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How to characterize the atmospheres of temperate rocky exoplanets?

Transit spectroscopy with the 
James Webb Space Telescope

Mid-IR imaging with ELT-METIS?

Transit spectroscopy and

high-contrast spectroscopy in the 
visible/near-IR with ELT-ANDES

Large space mission for high-contrast 
spectroscopy in the visible/near-IR 

(Habitable Worlds Observatory)

Large space mission for mid-IR 
interferometry (LIFE)

High-contrast spectroscopy in the 
visible/near-IR with ELT-PCS

Timeline Space Ground

2025

2030

2035

>2040

2022
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Towards the atmospheric characterization 
of Earth-like exoplanets in reflected light

Source: Wikipedia

Credit: NASA
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• Atmospheric turbulence degrades ground-based images 
down to typically 1 arcsec angular resolution


• Adaptive optics (AO) systems are needed to obtain 
diffraction-limited, high-contrast images


• Planet/star contrast levels achievable in ground-based 
images will not be enough to reach temperate rocky planets 
directly (contrasts of 10-7 to 10-10)


• Idea: boost high-contrast systems by coupling them to a 
high-resolution spectrograph 

• The planet light does not need to be fully separated from the 
stellar light by the AO system


• It will be spectrally separated by the high-resolution 
spectrograph, based on its distinct spectral content and 
Doppler shift

I. Snellen et al.: HDS+HCI: Probing rocky planets around our nearest neighbours

Fig. 1. Toy model of the HDS+HCI method. Left panel: stellar point-spread function (PSF) for conventional, seeing-limited (seeing = 0.6 arcsec)
HDS observations, with indicated a contrast of 1 × 10−4. This level of contrast has been readily achieved both in the optical (e.g. Leigh et al.
2003a) and infrared (e.g. Brogi et al. 2012), meaning that such planet signal can be detected at a 1:10 000 level in the spectrum of the star. Middle
panel: model PSF for HCI observations for an adaptive-optics assisted 8 m telescope with a Strehl ratio of 0.3 at 0.5 µm, under the same seeing
conditions. The PSF is modeled as the theoretical Airy profile of the telescope combined with a Moffat function as the non-AO-corrected seeing-
limited contribution. A hypothetical planet is inserted at an angular distance of 0.6 arcsec from the star at a contrast of 1:1000 with respect to the
stellar brightness at the position of the planet. The right panel illustrates that in this example HDS+HCI can achieve a contrast of 10−3×10−4 = 10−7

at the planet position.

location of the exoplanet (see middle panel of Fig. 1). In addi-
tion, the optical WFS camera path aberrations and science in-
strument optical path aberrations vary slowly with time, chang-
ing the relative intensity of the diffraction halo at a level of 10−4

to 10−5 of the stellar peak flux. Differencing two images taken
several minutes apart shows the presence of quasi-static speck-
les similar in angular size to potential faint companions. These
are attributed to the time-varying nature of the non-common path
aberrations between the adaptive optics system WFS camera and
science camera. Several high contrast observing techniques and
post-processing algorithms have been developed to form a two-
step process to estimate the science PSF as a function of time
during the science exposures that gain extra orders of magni-
tude in planet/star contrast. These include Angular Differential
Imaging (ADI; Marois et al. 2006), Spectral Differential Imaging
(SDI; Racine et al. 1999), Locally Optimized Combinations of
Images (LOCI; Lafrenière et al. 2007), and Principal Component
Analysis (PCA; Amara & Quanz 2012; Soummer et al. 2012;
Meshkat et al. 2014). Some of these techniques can also be used
in combination to get the best contrast.

Coronagraphs are angular filters that reject on-axis light
whilst transmitting light from nearby off-axis faint companions,
reducing the diffraction halo from the primary star through op-
tics introduced in the focal plane and pupil planes of the science
camera (see Guyon et al. 2006a, for a review). Coronagraphs
reduce the flux in diffraction structures and so the effects of non-
common path errors are correspondingly reduced. Several coro-
nagraphic designs for space-based high contrast designs (1e-9 to
1e-10) have been developed (Phase-induced amplitude apodiza-
tion or PIAA – Guyon et al. 2006b; Vortex Coronaraph, Mawet
et al. 2009; Band Limited Coronagraph, Vanderbei et al. 2003;
Cash 2006) but all are sensitive to pointing errors and vibra-
tions that the AO systems cannot remove, and are chromatically
limited. For ground based telescopes, the raw constrast is lim-
ited to 10−5 at a few λ/D because of the time delay between
the WFS and the AO system response (Guyon et al. 2012). In
these cases, pupil plane coronagraphs that use phase apdization
(APP; Kenworthy et al. 2007; Codona & Angel 2004; broadband
APP Otten et al. 2014) or amplitude apodization (Carlotti 2013)

can provide robust suppression at small angular separations
(Kenworthy et al. 2013; Meshkat et al. 2014) in science instru-
ments without a dedicated coronagraphic optical design. An ad-
vanced APP with a limited dark area in the shape of a slot can
be designed with a contrast of 10−10 or better with a transmis-
sion of 95% (Keller et al., in prep.). When manufactured as a
vector APP (Snik et al. 2012), such coronagraph will work over
a wavelength range of an octave while being largely immune to
any remaining tip-tilt errors in the incoming wavefront.

