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Transiting planets 

The	depth	of	the	transit	will	thus	be	wavelength	dependent	
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A tricky business 

Ground-based confirmation of Sodium in HD 209458b (Snellen et al. 2008) 

Δλ!=!3.0!Å!!!!!!!!!!Depth!=!0.056%!!

Δλ!=!0.75!Å!!!!!!!!!!Depth!=!0.135%!

>!5σ!detec4on!

The First Ground-based Detections

Ground-based detection of Sodium in HD 209458b (Snellen et al. 2008)

Ground-based detection of Sodium in HD 189733b (Redfield et al. 2008)

** More recently, detection of Na I in WASP-17b (Wood et al. 2011; Zhou & Bayliss 2012).

With HRS@HET

With HDS@Subaru

Thursday, February 6, 14
López-Morales	14	
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L Kreidberg et al. Nature 505, 69-72 (2014) doi:10.1038/nature12888 

Spectrophotometric data for transit observations of GJ 1214b. 

This is better done from space 
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Super-Earth GJ 1214b 
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L Kreidberg et al. Nature 505, 69-72 (2014) doi:10.1038/nature12888 

The transmission spectrum of GJ 1214b. 

A	flat	spectrum!	
Cloudy!	
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So, why on ground? Why,Gemini/GMOS?,

6 N. Nikolov et al.
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Figure 3. HST/STIS normalised white light curves based on data collected during the three visits (left to right): on UT 2012 May
26 (G430L), May 30 (G750L) and September 19 (G430L). Top panels: Raw light curves normalised to the mean raw flux (originally in
electrons). The light curves experience prominent systematics associated with the HST thermal cycle (see text for details); Middle panels:

Detrended light curves along with the best-fit transit model (Mandel & Agol 2002) superimposed with continuous lines; Lower panels:

Observed minus modelled light curve residuals, compared to a null (dashed lines) and a 3σ level (dotted lines) used to identify outliers.
The spectrophotometric data from G430L and G750L are colour coded in blue and red, respectively. A colour version is available in the
online version of the journal.

Table 2. Spectroscopically derived stellar atmospheric parame-
ters for HD 209458 and HAT-P-1.

Property HD 209458 HAT-P-1
Hayek et al. (2012) Torres et al. (2008)

Teff , K 6095 ± 53 5975 ± 120
log g, cms−2 4.30± 0.09 4.45± 0.15
[Fe/H], dex 0.00± 0.04 0.13± 0.08

Initially, the values for the four limb darkening coef-
ficients were derived from the 1D ATLAS theoretical stel-
lar models of Kurucz8, following the procedures described
in Sing (2010). In particular, we obtained theoretical limb
darkening coefficients for the closest match to a star with
the physical properties of HAT-P-1, i.e. Teff = 6000 K,
log g = 4.5 and [Fe/H] = 0.0. Previous analyses on high
signal-to-noise transit light curves with limb darkening co-
efficients derived from 1D model predictions sometimes re-
sulted in poor fits, especially in the ingress and egress phases
of the transit, which is characteristic of incorrect limb dark-
ening (Hayek et al. 2012). The main reason for this issue
lies in a generic shortcomings in the structure of 1D model

8 http://kurucz.harvard.edu/

atmospheres compared to more sophisticated 3D stellar at-
mospheric models. In particular, when compared in the case
of the solar atmosphere, 3D models explicitly take into ac-
count the effect of convective motions in the surface gran-
ulation and reproduce the solar atmosphere with a higher
degree of realism. Hayek et al. (2012) employed 3D stellar at-
mospheric models and computed limb darkening coefficients
for HD 209458. Notably, the stellar atmospheric parameters
of HAT-P-1 are quite similar (at the 1σ level) to those of
HD 209458 as displayed in Table 2. In particular, both stars
are of similar effective temperature, however HD 209458 is
120K hotter than HAT-P-1. That difference however, is well
within the effective temperature uncertainties of both stars,
which allows one to adopt the available HD 209458 limb
darkening coefficients in the analysis of HAT-P-1. We com-
pare both the 1D and 3D models in the forthcoming analysis
sections.

Previous STIS data analyses showed that the first in-
tegration exhibits abnormally low flux (Charbonneau et al.
2002; Sing et al. 2008b; Pont et al. 2008; Sing et al. 2011a;
Huitson et al. 2012). We attempted to resolve this issue by
incorporating an additional 1 s long exposure prior to the
284 s integrations. However, it has been found that skipping
the 1 s and the first 284 s integration of each orbit improved
the fit by reducing the χ2 value. We therefore exclude these
two data points from each orbit in the analysis.
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Figure 3. HST/STIS normalised white light curves based on data collected during the three visits (left to right): on UT 2012 May
26 (G430L), May 30 (G750L) and September 19 (G430L). Top panels: Raw light curves normalised to the mean raw flux (originally in
electrons). The light curves experience prominent systematics associated with the HST thermal cycle (see text for details); Middle panels:

Detrended light curves along with the best-fit transit model (Mandel & Agol 2002) superimposed with continuous lines; Lower panels:

Observed minus modelled light curve residuals, compared to a null (dashed lines) and a 3σ level (dotted lines) used to identify outliers.
The spectrophotometric data from G430L and G750L are colour coded in blue and red, respectively. A colour version is available in the
online version of the journal.
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are of similar effective temperature, however HD 209458 is
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within the effective temperature uncertainties of both stars,
which allows one to adopt the available HD 209458 limb
darkening coefficients in the analysis of HAT-P-1. We com-
pare both the 1D and 3D models in the forthcoming analysis
sections.

