
HST Transmission Spectral Survey:
observations, analysis and results

Nikolay Nikolov
and the HST Team

Im
ag

e 
cr

ed
it:

 D
av

id
 A

. A
gu

ila
r (

C
fA

)
Im

age credit: E
S

A



  D. K. Sing (PI)
    F. Pont
      T. Kataria    
        T. M. Evans
         H. R. Wakeford        
          N. Nikolov
            A. S. Burrows 
            J. J. Fortney
            G. E. Ballester 
             C. M. Huitson 
              J.-M. Desert
              P. A. Wilson
              S. Aigrain
              D. Deming
              N. P. Gibson 
              G. W. Henry
              H. Knutson
             A. Lecavelier des Etangs 
            A. P. Showman
           A. Vidal-Madjar
          K. Zahnle

Collaborators:
University of  Exeter 

   University of  Exeter
University of  Exeter    
University of  Exeter
University of  Exeter
University of  Exeter
Princeton University 
      UC Santa Cruz

      University of Arizona    
     University of  Colorado

University of  Colorado
        CNRS, Paris

               University of  Oxford
University of Maryland           

          ESO
         Tennessee SU

Caltech
         CNRS, Paris

         University of Arizona
      CNRS, Paris

       NASA
Image credits: NASA, ESA, and G. Bacon (STScI)



Aims:     (i) compare atmospheric properties;
                                                           (ii) detect strong absorbers (e.g. Na, K, TiO, hazes, clouds, etc.); 

         (iii) probe atmospheric diversities.

STIS:  optical G430L & G750L  (0.3-1μm )
WFC3: near-IR G141
Spitzer/IRAC 3.6 μm and 4.5 μm
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Large HST program (126 orbits, PI D.K. Sing) 
for 8 planets with Teq = 1000-3000 K

11

Figure 2. Transmission Spectra pL/pM Models Hot-
Jupiter atmospheric models covering the possible sub-
classes from Fortney et al. (2010) with a range of Teff = 
500, 1000, 1500, 2000, 2500 K (bottom to top).  
Cooler pL (1000 K) planets are dominated by Na and 
K in the optical, while strong TiO absorption bands 
(pM planets) are seen at  the highest  Teff. The largest 
spectral differences between the sub-classes appear in 
the optical STIS range, while the near-IR WFC3 range 
is dominated by a 1.4 µm H2O feature.
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Figure 3. Simulated STIS/WFC Transmission 
Spectra based on the models (red/purple) of Fortney 
et al. (2010) and Zahnle et al. (2009) and the STIS/
WFC3 S/N levels achievable in this program (black 
histogram - STIS & WFC3 simulated spectra with 
final co-added noise).  (A) The hotter planets like 
Wasp-17b are expected to have strong TiO 
signatures.  (B) Alternatively, these planets could 
lack TiO but have stratosphere-causing HS.  (C) The 
cooler planets like HAT-P-12b are expected have 
strong Na and K lines, and intermediate cases like 
Wasp-6b are possible (D).  The targets span a wide 
range of effective temperature from 1000 to 3000 K.  

Target Period
(days)

Rplanet 
(Jup)

Mplanet 
(Jup)

Teff 
(K)

g 
(m/s2)

Irradiation 
(ergs/s/cm2)

Vmag H  
(km)

Hat-P-12b 3.21 0.96 0.21 1080 5.7 2.2E+08 12.8 680
Wasp-6b 3.36 1.22 0.50 1340 8.3 5.2E+08 11.9 580
Wasp-39b 4.05 1.27 0.28 1360 4.3 5.00E+08 12.1 1140
Hat-P-1b 4.46 1.20 0.53 1500 9.1 7.3E+08 10.4 580
Wasp-31b 3.4 1.54 0.48 1800 5.02 1.50E+09 11.7 1280
Wasp-17b 3.74 1.74 0.49 1860 4.0 1.9E+09 11.6 1670
Wasp-19b 2.15 1.15 1.31 2319 16.6 4.10E+09 12.3 501
Wasp-12b 1.09 1.79 1.41 2800 11.0 1.0E+10 11.69 930

Table 1. Hot-Jupiter Target List       ( Teff  is estimated equilibrium temperature)

(B)

(A)

Published results for: 
WASP-19b, WASP-12b, 

HAT-P-1b, WASP-31b, WASP-6b;
two more in preparation;

