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ABSTRACT
We present high-precision photometry of eight separate transit events in the HAT-P-
32 planetary system. One transit event was observed simultaneously by two telescopes
of which one obtained a simultaneous multi-band light curve in three optical bands,
giving a total of 11 transit light curves. Due to the filter selection and in conjunction
with using the defocussed photometry technique we were able to obtain an extremely
high precision, ground-based transit in the u-band (350 nm), with an rms scatter of
≈ 1mmag. All 11 transits were modelled using prism and gemc, and the physical
properties of the system calculated. We find the mass and radius of the host star to be
1.182± 0.041M⊙ and 1.225± 0.015R⊙, respectively. For the planet we find a mass of
0.80±0.14MJup, a radius of 1.807±0.022RJup and a density of 0.126±0.023ρJup. These
values are consistent with those found in the literature. We also obtain a new orbital
ephemeris for the system T0 = BJD/TDB 2454420.447187(96) + 2.15000800(10)×E.
We measured the transmission spectrum of HAT-P-32Ab and compared it to theo-
retical transmission spectra. Our results indicate a bimodal cloud particle distribution
consisting of Rayleigh–like haze and grey absorbing cloud particles within the atmo-
sphere of HAT-P-32Ab.

Key words: Planetary Systems— stars: fundamental parameters— stars: individual:
HAT-P-32A — Planetary Systems: atmospheres — techniques: photometric

1 INTRODUCTION

The number of currently known extrasolar planets exceeds
36001, while, the total number of known transiting extra-
solar planets (TEPs) exceeds 14002. The majority of TEPs
have been discovered from ground-based (e.g., SuperWasp:
Pollacco et al. 2006; HATNet: Bakos et al. 2004) or space-

⋆ Email: j.j.tregloan.reed@gmail.com
1 See http://exoplanet.eu (Schneider et al. 2011).
2 See TEPCat (Transiting Extrasolar

Planet Catalogue; Southworth 2011) at:
http://www.astro.keele.ac.uk/jkt/tepcat/ .

based (CoRoT: Baglin et al. 2006; Kepler : Borucki et al.
2010) transit surveys, and later confirmed by use of
the radial velocity technique (Butler et al. 1996, 1999;
Queloz et al. 2000). The majority of these are small objects
discovered byKepler, however, there are difficulties in study-
ing these objects due to their small size and their long orbital
periods.

With the development of the NGTS planet hunter
(Wheatley et al. 2013) and the NASA TESS satellite
(Ricker et al. 2009) we are entering a new era of plan-
etary transit detection. These new surveys are expected
to find both mini-Neptune and rocky planets orbiting K-
dwarf and M-dwarf stars within our solar neighbourhood,

c© 2017 The Authors
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which will be suitable for ground based follow-up obser-
vations, especially those aimed to probe planetary atmo-
spheres. This is a key step to finding an Earth-like planet
elsewhere in the galaxy, as it will allow for detailed atmo-
spheric studies. At present, due to observational constraints,
the majority of TEPs suitable for in-depth studies are hot
Jupiters (e.g., WASP-19 b: Hellier et al. 2011; WASP-12 b:
Sing et al. 2013; WASP-31 b: Sing et al. 2015; HAT-P-1b:
Nikolov et al. 2014; WASP-6 b: Nikolov et al. 2015; WASP-
39 b: Nikolov et al. 2016; Fischer et al. 2016; WASP-98 b:
Mancini et al. 2016).

Transit spectroscopy can be used to study an
exoplanet’s atmosphere (Seager & Sasselov 2000;
Charbonneau et al. 2002), where measurements of the
planetary radius can be made for different wavelengths.
The results are then compared to theoretical model at-
mospheres (e.g., Irwin et al. 2008; Fortney et al. 2008;
Madhusudhan & Seager 2009), to determine the chemical
composition of the outer planetary atmosphere. However,
this can be hampered by condensates that can weaken
or mask spectral features depending on the height of the
cloud deck (e.g., Sudarsky et al. 2003; Fortney 2005). Some
theoretical models predict the presence of spectrally active
atmospheric constituents such as TiO and VO, which
have been considered responsible for causing temperature
inversions (Hubeny et al. 2003; Fortney et al. 2008, 2010;
Burrows et al. 2010). These spectral signatures can be
observed in the optical UV–blue region (≈ 350–450 nm).
Observations have been made in the optical UV–blue
using transit spectroscopy (e.g., Sing et al. 2013) and have
discovered an increase in the planetary radius towards
bluer wavelengths, indicative of a Rayleigh scattering
slope (e.g., GJ 3470 b: Dragomir et al. 2015; WASP-31 b:
Sing et al. 2015; HAT-P-1b: Nikolov et al. 2014; WASP-
6 b: Nikolov et al. 2015; WASP-39b: Nikolov et al. 2016;
Fischer et al. 2016).

For highly irradiated planets, the atmosphere at op-
tical wavelengths is a vital part of the energy budget of
the planet, as it is where the bulk of the stellar flux is
deposited (Sing et al. 2011). By using multi-band imagers
(e.g., GROND, on the MPG 2.2m telescope, ESO La Silla,
Chile, Greiner et al. 2008) it is possible to view a tran-
sit simultaneously in multiple wavelengths. This then al-
lows variations as small as an atmospheric scale height in
the planetary radius to be observed over the filter FWHM
(for a Cousins R filter, FWHM = 158 nm). Such variations
can arise from Rayleigh scattering, Mie scattering and from
molecular opacities, so are tracers of the atmospheric con-
ditions and chemical composition (e.g., Southworth et al.
2012, 2015b; Mancini et al. 2013b,c, 2014; Chen et al. 2014).
By using a wide wavelength range a broadband transmission
spectrum can be constructed (e.g., Nikolov et al. 2013).

