A&A 620, A142 (2018)
https://doi.org/10.1051/0004-6361/201833691
© ESO 2018

tronomy
Astrophysics

Deciphering the atmosphere of HAT-P-12b: solving
discrepant results*

X. Alexoudi', M. Mallonn', C. von Essen?, J. D. Turner’, E. Keles!, J. Southworth*,
L. Mancini>%7, S. Ciceri®, T. Granzer!, C. Denker', E. Dineva', and K. G. Strassmeier'

! Leibniz-Institut fiir Astrophysik Potsdam (AIP), An der Sternwarte 16, 14482 Potsdam, Germany

e-mail: xalexoudi@aip.de

2 Stellar Astrophysics Centre (SAC), Department of Physics and Astronomy, Aarhus University, Ny Munkegade 120,

8000 Aarhus C, Denmark

3 Department of Astronomy, University of Virginia, Charlottesville, VA 22904, USA

4 Astrophysics Group, Keele University, Staffordshire, STS SBG, UK

5> Dipartimento di Fisica, Universita di Roma Tor Vergata, Via della Ricerca Scientifica 1, 00133 Rome, Italy
6 Max Planck Institute for Astronomy, Konigstuhl 17, 69117 Heidelberg, Germany

7 INAF - Osservatorio Astrofisico di Torino, Via Osservatorio 20, 10025 Pino Torinese, Italy

8 Department of Astronomy, Stockholm University, Alba Nova University Center, 106 91 Stockholm, Sweden

Received 21 June 2018 / Accepted 3 October 2018

ABSTRACT

Context. Two independent investigations of the atmosphere of the hot Jupiter HAT-P-12b by two different groups resulted in discrepant
solutions. Using broad-band photometry from the ground, one study found a flat and featureless transmission spectrum that was inter-
preted as gray absorption by dense cloud coverage. The second study made use of Hubble Space Telescope (HST) observations and
found Rayleigh scattering at optical wavelengths caused by haze.

Aims. The main purpose of this work is to determine the source of this inconsistency and provide feedback to prevent similar discrep-
ancies in future analyses of other exoplanetary atmospheres.

Methods. We studied the observed discrepancy via two methods. With further broad-band observations in the optical wavelength
regions, we strengthened the previous measurements in precision, and with a homogeneous reanalysis of the published data, we were
able to assess the systematic errors and the independent analyses of the two different groups.

Results. Repeating the analysis steps of both works, we found that deviating values for the orbital parameters are the reason for the
aforementioned discrepancy. Our work showed a degeneracy of the planetary spectral slope with these parameters. In a homogeneous
reanalysis of all data, the two literature data sets and the new observations converge to a consistent transmission spectrum, showing a

low-amplitude spectral slope and a tentative detection of potassium absorption.
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1. Introduction

In the past years, the field of exoplanetary sciences has been
enriched by the numerous missions dedicated to the discovery
and characterization of the planets beyond our solar system.
Since the breakthrough of the first exoplanet orbiting a main-
sequence star (Mayor & Queloz 1995), we can count up to almost
4.000 exoplanets by mid-2018'.

Many methods are used for the detection of planets outside
our solar system. The most prevalent of them is the observation
of transits. The term “transit” is used to define the passage of
the planet in front of its host star, which for a moment blocks
a portion of the transmitted starlight. The received radiation is
diminished by an amount equal to the ratio between the disk sizes
of the planet and the host star. Granted sufficient observational
cadence and photometric precision, this method provides precise
estimates of the planetary and orbital parameters (period, radius
ratio, inclination, etc.).

* The transit light curves of HAT-P-12b are only available at the CDS
via anonymous ftp to cdsarc.u-strasbg. fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/620/A142
' http://www.exoplanet.eu

Article published by EDP Sciences

Transmission spectroscopy is one of the advantages that the
transit observations can offer. This technique is considered a
fundamental tool for characterizing exoplanetary atmospheres
(Charbonneau et al. 2002). During the transit, part of the starlight
is filtered as it passes through the upper atmosphere of the
planet, where the atoms and molecules can absorb or scatter
accordingly, revealing the elemental composition of an exo-
planetary atmosphere (Burrows 2014; Madhusudhan et al. 2016;
Deming & Seager 2017). The most suitable targets for trans-
mission spectroscopy are hot Jupiters, which orbit their host
star at very close distances. The studies of this specific group
of exoplanets have so far revealed a tremendous diversity of
planetary atmospheres: from clear atmospheres to those that
are cloudy and dominated by haze (e.g., Sing et al. 2016;
Lendl et al. 2016; Wakeford et al. 2017; Mallonn & Wakeford
2017; Tsiaras et al. 2018; Kreidberg et al. 2018; Nikolov et al.
2018).

The characterization of an exoplanetary atmosphere requires
a very careful analysis because the signal of the planetary atmo-
sphere is at most about 0.1% of the stellar flux (Deming & Seager
2017). The exoplanet community succeeded in providing robust
results that were confirmed by independent teams. Examples are
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Fig. 1. Published transmission spectra of HAT-P-12b. The measure-
ments of the planet-star radius ratio R,/R, over wavelength are pre-
sented for both works. The results of M 15 are shown with blue squares,
and the measurements of S16 are shown with black diamonds. Two
models of Fortney et al. (2010) are overplotted and present atmospheres
that are dominated by clouds (blue line) and haze (black line).

the clear atmosphere of WASP-39b (Fischer et al. 2016; Sing
et al. 2016; Nikolov et al. 2016), the hazy atmosphere of GJ3470b
(Nascimbeni et al. 2013; Dragomir et al. 2015; Chen et al. 2017),
and the flat transmission spectrum for GJ1214b (Berta et al. 2012;
Kreidberg et al. 2014; Nascimbeni et al. 2015). However, since
this research takes place at the edge of what can be detected,
contradicting results regarding individual planets are reported in
the literature as well. Potential reasons may be the different and
underestimated systematic errors, the various assumptions in the
analysis (e.g., different limb-darkening laws, LDLs), or even the
time variability of the atmosphere. Examples of deviating results
are the quest for potassium absorption in WASP-31b (Sing et al.
2015; Gibson et al. 2017) and the debates on the spectral slope
of WASP-80b (Sedaghati et al. 2017; Kirk et al. 2018; Parviainen
et al. 2018) and TrES-3b (Parviainen et al. 2016; Mackebrandt
et al. 2017).

