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ABSTRACT
Context. The temperate Earth-mass planet Proxima b is the closest exoplanet to Earth and represents what may be our best ever

opportunity to search for life outside the Solar System.
Aims. We aim at directly detecting Proxima b and characterizing its atmosphere by spatially resolving the planet and obtaining
high-resolution reflected-light spectra.
Methods. We propose to develop a coupling interface between the SPHERE high-contrast imager and the new ESPRESSO spectrograph, both installed at ESO VLT. The angular separation of 37 mas between Proxima b and its host star requires the use of visible
wavelengths to spatially resolve the planet on a 8.2-m telescope. At an estimated planet-to-star contrast of ∼10−7 in reflected light,
Proxima b is extremely challenging to detect with SPHERE alone. However, the combination of a ∼103 –104 contrast enhancement
from SPHERE to the high spectral resolution of ESPRESSO can reveal the planetary spectral features and disentangle them from the
stellar ones.
Results. We find that significant but realistic upgrades to SPHERE and ESPRESSO would enable a 5σ detection of the planet and
yield a measurement of its true mass and albedo in 20–40 nights of telescope time, assuming an Earth-like atmospheric composition.
Moreover, it will be possible to probe the O2 bands at 627, 686 and 760 nm, the water vapour band at 717 nm, and the methane band
at 715 nm. In particular, a 3.6σ detection of O2 could be made in about 60 nights of telescope time. Those would need to be spread
over three years considering optimal observability conditions for the planet.
Conclusions. The very existence of Proxima b and the SPHERE-ESPRESSO synergy represent a unique opportunity to detect biosignatures on an exoplanet in the near future. It is also a crucial pathfinder experiment for the development of extremely large telescopes
and their instruments, in particular the E-ELT and its high-resolution visible and near-IR spectrograph.
Key words. planets and satellites: individual: Proxima b – planets and satellites: atmospheres – techniques: spectroscopic –

techniques: high angular resolution

1. Introduction
The field of exoplanets has seen tremendous progress over the
past two decades, evolving from a niche research field with
marginal reputation to mainstream astrophysics. The number of
exoplanet properties that have become accessible to observations has been continuously growing. The radial velocity (RV)
and transit techniques have been the two pillars over which exoplanet studies have developed, providing the two most fundamental physical properties of an exoplanet: mass and radius. Simultaneously, researchers have been able to study young and
massive exoplanets on wide orbits using the technique of spatially resolved imaging. More recently, the field has been moving
toward a more detailed characterization of planets and planetary
systems, from their orbital architecture to their internal structure

to the composition of their atmospheres. The study of exoplanet
atmospheres, in particular, is widely seen as the new frontier in
the field, a necessary step to elucidate the nature of the mysterious and ubiquitous super-Earths and mini-Neptunes. It is also
the only means of directly addressing the fundamental question:
has life evolved on other worlds?
Atmospheric characterization heavily relies on the availability of favorable targets, given the extremely low-amplitude signals to be detected and the present instrumental limitations. That
is why a major effort is being made to systematically search
for the nearest exoplanets with the largest possible atmospheric
signatures. One of the most successful techniques so far has
been transit spectroscopy, where an exoplanet atmosphere is
illuminated from behind by the host star, and light is transmitted according to the wavelength-dependent opacities of chemical
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species within the atmosphere. In this approach, the most favorable targets are planets that are transiting nearby small stars. Not
only gaseous giant planets, but also mini-Neptunes and superEarths have been probed via transmission spectroscopy, paving
the way toward the characterization of truly Earth-like planets.
Recently, Gillon et al. (2016) have announced the discovery of
a system that is potentially promising in this respect: three transiting Earth-size objects around the 0.08-M star TRAPPIST-1.
More generally, it is expected that the ongoing and upcoming transit searches (TESS, CHEOPS, PLATO, NGTS, MEarth,
TRAPPIST, SPECULOOS, ExTrA) will find most of the nearest
transiting systems in the next few years, opening a new era of
atmospheric characterization with, in particular, the James Webb
Space Telescope.
An alternative to transit spectroscopy is the detection of exoplanets using high angular resolution, that is, the capability to
spatially resolve the light emitted by an exoplanet from the one
of its host star. So far, this technique has been mostly applied
to young, self-luminous massive planets on wide orbits, which
offer the highest planet-to-star contrasts at the angular separations currently accessible to 10-m class telescopes equipped with
state-of-the-art adaptive optics (AO) systems. Given the very
challenging flux ratios (10−4 –10−10 at sub-arcsec angular separations), many different technical and observational strategies
are being explored to make progress in this field.
A promising avenue for atmospheric characterization
is the high-contrast, high-resolution technique (hereafter
HCHR). It was first envisaged by Sparks & Ford (2002)
and Riaud & Schneider (2007), and simulated in details by
Snellen et al. (2015). It recently found a first real-life application
on the young exoplanet Beta Pic b (Snellen et al. 2014), leading to the detection of CO in the planet thermal spectrum and
to the measurement of the planet spin rate. The technique combines a high-contrast AO system to a high-resolution spectrograph to overcome the tiny planet-to-star flux ratio in two steps.
In the first stage, the AO system spatially resolves the exoplanet
from its host star and enhances the planet-to-star contrast at the
planet location. However, the remaining stellar signal (e.g., from
the wings of the stellar PSF or non-perfect AO correction) may
still be orders of magnitude larger than the planet signal. In the
second stage, the light beam at the planet location is sent to a
high-resolution spectrograph. Simultaneously, a reference staronly spectrum is recorded from a spatial location away from
the planet. The planet spectrum can then be recovered by differencing the two spectra, provided sufficient signal-to-noise ratio
(SNR) is achieved. Spectral features that are present both in the
planet and star spectrum can be separated thanks to the Doppler
shifts induced by the planet orbital velocity. At the same time,
measuring the planet orbital velocity enables the measurement
of the orbital inclination angle and true mass of the planet, when
combined to high-precision RV measurements of the star.
For the HCHR technique to be applicable, it is necessary to
spatially resolve the star-planet system. The distance to the star
therefore plays a critical role. Finding exoplanets orbiting the
very nearest stars (within ∼5–10 pc) is thus a necessary step for
the future of this technique, and atmospheric characterization in
general.
Anglada-Escudé et al. (2016) have recently announced the
detection of a low-mass exoplanet candidate around our closest
stellar neighbor, Proxima Centauri (d = 1.30 pc). Proxima is a
0.12-M red dwarf (spectral type M5.5V) with a bolometric luminosity of 0.00155 L (Boyajian et al. 2012), which translates
into a visual magnitude of only V = 11.13 despite the proximity of the star. The planet, Proxima b, has an orbital period
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of 11.2 days and a semi-major axis of 0.048 au. Its minimum
mass is 1.27 ± 0.18 M⊕ . The planet discovery is based on longterm, high-cadence RV time series obtained with the HARPS and
UVES spectrographs (Mayor et al. 2003; Dekker et al. 2000) at
the European Southern Observatory. Proxima b is exceptional in
several respects: it is the closest exoplanet to Earth there will
ever be; with a minimum mass of 1.3 M⊕ it is likely to be rocky
in composition; and with a stellar irradiation that is about 67%
of Earth’s irradiation it is plausible that habitable conditions prevail at least in some regions of the planet. This is especially true
if the planet has a fairly thick atmosphere, as could be expected
from its mass that is larger than Earth.
The question of a habitable climate on Proxima b is a complex one that is being addressed by numerous studies (e.g.,
Ribas et al. 2016; Turbet et al. 2016; Meadows et al. 2016). The
spin rate of the planet is likely to be either in a tidally-locked
state or in a 3:2 orbital resonance, critically impacting global atmospheric circulation and climate (although the atmosphere itself may force the spin rate into a different regime as in Venus,
e.g., Leconte et al. 2015). If the planet was formed in situ, it
likely experienced a runaway greenhouse phase causing a partial loss of water with some uncertainties about the quantity of
water which may subsist (Ribas et al. 2016; Barnes et al. 2016).
If water is still present today, the amount of greenhouse gases
in the atmosphere can drive the system into very different states:
from a temperate, habitable climate to a cold trap on the night
side causing atmospheric collapse. Adding to the complexity, the
high X-ray and UV flux of the star may have caused atmospheric
evaporation that could have a major effect on the planet volatile
content, in particular water. Note however that the initial water
content itself is not constrained; if the planet was formed beyond
the ice line and migrated inwards, it could have been born as a
water world and have remained so until today. Despite all these
uncertainties, Proxima b concentrates on itself a number of properties that make it a landmark discovery.
The immediate question that comes to mind is how to study
this outstanding object in more details. With a geometric transit probability of only 1.5%, the planet is unlikely to transit
its host star, strongly limiting the observational means of characterizing it. The James Webb Space Telescope (launch 2018)
may be able to obtain a thermal phase curve of the planet, provided its day-to-night temperature contrast is sufficiently high
(Kreidberg & Loeb 2016). In this paper we examine an alternative method that can directly probe Proxima b: the HCHR
technique, applied to reflected light from the planet. Quite remarkably, Snellen et al. (2015) anticipated the existence of a
planet orbiting Proxima and simulated HCHR observations with
the future European Extremely Large Telescope (E-ELT). In the
present paper we attempt to go one step further toward a practical implementation, basing our simulations on the real planet
Proxima b and existing VLT instrumentation.
Proxima b was discovered with the RV technique. The
knowledge of the RV orbit yields two critical pieces of information for the planning and optimization of HCHR observations: the angular separation at maximum elongation from the
star (quadrature), and the epochs of maximum elongations. For
Proxima b, combining the RV-derived semi-major axis and the
known distance to the system, one obtains a maximum angular
separation of 37 milli-arcsec (mas). The RV-derived ephemeris
then also provides the timing of the two quadratures within each
11.2-d orbit (we assume here that a regular RV monitoring of
the star maintains sufficient accuracy on the ephemerides). What
the RV data do not provide is orbital inclination and position angle of the orbit on the sky. Thus, one specific challenge of the
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HCHR approach is that it first has to find the position of the
planet around the star, before being able to study it in details.

