
MNRAS 497, 5155–5170 (2020) doi:10.1093/mnras/staa2307
Advance Access publication 2020 August 8

Ground-based transmission spectroscopy with FORS2: A featureless
optical transmission spectrum and detection of H2O for the ultra-hot
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ABSTRACT
We report ground-based transmission spectroscopy of the highly irradiated and ultra-short period hot-Jupiter WASP-103b cover-
ing the wavelength range ≈400–600 nm using the FORS2 instrument on the Very Large Telescope. The light curves show signifi-
cant time-correlated noise which is mainly invariant in wavelength and which we model using a Gaussian process. The precision of
our transmission spectrum is improved by applying a common-mode correction derived from the white light curve, reaching typi-
cal uncertainties in transit depth of ≈2 × 10−4 in wavelength bins of 15 nm. After correction for flux contamination from a blended
companion star, our observations reveal a featureless spectrum across the full range of the FORS2 observations and we are unable
to confirm the Na absorption previously inferred using Gemini/GMOS or the strong Rayleigh scattering observed using broad-
band light curves. We performed a Bayesian atmospheric retrieval on the full optical-infrared transmission spectrum using the
additional data from Gemini/GMOS, HST/WFC3, and Spitzer observations and recover evidence for H2O absorption at the 4.0 σ

level. However, our observations are not able to completely rule out the presence of Na, which is found at 2.0 σ in our retrievals.
This may in part be explained by patchy/inhomogeneous clouds or hazes damping any absorption features in our FORS2 spectrum,
but an inherently small scale height also makes this feature challenging to probe from the ground. Our results none the less demon-
strate the continuing potential of ground-based observations for investigating exoplanet atmospheres and emphasize the need for
the application of consistent and robust statistical techniques to low-resolution spectra in the presence of instrumental systematics.
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1 INTRODUCTION

Transmission spectroscopy has proven to be a highly successful
method for probing the atmospheres of close-in exoplanets, allowing
us to infer the chemical composition and physical structure of
a planet’s atmosphere without needing to spatially resolve the
planet and star. During primary transit, when a planet crosses the
disc of a star from the point of view of an observer, a small
fraction of the stellar light is filtered through the annulus of the
planet’s atmosphere (Seager & Sasselov 2000; Brown 2001) with
the observed transit depth increasing at wavelengths corresponding
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to strong atomic and molecular absorption. The transit depth as
a function of wavelength (conventionally measured as a planet-
to-star radius ratio) is known as a transmission spectrum and is
sensitive to compositions along the day–night terminator of the
planet.

Transit and radial velocity surveys have revealed that a significant
subset of exoplanetary systems are surprisingly unlike anything
found in our own Solar System, and show a remarkably diverse
range of properties. This includes the discovery of highly irradiated
hot-Jupiters (e.g. Mayor & Queloz 1995; Charbonneau et al. 2000;
Henry et al. 2000) – gas giants with masses similar to Jupiter
orbiting extraordinarily close to their host stars – which exhibit a
wide variety of transmission spectra and a continuum from clear to
cloudy atmospheres (Sing et al. 2016).
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Substantial progress in the area of exoplanet atmospheric charac-
terization was first achieved using space-based instruments such as
the Hubble Space Telescope (HST) (e.g. Charbonneau et al. 2002;
Pont et al. 2008; Berta et al. 2012; Huitson et al. 2012; Pont et al.
2013; Kreidberg et al. 2014; Nikolov et al. 2015) and Spitzer Space
Telescope (e.g. Charbonneau et al. 2005; Deming et al. 2005; Barman
2007; Knutson et al. 2007; Demory et al. 2013), but ground-based
observations, utilizing multi-object differential spectrophotometry,
have been rapidly catching up with their own significant contributions
(e.g. Redfield et al. 2008; Snellen et al. 2008; Bean, Miller-Ricci
Kempton & Homeier 2010; Crossfield et al. 2013; Gibson et al.
2013b, a; Stevenson et al. 2014; Kirk et al. 2016; Lendl et al.
2016; Mallonn & Strassmeier 2016). The importance of ground-
based observations for exoplanetary science is set to continue well
into the era of the upcoming James Webb Space Telescope (JWST) by
complementing the newly acquired near- and mid-IR observations
with those obtained in the optical regime.

Here we report ground-based transmission spectroscopy results for
the ultra-hot Jupiter WASP-103b using the FOcal Reducer and Spec-
trograph (FORS2) mounted on the European Southern Observatory’s
(ESO) Very Large Telescope (VLT). FORS2 is a general-purpose im-
ager, spectrograph, and polarimeter (Appenzeller et al. 1998) which
has been shown to offer improved performance for exoplanet spec-
troscopy after undergoing an upgrade to its Linear Atmospheric Dis-
persion Corrector (Boffin et al. 2015), with detections of Na and K ab-
sorption and scattering by clouds and hazes in multiple exoplanet at-
mospheres (e.g. Sedaghati et al. 2015; Nikolov et al. 2016, 2018). Our
results are part of a large, ground-based, comparative survey which
aims to study the chemical compositions and occurrence rates of
clouds and hazes over the full range of mass and temperature regimes
(e.g. Nikolov et al. 2016; Gibson et al. 2017; Carter et al. 2020).