A specific example for a controversy in atmospheric charac-
terization is the sub-Saturn HAT-P-12b (Hartman et al. 2009).
Previous studies on the atmosphere of this exoplanet by two dif-
ferent groups have shown significant deviations. The first study,
Mallonn et al. (2015), hereafter M 15, used ground-based broad-
band photometry observations and derived a flat transmission
spectrum, indicating an opaque layer of clouds as an atmospheric
scenario for HAT-P-12b. The second study, carried out by Sing
et al. (2016), hereafter S16, used HST spectroscopy observations
and found a strong Rayleigh-scattering signature at optical wave-
lengths that is indicative of a haze layer. The transmission spectra
of both works are presented in Fig. 1, with the discrepancy being
evident at short wavelengths.

The goal of our work is to investigate the cause of this incon-
sistency regarding HAT-P-12b. The previous studies differ in
several details of the analysis. Different fit routines were used,
and with the aim to account for the effect of stellar limb dark-
ening, different laws were employed by the two groups. More
specifically, M15 fit the light curves with a quadratic LDL,
with coefficients obtained from Claret & Bloemen (2011). S16
adopted the four-parameter LDL (Claret 2004) and calculated
new coefficients. Both studies also made different assump-
tions about the orbital parameters. The effect of these different
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assumptions on the analyses is determined and cautiously inves-
tigated in this work. We attempt to resolve the discrepancy with
a homogeneous reanalysis of all the existing data sets. Moreover,
in order to increase the precision at bluer wavelengths, where the
discrepancy is more pronounced, we obtained additional, new
transit observations.

This work is organized as follows. In Sect. 2, we present
the new transit observations of HAT-P-12b from different facil-
ities from the ground. In Sect.3, we briefly describe the data
reduction. In Sect. 4, we fully explain the method for the light-
curve analysis and for the estimation of the error bars. In
Sect. 5, we present the results of this work, and we identify
the likely source of the inconsistency regarding HAT-P-12b as
the degeneracy between the inclination and the optical spectral
slope. We include a homogeneous reanalysis of the available
data. In Sect. 6, we discuss our results and conclude with a final
atmospheric characterization for this exoplanet.

2. Data acquisition

In order to investigate the disagreement published in the lit-
erature for the atmospheric characterization of HAT-P-12b, we
collected the existing data obtained with ground-based observa-
tions (M15) and with the HST (S16), with the aim to perform the
analysis of the two different groups step by step in a homoge-
neous way. Additionally, we obtained data of ten new primary
transit events in 20162017 in Johnson B and Sloan ¢’ filters
with different facilities. Using selected broad-band filters, meter-
class telescopes are able to provide sufficient accuracy to reveal
general trends in a transmission spectrum, for instance, a scat-
tering optical slope (Dragomir et al. 2015; Mallonn et al. 2016;
Mackebrandt et al. 2017).

2.1. Published data set of M15

The data sample of M15 included newly observed transit light
curves complemented by light curves from the publications of
Hartman et al. (2009), Sada et al. (2012), and Lee et al. (2012).
These data spanned the time range of 2007 to 2014, the wave-
length range from Sloan #’ band to J band in ten different
filters, and were observed with ground-based 1-m telescopes
such as STELLA, medium-class telescopes such as the Telesco-
pio Nazionale Galileo (TNG), and telescopes with mirrors of up
to 8 m such as the Large Binocular Telescope. In this work, we
reanalyze the light curves from Sloan ©’ band to Sloan 7’ band
and exclude partial transits. This sample of ground-based liter-
ature light curves is furthermore extended by one light curve of
Turner et al. (2017) that was obtained in the Johnson B band with
the 1.5-m Kuiper Telescope.

2.2. Published data set of S16

The space-based data of HAT-P-12b, provided by S16, are
a part of a comparative study of ten hot Jupiters (Program
GO-12473, PI: D.K. Sing). HAT-P-12b was observed in the full
optical wavelength range from 0.3 to 1.01 um with the Space
Telescope Imaging Spectrograph (STIS, Woodgate et al. 1997).
Additionally, for observations in the near-infrared, the Wide
Field Camera 3 (WFC3, Leckrone et al. 1998) was also used,
and the Spitzer Space Telescope Infrared Array Camera (IRAC,
Fazio et al. 2004) completed this survey with observations at
3.6 and 4.5 um. Observations of two transits of HAT-P-12b
were performed with the STIS G430L grating, covering the
wavelengths from 0.29 to 0.57 um (visit 11 and visit 12), and
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one observation with the G750L grating, covering the range
from 0.524 to 1.027 um (visit 22).

The team of S16 provided us with the reduced HST/STIS
light curves. The visits were scheduled so that the transit is
shown at the third spacecraft orbit, whereas the out-of-transit
baseline is contained in the first, second, and fourth orbits. Each
visit consists of four telescope orbits of 96 min. The gaps are
due to the stellar target’s occultation by the Earth. A total of 24
spectroscopic light curves were acquired during the three vis-
its (visit 11: seven light curves, visit 12: seven light curves and
visit 22: ten light curves). The data were bias-, flat-field- and
dark-corrected using the latest version of CALSTIS following a
procedure described fully in Nikolov et al. (2015).

2.3. New observations

We obtained new transit light curves in 2016 and 2017 from five
ground-based facilities, which are the 3.5-m TNG on the Roque
de los Muchachos Observatory, the 1.23-m and 2.2-m telescopes
of Calar Alto Observatory, the 3.5-m Astrophysics Research
Consortium (ARC) telescope from Apache Point Observa-
tory, and the 1.2-m STELLar Activity (STELLA) telescope
(Strassmeier et al. 2004).

2.3.1. ARC observations

HAT-P-12b was observed during the night of 5 July 2017 with
the ARCTIC instrument (Huehnerhoff et al. 2016) on the 3.5-m
ARC telescope, Apache Point Observatory (program UVO04, PI:
J.D. Turner). ARCTIC was employed in imaging mode using the
J-C B filter, and a binning of 2 X 2 pixels gave a plate scale of
0.228"” pixel~!. The fast mode yielded a readout time of 11 s with
an exposure of 45 s.

