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From Hot gas giants to cooler exo-Earths  
A pioneering spectral survey of exoplanet atmospheres



Outline
• Introduction: exoplanets 

• Why atmospheric characterization of transiting 
exoplanets and how ? 

• Exoplanet science with FORS2 

• Conclusions and how to improve FORS2 ?
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Major Exoplanet Science Questions

• Link composition & abundances to formation: 
Absolute abundances (Na, H2O, …) 

• Clouds & hazes: 
Occurrence, Condensation chemistry 
Photochemistry? 

• Spectra of super-Earths: 
Primordial and secondary atmospheres,  
formation
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                Method 
Advantage Transits Direct  

Imaging
Radial  

Velocity

Close-in planets ✓ ✓
Wide separations ✓

Bright targets ✓ ✓ ✓
Mp, precision ✓ 2-3% ✓ 20-30% ✓ Mpsin(i)

Rp (!) ✓
Fp (!, Φ) ✓ ✓ 

P, i, a ✓ ✓ ? ✓
Atmo composition ✓ ✓ ✓

Clouds/hazes ✓ ✓
Thermal profiles ✓ Temperature

Stratospheres ✓ ✓
Thermospheres ✓

Exospheres ✓
  Escape ✓
  Dynamics, Winds ✓ Dynamics ✓
  Photochemistry ✓ Chemistry

Exoplanet Atmosphere  
Characterization

Advantages of the 
transit method

Radial 
Velocity
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Mercury

Mars

close-in, 
irradiated
exoplanets

allow atmospheric 
characterization!

mass accuracy ~2-3%
PROVIDE MASS
CONTEXT FOR
ATMOSPHERIC
DETECTIONS

allow statistical
studies for years
to come!!!

All transiting exoplanets known to date
exoplanets.org  |  3/11/2019
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Fig. 1.— Illustration of transits and occultations. Only the combined flux of the star and planet is observed. During a transit, the flux
drops because the planet blocks a fraction of the starlight. Then the flux rises as the planet’s dayside comes into view. The flux drops
again when the planet is occulted by the star.

as well align theX axis with the line of nodes; we place the
descending node of the planet’s orbit along the +X axis,
giving Ω = 180◦.
The distance between the star and planet is given by

equation (20) of the chapter by Murray and Correia:

r =
a(1− e2)

1 + e cos f
, (1)

where a is the semimajor axis of the relative orbit and f
is the true anomaly, an implicit function of time depending
on the orbital eccentricity e and period P (see Section 3 of
the chapter by Murray and Correia). This can be resolved
into Cartesian coordinates using equations (53-55) of the
chapter by Murray and Correia, with Ω = 180◦:

X = −r cos(ω + f), (2)
Y = −r sin(ω + f) cos i, (3)
Z = r sin(ω + f) sin i. (4)

If eclipses occur, they do so when rsky ≡
√
X2 + Y 2 is

a local minimum. Using equations (2-3),

rsky =
a(1 − e2)

1 + e cos f

√

1− sin2(ω + f) sin2 i. (5)

Minimizing this expression leads to lengthy algebra (Kip-
ping 2008). However, an excellent approximation that we
will use throughout this chapter is that eclipses are centered

around conjunctions, which are defined by the condition
X = 0 and may be inferior (planet in front) or superior
(star in front). This gives

ftra = +
π

2
− ω, focc = −

π

2
− ω, (6)

where here and elsewhere in this chapter, “tra” refers to
transits and “occ” to occultations. This approximation is
valid for all cases except extremely eccentric and close-in
orbits with grazing eclipses.
The impact parameter b is the sky-projected distance at

conjunction, in units of the stellar radius:

btra =
a cos i

R⋆

(

1− e2

1 + e sinω

)

, (7)

bocc =
a cos i

R⋆

(

1− e2

1− e sinω

)

. (8)

For the common case R⋆ ≪ a, the planet’s path across
(or behind) the stellar disk is approximately a straight line
between the pointsX = ±R⋆

√
1− b2 at Y = bR⋆.

2.2 Probability of eclipses

Eclipses are seen only by privileged observers who view
a planet’s orbit nearly edge-on. As the planet orbits its star,
its shadow describes a cone that sweeps out a band on the
celestial sphere, as illustrated in Figure 3. A distant ob-
server within the shadow band will see transits. The open-
ing angle of the cone, Θ, satisfies the condition sinΘ =

2

Nikolay Nikolov                                                                                                                                                                                                     
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as well align theX axis with the line of nodes; we place the
descending node of the planet’s orbit along the +X axis,
giving Ω = 180◦.
The distance between the star and planet is given by

equation (20) of the chapter by Murray and Correia:

r =
a(1− e2)

1 + e cos f
, (1)

where a is the semimajor axis of the relative orbit and f
is the true anomaly, an implicit function of time depending
on the orbital eccentricity e and period P (see Section 3 of
the chapter by Murray and Correia). This can be resolved
into Cartesian coordinates using equations (53-55) of the
chapter by Murray and Correia, with Ω = 180◦:
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Y = −r sin(ω + f) cos i, (3)
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a(1 − e2)
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√

1− sin2(ω + f) sin2 i. (5)

Minimizing this expression leads to lengthy algebra (Kip-
ping 2008). However, an excellent approximation that we
will use throughout this chapter is that eclipses are centered

around conjunctions, which are defined by the condition
X = 0 and may be inferior (planet in front) or superior
(star in front). This gives

ftra = +
π

2
− ω, focc = −

π

2
− ω, (6)

where here and elsewhere in this chapter, “tra” refers to
transits and “occ” to occultations. This approximation is
valid for all cases except extremely eccentric and close-in
orbits with grazing eclipses.
The impact parameter b is the sky-projected distance at

conjunction, in units of the stellar radius:

btra =
a cos i

R⋆

(

1− e2

1 + e sinω

)

, (7)

bocc =
a cos i

R⋆

(

1− e2

1− e sinω

)

. (8)

For the common case R⋆ ≪ a, the planet’s path across
(or behind) the stellar disk is approximately a straight line
between the pointsX = ±R⋆

√
1− b2 at Y = bR⋆.

2.2 Probability of eclipses

Eclipses are seen only by privileged observers who view
a planet’s orbit nearly edge-on. As the planet orbits its star,
its shadow describes a cone that sweeps out a band on the
celestial sphere, as illustrated in Figure 3. A distant ob-
server within the shadow band will see transits. The open-
ing angle of the cone, Θ, satisfies the condition sinΘ =

2

~1%

~0.1% ~0.06%
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Fortney et al. 2010

500 K

1000 K

1500 K

2000 K

2500 K

Hot Jupiters atmospheric models 1D
What might irradiated gas giant exoplanets look like?

Forward Models 
Solar composition 
Chemical equilibrium 

Radiative transfer 
H2 Na K 
H2O dominant 
CO hotter atmospheres 
CH4 cooler atmospheres

Clouds- very dependent on T-P profiles
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How does transit  
spectroscopy 
work ?
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out-of-transit in-transit out-of-transit
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out-of-transit in-transit out-of-transit

How does transit  
spectroscopy 
work ?

real data
model
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centered on a star
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HST still plays a leading role in the exploration  
of exoplanet atmospheric diversity

Significant progress from the ground too, notably 
with the Very Large Telescope (FORS2 and CRIRES)

Comparative VLT FORS2 survey (38hrs, PI Nikolov) 
Large VLT FORS2 transmission survey (212hrs, PI Nikolov) 

Large HST spectral survey (120 orbits, PI Sing) 
HST PanCET (500 orbits, PIs Sing & Lopez Morales)



Introducing the first large-scale ground-based, exploratory 
transmission spectral survey of 20 transiting exoplanets

0.0 0.5 1.0 1.5
Mp (MJup)

0

5

10

15

Co
un

t

12 11
 9

 7
 4  3

this proposal
HST GO−14767
Sing et al. (2016)

500 1000 1500 2000 2500
Teq (K)

0

5

10

C
ou

nt

 7

 9
10

 9

 7

 5

 2

5 10 15
gp (m/s2)

0

5

10

C
ou

nt  7

11
10

 8

 4
 3

FORS2 targets
212hr on the VLT FORS2 
started in P99, PI Nikolov

Nikolay Nikolov                                                                                                                                                                                                     



HST, Sing et al. 2016
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Major Exoplanet Science Questions

• Link composition & abundances to formation: 
Absolute abundances (Na, H2O, …) 

• Clouds & hazes: 
Occurrence, Condensation chemistry 
Photochemistry? 

