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Abstract. In the last decade, space missions such as CoRoT and Kepler have discovered thousands of exoplanets with different
physical properties. We are now moving into a new era of the exoplanet science: the characterization of their atmospheres. By
analysing the atmosphere of a planet, we can investigate their chemical compositions, atmospheric processes, and even detect
biosignatures. The most powerful technique to date to analyse exoplanet atmospheres is transmission spectroscopy. This technique
measures the wavelength-dependent absorption of starlight by the planet’s atmosphere during a transit. Ground-based telescopes
have successfully probed the atmosphere of exoplanets using this technique. However, instrumental systematics can significantly
affect the transmission spectra leading to some spurious detections. Here we present our efforts to characterize the atmosphere of
the terrestrial planet Trappist-1b using ground based facilities (FORS2/VLT). Our results are obtained using Gaussian Processes to
model systematic or correlated noise to infer accurate planet-to-star radius ratios.
Resumo. Na última decada missões espaciais como CoRoT e Kepler descobriram milhares de exoplanetas com propriedades físicas
diferentes. Nós estamos agora entrando em uma nova era da ciência com exoplanetas: a caracterização de suas atmosferas. Ao
analisar a atmosfera de um planeta, nós podemos investigar sua composição química, processos atmosféricos e até mesmo detectar
bioassinaturas. A técnica mais poderosa para a análise da atmosfera de exoplanetas é a espectroscopia de transmissão. Essa técnica
mede a dependência com o comprimento de onda da absorção da luz da estrela pela atmosfera do planeta durante um trânsito.
Telescópios terrestres já analisaram a atmosfera de exoplanetas usando esta técnica. Entretanto, sistemáticas instrumentais podem
afetar significantemente o espectro de transmissão, o que pode causar detecções espúrias. Neste trabalho nós apresentamos nossos
esforços para caracterizar a atmosfera do planeta Trappist-1b usando um telescópio terrestre (FORS2/VLT). Nosso resultado é obtido
usando Processo Gaussiano para modelar sistemáticas ou ruído correlacionado para inferir com precisão a razão entre o raio do
planeta e da estrela.
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1. Introduction
In 1995, the first exoplanet orbiting a solar-type star was discovered by Mayor & Queloz (1995). More than twenty years later,
about 3900 exoplanets 1 have been confirmed orbiting stars with
different masses, ages and spectral types (varying from M to A),
and in different orbital configurations with respect to their distance to the host star. Initially, the majority of the detected planets had sizes similar to Jupiter. However, thanks to advances in
observational techniques, planets with smaller radii and masses
are being detected, such as those in the Trappist-1 system (Gillon
et al. 2017). This system has seven terrestrial exoplanets and
three of them (e, f, g) are in the habitable zone, however energetic flares observed in the host star could have implications
for the habitability of these planets Vida et al. (2017); Estrela &
Valio (2018).
By studying the atmospheres of these terrestrial planets, we
can enhance our understanding of how these planets formed and
evolved. Also, we can analyse the atmospheric circulation to obtain information about the climate of these exoplanets. In a near
future, we will also be able to look for biosignatures and access
their habitability. The planets from the Trappist-1 system have
very positive points to be analysed using transit spectroscopy.
The host star is bright in the near-infrared (V=18.8, J=11.35)
and has a small radius (R =0.117R ) that leads to deep transit
depths (0.3-0.8%) for its orbiting planets. Moreover, the planets
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have short orbital period (1.6-1.5 days), implying frequent transits (Zhang et al. 2018).
In this work, we present our efforts to constrain the atmosphere of the terrestrial planet Trappist-1b, using a ground-based
facility (VLT/FORS2).

2. Methods and Results
A total of 10 transits of Trappist-1 planets were observed using the 8.2m UT1 of the VLT with the FORS2 instrument (PI
Laetita Delrez - ID: 598.C-0393). We reduced 3 publicly available datasets and the transit with the most precise light curve
was selected for the purpose of this analysis (transit observed
on 31 October 2016). FORS2 has a 6.8’× 6.8’field of view
and is equipped with two detectors,which are red or blue optimized. The observation were performed using multi-object spectroscopy (MXU mode) that requires the design of a mask with
wide slits placed on the target and the comparison stars. The
GRIS_600Z grism was used, yielding a spectral range of 0.7371.07 µm coverage.
The data was reduced using a pipeline based on PyRAF, as
described in Sedaghati et al. (2016, 2017) to obtain the calibrated
spectra from Trappist-1 and of the comparison stars. Then, we
integrated the spectra between the largest common wavelenght
domain of the targets to obtain the white light curve, as shown in
Figure 1. To correct for the imprint of telluric variations on the
detected light, the white lightcurve of the target star was divided
by the one of the two comparison stars. From these two light
17
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parameter matrix (K being the number of inputs and N being the
number of data points or flux measurements). In the Bayesian
formalism, the likelihood function is written as a matrix equation
to facilitate the introduction of correlated noise to the covariance
matrix:
L(r|X, θ, φ) = −

Figure 1: Wavelength calibrated spectra of all targets observed with the
MXU. The area between the dashed lines corresponds to the common
wavelength domain of the targets used to obtain broadband light curves.