2.3.2. TNG observations

One transit of HAT-P-12b was observed during the night of 18
May 2017 using the DOLORES instrument (Oliva 2006) on TNG
with a Johnson B filter (Director’s Discretionary Time (DDT)
program A35DDT2, PI: X. Alexoudi). With 40s of exposure
time, we achieved a signal-to-noise ratio (S/N) per exposure of
approximately 1800. Taking into account the read-out time (25 s)
and the image transfer time (6 s), we achieved a 71-s cadence that
corresponds to a duty cycle of 56%. We defocused the telescope
on purpose to about 4” full width at half-maximum (FWHM) of
the object point-spread function (PSF) to avoid saturation of the
detector. No windowing was applied, and the field of view (FOV)
was 8.6" X 8.6’.

2.3.3. CALAR ALTO 2.2m observations

On 18 May 2017, we were also awarded with DDT (Program
DDT.S17.166, PI: X. Alexoudi) to observe with the Calar Alto
2.2-m telescope with CAFOS (Meisenheimer 1994). We used
the Johnson B filter with an exposure time of 60s. With a bin-
ning of 2 x 2 pixels and an appropriate windowing of the region
of interest, we concluded to a cadence of approximately 80 s
and therefore a duty cycle of 73%. The telescope was again
defocused to about 4” FWH M to avoid saturation of the detector.

2.3.4. Calar Alto 1.23m observations

Two complete transit events of HAT-P-12b were observed
between March and May 2017 using the Zeiss 1.23-m telescope,

which is equipped with the DLRMKIII (Barrado et al. 2011)
camera (4000 x 4000 pixels of 15um size) and has an FOV
of 21.5" x 21.5’. The two transits were observed using a
Johnson B filter and adopting the defocussing technique for using
longer exposure times (120-150s). This significantly improved
the quality of the photometric data. The telescope was autogu-
ided, and the CCD was windowed to decrease the readout time.

2.3.5. STELLA observations

In total, five transit observations of HAT-P-12b were obtained
with STELLA with a Sloan ¢’ filter in 2016 and 2017. All obser-
vations were defocused to about 3 FWHM for the PSF. We
reduced the available FOV of 22’ x 22’ by a read-out window of
about 15’ x 15’ to shorten the readout time.

3. Data reduction of ground-based data

The data reduction of the majority of the new observations was
carried out using a customized ESO-MIDAS pipeline, which
deploys the photometry software SExtractor (Bertin & Arnouts
1996). The procedure is fully described in previous works of
Mallonn et al. (2015, 2016). The only exception was the ARC
observation, which was reduced using the software described
in Turner et al. (2016) and Pearson et al. (2014). Table 1 shows
the new observations as obtained from the different facilities in
detail. The light curves were acquired with Johnson B and Sloan
g’ filters (Figs. 2 and 3). The rms scattering of the residuals in
most cases is less than 2 mmag. The correlated noise measured
with the 3 factor (see Sect. 4.1) is close to unity in the majority
of our time series.

4. Data analysis
4.1. Treatment of photometric errors

A realistic assessment of the individual photometric error bars
of the transit light curves is mandatory to finally derive realistic
uncertainties on the transit parameters. We derived photometric
uncertainties, based on the assumption of white noise, from the
photometry software SExtractor (Bertin & Arnouts 1996) as reg-
ular part of the data reduction. These uncertainties yield a xfe d
larger than unity when an initial transit model was fit. This is an
indicator that the individual photometric error bars are underes-
timated. Therefore, we enlarged the photometric error bars by a
factor that forces sze 4 = 1. The obtained light curves often suf-
fer from correlated (red) noise, in addition to the photon noise.
The red noise is produced by a combination of systematic errors,
such as changes in the atmospheric conditions, tracking of the
telescope, or relative flat-field errors. Thus, adjacent points of
a light curve become correlated (Pont et al. 2006). This kind
of correlated noise leads to underestimated errors of the transit
parameters and inconsistent parameterization of the light curves.
To quantify the influence of red noise in our data, we used the
concept of “3 factor” (Winn et al. 2008):

0,
p=—, ()
On
where o, is the standard deviation of the binned residuals into
M bins of N points, and oy is the expected standard deviation
according to

- @)

oy = R
N M- 1

01
VN
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Table 1. Overview of the new observations of transits of HAT-P-12b during 2016 and 2017.

Date Telescope Filter  fexp (S)  Ngaw  TmS (Mag) [8)
07 May 2016 STELLA g 80 163 0.0016 1.00
18 Mar 2017  1.23 m Calar Alto B 150 97 0.0016 1.22
21 Mar 2017 STELLA g 80 108 0.0016 1.15
02 May 2017 STELLA g 80 149 0.0015 1.34
05 May 2017 STELLA g 80 130 0.0017 1.48
18 May 2017 2.2 m Calar Alto B 60 161 0.0022 1.15
18 May 2017 TNG B 40 257 0.0008 115
18 May 2017  1.23 m Calar Alto B 120 170 0.0019 1.30
03 June 2017 STELLA g 80 150 0.0017 1.25
05 July 2017 ARC B 45 210 0.0017 1.00

Notes. The columns present the observational date, the telescope, and the associated filter that was used for each observation. Furthermore, the
exposure time in seconds 7., the individual data points of each transit Ny,,, and the scatter of the data points as root-mean-square (rms) of the

light curve residuals. The 3 factor is shown in the last column.

