
tremendous increase in imaging sensitivity and access to small separations (down to a few au) would 
allow us for the first time to probe for exoplanets on Solar System scales around hundreds on nearby 
stars.   

cf. Quanz et al. 2015



Characterizing non-transiting hot planets

Day-side Spectroscopy

Wavelength (μm)

0.0

0.8

-0.2

0.4

0.2

0.6

Carbon monoxide - 2.3µm

2.308 2.312 2.3142.310

Molecules resolved into individual lines
⇒ Robust identification via line matching

Planet motion resolved
⇒Telluric and planet signal disentangled

O
rb

ita
l p

ha
se

Exoplanets at high-spectral resolution (R=105)

The thermal spectrum 
of the planet is targeted.

Slide courtesy of  Matteo Brodi

Exoplanet 
atmospheres
and climates



 � Boo b - CO

-40 -20 0 20 40
Vsys (km s-1)

60

80

100

120

140

K P
 (k

m
 s

-1
)

20

30

40

50

60

70
90

O
rb

ita
l in

cli
na

tio
n 

(!)

-2.7 -1.6 -0.5  0.6  1.7  2.8  3.9  5.0

Significance (�)

51 Peg b - CO + H2O

-80 -60 -40 -20 0 20
Vsys (km s-1)

60

80

100

120

140

K P
 (k

m
 s

-1
)

30

40

50

60

70

90

O
rb

ita
l in

cli
na

tio
n 

(!)

-3.8 -2.6 -1.4 -0.2  1.0  2.2  3.4  4.6

Significance (�)

HD 189733b - CO

-60 -40 -20 0 20 40 60
Vsys (km s-1)

80

100

120

140

160

180

K P
 (k

m
 s

-1
)

30

40

50

60

70
90

O
rb

ita
l in

cli
na

tio
n 

(!)

-4.5 -3.0 -1.5  0.0  1.5  3.0  4.5

Significance (�)

HD 179949b - CO + H2O

-60 -40 -20 0 20 40
Vsys (km s-1)

80

100

120

140

160

K P
 (k

m
 s

-1
)

30

40

50

60

70
90

O
rb

ita
l in

cli
na

tio
n 

(!)

-3.0 -1.5  0.0  1.5  3.0  4.5  6.0

Significance (�)

 � Boo b - CO

-40 -20 0 20 40
Vsys (km s-1)

60

80

100

120

140

K P
 (k

m
 s

-1
)

20

30

40

50

60

70
90

O
rb

ita
l in

cli
na

tio
n 

(!)

-2.7 -1.6 -0.5  0.6  1.7  2.8  3.9  5.0

Significance (�)

51 Peg b - CO + H2O

-80 -60 -40 -20 0 20
Vsys (km s-1)

60

80

100

120

140

K P
 (k

m
 s

-1
)

30

40

50

60

70

90

O
rb

ita
l in

cli
na

tio
n 

(!)

-3.8 -2.6 -1.4 -0.2  1.0  2.2  3.4  4.6

Significance (�)

HD 189733b - CO

-60 -40 -20 0 20 40 60
Vsys (km s-1)

80

100

120

140

160

180

K P
 (k

m
 s

-1
)

30

40

50

60

70
90

O
rb

ita
l in

cli
na

tio
n 

(!)

-4.5 -3.0 -1.5  0.0  1.5  3.0  4.5

Significance (�)

HD 179949b - CO + H2O

-60 -40 -20 0 20 40
Vsys (km s-1)

80

100

120

140

160

K P
 (k

m
 s

-1
)

30

40

50

60

70
90

O
rb

ita
l in

cli
na

tio
n 

(!)