Sing et al. 2013

Sing et al. 2015

Nikolov et al. 2015

Nikolov et al. 2014
Wakeford et al. 2013

Huitson et al. 2013

Ballester et al. in prep.
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Three facts for WASP-17b
166 ANDERSON ET AL. Vol. 709
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Figure 7. Mass–radius distribution of the 62 known transiting extrasolar planets.
The best-fitting values for the three WASP-17b models are depicted according
to the key given in Table 4. Other WASP planets are filled, red circles; non-
WASP planets are open, black circles; Jupiter, Saturn, Neptune, and Uranus are
filled, gray diamonds, labeled with the planets’ initials. For clarity, error bars are
displayed only for WASP-17b. Some planets discovered by CoRoT, HAT, TrES,
WASP, and XO are labeled with the project initial and the system number (e.g.,
WASP-17b = W17). HD 149026b is labeled D1 and HD 209458b is labeled
D2. The labeled, dashed lines depict a range of density contours in Jovian units.
Data are taken from this work and http://exoplanet.eu.
(A color version of this figure is available in the online journal.)

ets in retrograde orbits. Therefore, we suggest that WASP-17b
supports the hypothesis that some short-orbit, giant planets are
produced by a combination of scattering, the Kozai mechanism,
and tidal circularization. The observation of the RM effect for
more short-orbit planets is required to measure the size of the
contribution.

For planet–planet or star–planet scattering to have influenced
WASP-17b’s orbit in the past, one or more stellar or planetary
companions must have been present in the system. Sensitive
imaging could probe for a stellar companion, and further RV
measurements are necessary to search for stellar or planetary
companions. It will be worthwhile looking for long-term trends
in the RVs to detect farther-out planets that might have been
involved in past scattering. A straight-line fit to the residuals
of the RV data about the model fits indicates no significant
drift over a span of 622 days (e.g., for Case 1 the drift is
−17 ± 11 m s−1). In their three-planet integrations, Nagasawa
et al. (2008) found that in 75% of cases one planet is ejected,
a planet collides with the host star in 22% of cases, and two
planets are ejected in 5% of cases. They also found that, since
a small difference in orbital energy causes a large difference in
semimajor axis in the outer region, the final semimajor axes of
outer planets are widely distributed (peak at ∼15 AU, with a
large spread). Therefore, it is possible that WASP-17 is now the
only giant planet in the system or that the outer planets are in
long orbits, which are difficult to detect with the RV technique.

The discovery of WASP-17b extends the mass–radius distri-
bution of the 62 known transiting exoplanets (Figure 7). WASP-
17b has the largest atmospheric scale height (1100–2100 km)
of any known planet by up to a factor 2, due to its very low
surface gravity and moderately high equilibrium temperature.

The ratio of projected areas of planetary atmosphere to stellar
disk of WASP-17b is 1.9–2.7 times that of HD 209458b and
2.4–3.4 times that of HD 189733b, for both of which successful
attempts at measuring atmospheric signatures have been made
(e.g., Charbonneau et al. 2002; Desert et al. 2009). Thus, al-
though WASP-17 is fainter and has a larger stellar radius, the
system is a good prospect for transmission spectroscopy.

We acknowledge a thorough and constructive report from the
anonymous referee. The WASP consortium comprises the Uni-
versities of Keele, Leicester, St. Andrews, the Queen’s Univer-
sity Belfast, the Open University and the Isaac Newton Group.
WASP-South is hosted by the South African Astronomical Ob-
servatory and we are grateful for their support and assistance.
Funding for WASP comes from consortium universities and
from the UK’s Science and Technology Facilities Council.
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Figure 18. Transit depths for each of the 19 bins for each target, with models based on the framework of Burrows et al. (top) and Madhusudhan et al. (bottom). Standard
models from Burrows et al. provide a good fit for WASP-17 b and a reasonable fit for WASP-12 b, but for WASP-19 b the models do not fit well beyond 1.45 µm.
Models with a deep water absorption feature can also be adjusted to fit the data by adding an absorbing haze layer with an opacity of 0.01 cm2 g−1. The hazy model
for WASP-17 b is further supported by the linear slope that is needed to match the models to the data. The oxygen-rich and carbon-rich models by Madhusudhan et al.
fit equally well for WASP-12 band WASP-17 b, but for WASP-19 b the carbon-rich models provide a statistically better fit than the oxygen-rich models. However,
except for WASP-17 b, the data is fit almost equally well by a flat spectrum, though WASP-19 b would require a very large scatter between the data points.
(A color version of this figure is available in the online journal.)

improved (∆χ2 < 0) in every case by including a linear trend
to the models; we discuss the implications of these results in
Section 5.2. However, the results for the two hotter planets are
more ambiguous. The majority of the spectrum for WASP-12
b is consistent with a flat spectrum within the uncertainties
(χ2

red = 0.57), and the amplitude of the expected features do not
allow us to discriminate between standard models with either
an equilibrium temperature structure, an isothermal temperature
structure suggested by Crossfield et al. (2012), or a model with
a deficit of water and enhanced carbon abundance that best
fits the analysis of Spitzer/IRAC occultation results by Cowan
et al. (2012). WASP-12 b and possibly WASP-17 b also appear
to have additional absorption in the region from 1.5–1.6 µm;
these features are several bins wide, and do not appear to be
the result of random noise. For WASP-19 b the results are even
less consistent with the models—none of the models yield an
improvement in BIC or χ2 over a linear fit. The spectrum shows
an increase in absorption beyond 1.35 µm, suggestive of H2O,
but does not include the consistent drop at longer wavelengths
expected from the models and apparent in the WASP-17 b
spectrum. Additionally, several bins in this region show a steep
drop in absorption compared with the smooth downward trend
expected from the Burrows models.