18 Mar 2017 CAHA 1.23m 18 May 2017 CAHA 2.2m

18 May 2017 TNG

18 May 2017 CAHA 1.23m 5 July 2017 ARC

Normalized Flux

0.005

0.000

Residuals

-0.005

-01 00 01 -01 00 01 -0.1

00 0.1 -01 00 01 -01 00 01

Time from mid-transit [d]

Fig. 2. Newly obtained B band light curves of the transit event of HAT-P-12b (upper panels). The light curves are fit and detrended according to
the description of the homogeneous reanalysis in Sect. 5.3. Associated residuals of each light curve (lower panels).

where o is the standard deviation of the unbinned residuals.
In absence of correlated noise, [3 equals unity. In the presence
of correlated noise, the standard deviation of the binned data
is different by a factor 3 from the theoretically expected one
(von Essen et al. 2013). The {3 value depends on the bin size.
Therefore, we binned the residual light curves using ten binning
widths of 0.3-1.3 times the duration of ingress. The final 3 value
is the average of these ten individual values. Because of statis-
tical fluctuations, the 3 value might sometimes be lower than 1.
For these cases, we set 3 = 1 as a default. Finally, we enlarged
the individual photometric error bars by the corresponding
amount of 3 for all ground-based new and literature light
curves.
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The HST/STIS light curves show too few data points per
orbit to reasonably apply the method of the binned residuals,
therefore we adopted 3 = 1 for the HST data. The photometric
noise was verified to yield a xfe 4= L

4.2. Light-curve fitting

4.2.1. Transit modeling

We made use of the Python library PyAstronomy?, which is a
collection of packages related to astronomy developed by the

2 https://github.com/sczesla/PyAstronomy
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Fig. 3. Newly obtained ¢’ band light curves (upper panels), fit and detrended as described in Sect. 5.3 (similar to Fig. 2). Their residuals are shown

in the lower panels.

PyA team at the Hamburger Sternwarte. The PyAstronomy pack-
ages contain the analytical transit model formulae of Mandel &
Agol (2002) and a class that allows for multiple light-curve fit-
ting in a simultaneous way. The model of Mandel & Agol (2002)
is validated for light-curve modeling with the main advantage
that it is capable, when used in a fitting procedure, to extract the
most suitable system parameters and to investigate their possi-
ble correlations. This model is appropriate for systems with a
circular or Keplerian orbit. It considers the planet and the star
as spheres, while the effect of the limb darkening is also taken
into account by using either the quadratic or the four-parameter
LDLs. For HAT-P-12b, we adopted a circular orbit for the sys-
tem, as derived from radial velocity (RV) data and reported in
Hartman et al. (2009) and Knutson et al. (2014). The parame-
ters that constructed the model were the orbital period P, the
semi-major axis in units of stellar radius a/R,, the inclination
of the system i, the radius of the planet over the radius of the
star k = Rp/Ry, the limb-darkening coefficients, and the time of
the mid-transit 70. The initial values for these parameters were
adopted from the literature, from the works of Hartman et al.
(2009) and M15. We used the ephemeris given in M15. Through-
out this work, we employ a Markov chain Monte Carlo (MCMC)
fitting approach, enabled by PyAstronomy. Each fit consists of
300000 MCMC iterations, rejecting the first 50 000 samples as
burn-in phase, ensuring that the final sample is extracted from a
well-converged MCMC chain, where the deviance is minimized
yielding the best-fit solution. To examine the variety of probable
solutions for each free-to-fit parameter, we assumed conserva-
tively uniform prior probability distributions. In the next step,
we analyzed the posterior distributions of each parameter and
obtained the mean values along with their standard deviations.
The errors given throughout this work correspond to 68.3%
highest probability density (HPD) intervals of the posterior prob-
ability distributions of each parameter, denoting the 1o level.
We checked for convergence of the chains by splitting them into

three equally sized sub-groups and verified that their individual
mean agreed within 10.

4.2.2. Detrending model for the ground-based data

The physical properties of the observations, such as airmass,
time, seeing, and x and y drifts of the pixel position, were
used in different combinations to build up a variety of detrend-
ing models, as suggested by von Essen et al. (2016). They
were fit simultaneously to the transit model. The choice of the
best detrending function can be determined by the Bayesian
information criterion (BIC, Schwarz 1978):

BIC = x> + kInN, 3)

where k is the number of model parameters, N the number of
data points, and x? is the chi-squared statistic. The value of x is
calculated as

.\ (Obs; — Mod, \*
2 _ Obs; — Mod;
X _Z( CIT; ) ’

i=1

“

where Obs; refers to the observed data points and Mod; to the
fit model, err; are the photometric error bars, and n denotes the
total number of data points. By testing many combinations of
detrending functions on our light curves, we concluded that a
light-curve model M(¢) including a second-order time-dependent
polynomial

M(t) = My(t) [bo + byt + bat*], 6)
where My(t) is the model for a systematics-free transit model
described in Sect. 4.2.1, and by, b; and b, denote the coefficients
of the parabola over time, is more efficient, as it minimizes the
BIC value for the vast majority of ground-based light curves.
This finding is in agreement with M15 in the specific case of
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HAT-P-12b and with numerous studies on photometric transit
light curves obtained with small-size telescopes in general (e.g.,
Biddle et al. 2014; Maciejewski et al. 2015; Mancini et al. 2016;
Mackebrandt et al. 2017; Juvan et al. 2018).

4.2.3. Detrending model for the HST data

The systematics model for HST data is different in compari-
son to the analysis of the ground-based data. We employed a
model similar to the work of Huitson et al. (2013), Nikolov et al.
(2014), and S16. In this model, we need to take into account the
flux corrections for each orbit with the fitting of a fourth-order
polynomial of the orbital phase ¢ of the HST. Higher (fifth-
and sixth-) order polynomials are in general not suggested for
parameters in a detrending model because they result in larger
BIC numbers (Nikolov et al. 2014). Moreover, our detrending
model takes into account the shift of the detector positions x and
y. Huitson et al. (2013) reported that linearly fitting the x- and
y- offsets of the spectra results in a smaller BIC and a better fit.
Furthermore, our systematics model needs to account for the out-
of-transit baseline with the use of an offset go and a linear term
q1, dependent on time. In the end, the final systematic to con-
sider is the spectral shift sh in the dispersion direction. During an
observation, the spectrum does not remain at the same place, and
for this reason, a pixel does not receive the same wavelength for
each exposure. This creates response variations from one expo-
sure to another. Using the cross-correlation technique with the
initial first exposure spectrum, S16 determined that this spectral
shift is not negligible. Therefore, the complete systematics model
we used for the detrending is

M(t) = Mo [qo + g1t + @2 + @3 * + qad’ + gsdb*
+qesh + q7x + qgyl, (6)

with qo—qs, the coefficients of each term. The systematics model
can be also multiplicative rather than additive (Sing 2018). As
suggested by previous studies with STIS (Huitson et al. 2013),
we neglected the first orbit measurements to avoid higher system-
atic errors. These systematics are usually caused by the telescope
heating and cooling per orbit, a term known as “thermal breath-
ing”. The temperature changes because of the expansion or
contraction of the telescope, thus these are interpreted as vari-
ations in the central position of the spectrum and in the PSF.
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solid line indicate the detrended light curves.
Lower panels: associated residuals.