2. Exoplanets in reflected light
2.1. Reflected-light flux ratio

We start by deriving the properties of exoplanet reflected light
spectra from an observer’s standpoint. The amount of light that
is reflected off a planet toward a distant observer is given by:
!
Rp 2
Fp (λ, α) = Fs (λ) Ag (λ) g(α)
,
(1)
a
where Fp (λ, α) is the reflected spectrum at phase angle α, Fs (λ)
is the stellar spectrum, Ag (λ) is the geometric albedo spectrum,
g(α) is the phase function, Rp is the planet radius, and a is
the orbital semi-major axis. The phase angle α is defined as
cos α = − sin i cos φ, with i the orbital inclination angle relative
to the observer, and φ the orbital phase, defined as zero at inferior
conjunction. The phase function g(α) depends on the scattering
properties of the planet atmosphere or surface. For simplicity we
adopt in this work a Lambert phase function, valid for isotropic
scattering:
g(α) =

sin α + (π − α) cos α
·
π

(2)

Following Eq. (1) one obtains a tiny planet-to-star flux ratio of
1.3 × 10−10 for the Earth (Ag ∼ 0.22; Robinson et al. 2011) at
orbital quadrature (α = 90 deg). Interestingly, this ratio increases
to ∼10−7 for an Earth-like planet orbiting a late-M dwarf, thanks
to the much lower luminosity of the star and thus closer location
of the habitable zone (<0.1 au). Late-M dwarfs therefore offer a
factor of ∼100–1000 advantage over solar-type stars for studying
habitable planets in reflected light.
At high spectral resolution, Doppler effects must be taken
into account in Eq. (1) and introduce a dependence on the planet
projected orbital velocity. The expression for the reflected spectrum becomes:
!
Rp 2
Fp (λ, vr , α) = Fs (λ, vr ) Ag (λ, vr ) g(α)
,
(3)
a
where vr is the projection of the planet orbital velocity onto the
line of sight, and the notation F(λ, vr ) means that the spectrum F
is Doppler-shifted by vr . For simplicity we assume here a circular
orbit, so that stellar light hitting the planet is not Doppler-shifted
in the planet rest frame (no RV component). We further assume
that rotational broadening of the stellar lines is the same for the
distant observer as the one seen from the planet.
2.2. Angular separation

To evaluate the detectability of an exoplanet with the HCHR
technique, the other important aspect besides flux ratio is angular
separation from the host star. At orbital quadrature it is simply
given by:
θ [arcsec] =

a [au]
,
d [pc]

(4)

where d is the distance to the system. We note here the critical
dependence on d, which implies that habitable planets around
the nearest M dwarfs are located at angular separations typically
<100 mas. Coincidentally, the diffraction limit of a telescope,

θdiff = 1.22 λ/D, is 30 mas at λ = 1.0 µm for a 8.2-m primary miror. Considering a minimal inner working angle of at
least ∼2 λ/D, it follows that habitable worlds need to orbit a
very nearby M dwarf (.5 pc) to be spatially resolved by a 10-m
class telescope. Clearly, the future generation of extremely large
telescopes will be necessary to explore these stars beyond just
a few parsecs. Habitable planets orbiting higher-mass G and K
stars can be probed to larger distances, although at the cost of a
much lower contrast.
2.3. Known exoplanets in reflected light

Based on Eqs. (3) and (4) we proceed to estimate the reflected
light contrast for all known exoplanets as a function of their
angular separation. The exoplanet list was retrieved from exoplanet.eu as of 30 April 2016, to which we added the newlydiscovered Proxima b. Since most nearby exoplanets do not transit, we derive their radius from their minimum mass, by using
an average mass-radius relation. We first
√ estimate true masses
by multiplying minimum masses by 4/3 ∼ 1.15, which is
the median value of the (1/sin i) correction factor in the case of
randomly-oriented orbits. Despite many recent advances (e.g.,
Rogers 2015; Dressing et al. 2015; Wolfgang & Lopez 2015),
there is no generally-accepted average mass-radius relation for
exoplanets. Moreover, it is clear that a diversity of objects coexist in the super-Earth and mini-Neptune regimes, so that even
the concept of an average mass-radius relation is questionable.
For the present exercise we choose to assign radii based on
the piece-wise mass-radius relation derived by Chen & Kipping
(2017), which describes three different regimes: rocky planets
with an Earth-like composition below 2 M⊕ , super-Earths and ice
giants between 2–130 M⊕ , and gas giants beyond 130 M⊕ . Obviously, this piece-wise relation is only a rough approximation
to the complex reality of exoplanets, as it neglects the intrinsic
scatter in composition that occurs at any given mass. This procedure yields an estimated radius of 1.1 R⊕ for Proxima b (for a
derived true mass of 1.5 M⊕ ).
Estimating geometric albedos is difficult given the scarce
knowledge of exoplanet properties we have today. For the
present exercise we use a fixed geometric albedo of 0.40 for all
planets, except Proxima b (see below). This value is justified as
follows: planets that can be angularly resolved are mostly temperate to cool and are expected to have rather high albedos owing to the presence of reflective clouds (e.g., Cahoy et al. 2010).
Finally, the last ingredient needed to compute the flux ratio is
the phase function. Here we consider observations around phase
α = 90 deg, when the planet is at maximum elongation. The
Lambert phase function has value 1/π in this case, a significant
flux drop compared to a full-phase configuration (which is inaccessible if one wants to spatially resolve the planet from its
star). We note that the Lambert model is a good approximation
for Rayleigh-scattering atmospheres, but may overestimate the
flux in other cases, so it should be considered as a best case.
Regarding Proxima b, we benefit from the availability of
specific atmospheric models and simply adopt here the flux ratio predicted by Turbet et al. (2016) for the case of an Earthlike atmosphere on a water-rich world (their Fig. 10). It is
about 1.0 × 10−7 at a phase angle of 90 deg in the red optical wavelength range. We note however that this number may
vary significantly depending on actual atmospheric and surface
properties (see Sect. 4.3 for more details).
The results for all known exoplanets are shown in Fig. 1.
The figure shows several interesting features. First, larger angular separations generally mean cooler planets and lower contrast.
A16, page 3 of 16
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Fig. 1. Estimated planet-to-star contrast in reflected light for known exoplanets as a function of angular separation from their host star. Dot size is
proportional to the logarithm of planet mass, while the color scale represents equilibrium temperature (assuming a Bond albedo of 0.3). Vertical
dashed lines indicate the diffraction limit, 2 λ/D and 3 λ/D thresholds for the 8.2-m VLT at 750 nm (corresponding to the O2 A-band).

However, there is a marked diversity of objects at any given
location in parameter space due to the large spread in stellar
distances and spectral types. In terms of observability with the
HCHR technique, an angular separation of ∼2 λ/D can be considered as a lower limit to spatially resolve the planet. Applying this criterion to the 8.2-m VLT at 750 nm, one can see four
objects that stand out for being potentially detectable: the cool
Jupiter GJ 876 b, the cool and warm Neptunes GJ 687 b and
HD 219134 d, and the temperate Earth-mass planet Proxima b.
These four planets have an expected contrast at the level of 10−7
or higher.
Proxima b appears at a separation of 37 mas from the star.
This represents exactly 2.0 λ/D at 750 nm, but only 1.2 λ/D in
J-band. It is significantly below the diffraction limit in H- and
K-band. Given that a good AO correction is exceedingly difficult to achieve blueward of the R-band, the red optical wavelength range is the only possibility to probe Proxima b (and the
other three objects) with the current generation of 10-m class
telescopes.
2.4. Signal-to-noise ratio

In the context of the HCHR technique, the signal-to-noise ratio
on the planet spectrum can be expressed as (Snellen et al. 2015):
S NRp = q

Fp
Fs /K + σ2bkgr + σ2RON + σ2dark

p

Nlines ,

(5)

where Fp and Fs are the measured planet and star fluxes expressed in photo-electrons per high-resolution wavelength bin,
K is the AO contrast enhancement factor at the planet location,
σbkgr , σRON and σdark are the sky background noise, detector
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readout noise and dark current noise, respectively, and Nlines is
the number of spectral lines used in a cross-correlation procedure. We note that Nlines , in conjunction with Fp , are meant to
represent the number and characteristics of typical spectral features in the planetary high-resolution spectrum, in terms of intrinsic width and contrast in particular.
Some clarifications are in order regarding the definition of
fluxes and K factor. Equation (5) considers an observation with
the spectrograph slit or fiber centered on the planet. The measured planet flux Fp takes into account the slit coupling efficiency, ηp . Similarly, Fs is defined as the stellar flux that would
be measured with the slit or fiber centered on the star (i.e., including the same coupling efficiency). The actual coupling efficiency of the stellar light at the location of the planet, which we
call ηs , is much lower than ηp and is directly related to the contrast enhancement factor K by K = ηp /ηs . To explicitly show
the dependence on the coupling efficiency, we further define
Fp0 = Fp /ηp and Fs0 = Fs /ηp as the planetary and stellar fluxes
that would be detected if the slit efficiency was 100% and the
planet or star were centered on the slit.
In the case of reflected light, one can insert Eq. (1) into
Eq. (5) to obtain:
S NRp = q

C Fs0 ηp
Fs0 ηp /K + σ2bkgr + σ2RON + σ2dark

p

Nlines ,

(6)

where C = Ag (λ) g(α) (Rp /a)2 is the planet-to-star contrast.
If stellar shot noise dominates the noise budget, Eq. (6) simplifies to:
q
S NRp = C Fs0 K ηp Nlines .
(7)
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The latter equation (strictly valid only in the photon-limited
regime) explicitly shows how SNR is impacted by the instrumental setup, in particular the details of the slit or fiber coupling
and AO performance. We will use below Eqs. (6) and (7) to design HCHR observations of Proxima b.