The second set of models we compare to our data (bottom
in Figure 18) are based on the framework of Madhusudhan &
Seager (2009) and Madhusudhan (2012), which relax the strin-
gent requirements for radiative and chemical equilibrium in
favor of flexibility when exploring the constraints on parameter
space from available observations. In particular, the Madhusud-
han models explore a range of C/O ratios for the overall compo-
sition of the atmosphere, and include a number of less abundant,

carbon-bearing species that may produce additional absorption
features in NIR spectra at C/O ! 1. The models plotted roughly
correspond to either an oxygen-rich chemistry (C/O ∼ 0.5, i.e.,
essentially the solar value) or a carbon-rich chemistry (C/O "
1) for specific temperature profiles (see Madhusudhan 2012 for
details). It is clear that there are a number of overlapping spectral
features that lead to degeneracies—the H2O feature at 1.4 µm
overlaps with CH4 at 1.36 µm and HCN at 1.42–1.51 µm, while
the H2O feature at 1.15 µm overlaps with CH4. The oxygen-
rich and carbon-rich models primarily diverge between 1.45 and
1.65 µm, where the carbon-rich models include features from
HCN and C2H2. While the additional absorption in WASP-17
b and WASP-19 b appears to line up well with these features,
and produces an improvement in χ2, the uncertainties in both
our data and the range of potential model parameter values are
large enough that we cannot discriminate between oxygen-rich
and carbon-rich compositions based on these data alone.

We conclude that the data for all our targets are consistent
for the most part with standard atmospheric models, but fur-
ther improvements in S/N and a more comprehensive modeling
strategy incorporating additional constraints on the molecular
abundances and temperatures from other data sets are necessary
to discriminate between them. In particular, the origin of sig-
nificant deviations from the standard solar composition model
predictions at wavelengths beyond 1.5 µm is unclear; these
features could either be indicative of unexpected atmospheric
absorption features, or they could be unexplained artifacts in
the data. We have examined all of our data analysis routines
in detail and we have found no obvious problems with the
analysis of these bins, but repeated observations are necessary
to confirm that the results are robust. We also point out the
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Figure 18. Transit depths for each of the 19 bins for each target, with models based on the framework of Burrows et al. (top) and Madhusudhan et al. (bottom). Standard
models from Burrows et al. provide a good fit for WASP-17 b and a reasonable fit for WASP-12 b, but for WASP-19 b the models do not fit well beyond 1.45 µm.
Models with a deep water absorption feature can also be adjusted to fit the data by adding an absorbing haze layer with an opacity of 0.01 cm2 g−1. The hazy model
for WASP-17 b is further supported by the linear slope that is needed to match the models to the data. The oxygen-rich and carbon-rich models by Madhusudhan et al.
fit equally well for WASP-12 band WASP-17 b, but for WASP-19 b the carbon-rich models provide a statistically better fit than the oxygen-rich models. However,
except for WASP-17 b, the data is fit almost equally well by a flat spectrum, though WASP-19 b would require a very large scatter between the data points.
(A color version of this figure is available in the online journal.)

improved (∆χ2 < 0) in every case by including a linear trend
to the models; we discuss the implications of these results in
Section 5.2. However, the results for the two hotter planets are
more ambiguous. The majority of the spectrum for WASP-12
b is consistent with a flat spectrum within the uncertainties
(χ2

red = 0.57), and the amplitude of the expected features do not
allow us to discriminate between standard models with either
an equilibrium temperature structure, an isothermal temperature
structure suggested by Crossfield et al. (2012), or a model with
a deficit of water and enhanced carbon abundance that best
fits the analysis of Spitzer/IRAC occultation results by Cowan
et al. (2012). WASP-12 b and possibly WASP-17 b also appear
to have additional absorption in the region from 1.5–1.6 µm;
these features are several bins wide, and do not appear to be
the result of random noise. For WASP-19 b the results are even
less consistent with the models—none of the models yield an
improvement in BIC or χ2 over a linear fit. The spectrum shows
an increase in absorption beyond 1.35 µm, suggestive of H2O,
but does not include the consistent drop at longer wavelengths
expected from the models and apparent in the WASP-17 b
spectrum. Additionally, several bins in this region show a steep
drop in absorption compared with the smooth downward trend
expected from the Burrows models.