Because of these problems with the first exposure of each orbit
(Sing et al. 2011), we neglected these individual data as well.
Figure 4 shows the white-light curves of the three visits over-
plotted with our transit and detrending model.

5. Results
5.1. Reanalysis of the ground-based data

Our ground-based data set consisted of photometric transit light
curves from M15 (Hartman et al. 2009; Sada et al. 2012; Lee
et al. 2012), 1 light curve from Turner et al. (2017), and our 10
new light curves of Table 1. We made use of a total number of
35 light curves that were observed during a time period covering
ten years (2007-2017).

As the first step of our analysis, we attempted to reproduce
the broad-band filter transmission spectrum of M 15. For this pur-
pose, we adapted the details of the analysis of this work, which
employs the quadratic LDL with the two coefficients u and v. The
latter was fixed to the theoretical values provided in M 15, while
the former was left free to fit. The transit parameters 70, a/R,,
i, and P were fixed to the values of M15. The model fit consisted
of the following free-to-fit parameters: one value per broad-band
filter of k and u, along with the three constants by, b;, and b,
of the time-dependent polynomial (Eq. (5)) per individual light
curve. The reanalyzed detrended light curves are presented in
Figs. 2, 3, and A.3—-A.9. From this global fit and from inves-
tigating the credibility intervals of the parameters, we find
compatible results with M 15 for k over wavelength, as shown in
Fig. 5.

To conclude this part of our work, using the same LDL and
applying the same treatment of the fit parameters, using the same
detrending model and the same enlargement procedure on the
photometric errors, but another fitting routine, we were able to
reproduce the results obtained by M15. It is important to empha-
size that our work includes additional light curves from new
observations in Johnson B and Sloan ¢’ filters, obtained with dif-
ferent facilities from the ground, which improved our precision
in both bands. The broad-band results agree with a flat transmis-
sion spectrum of HAT-P-12b within one atmospheric pressure
scale height. However, the discrepancy concerning the atmo-
sphere of HAT-P-12b is not yet understood. Therefore, we will
continue this investigation by taking into account the different
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Table 2. Transit parameters of HAT-P-12b derived in this work and comparison to previously published values.

References a/Ry k = Rp/Ry« i (deg)
Hartman et al. (2009) 11.76 + 0.18 0.1406 + 0.0013 890.0+04
Lee et al. (2012) 11.74 + 0.17 0.1370 + 0.0019 899 +0.1
Sada et al. (2012) 11.22 + 0.57 0.1404 + 0.0026 885+ 1.0
Line et al. (2013) 11.60 + 0.39 0.1370 + 0.0011 88.7+0.6
Mallonn et al. (2015)  11.72 +£0.12  0.13779 + 0.00079 88.98 + 0.29
Sing et al. (2016) 11.19 £ 0.22  0.13596 + 0.00059 88.10 + 0.27
Mancini et al. (2018)  11.93 £ 0.28  0.13898 +0.00069  89.10 = 0.24
This work 11.68 £ 0.12  0.13847+ 0.00054  88.83 + 0.19

LDLs deployed by the different groups and the different system
parameters used for the light-curve analyses.

5.1.1. Importance of the LDLs

The studies of M15 and S16 differ in the choice of the LDL.
While the former uses the quadratic law, the latter employs
the four-parameter LDL with its coefficients «l, 2, «3, and
o4. To investigate the importance of this choice in the case of
HAT-P-12b, we employed both the quadratic and the four-
parameter LDL by fitting the ground-based data again. We used
the coefficients provided by Claret & Bloemen (2011) from stel-
lar ATLAS models. We also investigated a plausible change in k
when fixing all coefficients to theoretical values in comparison
to leaving the first coefficient of either the quadratic or of the
four-parameter LDL free to fit.

For all cases, the difference in k is not significant. The val-
ues per individual filter change only by a fraction of our 1o
uncertainties, whereas the overall slope remains unaffected.

Moreover, to investigate the suggestion by Csizmadia et al.
(2013) that different theoretical calculations of the limb-
darkening coefficients by individual authors might lead to vary-
ing results for k, we fit our light curves with limb-darkening
coefficients obtained from both S16 and Claret & Bloemen
(2011). However, the effect of the coefficients from different
authors is not of significance either. The obtained k per filter is in
agreement with the published ground-based data of HAT-P-12b
and supports a flat-spectrum scenario at optical wavelengths.

The main outcome of this part of the analysis is that dif-
ferent LDLs and coefficients are certainly not the cause of the
discrepancy in the published transmission spectra of HAT-P-
12b. In a further step toward the clarification of the problem, we

investigated the effect of the orbital parameters on the light-curve
fitting procedure, and specifically, the influence of the system
inclination.

5.1.2. Importance of the system inclination

Both studies, M15 and S16, fixed the orbital parameters i and
a/R, when they fit for k over wavelength. The one work fixed
these parameters to values that they derived from a joint fit
to all their data, the other work fixed these parameters to val-
ues derived from the HAT-P-12b Spitzer light curves of S16. In
this section, we investigate the effect of these parameters on the
value of k using the example of i. The literature agrees (Table 2)
on an inclination value for the HAT-P-12 system of about 89°
(Hartman et al. 2009; Line et al. 2013; Mallonn et al. 2015;
Mancini et al. 2018). We defined three cases in total with fixed
different inclinations of 88°, 89°, and 90°. We chose the four-
parameter LDL with fixed coefficients (Claret & Bloemen 2011)
and fit the ground-based light curves again with the aim to
investigate if there is a significant variation in k with respect
to i. Figure 6 shows that changes in the fixed inclination value
cause an offset in k, which is wavelength dependent. Therefore,
a change in i can cause a slope in the transmission spectrum.
Potentially, the assumption of an inaccurately small inclination
for HAT-P-12b could imply a Rayleigh slope.