• Spectra of super-Earths: 
primordial and secondary atmospheres,  
formation
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LETTER RESEARCH

Extended Data Fig. 1 | VLT FORS2 stellar spectra and white-light 
curves. Left and right panels show the GRIS600B (blue) and GRIS600RI 
(red) datasets, respectively. The top row shows example stellar spectra 
used for relative spectrophotometric calibration. The dashed lines indicate 
the wavelength region used to produce the white-light curves. The second 
row shows normalized raw light curves for both sources. The third row 
shows normalized relative target-to-reference raw flux along with the 

marginalized Gaussian process model (A), the detrended transit light 
curve and model (B), and the common-mode correction (A/B). The fourth 
row shows the best-fit light curve residuals and 1σ error bars, obtained 
by subtracting the marginalized transit and systematics models from the 
relative target-to-reference raw flux. The two light curve residuals show 
dispersions of 78 and 201 parts per million, respectively.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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row shows the best-fit light curve residuals and 1σ error bars, obtained 
by subtracting the marginalized transit and systematics models from the 
relative target-to-reference raw flux. The two light curve residuals show 
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Absolute abundances and  
link with planet formation

Nikolov et al. 2018, Nature

part of a large exploratory survey  
from hot gas giants to  
cooler exoEarths 

orbiting a quiet star:  
log(R H&K) ~ -5

WASP-96b - VLT FORS2 
Hot Saturn exoplanet (~1300K) 
Large VLT FORS2 program (212hrs)
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LETTER
https://doi.org/10.1038/s41586-018-0101-7

An absolute sodium abundance for a cloud-free  
‘hot Saturn’ exoplanet
N. Nikolov1*, D. K. Sing1,2, J. J. Fortney3, J. M. Goyal1, B. Drummond1, T. M. Evans1, N. P. Gibson4, E. J. W. De Mooij5,6,  
Z. Rustamkulov3, H. R. Wakeford7, B. Smalley8, A. J. Burgasser9, C. Hellier8, Ch. Helling10,11, N. J. Mayne1, N. Madhusudhan12,  
T. Kataria13, J. Baines4, A. L. Carter1, G. E. Ballester14, J. K. Barstow15, J. McCleery4 & J. J. Spake1

Broad absorption signatures from alkali metals, such as the 
sodium (Na i) and potassium (K i) resonance doublets, have long 
been predicted in the optical atmospheric spectra of cloud-free 
irradiated gas giant exoplanets1–3. However, observations have 
revealed only the narrow cores of these features rather than the full 
pressure-broadened profiles4–6. Cloud and haze opacity at the day–
night planetary terminator are considered to be responsible for 
obscuring the absorption-line wings, which hinders constraints 
on absolute atmospheric abundances7–9. Here we report an optical 
transmission spectrum for the ‘hot Saturn’ exoplanet WASP-96b 
obtained with the Very Large Telescope, which exhibits the 
complete pressure-broadened profile of the sodium absorption 
feature. The spectrum is in excellent agreement with cloud-free, 
solar-abundance models assuming chemical equilibrium. We are 
able to measure a precise, absolute sodium abundance of 
logεNa = . .

.
−
+6 9 0 4

0 6, and use it as a proxy for the planet’s atmospheric 
metallicity relative to the solar value (Zp/Z⊙ = . .

.
−
+2 3 1 7

8 9). This result 
is consistent with the mass–metallicity trend observed for Solar 
System planets and exoplanets10–12.

We observed two transits of the ‘hot Saturn’ planet WASP-96b 
(planetary mass Mp = (0.48 ± 0.03)MJ, where MJ is the mass of Jupiter, 
planetary radius Rp = (1.20 ± 0.06)RJ, where RJ is the radius of Jupiter, 
and equilibrium temperature Teq = 1,285 ± 40 K)13 on 2017 July 29 
and August 22 ut in photometric conditions, using the 8.2-m Unit 
Telescope 1 of the Very Large Telescope, with the FORS2 spectrograph. 
Data were collected in the multi-object-spectroscopy mode using 
grisms 600B (blue) and 600RI (red) on the first and second nights, 
respectively, which, when combined, cover the wavelength range 
3,600–8,200 Å. We used a mask consisting of two broad slits centred 
on the target and on a reference star of similar brightness. Broad slits 
spanning 22′′ along the dispersion and 120′′ along the spatial (perpen-
dicular) axis were used to minimize slit losses due to seeing variations 
and guiding imperfections.

For each transit, we produced wavelength-integrated ‘white’ and 
spectroscopic light curves for WASP-96 and the reference star by  
integrating the flux of each spectrum along the dispersion axis. We cor-
rected the light curves for extinction caused by the Earth’s atmosphere 
by dividing the flux of the target by the flux of the reference star. We 
modelled the transit and systematic effects of the white-light curves by 
treating the data as a Gaussian process and assuming quadratic limb 
darkening for the star. The transit parameters—mid-time Tmid, orbital 
inclination i, normalized semi-major axis a/R*, the planet-to-star radius 
ratio Rp/R* and the two limb-darkening coefficients u1 and u2—were 
allowed to vary in the fit to each of the two white-light curves, while 
the orbital period was held fixed to the previously determined value. 

The white-light curves and results from the modelling are shown in 
Extended Data Fig. 1 and Extended Data Table 1.

1Physics and Astronomy, University of Exeter, Exeter, UK. 2Department of Earth and Planetary Sciences, Johns Hopkins University, Baltimore, MD, USA. 3Department of Astronomy and 
Astrophysics, University of California, Santa Cruz, CA, USA. 4Astrophysics Research Centre, School of Mathematics and Physics, Queens University Belfast, Belfast, UK. 5School of Physical Sciences, 
Dublin City University, Glasnevin, Ireland. 6Centre for Astrophysics & Relativity, Dublin City University, Glasnevin, Ireland. 7Space Telescope Science Institute, Baltimore, MA, USA. 8Astrophysics 
Group, Keele University, Keele, UK. 9Department of Physics, University of California, San Diego, CA, USA. 10Centre for Exoplanet Science, SUPA, School of Physics and Astronomy, University of St 
Andrews, St Andrews, UK. 11Anton Pannekoek Institute for Astronomy, University of Amsterdam, Amsterdam, The Netherlands. 12Institute of Astronomy, University of Cambridge, Cambridge, UK. 
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Fig. 1 | Transmission spectrum of WASP-96b compared to models. 
a, Comparison of the FORS2 observations (black dots with 1σ vertical 
error bars; the horizontal bars indicate spectral bin widths) with clear3,16, 
cloudy and hazy one-dimensional forward atmospheric models at solar 
abundance14 (continuous lines). The two best-fit models assume a clear 
atmosphere with different line broadening shapes for Na and K (see text 
for details). Models with hazes or clouds (magenta and blue) predict much 
smaller and narrower absorption features. b, Similar to a, but showing the 
best-fit model obtained from the retrieval analysis22 (red line) binned to 
the data resolution (red dots), with the 1σ, 2σ and 3σ confidence intervals 
(dark blue to pale blue regions).
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An absolute sodium abundance for a cloud-free  
‘hot Saturn’ exoplanet
N. Nikolov1*, D. K. Sing1,2, J. J. Fortney3, J. M. Goyal1, B. Drummond1, T. M. Evans1, N. P. Gibson4, E. J. W. De Mooij5,6,  
Z. Rustamkulov3, H. R. Wakeford7, B. Smalley8, A. J. Burgasser9, C. Hellier8, Ch. Helling10,11, N. J. Mayne1, N. Madhusudhan12,  
T. Kataria13, J. Baines4, A. L. Carter1, G. E. Ballester14, J. K. Barstow15, J. McCleery4 & J. J. Spake1

Broad absorption signatures from alkali metals, such as the 
sodium (Na i) and potassium (K i) resonance doublets, have long 
been predicted in the optical atmospheric spectra of cloud-free 
irradiated gas giant exoplanets1–3. However, observations have 
revealed only the narrow cores of these features rather than the full 
pressure-broadened profiles4–6. Cloud and haze opacity at the day–
night planetary terminator are considered to be responsible for 
obscuring the absorption-line wings, which hinders constraints 
on absolute atmospheric abundances7–9. Here we report an optical 
transmission spectrum for the ‘hot Saturn’ exoplanet WASP-96b 
obtained with the Very Large Telescope, which exhibits the 
complete pressure-broadened profile of the sodium absorption 
feature. The spectrum is in excellent agreement with cloud-free, 
solar-abundance models assuming chemical equilibrium. We are 
able to measure a precise, absolute sodium abundance of 
logεNa = . .

.
−
+6 9 0 4

0 6, and use it as a proxy for the planet’s atmospheric 
metallicity relative to the solar value (Zp/Z⊙ = . .

.
−
+2 3 1 7

8 9). This result 
is consistent with the mass–metallicity trend observed for Solar 
System planets and exoplanets10–12.

We observed two transits of the ‘hot Saturn’ planet WASP-96b 
(planetary mass Mp = (0.48 ± 0.03)MJ, where MJ is the mass of Jupiter, 
planetary radius Rp = (1.20 ± 0.06)RJ, where RJ is the radius of Jupiter, 
and equilibrium temperature Teq = 1,285 ± 40 K)13 on 2017 July 29 
and August 22 ut in photometric conditions, using the 8.2-m Unit 
Telescope 1 of the Very Large Telescope, with the FORS2 spectrograph. 
Data were collected in the multi-object-spectroscopy mode using 
grisms 600B (blue) and 600RI (red) on the first and second nights, 
respectively, which, when combined, cover the wavelength range 
3,600–8,200 Å. We used a mask consisting of two broad slits centred 
on the target and on a reference star of similar brightness. Broad slits 
spanning 22′′ along the dispersion and 120′′ along the spatial (perpen-
dicular) axis were used to minimize slit losses due to seeing variations 
and guiding imperfections.