WASP-103b is an ultra-short period (P = 0.9 d), highly irradiated
(Teq ≈ 2500 K) hot-Jupiter discovered by Gillon et al. (2014). It
has a mass and radius significantly larger than Jupiter – 1.49 MJ

and 1.53 RJ respectively – and transits a late F-type (V ≈ 12.1)
main-sequence star. At a separation of less than 1.2 times the
Roche limit WASP-103b is expected to be in the late stages of
orbital decay and close to tidal disruption (e.g. Matsumura, Peale &
Rasio 2010; Patra et al. 2017). Staab et al. (2016) measured the
chromospheric activity of WASP-103 finding marginal evidence
that it was higher than expected from the system age (log(R′

HK)
= −4.57). Pass et al. (2019) found a dayside effective temperature of
≈3200 K using Gaussian process regression on WFC3 and Spitzer
secondary eclipse depth measurements. Meanwhile, Garhart et al.
(2020) calculated an effective temperature of ≈2500 K and measured
brightness temperatures in the 3.6 and 4.5 micron Spitzer bands of
≈2800 K and ≈3100 K, respectively.

Follow-up observations by Southworth et al. (2015) revealed
a strong wavelength-dependent slope in their broad-band optical
transmission spectrum which they concluded was too steep to be
caused by Rayleigh scattering processes alone. A re-analysis of the
same data by Southworth & Evans (2016) accounting for the flux
contamination of a previously unknown companion star (Wöllert &
Brandner 2015) instead showed a minimum around 760 nm and
increasing opacity towards both the blue and red. This overall
picture was subsequently confirmed by Delrez et al. (2018) from
an independent global analysis including a large fraction of the same
archival transit light curves. This surprising V-shaped transmission
spectrum cannot be easily explained by theoretical models and nor is
it confirmed by higher resolution observations with Gemini/GMOS,
which instead showed signs of enhanced absorption in the cores of the
Na and K features (Lendl et al. 2017) and no evidence for a Rayleigh

scattering signature, suggesting that WASP-103b might possess a
largely clear atmosphere at the terminator region. However, since
they did not have any data bluewards of 550 nm they were unable to
conclusively rule out the presence of a scattering slope.

In the near-IR, Cartier et al. (2017) found a featureless emission
spectrum using HST/WFC3 which was indistinguishable from that
due to an isothermal atmosphere and could be explained by either
a thermal inversion layer or clouds and/or hazes in the upper atmo-
sphere and suggested the need for additional optical observations in
order to differentiate between these possible explanations. Kreidberg
et al. (2018) observed a featureless transmission spectrum between
1.15 and 1.65 μm with WFC3/Spitzer at the 1σ level after correcting
for nightside emission and determined that their phase-resolved
spectra were consistent with blackbody emission at all orbital phases,
attributing the lack of detection of dayside spectral features of water
to partial H2O dissociation.

This paper is structured as follows: we describe our observations
and data reduction steps in Section 2 and detail our light-curve
analysis and contaminant correction in Section 3; in Section 4 we
describe our atmospheric modelling approach and discuss our results
in Section 5. Finally, we offer our conclusions in Section 6.

2 FORS2 OBSERVATIONS AND DATA
REDUCTION

We observed a single transit of the hot-Jupiter WASP-103b during
the night of 2017 May 1 with the FORS2 spectrograph mounted
on the 8.2 m ‘Antu’ telescope of the VLT at the European Southern
Observatory, Paranal, Chile, as part of the large program 199.C-
0467 (PI: Nikolov). Our transit was observed using the GRIS600B
(hereafter 600B) grating covering the spectral range of 320–620 nm
with a total of 174 science exposures of 80 s each, covering a total
period of 310 min with a readout time of ∼30 s. FORS2 consists of
two 2k × 4k CCDs separated by a small detector gap with an image
scale of 0.25 arcsec pixel−1 in 2 × 2 binning mode, corresponding to
a field-of-view of 6.8 × 6.8 arcmin squared.

Observations of the target and two comparison stars were carried
out simultaneously in multi-object (MXU) spectroscopy mode. We
used a custom mask consisting of broad slits accurately centred on
the positions of WASP-103 and the comparison stars with a width
of 22 arcsec and length of 120 arcsec to reduce differential slit losses
from seeing variations and guiding inaccuracies. We found that one
of our comparison stars was significantly fainter than the other and so
we excluded this from our analysis and only used the brighter of the
two stars. Full width at half-maximum (FWHM) for the observations
was typically ∼3 pixels but reached a maximum of ∼7 pixels towards
the very beginning of the observations resulting in seeing-limited
resolution of R ≈ 450–1050, with airmass varying from a maximum
of 1.87 at the commencement of observations down to 1.18.