This dependency of the optical slope on the orbital param-
eters is briefly described in Pont et al. (2013). With our inves-
tigation, we verify that the discrepancy between M15 and S16
is potentially based on this degeneracy of i and k. By a joint
fit of all ground-based light curves with free transit parameters
i, a/Ry, and k, we derive a refined value for the inclination,
i = 88.83° + 0.19°.
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Fig. 6. Variation in transmission spectrum for three different inclination values. Different values of i cause an offset in k, which is wavelength
dependent. This effect can mimic a slope in the transmission spectrum. The dashed lines mark linear regressions.
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Fig. 7. Reanalysis of the HST data using the orbital parameters derived by S16 using the Spitzer transit light-curves. The reproduced transmission
spectrum (blue data points) agrees well with the transmission spectrum of S16 (magenta points).

5.2. Reanalysis of the HST data

In this part of our work, we test if the sloped HST/STIS trans-
mission spectrum can be reproduced, following the analysis
procedure described in S16 step by step. Because the HST light
curves lack observational data during transit ingress and egress,
they are not suited to accurately constrain the orbital parameters i
and a/R,. Therefore, S16 derived these parameters from the two
Spitzer light curves at 3.5 and 4.6 ym included in their work,
resulting in isj¢ = 88.10° £ 0.27 and a/R, 516 = 11.19 + 0.22
(Nikolov, priv. comm.).

We derived the STIS transmission spectrum from the set of
light curves over wavelengths as supplied to us by the team of
S16, keeping i and a/R, fixed to the Spitzer values. A detrending

Al142, page 8 of 20

model similar to S16 was employed (see Sect. 4.2.3), and as
carried out by S16, we used the four-parameter LDL with coeffi-
cients fixed to theoretical values. The free-to-fit parameters were
k per wavelength channel and detrending coefficients per light
curve. The detrended light curves are presented in Figs. A.l
and A.2.

Figure 7 shows the resulting reanalyzed transmission spec-
trum, which agrees very well with the spectrum presented in
S16. We summarize that S16 suggested slightly different orbital
parameters than were given by a fit to the numerous ground-
based data and in the literature. If these parameter values are
used to derive the transmission spectrum, we reproduce an
evident slope of k over wavelength.
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Fig. 8. Transmission spectrum of HAT-P-12b as derived from the homogeneous reanalysis of all data from the ground and from the HST with
their associated error bars. For reference and comparison, we overplot the values obtained by M15 (black empty squares). The blue dashed lines
show plus—minus two scale heights from the weighted average value of k (blue dotted line). In magenta we show the values of S16 together
with the suggested atmospheric model (magenta solid line). The cyan solid overplotted line represents the cloud-free, solar-composition model of

HAT-P-12b from Fortney et al. (2010) for comparison. The blue solid line is a linear regression of the weighted k values.

5.3. Homogeneous reanalysis of all data

In the previous parts of this work, we successfully reproduced
the published results from M15 and S16 with the analyses of
each data set independently and according to the published
procedure of each group. Now, we aim for a homogeneous
reanalysis of both the ground-based and the space-based data.
We consider the orbital parameter values derived in this work
(Table 2) as the most accurate ones because they are drawn from
a very large sample of independently observed data. The remain-
ing systematic noise inherent to the individual light curves of
this sample is expected to average out. Moreover, these values
broadly agree with the literature values published previously,
while the S16 values deviate by about 2 0. The source of this
slight deviation might be pure statistical fluctuation and is not
investigated further here. Thus, we fixed i and a/R, to the
best-fit ground-based values, and let k£ vary for in total 17
wavelength channels of the HST data and eight broad-band fil-
ters of the ground-based data. Each individual light curve has
its own independent and simultaneously fit detrending func-
tion. The wavelength-dependent limb-darkening coefficients of
the four-parameter LDL were fixed to the theoretical values
from Claret & Bloemen (2011). The result, that is, the final
transmission spectrum, is presented in Fig. 8 and Table 3.
The k values of ground- and space-based data finally agree
broadly.

5.4. Physical parameters and the ephemeris of HAT-P-12b

Based on our newly derived transit parameters, we refined the
planetary properties using the equations from Southworth et al.

(2007, 2010), Winn (2010), Seager (2011), and Turner et al.
(2016):

Vi—&) K.\ P\ (MmN
Mp= —e (_*) T —= MJups (N
28.4329 J\sini/\1yr Mg

where K, = 35.8 = 1.9 kms™! is the RV semi-amplitude of the
star and M, = 0.73 M (Hartman et al. 2009). M, denotes one
solar mass. The variable e stands for the eccentricity of the sys-
tem, which in case of HAT-P-12b is assumed to be zero. The
surface gravitational acceleration is

_27r(a)2E

gp—P

Ky, 8
7 A ®)

sini
and the modified equilibrium temperature T is given by

R 1/2
Teq = Tef (ﬁ) P 9

where T.g is the effective temperature of the host star. The for-
mula is derived under the assumption that A = 1 — 4F, with A
the Bond albedo and F the heat redistribution factor (Southworth
2010).

The ability of the planet to interact with other bodies in its
environment is measured by the Safronov number ® (Safronov
1972):

0= . (10)
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Table 3. Final results of the homogeneous reanalysis described in Sect. 5.3 with the corresponding limb-darkening coefficients.