One of the inherent difficulties in using ground-based
simultaneous multi-band defocused photometry lies in the
fact that the amount of defocussing is optimised for a single
filter (for optimal precision this is normally an r -filter). Sub-
sequently the quality of the transit data reduces for the other
filters. This usually results in a poor quality light curve in
the u-band (e.g., HAT-P-5: Southworth et al. 2012; WASP-
57: Southworth et al. 2015b; HAT-P-8: Mancini et al. 2013a;
HAT-P-23; WASP-48: Ciceri et al. 2015) and is unsuitable
for use in the comparison between measured planetary radii

and theoretical atmospheric predictions. It also hinders the
detection of a possible near-UV Rayleigh scattering slope.

1.1 Previous work on HAT-P-32

The transiting planetary system HAT-P-32 was discovered
by Hartman et al. (2011) using photometry from the HAT-
Net telescope. They determined an orbital period of P =
2.15days for the planet HAT-P-32Ab. Reconnaissance spec-
troscopy and RV measurements were obtained using the
Harvard-Smithsonian Center for Astrophysics (CfA) Digital
Speedometer (DS; Latham 1992) on the FLWO 1.5m tele-
scope. Hartman et al. (2011) determined for a circular orbit
that the stellar mass and radius are M⋆ = 1.160± 0.041M⊙

and R⋆ = 1.219±0.016R⊙ , respectively. They found the plan-
etary mass and radius to be Mp = 0.860±0.164MJup and Rp =
1.789 ± 0.025RJup. They mentioned difficulties in precisely
determining the stellar and planetary properties due to high
velocity jitter (≈ 80ms−1). From the spectroscopic data they
determined a value for the projected stellar rotational ve-
locity (for a circular orbit) of vsin I = 20.7±0.5 kms−1 and a
macroturbulence (vmac) value of 4.69 km s−1.

Between 2008 and 2011 Sada et al. (2012) used the
FLAMINGOS infrared camera3 on the 2.1m Kitt Peak Na-
tional Observatory Telescope to observe 57 transits of 32
known exoplanets, with the HAT-P-32 planetary system be-
ing one of the targets. They observed two separate transits,
with one observed simultaneously with two telescopes. With
the data Sada et al. (2012) were able to further refine the
orbital ephemeris, orbital inclination, ratio of the radii and
the scaled stellar radius.

Between 2012 and 2014 Adams et al. (2012, 2013);
Dressing et al. (2014) conducted an exhaustive adaptive op-
tics imagining campaign of 15 known TEPs and 189 Kepler

Objects of Interests (KOIs). During this campaign they ob-
served HAT-P-32A and discovered a faint companion, HAT-
P-32B at a distance of 2.9′′ combined with a magnitude
difference of ∆Ks = 3.4 (Adams et al. 2013), which was just
beyond the detection limit of Hartman et al. (2011).

The atmosphere of HAT-P-32Ab was studied via tran-
sit spectroscopy (Gibson et al. 2013), using GMOS on the
Gemini North telescope. Two transits were observed and,
using differential spectro-photometry, a white light curve
and 29 spectral light curves were generated for each tran-
sit. From this Gibson et al. (2013) were able to produce a
transmission spectrum of the atmosphere of HAT-P-32Ab
covering 520–930 nm. From their work Gibson et al. (2013)
was able to refine the system parameters further and found
the orbital inclination to be 89.12+0.61

−0.68 degrees, and the plan-

etary radius and density to be Rp = 1.796+0.028
−0.027 RJup and

ρp = 0.18 ± 0.04ρJup respectively. The examination of the
transmission spectrum revealed a flat-spectrum devoid of
any broad features larger than one atmospheric scale height.
Gibson et al. (2013) concluded that clouds in the upper-
atmosphere were acting as a grey absorber.

Seeliger et al. (2014) performed a Transit Timing Vari-
ation (TTV) analysis of the HAT-P-32 planetary system to
determine the presence of a second planetary body orbit-
ing HAT-P-32A. They observed 45 transits by using several

3 The observations were preformed in the J-, H- and JH-bands.

MNRAS 000, 1–?? (2017)
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telescopes and in particular, telescopes which are part of
the YETI4 network (Seeliger et al. 2014). Using their times
of mid-transit and those from the literature, they refined the
orbital ephemeris by 21ms and found that the data showed
no evidence of a TTV signal above 1.5min.

Zhao et al. (2014) observed a secondary eclipse of
HAT-P-32Ab using Spitzer/IRAC at 3.6 and 4.5 µm, and
Hale/WIRC in the H and Ks bands. Adaptive optics imag-
ing was performed and HAT-P-32A and HAT-P-32B were
visually resolved. The flux ratios of the binary components
were measured in six bands (including r′ & Ks) and the ef-
fective temperature of HAT-P-32B was found to be Te f f =
3564±82K, indicating that HAT-P-32B is a M1.5 dwarf star
(Zhao et al. 2014). Due to obtaining secondary eclipse tim-
ing offset data, Zhao et al. (2014) were able to confirm an
orbital eccentricity of HAT-P-32Ab to be e = 0.0072+0.0700

−0.0064,
which is consistent with a circular orbit. Zhao et al. (2014)
then compared their secondary eclipse depths with theo-
retical model atmospheres (e.g., Fortney et al. 2008). Their
analysis showed that the data either matched a tempera-
ture inversion caused by a high altitude absorber within
the atmosphere of HAT-P-32Ab combined with an inef-
ficient heat redistribution from the day-side to the night-
side of the planet, or alternatively a blackbody model with
Tp = 2042±50 K.