3. The SPHERE-ESPRESSO opportunity
3.1. Instrumental context

Applying the HCHR technique is very demanding in terms of instrumentation. So far it has been demonstrated in only one case:
β Pictoris b, using the CRIRES infrared spectrograph at the VLT,
coupled to the MACAO adaptive optics system (Snellen et al.
2014). In the case of Proxima b we face a much more challenging
situation since we must work in the visible regime to resolve the
system, where good AO performance is more difficult to achieve.
Fortunately, ESO now offers the SPHERE high-contrast imager (Beuzit et al. 2008), an extreme-AO facility especially designed for high-contrast observations of exoplanets. SPHERE is
mounted on the Nasmyth A platform of the VLT UT3 telescope,
and comprises three distinct science instruments: IRDIS, IFS,
and ZIMPOL. The SPHERE Common Path and Infrastructure
(CPI) provides an AO-corrected, coronagraphic light beam to the
three instruments. While the first two work in the near-IR, ZIMPOL covers the 500–900 nm wavelength range. In R-band, the
Strehl ratio reaches more than 40% on bright stars under good
seeing conditions, with a PSF FWHM of order 20 mas (e.g.,
Kervella et al. 2016).
In parallel, a consortium of European institutions and ESO
are presently building the ESPRESSO high-resolution spectrograph, to be installed in the combined Coudé laboratory (CCL)
of the VLT (Pepe et al. 2014). ESPRESSO can be fed by any
of the four UT telescopes (or all at the same time) through
four Coudé trains that bring the light from the Nasmyth B
focus of the telescopes to the CCL. ESPRESSO is a highlystabilized, fiber-fed, cross-dispersed echelle spectrograph covering the 380–780 nm wavelength range at a spectral resolution
R = 130 000 for a 1.0-arcsec sky aperture. Importantly, it will
also have an ultra-high resolution mode, R = 220 000, using
a 0.5-arcsec aperture. In all modes the spectrograph is fed by
two identical fibers conveying the stellar light as well as the sky
background light or a spectral reference source. ESPRESSO is
expected to be commissioned at Paranal in 2017.
In the context of exoplanet atmosphere studies with the
HCHR technique, it is extremely interesting to envisage the possibility to couple SPHERE to ESPRESSO. In fact, ESO VLT is
one of the very few 10-m class facilities in the world that offer
an extreme AO system and a high-resolution spectrograph on the
same telescope. We note here that the coupling of SPHERE to
another future VLT spectrograph, CRIRES+ covering the nearIR, is already under study (M. Kasper, priv. comm.). However,
as shown above, Proxima b cannot be resolved by the VLT at
near-IR wavelengths. We thus do not discuss this option further
here.
3.2. Initial search with SPHERE-ZIMPOL

The ZIMPOL instrument in SPHERE has been specifically designed to achieve extreme polarimetric contrast
(Schmid et al. 2006). Fast polarimetric modulation cancels the
unpolarized, direct stellar light to a high degree and enables
the detection of faint companions in reflected light, provided
they exhibit a significant polarization fraction. Milli et al. (2013)

provide a detailed assessment of the ZIMPOL expected performances for the detection of exoplanets orbiting nearby stars.
They show in particular that ZIMPOL may be able to achieve
a polarimetric contrast at the 10−7 level close to the star, and estimate that the putative Earth-mass planet Alpha Cen Bb could
be detectable if it has favorable polarimetric properties.
Searching for Proxima b with ZIMPOL is a logical first step
before attempting the more challenging HCHR approach with
ESPRESSO. A detection would yield a measurement of the polarized reflectance of the planet and thus constrain some of its
atmospheric properties. It would also pin down the position angle of the planetary orbit on the sky, thereby saving telescope
time for subsequent HCHR observations. Overall, a ZIMPOL
detection would be highly complementary to HCHR observations, although not mandatory for the latter to be carried out.
3.3. Implementation of a SPHERE-ESPRESSO coupling

In practice, and in very broad terms, coupling SPHERE to
ESPRESSO would mean building a fiber pick-up interface, possibly as an integral field unit (IFU), in the focal plane of the
SPHERE AO-corrected visible beam. One fiber or spaxel would
be placed on the expected planet position (once known), while
the other ones would collect a star-only reference spectrum. The
number of fibers will depend on the ESPRESSO injection capabilities, which we explore further below. The fibers would then
convey the light to the ESPRESSO UT3 Coudé train optics, or
directly to the spectrograph. In this paper we limit ourselves to
conceptual ideas regarding modifications and improvements that
would be required on the two instruments, and leave the detailed
design work to further studies.
The major upgrades that are required compared to the existing instruments are: 1) an enhanced stellar light rejection capability at 37 mas from the star (∼2.0 λ/D) in the SPHERE focal
plane; 2) a fiber pick-up interface within SPHERE; and 3) a dedicated fiber injection channel into ESPRESSO. We discuss these
items separately below.
3.3.1. Optimized AO correction and coronagraph

We first note that Proxima has magnitude R = 9.45 and I = 7.41.
SPHERE AO performance has proven to remain nominal up to
magnitude R > 11 when using all the visible photons for wavefront sensing (Fusco et al. 2016). When observing in the visible, the photons are shared between the science channel (80%)
and wavefront sensor (20%), significantly reducing the AO limiting magnitude. For the purpose of this paper, and considering
that ESPRESSO does not go beyond 780 nm, we envisage a
new dedicated dichroic beamsplitter, providing ESPRESSO (respectively the WFS) with 100% of the light below (respectively
above) 780 nm. This beamsplitter would take less than half of the
flux of this red star from the total WFS bandpass. This will keep
the AO performance in the bright regime, with achievable Strehl
ratio as high as a 50% in R-band under good seeing conditions.
We now attempt to estimate and optimize the level of stellar light rejection that can be achieved with SPHERE. To do
this in a realistic way, we use SPHERE AO simulations that are
well supported by the image quality demonstrated on sky, under a mean seeing of 0.85 arcsec, regular wind (12 m s−1 ), and a
residual jitter <3 mas. Figure 2 shows a representative image of
the SPHERE focal plane under these conditions. We find that a
fiber centered on the position of the companion at 37 mas in an
AO-corrected non-coronagraphic image suffers from significant
A16, page 5 of 16
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Fig. 2. Left: realistic simulation of a SPHERE AO-corrected image in the 600–780 nm band, centered on the star. The dark hole indicates the
position and size of an optical fiber that would pick up the planet light to send it to ESPRESSO. The planet is 37 mas away from the star (2.0 λ/D
at 750 nm), while the fiber radius is 14 mas. Right: coronagraphic image, limited by the aberrations of the incoming beam (both turbulence
residuals and optical defects), assuming an ideal coronagraph. Units on both axes are milli-arcseconds (mas).