The second set of models we compare to our data (bottom
in Figure 18) are based on the framework of Madhusudhan &
Seager (2009) and Madhusudhan (2012), which relax the strin-
gent requirements for radiative and chemical equilibrium in
favor of flexibility when exploring the constraints on parameter
space from available observations. In particular, the Madhusud-
han models explore a range of C/O ratios for the overall compo-
sition of the atmosphere, and include a number of less abundant,

carbon-bearing species that may produce additional absorption
features in NIR spectra at C/O ! 1. The models plotted roughly
correspond to either an oxygen-rich chemistry (C/O ∼ 0.5, i.e.,
essentially the solar value) or a carbon-rich chemistry (C/O "
1) for specific temperature profiles (see Madhusudhan 2012 for
details). It is clear that there are a number of overlapping spectral
features that lead to degeneracies—the H2O feature at 1.4 µm
overlaps with CH4 at 1.36 µm and HCN at 1.42–1.51 µm, while
the H2O feature at 1.15 µm overlaps with CH4. The oxygen-
rich and carbon-rich models primarily diverge between 1.45 and
1.65 µm, where the carbon-rich models include features from
HCN and C2H2. While the additional absorption in WASP-17
b and WASP-19 b appears to line up well with these features,
and produces an improvement in χ2, the uncertainties in both
our data and the range of potential model parameter values are
large enough that we cannot discriminate between oxygen-rich
and carbon-rich compositions based on these data alone.

We conclude that the data for all our targets are consistent
for the most part with standard atmospheric models, but fur-
ther improvements in S/N and a more comprehensive modeling
strategy incorporating additional constraints on the molecular
abundances and temperatures from other data sets are necessary
to discriminate between them. In particular, the origin of sig-
nificant deviations from the standard solar composition model
predictions at wavelengths beyond 1.5 µm is unclear; these
features could either be indicative of unexpected atmospheric
absorption features, or they could be unexplained artifacts in
the data. We have examined all of our data analysis routines
in detail and we have found no obvious problems with the
analysis of these bins, but repeated observations are necessary
to confirm that the results are robust. We also point out the
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Figure 18. Transit depths for each of the 19 bins for each target, with models based on the framework of Burrows et al. (top) and Madhusudhan et al. (bottom). Standard
models from Burrows et al. provide a good fit for WASP-17 b and a reasonable fit for WASP-12 b, but for WASP-19 b the models do not fit well beyond 1.45 µm.
Models with a deep water absorption feature can also be adjusted to fit the data by adding an absorbing haze layer with an opacity of 0.01 cm2 g−1. The hazy model
for WASP-17 b is further supported by the linear slope that is needed to match the models to the data. The oxygen-rich and carbon-rich models by Madhusudhan et al.
fit equally well for WASP-12 band WASP-17 b, but for WASP-19 b the carbon-rich models provide a statistically better fit than the oxygen-rich models. However,
except for WASP-17 b, the data is fit almost equally well by a flat spectrum, though WASP-19 b would require a very large scatter between the data points.
(A color version of this figure is available in the online journal.)

improved (∆χ2 < 0) in every case by including a linear trend
to the models; we discuss the implications of these results in
Section 5.2. However, the results for the two hotter planets are
more ambiguous. The majority of the spectrum for WASP-12
b is consistent with a flat spectrum within the uncertainties
(χ2

red = 0.57), and the amplitude of the expected features do not
allow us to discriminate between standard models with either
an equilibrium temperature structure, an isothermal temperature
structure suggested by Crossfield et al. (2012), or a model with
a deficit of water and enhanced carbon abundance that best
fits the analysis of Spitzer/IRAC occultation results by Cowan
et al. (2012). WASP-12 b and possibly WASP-17 b also appear
to have additional absorption in the region from 1.5–1.6 µm;
these features are several bins wide, and do not appear to be
the result of random noise. For WASP-19 b the results are even
less consistent with the models—none of the models yield an
improvement in BIC or χ2 over a linear fit. The spectrum shows
an increase in absorption beyond 1.35 µm, suggestive of H2O,
but does not include the consistent drop at longer wavelengths
expected from the models and apparent in the WASP-17 b
spectrum. Additionally, several bins in this region show a steep
drop in absorption compared with the smooth downward trend
expected from the Burrows models.