2.3. Combining HDS and HCI

Sparks & Ford (2002) were the first to advocate a method that
combines coronagraphic imaging with what they called “spec-
tral deconvolution” (see also Riaud & Schneider 2007), using
an integral field spectrograph (IFS). The principles laid out in
this pioneering work are very similar to what we present here.
The technique introduced by Sparks & Ford (2002) has recently
been implemented by Konopacky et al. (2013), who have de-
tected carbon monoxide and water in the spectrum of the directly
imaged exoplanet HR8799c. An important aspect of the method
described below is the high spectral dispersion. This makes it
possible to distinguish between direct starlight and Doppler-
shifted starlight reflected off a planet atmosphere. It can also be
used to distinguish between the telluric aborption spectrum and
Doppler-shifted absorption lines in the thermal spectra of plan-
ets very similar to our Earth. Kawahara et al. (2014) propose a
related technique, combining coronagraphy with HDS to probe
hot close-in planets such as hot super-Earths.

For a planet located at some angular separation from its
host star, the starlight at the position of the planet can be re-
duced up to several orders of magnitude using adaptive optics
and coronography. Subsequently, the remaining starlight can be
filtered out using high-dispersion spectroscopy, utilizing the sig-
nificantly different (or Doppler shifted) high-dispersion spectra
of the planet and star. While in classical HDS it is the change
in the Doppler-shift of the planet signal that is used to separate
it from the much stronger (quasi-)stationary stellar and telluric
contributions, in the case of HDS+HCI it is the fact that the
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Combining high contrast and high spectral resolution



• These exoplanets were discovered by RV surveys and 
have a known RV orbit


• Known from RV orbit: epochs of maximum 
elongation, value of maximum elongation


• Unknown: position angle of the planet on the sky, 
orbital inclination


• Detection of the planetary signal will immediately 
determine its RV and thus inclination and true mass

Reflected-light spectroscopy
• Unique access to the population of nearby exoplanets, 

i.e. our immediate neighbours

• The vast majority of those are not transiting

• Easier access to the habitable zone (e.g. Proxima b) 

• Diverse sample in terms of mass and irradiation

• Reflected-light geometry probes deeper atmospheric 

layers than transit geometry; it can even probe the 
planetary surface if atmosphere allows



Reflected-light 
spectroscopy

Credit: NASA

Credit: M. Turbet
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VLT-UTx

8-m primary mirror

Fast XAO system based on near-IR 
Pyramid wavefront sensor

7-spaxel coronagraphic 
integral-field unit feeding 

single-mode fibers

Visible high-resolution 
spectrograph

mm002
Fiber bundle output

Detector

Diffraction grating

The RISTRETTO project:

A pathfinder instrument for reflected-light spectroscopy at the VLT



RISTRETTO: Target list

Off-axis spaxel 
coupling efficiency



Image: ESO

ANDES: the visible/near-IR high-resolution spectrograph for the ELT



Figure 3. ANDES architectural design, outlining the instrument subsystems: Front End (seeing-limited and AO assisted
with SCAO unit), Fibre Link, Calibration Unit, VIS-Blue, VIS-Red, NIR and NIR-K (cold spectrographs). Andes Logo
by Alexis Lavail (Uppsala).

• reionization of the universe,
• the characterization of cool stars,
• the detection and investigation of near pristine gas,
• the study of Extragalactic transients.

2. Variation of the Fundamental Constants of Physics, requiring an extension to 0.37 µm in addition to the
TLRs of priority 1. These extension towards the blue would also automatically enable to investigate:

• the cosmic variation of the CMB temperature,
• the determination of the deuterium abundance,
• the investigation and characterization of primitive stars.

At � < 0.40µm the throughput of the ELT is expected to be low as a consequence of the planned coating.
However, even in the range 0.37-0.40 µm the system is expected to outperform ESPRESSO at the VLT,
and new coating is under study by ESO and may be available a few years after first light.

3. Detection of exoplanet atmospheres in reflection, requiring, on top of the TLRs of priority 1, the addition
of an Adaptive Optics (SCAO) system and an Integral Field Unit. Reflected-light spectra allow tracing
atmospheric emission from lower altitudes on the dayside of the exoplanet. These additional TLRs would
automatically enable also the following cases:

• Planet formation in protoplanetary disks,
• Characterization of stellar atmospheres,
• Search of low mass Black Holes.