contamination by the star diffraction pattern. From the fundamental limit of diffraction, a better rejection of stellar light can
only be obtained with a further cancellation effect: coronagraphy, or another coherent-light suppression approach. Dedicated
coronagraphs can transmit off-axis companions down to very
small inner working angles (IWAs). However, before reaching
their ultimate intrinsic limitations, they are usually limited in
ground-based applications by the aberrations of the incoming
beam, especially in the visible with moderate Strehl ratio. This
is clearly the case here, so we adopt the generic approach of the
so-called ideal coronagraph: the coherent part of the incoming
light is cancelled out and the resulting image is directly related
to the variance and spatial structure of the aberrations. We assume here a good calibration and centering of the star on the
coronagraph to better than 2 mas at the observing wavelength
(which requires careful calibration but remains reasonable with
SPHERE). Figure 2 shows the expected stellar residuals on the
coronagraphic image, given 30 nm of optical aberrations upstream of the coronagraph.
Based on these simulations, we first study which fiber size
would be optimal for our observations, that is, which fiber size
maximizes the planet SNR. FrompEq. (7) we can define a fibercoupling figure of merit as Q = K ηp . We simulate a range of
fiber sizes at different wavelengths between 600 and 780 nm, and
evaluate Q in each case. We find that a fiber radius of ∼14 mas
maximizes Q across the wavelength range. At the long end of
the range, this radius corresponds to an inner edge of the fiber
just off the central Airy disk of the star. From there we directly
obtain the values of the coupling parameters ηp and K. In the
non-coronagraphic case, we obtain ηp = 38% and K = 62 (averaged over the wavelength range). For the coronagraphic case, the
contrast enhancement factor can be pushed to about K = 530. In
this case, ηp formally remains the same but the total throughput
is reduced because of the non-perfect transmission of the coronagraph. In the following we will assume a coronagraph transmission of 70%. Overall, the use of a coronagraph enables a gain of a
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factor of approximately three on the planet SNR compared to the
non-coronagraphic case. The values reported here correspond to
what can be expected in good conditions, careful calibration and
setting of SPHERE, with a dedicated setup including a new coronagraph and optimized beamsplitter. We will designate this setup
as the “short-term SPHERE upgrade”.
Can we consider even better performance? This is certainly
difficult and not demonstrated but we are not at the fundamental limit and we can consider further developments, likely to be
more accessible and faster to implement than more complex instruments such as those on ELTs. Among further upgrades, we
can in particular push further the AO performance. Faster correction would improve the residuals at short separation, which
would require to change hardware and software for not only
the sensor but also the real-time computer and deformable mirror. Ongoing progress on each of these items make such upgrades possible in the future (and in any case mandatory for the
ELTs). Observing in selected observing conditions, in particular
under low wind, would also help. Following this path, we will
then hit the sensing photon noise limit, but this would also be
pushed toward fainter targets using an intrinsically more sensitive wavefront sensor like the pyramid wavefront sensor (e.g.,
Esposito et al. 2011). Finally, more specifically at the location
of the companion, speckle identification (through modulation of
the wavefront, and detection of a brightness modulation) and
corresponding cancellation can further reduce the stellar contamination. Experimental work and preliminary tests on sky are
ongoing. Altogether, an additional improvement by a factor of
approximately ten can be considered at the cost of a significant
upgrade of SPHERE, which would however still be easier and
faster than building a high-contrast imager on an ELT. For the
purpose of this paper, we will assume that a major but still realistic SPHERE upgrade would enable K = 5000 and ηp = 60%. In
the following we will designate this setup as the “2nd-generation
SPHERE”, or simply SPHERE+.
Regarding coronagraphs, we note that the SPHERE visible
channel includes various coronagraphs, but none of them is fully
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appropriate at very small separation: the classical Lyot coronagraphs have a minimum inner working angle (IWA) of 3 λ/D and
the four-quadrant phase mask (4QPM) allows for some companion transmission at smaller separation but with some restrictions
on the spectral bandpass and with a blind area in the field of view
along the quadrant transition. For the ambitious observations described here, we will need a new, optimized coronagraph. More
precisely, we can enumerate a few key properties that such a
coronagraph shall have:
– It should be able to work in the real environment of the
SPHERE instrument, including typical residual wavefront
errors and image or pupil stability performances.
– The working wavelength range of the coronagraph should be
600–780 nm (i.e., a relative bandwidth of about 25%).
– Stellar light rejection should be optimized for angular separations between ∼1.0 and 3.0 λ/D.
– The inner working angle (IWA) shall be as small as
∼1.0 λ/D.
– The optimal correction zone does not need to be circularly
symmetric around the star, meaning that the correction may
be optimized for one side of the star only (as long as the position angle can be freely chosen). However, if an IFU is implemented, circular symmetry would be desirable. A trade-off
should be made between coronagraphic performance across
the search field and corrected search area in order to minimize telescope time during the search phase.
Even though such a coronagraph is not implemented yet, several
solutions have been proposed to achieve high contrast at a few
λ/D with ground-based telescopes: dual-zone phase mask coronagraphs (Delorme et al. 2016), vortex coronagraphs possibly
combined with dedicated pupil apodizers (Mawet et al. 2013;
Bottom et al. 2016), or even apodizing phase plates (Otten et al.
2014). Without entering a detailed coronagraph selection here,
we note that the required pupil and focal planes are indeed available in SPHERE, which opens the opportunity to include them
in the future. In terms of contrast, as we noted earlier, the performance will be limited by residual aberrations of the incoming beam (unlike space-based applications where the intrinsic
ultimate coronagraphic properties more directly drive the final
limitations).
3.3.2. SPHERE fiber interface module

The present layout of the SPHERE optical bench leaves little
room to directly implement a pick-up interface in the visible
channel upstream of the ZIMPOL instrument. However, a number of technical solutions can be envisaged, from a pick-off mirror redirecting the light to a new module, to a full exchange
scheme between ZIMPOL and the new module, where the two
would be interchangeable. We leave this discussion to a more
in-depth technical study, and simply assume here that the new
module can be inserted at a suitable location in the visible beam.
As already discussed in Sect. 1.2, the detection and characterization of Proxima b (or any other RV-detected planet) with
the HCHR approach will have two distinct phases:
1. A search phase, where the planet location is not yet known;
the fibers or IFU are positioned so as to simultaneously cover
the largest possible fraction of the search annulus.
2. A stare phase, where the planet location is known; one fiber
or spaxel is positioned on the planet, while the other fibers or
spaxels record a high-SNR star-only spectrum for reference.

Fig. 3. Example of an hexagonal integral-field unit (IFU) covering the
search annulus around the star. An outer field mask is included to minimize stellar contamination within IFU spaxels.

In order to minimize telescope time during the search phase, it is
obviously necessary to maximize the number of fibers or spaxels. However we are limited here by the accepted field of view
at the entrance of ESPRESSO. We discuss this in more details
in Sect. 3.3.3 below, but here we already anticipate that a multiplexing of six can be achieved. A natural possibility is then to
foresee an hexagonal IFU which would tile the search area of interest around the star. Figure 3 shows the footprint such an IFU
would have. We note that the central position (the star itself) does
not need to be covered. Therefore, a total of six hexagonal spaxels with side length ∼27 mas would efficiently cover the entire
search area, which is an annulus with inner and outer radii of
∼23 and 51 mas, respectively. The IFU could be realized using
an hexagonal lenslet array that would then feed a corresponding
fiber bundle. An outer field mask can be added in front of the
lenslet array to minimize stellar contamination within the IFU
spaxels (see Fig. 3).
We note here that the limited multiplexing of six implies that
one IFU spaxel covers one sixth of the search annulus, that is,
∼1100 mas2 . In terms of SNR on the planet, this is less optimal
than the 14-mas circular fiber considered in Sect. 3.3.1, which
covers only 616 mas2 . Stellar contamination is thus increased
by a factor of ∼1.8 in the search phase, and the K factor is correspondingly reduced. In the SPHERE+ setup that would mean
K ∼ 3000.
While Proxima b can be detected in one shot with such an
IFU (i.e., with a single IFU orientation), it is probably necessary
to determine its position angle with more precision to optimize
IFU orientation for the stare phase. It is then desirable to repeat the search observations with the IFU rotated by 30 deg with
respect to the field, which would redundantly cover the whole
search annulus and enable a precise location of the planet.
In the stare phase, one ideally needs to have one 14-mas aperture exactly centered on the planet to maximize SNR. Therefore, one could envisage a different field mask for this phase,
with a circular aperture exactly on the planet and no obstruction
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at all on the other five spaxels to collect a high-SNR star-only
spectrum.
We also note that the positioning and tracking accuracy of
the IFU module in the SPHERE focal plane during an exposure
shall be a small fraction of spaxel size, that is, a few mas.
The IFU described here is specifically tailored to Proxima b.
However, it actually covers the area closest to the star in an optimal way, and could be used on other interesting planets as well.
For example, GJ 876 b has a slightly larger maximum elongation
than Proxima b (43 mas, see Fig. 1), but a dedicated field mask
with a larger outer radius could be used in this case. To further
increase flexibility and field coverage, it may also be possible to
design a larger fiber bundle with more spaxels, with the capability to choose which six spaxels to feed into the spectrograph.
3.3.3. Injection into ESPRESSO