The second set of models we compare to our data (bottom
in Figure 18) are based on the framework of Madhusudhan &
Seager (2009) and Madhusudhan (2012), which relax the strin-
gent requirements for radiative and chemical equilibrium in
favor of flexibility when exploring the constraints on parameter
space from available observations. In particular, the Madhusud-
han models explore a range of C/O ratios for the overall compo-
sition of the atmosphere, and include a number of less abundant,

carbon-bearing species that may produce additional absorption
features in NIR spectra at C/O ! 1. The models plotted roughly
correspond to either an oxygen-rich chemistry (C/O ∼ 0.5, i.e.,
essentially the solar value) or a carbon-rich chemistry (C/O "
1) for specific temperature profiles (see Madhusudhan 2012 for
details). It is clear that there are a number of overlapping spectral
features that lead to degeneracies—the H2O feature at 1.4 µm
overlaps with CH4 at 1.36 µm and HCN at 1.42–1.51 µm, while
the H2O feature at 1.15 µm overlaps with CH4. The oxygen-
rich and carbon-rich models primarily diverge between 1.45 and
1.65 µm, where the carbon-rich models include features from
HCN and C2H2. While the additional absorption in WASP-17
b and WASP-19 b appears to line up well with these features,
and produces an improvement in χ2, the uncertainties in both
our data and the range of potential model parameter values are
large enough that we cannot discriminate between oxygen-rich
and carbon-rich compositions based on these data alone.

We conclude that the data for all our targets are consistent
for the most part with standard atmospheric models, but fur-
ther improvements in S/N and a more comprehensive modeling
strategy incorporating additional constraints on the molecular
abundances and temperatures from other data sets are necessary
to discriminate between them. In particular, the origin of sig-
nificant deviations from the standard solar composition model
predictions at wavelengths beyond 1.5 µm is unclear; these
features could either be indicative of unexpected atmospheric
absorption features, or they could be unexplained artifacts in
the data. We have examined all of our data analysis routines
in detail and we have found no obvious problems with the
analysis of these bins, but repeated observations are necessary
to confirm that the results are robust. We also point out the
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sequence. At the end of the HARPS transit, the airmass at-
tained high values which account for the larger error bars, the
sparser sampling and higher dispersion. By comparison the
CORALIE sequence appears better: its longer exposures blurred
out short-term variability. Both V sin I and β are unambigu-
ously detected. WASP-17b is on a severely misaligned orbit:
V sin I = 9.92 km s−1 and β = 148.5◦+5.1

−4.2. Full results are dis-
played in Table 3.

4.6. WASP-18b

Soon after WASP-18b was confirmed by the spectrograph
CORALIE, a Rossiter-McLaughlin effect was observed with
HARPS. We obtained 19 measurements at a cadence of 630s
on 2008 August 21. The mean photon noise for the transit se-
quence is 6.99 m s−1. Seeing and airmass improved during the
sequence, increasing the S/N and decreasing the individual error
bars. Additional data were also acquired out of transit. Hellier
et al. (2009) presented 9 RV measurements from CORALIE.
28 more have been taken and are presented in this paper. They
span over three months. The total data timeseries spans close to
500 days. All RV measurements are presented in the journal of
observations at the end of the paper.

Transit timing and geometry were secured by four photomet-
ric series: two SuperWASP seasons and two C2 Euler transits in
R band, presented in Hellier et al. (2009).

The fitted data comprises 8593 photometric measurements
and 60 radial velocities. Ten free parameters were used, with, in
addition, four normalisation constants and two γ velocities.

Eccentricity is clearly detected, improving χ2
reduced from

5.58 ± 0.47 to 3.70 ± 0.36 (from 4.31 ± 0.46 to 2.00 ± 0.32 if
we remove the RM effect from the calculation). We therefore
exclude a circular solution.

The V sin I found in the priorless chain differs from the spec-
tral analysis (15.57+1.01

−0.69 instead of 11± 1.5 km s−1), this solution
is preferred so as to not produce biased results. For this par-
ticular case, we should consider V sin I more like a amplitude
parameter in order to fit the Rossiter-McLaughlin effect rather
than a bone fide measurement of projected rotation of the star.
Therefore, the solution we favour is that of an eccentric orbit,
without a prior on the V sin I.

Results are presented in Table. 3, and the best fit is shown in
Fig. 7. This Rossiter-McLaughlin effect is one of the largest so
far measured, with an amplitude of nearly 185 m s−1. During the
transit sequence O − C = 15.02 m s−1 for a mean precision of
6.95 m s−1: the fit is poor; χ2

reduced = 3.70 ± 0.36. This is likely
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A
nd

er
so

n 
et

 a
l. 

20
10

Orbital Period ~ 3.4 d
Mp ~ 0.5 MJupiter

Rp = 1.5 RJupiter

13 % Jupiter density
Teq = 1600 K, H~1200 km

Parent star
Sp type: F6, V = 11.7

Aligned orbitThe Astrophysical Journal, 757:18 (25pp), 2012 September 20 Albrecht et al.

Figure 14. Spectroscopy of WASP-31 transit. Similar to Figure 3 but this time for data obtained during a transit in the WASP 31 system.

