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Figure 6. Binned root mean square of the residuals for each spectroscopic bin (red, blue and green) plotted against the photon noise for the central wavelength
channel of each plot (black). The residuals are calculated using differential photometry with individual parameter analysis.

Figure 7. Transmission spectrum of HAT-P-1b, derived using differential
photometry with individual-parameter fitting, for �λ = 19.2 nm resolution
shown as black squares. Overplotted are the transmission spectra for a
range of different wavelength resolution bins: �λ = 37.2 nm in green;
�λ = 60.4 nm in pink and �λ = 74.4 nm in blue.

mean scatter of the residuals for all of the spectral bins is reduced
by 10 per cent from single to differential photometry. In addition, a
reduction of ∼20 per cent is seen between common-mode removal
and individual parameter analysis. There is also a significant re-
duction in the red noise from σ r = 1.4 × 10−4 for differential
photometry with common-mode removal down to σ r = 0.1 × 10−4

for differential photometry with individual parameter analysis (see
Table 3). In addition, by conducting both differential photometry
and individual parameter analysis, we are thus able to better budget
for the effects of the dominant thermal-breathing systematic on the
transit depths (through the use of the covariance matrix) and to better
understand the specific wavelength-dependent systematics inherent
in the WFC3 data. While small, these can still potentially affect
the resultant spectrum obtained. We have therefore adopted the
method corresponding to Fig. 10(a) for further analysis and model
fitting. We also perform analysis on the transmission spectrum in
Fig. 10(b) discussed in Section 4.1.1 to corroborate the absorption
significance of the water absorption feature. Fig. 11 shows six of
the 28 wavelength channels and their corresponding light curves fit-
ted with differential photometry and individual parameter analysis;
the residuals demonstrate that this method efficiently corrects for
the apparent common-mode trend seen in the white-light residuals
in Fig. 4. We compute the transmission spectrum for differential
photometry over a number of systematic models from fourth-order
polynomial in HST orbital phase to a seventh-order polynomial in
HST orbital phase adopted for this analysis (see Fig. 12). Fig. 12
shows that systematic models fitting for HST orbital phase with a
polynomial in the order between fourth and seventh do not change
the overall transmission spectrum while the BIC analysis favours
a seventh-order polynomial fit to the data. As we cannot use the
divide-oot routine, there are still some unmodelled systematics in
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Figure 8. HST phase coefficients for each of the spectroscopic bins using
differential photometry individual parameter fitting. Top: the first- (black),
second-order coefficients (red, squares). Middle-Top: the third-order (black
circles) and fourth-order (red-circles) coefficients showing a near zero vari-
ation over each wavelength bin. Middle-bottom: the fifth-order (black-stars)
and sixth-order coefficient (red-stars). Bottom: the seventh-order HST phase
coefficient for each bin. Note the y-axis scale for each plot with the corre-
sponding white-light coefficient marked as a solid line.

Figure 9. Raw white light curve with the breathing correction function
overplotted as open squares (red) to show the fit to the orbit-to-orbit trends
evident in the data corresponding to the seventh-order parameter.

the white light-curve data resulting in a precision 2.9 times the pho-
ton limit. Though we note that the absolute white-light precision
per exposure is ∼2.3 times better than Berta et al. (2012). With
the use of optimized scheduling future observations can potentially
take advantage of divide-oot with spatial scanning to increase the
white-light performance. Our spectroscopic measurements come
close to the photon noise limit of the detector with a mean error
within 12 per cent of the photon limit and a precision of Rp/R

∗ less
than 0.0009 per spectral channel similar to that shown by Deming
et al. (2013) and Swain et al. (2013).