The fibers carrying the SPHERE beams will run from the UT3
Nasmyth platform A to the Coudé room below the telescope,
where the ESPRESSO UT3 Coudé train optics are located. From
there, two options can be envisaged to reach the spectrograph: either an all-optics solution using the existing ESPRESSO Coudé
train, or a long-fiber solution.
The long-fiber option is probably simpler and more efficient: the SPHERE fiber bundle would extend all the way to
the spectrograph and feed it directly, bypassing the ESPRESSO
Coudé train optics and Front-End Unit entirely. In fact, the
main functionalities of the front-end are not relevant to the
SPHERE+ESPRESSO combination (toggling between UTs,
ADC, field and pupil stabilization). Moreover, proper injection
of standard calibration sources into the different IFU spaxels requires a dedicated module that is not presently foreseen in the
front-end. This module would likely be installed on the SPHERE
side. In this long-fiber solution, the required fiber length would
be about 100 m. At the red optical wavelengths we are interested
in (&600 nm), we expect light losses within the fiber link to be
comparable, if not inferior, to the all-optics solution. For all these
reasons we adopt the long-fiber option in the remainder of this
paper.
A notable difference between diffraction-limited (SPHERE)
and seeing-limited (ESPRESSO) observations is the geometrical
etendue of the beam, which is much smaller in the diffractionlimited case. While ESPRESSO has been designed to accept
two 1.0-arcsec fibers (standard high-resolution mode) or two
0.5-arcsec fibers (ultra-high resolution mode), the SPHERE fiber
interface will only pick up a small number of ∼0.028-arcsec
apertures. This represents a massive reduction in geometrical
étendue. In principle, this would enable the use of a much
smaller spectrograph (in physical size) offering the same spectral resolution as ESPRESSO. However, since ESPRESSO is already available at the telescope, its use should obviously be investigated first. The specific question that arises is then how to
properly couple the SPHERE diffraction-limited beams into the
large ESPRESSO fibers. We merely note here that the long fiber
will ensure a high homogeneity and stability of the fiber nearfield at spectrograph entrance. Dedicated simulations will show
if further homogenization is necessary.
One remarkable advantage of the diffraction-limited
SPHERE+ESPRESSO combination is the possibility to feed
the 0.5-arcsec fibers of ESPRESSO (R = 220 000) with no flux
losses compared to the 1.0-arcsec fibers, thereby achieving an
extremely high spectral resolution for free. Given the narrow
width of the spectral lines in the Proxima spectrum, and the
similarly narrow width of planetary spectral lines and telluric
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lines (.3 km s−1 ), an ultra-high resolution of R = 220 000
is an important advantage in terms of line contrast, and thus
signal, and telluric rejection. It also has the additional benefit of
illuminating less pixels on the ESPRESSO detectors, thereby
minimizing readout and dark current noise. Correspondingly,
we envisage here to use the slow-readout detector mode of
ESPRESSO with 1 × 2 pixel binning (i.e., binning in crossdispersion direction). The resulting FWHM of the spectral
orders will then be about two binned pixels. This mode will
yield a readout noise of about six electrons per extracted pixel.
Dark current noise will amount to only two electrons per hour
per extracted pixel.
We now turn to the critical question of how many IFU
spaxels could be simultaneously fed into ESPRESSO. The situation is made relatively complex because of the anamorphic
pupil slicer unit (APSU) located at the entrance of the spectrograph, which accepts only two rectangular fields of view and performs pupil slicing on those. Correspondingly, only two fibers
per ESPRESSO observing mode can be simultaneously fed into
the spectrograph in the existing configuration. However we suggest here that a minor modification to the fiber injection interface
would enable a higher multiplexing in the ultra-high resolution
(UHR) mode. Basically, taking advantage of the small size of the
fibers in the UHR mode, it is possible to vertically align three input fibers per field of view, thus six fibers in total, without changing anything to the spectrograph optics and APSU in particular.
Indeed, the maximum height of the field of view is 280 µm at the
entrance focal plane, while the UHR fibers are 70 µm in diameter. Aligning three of them vertically would then leave a ∼35 µm
spacing between them. This would correspond to at least 2.5 pixels of vertical separation on the detector. Given that HCHR observations will always be low-SNR measurements (minimizing
stellar light to reveal the planet), and all spaxels will roughly
have the same flux level, we expect that cross-talk between adjacent fibers on the detector will be negligible. In the foreseen
configuration, the six input IFU spaxels will produce two groups
of three interleaved spectra on the ESPRESSO detectors, with
ample spacing separating the two groups (corresponding to the
original spacing between fibers A and B). Thus, there will still
be many non-illuminated pixels available for background measurement (e.g., scattered light, bias residuals, dark current).
In conclusion, we propose to add a new mode to ESPRESSO,
the UHR-IFU mode, in which a bundle of six UHR fibers feed
the spectrograph. Those would be vertically aligned in two
groups of three fibers at the entrance focal plane of the spectrograph. In the long-fiber solution discussed above, the fibers
would come directly from SPHERE without going through the
ESPRESSO front-end. The implied modifications to the existing
ESPRESSO instrument are relatively minor; in particular, nothing has to be changed inside the spectrograph itself.
3.3.4. System throughput

We estimate the throughput of the SPHERE+ESPRESSO channel by following the photons from the top of the atmosphere to
the ESPRESSO detector (see Table 1). We assume standard values for the atmospheric transmission and telescope throughput at
a wavelength of 700 nm. The throughput of the SPHERE Common Path Infrastructure (CPI) is about 50% (Dohlen et al. 2016).
We assume here that all the light between 600–780 nm goes to
ESPRESSO while all the light beyond 780 nm is used for wavefront sensing, that is, we assume an optimized beamsplitter in
the SPHERE visible arm. The coronagraph is assumed to have
a transmission of 70%. In the case of the short-term SPHERE
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Table 1. Transmission budget for SPHERE+ESPRESSO, assuming
SPHERE+ and a long-fiber link directly to ESPRESSO.

Item
Atmosphere
Telescope
SPHERE CPI
Coronagraph
Fiber coupling
Fiber link
Spectrograph
Total

Throughput
0.97
0.65
0.50
0.70
0.60
0.80
0.40
0.042

upgrade, the fiber coupling efficiency is 38% assuming a 14-mas
fiber (Sect. 3.3.1). For the more ambitious SPHERE+ that we
consider here, the coupling efficiency is assumed to be 60%.
We further assume that a long fiber bundle directly links
SPHERE to ESPRESSO, bypassing the ESPRESSO Coudé train
and Front-End Unit. The light from the fiber bundle is injected
directly into the spectrograph, without any further scrambling
optics. Using a typical value of 10 dB km−1 for light attenuation
within the fiber at 700 nm, and assuming a 100-m long fiber, one
then obtains a throughput of 80% for the fiber link.
On the ESPRESSO side, we use a total throughput of
40% for the spectrograph including the detector (Pepe et al.
2014). Overall, we obtain a total throughput of 4.2% for
SPHERE+ESPRESSO in the SPHERE+ case. This number
would decrease to 2.7% in the short-term upgrade case.

4. Detecting Proxima b and its atmosphere
4.1. Simulations of Proxima observations

We simulate the high-resolution spectrum of Proxima using
the PHOENIX stellar spectral library (Husser et al. 2013). We
choose the stellar model with T eff = 3000 K, log g = 5.50 and
[Fe/H] = 0.0, because these parameters are close to the measured ones (Demory et al. 2009), and the stellar luminosity for
this model, as given by PHOENIX, matches the observed luminosity of Proxima to within a few percent (0.00155 L or 5.93 ×
1030 erg s−1 ; Boyajian et al. 2012). We convert the PHOENIX
fluxes at the stellar surface into a number of photo-electrons per
extracted pixel, as detected by the SPHERE+ESPRESSO instrument at the VLT (an extracted pixel in ESPRESSO corresponds
to about 0.45 km s−1 in velocity units, or 0.001 nm at 700 nm).
We do not apply any rotational broadening to the simulated
spectrum because it is negligible in the case of Proxima. Indeed,
considering a stellar radius of 0.14 R and a stellar rotation period of 83 days (Anglada-Escudé et al. 2016), one obtains an
equatorial velocity of only 0.085 km s−1 .
Figure 4 shows the simulated Proxima spectrum in the 600–
780 nm wavelength range. Fluxes are detected photo-electrons
per extracted pixel for a total integration time of eight hours
(i.e., one night), assuming the SPHERE+ throughput. As can
be seen, the average pseudo-continuum flux in this region is
about 3.0 × 106 electrons per spectral bin. This is the flux that
would be obtained with the pick-up fiber centered on the star.
We can now estimate the flux on the planet spectrum. Assuming a planet-to-star contrast of 1.0 × 10−7 (see Sect. 2.3), this
means that the average reflected flux from Proxima b amounts
to just ∼0.3 electron per pixel over eight hours of observations.
Expressed in magnitudes, we are attempting to detect a source
that is 17.5 mag fainter than its host star, that is, at an I-band

magnitude of 24.9. At first glance it may sound like a daunting
task just because of this extreme faintness, especially when using
a high-resolution spectrograph. However, we suggest an analogy
here to put things into context: in the case of RV observations of
exoplanets, moonlight contamination sometimes affects the precise RVs of faint targets by contributing a weak reflected solar
spectrum on top of the target spectrum, thereby producing a similar situation as our star+planet observation. Taking HARPS as
an example, it is not uncommon to detect the cross-correlation
(CCF) peak of the Moon at a continuum level of ∼2000 electrons per CCF velocity bin in a bright-time observation. Given
that about 3600 spectral lines are used to build the CCF, the corresponding flux in the spectrum is at the level of ∼0.5 electron
per extracted pixel (the CCF is basically a co-addition of all lines
in velocity space). In such a case the CCF peak of the Moon is
clearly detected despite a readout noise of 12 electrons per pixel.
Therefore, the weakness of the signal from Proxima b (in absolute terms) is not in itself an obstacle. We show below that a detection in these circumstances is indeed possible with the HCHR
technique using SPHERE+ESPRESSO.
4.2. Noise estimates

Following Eq. (6), we first need to assess the magnitude of all
relevant noise sources to compute the achievable SNR on the
planet spectrum. In Sect. 3.3.3, readout noise and dark current
noise were estimated to be six and two electrons per pixel per
one-hour exposure, respectively. Sky background (and its associated noise) is usually what sets the limiting magnitude for
faint object detection, so we need to carefully examine its impact. We first note the special case of our HCHR observations
regarding sky background: we are collecting visible light from
a tiny patch of sky (0.028 arcsec in diameter) and sending it to
a high-resolution spectrograph. We proceed based on the very
detailed Cerro Paranal Sky Model developed at ESO (Noll et al.
2012; Jones et al. 2013), which includes contributions from telluric emission lines, scattered moonlight, scattered star light, zodiacal light, and airglow continuum. Contamination by telluric
emission lines can be neglected in high-resolution spectroscopy
since the lines are intrinsically very narrow (a few km s−1 ) and
only affect a small fraction of the spectrum in the visible domain. To evaluate the continuum contribution we run the ESO
Sky Model tool using input parameters representing realistic
Proxima observations. In dark time (new Moon), typical continuum fluxes at 700 nm are 250 photons s−1 m−2 µm−1 arcsec−2 ,
while in bright time (full Moon) those increase to about
3000 photons s−1 m−2 µm−1 arcsec−2 . We convert these values
into detected fluxes by SPHERE+ESPRESSO under the same
conditions as the Proxima simulation above (except that we do
not include throughput losses at fiber injection, since sky background is not a point source). We obtain fluxes of 0.015 and
0.18 electron per pixel over eight hours at new Moon and full
Moon, respectively. Corresponding shot noise contributions are
negligible. In dark time, we thus see that sky background is significantly fainter than Proxima b itself, while in bright time the
two contributions are comparable. Since in bright time the sky
background is dominated by moonlight contamination, which
is a reflected solar spectrum that is well-known, it is in principle possible to model and subtract this contribution accurately
(the five IFU spaxels that are not on the planet would provide an
empirical model). However it is probably necessary to require
photometric conditions when the Moon is up, to avoid additional
scattering by clouds and cirri. In conclusion, the sky background
signal must be taken into account in bright time for the purpose
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Fig. 4. PHOENIX high-resolution spectrum simulating an observation of Proxima with SPHERE+ESPRESSO. The total integration time is eight
hours. Top: the 600–780 nm region, which would be used for SPHERE+ESPRESSO observations. Bottom: close-up view showing the very high
density of spectral lines in this star.