Figure 15. Spectroscopy of Gl 436 transit. Similar to Figure 3 but this time for data obtained during a transit in the GI 436 system.

from Dragomir et al. (2011) we found a low projected obliquity
(λ = −6◦ ± 3◦). We obtained v sin i" = 7.3 ± 0.4 km s−1,
consistent with the prior (7.9±1.5 km s−1). Brown et al. (2012)
recently found λ = 2.◦8±3.◦1 and v sin i" = 7.5±0.7 km s−1. The
value for λ is inconsistent with our result. Brown et al. (2012)
used the ephemeris presented in Anderson et al. (2011b). Using
the Tc and P values from Anderson et al. (2011b) to set the
constraint on the time of inferior conjunction for the observed
spectroscopic transit we obtain λ = 2◦ ± 3◦. This is consistent
with the result by Brown et al. (2012). For our final results
we decided to use the timing information from Dragomir et al.
(2011), who used the ephemeris from the discovery paper in
combination with an additional light curve (although we note
that the new light curve contains only a small amount of post-
egress data).

Therefore while we have excellent agreement between two
different research groups, the dependence of the result on the
photometric priors and the inconsistency between the results

using the same RVs but different timing information cast some
doubt on the formal uncertainty intervals. For this reason, we
double the uncertainty in λ before including this system in the
subsequent discussion of the interpretation of all the results.
Future photometric observations will be helpful, but at least it
seems clear that the projected obliquity is small.

4.13. Gl 436

The transiting planet in Gl 436 was discovered by Butler
et al. (2004) and found to be transiting by Gillon et al. (2007).
It would be of interest to know the obliquity in this system as
Gl 436 b is of similar mass then HAT-P-11 b, which is so far the
only Neptune-class planet for which the host star’s obliquity has
been measured. Using HIRES we obtained RVs of the system
during the night of 2010 April 24/25. To reduce the uncertainties
in the photometric parameters, we gathered new photometric
data with Keplercam, a CCD camera on the 1.2 m telescope of
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K and clouds in the atmosphere of WASP-31b 2441

Figure 12. Plotted is the broad-band transmission spectral data along with atmospheric models. Two solar-composition models containing a scattering haze
are shown from the modelling suits of Burrows et al. (green) and Fortney et al. (blue). Our best-fitting model is also plotted (purple) containing a Rayleigh
scattering haze, a grey cloud deck at low pressures, non-pressure broadened Na and K features, and an obscured H2O feature. The band-averaged model points
are indicated with open circles.

present, making for a Na cold-trap on the night side while K is
not likely to condense out at temperatures exceeding ∼800 K. This
explanation of condensing Na but not K is very specific: the planet
has to have a specific temperature regime so that Na2S condenses
but not KCL, which requires only a ∼200 K lower temperature.
Finally, we speculate that the large element-to-element metallicity
variations could be primordial in nature, or altered after formation
from accretion processes.

While the absolute abundances in WASP-31b are unknown,
as Pref is unknown, limits on the pressure can in principle pro-
vide bounds on the K abundance. A cloud deck pressure level of
10 mbar or lower, required to hide the pressure-broadened al-
kali wings, corresponds to a minimum K abundance of ln[εK]
= −14.77 ± 0.86, indicating a super-solar K abundance (solar
ln[εK]# = −16.05). The K abundance would be a factor of ∼10
higher if the cloud deck is instead at 1 mbar, required to hide a
solar-abundance of H2O.

4.4 Cloud properties and vertical mixing

A broad-band transmission spectrum can give valuable constraints
on aerosol particle sizes. Obtaining a flat spectrum out to wave-
lengths of several microns requires a particle size of at least ∼1
µm; small particles of, e.g. ∼0.1 µm or less would become trans-
parent in the IR and thus would be inefficient at scattering the
radiation, as necessary to produce a flat spectrum. The presence of

Rayleigh scattering can also give constraints, as scattering occurs
when the particle size is less than the wavelength of light probed. In
the WASP-31b transmission spectrum, there are two distinct pos-
sible scattering slopes in the data, the near-UV to blue slope as
discussed in Section 4.1.2, and second possible (though fairly flat)
slope in the IR as the 4.5 µm channel exhibits the smallest radii in
our spectrum (at ∼2σ significance).