Previous STIS data analyses showed that the first in-
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Huitson et al. 2012). We attempted to resolve this issue by
incorporating an additional 1 s long exposure prior to the
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Figure 3. HST/STIS normalised white light curves based on data collected during the three visits (left to right): on UT 2012 May
26 (G430L), May 30 (G750L) and September 19 (G430L). Top panels: Raw light curves normalised to the mean raw flux (originally in
electrons). The light curves experience prominent systematics associated with the HST thermal cycle (see text for details); Middle panels:

Detrended light curves along with the best-fit transit model (Mandel & Agol 2002) superimposed with continuous lines; Lower panels:

Observed minus modelled light curve residuals, compared to a null (dashed lines) and a 3σ level (dotted lines) used to identify outliers.
The spectrophotometric data from G430L and G750L are colour coded in blue and red, respectively. A colour version is available in the
online version of the journal.
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atmospheres compared to more sophisticated 3D stellar at-
mospheric models. In particular, when compared in the case
of the solar atmosphere, 3D models explicitly take into ac-
count the effect of convective motions in the surface gran-
ulation and reproduce the solar atmosphere with a higher
degree of realism. Hayek et al. (2012) employed 3D stellar at-
mospheric models and computed limb darkening coefficients
for HD 209458. Notably, the stellar atmospheric parameters
of HAT-P-1 are quite similar (at the 1σ level) to those of
HD 209458 as displayed in Table 2. In particular, both stars
are of similar effective temperature, however HD 209458 is
120K hotter than HAT-P-1. That difference however, is well
within the effective temperature uncertainties of both stars,
which allows one to adopt the available HD 209458 limb
darkening coefficients in the analysis of HAT-P-1. We com-
pare both the 1D and 3D models in the forthcoming analysis
sections.

Previous STIS data analyses showed that the first in-
tegration exhibits abnormally low flux (Charbonneau et al.
2002; Sing et al. 2008b; Pont et al. 2008; Sing et al. 2011a;
Huitson et al. 2012). We attempted to resolve this issue by
incorporating an additional 1 s long exposure prior to the
284 s integrations. However, it has been found that skipping
the 1 s and the first 284 s integration of each orbit improved
the fit by reducing the χ2 value. We therefore exclude these
two data points from each orbit in the analysis.
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Figure 3. HST/STIS normalised white light curves based on data collected during the three visits (left to right): on UT 2012 May
26 (G430L), May 30 (G750L) and September 19 (G430L). Top panels: Raw light curves normalised to the mean raw flux (originally in
electrons). The light curves experience prominent systematics associated with the HST thermal cycle (see text for details); Middle panels:

Detrended light curves along with the best-fit transit model (Mandel & Agol 2002) superimposed with continuous lines; Lower panels:

Observed minus modelled light curve residuals, compared to a null (dashed lines) and a 3σ level (dotted lines) used to identify outliers.
The spectrophotometric data from G430L and G750L are colour coded in blue and red, respectively. A colour version is available in the
online version of the journal.

Table 2. Spectroscopically derived stellar atmospheric parame-
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Initially, the values for the four limb darkening coef-
ficients were derived from the 1D ATLAS theoretical stel-
lar models of Kurucz8, following the procedures described
in Sing (2010). In particular, we obtained theoretical limb
darkening coefficients for the closest match to a star with
the physical properties of HAT-P-1, i.e. Teff = 6000 K,
log g = 4.5 and [Fe/H] = 0.0. Previous analyses on high
signal-to-noise transit light curves with limb darkening co-
efficients derived from 1D model predictions sometimes re-
sulted in poor fits, especially in the ingress and egress phases
of the transit, which is characteristic of incorrect limb dark-
ening (Hayek et al. 2012). The main reason for this issue
lies in a generic shortcomings in the structure of 1D model
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atmospheres compared to more sophisticated 3D stellar at-
mospheric models. In particular, when compared in the case
of the solar atmosphere, 3D models explicitly take into ac-
count the effect of convective motions in the surface gran-
ulation and reproduce the solar atmosphere with a higher
degree of realism. Hayek et al. (2012) employed 3D stellar at-
mospheric models and computed limb darkening coefficients
for HD 209458. Notably, the stellar atmospheric parameters
of HAT-P-1 are quite similar (at the 1σ level) to those of
HD 209458 as displayed in Table 2. In particular, both stars
are of similar effective temperature, however HD 209458 is
120K hotter than HAT-P-1. That difference however, is well
within the effective temperature uncertainties of both stars,
which allows one to adopt the available HD 209458 limb
darkening coefficients in the analysis of HAT-P-1. We com-
pare both the 1D and 3D models in the forthcoming analysis
sections.