More recently in 2016 three studies into the atmosphere
of HAT-P-32Ab were conducted (Mallonn & Strassmeier
2016; Mallonn et al. 2016; Nortmann et al. 2016). These
studies utilised transit spectroscopy using the Large Binocu-
lar Telescope (Mallonn & Strassmeier 2016) and the 10.4m
GTC (Nortmann et al. 2016). The third study used tran-
sit photometry from 21 new transit light curves combined
with 36 previously published light curves to examine changes
in the planetary radius from the near-UV to the near-
IR (Mallonn et al. 2016). All three studies determined a
flat spectrum within the range of 500–1000 nm indicative
of high-altitude clouds. However, Mallonn & Strassmeier
(2016) makes a tentative detection of a Rayleigh scattering
slope below 550 nm, while in a second study Mallonn et al.
(2016) determined that the tentative detection is less likely
due to discrepancies at the reddest wavelengths between the
two data sets.

2 OBSERVATIONS AND DATA REDUCTION

2.1 BUSCA observation

BUSCA is capable of viewing a transit simultaneously in
four optical passbands, for which three passbands were cho-
sen: Strömgren u, b & y. The fourth passband was neglected
due to the need in using filters with the same optical depth.
The only available filters with the same optical depth as the
Strömgren filters were I-band filters (e.g., the Cousins I fil-
ter), however, these images were not used due to the target
being saturated in the observed images. All four CCDs on
BUSCA have a plate scale of 0.176 ′′pixel−1 and a field of
view of 12×12 ′, and were operated with 2×2 binning. The

4 The Young Exoplanet Transit Initiative (Neuhäuser et al.
2011).

instrument was defocussed and the telescope was autogu-
ided throughout the observations. Due to the same transit
being observed in a Cousins R filter on the CAHA 1.23m
it was decided to select filters to give observations in the
optical UV–blue spectrum. With known difficulties in ob-
taining precise light curves in the optical UV from simulta-
neous multi-band photometry (e.g., Southworth et al. 2012,
2015b) the amount of defocusing used was calibrated in the
Strömgren b passband, to optimise the precision of the light
curves from all three Strömgren passbands. The resulting
light curves (labelled U1, B1 and Y1) proved the strategy
to be successful with all three light curves having an rms
scatter of ≈ 1mmag per point (see Table 1). In particular
the precision in the resulting u-band light curve is a ma-
jor improvement (rms scatter: 1.08mmag) on previous u-
band light curves from simultaneous multi-band photome-
try (e.g., rms scatter: 3.46mmag: Southworth et al. 2015b;
2.37mmag: Mancini et al. 2013a; 3.55mmag & 2.88mmag:
Ciceri et al. 2015).

2.2 CAHA 1.23m telescope observations

Six transits of the HAT-P-32 planetary system were ob-
served using the CAHA 1.23m telescope, Calar Alto, Spain.
The CCD detector has a plate scale 0.32 ′′pixel−1 and a field
of view of 21.5′×21.5′. Two transits were observed using the
Johnson V filter (V1: 2014/01/11 & V2: 2014/10/24), two in
the Cousins R filter (R1: 2011/08/24 & R2: 2011/10/04) and
two in the Cousins I filter (I1: 2014/08/31 & I2: 2015/08/25).
All six transits were observed by defocusing the telescope
and the telescope was autoguided throughout the observa-
tions. The two Johnson V transits were only partially cov-
ered, due to an ephemeris error (V1) and scheduling require-
ments (V2).

The transit I1 proved to be a poor fit. The initial mod-
elling result disagreed with the 1-σ uncertainties from the
other 10 transits (e.g., i = 86.56◦ ± 1.10◦). This anomalous
result was duplicated when the transit was fitted using a sec-
ond transit model: jktebop (see Southworth 2008, for more
details). Because the results from both models agreed within
their 1-σ uncertainties, we concluded that the problem laid
within the data itself. Therefore, we decided to only use this
transit for the purpose of measuring the time of minimum
light.

2.3 Cassini telescope observation

A transit of the HAT-P-32 planetary system was observed
on 2014/12/21 using BFOSC on the Cassini 1.5m telescope,
Loiano Observatory, Italy, using a Johnson V filter (labelled
V3). The BFOSC focal-reducing imager has a plate scale
0.58 ′′pixel−1. The telescope was defocused to allow expo-
sure times of 100 s and the pointing of the telescope was
maintained throughout the night using the autoguider. The
resulting light curve has the lowest rms scatter per point
(0.55mmag) of the transit light curves presented in this
work.

MNRAS 000, 1–?? (2017)
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Table 1. Log of the observations presented for HAT-P-32. Nobs is the number of observations. ‘Moon illum.’ and ’Moon dist.’ are the
fractional illumination of the Moon, and its angular distance from HAT-P-32 in degrees, at the midpoint of the transit.

Telescope / Date of Start time End time Nobs Texp Tdead Filter Airmass Moon Moon Aperture Scatter
Instrument first obs (UT) (UT) (s) (s) illum. dist. sizes (px) (mmag)

CAHA1.23 2011/08/24 23:22 04:43 212 40→75 22 R 1.62 → 1.01 0.200 59.9 18, 30, 50 3.54
BUSCA 2011/08/24 23:28 04:47 129 120 30 u 1.67 → 1.03 0.200 59.9 10, 60, 80 1.08
BUSCA 2011/08/24 23:28 04:45 122 120 30 b 1.67 → 1.03 0.200 59.9 15, 20, 80 1.04

BUSCA 2011/08/24 23:28 04:57 125 120 30 y 1.67 → 1.03 0.200 59.9 15, 20, 80 0.97
CAHA1.23 2011/10/04 19:57 02:30 134 80→100 94 R 1.90 → 1.01 0.588 109.4 18, 26, 50 0.86
CAHA1.23 2014/01/11 19:44 00:28 77 120→150 14 V 1.03 → 2.05 0.838 38.2 32, 42, 70 0.65
CAHA1.23 2014/08/31 22:18 04:39 204 100 11 I 1.83 → 1.01 0.354 145.2 25, 35, 70 1.09
SPM0.84 2014/09/05 06:12 11:45 218 40 13 R 1.67 → 1.04 0.806 108.7 15, 35, 40 1.61
CAHA1.23 2014/10/24 18:17 00:23 153 120→130 12 V 2.09 → 1.01 0.010 145.9 23, 33, 60 0.85
Cassini 1.5 2014/12/21 16:47 22:32 172 100 21 V 1.20 → 1.00 0.003 127.2 20, 28, 50 0.55
CAHA1.23 2015/08/25 22:55 04:12 181 85→100 11 I 1.78 → 1.01 0.821 115.0 25, 35, 45 0.66