For each transit, we produced wavelength-integrated ‘white’ and 
spectroscopic light curves for WASP-96 and the reference star by  
integrating the flux of each spectrum along the dispersion axis. We cor-
rected the light curves for extinction caused by the Earth’s atmosphere 
by dividing the flux of the target by the flux of the reference star. We 
modelled the transit and systematic effects of the white-light curves by 
treating the data as a Gaussian process and assuming quadratic limb 
darkening for the star. The transit parameters—mid-time Tmid, orbital 
inclination i, normalized semi-major axis a/R*, the planet-to-star radius 
ratio Rp/R* and the two limb-darkening coefficients u1 and u2—were 
allowed to vary in the fit to each of the two white-light curves, while 
the orbital period was held fixed to the previously determined value. 

The white-light curves and results from the modelling are shown in 
Extended Data Fig. 1 and Extended Data Table 1.
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Fig. 1 | Transmission spectrum of WASP-96b compared to models. 
a, Comparison of the FORS2 observations (black dots with 1σ vertical 
error bars; the horizontal bars indicate spectral bin widths) with clear3,16, 
cloudy and hazy one-dimensional forward atmospheric models at solar 
abundance14 (continuous lines). The two best-fit models assume a clear 
atmosphere with different line broadening shapes for Na and K (see text 
for details). Models with hazes or clouds (magenta and blue) predict much 
smaller and narrower absorption features. b, Similar to a, but showing the 
best-fit model obtained from the retrieval analysis22 (red line) binned to 
the data resolution (red dots), with the 1σ, 2σ and 3σ confidence intervals 
(dark blue to pale blue regions).
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Blue-optical transmission spectra are the only way 
to constrain ABSOLUTE abundances for exoplanetsLETTERRESEARCH

To obtain the transmission spectrum, we produced 28 and 35 spec-
troscopic light curves, from the blue and red grisms, respectively, with 
a width of 160 Å. Wavelength-independent systematics were corrected 
following standard practice, as detailed in the Methods. We allowed 
only Rp/R* and u1 to vary. The rest of the system parameters were fixed 
to their weighted mean values from the analysis of the two white-light 
curves, while the quadratic limb-darkening coefficients u2 were fixed 
to their theoretical values. To account for systematics, we marginalized 
over a grid of polynomials, where the latter consisted of terms up to 
second order in air mass and drift of the spectrum across the detector 
along both the dispersion and cross-dispersion axes. The resulting time 
series are shown in Extended Data Figs. 2 and 3.

The measured wavelength-dependent relative planet radii are shown 
in Fig. 1, which comprises the transmission spectrum of WASP-96b. The 
spectrum reveals the absorption signature of the pressure-broadened  
sodium D line with wings covering about 6 atmospheric pressure 
scale heights (one scale height corresponds to about 610 km, assuming  
Teq = 1,285 K), in a wavelength range of around 5,000–7,500 Å, and 
a slope at near-ultraviolet wavelengths due to Rayleigh scattering by 
molecular hydrogen. The radius measurements around the potassium 
feature show no obvious broadened line wing shape or larger absorp-
tion at the line cores.

To interpret the measured transmission spectrum, we first compare 
it with clear, cloudy and hazy atmospheric models with solar abun-
dances from ref. 14. We find that cloud-free models assuming chemical 
equilibrium best fitted the 49 data points, giving χ2 = 49 and χ2 = 50 
for a total of 48 degrees of freedom. Models with clouds and hazes, 
that is, 100× enhanced-Rayleigh scattering cross-section (haze) and 
100× enhanced wavelength-independent (cloud) opacity, give χ2 values 
of 69 and 76 respectively, and are disfavoured at about 3σ and about 

5σ confidence, respectively (Fig. 1). Further details are provided in 
Methods.

The wing shape of atomic absorption lines is a result of the com-
bined contribution of the quantum mechanical (natural), thermal 
(or Doppler) and collisional (or pressure) broadening mechanisms15. 
Measurements of the shape of pressure-broadened line wings can 
provide important constraints on the interaction potentials used in 
the theory of stellar and sub-stellar atmospheres16,17. Although such 
constraints have been obtained from Na and K absorption lines in 
the spectra of brown dwarfs18,19, the actual shape of the profiles for 
exoplanets remains unconstrained. To assess the detection of sodium 
line-broadening we compared the spectrum to models with no broad-
ened lines. Compared to the best-fit clear-atmosphere model, the  
narrow-line model is found to be rejected at the 5.8σ confidence level. 
This is in contrast to WASP-39b, WASP-17b and HD209458b, which 
have previously been classified as having the clearest atmospheres of the 
known exoplanets. The latter transmission spectra are well explained 
with narrow alkali features, implying that the broad absorption wings 
are masked by clouds and hazes4,5,20,21.

The broad sodium feature measured for WASP-96b therefore  
provides a unique opportunity to constrain the pressure-broadened 
line shape for an exoplanet atmosphere. We compared the observed 
spectrum to two cloud-free models, assuming alkali line-wing shapes 
from refs 3,16. We find each of them to be statistically consistent with the 
data, although the wing profile of ref. 3 is marginally preferred (Fig. 1,  
red and orange models).

To further interpret the physical properties of WASP-96b’s atmos-
phere, we performed a retrieval analysis of the data using the one- 
dimensional radiative–convective ATMO model22. We assumed an 
isothermal atmosphere and allowed the temperature, radius, opacity 

Fig. 2 | Retrieved atmospheric properties for WASP-96b. Histograms of 
the marginalized posterior distributions from a free retrieval.  
a, b, Negligible opacity from clouds and hazes comprises the evidence for a 
clear atmosphere at the limb of the planet. c–e, Retrieved elemental 
abundances in the scale of ref. 23, which ranges from 0 to 12 with the 
abundance of hydrogen logεH = 12. The abundance of Na, logεNa = . − .

+ .6 9 0 4
0 6, 

is the only constrained quantity (c). The vertical continuous and dotted 
lines indicate the mean abundances and 1σ uncertainties, respectively. 
Shown are the elemental abundances with the uncertainties of the host star 
(dotted lines in blue regions) and the Sun (dash-dotted lines in grey 
regions25).
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from clouds and hazes and the elemental abundances of Na and K to 
vary. In addition, Li is expected to add opacity at about 6,650 Å, which 
is covered by three of our measurements. Throughout this Letter, we 
adopt the astronomical scale of logarithmic abundances of ref. 23, where 
hydrogen (H) is defined to be logεH = 12. The abundance of a particular 
element X is defined as logεX = log(NX/NH) + 12, where NX and NH are 
the number densities of elements X and H. Our retrieval analysis finds 
negligible contributions from cloud or haze opacity, which indicates 
that the atmosphere of WASP-96b is free of clouds and hazes at the 
pressures being probed at the limb. The best-fit transmission spectrum 
includes opacity from Na, Li, K and Rayleigh scattering (Fig. 1). We 
obtain a tight constraint of logεNa = . − .

+ .6 9 0 4
0 6 on the sodium abundance, 

which is in agreement with the solar abundance as well as with the 
measured sodium abundance in the WASP-96 host star  
(Fig. 2). The best-fit model gives χ2 = 39 for 42 degrees of freedom.

The current data do not support detections of K or Li, as the mini-
mum χ2 value when excluding the two species is only slightly higher 
than when they are included (∆χ2 = 2). However, we include the two 
species in our retrieval model to marginalize the Na abundance over 
the possibility of their presence and estimate upper limits on their 
abundances. The abundances of K and Li are also found to depend on 
the assumed profile shape of the Na feature. We find an atmospheric 
temperature of T = −

+1,710 K200
150 , which is somewhat higher, compared 

with the planet’s equilibrium temperature of Teq = 1,285 ± 40 K under 
the assumption of zero albedo and uniform day–night heat 
redistribution13.

Heavy-element abundance measurements are important to constrain 
formation mechanisms of gas-giant exoplanets. According to the 
core-accretion paradigm, as the planet mass decreases, the atmospheric 
metallicity increases24,25. Giant planets accrete H/He-dominated gas as 
they form, so they also accrete planetesimals26 that enrich their H/He 
envelopes in metals. A low-mass H/He envelope has a smaller amount 
of gas for these metals to be mixed into, leading to a higher metal 
enrichment compared to the parent star. This is also the scenario for 
Solar System gas giants, where metallicity has been constrained from 
methane (CH4) abundance from in situ or infrared spectroscopy27–30, 
showing increasing enrichment of heavy elements with decreasing mass 
(Fig. 3). Measurements of H2O abundances have been used to constrain 
atmospheric metallicities for a small sample of exoplanets10–12. The 

measured molecular abundances are used as proxies to atmospheric 
metallicities, assuming chemical equilibrium conditions. Using our 
measurement of the absolute sodium abundance of WASP-96b, we 
estimate an atmospheric metallicity of Zp/Z⊙ = . − .