1  T −1
r Σ r + log |Σ| + N log 2π
2

(2)

where Σ represents the covariance matrix. The covariance matrix
is written as Σnm = k(xn , xm , θ) + δm σ2 , with x being an input of
the kernel, δ the Kronecker delta and σ2 the variance term. The
last two terms correspond to the addition of Poisson or white
noise to the diagonal of the covariance matrix. In this work, we
use the squared exponential (SE) kernel:

 i=1

 X
(3)
ηi (xn,i − xm,i )2 
kS E (xn , xm , θ) = ξ exp −
K

Figure 2: Top: Raw broadband light curves normalised to the out of
transit level and shifted for clarity. Bottom: Differential transit light
curves normalised to the out of transit flux level and shifted for better
visualization. The colours corresponds to those of the raw broadband
light curves.

curves, the one with higher precision in then select for further
analysis (see Figure 2.
The transit signal can be dwarfed by instrumental systematics in the datasets caused by imperfect observing conditions
(i.e: seeing, airmass) and/or the state of the instrument (i.e temperature) that can introduce time-correlated noise to the data. To
account for the contribution of the systematic noise, we model
the broadband differential transit light curve using Gaussian
Processes (GP), which models the systematics as a stochastic
process, as described in Gibson et al. (2012). To find the maximum posterior solution, P, we optimize the Bayesian relation:
P(θ, φ|f, X) = L(r|X, θ, φ)P(θ, φ)

(1)

where L is the likelihood function, P are the priors, r = (fi Mi ) is the residual vector, with M being the transit model, θ and
φ correspond to the noise and transit model parameters, respectively; f is the vector of flux measurements, X is the N × K input
18

where ξ is the maximum covariance and ηi are inverse scale parameters of the input vectors x that are essentially the columns of
the X matrix. We use uniformative priors for the transit parameters, with an exception of the limb darkening coefficients (c1 ,c2 )
for which we use a gaussian prior with the centered values previously calculated using the PyLDTk package (Parviainen 2015).
For the hyperparameters of the noise model, we set a gamma
distribution with shape and scale parameters both set to unity,
Γ(1, 1), to encourage their values towards zero if the inputs
that they represent are truly irrelevant in explaining the data.
Initially the values of the free parameters are obtained with the
NelderMead simplex algorithm (Nelder & Mead 1965). Then,
we obtain the posterior distributions and the final marginal probabilities for each of the parameters using Monte-Carlo MarkovChains method (MCMC). We run four independent MCMC simulations, and we verify the convergence and possible correlations between the pairs of parameters. The transit parameters
that are fitted are the mid-transit time (T0 ), scaled semi-major
axis (a/R∗ ), relative planetary radius (R p ), impact parameter (b),
limb-darkening coefficients (c1 , c2 ) and three coefficients of a
second order polynomial that describes low frequency variations
due to colour differences between the target and the comparison
star. In addition to these, we also fit the noise model parameters
(ξ, [η1 ,...,ηK ], σ2 ).The broadband light curve with the fitted transit model and the fitted systematic models are shown in Figure 3,
and the posterior maps are shown in Figure 4. The inferred transit and noise model parameters from this fit are given in Table
1.
Next, we produce the narrow band transit lightcurves by integrating the spectra within bins of 550 Å, as shown in Figure
5. These spectral light curves are divided by the residuals of
the broadband lightcurves transit model to correct for what are
known as common mode systematics, which will remove wavelength independent components of the systematic noise. Then,
we follow the same procedure as that done for the broadband
light curve, modelling the spectral light curves using GP to include wavelength dependent systematics. We set as free parameters only those that are wavelenth dependent: the planet-to-star
radius ratio, the limb-darkening coefficients that describes the
centre to limb intensity variations and the 3 coefficients of a
second order polynomial which approximates long term trends
in the differential flux. The corrected spectral light curves are
shown in Fig. 6, together with the Gaussian Process models.
Finally, we obtain the transmission spectrum of Trappist-1b
using the planet-to-star radius ratios obtained from the fit of the
spectral light curves (see Figure 7). However, the transit depths
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Table 1: The infered transit and noise parameters of Trappist-1b from
the analysis of MCMC simulations.
Parameters infered
Mid Transit Tc (JD) + 24000000
Period P, (days)
Semi-major axis, a/R star
Relative planetary radius, R p /R∗
Impact parameter, b
Linear LD coefficient, c1
Quadratic LC coefficient, c2
foot
Tgrad
Tgrad2
GP max covariance, ξ
Length scale, ηtime
Length scale, ηFWHM
White noise, σ