2.4 San Pedro Mártir 0.84m telescope
observation

A transit of the HAT-P-32 planetary system was observed on
2014/09/05 using the San Pedro Mártir (SPM) 0.84m tele-
scope, Baja California, Mexico, using a Bessell R filter (la-
belled R3). The telescope was moderately defocused to allow
exposure times of 40 s and the pointing of the telescope was
maintained throughout the night using the autoguider. The
transit light curve was obtained as part of the The San Pe-
dro Mártir Transit Observations Program (Ricci et al. 2015,
2017).

2.5 Aperture photometry

We reduced the data in an identical fashion to
Southworth et al. (2009a,b, 2014). Aperture photometry
was performed with an idl implementation of daophot

(Stetson 1987), and the aperture sizes were adjusted manu-
ally on a reference image to obtain the best rms scatter for
the out-of-transit data (see Table 1). A first order polynomial
was then fitted to the outside-transit data whilst simultane-
ously optimising the weights of the comparison stars. Both
master bias, sky flat fields and dome flat fields frames were
constructed. However, they were left out of the final data
reduction as they had little effect on the final reduced sci-
ence light curves. The resulting data have scatters ranging
from 0.551 to 3.540 mmag per point versus a transit fit using
prism. The timestamps from the fits files were converted to
BJD/TDB. An observing log is given in Table 1.

3 UPDATES TO PRISM & GEMC

The analysis of the transit light curves presented in this
work was conducted by using prism (Planetary Retrospec-
tive Integrated Star-spot Model)5 alongside with the optimi-
sation algorithm gemc (Genetic Evolution Markov Chain)
(see Tregloan-Reed et al. 2013, 2015). The codes are writ-
ten in idl

6 (Interactive Data Language) and were developed

5 The latest versions of both prism and gemc are directly avail-
able from the author via email.
6 For further details see http://www.harrisgeospatial.com.

to model the transit, limb darkening (LD) and starspots on
the stellar disc simultaneously. The LD was implemented us-
ing the standard quadratic law. prism uses a pixellation ap-
proach to represent the star and planet on a two-dimensional
array in Cartesian coordinates. Six parameters are used to
model the transit: the ratio between the planetary and stel-
lar radii, the sum of the fractional radii7, the linear and
quadratic LD coefficients, the orbital inclination and the
time of mid-transit. Then four parameters are used to model
each starspot: the longitude and co-latitude of the centre
of the starspot on the stellar surface, the angular size of
the starspot and the starspot’s contrast (the ratio between
the intensity (I) of the starspot and the surrounding photo-
sphere, ρspot = Ispot/Iphoto).

gemc was created in conjunction to prism to improve
the efficiency of finding a global solution in a complex mul-
tivariate parameter space compared to conventional MCMC
algorithms (Tregloan-Reed et al. 2013, 2015). gemc is a hy-
brid between an MCMC and a genetic algorithm8 and is
based on the Differential Evolution Markov Chain (DE-MC)
put forward by Ter Braak (2006). During the ‘burn-in’ stage
gemc runs N chains in parallel and for every generation each
chain is perturbed by a P dimensional vector within the pa-
rameter search space, where P is the number of parameters
being fitted. The perturbation vector is orientated within
the parameter space, so that the current generation’s best-
fitting chain lies at the centre of the potential perturbation
space. Once the ‘burn-in’ stage is complete and the position
of the global solution has been found, gemc switches to a
DE-MC algorithm to determine the parameter uncertainties
(see Tregloan-Reed et al. 2015).

While none of the transit data presented in this work
contain any starspot anomalies, so do not require the use of
prism, prism was used to maintain homogeneity with the
first author’s previous work (WASP-19: Tregloan-Reed et al.
2013; WASP-50: Tregloan-Reed & Southworth 2013;
WASP-6: Tregloan-Reed et al. 2015).

To help facilitate this work, two modifications were

7 Where the fractional stellar and planetary radii are defined as
the absolute radii scaled by the semimajor axis (r⋆,p = R⋆,p/a).
8 A genetic algorithm mimics biological processes by spawning

successive generations of solutions based on breeding and muta-
tion operators from the previous generation.

MNRAS 000, 1–?? (2017)
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Possible bimodal cloud distribution in HAT-P-32A b 5

made to prism to aid in the analysis of the HAT-P-32 plan-
etary system light curves. To take into account the blended
M-dwarf companion, HAT-P-32B, a third light ratio param-
eter was added. A Gaussian prior is used in fitting the third
light ratio, to limit the sampled solutions to a Gaussian prob-
ability distribution centred around a known flux ratio. The
flux ratios used in this work and how they were calculated
are given in Section 4.1.

The second modification was to add the ability to model
and fit the detrending polynomial coefficients used in the
detrending of transit data. This is achieved by calculating
a new flux value for each model point (Fi), by adding an
Mth order polynomial (evaluated at the model point) to the
original flux (F0) of the model point:

Fi = F0+
M

∑
n=1

cn

(

xi −xp

)n
(1)

where xp is the selected pivot point, xi is the model points
and cn is the corresponding nth order coefficient. For a data
set which has already been detrended by an Mth order poly-
nomial, the optimal solutions for the M detrending coeffi-
cients will be zero (e.g., cn = 0), and so, there will be no net
change in flux (i.e., Fi = F0).