We used the FORS2 pipeline for standard bias and flat-field
corrections with relevant calibration frames taken before and after
the science exposures. However, we found that neither of these
corrections had a significant influence on our conclusions and
therefore we proceeded using only the raw frames for our final
analysis. Spectral extraction was performed in IRAF1/PYRAF2 using a

1IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy
(AURA) under cooperative agreement with the National Science Foundation
2PYRAF is a product of the Space Telescope Science Institute, which is
operated by AURA for NASA
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Figure 1. Example spectra of the target (black) and one reference star (red).
The coloured regions indicate the spectral bins used for extraction of the white
light curve (grey), spectroscopic light curves (blue), and the high-resolution
bins centred around the Na feature (magenta).

custom pipeline and summing an aperture radius of 15 pixels after
background subtraction (we found that a radius of 15 pixels resulted
in the lowest average uncertainties for our transmission spectrum).
We estimated the background contribution by taking the median
value in a region of pixels located 80–100 pixels either side of the
spectral trace. Example spectra of WASP-103 and the reference star
are shown in Fig. 1.

Wavelength calibration was performed using arc lamp exposures
with a calibration mask in place which is identical to the science mask
but with narrower 1 arcsec slit widths to obtain arcs with narrower
features for more precise calibration. We accounted for shifts in the
dispersion direction by cross-correlating the target spectra using the
H β line after normalizing the continua, and then cross-correlating
again between the target and comparison star using the same feature.
We then used the measured x-shifts to realign all spectra to the
reference spectrum’s wavelength scale. To check that our results
were not overly sensitive to the specific choice of feature we also tried
extracting the x-shifts by cross-correlating using the Na feature, but
found that this had little impact on our final transmission spectrum,
and therefore we present our results using only the H β alignment.

We found that the wavelength solution obtained from the reduction
pipeline resulted in small residual offsets between our target and
comparison star and so we decided to construct an alternative
solution using a set of well-resolved lines in the mean spectrum (after
realignment) and fitting Gaussians to each of these lines to accurately
determine the line centres. We used a Gaussian process (GP) to fit
the measured line centres. GPs are routinely used within the machine
learning community for Bayesian non-parametric regression prob-
lems and were introduced by Gibson et al. (2012) for the analysis of
systematics in exoplanet time series. We discuss our implementation
of GPs in Section 3.1. We also tried fitting using a second-order
polynomial but obtained near identical results. In principle, we could
fit with a higher order polynomial but this is unlikely to alter our
final transmission spectrum given that the changes are small when
compared to our bin widths and we proceeded using the wavelength
solution derived from the GP fit.

The time-series spectra were then used to construct the white light
curve by summing the flux of each stellar spectrum over a broad
wavelength range as shown in Fig. 1, and dividing the target star’s
flux by the comparison star’s flux, thereby correcting for the effects
of atmospheric transparency variations. We also constructed multiple

Figure 2. White light-curve of WASP-103b obtained with the 600B grism.
The red line shows the best-fitting model with blue shading indicating
plus/minus two standard deviations. The green line shows the systematics
model derived from the GP fit. Residuals are indicated below the light curve.
We clip any points over 4 σ from the fit, but preserve them for the common-
mode correction (shown in magenta, see Section 3.1).

‘spectral’ light curves by integrating over the narrower channels also
shown in Fig. 1 and discussed in Section 3.2. We tried varying the
total number of channels used in our analysis and found that, while
this altered the resolution and signal-to-noise of our results, it did
not significantly influence our conclusions. In the end we chose to
extract a total of 15 individual wavelength channels and the resulting
white light curve and spectral light curves are shown in Figs 2 and 3.

We also calculated the theoretical noise for our white light curve
and each of our spectral light curves, including the contributions
from photon noise, read noise, and the sky background. The average
electron counts per exposure for the white light curve was ≈9 × 107

for both the target and comparison star resulting in time-averaged
theoretical precision in the relative flux per exposure of ≈1.4 × 10−4.
The average electron counts per exposure for the spectral light curves
varied from ≈2 × 106 to ≈1 × 107 for the target star and ≈3 × 106

to ≈9 × 106 for the comparison. The time-averaged theoretical
precision in the relative flux per exposure for the spectral light curves
therefore ranges from ≈4 × 10−4 to ≈9 × 10−4.

Finally, we also extracted auxiliary measurements from the target
and comparison spectra, including the shifts in the dispersion and
cross-dispersion axes and the width of the spectral trace. Such
measurements can in principle be used to attempt to investigate the
cause of the instrument systematics in the light curves (e.g. Brown
2001; Gilliland & Arribas 2003; Pont et al. 2007; Swain et al. 2009;
Stevenson et al. 2010; Gillon et al. 2012; Huitson et al. 2013; Nikolov
et al. 2016), however in our case we found no obvious correlations
between the auxiliary measurements and the form of the systematics.

We used the PYLDTK toolkit (Parviainen & Aigrain 2015), which
uses the spectral libraries of Husser et al. (2013), to determine
the limb darkening parameters for the spectral response functions
(adopting the stellar values for WASP-103), and used the system
parameters and uncertainties for WASP-103b given in the discovery
paper (Gillon et al. 2014).

3 ANALYSIS

3.1 White light-curve analysis

Rather than impose a pre-specified parametric form to describe
the unknown instrumental systematics, we follow the procedure
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