A range (nm) k = Ry/R. (HST) xl o2 o3 o4
350.0-410.0 0.14022 + 0.00110 0.7688 —1.2583 1.8781 —-0.4346
410.0-440.0 0.13836 + 0.00088 0.6393 —0.9882 1.9149 —0.6358
440.0-470.0 0.13877 + 0.00067 0.5994 -0.8784 1.8883 —-0.6953
470.0-495.0 0.13855 + 0.00071 0.5903 -0.8136 1.8253 -0.7031
495.0-520.0 0.13808 + 0.00077 0.5958 —-0.7606 1.7314 —-0.6821
520.0-540.0 0.13904 + 0.00077 0.6008 -0.7129 1.6469 -0.6631
540.0-575.0 0.13874 + 0.00062 0.6052 —-0.6577 1.5473 —-0.6385
550.0-586.8 0.13801 + 0.00108 0.6058 —-0.6380 1.5105 -0.6276
586.8-591.8 0.13846 + 0.00268 0.6070 —-0.6002 1.4400 —-0.6068
591.8-620.0 0.13713 + 0.00115 0.6079 -0.5701 1.3839 —-0.5903
620.0-660.0 0.13798 + 0.00094 0.6311 -0.5640 1.2853 —-0.5517
660.0-710.0 0.13660 + 0.00085 0.6472 -0.5788 1.2450 -0.5319
710.0-763.4 0.13700 + 0.00105 0.6657 —-0.5959 1.1987 -0.5092
763.4-773.4 0.14244 + 0.00255 0.6670 —-0.6063 1.1704 —0.4953
773.4-840.0 0.13622 + 0.00098 0.6789 -0.6034 1.1400 -0.4821
840.0-910.0 0.13867 + 0.00111 0.6815 -0.5972 1.0860 —-0.4587
910.0-1020.0 0.13516 + 0.00121 0.6848 —0.5889 1.0150 -0.4278
Filter k = Ry/R« (Ground) ol o2 o3 o4
u 0.13803 + 0.00264 0.8321 - 1.3903 1.8601 -0.3362
B 0.13914 £ 0.00055 0.6097 -0.9264 1.9233 —-0.6819
g 0.13765 + 0.00050 0.5887 —-0.8286 1.8520 -0.7091
Vv 0.13881 + 0.00136 0.6047 -0.6754 1.5804 —0.6482
r 0.13779 + 0.00076 0.6087 —-0.5439 1.3350 —-0.5759
0.13816 + 0.00095 0.6293 -0.5623 1.2899 -0.5539
i’ 0.13872 + 0.00116 0.6775 —0.6068 1.1691 —0.4947
4 0.14071 + 0.00135 0.6849 —0.5888 1.0138 -0.4273

To refine the orbital ephemeris, we derived the individual mid-
transit times of the new transit observations by a separated
fit individually to every light curve, summarized in Table 4,
and combined them with the published mid-transit times from
Mallonn et al. (2015). A weighted linear least-squares fit to all
the mid-transit times versus their cycle number resulted in an
updated ephemeris:

T. = BJD(TDB) 2456446.635829(36)

+3.21305766(13) N. (11)

Here, T, denotes the predicted transit central time and N
the corresponding cycle number of the reference mid-time. The
orbital period agrees with that published by Mallonn et al.
(2015), with slightly improved precision, and it shows a differ-
ence of about 1 ¢ to the work of Hartman et al. (2009).

In Table 5, we compare our values with the most recent
literature values of HAT-P-12b (Mancini et al. 2018), and our
results are in agreement. Moreover, the equilibrium temperature
estimated here agrees with the upper limit on the brightness tem-
perature derived by Todorov et al. (2013) if for simplicity we
assume the planet to radiate as a blackbody.

6. Discussion and conclusion

The motivation for this work was to draw a homogeneous
picture of the atmosphere of HAT-P-12b and to solve the dis-
crepancy between the transmission spectra published by M15
and S16. During the analysis, we found that this discrepancy
was not caused by the different analysis tools, as M15 used
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Table 4. Individual transit mid-times of the new transit observations of
this work.

Date of observation BJD_TDB (2457000 +)

07 May 2016 516.58394 + 0.00031
18 Mar. 2017 831.46339 + 0.00037
21 Mar. 2017 834.67573 + 0.00042
02 May 2017 876.44558 + 0.00036
05 May 2017 879.66160 + 0.00036
18 May 2017 892.51113 + 0.00046
18 May 2017 892.51191 + 0.00012
18 May 2017 892.51258 + 0.00041
03 June 2017 908.57706 + 0.00040
05 July 2017 940.70759 + 0.00036

Levenberg-Marquardt fitting with the JKTEBOP software pack-
age (Southworth 2008) and S16 used the MCMC fitting of the
Mandel & Agol (2002) transit models. Neither was the usage
of different LDLs the reason, nor could it be found in subtle
differences in the treatment of the limb-darkening coefficients.
Following the procedures of both studies for an individual repro-
duction of their results, we noted a difference in the orbital plane-
tary parameters that is the likely cause of the discrepancy. While
both teams assumed the parameters i and a/R, to be wavelength
independent and kept them fixed during their final light-curve
fit, they derived different values for them. The value of M15
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Table 5. Estimates of the physical properties of HAT-P-12b as derived
from this work in comparison to literature values recently provided by
Mancini et al. (2018).

Parameters This work Mancini et al. (2018)
Mass (M;)  0.211 = 0.012 0.201 + 0.011

logg (cgs) 2.78 +£0.03 2.77 £ 0.03

Teq (K) 957 £ 15 955 + 11

0 0.0237 £ 0.0009 0.0238 + 0.0012

H (km) 577.0 = 12.7 586.0 + 9.4

agreed with previous literature values, while the light-curve fit
of two Spitzer light curves of S16 yielded slightly deviating
orbital parameters (Nikolov, priv. comm.). With these two sets of
parameters, we succeeded in reproducing the deviating transmis-
sion spectrum. When we reanalyzed all ground-based and space-
based data using newly derived values for the orbital parameters,
we found consistent results among all observations. New transit
light curves taken at short wavelengths increased the precision
further.

HAT-P-12b is one of the ten targets of the comparative study
of S16. The orbital parameters of the other targets, derived from
the fit to HST white-light curves (Huitson et al. 2013; Sing et al.
2013, 2015; Nikolov et al. 2014, 2015), are generally in good
agreement with previously published values. Therefore, HAT-
P-12b probably is a particular case in the HST survey planet
sample, and we currently find no indications that would make
a reanalysis of other data of this sample necessary.

To our knowledge, a degeneracy between the orbital param-
eters i and a/R, and the derived slope in the exoplanet transmis-
sion spectrum is not thoroughly discussed in the literature. Such
an exercise was not foreseen for this paper either, but an exten-
sive work based on simulated data is currently prepared by our
team. Many hot Jupiters that have been investigated with trans-
mission spectroscopy show a (negative) slope in their spectrum,
which is generally interpreted as a signature of scattering by
aerosol (haze) particles (e.g., Jordan et al. 2013; Sing et al. 2016;
Mallonn & Wakeford 2017; Chen et al. 2017). It is extensively
discussed in literature that such a slope can also be mimicked
by third light of another stellar body falling to the photometric
aperture and brightness inhomogeneities such as spots and fac-
ulae on the host star photosphere (Oshagh et al. 2014; Rackham
et al. 2018; Mallonn et al. 2018). Without a proper knowledge
of all factors that potentially influence the measured slopes in
exoplanet transmission spectra, a correct scientific interpretation
is not possible. In this article, we wish to direct the attention
of observers to a degeneracy of the orbital parameters with the
optical exoplanet spectral slope.