+ .2 3 1 7
8 9 , that is, 

log(Zp/Z⊙) = . − .
+ .0 4 0 5

0 7. This is consistent with the heavy-element abun-
dance of the host star Z*/Z⊙ = 1.4 ± 0.7, which we estimate using the 
relation Z*/Z⊙ = 10[Fe/H] where [Fe/H] = 0.14 ± 0.19. While our WASP-
96b measurement is consistent with the Solar System mass-metallicity 
trend (see Fig. 3), we note that additional high-precision constraints 
would be necessary to further support or refute a trend for 
exoplanets.

WASP-96b is the first exoplanet for which the pressure-broadened 
wings of an atomic absorption line (Na i) have been observed, probing 
deeper layers of the atmosphere at the limb. This observation has also 
enabled a precise atmospheric abundance constraint, using ground-
based data alone. Our result demonstrates that combined with near- 
ultraviolet data, the Na absorption feature at approximately 5,890 Å is 
a valuable probe of exoplanet metallicities accessible to ground-based 
telescopes over a wavelength region largely free of contamination 
by telluric lines. WASP-96b is the first gas giant of approximately 20 
exoplanets so far characterized in transmission, to our knowledge, to 
have a broad atomic absorption feature detected. This demonstrates the 
important role a future ground-based optical spectrograph, optimized 
for transmission spectroscopy, could play. With the clearest atmosphere 
of any exoplanet characterized so far, WASP-96b will be an important 
target for the upcoming James Webb Space Telescope.

Online content
Any Methods, including any statements of data availability and Nature Research 
reporting summaries, along with any additional references and Source Data files, 
are available in the online version of the paper at https://doi.org/10.1038/s41586-
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planets (blue bars) and hot gas giant exoplanets (orange squares with grey 
error bars), respectively. Absorption lines from atomic Na (red triangles 
and error bars) can provide another proxy for exoplanet atmospheric 
metallicity, by combining three Hubble Space Telescope (HST) and two 
Very Large Telescope (VLT) transits for WASP-39b. With its detected 
and resolved pressure-broadened Na line wings, WASP-96b is the first 
transiting exoplanet for which high-precision atmospheric metallicity 
has been constrained using data only from the ground. Each error bar 
corresponds to the 1σ uncertainty. The blue line indicates a fit to the Solar 
System gas giants (pale blue symbols indicate Solar System planets).
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Figure 1: Observed transmission spectra (colored dots) of the top four irradiated gas-giant
exoplanets, considered to have consistent with clear atmospheres, along with the best-fit models
(continuous lines). Except WASP-96b, each of the remaining three exoplanets show spectra
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Figure 2: a: Mass versus metallicity diagram established for solar system planets (adapted from
Nikolov et al. 2018, Nature in press). Methane (CH4) has been extensively used to provide
metallicities of solar system gas/ice giants (light blue symbols). With temperatures ranging from
a few hundred to a few thousand Kelvin, the atmospheres of irradiated gas-giant exoplanets
contain hot water vapour (H2O), which has been used to derive metallicity from HST WFC3
transit spectra (orange squares with grey bars). b:With its high boiling temperature
(⇠ 883�C/1156K at 1 atm) and intense absorption lines at optical wavelengths, sodium vapour is
another source of metallicity for exoplanets (red symbols in panel a). The proposed WASP-96b
with WFC3 observations will provide an important metallicity constraint (open symbol with error
bars) and enable a comparative analysis between sodium and water-based metallicities for
exoplanets. c:We computed the expected metallicity precision for WASP-96, with a retrieval
based on the existing FORS2 spectrum and the proposed near-IR observations, assuming solar
abundance. With abundance precision of ⇠ 0.5 dex (continuous and dashed lines), the WFC3
observations would allow is to confidently resolve a solar versus sub-/super-solar scenarios.
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Table 1
Evaporation Temperatures and Abundances of O and C in Different Forms

with Respect to Hydrogen

Species Tevap
a nO nC

(K) (10−4×nH) (10−4×nH)

CO 18–22 (20) 0.9–2b (1.5) 0.9–2b (1.5)
CO2 42–52 (47) 0.6b 0.3b

H2O 120–150 (135) 0.9b

Carbon grains > 150 (500) 0.6–1.2c (0.6)
Silicate ∼1500 (1500) 1.4c

Notes. Adopted model values are in parentheses.
a The range of temperatures for ices corresponds to gas densities 108–1012 cm−3

suitable for disk midplanes.
b From ice and gas observations toward the CBRR 2422.8-3423 disk (Pontop-
pidan 2006).
c The range corresponds to estimates of organic content (Draine 2003). The
lower value is adopted to obtain a solar C/O ratio. Silicate abundance is 1.2 from
Whittet (2010) and 1.4 takes into account the additional refractory component.

bodies, and on the importance of core dredging, i.e., how isolated
the atmosphere is from the core. In the simplest case, the core
and atmosphere are completely isolated from each other, and the
atmosphere is built up purely from gas. We therefore begin with
only considering gas accretion, and then show how the expected
atmosphere composition is modified by adding planetesimal ac-
cretion.

Once a core is massive enough to begin runaway accretion of
a gas envelope, this accretion most likely happens faster than the
planet can migrate due to interactions with the disk. D’Angelo &
Lubow (2008) estimate that a planet migrates inward by < 20%
of its semi-major axis during runaway growth. We therefore
assume that the planetary envelope is accreted between the
same set of snowlines where accretion started. As a first step,
we further assume that grains contributing to the atmosphere
come from the same location as the gas (which need not be the
case) and that gas and grain compositions are constant between
each set of snowlines. Finally, we assume that the snowlines
are static, which is justified by the long timescales at which
disk midplane temperatures change in disks older than 106 years
(when gas giants are proposed to form) compared to the 105 year
timescales of runaway gas accretion (Lissauer et al. 2009;
Dodson-Robinson et al. 2009). Specifically, the temperature
structure is set by viscous dissipation in the inner disk and
irradiation by the central star in the outer disk (D’Alessio
et al. 1998), and both accretion and stellar luminosity decay on
106 year timescales at the time of planetary envelope accretion
(e.g., Hartmann et al. 1998; Siess et al. 2000). We return to these
considerations in Section 3.

We estimate the total abundances (grain + gas) of the major
O- and C-containing species in typical disks from a combination
of ice observations of a protoplanetary disk (Pontoppidan 2006)
and grain compositions in the dense interstellar medium (ISM;
Table 1). The main O carriers are H2O, CO2 and CO ices, CO
gas and silicates, and an additional refractory oxygen component
(Whittet 2010). The main C carriers are CO, CO2, and a range
of organics and carbon grains (Draine 2003). The evaporation
temperature of the latter carbon sources are unknown, and a
high evaporation temperature is adopted to prevent this unknown
carbon component from influencing the model outcome; if any
of this carbon is present in more volatile forms, it will enhance
the gas-phase C/O ratio further. The sublimation temperature
for silicate grains is set to 1500 K. For all other molecules,

Figure 1. C/O ratio in the gas and in grains, assuming the temperature structure
of a “typical” protoplanetary disk around a solar-type star (T0 is 200 K and
q = 0.62). The H2O, CO2, and CO snowline are marked for reference.

we calculate the density-dependent sublimation temperatures
following the prescription of Hollenbach et al. (2009) using
binding energies of H2O, CO2, and CO of 5800 K, 2000 K,
and 850 K (Collings et al. 2004; Fraser et al. 2001; Aikawa
et al. 1996). A complication is the observed ease with which
H2O can trap other molecules in its ice matrix. It is however
difficult to trap more than 5%–10% of the total CO abundance
in H2O ice (Fayolle et al. 2011) and we therefore ignore
this process.

The radii of different snowlines are set by the disk temperature
profile. Consistent with the temperature profile derived from
the compositions of solar system bodies (Lewis 1974) and
with observations of protoplanetary disks (Andrews & Williams
2005, 2007) we adopt a power-law profile,

T = T0 ×
( r

1 AU

)−q

, (1)

where T0 is the temperature at 1 AU and q is the power-law
index. In a large sample of protoplanetary disks, the average T0
is 200 K and q = 0.62 (Andrews & Williams 2007). Figure 1
displays the C/O in the gas and in grains in the disk midplane
as a function of distance from the young star for this average
disk profile. Between the H2O and CO snowlines, the gas-phase
C/O ratio increases as O-rich ices condense, with the maximum
C/O ∼ 1 reached between the CO2 and CO sublimation lines
at 10–40 AU. In the case of completely isolated core and
atmosphere accretion, the atmospheric C/O ratios will reflect
the gas-phase abundances, resulting in C enrichments beyond
the H2O snowline.

The size and position of the disk region where the C/O ratio
in the gas reaches unity depend on the disk temperature profile.
A more luminous star will heat the disk further, pushing the
various snowlines outward, while the steepness of the disk
temperature profile determines the spacing of the different
snowlines. Figure 2 compares protoplanetary disk thermal
profiles from Andrews & Williams (2005), which sample stars
with a range of spectral types, with the “typical” disk profile
from Figure 1. In all cases, the gas-phase C/O ratio is enhanced
in regions associated with gas-giant formation, i.e., a few to a
few tens of AU. Formation of C-rich atmospheres from oxygen-
depleted gas accretion can therefore operate in most planet-
forming disks

The high metallicity of giant planets in our own so-
lar system as well as planet formation models suggest that
the atmosphere can be significantly polluted by evaporating

2

Next on WASP-96b: Measuring exoplanet temperature and  
C/O ratio - link with formation

Nikolay Nikolov                                                                                                                                                                                                     

solar value, C/O = 0.56 
carbon-rich, C/O > 0.56  
outside the snow line 

oxygen-rich, C/O < 0.56 
inside the snow line

Öberg et al. 2011
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• Link composition & abundances to formation: 
Absolute abundances (Na, H2O, …) 

• Clouds & hazes: 
Occurrence, Condensation chemistry 
Photochemistry? 