4 DATA ANALYSIS

All 11 transits of HAT-P-32 were modelled using prism

and gemc (see Table 2 & Figs. 1 &2). This was accom-
plished by selecting a large parameter search space to al-
low the global best fit solution to be found. As discussed
in Tregloan-Reed et al. (2013, 2015), the ability of gemc to
find the global minimum in a short amount of computing
time meant that it was possible to search a large area of
the parameter space to avoid the possibility of missing the
best solution. Both the third light ratio and the detrend-
ing polynomial coefficient were fitted during the modelling
stage. Due to a first order polynomial being used to detrend
the data, only a first order polynomial was used to model the
data. From a previous study of HAT-P-32 it was confirmed
that the planet followed a circular orbit (Zhao et al. 2014),
therefore, the orbital eccentricity (e) and the argument of
periastron (ω) were set to zero and not fitted.

For the two incomplete transits V1 and V2 the sum
of the fractional radii was fixed to the value found by
Gibson et al. (2013): 0.1890, this was done to maintain ho-
mogeneity with the results from the planetary radius vari-
ations (see Section 5), while, also agreeing within the 1-σ
uncertainties with the remaining data sets.

4.1 Third light ratios

Due to the blended M-dwarf companion (HAT-P-32B)
within the HAT-P-32 defocussed PSF, the light ratio in the
passbands in which the transits were observed needed to
be found before the transits could be modelled. We used the
light ratios determined by Zhao et al. (2014) in the r′ and Ks

passbands. These passbands were selected as they give the
largest wavelength range from all the possible measured light
ratios in Zhao et al. (2014), thus improving the extrapola-
tion to the passbands needed in this work. For the analysis

https://www.caha.es/guijarro/BUSCA/caracter.html
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Figure 5. Measurements of the planetary radius compared to predicted theoretical model atmospheres from the petitCODE Mollière et al.
(2015, 2017). The data points show the measured Rp from each light curve where, the vertical error bars represent the relative uncertainty
in Rp while, the horizontal error bars represent the FWHM of the corresponding passband. The models are represented separately in each
plot, with the plot title giving the model spectra. Eight data points from this work (see Table 7) are represented based on their passband
colour and the Gibson et al. (2013) data points are black. The red open squares are the passband averages of the transmission spectra
models, and are shown at the central wavelengths of the relevant passbands. The general band names (i.e., r-band) are displayed at the
top of each plot along with the best fitting χ2

ν for each model spectra.

added Fe droplets (see Mollière et al. 2017). This explains
how the two best fitting transmission spectra disagree be-
low 550 nm. The bimodal cloud particle distribution trans-
mission spectrum gives a superior agreement to the BUSCA
radius measurements17. When taking into account that the
BUSCAmeasured radii are free from temporal uncertainties,
there is a greater likelihood that the bimodal cloud particle
distribution transmission spectrum is the correct interpreta-
tion of the data.

To explore the bimodal cloud particle distribution so-
lution further we looked into variations between the grey
cloud deck pressure and the haze scaling factor. To see if it
is possible to reproduce such an excellent agreement with
the BUSCA radius measurements (e.g., 6 0.5-σ), whilst still
achieving a good fit (e.g., χ2

ν ≈ 1.4) with the entirety of
the radius measurements used in this work. Increasing the
cloud deck pressure will result in different temperatures be-
ing probed during the transmission observation, because the
atmospheric temperature is a function of pressure. More-
over, atomic and molecular lines will gain in importance in
the spectrum when compared to the cloud opacity, making,
e.g., the alkali Na and K lines very strong in the spectral
range studied here. However, this can be circumvented by
altering the metal enrichment: by rescaling the temperature

17 Note the agreement between the BUSCA radius measurements
and the transmission spectra, was determined after the spectrum

was fitted to the entirety of the radius measurements in this work.
Including the data points from Gibson et al. (2013).

structure to lower pressures for higher metal enrichment or
higher pressures for lower metal enrichment (Mollière et al.
2015).

To show this, we took our clear base transmission spec-
tra, one with an increase and the other with a decrease
by an order of magnitude in the metal enrichment (e.g.,
[

Fe
H

]

=−0.45 and
[

Fe
H

]

= 1.55). Cloud opacity was added to
each of the transmission spectra. A cloud pressure deck of
0.01 bar and a lower Rayleigh haze scaling of 10 were used
as proxies for the cloud properties for the transmission spec-
trum with

[

Fe
H

]

=−0.45. A cloud pressure deck of 0.0001 bar
and a higher Rayleigh haze scaling of 1000 were used for the
transmission spectrum with

[

Fe
H

]

= 1.55. The two transmis-
sion spectra were then fitted to the planetary radius mea-
surements as described in Section 5.2. The best fit for the
high and low pressure transmission spectra was found to be
χ2

ν = 1.8 and χ2
ν = 1.3 respectively. The low pressure trans-

mission spectrum with
[

Fe
H

]

= 1.55 is shown in the lower
right panel of Fig. 5. The agreement between the two new
bimodal cloud particle distribution transmission spectra and
the BUSCA radius measurements was 0.21-σ (0.01 bar) and
0.37-σ (0.0001 bar). Fig. 6 shows the comparison between
the three bimodal transmission spectra and the three ra-
dius measurements from BUSCA. Fig. 6 shows how it is not
possible to discern the difference between the three bimodal
cloud particle distributions, when using the BUSCA data
alone. This can be explained due to a degeneracy between
the cloud pressure deck and Rayleigh haze scaling factor. In
the case of a much lower metal enrichment then the impor-
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Figure 6. The three BUSCA planetary radius measurements
compared to the three bimodal cloud particle distribution trans-
mission spectra generated using petitCODE (Mollière et al. 2015,
2017). The transmission spectra are represented by the three solid
lines: Red

[

Fe
H

]

=−0.45, 0.01 bar and 10× Rayleigh scaling. Green
[

Fe
H

]

= 0.55, 0.001 bar and 100× Rayleigh scaling. Blue
[

Fe
H

]

= 1.55,
0.0001 bar and 1000× Rayleigh scaling. The black open squares
are the passband averages of the transmission spectra models,
and are shown at the central wavelengths of the relevant pass-
bands. The insert shows the comparison between the BUSCA
radius measurements and the bimodal cloud particle distribu-
tion transmission spectrum with

[

Fe
H

]

= 0.55, 0.001 bar and 100×
Rayleigh scaling.

tance of the molecules with respect to Rayleigh scattering
would go down. Therefore a lower value of the Rayleigh haze
scaling factor would be needed to yield a strong Rayleigh
scattering slope when compared to the molecular features.
The BUSCA planetary radius measurements do though, con-
strain the ratio between the strength of the grey absorbing
cloud deck relative to the haze component.