To further estimate the possible particle sizes allowed in the data,
we computed a series of transmission spectra assuming an opacity
dominated by a single size aerosol calculated with Mie theory, and
compared it with the transmission spectrum. As the cloud and haze
composition cannot be easily identified, we explored a variety of
plausible materials, including Al2O3, CaTiO3, Fe2O3, MgSiO3, and
a Titan tholin (Sing et al. 2013). We find a single particle size
does not give a good quality fit to the broad-band spectrum, and
two distinct particle sizes are needed, a larger particle size for the
cloud deck and a smaller size particle for the higher altitude haze
layer. For the condensate materials explored, we find cloud particle
sizes between 0.52 and 1 µm are needed to fit the flat transmission
spectrum between 0.52 to 3.6 µm and the small radius at 4.5 µm.
Fitting for the data <0.52 µm, we find haze particle sizes of 0.02 to
0.1 µm can reproduce the near-UV to blue optical scattering slope,
with condensates containing lower values for the imaginary part of
the refraction index (like MgSiO3 or Fe-poor Mg2SiO4 silicates)
giving larger particle sizes.

Our results can also place important constraints on the verti-
cal mixing rate in the atmosphere of WASP-31b. As discussed
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Fig. 2. FTS i′-band (top) and LT/RISE V+R (bottom) transit photometry
for WASP-6 and residuals after subtraction of the best-fit transit curve
(superimposed in blue).

planetary-mass companion whose period closely matches that
from the WASP transit detections.

44 additional spectroscopic measurements were obtained
with the HARPS spectrograph (Mayor et al. 2003) based on
the 3.6-m ESO telescope (La Silla, Chile) in the context of
the programs 082.C-0040(E) and 082.C-0608(E). These pro-
grams aim to improve the characterization of WASP transiting
planets. As CORALIE, HARPS is a cross-dispersed, fiber-fed,
echelle spectrograph dedicated to high-precision Doppler mea-
surements. HARPS data were reduced with a pipeline very sim-
ilar to the CORALIE one. In addition to several measurements
covering the whole orbital phase, high-cadence measurements
of a spectroscopic transit were obtained with HARPS on 2008
October 08 in order to determine the sky-projected angle be-
tween the planetary orbital axis and the stellar rotation axis and
included two points taken the night before, a point as far as possi-
ble from the transit on the transit night and a point the night after.
This strategy aims to determine the systematic RV with greater
accuracy than if the RM effect was taken on its own, assuming
that stellar activity is the same over the three nights.

Our RV measurements are shown phase-folded and over-
plotted with the best-fitting orbital+RM model in Fig. 3.

To exclude that the RV signal shown in Fig. 3 is due
to spectral line distortions caused by a blended eclipsing bi-
nary, the CORALIE and HARPS cross-correlation functions
were analyzed using the line-bisector technique described in

Fig. 3. Top: the RV measurements of WASP-6 obtained with CORALIE
(red triangles) and HARPS (green squares). The systematic velocity has
been subtracted. The solid line is the MCMC solution (see Sect. 4); it
includes the RM effect. Bottom: zoom on the transit phase showing the
RM effect.

Queloz et al. (2001). No evidence for a correlation between the
bisector spans and the RV variations was found (Fig. 4). The
most likely cause for the periodic signal observed in photometry
and RV measurements and for the RM effect observed on 2008
October 08 is thus the presence of a giant planet transiting the
star WASP-6 every 3.36 days.

3. WASP-6 stellar parameters

The individual CORALIE and HARPS spectra are relatively low
signal-to-noise, but when co-added into 0.01 Å steps they give
a S/N of in excess of 100:1 which is suitable for a photospheric
analysis of WASP-6. The standard pipeline reduction products
were used in the analysis.

The analysis was performed using the  spectral syn-
thesis package (Smith 1992; Smalley et al. 2001) and 9
models without convective overshooting (Castelli et al. 1997).
The Hα line was used to determine the effective temperature
(Teff), while the Na  D and Mg  b lines were used as surface
gravity (log g) diagnostics. The parameters obtained from the
analysis are listed in Table 1.
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mission spectra from Fortney et al. (2010) and a spec-
trum caused by pure scattering. Our main conclusion
is that the transmission spectrum of WASP-6b is most
consistent with that expected from a scattering process
that is more efficient in the blue. In addition, the spec-
trum does not show the expected broad features due to
alkali metals expected in clear atmosphere models which
give significantly less satisfactory description of our data,
even when allowing for the errors to be correlated be-
tween different wavelength bins.
We conclude that the spectrum is most consistent with

a featureless spectrum that can be produced by scatter-
ing. The potentially prominent role of condensates or
hazes in determining the transmission spectra of exoplan-
ets has been apparent from the very first measurement
(Charbonneau et al. 2002), and our transmission spec-
trum of WASP-6b is in line with what seems to be build-
ing trend for transmission spectra with muted features
in the optical. Higher resolution observations around the
alkali lines for WASP-6b will be valuable to see if they
remain at detectable levels over the mechamism that is
veiling the very broad lines that are expected for clear at-
mospheres. We note that the expected equilibrium tem-
perature for WASP-6b is similar to that of HD 189733b,
so it may be the case that a similar obscurer is acting in
both systems.
Our work adds a new instrument (IMACS) to the