• Spectra of super-Earths: 
Primordial and secondary atmospheres,  
formation
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potential absorbers from the observable atmosphere and by blocking and 
scattering emerging spectral flux depending on how close they are to the 
photosphere. So in addition to chemical effects (see below), the physical effects of 
clouds (number and sizes of cloud layers, size of cloud particles) must be included 
in the atmospheric models that are needed to compute spectra. Physical cloud 
models have been studied by Lunine et al. 1989, Tsuji et al. 1996a,b, 1999, 2004 
Jones & Tsuji 1997, Chabrier et al. 2000, Ackerman & Marley 2001, Allard et al. 
2001, Marley et al. 2002, Tsuji 2002, Cooper et al. 2003, Tsuji & Nakajima 2003, 
Woitke & Helling 2003). 

Condensation in a planetary, substellar or stellar atmosphere proceeds 
differently than condensate formation in a low gravity environment such as the 
solar nebula (or other protoplanetary disks) and stellar outflows (such as from 
giant stars). In a bound atmosphere, condensates precipitating from the gas at high 
temperatures (‘primary condensates’) settle due to the influence of gravity and 
form relatively thin discrete cloud layers. Consequently, the primary condensates 
cannot react with gas at higher altitudes above the condensate clouds, and are out 
of equilibrium with the overlaying atmosphere. Thus there are no secondary 
condensates from gas-solid or gas-liquid reactions at lower temperatures.  

 

 
The cloud-layer condensation approach (occasionally called rainout) works 

well for the Jovian planets where refractory elements (e.g., Ca, Al, Mg, Si, Fe, Ti, 
V) must be sequestered into high-temperature clouds deep in the atmospheres 
(e.g., Lewis 1969, Barshay & Lewis 1978, Fegley & Prinn 1985a,b, 1986, Fegley 
& Lodders 1994). Hence it is plausible to apply this approach to the atmospheres 
of more massive, substellar objects (Fegley & Lodders 1996). Giant planets, T 
and L dwarfs show a wide range in effective temperatures and the number of 
cloud layers depends on the volatility of the different elements, so giant planets, 
T, and L dwarfs will have different numbers of cloud layers (Fig. 1). Refractory 

Figure 1. The change in cloud layer structure from cool to hot objects. 

Lodders!(2006)!

200!K!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!500!1!1300!K!!!!!!!!!!!!!!!!!!!!!!!!!1300!1!2400!K!!!!!!!!!!!!!!!!!!!!!!!<!3000!K!!

In+isolated+gas+giants+and+brown+dwarfs,+and+in+certain+condi>ons+and+al>tudes++
on+hot+Jupiters+at+similar+T+regimes,+expect+condensa>on+&+rainout+

200 K 1300-2400 K500-1300 K < 3000 K

Lodders & Fegley (2006)

CaTiO3           Al2O3

Depending on conditions: exotic refractory species at high T and 
alkali sulphides, chlorides and water at low T

wide range of 
reactions 

depending on T, p 
and composition

not all clouds condense 
from the gas to a solid 

or liquid phase

Example (solid MnS): 

H2S + Mn ⟶ MnS(s) + H2  
(Visscher et al. 2006)

Condensation  
curves across  
T=100-2500 K

Nikolay Nikolov                                                                                                                                                                                                     
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VLT FORS2: can fill JWST/ARIEL wavelength gap with highly-complementary  
optical spectra enabling absolute abundances and metallicities

HST  optical & IR

JWST: near- and mid-IR ? ARIEL: IR spectra & optical  
photometry: the first  

large-scale exoplanet survey ?

Characterize cloud-free, cloudy and hazy exoplanet atmospheres

Telescopes for exoplanet atmospheric characterization: 
need of optical spectrographs (such as FORS2) 
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Multi-object spectroscopy (MOS) 

35 hr on VLT FORS2  
Oct 2015 - Apr 2016 
(PI Nikolov) 

target list: WASP-6b, WASP-31b, 
WASP-39b 

2 transits for each exoplanet at 
low (R~600) resolution: 

blue: GRIS 600B 
red: GRIS 600RI 

The first comparative ground-based followup of 
exoplanets with atmospheric features  

detected with HST  

Nikolay Nikolov                                                                                                                                                                                                     



Motivation:  
feasibility of low/medium resolution transmission  
spectroscopy from the ground

photochemical processes remain a viable prospect and are currently
unconstrained by models. Transit observations of GJ 1214b in the
infrared could shed light on the question of clouds and hazes in the
planet’s atmosphere: scattering from cloud and haze particles is far less
efficient at these wavelengths, and radius variations in the planet’s
transmission spectrum could be more apparent if the atmosphere
was actually composed primarily of hydrogen. Indeed, a recent study
has suggested there are variations in the planet’s transmission spec-
trum between the near-infrared J and K bands that are qualitatively
consistent with the expectations for a hydrogen-dominated atmo-
sphere (B. Croll, personal communication). Further observations are
needed to clarify this issue.

The only other known transiting planet in the same mass regime as
GJ 1214b, CoRoT-7b15,16, could also harbour an atmosphere despite the
extreme level of insolation it receives from its host star17. However, this
planet orbits a much larger star (R?~0:87 R8; ref. 14) than GJ 1214b
and, thus, it is unlikely that additional constraints on its atmosphere
could be obtained with existing facilities owing to the unfavourable
planet-to-star radius ratio. In contrast, our results confirm previous
predictions18,19 about the excellent prospects for the detailed characteri-
zation of transiting exoplanets identified by searches targeting very
low-mass stars, like the MEarth project20 and near-infrared radial velo-
city surveys21. Application of the increasingly sophisticated obser-
vational techniques of transiting exoplanet spectroscopy to the
atmospheres of planets orbiting M dwarfs offers the promise of com-
parative studies of super-Earths in the near future. Such an approach
probably offers the best chance for the eventual first characterization of
the atmosphere of a potentially habitable planet.

Received 22 July; accepted 19 October 2010.
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Figure 2 | The transmission spectrum of GJ 1214b compared to models.
Theoretical predictions of the transmission spectrum for GJ 1214b6 are shown
for atmospheres with a solar composition (that is, hydrogen-dominated; orange
line and squares), a 100% water vapour composition (blue line and triangles),
and a mixed composition of 70% water vapour and 30% molecular hydrogen by
mass (green line and stars). The points for the models give the expected values
for the transmission spectrum in each of the spectrophotometric channels. All
of the features in the model spectra arise from variations in the water vapour
opacity, with the exception of the feature at 890 nm that is due to methane
absorption. The measurements and their uncertainties (black circles) were
estimated by fitting the spectrophotometric data using five Markov chains with
2.5 3 105 steps. The uncertainties, which are valid for the relative values only,
are the 1s confidence intervals of the resulting posterior distributions, and are

consistent with the estimates we obtained from a residual permutation
bootstrap analysis. The uncertainty in the absolute level is 0:11 R+, and is due
mainly to the uncertainty in the host star mass. The data are consistent with the
model for the water vapour atmosphere (x2 5 5.6 for 10 degrees of freedom)
and inconsistent with the model for the solar composition model at 4.9s
confidence (x2 5 47.3). The predictions for a solar composition atmosphere
with CH4 removed due to photodissociation (not shown) are equally discrepant
with the data. The mixed water vapour and molecular hydrogen atmosphere
model contains the most hydrogen possible to still be within 1s (x2 5 11.5) of
the measurements. The data are furthermore consistent with a hydrogen-
dominated atmosphere with optically thick clouds or hazes located above a
height of 200 mbar (not shown). We obtain similar results when comparing the
models to measurements obtained using smaller or larger channel sizes.
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Multi-object spectroscopy with six comparison stars in 6.8’ x 6.8’  

GJ1214b must have water-dominated or cloudy atmosphere
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that were obtained, which turned out to 
be impossible to calibrate out reliably  
(at least to the level of ~ 10–4 as required 
in the transit depth precision for a hot 
 Jupiter; see Figure 1). The main source  
of these instrumental systematics is most 
likely the LADC on FORS2. From visual 
inspection, the anti-reflection coating of 
this optical element is known to have 
degraded over time. Berta et al. (2011) 
reported these systematics: “Moehler et 
al. (2010) found that the LADC on the 
 telescope has surface features that affect 
its sensitivity across the field of view. 
Because the LADC is positioned before 
the field rotator in the optical path and 
rotates relative to the sky, individual stars 
can drift across these features and 
encounter throughput variations that are 
not seen by the other comparison stars.”