of detecting Proxima b, while sky background noise is always
negligible compared to detector readout and dark current noise.
The remaining noise source to be quantified is photon shot
noise from the residual star light at the planet location. As shown
in Eq. (6), this directly depends on the K factor. We examine
how stellar photon noise compares to other noise sources in a
one-hour exposure with SPHERE+ESPRESSO, the maximum
practical duration of an exposure at the VLT. When the fiber is
centered on the star, the average flux of Proxima in one hour
is about 2.3 × 105 electrons per pixel (SPHERE+ assumed).
For K = 1000, the stellar flux at the planet location is reduced to 230 electrons, yielding a shot noise of 15 electrons. For
K = 5000, the shot noise decreases to just seven electrons. Thus,
in summary, there are significant contributions to the noise budget from stellar photon noise, detector readout noise (six electrons), and dark current noise (two electrons). Stellar shot noise
dominates up to K ∼ 5000, at which point detector-related noise
takes over and sets the noise floor.
4.3. Detecting the reflected spectrum

We can now estimate the amount of observing time that is required to detect Proxima b. Hereafter we will assume that we are
working with SPHERE+, thus with increased throughput and a
K factor of 3000 in search mode.
In reflected light, the planet is detected if we manage to
pull out the cross-correlation (CCF) signal of the reflected spectrum using the direct stellar spectrum as a template. We compute
the achieved SNR on the planet CCF by performing a realistic
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cross-correlation simulation and calibrating Eq. (6) based on the
simulation results. We start from the PHOENIX spectrum described above and simulate the reflected spectrum from Proxima b by applying a Doppler shift and a number of possible contrast values. Regarding the Doppler shift, we note that the orbital
velocity of the planet is known from the RV orbit and is equal to
47 km s−1 . At quadrature, the planet cross-correlation signal will
thus be clearly separated from the direct stellar spectrum in velocity space for all but the smallest orbital inclination angles. For
the present simulation we assume an observed Doppler shift of
43 km s−1 , corresponding to a slightly inclined orbit. Planet-tostar flux ratios at quadrature are taken from Turbet et al. (2016)
and range from 4 × 10−8 (dry planet with CO2 -rich atmosphere)
to 2 × 10−7 (Venus-like atmosphere with aerosols). Earth-like atmospheres show contrasts between 1.0 and 1.4 × 10−7 . We then
add the direct stellar spectrum according to the adopted K factor of 3000. We also include telluric absorption (see Sect. 4.6).
We generate Gaussian noise on each pixel according to the total
noise derived from the quadratic sum of photon noise, readout
noise, and dark current noise. We subsequently cross-correlate
the noisy planetary spectrum with the original stellar template,
assuming that the direct stellar spectrum can be perfectly removed. The latter assumption is justified by the availability
of five simultaneously-obtained star-only spectra that provide
a high-SNR reference. The SNR on the planetary CCF peak
is estimated by dividing the peak amplitude by the scatter in
the continuum around it. Finally, we generate a large number
of simulations from which we calibrate the constant factors in
Eq. (6) (i.e., leaving only the planet contrast and exposure time as
variables).
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Fig. 5. Detectability of the reflected spectrum from Proxima b with
SPHERE+ESPRESSO. The achievable SNR on the planetary crosscorrelation function (CCF) is plotted as a function of exposure time.
Four different planet-to-star contrasts from Turbet et al. (2016) are considered. From bottom to top: 4×10−8 (dry planet with CO2 atmosphere),
1 × 10−7 (synchronous Earth-like planet), 1.4 × 10−7 (Earth-like planet
in 3:2 resonance), and 2 × 10−7 (Venus-like atmosphere with aerosols).
The horizontal dashed line indicates S NR = 5.

Figure 5 shows the results of our SNR calculations. The
achieved SNR on the planet CCF is plotted as a function of exposure time for the four contrast values described above. We
see from this figure that Proxima b can be detected at 5σ in
about 19 and 37 nights of VLT time for the two Earth-like
cases (3:2 resonance and synchronous rotation, respectively)
with SPHERE+ESPRESSO. A Venus-like atmosphere can be
detected at 5σ in only nine nights. This is assuming a SPHERE+
performance level. We note here that the SNR on the planet spectrum varies with the square root of the instrument throughput and
K factor (Eq. (7)). Thus, detecting Proxima b with the reduced
performances of the short-term SPHERE upgrade (K ∼ 500,
lower throughput) would be extremely demanding in terms of
observing time, if not impossible.
We conclude that SPHERE+ESPRESSO with the
SPHERE+ upgrade will be able to detect Proxima b in a
reasonable amount of time if it has an Earth-like atmosphere,
or a surface or atmosphere with similar or higher reflectivity.
We note that we are considering here time-averaged reflectivity
values, as the amount of observing time needed for a detection
will smear out short-term temporal variations (i.e., weather).
4.4. Observing and finding Proxima b

As described in Sect. 1.2, the RV orbital solution provides us
with the timing of both quadratures within each 11.2-d orbit of
Proxima b. Those are the only orbital phases where a detection
with SPHERE+ESPRESSO can be attempted. In the worst case
of an edge-on orbit (i = 90 deg), the planet would spend 1.6 day
(39 h) at a separation larger than 90% of the maximum elongation (i.e., 33 mas) at each quadrature. With five to six quadratures
occurring each month, there are a total of about 8.6 favorable observing nights per month. Proxima, at a southern declination of
−63 deg, is well observable from Paranal. The star culminates
in May, when it is observable for 9.5 h per night at an airmass
below 2.0. Moreover, it is accessible for at least six hours per
night from early March to early July (four months). In total this

amounts to about 34 optimal nights per year, during which the
star is well observable and the planet is at maximum elongation.
As a consequence, considering the required number of nights
from the previous section, the planet can be detected in about
one observing season if it has the reflectivity of an Earth-like
atmosphere (or higher).
In passing, we note that the one-hour integrations will not
significantly broaden the spectral features in the reflected spectrum. Indeed, we calculate a maximal radial acceleration of
∼0.5 km s−1 h−1 for the planet in the 39-h window we consider around each quadrature. Given the typical line width of
∼3 km s−1 in the stellar spectrum, this leads to negligible
smearing.
Practically speaking, finding Proxima b means determining the position angle of the planet at quadrature. Fortunately, thanks to the IFU capability described in Sect. 3.3.2,
SPHERE+ESPRESSO will be able to cover the entire search
area around the star in a single shot. However, the planet PSF
may extend over two spaxels, which is not optimal in terms of
SNR (more stellar photon noise). Therefore, it may be desirable
to more precisely measure the planet position by repeating the
observations with the IFU rotated by 30 deg. This would redundantly cover the full search area and significantly improve the
precision on the position angle, so that further observations can
be carried out with the IFU optimally oriented (and with an optimal aperture size).
4.5. Mass and albedo measurement

Important information on the planet can already be obtained using the initial data. First, as soon as the planet reflected light is
detected through cross-correlation with the stellar template, the
planetary orbit will be fully defined and the planet true mass
will be known. On the one hand, the longitude of the ascending node is directly measured from the detected planet position
on the IFU. On the other hand, the orbital inclination and mass
are obtained from the observed planet RV. Indeed, at quadrature,
the RV semi-amplitude of the planet is directly measured which,
combined with the known RV semi-amplitude of the star, gives
the planet-to-star mass ratio and thus the true planet mass and
orbital inclination.
Equation (3) shows that the measured reflected-light signal
constrains other fundamental properties of the planet, namely its
radius, albedo, and phase function. However, these three quantities can only be measured together and, in particular, the radius is not known a priori since the planet is most likely not
transiting (Kipping et al. 2017). Nevertheless, the mass-radius
relation of known exoplanets suggests that most ∼1.5-M⊕ objects on short-period orbits have an internal structure similar to
Earth (e.g., Rogers 2015; Dressing et al. 2015). Thus, given the
known mass and assumed rock-iron composition, the radius of
Proxima b can be estimated and geometric albedo can then be
disentangled from it. The inability to measure radius directly is
certainly a major limitation that affects all non-transiting planets.
We simply note here that the upcoming transit-search missions
TESS, CHEOPS and PLATO will bring our understanding of
the mass-radius relation to a level that may allow us to indirectly
constrain the radius of a planet like Proxima b.
In practice, we will be able to estimate the albedo of
Proxima b from the SPHERE+ESPRESSO data by using the
measured contrast of the planetary cross-correlation signal with
respect to the direct stellar CCF. This contrast must then be corrected using the actual K factor to recover the true planet-to-star
flux ratio. This step is inherent to the HCHR technique: spatially
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resolving the planet from the star implies the loss of the true flux
ratio between planet and star. In other words, the K factor is an
additional unknown that one has to calibrate if one wants to access the planetary properties (albedo and phase function) in a
quantitative way. We believe it will be possible to measure the
K factor independently by monitoring the total flux incoming on
the coronagraph in real time and calibrating the coronagraph and
fiber coupling efficiencies.
Finally, we note that the data will first yield a broadband
albedo that is averaged over the 600–780 nm wavelength range
of the observations. Once sufficient SNR is accumulated, the
range can be split into smaller chunks and finer details of the
albedo spectrum can be accessed.
4.6. Search for biosignatures in the albedo spectrum