Finally, to further characterize systematic effects in the data that
may not have been accounted for, we injected a transit of con-
stant depth (Rp/R∗ = 0.1142) into the reference star’s light curve
and computed the transmission spectrum over the same wavelength

Figure 10. (a) Transmission spectrum of HAT-P-1b for differential photom-
etry individual parameter fitting. (b) Single target photometry individual
parameter fitting. (c) Differential photometry with common-mode fitting.
(d) Single target photometry with common-mode fitting. While each spectra
show a common spectral shape the method used for figure (a) has lower red
noise and residual scatter for each spectroscopic bin and is therefore adopted
transmission spectrum for further analysis.

Table 3. Quantitative analysis of each analysis method used to compute
the transmission spectra displayed in Fig. 10. This shows the significant
decrease in red noise computed for differential photometry with individual
parameter analysis with an additional decrease in the standard deviation of
the residuals when compared to common-mode removal.

Fig. 10 (a) (b) (c) (d)

Standard deviation 0.000 62 0.000 59 0.000 76 0.000 71
of the residuals
Red noise 0.000 01 0.000 08 0.000 16 0.000 14
(∼8 min bins)
σN 0.000 19 0.000 20 0.000 29 0.000 26
(∼8 min bins)
BIC 131 133 142 150

range with the same bin size. To compute the transmission spec-
trum, seventh-order HST orbital phase corrections were applied and
no common-mode systematic removal was conducted. The resultant
transmission spectrum shows the wavelength variation in the flux
of the reference star using the same exposures used to measure the
planetary transit, and can be directly compared to the transmission
spectrum of HAT-P-1b computed using single target photometry
and individual parameter (i.e. with seventh-order HST orbital phase
correction and no common-mode systematic removal) (see Fig. 13).

As expected, the computed reference star ‘transit spectrum’ is flat,
with no water feature observed at 1.4 µm. This further demonstrates
the reliability of the derived transit spectrum over the whole G141
spectral range.

4 D I SCUSSI ON

The transmission spectrum of HAT-P-1b around 1.4 µm is presented
in Fig. 5. We compare the transmission spectrum to theoretical
atmospheric models of HAT-P-1b based on the models from Fortney
et al. (2010) and Burrows (2013).

Over the observed wavelength range sampled by the WFC3
G141 grism, the strongest atmospheric feature expected is water
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Figure 11. Spectroscopic light curves for six different wavelength bins using differential photometry with individual parameter fitting the colours correspond
to those used in Fig. 5.

absorption band with a characteristic band head at 1.4 µm. In
most lower atmosphere models of hot Jupiters, H2O is well mixed
throughout the atmosphere, and most of the features between 0.7
and 2.5 µm come from the H2O vibration–rotation bands (Brown
2001). These features are difficult to measure with ground-based
telescopes due to confusion with water vapour signatures from
the Earth’s atmosphere. Space-based observations are therefore es-
sential to probe such spectral regions in exoplanetary atmospheric
studies.

To help interpret the size of the spectral features seen in the trans-
mission spectrum, we determine the scaleheight of the atmosphere
that defines potential spectral features. The scaleheight (H) is the

altitude range over which the atmospheric pressure decreases by a
factor of e,

H = kBT

μmmHg
, (4)

where, kB is the Boltzman constant, T is the estimated atmospheric
temperature, mH is the mass of hydrogen atom, μm is the mean
molecular weight of the atmosphere, and g is the surface gravity.
The scaleheight of HAT-P-1b is approximately 500 km for an H,
He atmosphere at T = 1200 K, which corresponds to transit depths
of ∼0.017 per cent or 0.000 62 Rp/R∗. If water is to be observed
in the NIR transmission spectrum of HAT-P-1b then the size of
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Figure 12. HAT-P-1b transmission spectrum computed for differential pho-
tometry with individual parameter analysis for four different systematic
models. Seventh-order polynomial in HST orbital phase (black squares),
sixth-order polynomial in HST orbital phase (red circles), fifth-order poly-
nomial in HST orbital phase (green stars), Fourth-order polynomial in HST
orbital phase (blue triangles).