The results from comparing the three bimodal cloud
particle distribution transmission spectra with the planetary
radius measurements used in this work show that varying
the strengths of the cloud pressure deck and the Rayleigh
haze scaling factor has little effect on the final fit or the
agreement between the transmission spectra and with that
of the BUSCA radius measurements. While in essence the
three bimodal cloud particle distribution spectra are vari-
ations of the same solution, their unison good fit to the
planetary radius measurements combined with their excel-
lent agreement to the BUSCA radius measurements, adds
considerable weight to a bimodal cloud particle distribution
solution instead of a unimodal cloud particle distribution. A
bimodal cloud particle distribution solution would also ex-
plain the discrepancies in the results found from previous
studies which detected either a grey absorbing cloud deck or
a Rayleigh–like scattering haze.

To study the structure of a bimodal cloud particle distri-
bution we looked into two different scenarios: A Rayleigh–
like haze stacked above a grey absorbing cloud deck18, or

18 This is the bimodal cloud particle distribution transmission

a Rayleigh–like haze and a grey absorbing cloud which are
homogeneously extended throughout the atmosphere. To as-
certain which scenario best agreed with the planetary radius
measurements in this work we generated a new transmis-
sion spectrum using approach (ii). Both the cloud and haze
particles were set at the same altitude to create a bimodal
cloud particle distribution. In this scenario, at the shortest
wavelengths the Rayleigh–like scattering would overpower
the grey absorbing clouds due to its wavelength depen-
dence (λ−4) while at longer wavelengths the grey absorb-
ing clouds overcome the Rayleigh–like scattering. To bet-
ter understand this one can use a variation of Eq. 1 from
Lecavelier Des Etangs et al. (2008).

R(λ ) = R0 +H log [κ (λ )] (3)

where R(λ ) is the planetary radius at the evaluated wave-
length (λ ), R0 is the base planetary radius, H is the atmo-
spheric scale height and κ (λ ) is the wavelength dependent
opacity.

In the two different scenarios κ (λ ) is determined differ-
ently. When the grey absorbing cloud particles are homoge-
neously extended throughout the atmosphere, κ (λ ) can be
calculated as follows:

κ (λ ) = κR

(

λ0

λ

)4

+κC (4)

where κR and κC are the opacities for the Rayleigh haze and
grey cloud deck respectively, λ0 is a reference wavelength
point, and λ is the wavelength at which κ (λ ) is being eval-
uated.

Eq. 4 shows that while κC is constant at all wavelengths,
κR is dependent on wavelength. This allows a homogeneously
extended Rayleigh–like haze and grey absorbing cloud to
produce both a Rayleigh–like scattering slope at short wave-
lengths and a flat grey absorption at longer wavelengths.

For the new transmission spectrum we introduced a grey
absorber with an opacity of 0.01 cm2 g−1, instead of using a
cloud pressure deck. The grey absorber was spread homo-
geneously throughout the entire atmosphere. We then fit-
ted the transmission spectrum to the planetary radius mea-
surements and obtained χ2

ν = 1.4 for the best fit. This is in
equal agreement to the Rayleigh–like haze stacked over a
grey absorbing cloud deck (see Table 8). The new homoge-
neous grey absorber transmission spectrum agrees with the
three BUSCA radius measurements at 0.27-σ . Fig. 7 shows
the comparisons between the two bimodal cloud particle dis-
tributions; the stacked spectrum and the homogeneous grey
absorber spectrum and with that of the three BUSCA ra-
dius measurements. From examining Fig. 7 it can be seen
that with the current data at hand, it is not possible to
discern between the two bimodal scenarios. We calculated
that a 15-fold increase in the precision of the planetary radii
measurements, would be needed to allow for a distinction be-
tween the two bimodal scenarios. Combined with this, both
transmission spectra equally agree with the entirety of the

spectrum using a metal enrichment
[

Fe
H

]

= 0.55, Rayleigh haze

scaling factor ×100 and 0.001 bar cloud pressure (see Table 8 and
Figs. 5 and 6).
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Figure 7. The three BUSCA planetary radius measurements

compared to two types of bimodal cloud particle distribution
transmission spectra generated using petitCODE (Mollière et al.
2015, 2017). The red solid line represents the spectrum of the
bimodal cloud particle distribution where the haze is stacked
above the grey absorbing cloud deck. The blue solid line rep-
resents the spectrum of the bimodal cloud particle distribution
where the grey cloud is homogeneously extended throughout the
atmosphere. The black open squares are the passband averages
of the transmission spectra models, and are shown at the central
wavelengths of the relevant passbands.

radius measurements in this work. Therefore it is not possi-
ble to describe the cloud / haze properties any further, other
than to mention the existence of a bimodal cloud particle
distribution within the atmosphere of HAT-P-32Ab. How-
ever, it should be noted that cloud particles large enough
to generate a grey cloud opacity would tend to settle more
strongly, potentially generating a thick cloud deck below the
smaller haze particles, due to the smaller ratio between the
surface area and mass of the larger cloud particles.