Previous STIS data analyses showed that the first in-
tegration exhibits abnormally low flux (Charbonneau et al.
2002; Sing et al. 2008b; Pont et al. 2008; Sing et al. 2011a;
Huitson et al. 2012). We attempted to resolve this issue by
incorporating an additional 1 s long exposure prior to the
284 s integrations. However, it has been found that skipping
the 1 s and the first 284 s integration of each orbit improved
the fit by reducing the χ2 value. We therefore exclude these
two data points from each orbit in the analysis.
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Figure 3. HST/STIS normalised white light curves based on data collected during the three visits (left to right): on UT 2012 May
26 (G430L), May 30 (G750L) and September 19 (G430L). Top panels: Raw light curves normalised to the mean raw flux (originally in
electrons). The light curves experience prominent systematics associated with the HST thermal cycle (see text for details); Middle panels:

Detrended light curves along with the best-fit transit model (Mandel & Agol 2002) superimposed with continuous lines; Lower panels:

Observed minus modelled light curve residuals, compared to a null (dashed lines) and a 3σ level (dotted lines) used to identify outliers.
The spectrophotometric data from G430L and G750L are colour coded in blue and red, respectively. A colour version is available in the
online version of the journal.

Table 2. Spectroscopically derived stellar atmospheric parame-
ters for HD 209458 and HAT-P-1.
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Initially, the values for the four limb darkening coef-
ficients were derived from the 1D ATLAS theoretical stel-
lar models of Kurucz8, following the procedures described
in Sing (2010). In particular, we obtained theoretical limb
darkening coefficients for the closest match to a star with
the physical properties of HAT-P-1, i.e. Teff = 6000 K,
log g = 4.5 and [Fe/H] = 0.0. Previous analyses on high
signal-to-noise transit light curves with limb darkening co-
efficients derived from 1D model predictions sometimes re-
sulted in poor fits, especially in the ingress and egress phases
of the transit, which is characteristic of incorrect limb dark-
ening (Hayek et al. 2012). The main reason for this issue
lies in a generic shortcomings in the structure of 1D model
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atmospheres compared to more sophisticated 3D stellar at-
mospheric models. In particular, when compared in the case
of the solar atmosphere, 3D models explicitly take into ac-
count the effect of convective motions in the surface gran-
ulation and reproduce the solar atmosphere with a higher
degree of realism. Hayek et al. (2012) employed 3D stellar at-
mospheric models and computed limb darkening coefficients
for HD 209458. Notably, the stellar atmospheric parameters
of HAT-P-1 are quite similar (at the 1σ level) to those of
HD 209458 as displayed in Table 2. In particular, both stars
are of similar effective temperature, however HD 209458 is
120K hotter than HAT-P-1. That difference however, is well
within the effective temperature uncertainties of both stars,
which allows one to adopt the available HD 209458 limb
darkening coefficients in the analysis of HAT-P-1. We com-
pare both the 1D and 3D models in the forthcoming analysis
sections.

Previous STIS data analyses showed that the first in-
tegration exhibits abnormally low flux (Charbonneau et al.
2002; Sing et al. 2008b; Pont et al. 2008; Sing et al. 2011a;
Huitson et al. 2012). We attempted to resolve this issue by
incorporating an additional 1 s long exposure prior to the
284 s integrations. However, it has been found that skipping
the 1 s and the first 284 s integration of each orbit improved
the fit by reducing the χ2 value. We therefore exclude these
two data points from each orbit in the analysis.
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Figure 3. HST/STIS normalised white light curves based on data collected during the three visits (left to right): on UT 2012 May
26 (G430L), May 30 (G750L) and September 19 (G430L). Top panels: Raw light curves normalised to the mean raw flux (originally in
electrons). The light curves experience prominent systematics associated with the HST thermal cycle (see text for details); Middle panels:

Detrended light curves along with the best-fit transit model (Mandel & Agol 2002) superimposed with continuous lines; Lower panels:

Observed minus modelled light curve residuals, compared to a null (dashed lines) and a 3σ level (dotted lines) used to identify outliers.
The spectrophotometric data from G430L and G750L are colour coded in blue and red, respectively. A colour version is available in the
online version of the journal.
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atmospheres compared to more sophisticated 3D stellar at-
mospheric models. In particular, when compared in the case
of the solar atmosphere, 3D models explicitly take into ac-
count the effect of convective motions in the surface gran-
ulation and reproduce the solar atmosphere with a higher
degree of realism. Hayek et al. (2012) employed 3D stellar at-
mospheric models and computed limb darkening coefficients
for HD 209458. Notably, the stellar atmospheric parameters
of HAT-P-1 are quite similar (at the 1σ level) to those of
HD 209458 as displayed in Table 2. In particular, both stars
are of similar effective temperature, however HD 209458 is
120K hotter than HAT-P-1. That difference however, is well
within the effective temperature uncertainties of both stars,
which allows one to adopt the available HD 209458 limb
darkening coefficients in the analysis of HAT-P-1. We com-
pare both the 1D and 3D models in the forthcoming analysis
sections.