Figure 13. Plotted in red stars is a transmission spectrum for the reference
star computed after injecting a transit of constant depth (represented by the
dashed red line) into the light curve. The black squares show the transmis-
sion spectrum of HAT-P-1b using single target photometry and individual
parameter systematic fitting. The ‘transit spectrum’ of the reference star is
rather flat, and does not show the water absorption spectral shape.

absorption features should be approximately two scaleheights or
more in size, which is well within the accuracy of these observations
(see Fig. 14).

4.1 Atmospheric models for HAT-P-1b

We compared the derived transit spectrum of HAT-P-1b to two dif-
ferent suites of theoretical atmospheric models for the transmission
spectra, one set of models based on the formalism of Burrows et al.
(2010) and the other set based on the models by Fortney et al. (2008,
2010). The pre-calculated models were compared to the data in a
χ2 test, with the base planetary radius as the only free parameter
to simply adjust the overall altitude normalization of the model
spectrum. As no interaction is made directly with the model param-
eters when making a comparison, such as fitting for the abundance
of TiO/VO, H2O or T-P profile, the d.o.f. for the χ2 test does not
change between models. This analysis aims to distinguish between
a number of the different assumptions used in current models, and
to identify any expected spectral features rather than to perform
spectral retrieval. The transmission spectrum is therefore compared

to previously published models of Burrows et al. (2010) and Fortney
et al. (2008, 2010) calculated for the radius, gravity, orbital distance
and stellar properties of the HAT-P-1 system. This was done for
both isothermal models as well as planetary specific models.

The models based on Fortney et al. (2008, 2010) included a
self-consistent treatment of radiative transfer and thermochemical
equilibrium of neutral and ionic species. The models assumed a
solar metallically and local thermochemical equilibrium, account-
ing for condensation and thermal ionization though no photochem-
istry (Lodders 1999, 2002, 2009; Lodders & Fegley 2002, 2006;
Visscher, Lodders & Fegley 2006; Freedman, Marley & Lodders
2008). In addition to isothermal models, transmission spectra were
calculated using 1D temperature–pressure (T-P) profiles for the day-
side, as well as an overall cooler planetary-averaged profile. Models
were also generated both with and without the inclusion of TiO and
VO opacities.

The models based on Burrows et al. (2010) and Howe &
Burrows (2012) used a 1D dayside T-P profile with stellar irradia-
tion, in radiative, chemical and hydrostatic equilibrium. Chemical
mixing ratios and corresponding opacities assume solar metallic-
ity and local thermodynamical chemical equilibrium accounting for
condensation with no ionization, using the opacity data base from
Sharp & Burrows (2007) and the equilibrium chemical abundances
from Burrows & Sharp (1999) and Burrows et al. (2001).

Isothermal models: comparison of the observed atmospheric fea-
tures to those produced by isothermal hydrostatic uniform abun-
dance models helps provide an overall understanding of the ob-
served features and any departures from them. We used isothermal
models for Teff = 1500 K (to represent the hotter dayside) for model
atmospheres with and without TiO/VO and for a cooler isothermal
model at Teff = 1000 K (to represent the cooler terminator). The
NIR transit spectrum is relatively insensitive to the presence of TiO
and VO. Models at Teff = 1500 K including or not TiO/VO pro-
vided a poor fit with a χ2 value of ∼54.5 for 27 d.o.f. and can be
rejected with a greater than 3σ confidence. The Teff = 1000 K model
yielded an improved fit with a χ2 value of 35.68 for 27 d.o.f. (see
Fig. 14).

HAT-P-1b specific models: we also compared the transit spectrum
to the transmission spectra generated by both a planetary averaged
T-P profile and a dayside-averaged T-P profile specifically gener-
ated for HAT-P-1b. The model using the cooler planetary averaged
T-P profile is our best-fitting model giving a χ2 value of 26.89
for 27 d.o.f., while the hotter dayside-averaged T-P profile gives
a marginally worse fit with a χ2 value of 28.87 for 27 d.o.f.. We
also compared the HAT-P-1b dayside model without TiO/VO from
Burrows (2013), and found a χ2 value of 37.68 for 27 d.o.f.. While
this is a better fit than with the 1500 K isothermal model, the cooler
planetary averaged T-P profile and 1000 K isothermal model have a
stronger correlation to the data (see Fig. 14).