The design of the FORS2 LADC consists 
of two prisms of opposite orientation that 
are moved linearly with respect to each 
other, between 30 mm (park position) 
and 1100 mm. The forward prism per-
forms the dispersion correction, while the 
second prism corrects the pupil tilt, so 
that what remains is a variable image 
shift depending on the distance between 
the two prisms (Avila et al., 1997).

Exchanging the LADC prisms

The MgF2 antireflection coatings of the 
FORS2 longitudinal atmospheric dis-
persion corrector prisms have degraded 
since 1999, following an attempt to  
clean them. They show a lot of scattering 
(see Figure 2). Since then, the LADC 
prisms have been cleaned several times 
in order to remove dust and paint (from 
the flat-field screen) that had led to fur-
ther degradation. This degradation could 
be the cause of the systematics seen in 
the FORS2 transit data.

A damaged coating may introduce: 
–  transmission loss larger than an 

uncoated set of prisms;
–  scattering, leading to a decreased 

 signal-to-noise ratio on any photometric 
measurements;

–  variability in the transmission caused 
by a change in the humidity level.

A project was started at Paranal to 
address this issue. One aspect was to 

take advantage of the availability of  
spare parts from the twin instrument, 
FORS1, which is now decommissioned. 
We therefore decided to remove the 
coating from the prisms of the FORS1 
LADC and exchange them with those 
previously in place in the FORS2 LADC. 
The removal of the damaged coating 
from the two prisms of the spare LADC 
was done by one of us (Blanchard; see 
Figure 3), using tools made of polyure-
thane and using cerium oxide (Opaline) 
for the polishing. The LADC prisms were 
then exchanged on 10 November 2014, 
while VLT Unit Telescope 1 (UT1) was 
undergoing maintenance.

A battery of tests

A set of test observations was performed 
according to a commissioning plan 
before (28–30 October 2014) and after 
(12–15 November 2014) the prism 
exchange. It is important to note that  
the coating of the primary mirror of UT1 
had not been modified in the meantime, 

so that any change detected should be 
due only to the LADC exchange. These 
tests have allowed us to conclude that 
the exchanged prisms did not affect the 
image quality of the instrument and con-
firmed that the LADC was still efficient at 
correcting the atmospheric dispersion up 
to an airmass of 1.6. On the other hand, 
the uncoated prisms led to an increase in 
the measured zero points (Figure 4): the 
implied gain in throughput is 0.12 (B filter), 
0.08 (V ), 0.06 (R) and 0.05 (I) magnitudes. 
This improvement was also confirmed  
by measurement of spectrophotometric 
standard stars before and after the prism 
exchange. The gain of the throughput 
can be explained by the scattering previ-
ously introduced by the damaged anti -
reflective coating. The shortest wave-
lengths are more affected by the scatter- 
ing, which is exactly what we see. 

We have also measured the precision  
in the relative transmission between  
two stars as a function of time. For this 
measurement, we observed a given field 
of stars over about one hour (so that the 

Figure 2. Photograph of the FORS2 
LADC prism (with coating) after 
removal from the instrument. The 
damage to the coating in various 
places is obvious. Note that the bright 
regions are reflections of the neon 
lights on the ceiling.

Figure 3. Photograph taken during the 
removal of the coating on the FORS1 
LADC prisms.
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that were obtained, which turned out to 
be impossible to calibrate out reliably  
(at least to the level of ~ 10–4 as required 
in the transit depth precision for a hot 
 Jupiter; see Figure 1). The main source  
of these instrumental systematics is most 
likely the LADC on FORS2. From visual 
inspection, the anti-reflection coating of 
this optical element is known to have 
degraded over time. Berta et al. (2011) 
reported these systematics: “Moehler et 
al. (2010) found that the LADC on the 
 telescope has surface features that affect 
its sensitivity across the field of view. 
Because the LADC is positioned before 
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rotates relative to the sky, individual stars 
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encounter throughput variations that are 
not seen by the other comparison stars.”

The design of the FORS2 LADC consists 
of two prisms of opposite orientation that 
are moved linearly with respect to each 
other, between 30 mm (park position) 
and 1100 mm. The forward prism per-
forms the dispersion correction, while the 
second prism corrects the pupil tilt, so 
that what remains is a variable image 
shift depending on the distance between 
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the coating of the primary mirror of UT1 
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image quality of the instrument and con-
firmed that the LADC was still efficient at 
correcting the atmospheric dispersion up 
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the measured zero points (Figure 4): the 
implied gain in throughput is 0.12 (B filter), 
0.08 (V ), 0.06 (R) and 0.05 (I) magnitudes. 
This improvement was also confirmed  
by measurement of spectrophotometric 
standard stars before and after the prism 
exchange. The gain of the throughput 
can be explained by the scattering previ-
ously introduced by the damaged anti -
reflective coating. The shortest wave-
lengths are more affected by the scatter- 
ing, which is exactly what we see. 

We have also measured the precision  
in the relative transmission between  
two stars as a function of time. For this 
measurement, we observed a given field 
of stars over about one hour (so that the 
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existed (taken on 16 April 2012), thus 
allowing a direct comparison, while the 
transit duration of WASP-19b is also  
very short (1h 32m) and it is thus possible 
to cover it without expending too much 
observing time. Observations were done 
with the MXU, with 10-arcsecond-wide 
slits placed on several comparison stars, 
in the same configuration as for the 2012 
observations. The grism 600RI (with the 
order sorting filter GG435) was used  
and the data were binned to a final 20 nm 
resolution.

The observations from 2012 reveal light 
curves with quite complex systematics 
(especially in the middle of the transit) 
that could not be removed even with 
high-order polynomial or extinction cor-
rection functions (see Figure 6). On the 
other hand, the new observations, per-
formed after the exchange, show much 
smoother light curves, which can be 

detrended using a second-order polyno-
mial. The final, detrended light curve can 
be modelled, providing the parameters  
of the transit with good accuracy. The 
post-egress out-of-transit residuals in the 
light curve are 760 µmag, very close  
to the value we expect from photon noise 
alone. This seems to indicate that the 
systematics that affected FORS2 have 
been significantly reduced.

The comparison of the planetary radius 
as a function of wavelength (the trans-
mission spectrum) that we obtain with  
the new data and those from the litera-
ture is shown in Figure 7, highlighting the 
excellent agreement (see Sedaghati et al. 
[2015] for a more detailed analysis). The 
error bars of the dataset (due to the poor 
observing conditions and lack of suitable 
reference stars) do not allow us to dis-
tinguish yet between different models of 
the planetary atmosphere. Nevertheless, 

these data represent the highest spectral-
resolution transmission spectrum of 
WASP-19b and show the new potential  
of FORS2 in the study of the atmosphere 
of exoplanets. We hope this is thus the 
beginning of a new era for FORS2.
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Figure 7. Transmission spectrum of WASP-19b 
based on our FORS2 data (with grism 600RI 
and 20 nm bin) from November 2014 (black, 
filled dots), compared to values from the litera-
ture (coloured points). The vertical error bars 
represent the errors in the fractional radius 
determination, while the horizontal bars are the 
FWHM of the passbands used. Note the high 
spectral resolution of the FORS2 data, com-
pared to what has been available up until now. 
The dashed line represents the weighted mean, 
and the dotted lines the interval of plus and 
minus three scale heights.
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Figure 6. Light curve  
of WASP-19 obtained in 
April 2012, i.e., before 
the LADC prism 
ex change (left) and in 
November 2014, after 
the exchange (right), 
using the 600RI grism 
and integrating the 
spectra over the full 
wavelength domain 
(“white light”). Large 
systematics in the  
middle of the transit in 
2012 are clearly visible.
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that were obtained, which turned out to 
be impossible to calibrate out reliably  
(at least to the level of ~ 10–4 as required 
in the transit depth precision for a hot 
 Jupiter; see Figure 1). The main source  
of these instrumental systematics is most 
likely the LADC on FORS2. From visual 
inspection, the anti-reflection coating of 
this optical element is known to have 
degraded over time. Berta et al. (2011) 
reported these systematics: “Moehler et 
al. (2010) found that the LADC on the 
 telescope has surface features that affect 
its sensitivity across the field of view. 
Because the LADC is positioned before 
the field rotator in the optical path and 
rotates relative to the sky, individual stars 
can drift across these features and 
encounter throughput variations that are 
not seen by the other comparison stars.”

The design of the FORS2 LADC consists 
of two prisms of opposite orientation that 
are moved linearly with respect to each 
other, between 30 mm (park position) 
and 1100 mm. The forward prism per-
forms the dispersion correction, while the 
second prism corrects the pupil tilt, so 
that what remains is a variable image 
shift depending on the distance between 
the two prisms (Avila et al., 1997).

Exchanging the LADC prisms

The MgF2 antireflection coatings of the 
FORS2 longitudinal atmospheric dis-
persion corrector prisms have degraded 
since 1999, following an attempt to  
clean them. They show a lot of scattering 
(see Figure 2). Since then, the LADC 
prisms have been cleaned several times 
in order to remove dust and paint (from 
the flat-field screen) that had led to fur-
ther degradation. This degradation could 
be the cause of the systematics seen in 
the FORS2 transit data.