6 DISCUSSION AND CONCLUSIONS

HAT-P-32Ab is an inflated, low density hot-Jupiter planet
orbiting a hot (Teff > 6250K) host star, which makes the
planet a perfect candidate to perform studies of planetary
atmospheres. We used the collected data to determine the
physical properties of the HAT-P-32 planetary system (Ta-
ble 6) based on 11 new high-precision transit light curves
and finding values which are consistent with those in the
literature. We find the mass and radius of the host star to
be 1.182± 0.041M⊙ and 1.225± 0.015R⊙, respectively. For
the planet we find a mass of 0.80± 0.14MJup, a radius of
1.807±0.022RJup and a density of 0.126±0.023ρJup .

The 11 transits of HAT-P-32 were modelled using prism

and gemc. This included two incomplete transits (observed
in the Johnson V passband), for which we fixed, the sum of
the fractional radii to the value determined by Gibson et al.
(2013). This is due to the sum of the fractional radii being di-
rectly related to the transit duration. It was set to the value
from Gibson et al. (2013) to maintain homogeneity with the
second analysis into the variations of rp with wavelength.

This though, did not help with the partial transit observed
on 2014/10/24. All of the parameter best fits from the par-
tial transit observed on 2014/01/11 and the full transit ob-
served in the Johnson V passband agree within their 1-σ
uncertainties. While, for the partial transit observed on the
2014/10/24 this is not the case for k, which disagrees with
the other two Johnson V light curves by ≈ 2σ , however, the
remaining parameters do agree within the 1-σ uncertainties.

We observed one of the transits of HAT-P-32 using a si-
multaneous multi-band imaging instrument: BUSCA (using
the Strömgren u, b and y passbands). Due to the known dif-
ficulty in attempting to obtain a high-precision light curve
in the optical–UV via this technique, it was decided to se-
lect three passbands close to the UV-blue side of the op-
tical spectrum. In conjunction with this we optimised the
amount of defocusing used in the Strömgren b passband to
maximise the precision of the light curves in all three pass-
bands. The resulting light curves produced are of decent
quality (≈1mmag scatter per point). In terms of the op-
tical UV we were able to obtain a light curve with a rms
scatter 1.08mmag per point. Our new u-band light curve
has a threefold increase in precision compared to previ-
ous optical–UV light curves obtained using BUSCA (i.e.,
Southworth et al. 2015b). This has allowed an accurate mea-
surement of the planetary radius in the optical–UV which is
important for detecting either a Rayleigh scattering slope or
the blue-edge detection of TiO in the planetary atmosphere.

Taking into account a blended M-dwarf companion
(HAT-P-32B) within the defocused PSF of HAT-P-32A,
combined with needing to study variations in the planetary
radius with respect to wavelength, modifications were made
to the modelling and optimisation codes prism and gemc.
After making the new modifications, prism and gemc were
then used in the analysis of the 11 transit in this work. The
new versions are available from the first author.

6.1 Rayleigh–like haze and grey absorbing cloud
deck

The results from comparing the different planetary radii
from each passband to the individual theoretical model at-
mospheres, confirms the results from Gibson et al. (2013);
Mallonn et al. (2016) by the detection of a grey absorb-
ing cloud deck within the upper atmosphere of HAT-P-
32Ab. The planetary radius measurements from each pass-
band were compared to the cloudy spectra, generated using
a bimodal cloud particle distribution which consisted of a
Rayleigh haze combined with a grey absorbing cloud pres-
sure deck, showed the same level of agreement and confirms
the possible presence of a Rayleigh haze within the atmo-
sphere of HAT-P-32Ab as found by Mallonn & Strassmeier
(2016). However, the bimodal cloud particle distribution
spectra give a superior agreement to the three radius mea-
surements obtained from the BUSCA observations using
the Strömgren u, b and y passbands. Considering that the
BUSCA radius measurements were the only observations
obtained simultaneously in this study – and therefore are
not affected by unquantifiable temporal uncertainties – al-
lows for a greater weight to be placed on the accuracy of
the set, compared to the remaining radius measurements
individually. A similar argument can be used to explain
the discrepancy between Mallonn & Strassmeier (2016) and
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Mallonn et al. (2016). Mallonn & Strassmeier (2016) used
transit spectroscopy where the observations were simulta-
neously obtained, while, Mallonn et al. (2016) used an en-
semble of photometric transit observations spanning from
2007 to 2016.

At present there is supporting evidence for the pres-
ence of a Rayleigh scattering haze in the upper at-
mosphere of HAT-P-32Ab from a prior investigation.
Mallonn & Strassmeier (2016) performed transit spec-
troscopy to observe a transit of HAT-P-32Ab. The data
agreed with a Rayleigh scattering model in the optical–UV,
with greater clarity below 550 nm. However, a second study
using photometric observations by Mallonn et al. (2016)
seemed to contradict the original results. Mallonn et al.
(2016) mentions a discrepancy between the two data sets
in the redder wavelengths and attributed this to systemat-
ics in the measurement from Mallonn & Strassmeier (2016).
The new data presented by Mallonn et al. (2016) showed
equal weight towards either a Rayleigh scattering model
or that of a flat cloudy spectrum. When the data from
both studies were combined and examined with a restricted
wavelength range of λ < 720 nm, the results showed a
strong agreement with a flat cloudy spectrum. The Rayleigh
scattering transmission spectrum which was generated by
the model from Fortney et al. (2010) which was used in
Mallonn & Strassmeier (2016); Mallonn et al. (2016) gives
a continuous gradient from 350 nm to 950 nm. However,
in other cases where a Rayleigh scattering slope has been
found, it is generally detected below 550 nm (e.g., WASP-
12 b: Sing et al. 2013). When examining the combined data
from both Mallonn & Strassmeier (2016) and Mallonn et al.
(2016) it can be seen that the data could support a bimodal
cloud particle distribution transmission spectrum approach,
and so, support the detection of a Rayleigh–like scattering
haze.