Value
57692.6755 ± 0.000278
1.51087 ± 0.0000000
19.4571 ± 1.6484421
0.09109 ± 0.0047593
0.30193 ± 0.1965233
0.470558 ± 0.1390192
0.087120 ± 0.0694266
0.999633 ± 0.0017080
-0.001356 ± 0.0017580
-0.000306 ± 0.0016054
0.0016096 ± 0.0020922
0.0094426 ± 0.0094158
0.0031206 ± 0.0046367
0.0005936 ± 0.0002086
Figure 4: Correlations plots for the transit and the noise parameters and
their posterior distributions, obtained by modelling the broadband transit light curve. The convergence of the independent chains is evident, as
well as the well-documented degeneracy between the impact parameter
(b) and the scaled semi-major axis (a/R∗ )
.

Figure 3: Broadband transit light curve of Trappist-1b. The blue line is
the the best fit transit model and the red line is our systematic model.
The grey areas correspond to the 1- and 3-σ confidences of that model,
respectively. The residuals of this transit and systematic models are
shown as blue and red dots, respectively, below the light curve.

have high uncertainties because the spectral transit light curves
are still white noise dominated. Therefore, it is not possible to
investigate any variations of the transit depth with wavelength.

3. Discussion
In this work, we find that Trappist-1b spectral transit light curves
are dominated by white noise, and therefore it is not possible to
obtain a precise transmission spectra for this planet. There are
several challenges for the detection of terrestrial planets atmosphere using a ground based telescope:
– Limitations in the ground-based photometry of the smallest
planets’s transit depth can arise from atmospheric scintillation noise and photon noise. Stefansson et al. (2017) calculated the ratio between both, σscint /σphot , depending on the
stellar magnitude and on the telescope diameter, to verify
when each noise dominated. Stars with σscint /σphot > 1 are
scintilation limited and stars with σscint /σphot < 1 are photon limited. In the case of Trappist-1, that has magnitude of
V = 18.8 and was observed by a 8.2m telescope, we found
that σ scint /σ phot ∼ 0.03 and is therefore photon limited. This
is in accordance with the results found in this work, and
it confirms the difficulty to perform transit spectroscopy of
Trappist-1 planets with current ground based telescopes.
– The nearby systems, such as Trappist-1, have few comparison stars of similar spectral type and magnitude. However,

Figure 5: Spectra of the target star Trappist-1 (orange) and the selected
comparison star (blue), with dashed lines the boundaries of the spectrophotometric bins of 0.055 µm used to obtain the spectral light curves.

the current space mission TESS will perform an all-sky survey of bright stars for transiting exoplanets and can find better candidates for transmission spectroscopy.

4. Conclusions
We analysed the transit of Trappist-1b observed in the nearinfrared with FORS2 and modelled the red noise systematics
using GP’s. However, we were not able to obtain a precise transmission spectrum of this planet because the spectral transit light
curves are dominated by white noise. Ongoing (CARMENES)
and future (NIRPS, SPIRou) missions and the forthcoming generation of giant telescopes (ELT, GMT, TMT) could provide the
detection of low-mass exoplanets around nearby M dwarfs with
more accessible atmosphere for ground based observations.
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Figure 7: Variations of the transit depth with wavelength, i.e. the transmission spectrum, of Trappist-1b obtained from the modelling of the
spectral transit light curves. Large uncertain in the measurements are
due to the white noise in the spectral light curves
.

Figure 6: Spectral light curves of Trappist-1b obtained by the integration of spectra within a narrowband bin of 55nm, normalised to the out
of transit flux and shifted for clarity. Left: Raw differential light curves.
Right: the same light curves corrected for the common mode systematics with the central wavelength of each channel indicated. The best
fit transit model for each channel is given by a black line, with a 3σ
confidence of each fit shaded as light grey.
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