A damaged coating may introduce: 
–  transmission loss larger than an 

uncoated set of prisms;
–  scattering, leading to a decreased 

 signal-to-noise ratio on any photometric 
measurements;

–  variability in the transmission caused 
by a change in the humidity level.

A project was started at Paranal to 
address this issue. One aspect was to 

take advantage of the availability of  
spare parts from the twin instrument, 
FORS1, which is now decommissioned. 
We therefore decided to remove the 
coating from the prisms of the FORS1 
LADC and exchange them with those 
previously in place in the FORS2 LADC. 
The removal of the damaged coating 
from the two prisms of the spare LADC 
was done by one of us (Blanchard; see 
Figure 3), using tools made of polyure-
thane and using cerium oxide (Opaline) 
for the polishing. The LADC prisms were 
then exchanged on 10 November 2014, 
while VLT Unit Telescope 1 (UT1) was 
undergoing maintenance.

A battery of tests

A set of test observations was performed 
according to a commissioning plan 
before (28–30 October 2014) and after 
(12–15 November 2014) the prism 
exchange. It is important to note that  
the coating of the primary mirror of UT1 
had not been modified in the meantime, 

so that any change detected should be 
due only to the LADC exchange. These 
tests have allowed us to conclude that 
the exchanged prisms did not affect the 
image quality of the instrument and con-
firmed that the LADC was still efficient at 
correcting the atmospheric dispersion up 
to an airmass of 1.6. On the other hand, 
the uncoated prisms led to an increase in 
the measured zero points (Figure 4): the 
implied gain in throughput is 0.12 (B filter), 
0.08 (V ), 0.06 (R) and 0.05 (I) magnitudes. 
This improvement was also confirmed  
by measurement of spectrophotometric 
standard stars before and after the prism 
exchange. The gain of the throughput 
can be explained by the scattering previ-
ously introduced by the damaged anti -
reflective coating. The shortest wave-
lengths are more affected by the scatter- 
ing, which is exactly what we see. 

We have also measured the precision  
in the relative transmission between  
two stars as a function of time. For this 
measurement, we observed a given field 
of stars over about one hour (so that the 

Figure 2. Photograph of the FORS2 
LADC prism (with coating) after 
removal from the instrument. The 
damage to the coating in various 
places is obvious. Note that the bright 
regions are reflections of the neon 
lights on the ceiling.

Figure 3. Photograph taken during the 
removal of the coating on the FORS1 
LADC prisms.
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existed (taken on 16 April 2012), thus 
allowing a direct comparison, while the 
transit duration of WASP-19b is also  
very short (1h 32m) and it is thus possible 
to cover it without expending too much 
observing time. Observations were done 
with the MXU, with 10-arcsecond-wide 
slits placed on several comparison stars, 
in the same configuration as for the 2012 
observations. The grism 600RI (with the 
order sorting filter GG435) was used  
and the data were binned to a final 20 nm 
resolution.

The observations from 2012 reveal light 
curves with quite complex systematics 
(especially in the middle of the transit) 
that could not be removed even with 
high-order polynomial or extinction cor-
rection functions (see Figure 6). On the 
other hand, the new observations, per-
formed after the exchange, show much 
smoother light curves, which can be 

detrended using a second-order polyno-
mial. The final, detrended light curve can 
be modelled, providing the parameters  
of the transit with good accuracy. The 
post-egress out-of-transit residuals in the 
light curve are 760 µmag, very close  
to the value we expect from photon noise 
alone. This seems to indicate that the 
systematics that affected FORS2 have 
been significantly reduced.

The comparison of the planetary radius 
as a function of wavelength (the trans-
mission spectrum) that we obtain with  
the new data and those from the litera-
ture is shown in Figure 7, highlighting the 
excellent agreement (see Sedaghati et al. 
[2015] for a more detailed analysis). The 
error bars of the dataset (due to the poor 
observing conditions and lack of suitable 
reference stars) do not allow us to dis-
tinguish yet between different models of 
the planetary atmosphere. Nevertheless, 

these data represent the highest spectral-
resolution transmission spectrum of 
WASP-19b and show the new potential  
of FORS2 in the study of the atmosphere 
of exoplanets. We hope this is thus the 
beginning of a new era for FORS2.
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Figure 7. Transmission spectrum of WASP-19b 
based on our FORS2 data (with grism 600RI 
and 20 nm bin) from November 2014 (black, 
filled dots), compared to values from the litera-
ture (coloured points). The vertical error bars 
represent the errors in the fractional radius 
determination, while the horizontal bars are the 
FWHM of the passbands used. Note the high 
spectral resolution of the FORS2 data, com-
pared to what has been available up until now. 
The dashed line represents the weighted mean, 
and the dotted lines the interval of plus and 
minus three scale heights.
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Figure 6. Light curve  
of WASP-19 obtained in 
April 2012, i.e., before 
the LADC prism 
ex change (left) and in 
November 2014, after 
the exchange (right), 
using the 600RI grism 
and integrating the 
spectra over the full 
wavelength domain 
(“white light”). Large 
systematics in the  
middle of the transit in 
2012 are clearly visible.
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Figure 3. Studying the systematic e↵ects due to the old degraded
LADC prisms from the stacked flat-field image. The colour bar
on the right shows the scale of the e↵ect (i.e. between �0.5% and
+0.5%). The plotted stars are the 6 observed targets at the start-
ing position that optimises the correlation with the light curve
residuals, calculated from Figure 4. The dots represent the posi-
tion of the star in every 10th frame. The colours are consistent
with all the light curve plots and additionally each star has been
labeled corresponding to the aperture number, used consistently
throughout the paper.

Figure 4. Determination of LADC deficiencies and light curve
systematic trends. The initial setup shown in Figure 3 is rotated,
and the correlation between the flatfield value along each path,
with the corresponding light curve is calculated. The thick black
line represents the mean correlation value for all the stars. A lack
of strong correlation indicates that the degraded LADC is not a
significant cause of systematic trends in the light curves.

relation between individual flux variations and atmospheric
seeing are consistent across all the stars and point to a mod-
erate association between the two parameters. The relation
between each pair of parameters is calculated using an or-
thogonal least squares approach (Isobe et al. 1990), using the
odr package from python’s scipy (Jones et al. 2001). This

Figure 5. Measurement of physical variants that could possibly
introduce systematic trends in the light curves. (a) Shows the
measurement of normalised flatfield flux along the (most likely)
path of the individual stars, and (b) represents the same measure-
ments but relative to the values of WASP-80’s path. (c) Shows
the measurement of spectral shift in the dispersion direction rela-
tive to the first observation calculated by measuring the centres of
multiple telluric absorption features across the entire spectrum,
and (d) is the average FWHM values of those fitted gaussian pro-
files, which is dependent on seeing conditions. (e) Indicates the
drift of spectra along the physical axis relative to the first frame,
calculated by again fitting multiple gaussian functions along the
physical axis of the two dimensional spectra, and (f) shows the
variations of FWHM values of those fitted profiles. These vari-
ations are identical in shape to what was measured along the
dispersion axis as expected, and are used as a direct measure
of seeing condition variations. These parameters have not been
calculated for reference star 6 due to its very low spectral SN.

is preferred to the standard linear regression approach due
to the present uncertainties in determining “psf FWHM”.
We use the gradients of these relationships, ↵fwhm given in
Figure 6, to transform the measured seeing values to flux
variations for each star, which in turn will be used as an
input of our systematic model, to be described shortly. We
choose this approach instead of constructing a correction
model to avoid the introduction of biases in our parameter
determination and error estimation.

2.4 Light curve models

We model the transit light curves with the implementa-
tion of the analytic solution of Mandel & Agol (2002) as
the mean function. Additionally, we estimate the correlated
noise as a Gaussian Process (GP), which provides a model-
independent stochastic method for the inclusion of the sys-
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Fig. 6.— The complete transmission spectrum of WASP-39b (black points). This transmission spectrum incorporates data from HST
STIS and WFC3, Spitzer IRAC, and VLT FORS2 completing the spectrum from 0.3–5.0µm with currently available instruments. Using
the ATMO retrieval code, which implements an isothermal profile and equilibrium chemistry, we determine the best fit atmospheric model
(red) and show the 1, 2, and 3� confidence regions (dark to light blue) based on the retrieved parameters.
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3.2. Goyal Forward Model Grid

We use the newly developed open source grid of for-
ward model transmission spectra produced using the 1D
radiative-convective equilibrium model ATMO (Amund-
sen et al. 2014; Tremblin et al. 2015, 2016; Drummond
et al. 2016) outlined in Goyal et al. (2017), to compare
to our measured transmission spectrum. Each model
assumes isothermal pressure-temperature (P-T) profiles

and equilibrium chemistry with rainout condensation. It
includes multi-gas Rayleigh scattering and high temper-
ature opacities due to H2O, CO2, CO, CH4, NH3, Na,
K, Li, Rb, Cs, TiO, VO, FeH, PH3, H2S, HCN, C2H2,
SO2, as well as H2-H2, H2-He collision-induced absorp-
tion (CIA). The grid consists of 6,272 model transmis-
sion spectra specifically for WASP-39b (i.e. with gravity,
Rp, etc. of WASP-39b), which explores a combination of
eight temperatures (516K, 666K, 741K, 816K, 966K,
1116K, 1266K, and 1416K), seven metallicities (0.005,
0.1, 1, 10, 50, 100, 200⇥ solar), seven C/O values (0.15,
0.35, 0.56, 0.70, 0.75, 1.0, and 1.5), four “haze” parame-
ters (1, 10, 150, and 1100), and four cloud parameters (0,
0.06, 0.2, and 1). In the Goyal grid the “haze” parame-
ter defines an enhanced Rayleigh-like scattering profile,
which increases the hydrogen cross section with a wave-
length dependent profile. The “cloud” parameter defines
a grey uniform scattering profile across all wavelengths
between 0 and 100% cloud opacity (see Goyal et al. 2017
for more details).
We fit each model to the transmission spectrum by only

allowing them to move in absolute altitude; we therefore
have one free parameter for each model fit. We use the L-
M routine MPFIT to determine the best fit altitude and
calculate the �2. We transform from �2 to probability
likelihood via the expression

p (x) = A exp

✓
�1

2
�2(x)

◆
, (2)

where x ⌘ {T, [M/H], C/O, H, C} are the temperature,
metallicity, carbon-to-oxygen ratio, haze, and cloud pa-
rameters respectively and A is a normalization constant.