To determine the overall significance of the model fits, we also
calculated the fit for a straight line through the average planetary
radius, corresponding to the case where no atmospheric features
are detected. This gave a χ2 value of 56.71 for 27 d.o.f.. Thus, we
can rule out the null hypothesis at the 5.4 sigma significance level,
compared to our best-fitting atmospheric model using a planetary
averaged T-P profile (see Fig. 15).

4.1.1 Single target model fitting

In addition to the above analysis of the transmission spectrum shown
in Fig. 10(a), we apply the χ2 test to compare the pre-calculated
models to the transmission spectrum computed using single target
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Figure 14. The transmission spectrum of HAT-P-1b, derived using differential photometry with individual parameter fitting (see Fig. 10a). Each theoretical
transmission spectrum discussed in Section 4.1 is plotted over the data; Orange dashed: hotter dayside-averaged T-P profile model. Dark blue: cooler planetary
averaged T-P profile. Red long dashed: dayside model without TiO/VO. Green: isothermal 1000 K model. Yellow dot–dashed: isothermal 1500 K with TiO/VO.
Pale blue: isothermal 1500 K no TiO/VO.

Figure 15. The transmission spectrum of HAT-P1b, using differential photometry with individual parameter fitting (see Fig. 10a). The full resolution
planetary-averaged HAT-P-1b specific model is plotted in blue (based on the Fortney et al. 2008, 2010 models).

photometry with individual parameter analysis (Fig. 10b). Fig. 16
shows the six models outlined in Section 4.1 fitted to the transmis-
sion spectrum for single target photometry, where the only fitting
parameter is the base planetary radius, with �Rp/R∗ ∼ 0.001 lower
for single target photometry.

Similar to the fit in Section 4.1, the two Teff = 1500 K mod-
els representing the hotter dayside show a poor fit to the data and
can be rejected with greater than 97 per cent confidence. The re-
maining models, including the Teff = 1000 K isothermal model
representing the cooler terminator, show a greater significance of

fit to the data with a significance of 4.4σ over the null hypoth-
esis. The model using the cooler planetary-averaged T-P profile
is our best-fitting model with a χ2 value of 27.10 for 27 d.o.f.
compared to a χ2 value of 46.5 for 27 d.o.f. using a straight
line through the average planetary radius representing a featureless
atmosphere.

To further corroborate these results against different analysis
techniques, we determined the amplitude of the water feature in the
data for each of the WFC3 transmission spectra shown in Fig. 10.
This was determined by scaling our best-fitting atmospheric model
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Figure 16. The transmission spectrum of HAT-P-1b, derived using single
target photometry with individual parameter fitting (see Fig. 10b). Each the-
oretical transmission spectrum discussed in Section 4.1 is plotted over the
data; Orange dashed: hotter dayside-averaged T-P profile model. Dark blue:
cooler planetary averaged T-P profile. Red long dashed: dayside model with-
out TiO/VO. Green: isothermal 1000 K model. Yellow dot–dashed: isother-
mal 1500 K with TiO/VO. Pale blue: isothermal 1500 K no TiO/VO.

to each of the four spectra. The fitted scaling factor can change,
particularly in analysis (d) where it is lower, although the differ-
ence is not significant as there is much higher red noise in the other
three analysis methods, making them less sensitive to the water
absorption feature.