We now turn to the feasibility of detecting atmospheric spectral features on Proxima b. Starting from Eq. (3) we first write
an explicit expression for the observed spectrum at the planet
location:
Fs (λ, vs )
Fobs (λ, vs , vp , α) = T (λ)
K
Rp
+ T (λ) Fs (λ, vp ) Ag (λ, vp ) g(α)
a

!2
, (8)

where T (λ) is the telluric absorption at the time of the observation, vs is the apparent RV of the star, and vp is the apparent RV of
the planet (all three in the rest frame of the observer). Similarly,
we can write an expression for the star-only reference spectrum
collected by the five spaxels that are not on the planet:
Fref (λ, vs ) = T (λ)

Fs (λ, vs )
,
Ki

Fobs (λ) = γ1 Fref (λ) + γ2 T (λ) Fs (λ, γ3 ),

(10)

where γ1 , γ2 and γ3 are the three free parameters of the model,
corresponding to the effective K factor, the mean planet-to-star
flux ratio, and the RV of the planet, respectively. Since the reflected stellar spectrum is Doppler-shifted with respect to direct
stellar light, it is necessary to obtain a separate model for the
stellar spectrum and the telluric absorption. The best procedure
to do this has to be studied; we merely note here that Proxima
spectra obtained at various epochs during the year can be used to
fill the gaps masked by telluric absorption, taking advantage of
the variable barycentric correction. A clean stellar spectrum can
then be reconstructed, from which the telluric contribution can
be disentangled.

(9)

where Ki simply denotes the fact that each spaxel will have a
slightly different stellar light rejection factor. Critically, these
five star-only spectra are acquired simultaneously with the
star+planet spectrum, so that we can assume that the telluric
transmission is the same for all spaxels. Moreover, also the intrinsic stellar spectrum is acquired simultaneously, so that any
variability caused by stellar activity will be captured by all
spaxels.
Detecting atmospheric features from the planet essentially
means extracting the high-resolution albedo spectrum Ag (λ, vp )
from the observed data described by Eq. (8). In the following we
attempt to do this in three steps:
1. Simulate a realistic observation as before, now including
molecular absorption in the albedo spectrum.
2. Fit the data using appropriate models for the stellar and telluric spectra, assuming a flat albedo spectrum.
3. Study the residuals to the best-fit model in order to probe
excess absorption in the molecular bands of interest.
A planetary spectral feature is considered detected if significant
absorption is measured in the specific spectral bins where it is
expected to be found, but not in adjacent bins that are slightly
offset in RV. This makes use of the unique high-resolution fingerprint that a particular molecule imprints on the spectrum. We
choose this approach here for its generality and ease of implementation. A proper modeling would include a series of theoretical planet spectra to be included into the full model and fit
to the data; however creating an extensive library of plausible
spectra for Proxima b is beyond the scope of this paper. Instead
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we adopt an empirical approach based on the residuals to a flat
albedo spectrum, verifying that the fit model parameters are not
strongly affected by the use of such a simplified model. The general idea here is that, at high spectral resolution, the various components (stellar, telluric, planetary) exhibit spectral signatures so
different from each other that they are practically orthogonal,
meaning that model parameters describing different components
are almost uncorrelated.
In the following we will be using the star-only spectra
(Eq. (9)) as models for the stellar and telluric components. Not
only are they recorded simultaneously with the planet spectrum,
but they are also at significantly higher SNR, since five spaxels are available and can be co-added. We therefore have an almost ideal, empirical model, the use of which adds a negligible
amount of noise to the noise budget. For the purpose of fitting a
model to the star+planet observation, Eqs. (8) and (9) can thus
be combined and rewritten as follows:

4.6.1. Oxygen

We now proceed with an attempt at detecting molecular oxygen
on Proxima b, assuming the planet is an Earth analog in terms
of atmospheric composition. For the simulation we need a realistic, high-resolution telluric (and oxygen) spectrum. We choose
the FTS scans obtained at the McMath Fourier Transform Spectrometer at Kitt Peak (Hinkle et al. 2003). Figure 6 shows telluric absorption as seen after a single, vertical pass through the
atmosphere. Three prominent molecular bands can be seen in
the 680–780 nm region: the oxygen B- and A-bands at 686 and
760 nm, as well as water vapour at 717 nm. An additional oxygen band (γ-band, not shown in Fig. 6), is present at 627 nm,
although weaker. We use this spectrum as telluric model, scaling
it to an airmass of 1.4 to mimic a real Proxima observation from
Paranal.
Hereafter we simulate the albedo spectrum Ag (λ) of Proxima b by simply scaling this same telluric spectrum to an effective aimass of 2.83. The chosen airmass matches the column
density seen by a light ray going through the planetary atmosphere in double pass at an incidence angle of 45 deg (quadrature geometry). The full reflected spectrum is then constructed
by multiplying with an assumed broadband planet-to-star contrast of 1.4 × 10−7 , and the stellar spectrum. Finally, the relevant
Doppler shift is applied to the reflected spectrum.
Obviously, a major obstacle to O2 detection in an exoplanet is the presence of the very same spectral lines in Earth’s
atmosphere. Fortunately, using high-resolution spectroscopy
makes it possible to disentangle the telluric and planetary line
systems thanks to their different Doppler shifts. We thus need to
first examine when the planetary spectral lines are well separated
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Fig. 6. High-resolution telluric absorption spectrum in the 680–780 nm wavelength region (from Hinkle et al. 2003). Three prominent molecular
bands can be seen: the oxygen B- and A-bands at 686 and 760 nm, as well as water vapour at 717 nm.

from the telluric ones. As an example, Rodler & López-Morales
(2014) derive the optimal relative RVs between the planetary and
telluric O2 A-bands (their Fig. 4), showing that relative RVs of
±(15–30) km s−1 are particularly suitable. In general, the relative
RV is given by:
∆RV = RVsys + RVorb − RVbary ,

(11)

where RVsys = −21.7 km s−1 is the systemic RV of the Proxima
system, RVorb is the projected orbital velocity of the planet with
respect to the Proxima system barycenter, and RVbary is the projected velocity of the observer with respect to the Solar System
barycenter. Since observations are obtained at quadrature, RVorb
is equal to ±47 km s−1 for i = 90 deg. Here we adopt a slightly
smaller RVorb = ±43 km s−1 assuming the orbit is not perfectly
edge-on. As discussed in Sect. 4.4, observations will be carried
out in the March–July period, when RVbary is between +20 and
−15 km s−1 (going through 0 km s−1 in mid-May). In summary
we have:
∆RV = [−1, +34] km s−1 (receding quadrature)

(12)

∆RV = [−83, −48] km s

(13)

−1

(approaching quadrature).

We find that relative RVs are too close to zero at receding quadrature at the beginning of the observing season, but the situation
becomes ideal from early May onwards. At approaching quadrature the situation is inverted. Line blending increases significantly around −50 km s−1 , which corresponds to the typical spacing of the A-band lines (Rodler & López-Morales 2014). Thus,
good relative RVs prevail until early June only. In summary, observations should target the planet at approaching quadrature in
March-May, and receding quadrature in May–July. The number
of optimal observing nights per year is correspondingly reduced
from 34 to about 23 nights, although we note that we required at
least six hours of observability per night, which can be relaxed

to some extent. In the following simulation we assume a relative
RV of −80 km s−1 , the planet being at approaching quadrature.
We create a set of observed star+planet spectra following
Eq. (8), adding photon, readout and dark current noise as appropriate. Then, we fit the simple, flat-albedo model given in
Eq. (10) to the data via χ2 -minimization. Finally, we search for
excess absorption by O2 in the residuals to the best-fit model. To
do so we proceed as follows:
1. In the telluric template, we identify all pixels that fall within
one of the three oxygen bands (627, 686 and 760 nm), and
which show a transmittance of less than 90%. This array of
wavelengths represents the high-resolution O2 spectral fingerprint, where the O2 signal is concentrated. It contains
6.2% of the 600–780 nm spectral range.
2. We shift the spectral fingerprint according to the known RV
of the planet.
3. We sum the residuals to the best-fit model that fall within
the shifted spectral fingerprint. This yields the integrated O2
absorption from the planet.
4. We repeat this operation using a number of arbitrarily-shifted
fingerprints to obtain control fluxes.
The difference between the flat-albedo and O2 models is illustrated in Fig. 7 for the three available bands of O2 .
The results of the whole experiment are reported in Table 2.
The total exposure time in this example is 60 nights, and the K
factor is 5000 (i.e., assuming SPHERE+ performances with an
optimal aperture centered on the planet). We report the average
parameter values and dispersion from 100 different realizations
of the noise. As can be seen, absorption by O2 in the exoplanet
atmosphere is detected at about 3.6σ. The fit parameters K, C,
and RVorb show interesting patterns: while K and RVorb are recovered at their nominal value, C shows a systematic bias of
∼5% toward lower values. Similarly, the total O2 absorption AO2
measured on the best-fit residuals is too low by ∼9% compared to
A16, page 13 of 16
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Fig. 7. Simulated spectrum of Proxima b in the O2 bands, assuming 60 nights of observations with SPHERE+ESPRESSO. The flat-albedo model
comprising only the reflected stellar component and telluric absorption is shown in red, while the full model including O2 absorption from the
planet is shown in black. The top, middle, and bottom panels show portions of the O2 γ-, B-, and A-bands, respectively. We note that the direct
stellar component, which dominates the observed spectrum, has been subtracted. The plotted model spectra are noise-free. Actual noise levels in
this simulation are at the level of 200 e-/pixel (for K = 5000).
Table 2. Results of the O2 detection experiment.
Parameter