Previous STIS data analyses showed that the first in-
tegration exhibits abnormally low flux (Charbonneau et al.
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Huitson et al. 2012). We attempted to resolve this issue by
incorporating an additional 1 s long exposure prior to the
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the 1 s and the first 284 s integration of each orbit improved
the fit by reducing the χ2 value. We therefore exclude these
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Figure 3. HST/STIS normalised white light curves based on data collected during the three visits (left to right): on UT 2012 May
26 (G430L), May 30 (G750L) and September 19 (G430L). Top panels: Raw light curves normalised to the mean raw flux (originally in
electrons). The light curves experience prominent systematics associated with the HST thermal cycle (see text for details); Middle panels:

Detrended light curves along with the best-fit transit model (Mandel & Agol 2002) superimposed with continuous lines; Lower panels:

Observed minus modelled light curve residuals, compared to a null (dashed lines) and a 3σ level (dotted lines) used to identify outliers.
The spectrophotometric data from G430L and G750L are colour coded in blue and red, respectively. A colour version is available in the
online version of the journal.

Table 2. Spectroscopically derived stellar atmospheric parame-
ters for HD 209458 and HAT-P-1.

Property HD 209458 HAT-P-1
Hayek et al. (2012) Torres et al. (2008)

Teff , K 6095 ± 53 5975 ± 120
log g, cms−2 4.30± 0.09 4.45± 0.15
[Fe/H], dex 0.00± 0.04 0.13± 0.08

Initially, the values for the four limb darkening coef-
ficients were derived from the 1D ATLAS theoretical stel-
lar models of Kurucz8, following the procedures described
in Sing (2010). In particular, we obtained theoretical limb
darkening coefficients for the closest match to a star with
the physical properties of HAT-P-1, i.e. Teff = 6000 K,
log g = 4.5 and [Fe/H] = 0.0. Previous analyses on high
signal-to-noise transit light curves with limb darkening co-
efficients derived from 1D model predictions sometimes re-
sulted in poor fits, especially in the ingress and egress phases
of the transit, which is characteristic of incorrect limb dark-
ening (Hayek et al. 2012). The main reason for this issue
lies in a generic shortcomings in the structure of 1D model

8 http://kurucz.harvard.edu/

atmospheres compared to more sophisticated 3D stellar at-
mospheric models. In particular, when compared in the case
of the solar atmosphere, 3D models explicitly take into ac-
count the effect of convective motions in the surface gran-
ulation and reproduce the solar atmosphere with a higher
degree of realism. Hayek et al. (2012) employed 3D stellar at-
mospheric models and computed limb darkening coefficients
for HD 209458. Notably, the stellar atmospheric parameters
of HAT-P-1 are quite similar (at the 1σ level) to those of
HD 209458 as displayed in Table 2. In particular, both stars
are of similar effective temperature, however HD 209458 is
120K hotter than HAT-P-1. That difference however, is well
within the effective temperature uncertainties of both stars,
which allows one to adopt the available HD 209458 limb
darkening coefficients in the analysis of HAT-P-1. We com-
pare both the 1D and 3D models in the forthcoming analysis
sections.

Previous STIS data analyses showed that the first in-
tegration exhibits abnormally low flux (Charbonneau et al.
2002; Sing et al. 2008b; Pont et al. 2008; Sing et al. 2011a;
Huitson et al. 2012). We attempted to resolve this issue by
incorporating an additional 1 s long exposure prior to the
284 s integrations. However, it has been found that skipping
the 1 s and the first 284 s integration of each orbit improved
the fit by reducing the χ2 value. We therefore exclude these
two data points from each orbit in the analysis.
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Figure 3. HST/STIS normalised white light curves based on data collected during the three visits (left to right): on UT 2012 May
26 (G430L), May 30 (G750L) and September 19 (G430L). Top panels: Raw light curves normalised to the mean raw flux (originally in
electrons). The light curves experience prominent systematics associated with the HST thermal cycle (see text for details); Middle panels:

Detrended light curves along with the best-fit transit model (Mandel & Agol 2002) superimposed with continuous lines; Lower panels:

Observed minus modelled light curve residuals, compared to a null (dashed lines) and a 3σ level (dotted lines) used to identify outliers.
The spectrophotometric data from G430L and G750L are colour coded in blue and red, respectively. A colour version is available in the
online version of the journal.
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Initially, the values for the four limb darkening coef-
ficients were derived from the 1D ATLAS theoretical stel-
lar models of Kurucz8, following the procedures described
in Sing (2010). In particular, we obtained theoretical limb
darkening coefficients for the closest match to a star with
the physical properties of HAT-P-1, i.e. Teff = 6000 K,
log g = 4.5 and [Fe/H] = 0.0. Previous analyses on high
signal-to-noise transit light curves with limb darkening co-
efficients derived from 1D model predictions sometimes re-
sulted in poor fits, especially in the ingress and egress phases
of the transit, which is characteristic of incorrect limb dark-
ening (Hayek et al. 2012). The main reason for this issue
lies in a generic shortcomings in the structure of 1D model
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atmospheres compared to more sophisticated 3D stellar at-
mospheric models. In particular, when compared in the case
of the solar atmosphere, 3D models explicitly take into ac-
count the effect of convective motions in the surface gran-
ulation and reproduce the solar atmosphere with a higher
degree of realism. Hayek et al. (2012) employed 3D stellar at-
mospheric models and computed limb darkening coefficients
for HD 209458. Notably, the stellar atmospheric parameters
of HAT-P-1 are quite similar (at the 1σ level) to those of
HD 209458 as displayed in Table 2. In particular, both stars
are of similar effective temperature, however HD 209458 is
120K hotter than HAT-P-1. That difference however, is well
within the effective temperature uncertainties of both stars,
which allows one to adopt the available HD 209458 limb
darkening coefficients in the analysis of HAT-P-1. We com-
pare both the 1D and 3D models in the forthcoming analysis
sections.

Previous STIS data analyses showed that the first in-
tegration exhibits abnormally low flux (Charbonneau et al.
2002; Sing et al. 2008b; Pont et al. 2008; Sing et al. 2011a;
Huitson et al. 2012). We attempted to resolve this issue by
incorporating an additional 1 s long exposure prior to the
284 s integrations. However, it has been found that skipping
the 1 s and the first 284 s integration of each orbit improved
the fit by reducing the χ2 value. We therefore exclude these
two data points from each orbit in the analysis.
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Figure 3. HST/STIS normalised white light curves based on data collected during the three visits (left to right): on UT 2012 May
26 (G430L), May 30 (G750L) and September 19 (G430L). Top panels: Raw light curves normalised to the mean raw flux (originally in
electrons). The light curves experience prominent systematics associated with the HST thermal cycle (see text for details); Middle panels:

Detrended light curves along with the best-fit transit model (Mandel & Agol 2002) superimposed with continuous lines; Lower panels:

Observed minus modelled light curve residuals, compared to a null (dashed lines) and a 3σ level (dotted lines) used to identify outliers.
The spectrophotometric data from G430L and G750L are colour coded in blue and red, respectively. A colour version is available in the
online version of the journal.

Table 2. Spectroscopically derived stellar atmospheric parame-
ters for HD 209458 and HAT-P-1.

Property HD 209458 HAT-P-1
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Teff , K 6095 ± 53 5975 ± 120
log g, cms−2 4.30± 0.09 4.45± 0.15
[Fe/H], dex 0.00± 0.04 0.13± 0.08

Initially, the values for the four limb darkening coef-
ficients were derived from the 1D ATLAS theoretical stel-
lar models of Kurucz8, following the procedures described
in Sing (2010). In particular, we obtained theoretical limb
darkening coefficients for the closest match to a star with
the physical properties of HAT-P-1, i.e. Teff = 6000 K,
log g = 4.5 and [Fe/H] = 0.0. Previous analyses on high
signal-to-noise transit light curves with limb darkening co-
efficients derived from 1D model predictions sometimes re-
sulted in poor fits, especially in the ingress and egress phases
of the transit, which is characteristic of incorrect limb dark-
ening (Hayek et al. 2012). The main reason for this issue
lies in a generic shortcomings in the structure of 1D model
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atmospheres compared to more sophisticated 3D stellar at-
mospheric models. In particular, when compared in the case
of the solar atmosphere, 3D models explicitly take into ac-
count the effect of convective motions in the surface gran-
ulation and reproduce the solar atmosphere with a higher
degree of realism. Hayek et al. (2012) employed 3D stellar at-
mospheric models and computed limb darkening coefficients
for HD 209458. Notably, the stellar atmospheric parameters
of HAT-P-1 are quite similar (at the 1σ level) to those of
HD 209458 as displayed in Table 2. In particular, both stars
are of similar effective temperature, however HD 209458 is
120K hotter than HAT-P-1. That difference however, is well
within the effective temperature uncertainties of both stars,
which allows one to adopt the available HD 209458 limb
darkening coefficients in the analysis of HAT-P-1. We com-
pare both the 1D and 3D models in the forthcoming analysis
sections.