ELT-ANDES instrument architecture



High-contrast, high-resolution spectroscopy with ANDES: 
exploring the population of nearby habitable exoplanets

ANDES
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High-contrast, high-resolution spectroscopy with ANDES: 
exploring the population of nearby habitable exoplanets

the promise of detecting more suitable objects in the solar neighbourhood within the next 10 years. ANDES will 
thus be able to carry out a first exploration of habitable worlds beyond our solar system. 
 
 

 
 
Figure 6: Integration time needed to detect the reflected-light spectrum of known exoplanets at SNR=5 with 
ANDES. A number of warm to temperate small planets are labelled. The dashed vertical line indicates the 2-l/D 
limit for the ELT in H-band (1.5 µm). 
 
 
Pursuing observations of habitable exoplanets in reflected light is a unique capability of the ELT. While 
transmission spectroscopy primarily probes the outer layers of the atmosphere, reflected-light spectroscopy 
penetrates deeper into the atmosphere of the exoplanet, possibly down to its surface. Therefore, reflection 
spectroscopy potentially provides much more information, especially on the chemical atmospheric composition 
in the lower layers and surface composition, as well as key information on the stratification of the atmosphere. 
The level of AO correction and stellar light rejection play a central role in this approach. For ANDES a star light 
rejection of at least 103 needs to be achieved at a few l/D, and we discuss further below the efforts to develop 
a SCAO-IFU mode that is optimized for this purpose. 
 
 
Name  d V P msini Rp Teq qmax C  Hp Texp 
Proxima Cen b 1.30 11.11 11.19 1.3 1.08 229 37.3 1.15e-07 22.1 0.95 
Ross 128 b 3.38 11.15 9.87 1.4 1.11 283 14.7 1.16e-07 23.3 3.36 
GJ 273 b  3.80 9.87 18.65 2.9 1.51 266 24.0 6.34e-08 23.1 4.54 
Wolf 1061 c 4.31 10.03 17.87 3.4 1.66 275 20.6 8.03e-08 23.1 3.48 
GJ 682 b  5.01 10.97 17.48 4.4 1.93 275 16.0 1.34e-07 23.1 2.13 
 
Table 1: Sample of 5 known potentially habitable exoplanets that could be studied with ANDES in less than 15 
nights of observations. d: distance to the star (pc), V: V-band magnitude of the star, P: planet orbital period (days), 
msini: planet minimum mass (Earth masses), Rp: estimated planet radius (Earth radii), Teq: planet equilibrium 
temperature (K), qmax: maximum angular separation (mas), C: estimated planet-to-star contrast, Hp: H-band 
magnitude of the planet, Texp: integration time to reach SNR=5 on the planet reflected spectrum (nights). 
 

More to come from ongoing RV surveys with ESPRESSO, NIRPS, CARMENES, etc.



Image: ESO

ELT-PCS: XAO-fed planetary camera and (high-resolution!) spectrograph



Figure 3. ANDES architectural design, outlining the instrument subsystems: Front End (seeing-limited and AO assisted
with SCAO unit), Fibre Link, Calibration Unit, VIS-Blue, VIS-Red, NIR and NIR-K (cold spectrographs). Andes Logo
by Alexis Lavail (Uppsala).

• reionization of the universe,
• the characterization of cool stars,
• the detection and investigation of near pristine gas,
• the study of Extragalactic transients.

2. Variation of the Fundamental Constants of Physics, requiring an extension to 0.37 µm in addition to the
TLRs of priority 1. These extension towards the blue would also automatically enable to investigate:

• the cosmic variation of the CMB temperature,
• the determination of the deuterium abundance,
• the investigation and characterization of primitive stars.

At � < 0.40µm the throughput of the ELT is expected to be low as a consequence of the planned coating.
However, even in the range 0.37-0.40 µm the system is expected to outperform ESPRESSO at the VLT,
and new coating is under study by ESO and may be available a few years after first light.

3. Detection of exoplanet atmospheres in reflection, requiring, on top of the TLRs of priority 1, the addition
of an Adaptive Optics (SCAO) system and an Integral Field Unit. Reflected-light spectra allow tracing
atmospheric emission from lower altitudes on the dayside of the exoplanet. These additional TLRs would
automatically enable also the following cases:

• Planet formation in protoplanetary disks,
• Characterization of stellar atmospheres,
• Search of low mass Black Holes.
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feeding the ANDES RIZ and YJH spectrographs?

RIZ and YJH 
spectrographs 
installed in the 
Coudé room 

below the ELT
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From ANDES to PCS: towards an XAO front-end, IFU and fiber link 
feeding the ANDES RIZ and YJH spectrographs?

XAO PCS front-end: 
High-speed, high-order DM 

Near-IR WFS 
Coronagraphic RIZ IFU 
Coronagraphic YJH IFU

RIZ and YJH 
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installed in the 
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