RVorb

K
C
(km s−1 )

AO2 (e-)
Acontrol (e-)

Injected
value
5000.00
1.400 × 10−7
43.48

Mean fit
value
4999.97
1.332 × 10−7
43.47

Dispersion
0.22
0.088 × 10−7
0.15

−7.0 × 104
0

−6.4 × 104
1.6 × 104

2.1 × 104
2.3 × 104

Notes. The assumed total exposure time is 480 h (60 nights). AO2 is
the planetary absorption signal by O2 , while Acontrol refers to a control window with the same fingerprint as O2 , but shifted by 15 nm in
wavelength.

the injected value. This can be understood as follows: since the
fit, flat-albedo model is incomplete, the fitting process tries to
compensate the unmodeled planetary absorption by decreasing
the global planet-to-star contrast C. The level of the direct stellar spectrum K and the planetary Doppler shift RVorb are sufficiently orthogonal to C to be essentially unaffected. This demonstrates that, in the case of O2 at least, we can explore the albedo
spectrum of the planet by using the best-fit residuals to a flatalbedo model. Obviously, an in-depth study would include a fit
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to a library of planetary atmospheric models together with proper
model selection, but we leave this to future work. An additional
assessment of the reality of the O2 detection can be obtained by
probing a number of spectral control windows with the same fingerprint as O2 but arbitrarily shifted in wavelength. In Table 2 we
show one such control window that is shifted by 15 nm compared
to the planetary O2 lines. As expected, the measured excess absorption in this case is compatible with zero.
We conclude that about 60 nights of VLT time at K = 5000
yield a 3.6σ detection of oxygen, a biosignature, on Proxima b,
assuming an Earth-like atmosphere and a planet-to-star contrast
of 1.4 × 10−7 . Considering optimum observability conditions
discussed above, these observations would take about three years
to be completed.
4.6.2. Water vapour

The SPHERE+ESPRESSO wavelength range also includes absorption bands from water vapour: a weak band at 646 nm and a
stronger one at 717 nm (see Fig. 6). We carry out the same simulation as for O2 to evaluate the detectability of water vapour on
Proxima b. We again use as input the McMath FTS transmission
spectrum. A specificity of water vapour in Earth’s atmosphere is
its variability. We have not estimated the water vapour column
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density in the FTS spectrum, but it is most likely low to moderate by Earth standards since the spectra were obtained at Kitt
Peak, a good astronomical site at an altitude of 2100 m.
We simulate H2 O absorption on Proxima b by scaling as before the telluric transmission to an equivalent airmass of 2.83
and applying the appropriate Doppler shift. We then retrieve the
total H2 O absorption by summing the residuals to the best-fit
flat-albedo model using the high-resolution spectral fingerprint
of H2 O. In this case, we obtain a SNR of about 2.0 on the H2 O
signal in 60 nights of observing time at K = 5000. However, increasing the equivalent airmass (and thus water column density)
by a factor of three would increase the SNR to about 3.3. We thus
conclude that water vapour can be detected simultaneously with
O2 in the Proxima b spectrum provided the water column density reaches levels that are common in moderately-wet regions
of Earth.
4.6.3. Methane

Besides O2 and H2 O, methane (CH4 ) is another important
biosignature which also exhibits absorption features within the
600–780 nm range of SPHERE+ESPRESSO. However, to the
best of our knowledge, no high-resolution line list of methane is
available in this wavelength regime. We thus are not able to perform a similar simulation as for oxygen and water vapour, and
limit ourselves to a qualitative discussion.
The best data available for absorption by cold methane in
the visible are laboratory data obtained in the 1970s (e.g., Giver
1978), and observed spectra of the giant planets in the Solar
System by Karkoschka (1998). These works focus on the lowresolution shape of the methane absorption bands. In Fig. 4 of
Karkoschka (1998) one can see a deep methane feature between
715 and 740 nm in the albedo spectra of Jupiter and Saturn.
The strength of the feature appears comparable to the 717-nm
H2 O band in the telluric spectrum. Although we are not able
here to properly scale this methane band to the physical conditions of Proxima b, it is plausible that this feature is detectable
with SPHERE+ESPRESSO if the planet has a methane-rich atmosphere. We stress here the importance of obtaining a highresolution line list for this methane band to properly assess its detectability and disentangle it from the partially-overlapping H2 O
feature at 717 nm.

5. Conclusion
We summarize here our main findings:
– We have studied the possibility to apply the HCHR technique to the temperate exoplanet Proxima b by coupling the
SPHERE and ESPRESSO instruments at ESO VLT.
– At maximum elongation, Proxima b is located 37 mas away
from the star, corresponding to 2.0 λ/D at 750 nm. The expected planet-to-star contrast varies between about 4 × 10−8
and 2 × 10−7 at quadrature (Turbet et al. 2016). Earth-like
atmospheres are predicted in the range 1.0–1.4 × 10−7 .
– We have shown at a conceptual level that a SPHEREESPRESSO coupling is indeed possible. In particular, an
IFU with a multiplexing of six is able to cover the entire
search area in the SPHERE focal plane and can be fed into
ESPRESSO without modifications to the spectrograph itself
(only relatively minor changes at the fiber injection stage are
needed).
– The fiber coupling efficiency and K factor are the critical
variables to be maximized for the SPHERE+ESPRESSO

–

–

–

–

–

–
–

combination to reach its full potential. Those are mainly
controlled by the level of residual aberrations in the AOcorrected beam. Improvement of the AO correction and optimized coronagraphic solutions are needed to achieve a level
of performance that enables the detection of Proxima b. This
should be seen as a mid-term perspective (several years),
as significant development is likely necessary. We designate
this upgrade as a 2nd-generation SPHERE, or SPHERE+.
The R = 220 000 mode of ESPRESSO can be used, coupled
to slow CCD readout and 1 × 2 pixel binning. This offers
several advantages: higher contrast in the planetary spectral
features, better separation of the telluric and planetary features, less readout noise, and less dark current noise.
Readout noise becomes a significant contributor to the noise
budget at K ∼ 3000–5000, given an exposure time of one
hour. The feasibility of taking longer exposures should be
investigated to further decrease the noise level.
Based on a sophisticated sky model, we show that sky background will not impact the detectability of Proxima b, except in bright time where the scattered moonlight contribution may need to be taken into account.
We find that the reflected spectrum from Proxima b can be
detected at the 5σ level in 20–40 nights of telescope time
for a contrast enhancement factor K = 3000 (SPHERE+)
and a planet-to-star flux ratio of 1.0–1.4 × 10−7 (Earth-like
atmospheres). This includes a measurement of the planet true
mass (as opposed to minimum mass) and orbital inclination,
and the measurement of its broadband albedo.
We find that O2 can be detected at the 3.6σ level in about
60 nights of observing time at K = 5000, for a planet-to-star
contrast of 1.4 × 10−7 . Those nights would need to be spread
over three years to guarantee optimal observability conditions of the planet and sufficient separation between telluric
and planetary O2 lines.
We also show that H2 O can be probed in a similar amount of
telescope time provided the H2 O column density is similar
to wet regions of Earth.
Finally, it is likely that CH4 is detectable as well if its column density is similar to or larger than the one seen in
Jupiter and Saturn, although we could not address this point
quantitatively.

In conclusion, while we do not underestimate the technical challenges of our proposed approach, we do believe that
SPHERE+ESPRESSO is competitive for becoming the first instrument to characterize a habitable planet. At this point, this
path appears to be a faster-track one compared to waiting for
the availability of an equivalent instrument on the E-ELT, for
instance. Indeed, SPHERE is an XAO system that works very
well already today, including in R- and I-band. Further improvements and innovative ideas can certainly be pursued in the next
years based on accumulated experience with the actual system.
While ELTs will see their first light in the mid-2020s, reaching
adequate AO performances in J-band to enable efficient HCHR
observations will be a significant challenge, as well as building
an appropriate high-resolution spectrograph equipped with an
AO-fed IFU. Overall, we believe that the SPHERE+ESPRESSO
opportunity can be seen as a useful pathfinder for similar instruments on ELTs, in particular for the E-ELT HIRES spectrograph.
Finally we note that, besides Proxima b, a number of exoplanets of various kinds could be probed with
SPHERE+ESPRESSO. In particular, the gas giant GJ 876 b has
an expected contrast approximately ten times higher than Proxima b (see Fig. 1) and would represent a relatively easy target
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for an early demonstration of the HCHR approach. Additional
targets will be discovered around the nearest stars in the near
future by ongoing and upcoming RV surveys, in particular by
ESPRESSO itself. SPHERE+ESPRESSO is thus by no means a
single-target facility, but will enable reflected-light observations
of several cool to warm exoplanets covering a broad range of
masses. This is highly complementary to other planet characterization techniques such as transit spectroscopy.
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