Previous STIS data analyses showed that the first in-
tegration exhibits abnormally low flux (Charbonneau et al.
2002; Sing et al. 2008b; Pont et al. 2008; Sing et al. 2011a;
Huitson et al. 2012). We attempted to resolve this issue by
incorporating an additional 1 s long exposure prior to the
284 s integrations. However, it has been found that skipping
the 1 s and the first 284 s integration of each orbit improved
the fit by reducing the χ2 value. We therefore exclude these
two data points from each orbit in the analysis.
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Figure 3. HST/STIS normalised white light curves based on data collected during the three visits (left to right): on UT 2012 May
26 (G430L), May 30 (G750L) and September 19 (G430L). Top panels: Raw light curves normalised to the mean raw flux (originally in
electrons). The light curves experience prominent systematics associated with the HST thermal cycle (see text for details); Middle panels:

Detrended light curves along with the best-fit transit model (Mandel & Agol 2002) superimposed with continuous lines; Lower panels:

Observed minus modelled light curve residuals, compared to a null (dashed lines) and a 3σ level (dotted lines) used to identify outliers.
The spectrophotometric data from G430L and G750L are colour coded in blue and red, respectively. A colour version is available in the
online version of the journal.
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log g, cms−2 4.30± 0.09 4.45± 0.15
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Initially, the values for the four limb darkening coef-
ficients were derived from the 1D ATLAS theoretical stel-
lar models of Kurucz8, following the procedures described
in Sing (2010). In particular, we obtained theoretical limb
darkening coefficients for the closest match to a star with
the physical properties of HAT-P-1, i.e. Teff = 6000 K,
log g = 4.5 and [Fe/H] = 0.0. Previous analyses on high
signal-to-noise transit light curves with limb darkening co-
efficients derived from 1D model predictions sometimes re-
sulted in poor fits, especially in the ingress and egress phases
of the transit, which is characteristic of incorrect limb dark-
ening (Hayek et al. 2012). The main reason for this issue
lies in a generic shortcomings in the structure of 1D model
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atmospheres compared to more sophisticated 3D stellar at-
mospheric models. In particular, when compared in the case
of the solar atmosphere, 3D models explicitly take into ac-
count the effect of convective motions in the surface gran-
ulation and reproduce the solar atmosphere with a higher
degree of realism. Hayek et al. (2012) employed 3D stellar at-
mospheric models and computed limb darkening coefficients
for HD 209458. Notably, the stellar atmospheric parameters
of HAT-P-1 are quite similar (at the 1σ level) to those of
HD 209458 as displayed in Table 2. In particular, both stars
are of similar effective temperature, however HD 209458 is
120K hotter than HAT-P-1. That difference however, is well
within the effective temperature uncertainties of both stars,
which allows one to adopt the available HD 209458 limb
darkening coefficients in the analysis of HAT-P-1. We com-
pare both the 1D and 3D models in the forthcoming analysis
sections.

Previous STIS data analyses showed that the first in-
tegration exhibits abnormally low flux (Charbonneau et al.
2002; Sing et al. 2008b; Pont et al. 2008; Sing et al. 2011a;
Huitson et al. 2012). We attempted to resolve this issue by
incorporating an additional 1 s long exposure prior to the
284 s integrations. However, it has been found that skipping
the 1 s and the first 284 s integration of each orbit improved
the fit by reducing the χ2 value. We therefore exclude these
two data points from each orbit in the analysis.
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Transmission Spectroscopy 
Table 1. Ground-based transmission spectroscopic studies as of now.

Instrument Telescope Target �-range Bin size Reference
(nm) (nm)

DOLORES TNG HAT-P-1 525–760 60 Montalto et al. 2015 [20]
FORS2 VLT GJ 1214 780–1 000 20 Bean et al. 2010 [3]

GJ 1214 610–850 10,20 Bean et al. 2011 [4]
WASP-19 560–820 16–22.5 Sedaghati et al. 2015 [25]
WASP-17 570–825 5–20 Sedaghati et al. 2016a [26]
WASP-19 400–1 000 5–20 Sedaghati et al. 2016b [27]
WASP-49 730–1 000 10 Lendl et al. 2016 [16]

GMOS Gemini HAT-P-32 520–930 14 Gibson et al. 2013a [11]
(N/S) WASP-29 515–720 15 Gibson et al. 2013b [12]

WASP-12 720–1 010 15 Stevenson et al. 2014 [29]
IMACS Magellan WASP-6 480–860 20 Jordàn et al. 2013 [14]
LDSS-3C Magellan HAT-P-26 720–1 000 12.5 Stevenson et al. 2016 [30]
MMIRS Magellan WASP-19 1 250–2 350 100 Bean et al. 2013 [5]
MODS LBT HAT-P-32 330–1 000 11 Mallonn & Strassmeier 2016 [18]
MOSFIRE Keck GJ3470 1 960–2 390 40 Crossfield et al. 2013 [10]
OSIRIS GTC HAT-P-19 560–770 5–20 Mallonn et al. 2015 [17]

WASP-43 540–920 10,25 Murgas et al. 2014 [21]
HAT-P-32 518–918 20 Nortmann et al. 2016 [22]
TrES-3 530–930 25 Parviainen et al. 2016 [23]

At ESO, in the optical range, the only available instrument for this purpose is the FOcal Reducer and low-
dispersion Spectrograph (FORS2) attached to the 8.2-m Unit Telescope 1 (UT1). As seen in Table 1, after some
pioneering work done by J. Bean and colleagues in 2010 and 2011, no other results based on this instrument
appeared before our own study in 2015.25 We will come back to this later, after introducing in more detail the
instrument.