rapidly increasing set of ground-based facilities that
have been succesfully used to probe exoplanetary at-
mospheres. The constraints that can be obtained using
ground-based facilities is a powerful complement to those
possible from space-based facilities and allow us to ac-
cess a much broader pool of systems more representative
of the typical brightness of hosts discovered by ground-
based transit surveys. An interesting goal enabled by
this capability will be to probe the transmission spec-
tra of gas giants with fairly similar surface gravities as a
function of equilibrium temperatures.
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Figure 11. WASP-6b transmission spectrum compared to seven dif-
ferent cloud-free atmosphere models listed in Table 4, includ-
ing Burrows-Dayside1200K-3 ×solar (brown), Burrows-Isoth.1200K-
high-CO (cyan), Burrows-Isoth.1200K-ExtraAbsorber (blue), Fortney-
Isoth.1000K (green), Fortney-Isoth.1500K-noTiO/VO (magenta), Fortney-
PlanetAveraged1200K (orange) and Fortney-Isoth.1500K-withTiO/VO
(grey). All these models hardly reproduce the two Spitzer measurements.
Prominent absorption features are labelled.

Hilgeman 1975; Khare et al. 1984; Palik 1998; Ramirez et al. 2002;
Khachai et al. 2009; Zeidler et al. 2011). As in Sing et al. (2013),
cross-sections as a function of wavelength were computed with Mie
theory which were then used to compute the transmission spectra
using the expression for the planetary altitude derived in Lecave-
lier Des Etangs et al. (2008a). In all fits, we excluded the radius
measurements corresponding to the sodium and potassium spectral
bins, as these are not predicted by the Mie scattering theoretical
models.

Table 5. Model (Mie scattering) selection fit statistics for
the complete transmission spectrum (N = 17).

Models χ2 ν BIC

Rayleigh 6.1 15 11.7
Mie scattering MgSiO3 or KCl 6.7 15 12.4
Mie scattering Mg2SiO4 (Fe-poor) 6.8 15 12.5
Mie scattering Na2S 6.9 15 12.5
Titan tholin 9.9 15 15.5
Mie scattering MnS 11.4 15 17.1
Fortney.noTiO-EnhancedRayleigh 14.0 16 16.9
Fortney.noTiO-CloudDeck 88.2 16 91.0

First, we assumed a grain size a and planetary temperature equal
to the equilibrium temperature and fit for the baseline radius. This
approximation is valid given the fact that the cross-section distribu-
tion is dominated by the largest grain sizes with σ ∝ a6 (Lecavelier
Des Etangs et al. 2008a).

Similar to what was found in Sing et al. (2013), when fitting
the data for the grain size, temperature and baseline radius simul-
taneously, a degeneracy between the first two parameters becomes
evident. This is not unusual as the slope of the transmission spec-
trum constrains the quantity αT, with the grain size included in
the term α. In the case of WASP-6b, we found that Mie scatter-
ing model fitted with Fe-poor Mg2SiO4 favoured sub-micron grain
sizes and higher temperatures (∼1400 K). Similar quality fits with
models containing MgSiO3, KCl and Na2S were also found at a
temperature of 1145 K and grain size around 0.1 µm (Fig. 12 and
Table 5). The similarity between a pure Rayleigh scattering and
Mie scattering models with sub-micron grain sizes from the op-
tical to the near-IR regime is not unusual, as the Mie theory re-
duces to Rayleigh scattering for particles with sizes much smaller
than the wavelength of the light and for compositions with low

Figure 12. Broad-band transmission spectrum of WASP-6b compared (without the sodium and potassium measurements) to seven different aerosol models
including: Rayleigh scattering (red), Mie scattering KCl (green), MgSiO3 (magenta), Fe-poor Mg2SiO4 (brown), a model with enhanced Rayleigh scattering
component with a cross-section 103 times that of H2 Fortney.noTiO-EnhancedRayleigh (orange), Na2S (blue) and Titan tholin (cyan).
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(i) Cloud-free atmosphere ruled out 
with high confidence;
(ii) Rayleigh and Mie scattering models
highly preferred with MgSiO3, KCl, Mg2SiO4 
and Na2S condensates; 
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(1)  WASP-17b, -31b and -6b show evidence for cloud-free, 
cloudy and hazy atmosphere, i.e. an emerging diversity of 
exoplanet atmospheres;

(2)  We find a significant variation in both the Na and K 
frequency and the Na/K abundance ratio across the targets; 

(3)  Cloudy and hazy atmospheres can provide important 
atmospheric constraints, i.g. particle sizes, temperatures, etc.;

(4)  More planets must be studied in transmission to establish 
correlations between atmospheric and planetary physical 
properties, e.g. atmospheric type and planet evolutionary 
history.

Conclusions:
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