LETTER RESEARCH

from clouds and hazes and the elemental abundances of Na and K to 
vary. In addition, Li is expected to add opacity at about 6,650 Å, which 
is covered by three of our measurements. Throughout this Letter, we 
adopt the astronomical scale of logarithmic abundances of ref. 23, where 
hydrogen (H) is defined to be logεH = 12. The abundance of a particular 
element X is defined as logεX = log(NX/NH) + 12, where NX and NH are 
the number densities of elements X and H. Our retrieval analysis finds 
negligible contributions from cloud or haze opacity, which indicates 
that the atmosphere of WASP-96b is free of clouds and hazes at the 
pressures being probed at the limb. The best-fit transmission spectrum 
includes opacity from Na, Li, K and Rayleigh scattering (Fig. 1). We 
obtain a tight constraint of logεNa = . − .

+ .6 9 0 4
0 6 on the sodium abundance, 

which is in agreement with the solar abundance as well as with the 
measured sodium abundance in the WASP-96 host star  
(Fig. 2). The best-fit model gives χ2 = 39 for 42 degrees of freedom.

The current data do not support detections of K or Li, as the mini-
mum χ2 value when excluding the two species is only slightly higher 
than when they are included (∆χ2 = 2). However, we include the two 
species in our retrieval model to marginalize the Na abundance over 
the possibility of their presence and estimate upper limits on their 
abundances. The abundances of K and Li are also found to depend on 
the assumed profile shape of the Na feature. We find an atmospheric 
temperature of T = −

+1,710 K200
150 , which is somewhat higher, compared 

with the planet’s equilibrium temperature of Teq = 1,285 ± 40 K under 
the assumption of zero albedo and uniform day–night heat 
redistribution13.

Heavy-element abundance measurements are important to constrain 
formation mechanisms of gas-giant exoplanets. According to the 
core-accretion paradigm, as the planet mass decreases, the atmospheric 
metallicity increases24,25. Giant planets accrete H/He-dominated gas as 
they form, so they also accrete planetesimals26 that enrich their H/He 
envelopes in metals. A low-mass H/He envelope has a smaller amount 
of gas for these metals to be mixed into, leading to a higher metal 
enrichment compared to the parent star. This is also the scenario for 
Solar System gas giants, where metallicity has been constrained from 
methane (CH4) abundance from in situ or infrared spectroscopy27–30, 
showing increasing enrichment of heavy elements with decreasing mass 
(Fig. 3). Measurements of H2O abundances have been used to constrain 
atmospheric metallicities for a small sample of exoplanets10–12. The 

measured molecular abundances are used as proxies to atmospheric 
metallicities, assuming chemical equilibrium conditions. Using our 
measurement of the absolute sodium abundance of WASP-96b, we 
estimate an atmospheric metallicity of Zp/Z⊙ = . − .

+ .2 3 1 7
8 9 , that is, 

log(Zp/Z⊙) = . − .
+ .0 4 0 5

0 7. This is consistent with the heavy-element abun-
dance of the host star Z*/Z⊙ = 1.4 ± 0.7, which we estimate using the 
relation Z*/Z⊙ = 10[Fe/H] where [Fe/H] = 0.14 ± 0.19. While our WASP-
96b measurement is consistent with the Solar System mass-metallicity 
trend (see Fig. 3), we note that additional high-precision constraints 
would be necessary to further support or refute a trend for 
exoplanets.

WASP-96b is the first exoplanet for which the pressure-broadened 
wings of an atomic absorption line (Na i) have been observed, probing 
deeper layers of the atmosphere at the limb. This observation has also 
enabled a precise atmospheric abundance constraint, using ground-
based data alone. Our result demonstrates that combined with near- 
ultraviolet data, the Na absorption feature at approximately 5,890 Å is 
a valuable probe of exoplanet metallicities accessible to ground-based 
telescopes over a wavelength region largely free of contamination 
by telluric lines. WASP-96b is the first gas giant of approximately 20 
exoplanets so far characterized in transmission, to our knowledge, to 
have a broad atomic absorption feature detected. This demonstrates the 
important role a future ground-based optical spectrograph, optimized 
for transmission spectroscopy, could play. With the clearest atmosphere 
of any exoplanet characterized so far, WASP-96b will be an important 
target for the upcoming James Webb Space Telescope.

Online content
Any Methods, including any statements of data availability and Nature Research 
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Fig. 3 | Mass–metallicity diagram for Solar System planets and 
exoplanets. Methane (CH4) and water (H2O) are the two absorbing 
constituents used to constrain the atmospheric metallicity of Solar System 
planets (blue bars) and hot gas giant exoplanets (orange squares with grey 
error bars), respectively. Absorption lines from atomic Na (red triangles 
and error bars) can provide another proxy for exoplanet atmospheric 
metallicity, by combining three Hubble Space Telescope (HST) and two 
Very Large Telescope (VLT) transits for WASP-39b. With its detected 
and resolved pressure-broadened Na line wings, WASP-96b is the first 
transiting exoplanet for which high-precision atmospheric metallicity 
has been constrained using data only from the ground. Each error bar 
corresponds to the 1σ uncertainty. The blue line indicates a fit to the Solar 
System gas giants (pale blue symbols indicate Solar System planets).
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Major Exoplanet Science Questions
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• Link composition & abundances to formation: 
Absolute abundances (Na, H2O, …) 

• Clouds & hazes: 
Occurrence, Condensation chemistry 
Photochemistry? 

• Spectra of super-Earths: 
Primordial and secondary atmospheres,  
formation
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7. Description of the proposed programme and attachments

Description of the proposed programme (continued)

depth precision ⇠ 40 ppm, which already ranks this VLT light curve among the most precise ever taken from
the ground clearly demonstrating the instrument potential for exoplanet transmission spectroscopy.

The proposed target is ideal for atmospheric characterisation with VLT for several important reasons. The
host star is moderately bright star (I⇠10.7, allowing decent cadence ⇠1 min), visible this semester at optimum
observing conditions from Paranal along with plenty of reference stars in the field of FORS2. Should the planet
has hydrogen-rich atmosphere a methane absorption feature is predicted, peaking at 0.89 µm and spanning a
few scale heights which will be easy to detect at medium resolution (Fig. 2 b), enabling us to rule out or confirm
a hydrogen-rich atmosphere at high significance (⇠ 4�). The GRIS600z grism on FORS2 is optimised for our
goals with its medium spectral resolution and appropriate wavelength coverage (Fig. 2 b).

Our immediate objectives are to:
1) Characterize the Earth-mass exoplanet GJ 1132 b by directly measuring the atmospheric scale height and to
test the hypothesis that the atmosphere is depleted in H/He.;
2) Refine the bulk density of the planet by improving the radius measurement;
3) Identify the CH4 molecular absorption feature if present.

Attachments (Figures)

- 3 -

Search for primordial H-rich atmosphere 
of the M-dwarf GJ 1132b - Venus-mass exoplanet 

atmospheric characterisation of GJ-1132b is a part of my  
large VLT FORS2 programNikolay Nikolov                                                                                                                                                                                                     
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How to improve FORS2 for transits
Detectors: 

• CCD with higher blue optical QE (planned by ESO) 
• reduced cosmetics - minimise light curve systematic errors 
• faster read-out - more time on the target 

Grisms: 
• GRIS 600B, 600RI and 600z - best for transmission spectroscopy 
• need for higher sensitivity and flatter throughputs 
• need for Na, K and Li grisms at higher resolution (e.g. GRIS1200) 

Mechanical stability: 
• need an instrument that is gravity neutral 

Telescope improvements: 
• improve rotator positioning, e.g. around small zenith distances 
• LADC cleaning/monitoring system, e.g. nearUV flats, piezo-clean 

Instrument field of view: 
• wider field of view - enable bright targets with suitable 

comparison stars (Magellan IMACS - 27’ v FORS2 6.8’x6.8’)
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