4.2 Implications for HAT-P-1b’s structure

Given that transmission spectroscopy is mainly sensitive to
the scaleheight, and therefore the absolute temperature of the
atmosphere, we find evidence for a cooler temperature on average
at the planetary limb, compared to the 1500 K dayside brightness
temperatures measured from Spitzer (Todorov et al. 2010). The
1000 K isothermal model and the HAT-P-1b specific T-P profile
models all show a significant improvement in the fit compared to a
hotter 1500 K isothermal model. Therefore, a hotter temperature at
lower pressures can be confidently ruled out. This gives evidence
that HAT-P-1b has cooler temperatures close to ∼1000 K at ∼mbar
pressures, where the best-fitting model T-P profiles overlap (see
Fig. 17).

The identification of atmospheric species is one of the first steps
for understanding the nature of exoplanetary atmospheres. The pres-
ence of key species, or the lack thereof, provides information on the
exoplanets composition, chemistry, temperature and atmospheric
structures such as clouds or hazes; thus, helping us place exoplan-
ets into sub-categories. Recent 3D hot-Jupiter models have shown
that the warmer dayside temperatures can increase the atmospheric
scaleheight and effectively ‘puff-up’ the dayside atmosphere, ob-
scuring the cooler planetary limb as well as nightside spectral sig-
natures (Fortney et al. 2010). Although there is a difference of 1.5σ

between the warmer dayside-averaged T-P profile and that of the
cooler planetary-averaged profile, the hotter model cannot be re-
jected with enough confidence to entirely rule it out and determine
if the dayside atmosphere is significantly ‘puffed-up’ in the presence
of high stellar irradiation. The derived water feature is expected to
be at a pressure of roughly 20 mbar at solar abundances (see Fig. 17).
The derived water feature displays a similar amplitude to that seen
in WASP-19b (Huitson et al. 2013) with both planets consistent
with a H2O-dominated atmospheric transmission in the NIR. These
observations show a contrast to HD 209458b and XO-1b (Deming
et al. 2013), which both appear muted in water absorption, by per-

Figure 17. The temperature–pressure profile for the planetary-averaged
profile (dark blue), the dayside-averaged profile (orange), and vertical
lines marking the isothermal models at 1000 K (green) and 1500 K (light
blue) (J. Fortney, 2012), and the Burrows dayside model without TiO/VO
(red).

haps cloud or haze, demonstrating a range in the presence of water
in hot-Jupiter atmospheres.

5 C O N C L U S I O N

In this paper, we present new measurements of HAT-P-1b’s trans-
mission spectrum using HST/WFC3 in spatial-scan mode with pre-
cisions of σRp/R∗ � 0.000 69 reached in 28 simultaneously mea-
sured wavelength bins. We find evidence for H2O absorption in
the atmosphere at 1.4 µm with a greater than 5σ significance level,
with models in favour of a cooler planetary-averaged T-P profile
at the limb of the planet near ∼millibar pressures for both single
target and differential photometry. The amplitude of the derived
water absorption is consistent with a H2O-dominated atmospheric
transmission in the NIR with evidence for a non-inverted T-P profile.
The 1000 K isothermal models show a significant improvement over
hotter 1500 K isothermal models, however, a ‘puffed-up’ dayside
cannot be ruled out.

In our spatially scanned data, we find that performing differential
photometry with individual parameter fitting of HST phase to the
seventh-order and removal of residual white-light common-mode
trends produces the best results, though the spectral shape is fairly
independent of the different data reduction processes. The use of
spatial-scan mode allowed us to take longer exposures therefore in-
creasing the number of detected photons before saturation occurs,
and reducing the effect of non-linearity and persistence in the IR de-
tector. The spatial-scan mode allowed us to obtain the transmission
spectrum of HAT-P-1b at the resolution of the instrument at preces-
sions equivalent to about one scaleheight of the planets’ atmosphere
per bin. As HAT-P-1 is also a member of a binary star system, we
were also able to use the resolved companion as a reference star
to perform differential photometry, removing some systematics and
reducing the errors of the observations. This allowed for increasing
the resolution of the measurements without significantly increasing
the errors.
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Future observations with our program using WFC3 in spatial-
scan mode will be able to better explore the diversity of H2O in the
atmospheres of close-in giant planets.
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