2. THE FORS2 INSTRUMENT

With its variety of modes, FORS2 is the Swiss army knife of ESO’s Very Large Telescope.1,24 FORS2 is indeed
capable of imaging, polarimetry, long-slit low and medium resolution spectroscopy and multi-object spectroscopy,
using either movable slitlets or masks, in the wavelength range from 330 to 1 100 nm. The last mode is particularly
useful for transmission spectroscopy, as it can be used to do time-resolved spectroscopy of a planet-hosting star
as well as some comparison stars for performing di↵erential spectrophotometry. The field of view of FORS2 is
6.80 ⇥ 6.80 and the pixel size is 0.2500(when using the typical 2⇥2 binning).

At the beginning of the VLT operations, there were two FORS instruments – FORS1 and FORS2. In order
to leave space for second generation instruments at the VLT, FORS1 was dismounted and stored in 2009, with
some of its components being merged in a ‘new’, hybrid FORS2.

In front of the FORS instruments is a longitudinal atmospheric dispersion corrector (LADC), allowing it,
unlike VIMOS for example, to perform multi-object spectroscopy (that requires a fixed rotator angle on sky,
and can thus not be done at the parallactic angle) at high airmass. 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 does 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.2

Bean et al.3 have shown the potential of FORS2 in producing transmission spectra for exoplanets even in the
regime of mini-Neptune and super-Earth. They used FORS2 to obtain the transmission spectrum of GJ 1214b
between wavelengths of 780 and 1 000 nm, showing that the lack of features in this spectrum rules out cloud-free
atmospheres composed primarily of hydrogen. This result was recently confirmed.15 However, except for this
ground-based pioneering result, all further attempts to use FORS2 for exoplanet transit studies have apparently
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v  FOcal	Reducer	and	low	
dispersion	Spectrograph	

v  At	the	Cassegrain	focus	of	UT1	
v  FoV	of	6.8'×6.8'	
v  Offers:	imaging,	polarimetry,	

long	slit	and	mulT-object	
spectroscopy	

v  Spectral	coverage	of	
330-1100nm	

v  Mosaic	of	two	2k×4k	MIT(red)	
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Multi-Object Spectroscopy 
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Promising result 
§  Bean et al. (2010, 

Nature 468, 669): 
Lightcurve of transit of 
exo-planet GJ 1214b 
with FORS2. 
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JL Bean et al. Nature 468, 669-672 (2010) doi:10.1038/nature09596 

The	transmission	spectrum	of	GJ	1214b	compared	to	models.	

Lack	of	spectral	features	rules	out	cloud-free	
Hydrogen	atmosphere.	
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Promising result 
§  Bean et al. (2010, 

Nature 468, 669): 
Lightcurve of transit of 
exo-planet GJ 1214b 
with FORS2. 

§  Lack of spectral 
features rules out 
cloud-free Hydrogen 
atmosphere. 

 
§  Since then: Many exo-planet transit programmes executed 

with FORS2, but no papers! 
§  User questionnaire: Data suffers from unexpected high level 

of systematics which did not allow the PIs to reach their 
science goals. 
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WASP49-b	
transmission	
spectroscopy	
Lendl	et	al.	
(2016)	

SystemaTc	problems	with	FORS2 
A&A proofs: manuscript no. Wasp-49v8
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§  Systematics ~6 x 10-3 on 
timescales of 0.5-5 hours. 

§  Time scales and 
amplitude consistent with 
hypothesis that 
systematics are 
dominated by non-
uniform throughput of 
LADC. 

FORS2 MXU Spectro-Photometry 
of an Exoplanet Transit 
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- 	RefracTon		
- 	Dispersion	

This	will	spread	light		
	-	imaging:	degrade	image	quality	
	-	spectroscopy:	loose	light	from	slit	
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Distance	between	prism	is	
linearly	adjusted	à	LADC	
	

	30	à	1100	mm	
	
Distance	depends	on	alTtude,	
wavelength	range,	Temp.	and	
pressure:	calculated	at	each	
exposure		

FORS2		Linear	Atmospheric	
Dispersion	Corrector	
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LADC	at	origin	

LADC coating initially 
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Systematic problems with FORS2 

LADC: Longitudinal Atmospheric Dispersion Corrector 

Degradation of 
coating 
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Addressing the Problem 

Anti-reflective coating removed from FORS1 LADC 

Boffin et al. (2015), ESO Messenger 159 29 H. Boffin – ING – November 2016 



Sky flats 

Figure 1: Comparison of b HIGH (left) and v HIGH (right) flat fields, before (bottom) and after

(top) the exchange of the LADC.