The transmission spectrum of HAT-P-12b finally derived in
this work has the best currently achievable precision. The data
points shortward of 700 nm show a standard deviation of about
0.6 atmospheric pressure scale heights (H) with a mean uncer-
tainty of about 0.8 H, including the less precise data points
shortward of 400 nm. This is remarkable considering that the
host star is comparably faint, with a V-band magnitude of 12.8,
and that it is a K-type star with rather little stellar flux at short
wavelengths. Our transmission spectrum is inconsistent with
the clear-atmosphere, solar-composition model by Fortney et al.
(2010), scaled to the parameters of this planet (Fig. 8). There
is no indication for absorption by sodium in either an HST
wavelength channel centered at the line core or at the wavelength

of pressure-broadened wings, as predicted by the Fortney et al.
(2010) model. The transmission data longward of 700 nm are
less precise with larger uncertainties and larger scatter among
the data points. These data did not show a significant indica-
tion for a pressure-broadened potassium line but they could not
rule it out either. We agree with the finding by S16 of a tenta-
tive absorption signal in the core of the potassium line, but it is
just significant at the 2 o confidence level and based on only one
single light-curve. Further observations are required to confirm
this.

A linear regression line calculated using all our data points
shows a slope of —2.96 + 1.28 x 107% nm~!. We consider this
slope to be a signature of the planetary atmosphere because
of the low activity level of the host star (Mallonn et al. 2015;
Mancini et al. 2018). In units of H, this slope corresponds to
a difference of about 1.5 H from the »’ band to the 7’ band.
With this amplitude, the spectral slope is rather typical for hot
Jupiters (Sing et al. 2016; Mallonn & Wakeford 2017; Pinhas &
Madhusudhan 2017). HAT-P-12b has an equilibrium tempera-
ture of 950 K (Sect. 5.4), thus, it is the coolest object of the ten
planets in the HST survey. However, no dependence of the slope
amplitude on temperature becomes evident, as HAT-P-12b has a
very similar slope to 1100 K WASP-39b, 1450 K HD209458b,
and even 2500 K WASP-12b (Sing et al. 2016; Mallonn &
Wakeford 2017). HAT-P-12b is similar in equilibrium temper-
ature and surface gravity to WASP-39b. However, the former
presents an optical spectrum that is dominated by haze particles
scattering, while the latter shows a rather clear atmosphere that
reveals the pressure-broadened wings of sodium (Fischer et al.
2016; Wakeford et al. 2018). Future work may reveal whether this
diversity is linked to differences in cloud condensation by differ-
ent planetary metallicity abundances or planetary atmospheric
dynamics. Another possibility may be differences in the pro-
duction of photochemical haze by the different host star spectral
types of HAT-P-12 and WASP-39.
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Appendix A: Additional figures

X. Alexoudi et al.: Solving contradicting results for HAT-P-12b

HST STIS G430L spectral bin light curves and
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Fig. A.1. Raw light curves of HST visit 11 (left panel) and detrended light curves (middle panel). Overplotted are the fitted models of the
homogeneous analysis of Sect. 5.3. The associated residuals are presented in the right panel. The curves are shifted arbitrarily for clarity.
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Fig. A.2. Same as Fig. A.1 for HST visit 12 (upper panels) and HST visit 22 (lower panels).
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Fig. A.3. Reanalyzed, detrended literature u’-band light curves with the associated transit model described in Sect. 5.3. Botfom panels: associated

residuals.
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Fig. A.4. Reanalyzed, detrended literature B-band light curves with the associated transit model described in Sect. 5.3. Bottom panels: associated

residuals.
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Fig. A.5. Reanalyzed, detrended literature g’-band light curves with the associated transit model described in Sect. 5.3. Bottom panels: associated
residuals.
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Fig. A.6. Reanalyzed, detrended literature V-band light curves with the associated transit model described in Sect. 5.3. Bottom panels: associated

residuals.
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Fig. A.7. Reanalyzed, detrended literature ’'-band light curves with the associated transit model described in Sect. 5.3. Bottom panels: associated

residuals.

A142, page 18 of 20

20.10

~0.05

0.00

0.05

0.10

20.10

~0.05

0.00

0.05

0.10

0.15

-0.15

Time from mid-transit [d]

Time from mid-transit [d]


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201833691&pdf_id=0

X. Alexoudi et al.: Solving contradicting results for HAT-P-12b

29 Mar 2011 LOAO

14 Apr 2011 LOAO

13 May 2011 LOAO

1.005}
1.000f

o
©
©
vl

0.990¢
0.985}

Normalized Flux

0.980¢}
0.975}
0.970}

0.010}

0.005¢

Residuals

—0.010f

~0.10 —0.05 0.00

0.05 0.10

Time from mid-transit [d]

9 Mar 2011 Asiago

~0.15-0.10-0.05 0.00 0.05 0.10 0.15

Time from mid-transit [d]

~0.15-0.10-0.05 0.00 0.05 0.10 0.15

Time from mid-transit [d]

19 Mar 2012 Asiago

Normalized Flux

Residuals

—0.005}

—0.010¢

-0.15

—0“05 0.60 0.65
Time from mid-transit [d]

-0.10

0.15

0.10

-0.20 -0.15 -0.10 -0.05 0.00

O.bS
Time from mid-transit [d]

0.10

0.15 0.20

Fig. A.8. Reanalyzed, detrended literature R-band light curves with the associated transit model described in Sect. 5.3. Bottom panels: associated

residuals.
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Fig. A.9. Reanalyzed, detrended literature two i’-band (upper panels) and two z’-band (lower panels) light curves with the associated transit model
described in Sect. 5.3. Bottom panels: associated residuals.
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