-3.0 -1.5  0.0  1.5  3.0  4.5  6.0

Significance (�)

Brogi et al. (2012)
(also Rodler et al. 2012) Brogi et al. (2013) Brogi et al. submitted

Results from our survey

τ Boo b 51 Peg b ΗD179949

Integr. time 18 hrs 10 hrs 14 hrs

Molecules CO CO, H2O CO, H2O

S/N 6.2 5.9 6.3

Mass 5.95 0.46 0.98

Inclination 44.5˚ ≥ 79.6˚ 68.0˚

2.3µm 2.3µm 2.3µm

3.2µm

+ relative abundances

Characterizing non-transiting hot planets

Slide courtesy of  Matteo Brodi
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This method need bright systems and close-in planets

Current and future sample (non-transiting)
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Snellen et al. 2014, Nature
 Credit: Planet image (GPI) processing by Christian Marois, NRC

State-of-the-art (VLT/CRIRES):   
The directly imaged planet beta Pic b 

Measuring rotation periods of cool gas giant planets
Exoplanet 

atmospheres
and climates



Snellen et al. 2014, Nature

State-of-the-art (VLT/CRIRES):   
The directly imaged planet beta Pic b 
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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 
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Crossfield et al. 2014, Nature 
Snellen et al. 2014, Nature

2D maps of exoplanets using Doppler Tomography
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Direct detection of small planets around nearby stars

Simulated METIS observations of                        
2 Earth twins around Alpha Cen A
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and Tau Ceti, all G and K type stars 

 

Fig. 7: METIS simulations of small planets around Alpha Cen A. From left to right: 2h on source integration in 
the L, M and N band, respectively. The central star has been masked out in all images. Each image contains 2 
planets with a radius of 1 REarth, one planet located at 0.5 AU the other one located at 1 AU (the corresponding 
separation in λ/D is given in the different panels). Assuming a bond albedo of 0.3 for the planets and a 
luminosity of L=1.52 LSun for Alpha Cen A, the planets have equilibrium temperatures of ~400 K and ~280 K, 
respectively. While the inner planet is clearly detected in all filters, the planet at 1 AU is only detected in the N 
band. All simulations assume that at the location of the planets METIS is background noise limited. The 
contrast of the inner planet relative to the central star is ~5e-7, ~2e-8 and 3e-9 in the N, M, and L band, 
respectively. The outer planet has a contrast of ~1e-7 in the N band.  
 

within 4 pc, give the highest detection probabilities as a broad range of physical separations is 
accessible to METIS. At the same time larger planet-star separations are also much more favorable in 
terms of contrast requirements. Contrast simulations for the ELT suggest that a combination of 
sophisticated diffraction suppression techniques and small wavefront errors may yield raw contrast 
values of ~1e-6 in the range of 2 – 10 λ/D (cf. Ruane et al. 2015, submitted; see also Fig. 3). This 
contrast would not be sufficient to detect the planets shown in Fig. 7. However, advanced observing 
techniques (such as angular differential imaging; Marois et al. 2006, ApJ 641, 556M) and data 
processing techniques (such as principal component based algorithms or using wavefront sensor 
telemetry data to reconstruct the shape of the PSF; Amara & Quanz 2012, MNRAS 427, 948A; 
Soummer, Pueyo & Larkin 2012, ApJ 755L, 28S; Codona & Kenworthy 2013, ApJ 767, 100C)) will 
further improve the final contrast performance. In addition, for the best targets listed above, one does 
not need to achieve these extreme contrasts at separations <10 λ/D.  

 

Fig. 8: Statistically expected planet yield from a 
survey of nearby stars with METIS in the L band 
based on the Kepler results for 2 radius bins (0.8 – 2 
REarth and 2 – 4 REarth). Grey bars refer to results 
assuming background-limited (BGL) performance at 
separations ≥5 λ/D; orange bars assume background-
limited performance already at 2 λ/D. 

 

Ex
pe

ct
ed

 n
um

be
r 

of
 d

et
ec

ta
bl

e 
pl

an
et

s 
in

 th
e 

ba
ck

gr
ou

nd
 li

m
ite

d 
ca

se

0

1

3

4

5

Planet radius [Earth radii]

 0.8 - 2 2 - 4

BGL@5 l/D BGL@2 l/D

Towards 
other Earths



Take home message

METIS is an exoplanet instrument covering a unique part in 
exoplanet parameter space in the 2025-2030 timeframe

METIS is complementary to JWST and other ELT exoplanet 
instruments



Image credit: BBC, ESO

Thanks for your attention

Image courtesy: ESO