There have been previous exoplanet studies into
the variation of the planetary transit depth at various
wavelengths in the optical–UV photometric bands (e.g.,
Turner et al. 2013, 2016). In an attempt to measure the mag-
netic field of TrES-3b Turner et al. (2013), obtained nine
transits, four of which was observed using a Bessell U filter
between June 2009 and April 2012. When examining the
transit depths they determined a non-detectable change in
the planetary radius between the Bessell U and Harris V fil-
ters. However, the major difference between the optical-UV
transits in this work compared to the optical-UV transits
from Turner et al. (2013), is that for this work the three
BUSCA transits were observed simultaneously and have an
average rms scatter of ≈1mmag. While, the Bessell U tran-
sits from Turner et al. (2013) where each taken on differ-
ent nights (introducing temporal uncertainties) and are of
poorer quality, with a rms scatter of 4.1mmag for the four
combined phased Besselll U transits. Therefore, masking any
spectral features or changes between the near–UV bands.

Turner et al. (2016) recently completed an observa-
tional survey of 15 exoplanets, collecting photometric light
curves in the optical-UV (Bessell-U, Harris-B, V and R).
The overall results showed a non-detectable change in the
planetary radius between the optical and near–UV, for 10 of
the exoplanets, while, the other five exoplanets results; indi-
cate the presence of an aerosol / Rayleigh scattering process.

This survey supports the case that a scattering slope in the
optical–UV is detectable using ground-based photometry.

Gibson et al. (2013) performed transit spectroscopy to
observe the atmosphere of HAT-P-32Ab19 using GMOS on
the Gemini North telescope. Through their analysis they
determined that a grey absorber (cloud) was masking spec-
tral features. A Rayleigh scattering slope is most prominent
below 550 nm, which lies beyond of the observing range
of Gibson et al. (2013) (520–930 nm). In this analysis it
was found that the data from Gibson et al. (2013) agreed
with the A0 cloudy (Ackerman & Marley 2001) transmis-
sion spectrum (χ2

ν = 0.8) and the bimodal cloud particle dis-
tribution spectrum (χ2

ν = 0.9). Therefore, we confirm that a
grey absorber / cloud deck is present within the atmosphere
of HAT-P-32Ab.

The variations between the observed planetary ra-
dius with wavelength due to Rayleigh scattering is depen-
dent on a power-law relation between wavelength and the
mean cross-section of the atmospheric scattering particles
(Lecavelier Des Etangs et al. 2008). The power-law coeffi-
cient which corresponds to Rayleigh scattering is α = −4

(Lecavelier Des Etangs et al. 2008). To ascertain the valid-
ity of the Rayleigh scattering slope detection we fitted a
straight line to the Strömgren u, b and y radii against wave-

length and determined the gradient
(

dRb(λ )
dlnλ

)

. We then cal-

culate the temperature of the planet’s terminator Tter, due
to the slope of the planetary transmission spectrum being
proportional to αTter:

αTter =
µg

kB

dRb (λ )

dlnλ
(5)

where µ is the mean molecular weight, which is taken as
2.3amu, g is the surface gravity and kB being the Boltzmann
constant.

By assuming that the gradient is induced by Rayleigh
scattering and therefore setting α =−4, gives a temperature
for the terminator of 1518±345 K, which fits (within the 1-σ
uncertainty) with the equilibrium temperature, T

′

eq ≈ 1800 K
(see Table 6) and is still below the day-side temperature of
≈ 2050K (see Zhao et al. 2014). Though it is not in agree-
ment with the value found by Mallonn & Strassmeier (2016)
(890±228 K), however, Mallonn & Strassmeier (2016) states
that their value appears to underestimate the true temper-
ature of the terminator.

As a second validation check, the slope of the planetary
transmission spectrum can be used to calculate the plane-
tary mass and the result then compared to our previous re-
sult (see Table 6). For this we use the MassSpec concept by
de Wit & Seager (2013). Because the pressure scale height is
dependent on the surface gravity and therefore the planetary
mass, while, also being dependent on the power-law relation
between wavelength and the mean cross-section of the atmo-
spheric scattering particles, we can use our derived gradient
to calculate the planetary mass using the following equation
(see Southworth et al. 2015a, and references therein):

Mb =−
αkBT

′

eq [Rb (λ )]
2

µG
dRb(λ )
dlnλ

(6)

19 The results of their analysis are included in this work.
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where G is the gravitational constant.
We applied MassSpec to our determined gradient and

by assuming α = −4, we find a planetary mass of 0.94±

0.16 MJup for HAT-P-32Ab. This is in good agreement to the
value found from analysing the transit light curves (0.80±

0.14 MJup).
Recently Batalha et al. (2017) has called in question the

use ofMassSpec for determining the mass of small planets (<
3R⊕), due to the uncertainty in different types of dominant
atmospheres (e.g., CH4 or CO2), and so, it is not possible
to assume a value for µ. This therefore, makes the use of
MassSpec difficult for use in determining the mass of small
planets, with a range of different molecular constituents. As
HAT-P-32Ab is a hot Jupiter planet then the concerns of
using MassSpec brought up by Batalha et al. (2017) have no
implications in this work.

The results from this work show a possible detection of
a bimodal cloud particle distribution (χ2

ν = 1.4) within an
atmosphere comprising of a scaled solar metal enrichment
(Fe/H = 0.55) and a solar C/O number ratio for HAT-P-
32Ab. The results from this work help towards confirming
the tentative findings from Mallonn & Strassmeier (2016).
The gradient of the Rayleigh–like haze scattering slope pro-
vides an extra validation by allowing the determination
of the temperature at the terminator (1518±345K) and
the planetary mass (0.94±0.16 MJup), which, are confirmed
through the separate analysis of the transit light curves. By
obtaining high-precision (≈ 1mmag) transit light curves in
the optical-UV, this work shows that these measurements
are important in the detection of either a Rayleigh scat-
tering haze or a rich TiO atmosphere from ground based
simultaneous multi-band photometry.
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