2

Figure 1: Comparison of b HIGH (left) and v HIGH (right) flat fields, before (bottom) and after

(top) the exchange of the LADC.

2

Before	 Ager	

Boffin+	16	
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FORS2 is back! 
Broadband (white) light curve model 

Sedaghati et al. (2015) 

Wasp-19 
November 2014 
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A closer look at the systematics 

(Gillon et al. 2006), 

From: 

we estimate: 

for the broadband LC. 
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A closer look at the systematics 

(Gillon et al. 2006), 

From: 

we estimate: 

for the broadband LC. 
  

A closer look at the systematics

Gillon et al. (2006)A&A,459,249

From:

we estimate:

for the broadband LC.

Doing	beKer	than	
Bean+	10	result!	
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Spectrophotometric light curves 

All non-wavelength dependent parameters fixed to the white LC solution 
Only scaled planetary radius, Limb darkening coefficients* & noise model parameters free 
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Transmission spectrum 
Literature comparison à highest spectral resolution! 

Black filled circles: Sedaghati et al. (2015), FORS2+VLT spec. 
Purple filled stars: Huitson et al. (2013), STIS+HST spec. 
Red crosses: Mancini et al. (2013), 1.54 Danish, PEST, GROND phot. 
Green cricle: Lendl et al. (2013), HAWK-I/VLT, EulerCam phot. 
Orange triangle: Tregloan-Reed (2013), EFOSC2/NTT phot. 
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Transmission spectrum 
Atmospheric model comparison 

Sedaghati et al. (2015) 
Atmospheric models from Burrows et al. (2010) ApJ, 791, 341 

Model binned to our data 
Atmospheric models 
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Transmission spectrum 
Atmospheric model comparison 

Sedaghati et al. (2015) 
Atmospheric models from Burrows et al. (2010) ApJ, 791, 341 

Unknown optical absorber 
or Systematics 

Model binned to our 
data 

Atmospheric models 
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Transmission spectrum 
Coincidence?? 

Transmission spectrum of WASP-6b with IMACS/Magellan 
Jordán et al. (2013) ApJ, 778, 184 
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WASP-19b – FORS2 – 3 grisms 
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Transmission spectrum from space A continuum from clear to cloudy hot-Jupiter exoplanets without primordial water depletion   4  

 

 
Figure 1 | HST/Spitzer transmission spectral sequence of hot-Jupiter survey targets. Solid 
coloured lines show fitted atmospheric models with prominent spectral features indicated.  The spectra 
have been offset, ordered by values of ΔZUB-LM (the altitude difference between the blue-optical and 
mid-infrared, Table 1). Horizontal and vertical error bars indicate the wavelength spectral bin and 1σ 
measurement uncertainties, respectively.  Planets with predominantly clear atmospheres (top) show 
prominent alkali and H2O absorption, with infrared radii values commensurate or higher than the 
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Transmission spectrum from space 

Sing	et	al.	(2015)	

A continuum from clear to cloudy hot-Jupiter exoplanets without primordial water depletion   4  

 

 
Figure 1 | HST/Spitzer transmission spectral sequence of hot-Jupiter survey targets. Solid 
coloured lines show fitted atmospheric models with prominent spectral features indicated.  The spectra 
have been offset, ordered by values of ΔZUB-LM (the altitude difference between the blue-optical and 
mid-infrared, Table 1). Horizontal and vertical error bars indicate the wavelength spectral bin and 1σ 
measurement uncertainties, respectively.  Planets with predominantly clear atmospheres (top) show 
prominent alkali and H2O absorption, with infrared radii values commensurate or higher than the 
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WASP-17b 



Spectrophotometric light curves 



Transmission spectra 
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Searching for optical absorbers 
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Searching for optical absorbers 
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No	Sodium	
detected!	

Potassium	
detected	at	3-

sigma!	



The importance of setting things up right 
•  Targets in the middle 
•  Similar magnitudes 
•  Wide slits 
•  Include sky slits for 

each detector 
•  Check proper motion 

for fine placement 
•  Adjust exposure time 

to get as close as  
possible to saturation 

•  Check counts in-situ  
•  Consider non-standard 

readout 
•  Avoid observing through 

meridian if possible since 
telescope rotation can 
have adverse effects 

See	Boffin+	16,	SPIE,	for	
hints	on	the	best	strategy	
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Still many planets reachable 
Boffin+	16	
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Conclusions & Outlook 

u  FORS2 appears now ready again for multi-object 
spec. obs. 

u  Transmission spectrum of WASP-19b with 
feature due to unknown optical absorbers 

u  WASP-17 shows no Na but clear K 

u  Global effort required to obtain a statistically 
large sample of atmospheric spectra 
 à FORS2 will hopefully be key to this effort 
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KEEP �
CALM�

MAY THE �

FORS BE �
WITH YOU 
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